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| mpact statement

The uppermost layer of the skin, the stratum corneum, is an efficient structure to
prevent dehydration and limit the entrance of noxious particles. The stratum corneum
is built up like a wall with corneocytes as “bricks’ and lipid lamellar layers like
“mortar” and as it can be appreciated, a strong wall relies on the properties of the
bricks. For many years, the pharmaceutical and cosmetic industries have been
interested in delivering active compounds via topical applications through the skin
which may have an impact on the skin barrier function. For this purpose, the trans
epidermal water loss and appearance of the skin were the main indicators of skin
health.

Thiswork has been sponsored by DSM Nuitritional Products who are interested in sun-
exposed skin and how their topical formulations may act on the skin barrier while
taking corneocytes into account. Corneocytes are terminaly differentiated
keratinocytesthat further undergo maturation when reaching the stratum corneum. The
maturity of corneocytes supports the skin barrier integrity and function. A novel
method has been developed that characterises the maturity of corneocytes according
to their rigidity, size and hydrophobicity and correlates these traits with the stratum
corneum properties. A range of biomarkers were identified to assess the expression
pattern of enzymes involved in maturation and structural proteins in photo damaged
corneocytes. This alowed a focus on the enzyme 12R-LOX that processes the
ceramide precursor as well as transglutaminase that attaches this processed ceramide
to the corneocyte. However, the 12R-LOX enzyme has attracted attention only
recently thus an activity assay is not yet available and neither are substrates or
inhibitors. This project has been conducted with a fluorescence-based activity assay
where the activity of 12R-LOX is measured indirectly by detecting reduction by
generated reactive oxygen species. DSM Nutritional Products are currently
implementing the methods that were developed and validated in this thesis to
determine the effect of their formulations on corneocyte maturation. Furthermore, the
impact of relative humidity on ex vivo corneocyte maturation was examined and linked
to a humidity-dependent proteolytic deactivation of transglutaminase. The work
should stimulate new research and strategies for development of moisturising
formulations that could support the skin barrier function.
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Abstract

Background: The uppermost skin layer, stratum corneum (SC), is a physical and
biochemical barrier against environmental insults. The SC resembles a wall with
terminally differentiated keratinocytes, corneocytes, as “bricks’ that are embedded in
lamellar layers as “mortar”. The corneocytes gain in maturity by transglutaminase
enhancing rigidity and hydrophobicity. External conditions act on the skin homeostasis
and thus understanding these effects on a molecular level might provide new targets

for the cosmetic industry.

Objectives. Tape stripping is an established approach to collect successive layers of
the SC. These tapes were used to identify biomarkersfor the maturation of corneocytes
by measuring enzyme activities and protein expression in the photo exposed (PE)

cheek and photoprotected (PP) post auricular sites.

Methods. The SC integrity, cohesion and thickness was determined as a reference
measurement. Immunostaining of structural proteins and enzymes was used to
characterise the corneocyte from the first and ninth tape strip of both anatomical sites.
The relative corneocyte envelope maturity assay was developed by determining the
rigidity and hydrophobicity of corneocytes that to correlate to the SC properties. In
addition, ex vivo maturation was tested at a range of relative humidities (RH) to
determine the optimal RH. The corneocyte maturation and enzyme activities were

investigated at low, optimal and high RH in the presence of protease inhibitors.

Results: The SC of the PE cheek site is thinner with a lower integrity and higher
cohesion compared to the PP post auricular site. The corneocytes from the PE cheek
site are less mature than from the PP post auricular site. The corneocytes from the PE
cheek site were able to increase in rigidity but not in hydrophobicity. Humidity has an
impact on proteases which in turn are able to deactivate transglutaminase activity and

thus influence corneocyte maturation.

Conclusions: Various methods were tested and correlated with the SC integrity in
human subjects. The determination of protein expression was suggested for a set of
biomarkers involved in lipid processing enzymes (12R-lipoxygenase and epidermal
lipoxygenase 3), structural CE proteins (involucrin and skin-specific protein 32),
proteases (cathepsin D and V) and transglutaminase. The impaired ex vivo maturation
of samples from the PE cheek point towards pre-mature desguamation and thus

provide new pharmaceutical targets for moisturising skin care products.
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1. Introduction

1.1 Essential anatomy and functions of the skin

A complex integumentary system is the first line of contact and defence
mechanism against the environment and its challenges on the human body. The skin
covers the entire body and forms a protective structure. The integumentary system is
extended with appendages such as hair, nails, sebaceous and sweat glands as well as
feathers, hooves and scales in animals [1]. Each appendage has their own unique

function to support the skin in its various responsibilities.

The hair forms a physical barrier to minimise the exposure to the sunlight on
the skin. Furthermore, hair insulates the body by trapping air to warm the skin surface.
Nails protect the end of the digits while being used in moving small objects from the
skin and scraping at the sensation of itch. Sebaceous glands secrete oily sebum to
provide water-repellent properties and elasticity to the skin. The sweat glands secrete
sweat to prevent hyperthermia in warm environments or during physical exercise.
Furthermore, sweat is composed of water, salt and small amounts of waste products

that collectively protect the skin of bacterial infection [2].

The skin is considered alarge organ considering an average surface areaof 1.7
- 2 m? and athickness of 0.2 - 4 mm depending on anatomical site, ethnicity, age and
climate conditions. The main function of the skin isto prevent excessive dehydration
and external invasion among many other regulatory functions. The skinisdistinctively

subdivided into the hypodermis, dermis and epidermis (Fig.1.1).

e ey rr) : :
:| Epidermis

Dermis

Hypodermis

Figure 1.1 Schematic representation of the three basic layers of the skin.
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The hypodermis is the deepest layer of the skin and is mainly an insulating
adipose tissue [3]. This layer of the skin is less involved in the barrier function but
serves as an energy depot and insulator [4]. Adipocytes are embedded as lobulesin an
extracellular matrix of collagen, elastin and reticulin fibres secreted by fibroblasts [5].
The architecture of the subcutaneous tissue provides insulation of body temperature
[6] and cushion functionality [7]. Blood vessels, nerves, glands and the lymphatic
system are located in the hypodermis to provide nutrition and oxygen while removing
cellular waste products and toxins [5]. The regulation of blood pressure, sensation,
pheromone production, vitamin D activation [8], body temperature and immune
response are communicated due to the interconnection of the hypodermis to the blood
circulation [9], lymphatic [10] and nervous system [11]. These components along with
connective matrix fibres reach into the dermis which is a meshwork of capillaries,
lymphatics, nerve endings, fibroblasts and immune cells embedded in a matrix of
collagen and elastin. Furthermore, the appendages such as the sebaceous and sweat
glands as well as hair follicles are located within the dermis [3]. This cellular and
biochemical heterogeneity provides the skin with nutrition, oxygen, sensation,

Immune responses, mechanical resistance and flexibility [8,12].

The dermis contributes to the maintenance of the uppermost skin layer, the
epidermis, which is made up of four distinct layers formed of keratinocytes in
particular developmental stages derived from tissue homeostasis [13]. The epidermis
protects the body from thermal, mechanical and physical stress while forming a
physical and chemical barrier to hazardous particles, substances and pathogens. Thus,
the skin is part of the innate immune system that recognises components of some
pathogens and elicits a rapid immune response, however without generating a lasting
response [14]. Keratinocytes form a communication network with the immune cells,
Langerhans cells and migrating T lymphocytes, to establish a surveillance system for
pathogens and cutaneous neoplasms [15]. The cell-based protection is supported by
the acidic mantle of the epidermis [16] with a pH value between 4.2-5.6 [17]. This
chemical barrier is generated by the interaction of sebum and sweat [18] which is
further supported by fatty acids [19]. This prevents the colonisation of pathogens but
also plays aregulatory role in enzyme activities in the epidermis [20].
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The epidermis is a complex multi-layered structure populated with
keratinocytes [21], however, Langerhans cells [22] are found in the viable epidermis
along with Merkel cells. These tactile epithelial cells with mechanoreceptors are
connected to nerve endings for touch sensation [23]. The plasticity of the epidermal
barrier iscrucial for diversity of functions of the skin. However, this plasticity depends
highly on maintenance of epidermal hydration and integrity [24].

The integrity of the stratum corneum is referring to the intactness and
mechanical stability of the skin surface [25]. This durability depends on the SC
coherence between corneocytes aswell asto the lamellar layers[26]. The SC cohesion
and thickness aswell as the composition of the SC lipids determine the SC permeation
in which certain compounds may pass deeper into the skin[27]. The epidermal barrier
function and its homeostasis is crucial for the water holding capacity of the skin and
thus maintain the SC hydration [28].

1.2 Homeostasis of the epidermis

A vertebrate' s body is covered with stratified epidermis varying in thickness
depending on anatomical site. The thinnest epidermisisfound in the eyelids (0.05 mm)
while the thickest layer is located on the palms of the hands and the soles of the feet
(0.4-0.6 mm) [12]. The epidermis can be distinguished microscopically asfour layers;
stratum basal e, stratum spinosum, stratum granulosum and stratum corneum (SC) (Fig.
1.2) [21]. The layers differ in the stage of keratinocyte differentiation, protein
expression aswell as the composition of the extracellular matrix and pH value [29]. A
specific sequence of developmental stages maintains a constant number of cellsin the

epidermal layersin order to maintain the epidermal barrier including after injuries[30].

Epidermal stem cells in the stratum basale are anchored to the basement
membrane via hemi desmosomes to ensure firm adherence to the extracellular matrix
by connecting to theintracellular keratin filaments[31,32]. Asymmetrical cell division
results in the origina epidermal stem cell remaining attached to the stratum basale
while the daughter cell proceeds to differentiate into keratinocytes. These cells are
pushed out from the proliferative stratum basale into the stratum spinosum and further
into the stratum granulosum while differentiating and changing in cellular properties

and extracellular composition. The terminally differentiated keratinocytes undergo a
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unique cell death once reaching the uppermost epidermal layer, the SC, where
cornification occurs and give rise to corneocytes. Old and brittle corneocytes are shed
off the epidermis via desguamation. This is an enzymatic driven process where
proteases digest the protein components of the corneodesmosomes causing aloosening
of the interconnected corneocytes. Skin homeostasis requires well-regulated
proliferation, differentiation, cornification and desquamation (Fig. 1.2).

Desquamation
Stratum
Corneum

Cornification

Stratum
Granulosum

Differentiation

Stratum
Spinosum

Proliferation Stratum Basale

Basement
Membrane

Figure 1.2. The developmental stages to maintain the epidermal layers.
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1.2.1 Cdllular eventsin keratinocyte differentiation

The epiderma layers can be characterised according to their altered
morphology and biochemical composition at each developmental stage over 28-35
days [29]. Epidermal stem cells are capable of self-renewal, proliferation and
differentiation to keratinocytes. These cuboidal/columnar cells are attached to the
basement membrane via hemi desmosomes allowing them to receive pro-survival and
growth signalsto sustain a constant number of mitotic cellsin the stratum basale while
generating cells for the epidermis [29]. Proliferative stem cells generate one new line
of keratinocytes every day aiming to compensate for damage to the skin aswell asfor
natural desquamation [33]. Melanocytes are resident in the stratum basale along with
epidermal stem cells (Fig. 1.2), and generate a substantial amount of a photo absorbing
pigment, known as melanin. Melanin has been reported to be involved in protection
against photo damage (ultraviolet and visible rays) from solar radiation which is also
associated with heat damage [34]. Organelles filled with melanin, melanosomes, are
transported to adjacent stem cells and keratinocytes to protect against cancer

promoting photo damage [35].

The expression pattern of regulatory and structural proteins in proliferating
stem cells switches once committed to the keratinocyte differentiation lineage [13].
The main cytoskeletal filament, keratin, is a long and coiled a-helical polymer in
epidermal cells. Keratin issubdivided into acidic type | (K1-8) and neutral typell (K9-
10; K12-20) keratins which are organised in different arrangements of heterodimers
depending on the developmental stage [31]. The epidermal stem cells in the stratum
basal e express K5/K 14 while the late keratinocytes express K1/K 10 and K2/K 10 [36].
Keratins gain dynamic functions upon post-translational modifications such as
phosphorylation [37]. Post-trand ational modificationsareinvolved in the maintenance
of cell integrity by regulating cell growth and apoptosis [38]. Keratinocytes in the
stratum spinosum produce mainly desmosomes that interconnect between adjacent
cells while being pushed into the stratum granulosum [13]. Keratinocytes in the
stratum granulosum accumulate keratin and produce keratohyalin granules (KHG)
filled with structural or hydrolytic proteins. Lamellar bodies (LB) are another subtype
of granules that are filled with lipids. The high amount of granules result in the grainy
appearancein this layer when viewed under amicroscope [13,39]. In thefinal stage of

epiderma homeostasis, terminally differentiated keratinocytes undergo a unique
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programmed cell death known as cornification. All cell organelles disintegrate and the
collapse of the cellular morphology. These keratinocytes are referred to as corneocytes
or generically known as dead skin cells. The SC consists of polygonal corneocytes that
are interconnected via corneodesmosomes and provide the protective layer of the skin.
Desquamation is a process in which proteases degrade the corneodesmosomes which
connect neighbouring corneocytes leading to shed of the uppermost SC layers. A
controlled desquamation process allows maintenance of a constant number of SC

layers with hydrated and robust corneocytes[8,12].

1.3 Stratum corneum — The skin barrier

The external environment presents a variety of threats that may cause serious
harm to the body. The skin is a powerful shield against pathogens, irritants and solar
radiation while preventing excessive dehydration. Structural and biochemical features

of the SC provide these protective characteristics.

The SC is morphologically organised similarly to a shielding wall in which
corneocytes (the “bricks’) are embedded in lamellar lipids (the “mortar”) as depicted
in figure 1.3 [27,40]. This physical arrangement of tightly packed and stacked
corneocytes surrounded by hydrophobic lipids limits the diffusion pathway of
molecules. However, the physicochemical characteristics of molecules determine the
permeation rate and efficiency through the epidermis into the dermis and ultimately
reach the blood circulation [27,41]. The thickness of the SC varies depending on
anatomical site, gender, age and ethnicity. The SC is on average 20 um thick and is
composed of 18— 21 layers of corneocytes[8]. The efficacy of the skin barrier function
has been associated with the SC thickness [24].
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Figure 1.3. The skin is structurally organised with corneocytes interconnected via
corneodesmosomes and embedded in intercellular lipid lamellae layers.
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Terminally differentiating keratinocytes are pushed towards the SC where they
are present as corneocytes with an immature corneocyte protein envelope (CPE)
replacing the former cell membrane. Aggregated keratinsfill up the intracellular space
and replaces the cytoplasmic element of the desmosomes [31]. The structural proteins
in the CPE besides keratins are loricrin (LOR), involucrin (INV), trichohyalin, and
small proline-rich proteins (SPRs) which account for 7-10% of epidermal total mass.

1.3.1 Structural proteins of the CEs

The main structural protein in the CE is LOR which accounts for 70-85% of
SC protein mass [42]. Phosphorylation of KHG is believed to release LOR which is
rapidly incorporated into the CPE. However, this theory has not been confirmed, to
date, as CPEs areinsoluble in physiological solutions which creates a methodol ogical
problem to isolate individual protein species [43]. The mgority of LORs are cross-
linked viaisopeptide bonds with each other while a smaller portion are interconnected
to SPRs[42].

The classes of SPRs are known for the presence of ahead and tail domain rich
in glutamine and lysine residues allowing their crosslinking in a bridge-like fashion
with other structural proteins [44]. The amount of SPRs within the CPE vary
depending on anatomical sites asthese cross-bridging proteinsinfluencetheflexibility,
rigidity and thickness of the CPE [45].
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Profilaggrin is a large (about 500 kDa) precursor protein complex stored with
LOR in the KHGs [39]. During cornification, profilaggrin is dephosphorylated and
catalysed by proteases resulting in individual filaggrin molecules [46]. Filaggrin
aggregates keratin fibresinto aligned and tight bundles[47] causing the collapse of the
cytoskeleton during the early stage of cornification. Filaggrin has a half-life of 6h and
is degraded into hydrophilic amino acids, collectively referred to as natura
moisturising factor (NMF). These water holding components are essential for
osmolality and flexibility of the SC [48]. NMF is a mixture of water soluble
compoundswith alow molecular weight found in theintracellular space of CEs. These
compounds maintain the hydration of CEs and therefore have a major contribution to
skin hydration. The combination of corneodesmosomes and the hydrophobic coating
of the CE form a strong barrier against dehydration [49]. The hydration of the SCisa
crucia aspect of the skin functionalities otherwise the skin becomes brittle, inflexible
and ineffective as a barrier [24].

INV isthe main structural protein of the CPE that appearsin the early stage of
CE assembly [38]. INV accumulates close to the former cell membrane and is cross-
linked to structural proteins and serves as a protein scaffold for other proteins.
Furthermore, INV is believed to be the main protein in the CPE that is covalently
linked to the lipids which provides hydrophobicity to the corneocytes [50,51].

1.3.2 The hydrophobic components of the SC

In 1930, linoleic acid was shown to be an essential fatty acid in animals.
However, the absence of dietary lipids is known to lead to unhealthy skin [52] and is
associated with an increased trans epidermal water loss (TEWL) [53]. Lipidsin the SC
have been reported to be a crucial compound for the skin barrier function [54]. The
water-holding capacity of the SC is provided by NMF. However, this capacity was
weakened by the removal of the lipids via solvent extraction which also demonstrated

the important function of skin lipids [55].

Free lipids form an arrangement of intercellular lamellae located between CEs
giving thelayered appearance that has been referred to asthe “ mortar” of the protective
SC [49,56] (Fig. 1.4). These lipids contribute mainly to the skin barrier function by

preventing excessive water loss by stacking in a membrane sheet fashion that fill up

Page 26|210



Chapter 1 - Introduction

the extracellular spaces [57]. The lamellar layer mainly contains ceramides, free fatty
acids, and cholesterol accounting for 5-15% of the dry SC weight [58]. These lipids
are mixed in an equimolar ratio (1:1:1), however, the composition may vary between
individuals and body sites [59].
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Figure 1.4. SC flexibility and integrity is maintained by lipids arranged in bilayers.

Keratinocytes contain LBs that are filled with polar precursors of the skin
lipids, glycosphingolipids, free sterols and phospholipids that are released into the
extracellular space via exocytosis [57]. Glycosphingolipids have been identified as
precursors for the ceramides, sterols become cholesterol sulfate and phospholipids are
converted to free fatty acids and glycerol [60]. The precursor lipids in the LBs are
generated by enzymes or derive from the vascular circulation in the stratum basale
[61]. The keratinocytes in the stratum basale and spinosum have lipases and
phospholipases in order to pre-process lipids [62]. These lipids are further processed
by the anabolic reaction of ceramide synthase [63] or cholesterol sulfotransferase [64]
which are expressed in keratinocytes in the stratum granulosum. These reactions lead
to the final lipids that are packed into the LBs [65]. Keratinocytes transport these
vesicles viathe Golgi network which allows the vesicles to fuse with the keratinocyte
cell membranein order to release its content to the extracel lular space [66]. Therelease
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of LB-content is mediated by the influx of calcium at the interface of the stratum
granulosum and stratum corneum [67]. However, the enzymes that metabolise the
precursor lipids are co-located in the LBs and are only activated in the intercellular
space [65]. Cholesterol is less involved in the barrier function but plays a major role

in SC desquamation events [68].

A further requirement for an effective skin barrier isthe lipid organisation that
ismainly present astwo lamellar phases, the more dense orthorhombic packing or less
dense hexagonal packing [69]. Free fatty acids and amide-bound fatty acid domainsin
the ceramides are tightly packed as a gel-phase membrane domain with liquid
crystallinedomains[70]. Linoleic acid rich phospholipids were considered asthe main
compounds in the hydrophobic barrier [48] until linoleic acid rich ceramides were
discovered [71]. Improvements in methodology resulted in the discovery of many
more ceramide classes [ 72—74]. Fifteen classes of free ceramides have been identified
in humans [73] and six have been identified in pigs [58]. Their nomenclature
corresponds to their molecular structure with a dihydrosphingosine (DS), sphingosine
(S), phytosphingosine (P) or 6-hydroxy-sphingosine (H) as a backbone that is linked
to non-hydroxyl fatty acid (N), a-hydroxyl fatty acid (A), o-hydroxyl fatty acid (O) or
esterified w-hydroxyl fatty acid (EO). The main difference between sphingosine and
phytosphingosine as well as 6-hydroxysphingosine is the hydroxyl group on C4 of the
sphingosine backbone and C6, respectively, instead of an unsaturated C4 [60]. The
hydroxyl group has been shown to increase skin permeability and to decrease
orthorhombic packing via its capability to form hydrogen bonds which suggests that
the reduction of sphingosine containing ceramides would leave a more permeable and
compromised SC barrier [72]. Ceramide 1 also known as esterified w-hydroxyacyl-
sphingosine (EOS) contains linoleic acid that is esterified to the w-hydroxyl group of
the very long chain fatty acid (30-34 carbon atoms) that is linked at the N-acyl moiety
to sphingosine [ 74]. EOS was shown to provide SC flexibility and permeability while
preventing the scaling of the skin [75]. Reduced levels of linoleic acid containing
ceramides have been linked to skin conditions such as atopic dermatitis [76] and acne
[58]. Skin xerosis which is commonly referred to as uncomfortable dry skin where an
individual experiences itchy, scaling and cracking skin may occur predominantly in
the winter months. Reduced levels of ceramides and cholesterol (up to 40%) as well

as fatty acids (about 5%) were demonstrated in human subjects in January compared
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to June. Among these changes 25% account for a reduced ceramide 1 level and
esterified saturated fatty acids. Topical application of linoleic acid containing
triglycerides resulted in asignificant improvement in ceramide 1 level s while amounts
of other skin lipids were unchanged in human subjects [ 77]. These studies point to the
importance of linoleic acid containing ceramides and their contribution to the SC
barrier function. However, the most efficient “mortar” still requires robust and intact

“bricks’ to form a protective barrier.

1.3.3 Corneocyte envelope maturation

Terminally differentiated keratinocytes undergo cornification in the SC giving
rise to corneocytes, the “bricks’ of the wall analogy. Corneocytesin the upper stratum
granulosum acquire the unique CPE and CLE which isimmature in terms of rigidity
and hydrophobicity. Cellular metabolism is lost with cornification, however, the SC
remains biochemically highly active. All required proteins and lipids are produced in
the earlier keratinocyte development. Two events areinitiated before CEs can mature,
arise in calcium ions due to controlled cell death of keratinocytes and a decrease in
pH. Calcium has adistinct profile across the epidermal layerswith agradual influx via
ion pumps into the keratinocytes in the stratum spinosum where differentiating
keratinocytes are driven towards the generation of structural proteins such as
involucrin [78]. The calcium level reaches a peak in the upper stratum granulosum
which initiates the rel ease of the KHGs containing catalytic enzymesand LBs[79]. A
rapid efflux of calcium occurs upon keratinocyte death in the lower SC. This crucial
event regulates the enzymes that are involved in CE maturation and desquamation
[80]. The pH in the viable epidermis is neutra while the non-viable SC is acidic
thereby enzyme activities can be regulated [81]. The low pH acts as an antimicrobial
defence mechanism [82] while enhancing the activity of proteases. Proteases facilitate
desquamation by digesting the corneodesmosomes in the upper SC [83] and enhance

the activity of enzymes that initiate cornification in the deeper SC [84].

Cornified corneocyte maturation isfacilitated by various enzymesin a cascade-
like event. Phospholipases digest the fatty acids of the former keratinocyte cell
membrane in order to generate space on the surface of the corneocyte while the free
fatty acids contribute to SC acidification [19,85]. EOS and long fatty acids are
processed before being linked to the structural proteins of the CPEs. The CEs mature
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with the gradual crosslinking of structural proteins in the CPE and the covalent
attachment of lipids to the CLE [13]. Studies in humans and mice showed the
importance of 12R-lipoxygenase (12R-LOX) and epidermal-type lipoxygenase 3
(eLOX3) in skin physiology [86]. Both enzymes are members of the epidermal
subfamily of non-heme iron dioxygenases that process esterified polyunsaturated fatty
acids [87]. A functional link has been shown between both lipoxygenases and their
involvement in the cornification process of the stratum corneum [86,88]. Mice
deficient in 12R-LOX showed an early postnatal death due to severe dehydration [89].
Mice with a deficiency in eLOX3 showed similar impaired barrier function to 12R-
LOX deficient mice [86,90]. The analysis of the skin lipids of 12R-LOX and eLOX3
deficient mice has linked the barrier impermanent to a loss in covaently bound
ceramides [90]. The linoleate domain of EOS is oxidised by 12R-LOX [91]. eLOX3
has hydroperoxide isomerase activity on processed linoleic acid domain of EOS [87].
Hydrolases cleave the linoleic acid off EOS after being processed by 12R-LOX and
eLOX3 [92,93] which produces w-hydroxyceramide [94].

The w-hydroxyceramide are covalently attached to the glutamine in structural
proteins of the CPE viatransglutaminases (TG) [50]. Thisleadsto the formation of the
CLE which is associated with the CE maturation by gaining in hydrophobicity. The
CLE of the CEs supports the lipid lamellae in hydrophobicity and thus contributes
greatly to the skin barrier [26]. However, at the sametime, TG catalyses the isopeptide
bonds by forming athiolester acyl-enzyme intermediate to transfer the acyl residue to
the primary e-amine group in lysine. This allows the crosslinking to glutamate thereby

forming an insoluble e-(y-glutamyl)lysine bond between structural proteins [95].
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Figure 1.5. Corneocytes mature with the gain in rigidity and hydrophobicity mediated
by transgl utaminase which supports the SC barrier function.

INVs are located at the surface of the CPE and are mostly interconnected and
are thought of as scaffold proteins that ensure the cellular architectureis retained [96].
In a similar fashion TG crosslinks LOR and facilitates the cross-linked bridging to
envoplakin, periplakin or SPR proteins [42,84]. The continued cross-linkage of
structural proteins increases the rigidity of the CEs. This provides flexibility and
mechanical resistance to the SC while the CLE gains in hydrophobicity by the
continued attachment of lipids [42,56] (Fig. 1.5). However, it is still to be discovered

if CE maturation is arranged in a sequence of eventsor if the processes are concurrent.

The cohesion between CEs changes during the developmental stage of
keratinocytes (Fig. 1.2). The cohesionisstrong in the deeper SC layer while decreasing
in cohesiveness with desquamation [83,84]. This can be determined by tape stripping
where thin layers of the SC can be sampled using adhesive tapes and by measuring
protein content via an infrared densitometer [97,98]. The CLE allows hydrophobic
interaction with the lamellar layers and creates the “brick and mortar” structure that
together protect against external factors[40]. Theincrease in CE maturity is correlated
with SC integrity [99], permeability [100], hydration [101], cohesion [26] and

ultimately with the skin barrier function.
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1.4 Aims and objectives

The CE maturation is a crucial event for an effective skin barrier function and
thus the understanding of the underlying mechanism may provide new targetsfor skin
care products. The skin barrier relies on the rigidity towards mechanical stressors and
hydrophobicity terminally differentiated keratinocytes. Two populations of CEs have
been identified; immature fragile CEs (CEf) found in the deeper SC and mature rigid
CEs (CEr) at the SC surface [102]. The characterisation of CE maturity and epidermal
biomarkers should assist the pharmaceutical or cosmetic industry in the development
of better topical formulations. New products tend to be tested for permeation in terms
of how deep the active compound penetrates through the SC which has been
extensively studied [103,104] and reviewed [41]. Studies have shown the efficacy of
their products on animal [105] or human in vivo studiesto characterise the SC cohesion
[98,106] and SC integrity [107]. The SC thickness can be estimated viaamathematical
approach using the SC integrity and cohesion measurements [108]. The cohesion can
be determined viatape stripping and the weight or protein amount of the collected SC
sample on the tape strips. Two independent studies correlated the total cumulative
protein amount to the SC thickness which has been confirmed with Raman
spectroscopy. Both studies reveal that 100 pg cm? of removed protein corresponds
with 1.9 um of SC [109,110]. Tape stripping was used by some studies to disrupt the
barrier function in order to assess the impact before and after any treatment [111,112].
Some products might influence the viable epidermal layers by promoting proliferation
or changing gene expression. Others might only act on the SC such as salicylic acid
[113], however, this might not reflect the actual impact on the lamellar layer or
corneocytes. For many years, CE maturity has been determined via INV/lipid ratio
which correlates the INV positive CEs to the fluorescence signal of a lipid staining
[114]. This provides a simplified measurement in which immature CES have more
fluorescence signal indicating the expression of INV than the fluorescence signal
resulting from the lipid staining. However, there are limitations associated with this
standard approach which will be discussed further in Chapter 4.

The structural proteins of the CPE and the enzymes of the SC are suitable
biomarkers for CE maturation. Some studies visualise INV or LOR of the SC in
histology samples use immunostaining [78] or CEs [106,114,115]. INV and LOR are
both encoded in the early cluster of epidermal differentiation complex (EDC) as they
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are precursor proteins of the CE. Skin-specific protein 32 (XP32) isastructural protein
that is encoded in the late cluster of the EDC[116]. Early and late clusters of the EDC
allow awide variety to regulate proteins crucial to the barrier function. X P32 has been
associated to be expressed abundantly in immature CESs in damaged skin barrier such
as psoriasis [117]. A recent proteomics work has shown that XP32 expression was
significantly higher in the photo-exposed cheek site compared to photoprotected skin
[118]. This study also showed an increased expression of two proteases, Cathepsin D
and Cathepsin V (CathD and CathV), which are associated with photo damage and
desquamation [118-120]. CathD is an aspartic protease which is activated by cysteine
proteases such as CathV [121]. CathD and CathV have been shown to degrade
corneodesmosomes in photo damaged skin [119,122,123]. CathV aids the antigen
presentation of Langerhans cells to facilitate an immune response [124]. CathD has
been shown to enhance TG activity which mediates the CE maturation and thus barrier
quality [125].

12R-LOX is an enzyme that has just been identified as being involved in the
formation of EOS in the human skin[91]. A mouse model has shown that homozygote
knockout mice for 12R-LOX died within three hours after birth by dehydration [89].
EOSisfirst catalysed by 12R-LOX before other enzymes contribute to the preparation
of to the substrate preparation for TG [126]. More recently, a study has shown that
12R-LOX was less expressed in photo exposed skin compared to photo protected sites
[118] which are associated with decreased CE maturity [92]. The development of the
12R-LOX assay is a challenging task due to the lack of commercially available
substrates and inhibitors. However, an assay for 12R-LOX activity still needs to be
developed in order to determineif CE maturity in photo exposed skin is decreased due
to the lower 12R-LOX expression or activity.

However, the characterisation of the biomarkers might be limited due to the
insolubility of the proteins as well as the similarity in peptide sequences within the
structural proteins. A combination of methods such as an enzyme assay and the
determination of a variety of biomarkers should provide more details about the

maturation of corneocytes (Fig. 1.6).
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o~ o-hydroxylceramide eLOX3 P CathV
¢ 1GI ® NV ® xpr32

Figure 1.6. Location and interaction of investigated biomarkers of corneocytes: Lipids
(EOS and w-hydroxyceramide), lipid processing enzymes (12R-LOX and eLOX3),
proteases (CathD and CathV), CE maturing enzyme (TG1) and structural proteins
(INV and XP32).

The primary objective of this project was to develop a robust methodology to
characterise and to identify biomarkers of epidermal corneocyte envelope maturation
for photo exposed and photo protected skin. The work in this thesis started with
assessing basic SC properties between Caucasians and Chinese subjects (Chapter 2).
In total 14 participants Caucasians and 14 Chinese participants were recruited to
determine the skin barrier integrity, cohesion and thickness. Furthermore, differences
between male and femal e participants were assessed in both ethnic groups. The follow
up chapters focus primarily on Chinese participants as their skin has been reported to
be more impaired than Caucasian skin [112]. These SC samples collected via tape

stripping were used to for the following aspects:
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to develop a new and accurate characterisation method for CE maturation that
correlates with SC integrity and cohesion

to identify biomarkers for immature and mature CEs

to develop and validate an in vitro 12R-LOX activity assay which correlates with
CE hydrophobicity and SC integrity

to assess the influence of relative humidity on ex vivo CE and on TG, 12R-LOX
and cathepsin D activity

to determine the effect of glycerol at low-optimal-high humidity on ex vivo CE

maturation
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2. Characterisation of the stratum corneum

2.1 Abstract

Background: The skin barrier function can be characterised by a number of
biophysical measurements that determine the SC integrity, cohesion and thickness.
These characteristics allow acomparison of SC propertiesat different anatomical sites,

between gender, and in different ethnic groups.

Objectives: The aim of this work is to characterise the SC integrity, cohesion and
thickness of photo exposed (PE) cheek and photo protected (PP) post auricular sitesin
healthy human subjects.

Methods. Nine SC layers were obtained via the minimally-invasive tape stripping
approach in healthy Caucasian and Chinese participants. SC integrity was determined
via TEWL while SC cohesion was assessed by measuring the protein content on the
tape strips with infrared densitometry. The TEWL values and the cumulative protein

amounts were used to estimate the SC thickness.

Results: TEWL increased significantly following removal of nine tape stripsin the PE
cheek site while TEWL in the PP post auricular site remained constant. The SC
cohesion in the PE cheek site was stronger than in the PP post auricular site with tape
stripping. However, the PE cheek site was determined to be thinner than the PP post
auricular site. The TEWL values were comparable between Caucasian and Chinese
subjects while the cumulative protein amount removed was higher for both anatomical
sites of Caucasians indicating a thicker SC than in Chinese participants. There were
no significant differencesin cumulative amounts of protein removed viatape stripping

and TEWL values between males and females.

Conclusions: The barrier function was reduced in sun-exposed skin in Caucasian and
Chinese subjects compared with the sun-protected sites. This study confirms the
impact of photo damage on the skin barrier function in Chinese and Caucasian

subjects.

Key Words: Tape stripping, TEWL, Cohesion, stratum corneum.
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2.2. Introduction

In 1975, anew therapy treatment for psoriasiswas devel oped using UV A light.
Some patients showed a 85% clearing of psoriatic plagues while others experienced
sunburn-like side effects [127]. The short-term side effects were linked to the
pigmentation of the individual’ s skin and thus that the dosage of the UV A light had to
be adjusted in terms of intensity and duration. This led to the concept of classifying
six skin types according to skin colour and its response to UV irradiation (Table 1.1)
[128].

Table 1.1. The six Fitzpatrick skin typing according to pigmentation and response to
UV irradiation.

Type Skin pigmentation Response to UV light

Very light or pale skin Always burns and does not tan
1 Light skin Usually burns and seldom tans
1 Medium to olive skin Burns moderately and usually tans
v Dark olive to light brown skin Burns mildly and moderate tanning
\% Dark skin Seldom burns and deeper tanning
VI Very dark skin Does not burn and does not tan

The investigation of the upper most skin layers is included in many
dermatological studies to establish the SC properties at baseline and after topical
application of activessuch assalicylic acid [129]. A minimally invasive technique was
introduced in 1939 in which adhesive tapes were used to obtain SC layers and
examination of the cellular structure on the skin surface [21]. A range of tape brands

have been tested since then such as Tesa® and Scotch®. However, D-Squame® tapes
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were devel oped with uniformity in size and adhesiveness to allow comparatively more
control in sample collection [130]. Tape stripping is now an established approach to
investigate the penetration, distribution profile and the safety of cosmetic products
[131], sunscreens [97] and medical application [132].

The amount of collected SC samples may vary with tape strippings. This
depends on the corneocyte size which varies between anatomical sites [113,133], age
[134], and seasons [135]. Various studies have shown that the number of corneocytes
[135], SC layers [136], SC thickness [133,137], lipid amount and composition [138]
may vary depending on anatomical site. Variationsin amounts of SC collected by tape
stripping may also result from the type of tapes [139], application pressure and
duration [130] and application of topical preparations[97]. Tape stripping can be used
for in vivo [107,113,134], in vitro [140] and ex vivo[141] investigations. The tapes
allow controlled disruption of the SC surface which can be used to observe skin barrier

recovery [130] and the measurement of the skin barrier function [111,112].

The body loses water through the epidermis at a constant rate via diffusion or
evaporation at any given time. This processesis passive and will occur in undamaged
skin as well as at low temperature and humidity. However, atmospheric temperature
and humidity may affect the rate due to the change in water vapour pressure gradient
[142,143]. Measurements of evaporation allow the determination of SC integrity and
efficacy of the skin barrier [24,144]. The movement of water through the skin ensures
the hydration of the outermost SC layers and thereby providesflexibility to the barrier.
In theory, the skin is considered as a dry surface and water is the only permeating
molecule reaching the skin surface [108]. The water content in the uppermost skin
layer isacrucial element for the activity of enzymes that facilitate SC maturation and
desquamation. Trans epidermal waster loss (TEWL) is the measure of water vapour
flux density determined as the amount of water evaporating through one square meter
of skin per unit of time. Thisvalue isassumed to be the same as the steady-state water
vapour density flux that passes passively through the intact SC and can be understood
using Fick’sfirst law of diffusion [145]:

Amount of Water Vapour

Water Flux Density (g m2h?) = Areax Time

Equation 1.
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The early TEWL measurement devices were designed as open-chamber
systemswhere the upper end exhausts the water vapour that risesfrom the skin surface.
These devices are susceptible to ambient air movements and tend to fluctuate in

measurement values [146].

The closed-chamber device has a condenser that creates a constant temperature
and Relative Humidity (RH) inside the diffusion zone. This is created by removing
and trapping the water vapour in an ice film (Fig. 2.1). This condenser maintains the
humidity gradient within the entire chamber by removing the water vapour

continuously thereby allowing successive measurements on subjects [145].

Condenser

Ice film

Sensors for temperature
and Relative Humidity

SC

Viable epidermis

Figure 2.1. TEWL measurement using a closed-chamber device with a condenser to
create an ice film from the evaporating water from the SC surface.

The TEWL value depends on anatomical site, age and race. Although gender
was considered to have an influence on the skin barrier function this has not been
confirmed to date [147,148]. TEWL measurements were also used to demonstrate that
compounds such as caffeine can penetrate the forehead to a greater depth than the post
auricular site [134]. The forehead, cheek and back of the hand have a higher TEWL
than the forearm, elbow, abdomen, buttocks and calf [142]. A higher TEWL was also
measured in the cheek compared to the forehead [149]. This was also confirmed in a
later study with the mapping of digital images of the face for SC hydration
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measurement as well as TEWL [150]. Age is another factor that has an impact on the
skin barrier function and it was shown that individuals over 60 tend to have higher
TEWL compared to younger participants [151,152]. Race is another aspect that affects
the skin barrier function. Interestingly, the baseline TEWL values were shown to be
comparable between African and Caucasian subjects. However, the African subjects
displayed a higher TEWL following applications of irritants and tape stripping
compared to Caucasian subjects [153]. A digital mapping study revealed that black
African, Indian and Chinese subjects have a higher TEWL compared to Caucasian
subjects upon tape stripping [150]. Variations in the TEWL also indicate differences
in SC properties such as number of cell layers[134] and thus SC thickness [154].

The cohesion of the SC is studied to understand the impact of topical
application of formulations on desquamation [68] which is a limiting SC thickness
[115]. The protein content in the SC accounts for 75 - 80 % of the total SC weight due
to the large amount of keratin, corneodesmosomes as well as extracellular and
intracellular proteins [155]. The protein content is used to determine the state of the
skin health as well as to investigate the effect of topical application of an active
compound on the SC [131,156].

There are various approaches to determine the amount of protein on tape strips.
The gravimetric method is an established analytical procedure where the tapes are
weighed before and after tape stripping. However, the tapes need static discharge
before each weighing and topical treatments will also influence the measurements
[154]. Alternatives were developed by using the Lowry assay [157] in which sodium
hydroxide was used to extract soluble SC protein fractions to determine the protein
concentration [158,159]. In principle, the reaction solution containing copper reacts
with the nitrogen residues in the amino acids under alkaline conditions that allows the
oxidation of the Folin reagent that further reacts with the Ciocalteay reagent. This
reaction results in a concentration-dependent colour change of the sample solution
which is measured as absorbance via a spectrometer [157]. However, this type of
detection is prone to artefacts in measurement depending on the buffers and solvents
used for the formulations [97,160].

More recently, the SquameScan 850A® device was introduced which measures
the protein amount directly on the D-Squame® (Fig. 2.2) tapes via infrared
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densitometry [98]. The device has adiode that emitslight at a peak wavelength of 850
nm which prevents thermal denaturation of proteins, reduces light scattering of the
tapes and diminishesambient light. In principle, only proteinismeasured on individual
tape strips without detecting any other component of the SC. The SC sample absorbs
the light in proportion to itstotal protein content allowing areliable and fast approach
for measuring the protein concentration indirectly. This method was validated by
measuring the protein amount via the SquameScan 850A® and the Micro
Bicinchoninic Acid Protein Assay Reagent Kit, a colorimetric approach using a
spectrometer. Tape stripping was performed on the ventral forearm of healthy
volunteers and a positive correlation was demonstrated between both assays[98]. The
infrared densitometry approach has many advantages compared to other techniques

and isfast and non-destructive of the sample.

Figure 2.2. The SquameScan 850 measures the absorbance % on D-Squame tapes
after tape stripping (Modified picture from clinicalandderm.com).

The present study is focused on the impact of sun-exposure on the SC
properties of photo exposed (PE) cheek and the photo protected (PP) post auricular
sites (Fig. 2.3).
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Figure 2.3. The PE cheek and the PP post auricular sites were selected for tape
stripping.

UV light is distinguished between type A (320-400 nm) and type B (280-320
nm) radiation. UVB radiation can cause mutations in the DNA of keratinocytes or
melanocytes that might trigger cell death or proliferation with the long-term
consequence of skin cancer [161]. Direct damage of DNA generates cyclobutane
pyrimidine and thymine dimers [162] which may not be repaired because of the
corruption in certain genes involved in DNA repair such as p53 [163]. UVA is
associated with photo aging which causes visible permanent outcomes such as
wrinkles, leathery skin and dark spots [164]. In acute skin damage individuals
experience erythema that can lead to delayed tanning [165]. UVA and UVB supress
the immune system [166] and cause major skin damage by the generation of reactive
oxygen species (ROS) such as hydrogen peroxide which contribute to the long-term
effects of sun exposure [167]. Some studies have shown elevated antioxidant levels,
as a compensation mechanism for ROS, such as inducible nitric oxide synthase
[168,169] and heme oxygenase [170] to UVA, or superoxide dismutase [171] to
counteract UVB. These coping mechanisms are overwhelmed or depleted upon
repetitive or excessive UV radiation hence various mutations can accumulate and

result in tumours or cancer. A recent study demonstrated counteraction to UVB
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radiation by introducing superoxide dismutase as a topical application [172]. In fact,
sun-damaged skin shares many traits with non-genetic atopic dermatitis (AD) such as
decreased degradation of filaggrin to NMF which leads to a decrease in skin hydration
[48,92,173]. Furthermore, a decrease in ceramide level s has been demonstrated in sun-
damaged skin and AD patients which contributes to the impaired skin barrier function
[173,174]. The PE cheek and PP post auricular sites are close in proximity. However,
the PP post auricular isahairless anatomic site that is not being challenged by clothing
unlike the buttocks, abdomen, upper thigh or back which are often examined PP
anatomical sites[115,137,138]. A previous study showed different protease levels, SC
thickness and corneocyte maturity between PE cheek and PP post auricular sites [92].
Furthermore, several variations in proteomics were demonstrated between both
anatomical sites such as serine proteases and enzymes involved in CE maturation and
lipid procession [118]. The barrier function of cheek and post auricular site most likely
do not just differ in enzymology arriving from the epidermis but also from proteases
deriving from the skin microbiome amount of sebum and sweat [175-177]. This study
will characterise the skin barrier function to assist the understanding of the effects of

sun-damage on facial skin barrier function.
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2.3 Materials and methods

2.3.1 Materials and equipment

The materials and equipment listed in Table 1.2 were used to determine the SC

integrity and CE cohesion of samples collected from participants.

Table 1.2. Materials and equipment used to characterise the SC properties.

Materials Supplier

Standard D-Squame ® tapes (3.8 cm?)

CuDerm Corporation, Dallas, Tx,

D-Squame tape rack USA

D-Squame pressure instrument

VWR international Ltd,

Forceps Leicestershire, UK

Aquaflux AF103 Biox Systems, London, UK

SquameScan A850 infrared densitometer | Heiland Electronic, Wetzlar, Germany

2.3.2 Methods and study design

2.3.2.1 Participant recruitment

This study was approved by the UCL Research Committee and the NHS
London-Bromley Research Committee (Reference: 16/LO/1672) complying with the
Declaration of Helsinki. The information participant sheet, questionnaire and written
informed consent were adjusted according to the new Genera Data Protection
Regulations of the Data Protection Act 2018. All potential participants were given an
information participant sheet and completed a questionnaire to verify if they were
suitable candidates. The questionnaire included minimal personal information namely
age, gender and ethnicity. Each participant was asked not to use any skincare products

for 15 days before the study took place.

Page 45]210



Chapter 2—Materialsand methods

Inclusion criteria for potential volunteers:
- must bein good health
- beaged 20-40 yearsold

- must complete and sign awritten informed consent form

Exclusion criteria for potentia participants:

- skinvariations at the study site such as birthmarks or scars
- current or past history of a skin condition

Suitable participants signed the written informed consent form. There were no drop

outs during all conducted samplings.

2.3.2.2 SC sampling via tape stripping

Nine successive tapes were collected from the photo exposed (PE) cheek (3cm
below the eye) and the photoprotected (PP) post auricular (close to the earlobe) sites
of healthy participants (Fig. 2.3).

The pressure device provided by CuDerm Cooperation was used to apply 225
g cm? pressure for 5 s with intervals of 20 + 5s between each tape stripping [130]
while each tape was removed with a single movement. The pressure device allows
uniform adherence between the tape strip and the superficial SC layers removed with
the removal of the tape[21,178]. The sampleswere stored at -80 °C until CE isolation.
A depth profile of SC properties such as integrity, cohesion and enzyme activities may

also be generated from the results [130].

2.3.2.3 SC integrity — Trans epider mal water loss

TEWL was measured prior to every SC sampling to determinethe SC integrity.
The volunteers were acclimatised for about 20 mins to the temperature and RH of the
study area in order to avoid sweat gland activation which would influence the
measurements. TEWL was calibrated asrecommended by Biox Systems prior to every
first measurement of the day. This ensured that the water flux was not influenced by
the ambient humidity. Closed-chamber probe devices do not require a “down-time”
for TEWL measurements between consecutive tape strippings. The software provided

by Biox Systems interpolates the average water flux of 20 measurements once a
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constant rate of flux is reached [145]. The TEWL was measured at baseline and after
the third, sixth and ninth tape strippings. The baseline measurement is an indicator of
the SC integrity while the measurements post-tape stripping provide information about

the SC thickness when combined with the measured protein amounts [108].

2.3.2.4 SC cohesion and thickness— Protein amounts

The original protocol to determine the protein content on tape strips was the
gravimetric approach which is time consuming, inaccurate, and requires additional
discharge of static electricity of the tapes prior to weighing the tape strips [154].
Nevertheless, Mohammed et al., showed that the gravimetric approach can be replaced
by infrared densitometry in which the total protein content relates directly to the mass
of removed SC [98,109]. Thus, the theoretical amount of removed SC in this present
study was determined by plotting the inverse TEWL versus the cumulative protein
content. The SC cohesion was determined by measuring the protein content on the
individual tape strips using infrared densitometry. Voegeli and colleagues validated a
linear relationship between the absorbance (measured in %) and protein content on the
tape strip. This resulted in a calibration curve [98] that allows the determination of
protein content per tape strip area as shown in Equation 2:

Protein Amount (ug c¢m™2) = 1.366 x Absorbance (%) - 1.557 Equation 2.

The resulting protein amount gives information about the SC cohesion while
providing a value to normalise protein-based experiments. Tape stripping causes a
gradual decrease in the SC thickness leading to an increase in TEWL. This was
determined with a modified equation of Fick’'s First Law of Diffusion (Eq. 1) that
considers the SC thickness and the water flux measurement. In the modified equation,
the reciprocal value of the water flux diffusing through the remaining SC thickness
and the thickness have a linear relationship [108]. The amount of cumulative protein
on tape strips reflects the amount of collected SC. The linear graph is extrapolated to
the x-axis which gives the estimated total SC protein amount. This value can be used
to estimate the SC thickness considering that 100 g cm? of protein content on tape
strips equals 1.9 um of SC thickness [109,154].
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2.3.2.5 Statistics

The TEWL measurements, CE cohesion and thickness were previously
described for the PE cheek and PP post auricular site and thus these values were used
to calculate the power and samples size [106,118,150]. The power was analysed to
detect the true measurement taking random errors into account. Thisis ensured by an
adequate sample size that is large enough to distinguish the true effect from random
variations. The power analysisisthe probability of rejecting false Null Hypothesis and
thus the probability of atrue association. A widely used probability of 80% is used as
a desirable power with 95% confidence level from which the sufficient sample size
can be calculated. In Equation. 3, the sample size calculation is demonstrated for the
standard deviation obtained from TEWL in PE cheek in Caucasian females [112]:

zsore? x population standard deviation? 1.96% x 52

Sample size = -
P margin of error? 52

= 4 Equation 3.

Further sample size calculations were computed for both anatomical sites and
tested SC parameters which ranged between sample sizes of 3-6. However, sample
size of 14 was chosen to increase the statistical power over the obtained results.
Microsoft Excel® (Version 2013) was used for data collection. The mean + standard
deviation (SD) and statistical analysis were determined via GraphPad Prism (Version
7). The D’ Agostino & Pearson normality test was chosen as the normality test. The
data that met the normality test were further analysed for the statistical differences
between study groups, site and SC depth. Study site and depths were analysed via the
one-way ANOV A multiple comparison test while the two study groupswere compared
via two-way ANOVA. The Sidak-Holm post-hoc test was applied to assess the
variations among and between these groups. The data are shown as mean + SD (n=14)
and statistical significance is represented as followed * p < 0.05, ** p < 0.001, *** p
< 0.0002 and **** p < 0.0001, in addition coefficient of variation (CV %) was
determined.
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2.4 Results

The first group included 14 Caucasians, seven females (age 28 + 3) and seven
males (age 30 £ 5) participated in the study. The second group consisted of 14 Chinese
participants, seven females (age 25 + 3) and seven males (age 26 + 1). The samples
were collected at a room temperature of 19 + 2 °C and a Relative Humidity of 44 +
7% RH. The SC integrity, cohesion and thickness were measured for each participant
which allowed comparisons between gender, anatomical site, SC depth and ethnic

background.

2.4.1 Stratum corneum integrity

The TEWL was measured to determine the SC integrity at baseline before tape
stripping and after the third, sixth and ninth tape stripping.

24.1.1 TEWL measurements of PE cheek and PP post
auricular sitesin Caucasian and Chinese subjects

Caucasians and Chinese subjects displayed the same trend in TEWL for both
anatomical sites. The TEWL values increased significantly with tape stripping in the
PE cheek site while the TEWL measurements showed no differences in the PP post
auricular sitesin Caucasian and Chinese (Fig. 2.4) Volunteers. The baseline TEWL of
24.6 = 7.3 g m? h'! was measured in the PE cheek in Caucasian subjects which
increased to 76.5 + 23.8 g m? h'! after nine tape strips (p < 0.0001). TEWL values
were similar with 22.4 + 2.5 g m? h! that increased to 75.7 + 20.9 g m2 ht in the PE
cheek site of Chinese participants (p < 0.0001). TEWL measurements in PP post
auricular sitesin Caucasians were determined as 17.4 + 2.9 g m? h'! and increased to
26.1 + 47 g m? h! (p < 0.5). The baseline TEWL in the PP post auricular site of
Chinese participants increased from 16.8 + 25 gm?h1t027.3+ 36 gm?h? (p <
0.05) after nine consecutive tape strippings. A significant difference in TEWL
measurements was obtained after three tape strippings between the PE cheek and the
PP post auricular sites (p < 0.05). The discrepancy between the two anatomical sites
increased with tape stripping (p < 0.0001). The same differences between anatomical
sites were observed in Chinese participants. Baseline TEWL was comparabl e between

PP post auricular and PE cheek sites which increased significantly after the third tape

Page 49]210



Chapter 2 — Results

stripping (p < 0.05). The difference in TEWL values increased further with the sixth
tape stripping (p < 0.0001) and increased further with the ninth tape stripping (p <
0.0001).

Furthermore, larger variations in TEWL measurements were observed in the
Caucasian PE cheek baseline value (24.6 + 7.3 g m? h't, 20.5% CV), after the third
(35.5+ 13.6 gm2h, 38.4% CV), the sixth (57.3 £ 20.3 g m2 h'%, 35.5% CV) and the
ninth tape stripping (76.2 + 23.8 g m? hl, 31.2% CV). The variations in the TEWL
values measured in PP post auricular sites are less variable than in the PE cheek site.
The TEWL measurements of the PP post auricular site have a variation between 12.5%
CV - 17.2% CV. The coefficient of variation was lower for the TEWL values in

Chinese participants compared to Caucasian participants.
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Figure 2.4. TEWL in PE cheek and PP post auricular sitesin Caucasians and Chinese
subjects. The data are represented as mean + SD (n=14).
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However, TEWL valuesin PE cheek sites showed alarger variation compared
to PP post auricular sites. The baseline TEWL measurements showed no significant

differences between both anatomical sides for Caucasians and Chinese volunteers.

2.4.1.2 The difference of SC integrity between genders

The SC integrity is reflected with the TEWL measurements in the PE cheek
and PP post auricular sites of male and female participants of Caucasian and Chinese
(Fig. 2.5) ethnic groups. The TEWL indicated no difference in the SC integrity of PE
cheek in Caucasian males and females. The increase in TEWL with tape stripping
showed the same tendency in both genders and ethnic groups. TEWL values remained
constant in the PP post auricular site in Caucasian male and femal e subjects with tape
stripping. The TEWL measurements in Chinese participants showed the sametrend in
PE cheek and PP post auricular sites in male and female subjects. The data indicates
that there are no differences in the SC integrity between genders in Caucasian and

Chinese subjects.
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Figure 2.5. SCintegrity of PE cheek and PP post auricular sites determined viaTEWL
measurements in Caucasian and Chinese males and females. The data are represented
asmean = SD (n=7).

2.4.2 SC cohesion

The protein content on the tape strips reflects the cohesion between

corneocytes and lamellar layers.

2.4.2.1 Differencesin SC cohesion and gender

The protein amount on the tapes was measured viainfrared densitometry after
tape stripping. The protein content on the tape strips obtained from the PE cheek and
PP post auricular sites (Fig. 2.6) showed no difference in male and female Caucasians.
Likewise, the protein content on tape strips obtained from Chinese subjects showed no
difference in PE cheek and PP post auricular sites between males and females.

The SC cohesion showed no significant difference between genders in
Caucasians (p < 0.9) and Chinese (p < 0.8) subjects. The following results do not
considering the gender but the respective ethnic groups are pooled together to assess
differences between ethnicity, SC depth and anatomical sites.
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SC cohesion in male and female participants
301

b
<
L
—_—
]
—
— ]

Protein content (pg cm™?)
¢
—

Tape Strippings

PE Cheek W Male B Male
Bl Female B Female

PP Post [] Male = Male

auricular [ Female = Female

Figure 2.6. SC cohesion represented by collected protein amounts of PE cheek and PP post auricular sites of male and female Caucasian and
Chinese subjects. The data are represented as mean + SD with (n=7).
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2.4.2.2 SC cohesion in PE cheek and PP post auricular
samples of Chinese and Caucasian subjects

The protein content on the tape strips collected from the PE cheek of Caucasian
participants showed no significant difference in protein amounts between the second
(p £0.9) and the third tape strip (p < 0.2). The tape strips collected from the PE cheek
decrease gradually in the protein content from the fifth tape strip (14.3 + 2.3 ug cm?)
to aprotein content of 6.9+ 1.1 ug cm on the ninth tape strip (p < 0.0001). The protein
content remained constant on tape strips collected from the PP post auricular site (p <
0.9). The SC samples collected from the PE cheek (21.8 + 1.4 pg cm?) and PP post
auricular site (20.5 + 1.8 pg cm?) in the Caucasian subjects showed no difference in
the first four tape strips (p < 0.5). However, the protein content on tape strips collected
from the PP post auricular site was significantly higher from the fifth tape strip
compared to the protein amounts collected from the PE cheek for Caucasian subjects
(p <0.0002) (Fig. 2.7).

The SC samples collected from the PE cheek site of Chinese participants
showed a gradual decrease in protein content after the second tape strip (p <0.01). The
protein content decreases steeply between the first (21.8 + 3.0 pg cm?) and the fifth
tape strip (11.5 + 2.0 ug cm®) from the PE cheek of Chinese subjects (p < 0.0001).
However, the decrease in protein content on the tape strips from the PE cheek site of
Chinese participants decrease less markedly from the sixth (9.5 + 1.7 ug cm) to the
ninth (6.6 £ 1.5 pug cm) tape strip (p < 0.0002). Interestingly, the protein content on
tape stripsfrom the PP post auricul ar site of Chinese participants showed no significant
difference between tape strippings (p < 0.8). The protein amount on the first tapes
collected from the PE cheek (21.8 + 3.0 pg cm) and the PP post auricular sites (22.5
+ 1.6 pg cm) showed no difference in Chinese participants (p < 0.9). However, the
third tape strip collected more protein from the PP post auricular site than from the PE
cheek site (p <0.05). The following tape strippings collected more protein (p <0.0001)
from the SC of the PP post auricular site than the PE cheek site (Fig. 2.7).
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SC cohesion in Caucasian and Chinese subjects
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Figure 2.7. Protein content on individual tape strips of PE cheek and PP post auricular
sites in Caucasians and Chinese participants. Mean = SD (n=14).

The protein content on the tape strips collected from the PE cheek and the PP
post auricular sites show clear differences in SC cohesion between both anatomical
sites in the Caucasian and Chinese subjects. Interestingly, the SC cohesion in the PE
cheek of Caucasian and Chinese volunteers show significant differences (p < 0.0001)
from the sixth tape strip on. PE cheek SC samples (6.3-21.2% CV; Median 14.4% CV)
showed higher variation in the collected protein amounts in Caucasians than for PP
post auricular SC samples (8.0-12.4% CV; Median 9.9% CV). The variation in
Caucasian samples was lower compared to Chinese PE cheek samples (11.1-23.4%
CV; Median 16.0% CV) and PP post auricular site (7.2-22.6% CV; Median 17.9%
CV).
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2.4.3 SC thickness

Cumulative values of the collected protein led to the determination of total
protein collected from nine tape strippings of both anatomical sites of Caucasian and
Chinese subjects (Fig. 2.8). The cumulative protein amount collected from the PE
cheek of Caucasian participants increases steeply until the sixth tape strip (slope=16.4
+ 0.8 ug cm? per tape strip, R?>=0.98, p < 0.0001). The protein content comes to a total
amount of 131.8 + 11.6 pg cm? from the PE cheek site in Caucasians with a smaller
slope from the sixth tape strip (Slope=8.6 + 0.4 pug cm? per tape strip, R>=0.99, p <
0.0002). In the PE cheek site of Chinese participants, the cumulative protein amount
increases steeply between the first and fourth tape strips (slope=15.9 + 1.9 ug cm per
tape strip, R>=0.97, p < 0.01). The slope between the fourth and ninth tape strip is
lower with a slope of 7.3 + 0.4 pug cm per tape strip (R>=0.99, p < 0.0002). A linear
trend was observed between cumulative protein amount and tape stripping in the PP
post auricular site in Caucasian (slope=17.8 = 0.6 pug cm per tape strip, R>=1, p <
0.0001) and Chinese (slope=18.4 + 0.3 ug cm per tape strip, R?>=0.99, p < 0.0001)
participants. Cumulative protein amounts on tape strips from the PP post auricular site
of Caucasiansis 23.0 + 2.6 ug cm2 on the first tape and cumulates to 160.9 + 10.4 g
cm? with nine tape strippings (p < 0.0001). The first tape strip collected 24.4 + 4.7 ug
cm?for the PP post auricular site of Chinese participantswhich comesto atotal protein
content of 172.2 + 17.7 ug cm? after nine tape strips (p < 0.0001). A comparison of
both anatomical sites shows a significantly higher cumulative protein amount in the
PP post auricular site from the seventh tape strip collected from Caucasian subjects (p
< 0.01). The cumulative protein amount on tape strips obtained from Chinese
participants showed a significantly higher protein amount from the fourth tape strip (p
< 0.01). A comparison between both ethnic groups shows that the SC cohesion in

Chinese participants is stronger than for the Caucasian subjects (p < 0.0001).
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Cumulative protein amounts in both anaotmical sites

Protein content (ug Cm-z)

1 2 3 4 5 6 7 8 9
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Figure 2.8. Cumulative protein amount of PE cheek and PP post auricular sites in
Caucasians (A) and Chinese (B) participants. The data are represented as mean + SD
(n=14).

The total SC protein amount was determined by plotting the reverse TEWL
values and the corresponding cumulative protein content. The reverse TEWL and the
corresponding cumulative protein amount allow the estimation of the potential total
protein amount that may be removed from the SC of Caucasians and Chinese (Fig. 2.9)
participants. The dotted line represents the extrapolation to the x-axis and therefore to
the total SC protein that could have been collected. This indicated that 193.9 pg cm
could have been collected from the Caucasian PE cheek and 469 g cm?(p < 0.0001)
from the PP post auricular site. The total protein amount that could be collected from
the Chinse subject was estimated to be 155.4 pg cm for the PE cheek and 430.9 ug
cm? (p < 0.0001) for the PP post auricular sites.
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Estimation of total protein removal of SC

Reverse TEWL (1/TEWL)
=]
el
=

0.02+ o T
0.00 — x ; S
0 100 200 300 400 500
Cumulative Protein Amount (pm cm™>)
O PE Cheek @ PE Cheek
. PP P()St auricular . PP Pos’[ auricular

Figure 2.9. Linear plot of cumulative protein amount and reverse TEWL of PE cheek
and PP post auricular SC of Caucasian and Chinese participants. The data are
represented as mean + SD (n=14).

The SC thickness was subsequently calculated from the estimated total SC
protein and the assumption that 100 g cm? of protein on tape strips equalsto 1.9 um
of SC thickness (Fig. 2.10). Caucasian participants had a thicker PP post auricular SC
(8.9 = 1.7 um) than the PE cheek site with 4.7 = 0.7 pm (p < 0.0001). Chinese
volunteers showed a similar trend with a value of PP post auricular SC, of 7.9+ 1.4
um and a thinner PE cheek site of 2.9 + 0.5 um (p < 0.0001). This demonstrates a clear
difference between anatomical sites in both ethnic groups. Caucasians had thicker SC
in the PE cheek site (p < 0.0001) than Chinese participants, as well as in the PP post
auricular SC sites (p < 0.05). The estimated total protein amount was compared with
the actual amount of protein removed which demonstrated that nine tapes removed
67.5+ 5.9 % of PE cheek SC and 29.0 + 1.9 % of PP post auricular SC of Caucasians
(p £ 0.0001). Nine tape strippings removed 71.4 + 8.3% of PE cheek SC and 39.9 +
4.1 % of PP post auricular SC in Chinese participants (p < 0.0001).
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SC thickness
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Figure 2.10. Estimated SC thickness of PE Cheek and PP post auricular sites of
Caucasian and Chinese participants. The data are represented as mean £ SD (n=14).
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2.5 Discussion

One of the most influential features of the environment is the sun which
induces photo damage by UV radiation accompanied with heat damage [161]. For a
long time, melanin was known as the only defence mechanism against sun light [179].
A recent study links skin pigmentation and photo damage in the face using baseline
TEWL as a measurement of skin integrity and recovery. In that study, fair-pigmented
individuals had a thicker SC with a lower baseline TEWL and skin hydration [112].
The thicker SC might compensate for the lower melanin levels to protect the deeper
layers of the skin from photo damage by absorbing the harming light [35]. In aprevious
study, four ethnic groups were recruited to map the skin hydration and baseline TEWL
in the face [150]. The facial studies revedled a major difference in certain areas
independent of ethnicity. The TEWL was found to be highest in the cheek followed by
the chin, the forehead and the post auricular site [134]. Another study was conducted
on the cheek and post auricular areas of Caucasians, Black Africans and Albino
Africans. Interestingly, the melanin-free cheek skinin Albino Africans showed alower
TEWL after tape stripping while Caucasian and Black African skin showed the
expected increase in TEWL. Furthermore, the TEWL in the post auricular site was
lower compared to the cheek in all three ethnic groups [150]. Thisisin line with the
findings in the present study. The TEWL showed no significant differences in the
baseline measurements between PE cheek and PP post auricular sites. Tape stripping
induces an artificial thinning of the SC which leadsto theincreasein TEWL. However,
no differences were identified between male and females which is in line with
previously reported studies [142,148].

A linear increase in TEWL with SC remova was seen in the PE cheek;
interestingly, this trend is missing in the PP post auricular site. The TEWL in both
anatomical sites showed no significant differences between Caucasians and Chinese
which was conducted in London, United Kingdom. A study in Pretoria, South Africa,
compared the TEWL and hydration in Chinese, Caucasian, Indians and Black
Africans. These authors reported a significantly higher TEWL in Chinese subjects
compared to Caucasians[150]. The contrasting findings between the present study and
the reported study [150] may originate from the two maor differences, namely the
location and the environmental conditions. The earlier study was performed between
May and June with an average outdoor temperature of 11 °C and 50-65% RH [150].
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The present study was performed between October and December with an average
outdoor temperature of about 5-12 °C and 35-40% RH. Although the ambient
temperature are comparabl e, the Relative humidity and the intensity of solar radiation
in Pretoria/South Africa is stronger than in Western Europe [180]. Thus it can be
assumed that individuals in South Africa are more exposed to the sun in spring than
individualsin the UK during autumn and winter [181]. This was supported by another
study that measured TEWL at baseline and after challenging the skin barrier function
with sorbitol in the summer and the winter season in the same individual. This osmotic
stress indicated a stronger skin barrier function during the summer compared to the
winter [182]. A comparative study in the leg SC of Caucasian females demonstrated

lower ceramide and cholesterol levels in winter compared to summer [77].

Infrared spectrometry has been shown to be an efficient method to quantify the
protein content on tape strips [98]. The cumulative protein content indicated that nine
tape strips removed different amounts from the SC of both anatomical sites in
Caucasian and Chinese participants. However, nine tape strips collected from the PE
cheek of Chinese participants obtained less SC than of Caucasians suggesting a
stronger SC cohesion in the SC of Chinese subjects. The PE cheek site shows the
expected observation with decreasing protein content and increasing SC cohesion in
the deeper SC layers [159]. This might be linked to the strength of the
corneodesmosomes that are weakened at the surface by enzymes to initiate
desquamation. In the deeper SC layers those proteases are less active but also richer in
hydration, contributing to strengthening of the CEs and their matrix but decreasing
their adhesiveness to the tape strip. Interestingly, the PP post auricular samples
remained constant in protein content throughout tape stripping. However, the
differencein CE cohesion between PE cheek and PP post auricular sitesin this present
study is matching previously reported findings [98,109]. The cumulative protein
amount shows alinear trend up to the sixth tape strip collected from the PE cheek sites.
The protein content on nine consecutive tapes shows an interesting relationship
between anatomical sites, removed SC protein, and TEWL measurements. This might
be the tipping-point where the desquamation process is reduced. Strong cohesiveness
between corneocytes and extracellular matrix results less collectable sample via tape
stripping. For the PP post auricular site the TEWL measurement and the protein

content on the tape strips remained constant after nine tape strippings. This outcome
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strongly suggests that the SC integrity in the PP post auricular skin is stronger than in
the PE cheek which continuesto match the findings of Voegeli et al. in the upper layers
of the cheek and post auricular SC [112]. Moreover, the TEWL and protein content
results indicate that the SC thickness varies between Chinese and Caucasian subjects

in both anatomical sites.

The SC is described as a heterogeneous structure providing a homogeneous
barrier to water while the rate of TEWL isdetermined by the thickness of the SC layers
matrix [56]. Fick’s Law of Diffusion is used to determine the TEWL as a linear
function, however, this is a smplified model [24,108]. In redlity, the SC cohesion
between the SC layersisirregular thus tape stripping collectsirregular amounts of SC
leading to a non-linear disruption of the skin barrier by tape stripping [98,159]. A
mathematical approach is suggested to provide an estimation for the TEWL rather than
absolute numbers [24,108]. The plotting of the reverse values of TEWL and the
cumulative amount of SC givesalinear regression line[137]. The extrapolation of this
line shows the theoretical total protein mass that could have been sampled from the
SC if the tape stripping would have been continued until reaching the stratum
granulosum [154].

This study showed no differences in the SC integrity, cohesion and thickness
between males and females while the ethnicity and the anatomical site and depth
showed significant differences. Chinese subjects have athinner SC in both anatomical
sites compared to Caucasians. Conclusively, the PE cheek sites have a lower SC
integrity and increased SC cohesiveness with tape stripping revealing a thinner SC in
the PE cheek site than the PP post auricular sites in both ethnic groups. The
characterisation of the SC provides a reference point that allows comparison between
SC integrity, cohesion and thickness at baseline and after a treatment such as a skin
care product [107]. For example, athicker SC after atreatment indicates an impact on
the proliferation of stem cellsin the stratum basal e or inhibiting effects on the proteases
in the stratum corneum. Thus, changes in any of the SC properties can be used to

understand events at the molecular level in the epidermis.
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3. Expression profile of corneocyte maturation

3.1 Abstract

Background: The “brick” compartment of the skin barrier is comprised of corneocyte
envelopes (CE) that are made up of an insoluble protein envelope surrounded by a
lipid envelope. These features undergo maturation which supports the skin barrier

function by providing mechanical stability and hydrophobic coating.

Objectives: The aim of this chapter isto determine the expression pattern of structural

proteins, proteases and lipid processing enzymes.

Methods: Immunostaining was utilised to visualise the expression of ceramide
processing enzymes (12R-lipoxygenase and epidermal lipoxygenase 3), proteases
(cathepsin D and cathepsin V), structural proteins (involucrin and skin-specific protein
32) and transglutaminase which catalyse CE maturation. The study was conducted on
samples collected with the first and ninth tape strips taken from the photo exposed
(PE) cheek and photoprotected (PP) post auricular sites of 14 hedthy Chinese

participants.

Results: The expression of the ceramide processing 12R-lipoxygenase is reduced in
PE cheek compared to the PP post auricular site but epidermal lipooxygenase 3
expression is unchanged. Cathepsin D and V are upregulated in PE cheek which
indicates photo damage and enhanced desguamation. The expression of the structural
proteins was higher in the PE cheek samples compared to PP post auricular samples.
The PP post auricular site has a higher transglutaminase expression compared to PE
cheek samples.

Conclusions. These biomarkers can indicate the potential for CE maturation and
desquamation and may provide evidence for photo damage. The cheek shows signs of
photo damage and suboptimal potential for CE maturation due to reduced 12R-

lipoxygenase and transgl utaminase expression.

Key Words: Protein, Expression, Biomarker, Immunostaining, Sun exposure.
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3.2. Introduction

Under the central dogma of molecular biology, the genetic informationin DNA
istranscribed to mMRNA which then istranslated into a protein. Some proteins are only
expressed at a certain developmental stage or as a response to a trigger which can be
used to characterise the cell or an event as well as underlying mechanisms. The gene
expression would be determined for the protein of interest which is then compared to
the presence of that particular protein. This comparison would either match or reveal
a post-transcriptional regulation that could be a target to follow up. The presence of
the protein of interest is usually demonstrated via antibody (AB)-based approaches.
Immunoglobulins, also known as ABSs, are glycoproteins that are naturally produced
by plasma cells of theimmune system. These structures detect foreign particles with a
unique structure. These antigens could be viral or bacterial proteins, sugars or nucleic

acids, mammalian hormones or receptors on cells as well as chemical compounds.

ABs can be produced by injecting the antigen, usually into an animal such asa
goat, rabbit or cow from which the spleenisisolated containing the B cells[14]. These
plasma cell precursors are fused with myelomatumour cell lines which generate anew
cell type, known as a hybridoma. These cells proliferate indefinitely and produce the
AB of interest [183]. There aretwo types of AB commercially available (i) hybridoma
derived monoclonal ABs that detect only one specific epitope and (ii) polyclonal ABs
that are obtained from different types of B cells that can collectively recognise
different epitopes on the same antigen [14,183]. The antigen-AB binding is usually
detected viafluorescence or chemiluminescence either directly or indirectly. However,
asecondary AB isusually coupled to afluorochrom such as fluorescein isothiocyanate
(FITC) or an enzyme that cleaves a substrate that results in a luminescence signal.
Chemiluminescence is usually used in Western blotting where a protein extract is
separated on a sodium dodecyl sulfate gel according to protein sizes. This protein
separation is transferred to a membrane and incubation with ABs that detect the
particular protein of interest. Sodium dodecyl sulfate gel electrophoresis is a less
suitable approach for profiling in this project due to the small amount of samples
collected on tape strips and the insolubility of CPEs [42,114]. Nevertheless, ABs can

be utilised in immunostaining to visualise the protein of interest.
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There is a variety of protocols depending on the specimen and specificity of
ABs, however, some steps may vary in incubation time or AB concentration.
Immunohistochemistry is the staining procedure in which thin slices of tissue are
analysed for morphology and presence of specific proteins. This can be useful to
understand the distribution and location of a protein or cell within the whole tissue.
Immunostaining has sequential steps that ensure the detection of the protein of interest
due to antigen-AB binding. The cells are usually fixed with formaldehyde or methanol
which dehydrates and crosslinks the proteins thereby allowing examination of the
protein architecture [184]. A buffer solution is used to restore hydration of cells and
washout of excessive antibodies. The primary antibody is applied in a blocking
solution to challenge the antigen recognition on the cell. The blocking solution
provides a more specific antibody-antigen binding, however, a study has shown that
some antibodies do not cause unspecific immunostaining [185]. The secondary
antibody binds to the constant region of the antibody. The variable region of the
antibody is pre-defined by the hybridoma cell while the constant region is determined
according to the species of the host where the antibody was generated [183].
Fluorescence microscopy is a popular imaging approach allowing visual evaluation of
the resulting AB-antigen binding [186]. Fluorescence is the result of a three-stage
process. The fluorescent compound, the fluorochrom, has polyaromatic hydrocarbons
or heterocycles that absorb the photon energy from the wavelength of a light source.
A specific amount of energy is needed to excite the el ectrons within the double bonds
of the fluorochrom. Once the excited electrons relax to the ground state, the photon
energy is emitted at a different wavelength. The emission wavelength has less photon
energy and thus alonger wavel ength than the excitation wavelength. There are mirrors
and filters in fluorescence microscopes to exclude the detection of the excitation
wavel ength and thereby minimise background fluorescence and increase the resol ution
of the resulting image [187].

There are various microscopes that have been developed with different
capacities, resolutions and contrast to visualise specimens. The most commonly used
microscopes are confocal microscopes and optical microscopes that are equipped with
fluorescence detectors. The confocal microscope is able to scan the specimen through
layers and create a high resolution image; other confocal microscopes are able to
generate 3D images. The “simple” fluorescence microscope is the most common
imaging technique but has limitations in resolution [187]. Imaging software allows a
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digital image to be generated that can be enhanced in terms of contrast and
fluorescence intensity. Digital images can be analysed via image processing or

analysing software.

Researchers have been using microscopy to analyse the morphology of the skin
layers and the expression of certain proteins in the different layers of the skin.
Immunohistochemistry in dermatological studies is usually applied to study skin
morphology or for diagnostics as reviewed elsewhere [188]. However, this involves
rather invasive sample collection via punch biopsy |eaving an open wound susceptible
to infections [189]. In experimenta dermatology, invasive techniques are performed
on animal models such as mice but these have limitations as the SC properties and
morphology of mice are different from human skin [90,105,190]. New approaches
have been developed using skin equivalents to study wound healing, skin barrier
function and repair [30] or the effect of topical formulations [191,192].
Immunocytochemistry has been used to analyse protein expression in cell culturelines
to localise the protein of interest within the cell [81,193,194]. An early study used
immunocytochemistry staining to visualise the structural protein involucrin (INV) in

order to determine corneocyte envelope (CE) maturity [114].

The am of this project is to investigate the expression pattern of some
structural proteins and membrane-bound enzymes in CEs of sun-exposed and sun-
protected skin (Fig. 1.6). The structural proteins INV and skin-specific protein 32
(XP32) of the corneocyte protein envel ope (CPE) should be expressed to a high extent
in immature CEs. A number of enzymes will be assessed that are involved in CE
maturation and desquamation. Cathepsin D (CathD) is a protease that is responsible
for desguamation and the activation of transglutaminases (TG) [125] that are
responsible for the CE maturation [84,95]; 12R-lipooxygenase (12R-LOX) and
epidermal lipooxygenase 3 (eL OX3) process the precursor ceramide 1 [86,91] which
is the main ceramide bound to the corneocyte lipid envelope (CLE). Cathepsin V
(CathV) expression will be assessed to determine photo damage[119,123]. The protein
expression will be determined in the photo-exposed (PE) cheek and photo protected
(PP) post auricular sites of Chinese participants following the tape strippings described
in Chapter 2. This expression profile will visualise the differences between both
anatomical sites. Furthermore, the effects of sun exposure on CE structural proteins

and enzymes will be examined.
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3.3 Materialsand methods

3.3.1 Materials and equipment

The materials and equipment listed were used for CE extraction,

immunostaining and microscopy. The CEs were extracted from thefirst and ninth tape

strip.

Table 3.1. Materials and equipment used to generate expression profiles for CE

structural proteins and enzymes by immunostaining.

M aterialEquipment

Supplier

Sodium dodecy! sulfate (SDS)

Ethylene diamine tetra acetic acid (EDTA)

IM TrisHCI (pH 8)

DL-dithiothreitol (DTT)

Nile Red

Glyceral

Bovine Serum Albumin (BSA)

Sigma Aldrich,
Dorset, UK

10x Phosphate-buffered saline (PBS), no calcium and
magnesium, protease free (pH 7.4)

Polyclonal Rabbit-Anti-human primary 12R-LOX AB
(012R-LOX)

Thermo Fisher Scientific Cat# PA5-23608,
RRID:AB 2541108

Super PAP Pen

Triton X100

Thermo Fisher
Scientific,
Hertfordshire, UK

Polysine-coated microscope slides and glass coverdlips

1.5 mL reaction tubes

Forceps

VWR international
Ltd, Leicestershire,
UK

Tabletop centrifuge 5418 R

Eppendorf Ltd,
Stevenage, UK
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M aterialS/Equipment Supplier
Monoclona Mouse-Anti-human primary CathD AB
(aCathD)
Santa Cruz Biotechnology Cat# sc-13148,
RRID:AB_626808
Santa Cruz

Monoclona Mouse-Anti-human primary CathV AB
(aCathV)

Santa Cruz Biotechnology Cat# sc-32798,
RRID:AB_626812

Biotechology, Inc.,
Heidelberg, Germany

Monoclona Mouse-Anti-human primary TG1 AB
(aTG1)

Santa Cruz Biotechnology Cat# sc-166467,
RRID:AB 2202867

Polyclonal Rabbit-Anti-human primary eLOX3 AB
(aeLOX3)

Biorbyt Cat# orb41336,
RRID:AB 10998919

Biorbyt Ltd.,
Cambridgeshire, UK

Polyclonal Mouse-Anti-human primary XP32 AB
(aXP32)

Novus Cat# NBP1-93557,
RRID:AB_11021954

Novus Biologicals,
Abingdon, UK

Rabbit-Anti-Mouse-FITC coupled secondary AB
(2nd AB (m)

Abcam Cat# ab97045,
RRID:AB_10687747

Mouse-Anti-Rabbit-FI TC coupled secondary AB
(2nd AB (rb)

Abcam Cat# abh49937,
RRID:AB_955159

ABCAM PLC,
Cambridge, UK

Monoclonal Mouse-Anti-human primary INV AB
(aINV)

Abcam Cat# ab74181,
RRID:AB_1269195
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M aterialS/Equipment Supplier

Fluorescence microscope and 10x Objective

Super high pressure mercury lamp power supply Nikon,
Amsterdam,
100mm microscope scale Netherlands
Monochrome camera
Lucia Cytogenetics,
System for image processing and analysis (Version 4.82) | Praha, Czech
Republic
National Institutes of
Image J® Version 1.518 Health, Bethesda,
MD, USA
. . GraphPad Software,
GraphPad Prism® (Version 7) San Diego, CA, USA
3.3.2 Methods and study design

3.3.2.1 I solation of CEs

The CEs were isolated from the adhesive tape strips collected from the PE
cheek and PP post auricular sites of healthy Chinese volunteers whose SC properties
were examined in Chapter 2. The immunostainings were performed on CEs extracted
from tape 1 and 9 to determine the expression profiles for both anatomical sites and
with depth. Tape strips were exposed for 25 min (shaking 600 rpm) to 750 uL of
dissociation buffer containing 20 mM Tris-HCI pH 8.0; 5 mM EDTA; 2% SDS and
10 mM DTT. The insoluble CEs were centrifuged at 5000g for 7 min at room
temperature followed by awashing step with PBS and CEs were then re-suspended in
100 uL PBS.
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3.3.2.2 Immunostaining

A PAP pen was used on the polysine-coated microscope slide to create water
repellent chemical borders. This was used to have eight partitions on one slide which
decreases the surface area for the sample application and thus the amount of antibody
solution. Squares were drawn with the PAP pen 30 min before sample application.
Each antibody was pre-tested at 2 pg mL™*; 4 ug mL%; 8 uL mL* and 10 pg mL-L.
However, 8 pg mL* of AB in 1% BSA dissolved in PBS was chosen as the optimal
primary AB concentration.

The principle of theimmunostaining processisdepicted (Fig. 3.1). Theisolated
CEs were incubated with 0.05% Triton X100 in PBS for 10 min to permeabilise the
CEsfor better accessibility of the ABs. The primary AB wasincubated for 4 h at room
temperature in a humidified chamber to prevent dehydration of the CEs. The excess
primary AB was washed out three times with 0.05% Triton X100 in PBS for 5 min.
The secondary AB wasdiluted 1:100 in 1% BSA in PBS. The sampleswere incubated
in ahumidified chamber for 2 h at room temperature. The excess AB was removed by
washing three times with 0.05% Triton X100 in PBSfor 5 min. An additional washing
step was performed with PBS for 10 min to wash out the Triton X100 which has
fluorogenic properties. The lipids of the CEs were stained with 10 ug mL* Nilered in
75 % glycerol to create areference staining. A reference staining is a standard addition
to an immunostaining to ensure that there are cells or tissue within that sample. In
usual immunostaining, the nucleusis stained to show that thereisindeed acell but this

organelle is missing in corneocytes and thus the lipids were chosen to be stained.
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Figure 3.1. Principle of immunostaining to visualise a protein of interest under a fluorescence microscope.
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3.3.2.3 Image and data analysis

A fluorescence microscope was used with a filter for green fluorescence to
detect FITC (Excitation 495 nm/Emission 519 nm) and a red fluorescence filter to
visualise Nile red (Excitation 552 nm/Emission 636 nm). Nine images were taken at
comparableregionsto ensure good representation of the stained CE population. Image
J® was used to measure the green and red fluorescence on individual images and
normalised to the protein content on the corresponding tape strips (Chapter 2). The
staining was validated for false-positive fluorescence signal due to unspecific binding
of primary or secondary AB or Nilered (Fig. 3.2).

A Negative Control Lipids B Negative Control Lipids
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o
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SECOECH Figure 3.2. Negative controls for
secondary ABs derived from rabbits
= (A), secondary ABsderived from mouse
b

(B) and (C) the negative control for Nile
Red staining. . Scale bar=100 pm.

3.3.2.4 Statistics

The fluorescence intensity was determined via the combination of ImageJ and
GraphPad Prism. The fluorescence intensities were normalised to the protein content
on the individual tape strip that was measured for CE cohesion in Chapter 2. All data
points passed the D’Agostino & Pearson normality test and thus the statistical
differences were described using the one-way ANOVA followed by the Sidak-Holm
post-hoc test. All data are shown as mean + SD (n=14) and statistical significance is
represented as * p < 0.05, ** p <0.001, *** p <0.0002 and **** p <0.0001; in addition

the coefficient of variation (CV %) was determined.
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Chapter 3 - Results

The immunostaining was performed on CEs obtained from the first and ninth

tape strips collected from the PE cheek and PP post auricular sites. Image analysiswas

performed for the intensity of green pixels that was normalised for the corresponding

protein content on the tapes. The qualitative analysis was conducted for different

proteins involved in CE maturation or that are indicative of the maturity state of CEs

at the time point of sample collection.
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Figure 3.3. Immunostaining for 12R-LOX (A) is visualised in green and lipids are
labelled in red. Scale bar=100 pum. Green pixelsin the 12R-LOX (B) are normalised
to the protein content to generate the 12R-LOX expression pattern. Mean = SD, n=14.
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12R-L OX processes EOS which after further processing is covalent attachment
to the CLE in the maturation process. The 12R-LOX was visualised with
immunostaining while lipids are labelled via Nile red (Fig. 3.3A). The green

fluorescence is normalised with the corresponding protein content (Fig. 3.3B).

The image analysis showed that corneocytes isolated from the ninth tape strip
showed a higher 12R-L OX expression than corneocytes from thefirst tape strip in both
anatomical sites (p < 0.0001). The corneocytes isolated from the first tape strip
obtained from the PE cheek site have alower 12R-LOX expression than corneocytes
from the first tape strip of the PP post auricular sites (p < 0.0001). The 12R-LOX
expression is significantly higher in the corneocytes isolated from the ninth tape strip
collected from the PP post auricular site (p <0.0001). Corneocytes from the ninth tape
strip collected from the PE cheek site express 2.5 times more 12R-LOX than
corneocytes from the first tape strip (p < 0.0001). The corneocytes from the ninth tape
strip obtained from the PP post auricular express 3.8 times more 12R-LOX than
corneocytes from the first tape strip from the PP post auricular site (p < 0.0001). The
corneocytes from the PP post auricular site have a higher 12R-LOX expression than
the corneocytes from the PE cheek (p < 0.0001).

The enzyme eLOX3 follows up on 12R-LOX to process EOS and thus is a
crucial enzyme in preparing ceramides for the CLE. The eL OX3 was visualised with
immunostaining while lipids are labelled via Nile red (Fig. 3.4A). The total green
fluorescence is normalised for the corresponding protein amount on the tape strips
(Fig. 3.4B).
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Figure 3.4. Immunostaining for eLOX3 (A) is visualised in green and lipids are
stained in red. Scale bar=100 um. Green pixels in the eLOX3 (B) are normalised to
the protein content to generate the eL OX3 expression pattern. Mean + SD, n=14.

The eLOX3 expression is 4.6 times higher in corneocytes from the first tape
strip than in corneocytes from the ninth tape strip collected from the PE cheek (p <
0.0001). The expression of eLOX3 is 5.5 times higher in corneocytes from the ninth
tape strip collected from the PP post auricular site compared to the first tape strip (p <
0.0001). The PE cheek and the PP post auricul ar sites showed similar expression levels
of eLOX3 in corneocytes isolated from the first tape strip (p < 0.2) as well as in

corneocytes extracted from the ninth tape strip (p <0.2).
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The protease CathD on corneocytes was visualised viaimmunostaining and the
lipidswere stained with Nilered (Fig. 3.5A). Theresulting green pixelswere measured
and normalised to the corresponding protein levels (Fig. 3.5B).
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Figure 3.5. Expression pattern of CathD on corneocytes is shown in green and lipids
in red fluorescence (A). Scale bar=100 pum. Green pixelsin the CathD expression is
normalised to the protein content (B). Mean = SD (=14).

The corneocytes from the first (p < 0.0001) and ninth tape strip (p < 0.0001)
obtained from the PE cheek expressed significantly more CathD than corneocytesfrom
the PP post auricular site. Both anatomical sites had a higher population of CathD
expressing corneocytes on the ninth tape strip compared to corneocytes from the first
tape strip (p < 0.0001).
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The protease CathV expression on corneocytes was shown viaimmunostaining
and the lipids were stained with Nile red (Fig. 3.6A). The resulting green pixels were
measured and normalised to the corresponding protein levels (Fig. 3.6B).
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Figure 3.6. CathV expression on corneocytes is shown in green and lipids in red
fluorescence (A). Scale bar=100 pm. Green pixels are normalised to protein content
for CathV expression pattern (D). Mean + SD (n=14).

The corneocytes from the ninth tape strip of the PE cheek site showed a
significanlty higher CathV expression than the corneocytes from the ninth tape strip
collected from the PP post auricular site (p < 0.0001). Samples collected from the first
tape strip of both anatomical sites showed no significant difference in CathV
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expression (p < 0.6). Interestingly, the corneocytes from the first and ninth tape strip
of the PP post auricular showed no significant difference in Cath D expression (p <
0.5). However, the corneocytes from the ninth tape strip have a significantly higher
CathV expression than corneocytes isolated from the first tape strip of the PE cheek
site (p < 0.0001).

The structural proteins INV was visualised in corneocytes to investigate the
maturity state of the CEs in samples from the PE cheek and PP post auricular sites
collected from the first and ninth tape strippings (Fig. 3.7A). The expression profile
was determined by the intensity of the green fluorescence signal normalised to the

protein content (Fig. 3.7B).

Samplesisolated from thefirst tape strip of the PE cheek site expressmore INV
than the corneocytes from the PP post auricular site (p < 0.05). However, the
corneocytes from the PE9 samples express significantly more INV than the
corneocytes isolated of PP9 samples (p < 0.0001). Corneocytes from the deeper PE
cheek SC express INV to a significantly higher extent than the corneocytes from the
superficial layer (p <0.0001). PP post auricular samples of the deeper SC layer express
more INV than PP1 samples (p < 0.01). The PE cheek site has a higher population of
corneocytes expressing INV than the PP post auricular site.
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Figure 3.7. Expression of INV in CPE isshown in green and the lipids of the CLE are
visualised in red fluorescence (A). Scale bar=100 um. The measured green pixels of
INV expression is normalised for the protein content (B). Mean £ SD (n=14).

The structural protein XP32 is visualised in the CPE of corneocytes obtained
from the PE cheek and PP post auricular sites (Fig. 3.8A). The expression profile was
determined by intensity of the green fluorescence signal normalised to the protein
content (Fig. 3.8B).

Corneocytes from the ninth tape strip express significantly more XP32 than
samples from the first tape strip (p < 0.0001). Furthermore, the corneocytes from the
deeper SC layers of the PP post auricular site have less XP32 expression than
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corneocytes from the PE cheek site (p < 0.0001). Corneocytes from the superficial SC
layers of the PP post auricular sites express considerably less XP32 than corneocytes
from the PE cheek site (p < 0.0001). However, the difference between PP1 and PP9
samples (p < 0.05) are not as marked as for PE1 and PE9 samples (p < 0.0001).
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Figure 3.8. Expression of XP32 is visualised in the CPE in green and lipids of the
CLE in red fluorescence (A). Scale bar=100 pum. The measured green pixels of XP32
expression is normalised for the protein content (B). Mean £ SD (n=14).

The expression of TG1 in corneocytes from the PE cheek and the PP post
auricular sites was shown via immunostaining (Fig. 3.9A). The green fluorescence
signal was measured and normalised to the protein level (Fig. 3.9B).
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Figure 3.9. Immunostaining of TGL1 in corneocytes visualised in green and the lipids
are CLE stained with Nilered (A). Scale bar=100 pm. The measured green pixels for
TGL1 expression are normalised for the protein content (B). Mean £ SD (n=14).

The corneocytes in the deeper SC layers have higher TG1 expression than the
superficial SC layers in both anatomical sites (p < 0.0001). However, samples
collected from the PP post auricular site express significantly more TG1 than
corneocytes from the PE cheek site (p < 0.0001).
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3.4 Discussion

The work presented in this chapter aimed to gather more information about the
selected study sites. The sun-exposed cheek and the sun-protected post auricular sites
showed significant differences as assessed with various biomarkers. As previously
reported in other studies[114,195], CEsfrom the deeper SC layers are more immature
than those collected from the superficial SC layers. The Nile red staining showed an
intense lipid staining in CEs collected from the PP post auricular site. 12R-LOX and
eLOX3 catalyse EOS to o-hydroxyceramides which are covalently attached to the
CLE [91]. The knockout mouse model has shown that 12R-LOX [89] and eLOX3[90]
are crucial enzymes for the skin barrier formation. Neonatal knockout mice that were
homozygotically mutant for the 12R-LOX or eLOX3 genes died soon after birth due
to excessive dehydration. The absence of 12R-LOX caused a more drastic outcome for
the knockout mice with an 8-fold higher trans epidermal water loss (TEWL) that led
to a life span of 3 h [89]. The eLOX3 knockout mice survived for 12 h.
Hyperproliferative keratinocytes were observed in eLOX3 knockout mice which
consequently led to a thicker SC. This might account for a delay in the dehydration,
however, it was insufficient to compensate for severe dehydration in that study [90].
In the present work, eLOX3 expression is higher in corneocytes obtained from the
deeper SC layers of both anatomical sites but showed no differences between study
sites. On the other hand, 12R-LOX showed major differences in expression between
PE cheek and PP post auricular sites. The eLOX3 and 12R-LOX findings are in line
with mass spectrometry data in a previous study [118]. The Nile red staining which
was used as a counterstaining for lipids showed a higher fluorescence intensity in
samplesfrom the PP post auricular site compared to those from the PE cheek site. This
suggests that corneocytes from the PE cheek site have a reduced amount of ceramides
on the CLE. However, this will be discussed in more detail in the following chapters.
The low levels of processed ceramides in the PE cheek site seems to originate from
the reduced level of 12R-LOX but not eL OX3.

Some cathepsinsin the skin have been linked to regulation of desquamation of
the upper layer of the SC [122,123,125]. CathD and CathV were suggested as
biomarkersfor photo damage in the skin. Increased expression of these two cathepsins
was observed following UV-radiation [119,123]. Furthermore, UV radiation has been

shown to decrease the pH in the SC which in turn enhances proteases in their catalytic
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activity [20]. This could be assumed as a compensation mechanism in which photo
damaged corneocytes are replaced with intact corneocytes to restore the skin barrier
function. Moreover, CathD is a protease that has been shown to activate TG [125]
which cross-links the structural proteins such as INV in the CPE [96]. Meanwhile -
hydroxyceramides are covalently attached to the structural proteins of the CPE to
create ahydrophobic CLE [50]. Both processes are mediated by TG hencethe presence
and activity of TG is crucial for CE maturation. The expression pattern of TG1 was
assessed as it was shown to be the main TG involved in CE maturation [50,84,95].
Interestingly, the TG1 and 12R-LOX expression patterns are similar for both
anatomical sites and depths. CE samples obtained from the PP post auricular site
showed a higher fluorescence signal following immunostaining compared with PE
cheek samples. Sun-exposed skin shows alower potential for CE maturation because
of reduced 12R-LOX and TG levels as will be shown in Chapter 5 and Chapter 6,
respectively. The increased Cath D expression hints towards a compensatory
mechanism in the photo exposed site assuming that all available TG1 is activated to
enhance CE maturation. The CathD expression in the deeper SC levelswas higher than
in samples from the SC surface in both anatomical sites. However, the CathV
expression isonly increased in CE samples from deeper SC layers of the PE cheek site
and is reduced in the superficial SC surface. Increased levels of CathD and CathV
confirm that the PE cheek site has been exposed to photo damage.

The structural protein INV isthe main structural protein of the CE [96] and has
been established as a marker for immature CES in various studies [114,195,196].
Although, XP32 and INV are both structural components of the CPE, both proteinsare
expressed at different time points of epidermal differentiation [84]. INV is expressed
inthe early stages of keratinocyte differentiation while XP32 is expressed at athe later
time point of the developmental stages [197]. Corneocytes in the deeper SC layers of
both anatomical sites showed higher expression levels of the structural proteins INV
and XP32 compared to corneocytes from the superficial SC layers. This confirms that
the CEs in the superficial SC layers are less mature than CEs from the deeper SC
layers.
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Corneocytes from the PE cheek site were demonstrated to be immature and
with reduced 12R-LOX and TG1 levels while showing signs of photo damage. The
reduced maturity of corneocytes from the PE cheek site contributes to the decreased
SC integrity. Furthermore, the increased protease levels might contribute to SC
desquamation and thus thinning of the photo damaged SC. This work demonstrated
the useful information biomarkers can provide for skin barrier function and integrity.
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4. A novel assay to assess the maturity of the corneocyte
envelopes

4.1 Abstract

Background: Corneocytes are enclosed in corneocyte envelopes (CE). This protein-
lipid complex supports the barrier functionality of the stratum corneum (SC) by
providing mechanical stability and hydrophobicity.

Objectives. The aim of this work was to develop a robust method to characterise CE
maturity based on CE rigidity, hydrophobicity and surface area. This offers an
aternative to the use of Nile red staining and antigenicity of the structural PE protein,
involucrin (INV). The novel and conventional methods are assessed on samples taken
from the photo exposed (PE) cheek and photoprotected (PP) post auricular sites.

Methods: Nine consecutive tape strips were obtained from the cheek and post auricular
sites of healthy Caucasians. CEs on the first and ninth tape strip were subjected to
sonication to assess rigidity and Nile red staining to visualise hydrophobicity per unit
surface area. In addition, the presence of INV and lipids was characterised for
assessment of CE maturity which was evaluated via the red/green pixel ratio, the

percentage of INV positive (+) CEs and the ratio of fluorescence densities.

Results: PP post auricular CEswere more rigid and had a stronger fluorescence signal
per unit surface area than PE cheek CEs. The surface area of CEs collected from the
deeper SC layers were similar despite the different anatomical sites; interestingly, the
CE hydrophobicity and CE rigidity were significantly different. The relative CE
maturity (RCEM) summarises the three CE characteristics and provides a higher
sensitivity for measurement of CE maturity than the conventional INV and Nile red
staining. CEs from the deeper SC layers were less mature than those from the SC
surface in both anatomical sites. However, the PP post auricular site had more mature
CEs than the PE cheek site.

Conclusions. The combined method alows CE maturity characterisation based on
hydrophobicity per unit surface area and rigidity rather than a simple ratio of lipid to
INV. A more robust and sensitive measurement has, therefore, been developed
addressing the limitations of earlier protocols.

Key Words. Photodamaged skin, Corneocyte envelope maturity, Hydrophobicity,
Rigidity.
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Declar ation

Theresults of this chapter have been reported in the International Journal of Cosmetic
Science in March 2018 as “ A new approach to assess the effect of photo damage on
corneocyte envelope maturity”.

4.2. Introduction

The skin has a unique homeostatic mechanism to maintain its integrity and
barrier function. Epidermal stem cellsin the basal layer differentiate into keratinocytes
and migrate upwards towards the stratum corneum (SC) while changing dramatically
in morphology and biochemistry. Keratinocytes become corneocytes once the cell
nucleus and organelles have disintegrated and lipid-filled lamellar bodies are released
into the extracellular matrix [13]. In corneocytes, keratins are stabilised by disulfide
bonds [39] and are aggregated with the aid of filaggrin [198] which drives the collapse
of the “ghost” cell into a flat polygonal shape [13]. Gradually, various structural
proteins such as loricrin and involucrin (INV) are cross-linked by transglutaminases
(TG) to provide mechanical strength and replace the plasma cell membrane of
keratinocytes with an insoluble corneocyte protein envelope (CPE) [199]. Immature
CEs mature with the covalent attachments of ceramides and fatty acids to INV and
loricrin, possibly being mediated by TG creating a hydrophobic coating, the
corneocyte lipid envelope (CLE). Those bound lipids may stabilise and strengthen the

mechanical resistance of the corneocyte envelopes (CEs) [50].

Nomarski contrast microscopy of CEs from different depths of the SC allowed
the identification of two populations of CEs. These were characterised as immature
“fragile’” CEs (CEs) in the deeper SC layers and mature “rigid” CEs (CE:) in the
superficial SC layers [102]. The CPE gains in rigidity with crosslinking of structural
proteins such as INV and loricrin which can be assessed. Tetramethylrhodamine
isothiocyanate (TRITC) is a fluorochrom that binds to primary or secondary amines
found in proteins and peptides. Combined with the Nomarski contrast microscope
TRITC provides a high resolution image of corneocytes. Corneocytes increase in
rigidity with maturity and thus a higher TRITC fluorescence intensity is observed in
CE: than in CEs which are less mature [200]. This finding was confirmed by
mechanical micromanipulation experiments where greater force was required to

collapse the CEs from the SC surface compared to those from the deeper SC layers.
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Furthermore, sun-exposed skin showed a higher population of CE: in the SC of the
cheek [7].

Sonication was developed as an alternative method to micromanipulation in
order to investigate the fragility of the CEs in loricrin and 12R-lipoxygenase knock-
out mouse models [89,201]. Sonic waves of vibration are created in an ultrasonic bath
which transmits the ultrasonic energy through the water into the samples. This method
challenges the mechanical resistance of the CEs by shear forces. In theory, this can be
used to determine rigidity of CEs and to distinguish CEs and CE; in a population of
corneocytes. Atomic force microscopy performs imaging at the nano scale in which
forces are measured between a sharp probe and the surface of the specimen. The probe
is attached to a cantilever which deflects upon force and thereby changesthereflection
of the laser beam scanning the surface. Atomic force microscopy allows a
determination of mechanical resistance of CEs and simultaneously provides high
resolution imaging of the cellular structures [202].

Previous studies have reported INV expression in the upper stratum spinosum
and stratum granulosum layers of the epidermis in rats and mice [203] as well asin
humans [204]. The INV expression is associated with terminal keratinocyte
differentiation [205,206]. In recent years, the standard technique for assessing CE
maturity has been based on visualising the CLE with Nilered lipid staining combined
with immunostaining for the structural CE protein INV. In the original protocol, CE
maturity was expressed as the percentage of INV positive (+) CEs [207] while later
studies adapted the measurement of red and green pixelsto generate aratio [195,196].
The immunostaining and image analysis approaches have anumber of limitations. For
example variation in the INV expression because of skin conditions would influence
the resulting CE maturity. Hyperproliferative keratinocytes are typically found in
wound healing or skin conditions such as psoriasis where INV expression was
observed closer to the basal layer [208-210]. Furthermore, neoplastic keratinocytes

found in skin carcinomas have high INV expression [78,204].

Various studiesthat used solely INV as abiomarker for terminal differentiation
are not quantitatively comparable. The authors of the original protocol determined up
to 18 £ 5% INV (+) CEs [207] in the cheek site. Following studies from the same
anatomical site reported 32 £ 10% INV (+) CEs[141] and 40 + 30% INV (+) CEs
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[211]. Similar observations were found with theratio of green and red pixels generated
by the fluorescence signal of INV (+) CEs and Nile red staining of the CLE. These
studies were conducted on the mid-ventral forearm of Caucasians. The CE maturity
was determined in samples from the first tape strip with mature CEswith aratio of 1.4
+ 0.1 [115,195,196] while another study resulted in a red/green ratio of 4.3 + 1.0
[107,131]. These studies provide a comparison between CE maturities of different
body sites, however, CE maturity cannot be compared between studies. The resulting
CE maturity based on INV (+) CEs and red/green ratios are highly dependent on the
immunostaining for INV. Variations in the methodology might lead to alternationsin
the outcome. For example, a different batch of antibodies might have a different
antigen binding capacity and thus result in different fluorescence intensities.
Background staining was observed in al previous studies which cannot be
distinguished in the red/green ratio analysis. The studies used a high concentration of
the detergent sodium dodecyl sulfate (SDS) which precipitates at low temperatures
which has a high potential for background staining and artefacts. Furthermore, the CE
morphology might alter due to dehydration during various incubation steps
[195,196,207]. However, both analytical methods are associated with high standard
errors and coefficients of variation.

The popular term “Golden standard” originates historically from Economics
where a different currencies were weigh against gold as a standard allowing the
comparison of the payment method. In methodology, the “ Golden standard” refers to
the best known approach to describe or assess a measurement or test. The particular
method that is acknowledged as the “ Golden standard” should be used to validate and
compare the “Golden standard to the new approaches. However, the term “Golden
standard” implies that this method is perfect and thus the standard to which a new
approach should be compared and validated to. However, the INV/lipid staining which
could be considered the “Golden standard” to determine the CE maturity has been
shown with variations in image resolution. The INV/lipid staining provides valuable
information for the CPE and CLE, but the different interpretations for maturity makes
it challenging to consider it as* Golden standard”.

In the present study, CE maturity wasinvestigated in photo exposed (PE) cheek
and photo protected (PP) post auricular sites in healthy Caucasians. The conventional

method with staining for INV and lipids is compared to a new method. This approach
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introduces a new and robust approach based on CE rigidity, hydrophobicity and
surface area to characterise the relative CE maturity (RCEM). Sonication was applied
to examine the mechanical resistance of CEs and to distinguish between CE;r and CE,
while CE hydrophobicity is assessed viathe lipid staining per unit CE surface area. In
addition the SC integrity, cohesion and thickness assessed in Chapter 2 is correlated
with the CE maturity methods.
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4.3 Materials and methods

4.3.1 Materials and equipment

The listed materials and equipment were used for CE extraction,
immunostaining, and for the new method characterisation. The CEs were extracted
from thefirst and ninth tape strips of PE cheek and PP post auricular sites of Caucasian

participants.

Table 4.1. Materials and equipment used to isolate CEs from tape strips and
characterise CE maturity viathe conventional and new methods.

Materials/Equipment Supplier

Sodium dodecyl sulfate (SDS)

Ethylene diaminetetraacetic acid (EDTA)

IM TrisHCI (pH 8)

L . SigmaAldrich,
DL-dithiothreitol (DTT)
Dorset, UK
Nile Red
Glycerol
Bovine Serum Albumin (BSA)
10x Phosphate-buffered saline (PBS), no calcium and
magnesium, protease free (pH 7.4) Thermo FEisher
Scientific,
Sper PAP Pen Hertfordshire, UK
Triton X100

Polysine-coated microscope slides and glass coverslips

VWR international

1.5 mL reaction tubes Ltd, Leicestershire,
UK

Forceps

Rabbit-Anti-Mouse- Fluorescein isothiocyanate (FITC)

coupled secondary AB ABCAM PLC,

Abcam Cat# ab97045, Cambridge, UK

RRID:AB_10687747

Page 92]210



Chapter 4 —Materialsand methods

MaterialEquipment Supplier
Monoclonal Mouse-Anti-human primary INV AB ABCAM PLC,
Abcam Cat# ab74181, Cambridge, UK
RRID:AB_1269195
. Eppendorf Ltd,
Table top centrifuge 5418 R Stevenage, UK
Grant Instruments
Sonicator (44 Hz) Ltd., Cambridgeshire,
UK
Fluorescence microscope and 10x Objective
Super high pressure mercury lamp power supply Nikon,
Amsterdam,
100mm microscope scale Netherlands
Monochrome camera
Lucia Cytogenetics,
System for image processing and analysis (Version 4.82) | Praha, Czech
Republic
National Institutes of
Image J® Version 1.51j8 Health, Bethesda,
MD, USA
) . GraphPad Software,
GraphPad Prism® (Version 7) San Diego, CA, USA

4.3.2 Methods and study design

The CE maturity was assessed on samples collected with the first and ninth
tape strips taken from healthy Caucasians that were initially collected for SC
characterisation as described in Chapter 2.
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4.3.2.1 |solation of CEs

CE maturity was determined from the first and ninth tape strips which are
referred to as PE1 and PE9 for the cheek samples and PP1 and PP9 for the post
auricular samples. Each tape was cut into halves and isolated according to the origina

protocol and an alternative protocol.

One of the tape halves was extracted according to the reported protocol with
750 pL of dissociation buffer containing 100 mM Tris-HCI pH 8.0, 5mM EDTA, 2%
SDS, and 20 mM DTT. Tapes were immersed in the dissociation buffer at 75 °C for
10 min, shaken for 3 min at 1000 rpm room temperature and centrifuged for 10 min at
5000 g. The extracted CEs were washed by repeating the procedure three times in

dissociation buffer.

The CEsfrom the other half of the tape wereisolated similarly to the procedure
above but with less salt and DTT thereby generating a milder dissociation buffer
(20 MM Tris-HCI pH 8.0, 5 mM EDTA, 2% SDS, and 10 mM DTT) and a washing
buffer containing 20 mM Tris-HCI pH 8.0, 5mM EDTA, 0.2% SDS, and 10 mM DTT
[201].

However, CEs collected from both isolation protocols were suspended in 1x
PBS buffer instead of SDS containing buffers to alow a clear fluorescence signal

without artefacts or high background noise signals.

4.3.2.2 Immunostaining for involucrin and Nile red staining
for lipids

The samples isolated with the higher salt and DTT concentration [195] were
placed on polysine-coated microscope slides which was previously marked with aPAP
pen. Each sample was applied as 5 puL of CE suspension. The primary monoclonal
antibody for INV was diluted to 1:100 in 1% BSA in PBS and incubated overnight at
4 °C in a humidified chamber. The antibody solution was washed off with PBS three
times for 5 min before adding the secondary antibody (1:100) in 1% BSA in PBS and
incubated for 1 h at room temperature (in the dark) [207]. Slides were washed three
times for 5 min with PBS and mounted with 20 ug mL-1 Nile red in 75% glycerol

solution.
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4.3.2.3 Assessing CE maturity based on rigidity and
hydrophobicity per unit of surface area

Extracted CEs collected from the milder dissociation buffer were divided into
20 pL aiquots with one sample being exposed to sonication (44 kHz). The sonication
was performed similarly to a previously described protocol which determined 4 °C as
an optimal temperature to sonicate CEs (40 kHz) [201]. This temperature might
stabilisethe structural proteins and prevent heat induced denaturation by the sonication
process. | solated CEs were sonicated at 4 °C between 5-15 min. A duration-dependent
decrease is observed in the percentage of intact CEs. CEs collected from the PE cheek
site are more susceptible to damage by sonication than those collected from the PP
post auricular site. However, at 10 min sonication moderate damage is introduced
hence this was chosen as the ideal exposure time (Fig. 4.1).

CE Rigidity at different duration of sonication
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Figure 4.1. Sonication caused fragile CEs to collapse in a time dependent manner
whilerigid CEs remain intact. A suitable duration was determined at 10 min. Mean +
SD (n=6).

Sonicated and non-sonicated control CEs (three samples of 5 uL) were placed
on a polysine-coated microscope dlides previously marked with the PAP pen and
mounted with 20 pug mL"! Nile red in 75% glycerol solution to stain the lipid coating
on CEs.
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4.3.3 Image and data analysis

A fluorescence microscope was used with a filter for green fluorescence to
detect FITC that is coupled to the secondary antibody (Excitation 495 nm/Emission
519 nm) and ared fluorescencefilter to visualise Nilered (Excitation 552 nm/Emission
636 nm). Nine images were taken in total for each CE sample for both maturity
assessment protocols with the corresponding fluorescence filter. The fluorescence
images were taken at a 10x objective magnification and were analysed via Image J ©,
however, the image analysis differs from previous reports [195,196,207] as discussed
further below.

The obtained images for the INV immunostaining and the Nile red lipid
staining were analysed with three different protocols. The percentage of INV (+) CEs
was determined to characterise CE maturity in accordance with the original protocol
[207]. The current approach to determine CEs by generating ared/green ratio from the
total red and green pixels content. In addition, the average CE surface area was
determined from the 8-bit converted images where a threshold was set. Watershed was
applied to define CE borders and allow the detection of CEs with a surface area of 300
- 2000 pm? [195,196]. Another red/green ratio index was created by measuring the
integrated density (fluorescence intensity per surface area) instead of a ssimple RGB

channel measurement.

The images for the new characterisation approach were taken to investigate
threedifferent CE parameters. CE rigidity was determined for CEr and CE; by counting
non-sonicated and sonicated CEs according to their morphol ogical appearance.

intact CEs after sonication

CE Rigidity (%) = 100 Equation 4.
gidity (%) intact CEs before sonication x quation

The actual damage from sonication can be determined using Equation 4 which

considerstheinitial rigidity (Fig. 4.2).
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Determination of suitable duration for sonication
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Figure 4.2. The decrease in CE rigidity depends on the exposure time to sonication.
Mean £ SD (n=6).

The CE hydrophobicity was measured in non-sonicated CEs and analysed from
the red fluorescence per unit of CE surface area. Images were converted into 8-bit and
inversion of the image was applied to increase resolution. The thresholding was
adjusted by setting up a maximal pixel intensity. Watershed is a function in Image J
that allows the separation of particles by predicting the edges. Image J was set up to
analyse corneocytes with a surface area of 300 - 1500 um?. Recognised CEs that fit
into the selected surface area criteria are saved in the region of interest manager. This
Image J function results in a black and white image. However, the fluorescence
intensity needs to be measured in the original image with red fluorescent CEs,
therefore, the original image is reopened. The region of interest manager overlays the
marked CEswith the original image. Thisalowsindividual selections of CEsin order
to exclude any artefacts. The surface area and fluorescence density is measured for
selected CE,. (Fig. 4.3). The fluorescence density expresses the amount of red pixels
per unit of surface area of CEs which is equivalent to CE hydrophobicity. Thisallows

aqualitative comparison of CEs from different anatomical sites and depths.
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Opening image in ImageJ and set scale 8-bit and invert image

Set threshold

Watershed, Analyse Particles and Measure
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Figure 4.3. Image analysis with Image Jto mark corneocytes to measure fluorescence
intensity per unit of surface area.

The assessed CE rigidity and CE hydrophobicity represent the relative CE
maturity (RCEM). This was expressed as a value by multiplication of the determined
CE characteristics. However, CE rigidity is given as a percentage, therefore, the
decima numbers (ex. 0.85 instead of 85%) were multiplied with the fluorescence
density (Equation. 5):

ixels
Relative CE Maturity (AU) = Fluorescence density ( pu

- ) x Rigidity  Eguation 5

The RCEM is expressed as arbitrary units (AU) to alow the qualitative
determination of the CE maturity from corneocytes collected from different

anatomical sites and tape strippings.
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4.3.2.5 Statistics

All measurements are expressed as mean and standard deviation (SD) and
analysed via GraphPad Prism. The CE maturity was determined for the CEs collected
from the superficial SC layers (tape 1) and the deeper SC layers (tape 9) of PE cheek
and PP post auricular sites. Column statistics were measured for all obtained data
which passed the D’ Agostino & Pearson normality test. The statistical differences
were determined via the One-way ANOVA multiple comparison followed by the
Sidak-Holm post-hoc test. * p < 0.05, ** p < 0.001, *** p < 0.0002 and **** p <
0.0001. The coefficient of variation (CV %) was determined in addition. The Pearson’s
correlation coefficient was used to analyse SC integrity and cohesion (Chapter 2) and
the results of the different CE maturity approaches.
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4.3 Results

4.3.1 The conventional and alternative approaches to
determine CE maturity via antigenicity of involucrin and
lipid staining

The visual comparison of red and green fluorescence shows a clear difference
between both anatomical sites. The red fluorescence visualises the lipids attached to
the CEs. Samples from the PP post auricular sites have more CEs with a stronger Nile
red staining than CEs obtained from the CE cheek sites. However, corneocytes from
the deeper SC layers have less lipids than corneocytes from the superficial SC layers
in both anatomical sites. The green fluorescence visualises the structural protein INV
and is considered as amarker for immature CEs. A higher population of immature CEs
were observed in the PE cheek site compared to CEsisolated from tape strips from the
PP post auricular samples (Fig. 4.4).

Figure 4.4. Imaging of PE cheek and PP post auricular CEs. The green and red
channels are merged to visualise INV and lipids of CEs. PE1= CEs of cheek, tape strip
1; PE9= CEs of cheek, tape strip 9; PP1= CEs of post auricular, tape strip 1; PP9= CEs
of post auricular, tape strip 9. Scale bar=100 pm.

Theimage analysis of the INV and Nilered staining allowed the determination
of the percentage of immature CEs in the samples obtained from the two anatomical
sites and depths (Fig. 4.5). The PE cheek samples collected from the SC surface have
38.1 £ 20.52 % (CV 53.8 %) immature CEs. The surface of PP post auricular SC has
15.0 + 8.6 % (CV 54.5 %) immature CEs which is significantly less than in the PE
cheek SC (p<0.05). This indicates that the CEs from PP1 are more mature than the
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PE1 samples. The deeper SC layers of the PE cheek site has 68.6 + 15.3 % (CV 22.2
%) immature CEs which is significantly more than samples from PEL1 site (p<0.001).
Furthermore, CEs from PE9 tapes are more immature than the CES from PP9 samples
(36.4 £ 12.0 %, CV 26.1 %, p<0.05). Interestingly, the obtained CEs from PP9 and
PE1 show a similar population in immature CEs (p<0.226).

Immature CE
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Figure 4.5. Percentage of immature CEs in PE cheek and PP post auricular samples.
All data are shown as mean + SD and compared via one-way ANOVA and post-hoc
Sidak-Holm test, (n=14).

M easurements of the red and green channels were used to determine the ratio
of red and green pixels which corresponds to the CE maturity (Fig. 4.6). This
confirmed that CEs from the superficial SC layers of both anatomical sites are more
mature than those from the deeper SC layers. However, CEs collected from the SC
surface of the PP post auricular site are significantly more mature (p<0.01), with a
red/green ratio of 12.2 + 4.9 (CV 40.6 %), than CEs from the PE1 site which have a
red/green ratio of 5.4 + 4.4 (CV 81.4 %). The red/green ratio confirmed that CESs from
the deeper SC layers of the PE cheek are lessmaturewith aratioof 1.7+ 1.6 (CV 97.3
%) than CEs collected from the PE1 site. CEs from the deeper SC of the post auricular
site have a significantly lower red/green ratio with avalue of 2.2 + 0.8 (CV 36.9 %)
than CEs collected from the surface of PP post auricular SC (p<0.001). However, the
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coefficient of variation value for PE9 samples is too large to conclude that there are

any significant differences between the deeper SC layers of both anatomical sites.

CE maturity by lipid to INV ratio

20- % 3%
3k sk ok
=) % 157
g %
=8,
> = b
% § 104 —
E3
—
& 54
0 —
PEI PE9 PPI PP9

Figure 4.6. CE maturity is determined via ratio of lipids (red) and INV expression
(green) fluorescence. The ratios are expressed as mean + SD and compared via the
one-way ANOVA, post-hoc Sidak-Holm test (n=14).

The visua difference in CE populations between the deeper SC layers of both
anatomical sites was not reflected in the image anaysis of the red/green ratio
determined via the RGB channel. Furthermore, the CE surface areas were larger in
samples collected from the superficial layers compared to the deeper SC layersin both
anatomical sides (p<0.001). Interestingly, the CE surface area showed no differencein
samples collected from the SC surface (p<0.14) between PE cheek and PP post
auricular sites. Likewise, CE surface area in samples from the deeper SC layers
(p<0.13) showed no difference between CEs from the PE cheek and the PP post

auricular sites (Fig. 4.7).
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CE surface area
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Figure4.7. CE surface area of PE cheek and PP post auricular site. Data are shown as
mean + SD and compared with one-way ANOVA and post-hoc Sidak-Holm test
(n=14).

An dternative image analysis was tested to generate the ratio of the red and
green fluorescenceintensity which considerstheindividual CE surface areas (Fig. 4.8).

CE maturity via lipid and INV staining ratio considering CE surface area
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Figure 4.8. The CE maturity determined with the ratio of lipids and INV expression
normalized to the CE surface area. Data are represented as mean + SD and compared
with one-way ANOV A, post-hoc Sidak-Holm test (n=14).
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The ratio of red and green fluorescence normalised to the CE surface area
showed that CEs from the PE1 samples are significantly more mature than those from
PE9 samples (p<0.001) and less mature than PP1 samples (p<0.001). The original
red/green ratio method showed no significant difference between PE9 and PP9
(p<0.69). The ratio of fluorescence density confirms that there is no differencein CE
maturity between PE9 and PP9 samples considering red and green fluorescence
(p<0.43). The alternative red/green ratio that considers the CE surface area shows a
similar discrimination between sites and depths. However, aclear differenceisvisible

between visual comparison and the image analysis.

4.3.2 The “new” approach to characterise CE rigidity,
hydrophaobicity and size

The fluorescence signal from Nile Red staining allows the visualisation of the
CE lipid coating and CE morphology. CEs from PE1l samples have a higher
fluorescence signa than PE9 samples but lesser intensity than PP1 samples. Post
auricular CEsfrom the ninth tape strip have adistinctly higher fluorescence signal than
CEs collected for PE9 but lower fluorescence compared to CEs from the SC surface
of the PP post auricular site (Fig. 4.9).

Non-sonicated CEs Sonicated CEs

PEI]

PE9

Figure 49. Fluorescence
images of CEsbefore and after
10 min of sonication of PE
cheek and PP post auricular
sites. PE1= CEs of cheek, tape
strip 1; PE9= CEs of cheek,
tape strip 9; PP1= CEs of post
auricular, tape strip 1; PP9=
CEs of post auricular, tape
strip 9. Scale bar=100 pum.

PP1

PP9
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Therigidity of the collected CEswas determined from images of non-sonicated
CEs and sonicated CEs. This allows the determination of the mechanical resistancein
CEs obtained from both anatomical sites and depths (Fig. 4.9). The non-sonicated
samples are shown as a reference for the initial rigidity before 10 min of sonication.
At the SC surface the CEs have higher rigidity with 78.6 + 8.7 % (CV 11.1 %) intact
CEsin PE cheek samplesand 85 £ 8.7 % (CV 10.2 %) intact CEsin PP post auricular
CEs. For the same vibration force only 43.4 + 6.5 % (CV 14.9 %) CEs in the deeper
SC layers of the PE cheek remain intact while 83.2 £ 8.9 % (CV 10.7 %) of CEsfrom
PP9 were not affected by sonication (p<0.0001).

CE Rigidity
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Figure 4.10. CE Rigidity in samples of PE cheek and PP post auricular sites. Dataare
shown as mean + SD and differences were determined viaone-way ANOV A and post-
hoc Sidak-Holm test (n=14).

CE hydrophabicity was evaluated by fluorescence density for red pixels per
unit surface area (Fig. 4.10) in the samples without sonication and this confirmed the
visual observations (Fig. 4.9). CEs from the SC surface of the PP post auricular site
have a CLE with a high lipid content visualised with a red fluorescence density of
28392 + 5218 red pixels um 2 (CV 18.4 %). The CEs from the SC surface from the PE
cheek had less lipid content represented by a value of 16331 + 3341 red pixels pm-
(CV 20.5 %, p<0.0001). CE hydrophobicity was also significantly higher at the SC
surface compared to the deeper SC layersin both anatomical sites (p<0.0001). The CE
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hydrophobicity in CEs from the deeper SC layers of PE cheek have a fluorescence
density (p<0.0001) of 9239 + 1141 red pixels pm2 (CV 12.3 %). The fluorescence
density of CEs collected from the PPO samples had avalue of 18134 + 3276 red pixels
um2(CV 18.1 %).
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Figure 4.11. CE Hydrophobicity in non-sonicated samples of PE cheek and PP post
auricular sites. Data are shown as mean + SD and compared with one-way ANOVA,
post-hoc Sidak-Holm test (n=14).

Surface area was determined for each individual CE from the first and ninth
tape strips collected from the PP post auricular and PE cheek SC without sonication
(Fig. 4.9). The CEs from the surface of the post auricular site were significantly larger
with areas of 1262 + 96 um? (CV 7.6 %) compared to 1012 + 116 pm? (CV 11.5 %)
for CEs collected from the PE cheek SC surface (p<0.0001). CEs obtained from the
deeper SC layers of both anatomical sites had comparable surface areas (p<0.2). The
conventional (Fig. 4.7) and the novel method (Fig. 4.12) confirmed significantly
different CE surface area values (p<0.0001).
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Figure 4.12. CE Surface area determined in non-sonicated CEs for both anatomical
sites and depths. CE surface area is shown as mean + SD and compared via one-way
ANOVA and post-hoc Sidak-Holm test (n=14).

The three CE characteristics can be expressed as the RCEM by applying
equation 4. This allows a comparison between the two anatomical sites and depths
(Fig. 4.13) with a higher sensitivity than the immunostaining approach.

Relative CE Maturity
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Figure 4.13. Determination of RCEM based on CE rigidity and hydrophobicity. Data
are shown as mean + SD and compared with one-way ANOV A, post-hoc Sidak-Holm
test (n=14).
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The arbitrary determination of RCEM reveded that samples from the SC
surface of the PE cheek site have a larger population of mature CEs (12735 + 2420
AU, CV 19.1 %) than samples taken from the deeper SC layers (4015 £ 767 AU; CV
19.1 %; p<0.0001). However, the RCEM determination that considers CE rigidity and
CE hydrophobicity showed that more mature CEs are located in the SC surface of the
PP post auricular site (24214 + 5796 AU; CV 23.9 %) than the CEs obtained in the
deeper SC layers (p<0.0001). This novel determination of CE maturity confirmed that
there is indeed a significant difference between both anatomical sites and depths
(p<0.0001). Although similar results were obtained compared with the INV (+)
staining method the CV’'s and statistical significance were considerably smaller
(p<0.0001).

Pearson’s correlation coefficient (r) was analysed for the results for the SC
integrity and the SC cohesion (Chapter 2) and the three image analysis approaches for
INV/Nile red staining as well as the novel RCEM approach. The outcome of this
statistical analysisissummarised in Table4.2. Interestingly the conventional INV/Nile
red staining and the novel RCEM approach showed different correlations to the SC
integrity of both anatomical sites.

Table 4.2. Summary of Pearson’s correlation coefficients between SC integrity and
cohesion versus tested CE maturity approaches. Clear positive correlations are
highlighted in green while negative correlations are shown in purple.

Pear son correlation coefficient INV (+) R/G Dengty RCEM
CEs ratio ratio

PE Cheek 0.84 -0.74 -0.88 -0.68
SC integrity vs CE maturity

PP Post Auricular 015 | 084 0.23 -0.76
SC integrity vs CE maturity

PE Cheek -0.88 0.84 -0.42 0.89
SC cohesion vs CE maturity

PP Post Auricular 013 | 016 0.11 0.96
SC cohesion vs CE maturity
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The INV/Nile red staining was used as the conventional CE maturity assay to
determine the population of INV (+) CEs and the correlation to the SC integrity. This
resulted in a positive correlation (r=0.84) in the PE cheek site while there was no
correlation observed in the PP post auricular site (r=0.15). The same staining was
evaluated via the red/green fluorescence ratio and correlated to SC integrity.
Interestingly, this showed a negative correlation (r=-0.74) in the PE cheek site and a
positive correlation in the PP post auricular site (r=0.84). The SC integrity was
correlated with the alternative imaging analysis approach using fluorescence density
ratio. The PE cheek site showed a negative correlation for CE maturity and SC
integrity (r=-0.88) while there was no correlation in the PP post auricular site (r=0.23).
The RCEM approach demonstrated a negative correlation between SC integrity and
CE maturity in samples collected from the PE cheek (r=-0.68) site as well as the PP

post auricular site (r=-0.76).

The SC cohesion and CE maturity determined via the percentage of INV (+)
CEs showed a negative correlation (r=-0.88) for samples taken from the PE cheek.
Interestingly, the same samples show a positive correlation between CE cohesion and
CE maturity when determined with the red/green ratio (r=0.84) or the RCEM (r=0.89).
Moreover, the RCEM in samples obtained from the PP post auricular site showed a
clear positive correlation with CE cohesion (r=0.96) which was not detected by the
other methods to determine CE maturity. This provides further confidence in the
sensitivity of the new approach especially for the CE characterisation in the deeper SC
layers of the PE cheek and PP post auricular sites.
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4.4 Discussion

CE maturity analysis was originaly based on an assessment of the CE
morphology and TRITC staining [200]. Hirao and colleagues assessed CE maturity
with antigenicity for the structural protein, INV, in paralel with Nile red staining for
lipids [207]. The percentage of INV (+) CEsisindicative of CE immaturity in different
skin conditions and ethnicities [207]. More recently, an image analysis based method
was devel oped to detect the overall red and green pixelsin animage. The RGB channel
values were used to generate a descriptive ratio for Nile red stained lipids and INV
visualised by FITC which is coupled to the secondary antibody. This approach has
been applied to characterise CEs from the PE cheek and the PP post auricular sites of
three ethnic groups. Interestingly, no difference in CE maturity was found between
both anatomical sites in all tested ethnic groups which included Caucasians, Black
Africans and Albino Africans living in Pretoria/lSouth Africa. The published images
for this study had a visible high background of green and red fluorescence which was

not excluded in the image analysis [92].

In the present study, double staining (Nile red and INV) was evaluated for the
two conventiona methods and for an alternative approach. The new method
determined CE hydrophobicity and mechanica integrity and was compared to the
conventional methods for accuracy and sensitivity. The previously reported red/green
ratio approach showed alimitation in the discrimination of CE maturity in the deeper
SC layers of both anatomical sites. Visual comparison shows a clear difference
between CEs collected from PE9 and PP9 sites. However, aratio of the total red and
green pixels of theseimages failed to detect this difference. The post auricular site had
ahigher protein content according to the densitometry measurement (Chapter 2). INV
Is one of the most abundant structural proteins that make up the CPE [96,204].
Therefore, ahigh protein content suggests a higher probability of detecting more INV
than in asample with less protein content. The difference of protein content in samples
might lead to an inaccurate assumption for the CE maturity. The expression of INV
has a genetic factor which is influenced by gene transcription and protein translation
machinery and thus INV expression may differ from individual to individual [204].
Therefore, the determination of the CE maturity depends highly on INV expression
and may weaken the methodology and consequently the outcome [118,212].
Moreover, the INV antibody was reported to be applied in PBS [195,196] instead of
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in the presence of a blocking solution as in the original protocol [207]. The blocking
solution prevents unspecific binding of the antibodiesto proteins other than the protein
of interest [185] However, Buchwalow and colleagues have shown that the blocking
solution is an optional addition that might not make a dramatic difference to the
outcome of the immunostaining [213]. The study here used the previoudy reported
same primary and secondary antibody [195,196] to test the necessity of a blocking
solution. Differences were evident in the background fluorescence in the
immunostaining without blocking solution. This suggested that the primary or the
secondary antibody might bind unspecifically in the absence of blocking solution.
Therefore, this present study was conducted in the presence of a blocking solution
containing BSA to improve antibody specificity.

The challenges of image analysis have resulted in a wide range of reported
values for the red/green ratios and thus high standard errors and high CV’s[115,196].
This is also the case when determining the percentage of INV (+) CEs [207,211].
Moreover, comparing results between these two methods showed clear differences.
Although the red/green ratio was capable of discriminating between sun-exposed and
sun-protected facial sitesin tape 1 as reported previously [26], this method indicated
no differencesin CE maturity for the deeper samples. However, the percentage of INV
(+) CEs analysis discriminates the CE maturity at all SC depths. The red/green ratio
per unit CE surface area did not show any differencesin CE maturity in the deeper SC
layers indicating reduced sensitivity of this approach compared to the new RCEM
approach. The CE surface area of CEs collected from the SC surface of the cheek has
previously been reported to be 500 - 700 um? with no difference compared with the
post auricular site for three ethnic groups including Caucasians [92]. In this study, the
tape strips were cut into halves in order to compare the conventional method and the
new approach. CEs that were processed according to the conventional INV
immunostaining and Nile red lipid staining showed similar outcomes for CE surface
area as the reported study. Interestingly, the CEs that were processed according to the
new procedure demonstrated significant differences in CE surface area for both
anatomical sitesand depths. The CE surface areawasin fact larger in samples collected
from the PP post auricular site compared with those from the SC PE cheek.
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The novel method is a better choice of characterisation of CE maturity
considering that the conventional method seems to influence the CE surface area. The
novel approach relies strongly on CE surface area measurement and characterisation
of morphology of CEs in terms of their fragile-rigid appearance as well as their
hydrophobicity and rigidity hence a milder CE isolation protocol has been applied as
described by Koch et al. [201]. The dissociation buffer with less salt and reducing
agent and the washing buffer with lower detergent allowed a milder isolation process
[201]. The origina protocol introduced the dissociation buffer with a high salt
concentration which resultsin a higher ionic strength that might have an impact on the
resulting CE morphology [207]. The samples were re-suspended in PBS to reduce the
background fluorescence observed in previous work [92]. In this present study, overall
rigidity was assessed by counting CEs according to their morphological appearance
with and without sonication. This mechanical stress revealed differences in the
proportion of immature and fragile CEs especially in the deeper SC layers of the PE
cheek site. Interestingly, PP post auricular CES seem to be less affected by the same
mechanical forces. Thefirst and ninth tape stripsindicate differencesin the mechanical
resistance probably mediated by crosslinking enzymes such as TG or differences in
CE protein composition. A decrease in intact CEs was evident for the PE cheek CEs
from the deeper SC due to sonication. CEs from the surface of the PE cheek and both
SC depths of the PP post auricular sites were more resistant to sonication. The
mechanical behaviour of CEs from the volar forearm has been reported previoudly [7].
The differencesin facial CEs with increasing depth into the SC, using sonication as a
mechanical challenge, is reported here for the first time. Indeed the PP9 CEs samples
would be reported as immature using conventional methodology but they are clearly
not immature in their response neither to mechanical stress nor in terms of their

hydrophobicity.

The second assay in our approach was to determine the CE hydrophaobicity per
unit CE surface arearather than in relation to INV immunostaining. In this study, non-
sonicated CEs were assessed to determine CE hydrophobicity. The preliminary
observations showed a higher fluorescence signal after sonication which might be the
result of lipid rearrangement following sonication [214]. The CEsfrom the cheek were
previously reported to increase in hydrophobicity towards the SC surface [195,207]
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which was confirmed in this study. Distinct differences were observed in CE rigidity

and hydrophobicity between the PE cheek and PP post auricular sites and depths.

The SC barrier function was assessed via the TEWL measurement which is
higher in skin with a lower skin barrier. The maturity of corneocytes supports the
barrier function by providing hydrophobicity and mechanical stability. The RCEM
approach was shown here to correlate with the barrier function which is supported by
a previous study [215]. In this project, the surface areas of the CEs at the SC surface
are indeed larger in both anatomical sites. However, the CEs collected from the PP
post auricular site are larger than CEs from the PE cheek site. However, the surface
areas of CEs from the ninth tape strip of both anatomical sites were comparable. The
new approach shows differences between the anatomical sites with reference to CE
surface areain the superficial SC layers that were not detectable by the INV and Nile
red staining approach.

Following on from this study, the CE maturity should be determined based on
CE rigidity and hydrophobicity (EQ. 4). The three parameters allow a more sensitive
measurement of CE maturity than the conventional measurement of the red/green ratio
and percentage of INV (+) CEs. An earlier study was not able to detect differencesin
CE surface area between samples collected from the PE cheek and PP post auricular
site. [92]. Interestingly, the CEs from the SC surface and the deeper SC layer of the
PP site shared similar mechanical characteristics. The CEs from the PE cheek showed
major differencesin CE rigidity compared with CEs from the superficial SC layer and
the deeper SC layers. Furthermore, the red/green ratio failed to discriminate between
the maturities of corneocytes from the ninth tape strip collected from the PE cheek and

the PP post auricular site.

All four methods showed a correlation between CE maturity and SC integrity
in the PE cheek site. However, in the PP post auricular site a negative correlation is
observed with the RCEM and TEWL (see Chapter 2) which reflects the increased SC
integrity with CE maturity. The INV (+) CE, red/green ratio, and RCEM showed a
positive correlation between higher cumulative protein content collected and CE
maturity, indicating decreased SC cohesion with CE maturity. Interestingly, the
RCEM is the only approach among all tested evaluations that showed a positive
correlation between CE maturity and SC cohesion. This is a further confirmation of
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the sensitivity of the novel approach, especially for CE characterisation in the deeper
SC layers of both anatomical sites.

Nevertheless, PE cheek corneocytes rigidify as they move towards the SC
surface but they seem unable to gain increased hydrophobicity to the same extent as
PP post auricular corneocytes indicating UV-induced differences in SC enzymology
between the facia sites. This is supported by the recent mass-spectrometric protein
analysis of PE cheek and PP post auricular SC [118]. In this study, all known proteins
were identified and quantified in tape strips collected from the PE cheek and PP post
auricular sites. This revedled several targets for understanding the underlying
mechanism in photo-damaged skin [118]. A reduced expression of 12R-LOX was
discovered in the PE cheek samples compared to the PP post auricular samples [118].
This suggests that the reduced CE hydrophobicity in the PE cheek site is the result of
the lower levels of free m-hydroxyceramides for the TG-mediated attachment to the
CLE [118,216]. Equally, reduced levels of loricrin in the CPE may account for the
increased CE fragility in corneocytes collected from the PE cheek site [118].

In conclusion, these findings suggest that the PP post auricular SC is thicker
and less compromised by tape strippings compared with the PE cheek [112]. However,
for thefirst timedifferencesin CE rigidity between the PE cheek and PP post auricular
sitesaswell asdifferencesin hydrophobicity were demonstrated. The RCEM approach
has been shown to be a more robust and sensitive assay for CE maturity than the
conventional INV/Nile red staining methodology and thus a chalenge to the
acknowledged “ Golden standard”.
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Development of the 12R-lipoxygenase
assay 1n photo-damaged skin
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5. Development of the 12R-lipoxygenase assay in photo-
damaged skin

5.1 Abstract

Background: Corneocytes acquire the corneocyte envelopes (CE), composed of the
inner corneocyte protein envelope (CPE) and the outer corneocyte lipid envelope
(CLE) during the late stage of keratinocyte differentiation. 12R-lipoxygenase (12R-
LOX) pre-processes the esterified w-hydroxy-linoleoyl-acyl-ceramides before further
enzymatic catalysis and their covalent attachment to the CPE surface to form the CLE.
The hydrophobicity of the CLE supports the barrier function and integrity of the

stratum corneum (SC).

Objectives: Theaimsof thiswork wereto develop and validate anovel enzyme activity
assay for 12R-LOX and to assess 12R-LOX activity in sun-exposed facial skin.

Methods: The 12R-LOX activity was assessed in samples collected on the second and
eighth tape strips of photo-exposed (PE) cheek and photo-protected (PP) post auricular
SC of hedthy Chinese volunteers. A fluorescence based assay was developed with
ethyl linoleic acid as the substrate and a polyclonal antibody against 12R-LOX as an
inhibitor. The enzyme activity was validated in the presence of a LOX inhibitor
(ML351) and an eL OX3 antibody.

Results: Reduced 12R-LOX activity was observed in the samples from the outer SC
layers compared to the inner layers. Moreover, markedly lower 12R-LOX activity was
shown in the PE vs PP samples. Furthermore, the enzyme activity showed a positive
correlation with CE maturity and anegative correlation with transepidermal water loss
(TEWL).

Conclusions: A novel enzyme activity assay has been developed and validated and
used to demonstrate lower 12R-LOX activity in the PE cheek for the first time. This
finding isin line with the presence of less mature CEs and higher TEWL for the PE
cheek compared to the PP post auricular site. Therefore this study indicates a strong
link between 12R-LOX activity and CE maturation and thus SC integrity and thus the

skin barrier function.

Key Words. 12R-lipooxygenase, CLE hydrophobicity, Photo-damaged skin,
Corneocyte envel ope maturity, skin barrier integrity.
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Declar ation

Theresults of this chapter have been reported in the International Journal of Cosmetic
Sciences in May 2019 under the title “12R-lipoxygenase activity is reduced in
photodamaged facial stratum corneum. A novel activity assay indicates a key function

in corneocyte maturation”.

5.2. Introduction

The stratum corneum (SC) is formed of corneocytes that are embedded in
intercellular lipids (Fig. 1.3) and isabarrier to dehydration and environmental impacts
[40]. Corneocytes are keratin-filled keratinocytes in which structural proteins are
cross-linked and form the insoluble corneocyte protein envelope (CPE) [13]. During
the same process, modified ceramide 1 is covalently attached to the CPE surface to
generate the corneocyte lipid envelope (CLE). The crosslinking of proteins and
attachment of lipids are mediated by transglutaminase (TG) [50] which is referred to
as CE maturation [200]. The maturity of corneocytes contributes to the integrity [99]
and cohesion [26] of the SC in order to support hydration of thisbarrier [28]. The CLE
and the lamellar lipid layers form an intercellular occlusion to prevent excessive trans
epidermal water loss (TEWL) [138]. Dehydration is the consequence of an impaired
skin barrier function and is associated with flaky or scaly dry skin that feels rough to
touch.

A variety of factors have been identified to increase the probability for dry skin
that might lead to further long-term complications or susceptibilities. Frequent use of
soaps and synthetic detergents were shown to increase TEWL as a measure of skin
irritation [217]. Sodium dodecyl sulfate (SDS) is an anionic surfactant with
amphiphilic properties and thus the most common component of detergents and
cleaning products. However, low concentrations of SDS are generally found in
cosmetic products and soaps. SDS removes sebum and skin lipids [218] leading to a
risein TEWL and lower SC hydration and consequently to dry skin [219]. The barrier
function is restored after exposure to detergents by triggering proliferation and
differentiation without causing hyper-proliferation and inflammation [220]. However,
repetitive exposure to alkaline soaps could cause a long-term barrier defect by
increasing the pH in the skin. In early research studies acidic pH of the SC was

primarily attributed to its antimicrobial properties [18,221]. However, recent studies
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have shown that the increase in skin pH causes a number of skin conditions such as
atopic dermatitis [222], psoriasis [223] and autosomal recessive congenital ichthyosis
[224].

Severe skin conditions are often multifactorial disorderswith an environmental
and genetic component. Each mammalian cell has 23 pairs of parental chromosomes
in the cell nucleus which contains the genetic inheritance. Mutations in crucial genes
that regulate cellular events can have beneficial or harmful consequences. In autosomal
recessive conditions both parental chromosomes are faulty for a particular gene.
Autosomal recessive congenital ichthyosis is a genetic skin condition with varying
severity depending on the particular gene that has a faulty code. The most common
genetic cause of a life-threatening skin phenotype of autosomal recessive congenital
ichthyosis is associated with variations in the ATP-binding cassette A12 transporter
[225]. This protein carries the lamellar granules across the keratinocyte membrane to
release the lipidsinto the intercellular space [226]. Furthermore, mutationsin the TG1
encoding genelead to an impaired skin barrier function due to impaired CE maturation
[227]. Another pathogenic trait of autosomal recessive congenital ichthyosis is
observed in individuals with mutated 12R-lipoxygenase (12R-LOX) or epidermal
lipooxygenase-3 (eL OX 3) encoding genes [86].

The above genetic manifestations demonstrate the importance of 12R-LOX and
el OX3 in establishing a functioning epidermal barrier in mammals [86,228]. These
two enzymes induce the structural changes in polyunsaturated fatty acids which are
esterified in ceramide 1 (Fig. 5.1) [87]. The hydrophobic CLE is mainly composed of
o-hydroxyceramides which are derived from ceramide 1 [229], an esterified -
hydroxyacyl-sphingosine (EOS) ceramidesthat is catalysed by 12R-LOX atitslinoleic
acid moiety [91]. The oxidation of linoleic acid in EOS results in the formation of 9R-
hydroperoxide EOS that is subsequently hydrolysed to 9R, 10R epoxy-13R-hydroxy-
epoxylalcohol EOS by el OX3. Thefinal stepisthe hydrolysisof 9R, 10R epoxy-13R-
hydroxy-epoxylalcohol EOS to 9R(10R)-epoxy-13R-hydroxy-octadecanoic acid and
the w-hydroxyceramide [94].
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Figure 5.1. The processing of esterified o-hydroxyacyl-sphingosine to ®-
hydroxyceramides initiated by 12R-LOX.

Lipoxygenases are afamily of dioxygenases that oxidise polyunsaturated fatty
acids such as arachidonic acids or linoleic acids. These fatty acids contain the cis-
methylene interrupted by a diene structure and esters [230]. Various isoforms of
lipoxygenases were identified according to their stereochemistry and the site of carbon
oxidation [231]. Initialy, 5(S)-LOX, 8(S)-LOX, 12(S)-LOX and 15(S)-LOX were
identified to catalyse arachidonic acid at the respective carbon atom. These
lipoxygenase isotypeswerefound mainly in plateletsto form signalling lipid mediators
[87]. However, 12R-LOX was found in the epidermis suggesting alocal rolein lipid
metabolism [91]. 12R-LOX activity was tested in primary keratinocytes in a cell
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culture model with arachidonic acid [232]. Later studies have shown that arachidonic
acid is not a suitable substrate for 12R-LOX [94]. Prior to the development of the
assay, reported in this chapter, the 12R-LOX activity was shown indirectly by
measuring the formation of 9R-hydroperoxide EOS. The 12(S)-LOX and 12R-LOX
were introduced into a cell line via a vector containing either one of the isoforms.
Arachidonic acid and linoleic acid were tested as well as methyl esters of both fatty
acids. Interestingly, 12R-LOX could only show asignal for of 9R-hydroperoxide EOS
formation with the methyl linoleic acid [233]. However, the signal was not strong but
significantly higher than in the presence of linoleic acid. This indicates that the
enzyme-substrate affinity might depend on the ester in the linoleic acid domain of
EOS. Nevertheless, the combination of lipid extraction and high performance liquid
chromatography are useful experimental tools which require extensive optimisation.
Immunohistochemistry has been used to characterise the expression of LOX enzymes
and their distribution in healthy skin and tissue-engineered skin [234]. An artificial
full-thickness skin model was used to characterise the relationship between filaggrin
and 12R-LOX, eLOX3 and TG1. The knock-down of these three crucial enzymes in
the formation of the CLE led to reduced filaggrin levels in the skin model [235].
Filaggrin is a structural protein that is degraded to natural moisturising factors
responsible for water retention and maintenance of skin hydration [236]. The reasons
for this 12R-L OX-dependent filaggrin processing remain to be further elucidated. One
explanation could be that signalling molecules that may arise from processing of EOS
to o-hydroxyceramide control the proteolytic degradation of filaggrin. 12R-LOX
deficient mice have shown the complete absence of filaggrin indicating an impairment
of the processing of profilaggrin. Furthermore, 12R-LOX homozygous mutant mice
had an impaired skin barrier with severe dehydration that led to post-natal death within
5h [89]. More recently, mass spectrometry has demonstrated low 12R-LOX protein
levels in photo-damaged facial SC [118] which is associated with a thinner SC and
reduced CE maturation as shown in Chapter 4 [133]. The facial SC has reduced acyl-
ceramide linoleate levels and thus less ceramides are available for attachment to the
CLE [237,238]. A study in non-lesioned and affected skin of patients with atopic
dermatitis was compared to individuals with healthy skin. The lipids attached to the
CLE were extracted and separated via thin layer chromatography. Interestingly, -
hydroxyceramide levels were significantly reduced in affected skin and non-lesioned

skin areas of patients with atopic dermatitis [239].
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The aim of this project was to establish and validate an enzyme assay for 12R-
LOX in order to understand its relationship to facial photo-damage. Ethyl linoleic acid
was tested to serve as a substrate. Little is known about 12R-LOX as there are no
specificinhibitors and only afew antibodies have been described. The enzyme activity
was validated using a 12R-LOX antibody while excluding other LOX enzymes via
inhibitor or antibody. This would provide a faster and more sensitive approach to
assess 12R-LOX activity. Furthermore, the Pearson’s correlation coefficient was
determined to assess the relationship between 12R-LOX activity and the SC integrity
(Chapter 2) aswell as Relative CE Maturity (Chapter 4). Thisisthe first time that the
12R-LOX activity was measured in CE samples from tape strippings of PE cheek and
PP post auricular sites.

Page 121|210



Chapter 5—Materialsand methods

5.3 Materials and methods

5.3.1 Materials and equipment

The materials and equipment used to extract crude protein of CE samples
collected via tape stripping of PE cheek and PP post auricular sites and establish the
12R-LOX activity assay are shownin Table 5.1.

Table 5.1. Materials and equipment to obtain protein extracts of tape strips and
develop the 12R-LOX assay.

M aterialS/Equipment Supplier

Black 96-well plates

Ethylene diaminetetraacetic acid (EDTA)

Tris

Calcium chloride

Sigma Aldrich,
Dorset, UK

Ethanol

Ethyl linoleic acid

Bovine Serum Albumin (BSA)

Tergitol™ (NP40)

Dimethyl sulfoxide (DM SO)

Molecular Devices,

SpectraMax iD3 Berkshire, UK
Polyclonal Rabbit-Anti-human primary 12R-LOX AB

(012R-LOX)

Thermo  Fisher  Scientific Cat#  PA5-23608, | Thermo Fisher
RRID:AB_2541108 Scientific,

) ) o Hertfordshire, UK
2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA)

Pierce™ Protease Inhibitor Tablets

Bio-Pure™ pipetting reservoir

VWR international Ltd,

1.5 mL reaction tubes Leicestershire, UK

Forceps and small scissors
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M aterialS/Equipment Supplier

Polyclonal Rabbit-Anti-human primary eLOX3 AB

(aeLOX3) Biorbyt Ltd.,
Biorbyt Cat# orb41336, Cambridgeshire, UK

RRID:AB_10998919

GraphPad Software,

GraphPad Prism® (Version 7) San Diego, CA, USA

5-(methylamino)-2-(1-naphthal enyl)-4- Cayman Chemical, Ann
oxazol ecarbonitrile (ML 351) Arbor, Michigan, USA
Pure argon gas Boc Gas & Gear,
Slough, UK
Table top centrifuge 5418 R
: Eppendorf Ltd,
ThermoMixer F1.5 Stevenage, UK

12 channel multi-pipette

5.3.2 Methods and study design

A computer model has studied the docking of EOS and its orientation in the
active site of 12R-LOX. Thismodel showed that 12R-LOX activity is 10-times higher
when the substrate is non-ionised at pH 6. Furthermore, EOS is recognised at C-12 of
the linoleic acid domain. The esterified part of linoleic acid enters the active site of
12R-LOX [240].

The general concept of this assay isto show that ethyl linoleic acid can be used
as a substrate of 12R-LOX as EOS is not commercially available. Furthermore, no
blocking agent has been commercially released for 12R-LOX to date, thus an antibody
against the C-terminus was chosen. As mentioned in Chapter 3, antibodies bind to the
recognition site for their antigen thusthis could be used in anin vitro set up to spatially
block the catalytic site of 12R-LOX. The oxidation of ethyl linoleic acid produces
reactive oxygen species that reduces 2,7 -dichlorodihydrofluorescein diacetate
(H2DCFDA) to the fluorescent 2',7'-dichlorofluorescein (DCF) (Fig. 5.2).
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Figure 5.2. 12R-LOX activity is detected by the reduction of non-fluorescent
H>DCFDA to fluorescent DCF.

5.3.2.1 The 12R-L OX activity assay

Crude protein was extracted from the second and eighth tape strip of SC
samples of photo-exposed (PE) cheek and photo-protected (PP) post auricular sites of
healthy Chinese volunteers (Chapter 2).

Various aspects had to be considered while developing this assay due to the
sensitivity of H-DCFDA. Thus every component of the reaction was purged with pure
argon gas to replace oxygen to prevent unspecific oxidation. In theory, an enzyme
binds to its substrate and forms an enzyme-substrate complex. The enzyme catalyses
the substrate which leads to a chemically changed product and by-product. Michaelis-
Menten kinetics are a powerful tool to determine the enzyme activity rate by
considering the product formation and substrate concentration. The substrate
concentration that leads to the half maximal reaction velocity is termed as the
Michaelis constant (Kwm) which also describes the affinity of substrate and enzyme. A
small Km vaue hints towards a high affinity for the enzyme thus a low substrate
concentration is enough to reach the maximum velocity [241]. However, this is not
only dependent on substrate and enzyme but also on pH and temperature. This has to

be considered when devel oping an enzyme assay.
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The 12R-LOX activity assay was adapted from Singh and colleagues’ approach
to detect 5-LOX, 12-LOX and 15-LOX activities [242]. The crude protein extract was
isolated from the tapes using 0.1% Tergitol™ (NP40) in 50 mM Tris (pH 6.5) with
Pierce™ Protease Inhibitor Tablets (1 per 10 mL) for 20 min on ashaker with 600 rpm
at 4 °C. The reaction buffer was composed of 50 mM Tris, 4 mM CaClz, 4 mM EDTA,
0-50 uM ethyl linoleic acid, 5 uM ATP and 5 uM H2DCFDA. The catalytic activity
of 12R-LOX is dependent on ATP [243] and calcium [233]. However, the
concentration of ATP and calcium in the crude protein mix is unknown as ATP may
have degraded [244] while calcium may be depleted. Therefore, ATP and calcium
were added into the reaction buffer. The 12R-LOX antibody and the eL OX3 antibody
are polyclonal and were pretested in immunostaining which is shown in Chapter 3.
This was performed to confirm that the 12R-LOX is blocked antigen specific binding
and causes the inhibition of resulting fluorescence signal. The 12R LOX and eLOX3
antibodies were diluted in purged 0.01% BSA and added to the reaction buffer.
Furthermore, the blocking agent 5-(Methylamino)-2-(1-naphthalenyl)-4-
oxazolecarbonitrile (ML351) was used to block 5-LOX, 12-LOX and 15-LOX
activities [245]. This could exclude the appearance of fluorescence from LOX activity
therefore (0-400 nM) ML351 in DMSO was added to the reaction buffer. The
MichaelissMenten plot was determined with a range of ethyl linoleic acid
concentrations to confirm the Ky and a suitable concentration for the remaining
experiments. This assay was conducted with 50 uL crude protein sample and purged
150 pL reaction buffer and measured in ablack 96-well plate with a clear flat bottom.
The appearance of DCF was measured at Ex/Em: 495/527 nm in a SpectraMax iD3 at
an interval of 1 min for 20 mins at 37 °C. 12R-LOX activity was expressed as U/min
normalised to the total SC protein on tape strips.
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5.3.2.2 Statistics

The mean and standard deviation (SD) were determined for 14 samples and the
D’Agostino & Pearson normality test was applied. The statistical differences were
analysed via One-way ANOVA for Michaelis-Menten kinetics. Two-way ANOVA
comparison was used to determine the differences between the control and different
concentrations of blocking agents. Thisleadsto four groupsthat are compared for their
effects while considering two variables within the measured differences. Both types of
ANOVA comparison were corrected with the Sidak-Holm post-hoc test. The statistical
differences are expressed as follows: * p < 0.05, ** p < 0.001, *** p < 0.0002 and
**x% p <0.0001. The Pearson’s correlations was assessed between 12R-LOX activity

and the SC integrity (Chapter 2) and Relative CE Maturity (Chapter 4).
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5.3 Resaults

In principle, this assay detects the reduction of H.DCFDA to the fluorogenic
DCF by the reactive oxygen species created during the enzymatic reaction of LOX
enzymes. A crude protein extract was used to determine the 12R-LOX activity in the
PE cheek and PP post auricular samples.

Michaelis-Menten kinetics of 12R-LOX activity

~ 8001 -+ PP8
= -& PE8
2 I -4 PP2
& 600+ e PE2
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Figure 5.3. Determination of Michaelis-Menten kinetics of 12R-LOX activity with
ethyl linoleic acid from samples of PE cheek and PP post auricular site (tape 2 and 8).
Data are shown as mean = SD (n=14).

The Michaelis-Menten kinetics were generated by plotting the enzyme activity
at different concentrations of ethyl linoleic acid. All four samples reached their Ky
value at 4.91 £ 0.31 uM (Fig. 5.3). The maximal reaction velocity of 12R-LOX in the
tested samples showed a 3x higher value (p<0.0001) in PP post auricular samples

compared to PE cheek samples.

The antibody against 12R-LOX was used to demonstrate that the fluorescence
arises from 12R-LOX activity thereby excluding unspecific signal detection. A
concentration-dependent decrease in 12R-LOX activity was observed in the presence
of the 12R-LOX antibody. The fluorescence signal was unchanged in the presence of
the control supplemented with 0.01% BSA as well as at the lowest antibody
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concentration (1:50000). A significant decrease in enzyme activity was obtained in the
samples that were supplemented with 1:5000 12R-LOX antibody diluted in the
reaction buffer. Samples collected from the SC surface of the PE cheek (p<0.05) and
the PP post auricular site (p<0.0001) showed a lower fluorescence signal compared to
the BSA control and reaction buffer containing diluted 1:50000 12R-LOX antibody.
This difference in 1:5000 and the control reactions (BSA as well as baseline) was
greater in the deeper SC samples of PE cheek (p<0.0001) and PP post auricular sites
(p<0.0001). Reaction buffer containing diluted 1:500 12R-LOX antibody solution
reduced the resulting fluorescence signal to a minimum for samples from both
anatomical sites. However, samples from the PP post auricular site show the largest
discrepancy between control BSA and enzyme activity in samplesfrom the SC surface
(p<0.0001) and deeper SC layers (p<0.0001). These results suggest that the 12R-LOX
antibody inhibitsthe catalytic activity of 12R-LOX (Fig. 5.4). However, this statement
needs further validation to exclude other LOX enzymes.

Concentration-dependent inhibition of 12R-LOX activity
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Figure 5.4. A dilution factor of 1:500 was an effective contraction of the 12R-LOX
antibody to inhibit the formation of the fluorescence signal in samples of both
anatomical sites and depths. Data are shown as mean + SD and compared with two-
way ANOVA, post-hoc Sidak-Holm test (n=14).

The resulting fluorescence signal was validated by excluding eL OX3 activity.
The enzyme reaction was performed with the eLOX3 antibody instead of the 12R-
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LOX antibody. Interestingly, the fluorescence signal was not influenced in the
presence of the eLOX3 antibody at any of the tested concentrations (Fig. 5.5). This
confirms that the 12R-LOX antibody blocked the enzyme reaction that generates the

reactive oxygen species while processing ethyl linoleic acid.

The presence of eLOX3 antibody had no impact
on 12R-LOX activity
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Figure 5.5. The eLOX3 antibody showed no influence on the fluorescence signal
resulting from the DCF formation. Data are shown as mean + SD and compared with
two-way ANOV A, post-hoc Sidak-Holm test (n=14).

An additional assay was performed to exclude non-specificity of this enzyme
assay and for additional verification that the fluorescence signa is a by-product of
12R-LOX activity. The assay condition remained the same as for the previous
experiments, however, ML 351 or its vehicle DM SO was added to the reaction buffer.
The influence of 5-LOX, 12-LOX and 15-LOX on this enzyme assay was inhibited
using ML 351. The fluorescence signal showed no difference in the presence of ML 351
at any tested concentration toitsvehicle DM SO (Fig. 5.6). Thereduction of H-DCFDA
was blocked in the presence of the 12R-LOX antibody but not with the eLOX3
antibody nor ML 351.
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ML351 had no effect on 12R-LOX activity
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Figure 5.6. The enzyme activity was unaffected by any of the ML 351 concentrations
which block 5-LOX, 12-LOX and 15-LOX. Results are shown as mean = SD and
compared with two-way ANOVA, post-hoc Sidak-Holm test (n=14).

This enzyme assay determined the 12R-LOX activity in sun-damaged facial
skin samples obtained via tape stripping. The Pearson correlation coefficient was
analysed to demonstrate the relationship between maturity of CEs from the first and
ninth tapes (Chapter 4) and the 12R-LOX activity on the second and eighth tapes of
PE cheek and PP post auricular samples (Tab. 5). The CE rigidity in samples from the
PE cheek SC surface (r=0.88) and the deeper SC layer of PE cheek (r=0.91) showed a
positive correlation with the 12R-LOX activity in the corresponding layers. The same
correlation was observed between 12R-LOX activity and CE rigidity in samplestaken
from PP post auricular sites at the surface (r=0.94) and in the deeper layers (r=0.97).
Moreover, the 12R-LOX activity showed a strong positive correction with CE
hydrophobicity in samples from the PE cheek SC surface (r=0.93) and deeper SC
layers (r=0.90). The same positive correlations were observed between 12R-LOX
activity and CE hydrophobicity in samples from surface of the PP post auricular SC
(r=0.97) and the deeper SC layer (0.96). The RCEM depends on the CE rigidity and
hydrophobicity and thus the RCEM showed a positive correlation with the 12R-LOX
activity in both anatomical sites and depths.
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Table 5.2. Summary of Pearson correlation coefficient for 12R-LOX activity and the

CE properties.
. - CE CE

Pear son correlation coefficient Rigidity | Hydrophobicity RCEM
Surface of PE Cheek SC 0.88 0.93 0.93

12R-LOX activity

Deeper layer of PE Cheek SC 0.91 0.90 0.94

12R-LOX activity

Surface of PP Post auricular SC 0.94 0.97 0.95

12R-LOX activity

Deeper layer of PP Post auricular SC 0.97 0.96 0.98
12R-LOX activity

Collectively, this indicated a strong positive correlation between CE maturity
in samples from the SC surface (r=0.98) and deeper SC layers (r=0.98) and the
corresponding 12R-LOX activity (Fig. 5.7).

Positive correlation of CE maturity and 12R-LOX activity
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Figure 5.7. A positive correlation has been demonstrated between high 12R-LOX
activity and more mature CEs in the SC surface and deeper SC layers.
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SC integrity is shown by measuring TEWL before tape stripping (Chapter 2)
which is correlated with high 12R-LOX activity. A negative correlation was observed
between TEWL measurements and 12R-L OX activity in samples of the PE cheek (r=-
0.97) and samples from the PP post auricular sites (r=-0.92) (Fig. 5.8). The Pearson
correlation analysis demonstrated a strong negative correlation with high TEWL and
low 12R-LOX activity in the corresponding samples (r=-0.95).

Negative correlation of SC Integrity and 12R-LOX activity
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Figure 5.8. A negative correlation was shown between low 12R-LOX activity and
high TEWL measurements in both anatomical sites.

This assay was developed to measure the 12R-LOX activity by the resulting
fluorescence signal that appears from the reduction of H.-DCFDA to DCF. Ethyl
linoleic acid served as a substrate which showed a concentration dependent increase
in fluoresence. The lack of specific 12R-LOX inibitor was overcome by using
alternatives to validate the fluorescence signal as a result of 12R-LOX activity. The
presences of the 12R-LOX antibody reduced the enzyme activity in a concntration-
dependent manner while the control with BSA had no impact on the signal. An
antibody against eLOX3 had no effect on the enzyme activity and thus the enzyme
el OX3 was excluded to cause the reduction of H:-DCFDA. 5-LOX, 12-LOX and 15-
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LOX were excluded collectively by using the ML351 in the reaction buffer.

Conclusively, the resulting fluorescence signal is aresult of 12R-LOX activity.

A positive correlation was shown between high 12R-LOX activity and mature
CEs in both anatomical sites and depths. Furthermore, a negative correlation was
demonstrated between low 12R-LOX and elevated TEWL vauesin PE cheek and PP
post auricular sites. This study introduced a new enzyme activity assay for 12R-LOX
of samples obtained viatape stripping. A link was shown between 12R-LOX activity
and the CE maturity and the SC integrity.
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5.4 Discussion

In 1930, the early work of Burr & Burr identified theimportant role of essential
fatty acid-containing lipids in skin physiology [52]. Later studies showed that these
lipids are by-products of linoleoyl-acyl-ceramides by lipoxygenases in the skin
[71,246]. Brash and collaborators have discovered that 12R-LOX is responsible for
the conversion of linoleate-containing EOS ceramides[91,94]. These studiesidentified
12R-LOX asacrucia enzyme involved in the CLE formation and thus the formation
of the epidermal barrier [247,248]. The importance of 12R-LOX has been shown in
genetic studies linking 12R-LOX deficiency to autosomal recessive congenital
ichthyosis [228]. The formation of the skin barrier has been shown to be impaired in
12R-LOX knockout mice to the extent that the neonates would die of excessive
dehydration within hours. Heterogeneous mutation in the 12R-LOX gene led to mice
with an impaired skin barrier function but not with lethal consequences. Furthermore,
heterogeneous 12R-LOX knockout mice had fragile corneocytes [89]. This chapter
focused on sun-damaged facial skin which has been shown to have compromised SC
integrity (Chapter 2), less CE maturation (Chapter 4) [92,141,195] and low 12R-LOX
protein mass levels [118]. Reduced 12R-LOX mass levels were also observed in
Albino Africans who are more susceptible to photo damage compared to Black
Africans and Caucasians living in South Africa [249]. Furthermore, an age-related
reduction in CLE-bound ceramides has been reported [250]. However, the enzyme
activity of 12R-LOX has not been determined in these conditions as no suitable assay
was available.

The present work adapted a previously published fluorogenic LOX method
[242] and is the first demonstration of the catalytic activity of 12R-LOX in samples
collected viatape strippings. 12R-LOX has drawn the attention of skin experts due to
its link to the barrier function. However, EOS ceramides as substrates and selective
inhibitors are not yet available therefore an alternative approach had to be devel oped.
Ethyl linoleic acid was chosen as the substrate as it resembles the esterified linoleic
acid domain in EOS ceramide. The detection agent, H-DCFDA, is reduced to the
fluorescent DCF in the presence of reactive oxygen species. However, the resulting
fluorescence signal had to be validated to originate from 12R-LOX activity and not
el OX3, 5-LOX, 12-LOX or 15-LOX.
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Antibodies are natural glycoproteins that detect and bind a specific sequence
of an antigen. The immunostaining studied, in Chapter 3, demonstrated the affinity
and detection of the 12R-LOX and eL OX3 antibody in corneocytes in samples from
SC surface and deeper layers of the PE cheek and the PP post auricular sites. In fact,
the eL OX3 antibody was ineffective in reducing the detected fluorescence signal. This
confirms a specific inhibition by the 12R-LOX antibody and excludes non-specific
gpatial hindrance. A non-specific LOX inhibitor (ML351) in DM SO was added to the
reaction buffer to eliminate 5-LOX, 12-LOX and 15-LOX activities. The presence of
DM SO enhanced the fluorescence signal compared to the baseline 12R-LOX activity
which is consistent with studies on the LOX enzymes [233,242].

In the late 1980s, the hydroxylated linoleoyl ceramides were identified as
important compounds in the epidermis [246]. The enzyme involved in the generation
of these ceramides was identified as the 12R-LOX and characterised via cloning and
mechanistic studies [91]. Studies demonstrated reduced 12R-LOX mass levels in
photodamaged facial skin [118] which guided this 12R-LOX activity-based study. A
novel 12R-LOX activity assay was developed using ethyl linoleic acid and inhibition
by the 12R-LOX antibody. Interestingly, samples from the photo protected site had a
considerably higher 12R-LOX activity compared to samples from the PE cheek site.
The high 12R-LOX activity in samples from the post auricular site contributes to the
more pronounced CE hydrophobicity. Consequently, the high 12R-LOX activity and
enhanced CE maturity support the SC integrity more effectively in the PP post
auricular site. This assay provides the activity profile of 12R-LOX activity in the SC
and reduced activity in photo-damaged SC which correlates with poor CE maturity
and SC integrity. This assay should be of use in studies of SC maturation. The 12R-
LOX enzyme could be used as a biomarker for topical treatments aimed at improving

CE maturation as well asto probe underlying mechanisms of skin disorders.
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6. The impact of relative humidity on ex vivo corneocyte
envelope maturation and their enzymes

6.1 Abstract

Background: Corneocyte envelopes (CE) are made up of the corneocyte protein
envel opes (CPE) surrounded by a corneocyte lipid envelope (CLE). 12R-lipoxygenase
(12R-LOX) processes linoleoyl acylceramides followed by other enzymes to form -
hydroxyceramides. These are attached to the CPE by transglutaminase (TG) while
cross-linking the structural proteins. This leads to the gain in hydrophobicity, rigidity

and surface area with CE maturation.

Objectives. The primary aim of this work was to demonstrate the impact of relative
humidity (RH) on ex vivo CE maturation. Low, optimal and high RH were selected to
investigate the effect of protease inhibitors (Pl) on CE maturation and TG activity; in
addition, 12R-LOX and Cathepsin D (CathD) activity were measured at optimal RH.
Finally, glycerol was tested at low, optimal and high RH to determine its effect on ex

vivo CE maturation.

Methods: The first and ninth tape strip of photo-exposed (PE) cheek and photo-
protected (PP) post auricular sites were selected to assess CE maturation after ex vivo
maturation. Ex vivo CE maturation was determined for CE rigidity and hydrophobicity
in the presence of a TG inhibitor, a 12R-LOX inhibitor or amixture of Pl. The second
and eighth tapes from the same healthy volunteers were tested for TG, 12R-LOX and
CathD activity.

Results: 70% RH showed the optimal condition for ex vivo CE maturation. Irrespective
of tape stripping depth, PE samples showed CE rigidity to the same extent as mature
CEsfrom the PP site, but not CE hydrophobicity. The inhibition of 12R-LOX activity
resulted in enhanced CE rigidity which was reduced by the TG inhibitor. CE
hydrophobicity remained unchanged during ex vivo maturation in the presence of TG
or 12R-LOX inhibition. CE hydrophobicity was enhanced in the presence of glycerol
at 44% RH and 100% RH but not at 70% RH. TG activity was significantly reduced
at 100% RH, however, a Pl mix reversed this negative effect.

Conclusions. The study adds to the understanding of the roles of 12R-LOX and TG
activity in CE maturation, and gives further insight into the effect of glycerol.

Key Words: Ex vivo CE maturation, Relative Humidity, Photodamaged skin.
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Declar ation

The results of this chapter have been reported in the International Journal of Cosmetic
Science in August 2019 with the title “The importance of 12R-lipoxygenase and
transglutaminase activities in the hydration-dependent ex vivo maturation of

corneocyte envelopes’

6.2. Introduction

Corneocytes have two structural features, anetwork of keratin filament bundles
stabilised by disulfide bonds. This network is surrounded by covalently cross-linked
structural proteins [40] creating an insoluble CPE [13]. The phospholipids of the cell
membrane are degraded to generate free fatty acids and this provides space [19] for
the covalent attachment of w-hydroxyceramides to form the CLE [229]. These two
processes lead to an increase in rigidity and hydrophobicity of CEs leading to their
maturation which continues progressively during cornification [102,200]. The cross-
linking of structural proteins in the CPE [95] and the attachment of processed
ceramides and fatty acidsto the CLE are catalysed by TG [50]. Intermediate thiol ester
acryl-enzyme complexes are formed with the purpose of transferring the acyl residue
to a primary amine [95]. Generally, the amino acceptor is the g-amino group of a
protein-linked lysine to form N®-(y-glutamyl)lysine isopeptide bond [95,251]. There
are three subtypes of TG expressed in the stratum spinosum of the epidermis, namely
TG1[252], TG3[253], and TG5 [254]. Interestingly, each of these three subtypes has
aroleduring cornification but at different time points or circumstances. However, TG2
isonly expressed under specific circumstances such as wound healing as a support for
the other epidermal TGs [255,256]. TG5 was shown to be less expressed than TG1 in
healthy skin, however, TG5 is overexpressed in pathological skin conditions. TG5 is
commonly associated with hyperkeratotic phenotype such as ichthyosis and psoriasis
[257]. TG3 wasthe first transglutaminase to be characterised [258] which was later on
identified to be a soluble proenzyme which is activated upon proteolysis [259].
However, TG3 is considerably less expressed than TG1 which is the main cornifying
enzyme [260]. The formation of the CE is ultimately dependent on TG1 activity [261].
This subtype was thought to be preliminary membrane-bound, however, soluble TG1
has been found in the upper SC layers[262]. Two independent studies have shown that
infact, membrane-bound TG1 isthe minority TG1 while up to 80% of TG1 was shown
to be the soluble type [51,263]. Furthermore, the TG1 activity has been shown to be
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enhanced by CathD which exposes further catalytic active sites of the enzyme.
However, this study also showed that excessive CathD is gradually reducing TG
activity [264]. Interestingly, CathD was shown to be lysosomal aspartyl protease that
enhances in activity in the presence of the co-factor ceramide derived from acid
sphingomyelinase [265]. Thus, ceramides in the extracellular space activate the
protease that enhances the activity of TG1 to build up the CLE [125]. However, CathD
has also been shown to be over-expressed in chronically sun-damaged skin which is
thought to act as a compensatory mechanism to improve the impaired skin barrier by
releasing TG1 and enhancing its activity [119,120]. However, CE maturation by TG1
depends on the availability of ®- hydroxyceramides in order to form the hydrophobic
CLE [50]. The generation of this particular ceramide is initiated by 12R-LOX
catalysing the precursor linoleoyl acylceramides [89,214]. This is coordinated with
CathD liberating the membrane-bound TG1 which enhances the catalytic activity to
interconnect INV and the covalent attachment of w-hydroxyceramides to the CPE to
form the CLE resulting in mature CEs (Fig. 6.1). Mature corneocytes subsequently
contribute to SC integrity [99] and SC cohesion [26] thus supporting the SC barrier
function [28].

The skin physiology has been reported to be affected by environmental changes
such astherelative humidity (RH) [49,266]. Murine model s demonstrated that the skin
barrier is formed more efficiently in mice maintained at conditions of 50-75% RH
compared to higher RH levels (above 85%) [267]. A later study demonstrated that
hairless mice developed a thicker epidermis with a thicker SC at dry RH (10%)
compared to 40-70% RH [268]. These two studiesindicate two general factors. Firstly,
RH may promote proliferation of epidermal stem cells in the basal layer which has
been demonstrated with increased DNA synthesis in mice kept a 10% RH.
Furthermore it was hypothesised that low RH leadsto increased TEWL which induced
epidermal cell proliferation [269]. The second factor is that high humidity has an
impact on the protease activity in the SC with consequences for filaggrin degradation
[270-272], skin hydration [273,274], skin integrity [268] and desquamation [275].
Aside from these studies, little is known about the effect of RH on corneocyte
maturation [49,210,266].
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Figure 6.1. The process of liberating TGl by CathD in order to attach -
hydroxyceramides to the INV in the CPE to form the hydrophobic CLE.

Keratinocytes at the later developmental stage produce and store a high amount
of LBsthat are secreted upon terminal differentiation [66]. The LBs contain lipids and
enzymes which are necessary for the formation of the SC and ultimately the skin
barrier function [65]. Previous work has demonstrated that corneocytes were able to
mature ex vivo using atest solution containing calcium and dithiothreitol to enhance
TG activity. An autofluorogenic exogenous substrate, dansyl cadaverine, was inserted
into the CEs by TG. Tape strips from the cheek wereimmersed in the test solution and
exposed to 100% and 70% RH in the presence of glycerol as a humectant. CE
maturation was enhanced at 100% RH but suppressed at 70% RH. The diminished CE
maturation at 70% RH was enhanced in the presence of glycerol [141,211]. The CE
maturity was determined via immunostaining for involucrin and lipid staining [211]

an approach that has been recently demonstrated to have methodological limitations
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as mentioned in chapter 4 [133]. This may explain why 100% RH was optimal for
corneocyte maturation but 70% RH inhibited the maturation process, reversible only
in the presence of glycerol [141]. This is surprising as glycerol was observed to
improve corneodesmolysis at 80% RH [22] and CE maturation in vivo [7] in line with

other in vivo benefits associated with this humectant [25].

In this current study, the ex vivo maturation of corneocytes on SC tape
strippings from photo-exposed (PE) cheek and photo-protected (PP) post auricular
sites of Chinese subjects was assessed. Inspired by the previous study [141], a range
of relative humidity values (44, 55, 70, 80, 90, 95 and 100% RH) were selected in
order to identify the optimal humidity for CE maturation. This was followed by
investigating the effect of protease inhibition (PI), before ex vivo maturation at low,
optimal and high RH, on CE maturation. A recent study demonstrated low protein
levels of 12R-LOX in photo-damaged facial SC using mass spectrometry [118]. This
was shown to be accompanied by areduced 12R-LOX activity in PE cheek, as shown
in chapter 5 [276], aong with a lower CE hydrophobicity which was presented in
Chapter 4[133]. Thus, TG and 12R-LOX were blocked to assess the impact on ex vivo
CE maturation at optimal RH. The enzyme activitiesof CathD, TG and 12R-LOX were
measured with and without inhibition to verify the effect on ex vivo CE maturation at
optimal RH. Finally, the impact of glycerol on ex vivo CE maturation was determined
at low, optimal and high RH. In all sets of experiments the changesin CE rigidity and
CE hydrophobicity were assessed using the recently published Relative CE Maturity
(RCEM) approach reported in Chapter 4 [133].
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6.3 Materials and methods

6.3.1 Materials and equipment

The CEs were extracted from the first and ninth tape strips as listed in Chapter
4, Table 4.1, for the determination of RCEM. The crude protein mixture from the
second and eighth tape strips were used to measure 12R-LOX activity as described in
in chapter 5, table 5.1. The following materials and equipment were used for ex vivo
CE maturation, the TG activity assay and CathD activity assay (Table. 6.1).

Table6.1. Materials and equipment for ex vivo CE maturation and to measure enzyme
activity of TG and CathD.

M aterialEquipment Supplier

Black 96-well plates

EDTA

Tris-HCI (pH 8.5)

Cacium Chloride

Potassium carbonate

Ammonium nitrate

Bovine Serum Albumin (BSA)

Ammonium sulfate SigmaAldrich,
DMSO Dorset, UK
DTT

Potassium sulfate

Barium chloride

LDN-27219

Tritonx100

skimmed milk powder

Magnesium Chloride
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M aterialS/Equipment Supplier
Alkaline phosphatase streptavidin GE Healthcare, Little
Chalfont, UK
Ultrapure sterile water Millipore, Watford,
UK
Cathepsin D Enzyme A BioVision, Milpitas,
® i i CA, USA
. Molecular Devices,
Spectrahax 1D3 Berkshire, UK
Polyclonal Rabbit-Anti-human primary 12R-LOX AB
(012R-LOX)
Thermo Fisher Scientific Cat# PA5-23608,
RRID:AB 2541108 .
— Thermo Fisher

Invitrogen™ Molecular Probes™ Biotin Cadaverine (N- | Scientific,
(5-Aminopentyl) Biotinamide, Trifluoroacetic Acid Salt) | Hertfordshire, UK

Nunc-Immuno™ MaxiSorp™ 96 well solid plates

Pierce™ Protease Inhibitor Tablets

Bio-Pure™ pipetting reservoir

1.5 mL reaction tubes

Parafilm
VWR international
N,N’-Dimethyl casein Ltd, Leicestershire,
UK
12 well plate
4-Nitrophenylphosphate (NPP) disodium salt hexahydrate
Forceps and small scissor
GraphPad Software,

GraphPad Prism® (Version 7) San Diego, CA, USA

Tabletop centrifuge 5418 R

Eppendorf Ltd,

ThermoMixer F1.5 Stevenage, UK

Ultracentrifuge 5810 R
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6.3.2 Methods and study design

The insoluble CEs were extracted from the first and ninth tape strips of PE
cheek and PP post auricular sites of Chinese subjects. RCEM was determined based
on CE rigidity and hydrophobicity as described in Chapter 4. The 12R-LOX activity
was determined for samples collected on the second and eighth tape strips of the same

participants according to the assay introduced in Chapter 5.

Corneocytes are remnants of keratinocytes that have lost the ability to
proliferate and differentiate thus culturing of corneocytesisimpossible [277]. Ex vivo
maturation of corneocytes is an alternative approach to examine CEs after tape
stripping. Hirao and colleagues introduced the idea of a humidified chamber as an
environment for ex vivo maturation, however, atest solution was used on the tape strips
before the incubation. Thistest solution was supplemented with calcium as a co-factor
for the calcium-dependent TG1 and exogenous substrate biotinylated cadaverine
[141]. Biotinylated cadaverine is a fluorogenic compound that TG recognises as a
substrate and is inserted into the CPE. CE maturity was determined using INV-Nile
red staining in which the primary antibody INV is visualised with the secondary
antibody-coupled to FITC. Cadaverine has the same excitation and emission
wavelengths as FITC hence discrimination between both fluorogens is impossible.
Nevertheless, the biotinylated cadaverine might increase the CE surface area and thus
more lipids may attach during ex vivo CE maturation. Thiswould enhance the Nilered
lipid staining artificially. The catalysis of biotinylated cadaverine by TG proven the
potential to examine CE maturation.

6.3.2.1 Ex vivo CE maturation

Thetapes were used immediately after tape stripping. Individual 12-well plates
were set up with a specific RH value provided by saturated potassium carbonate (44%
RH), ammonium nitrate (55% RH), sodium nitrate (70% RH), ammonium sulfate
(80% RH), potassium sulfate (90% RH), barium chloride (95% RH) or water (100%
RH) (Fig. 6.2) [278]. The tapes were cut into half and incubated at RH conditionsin a
randomised order and placed with the adhesive side up. The lid was sealed with
Parafilm™ to create a humidified chamber. The ex vivo maturation was conducted for
4 daysat 37 °C.
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Figure 6.2. A range of concentrated salt solution were set up for humidified chambers for ex vivo maturation of CEs on first and ninth tape strips.
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The RCEM based on CE rigidity and hydrophobicity was determined in order
to identify the optimal RH for the following experiments. Various aspects of ex vivo
maturation were analysed by treating tape strips prior to incubation. The importance
of TG was assessed by using the TG inhibitor 0.5 nM LDN-27219 in DM SO before
ex vivo maturation at the optimal RH. The effect of proteaseinhibition wasinvestigated
on RCEM at low, optimal and high RH. Furthermore, 12R-LOX activity was blocked
using 1:500 anti-12R-LOX antibody before ex vivo maturation at the optimal RH.
Furthermore, the effect of 5% glycerol was determined on RCEM at low, optimal and
high humidity (Fig. 6.3).

Treatment :

« Protease inhibitor mix
% Glycerol Low RH Optimal RH High RH

Tape strips C’Q’
s D00 | | @OQ@
cCo0

Ex vivo maturation RCEM

Treatment : 4 Days
% TG inhibitor
% Anti-12R-LOX AB Optimal RH

Tape strips C’G"'
land 9 g

Ex vivo maturation RCEM
4 Days

Figure 6.3. Ex vivo CE maturation at low, optimal and high RH after treating CEs on
tape strips with protease inhibitor mix or 5% glycerol. Ex vivo CE maturation was
assessed for the impact of inhibiting TG or 12R-LOX at optima RH.
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6.3.2.2 TG activity assay

The enzyme activity assay was adapted from Slaughter at al. who designed a
solid-phase assay to measure TG activity. Basically, 96-well MaxiSorp plates have a
high affinity to molecules with hydrophobic and hydrophilic domains. This chemical
property alows the coating of the plate with 20 mg mL* N,N’—dimethyl casein
dissolvedin 0.1 M Tris-HCI (pH 8.5) over night at -20 °C. On the day of the assay, the
plate was thawed at room temperature. Unbound N,N’ —dimethyl casein was discarded.
Each well was blocked with 0.5% skimmed milk in 0.1 M Tris-HCI (pH 8.5) for 30
mins at room temperature. The protein in the milk ensures specificity for the binding
sites of the enzyme mix. The blocked plate was washed twice with 0.1 M Tris-HCI
(pH 8.5) which was discarded at each washing step. The tape strips were incubated in
0.5% TritonX-100 in 0.1 M Tris-HCI (pH 8.5) for 20 mins at room temperature with
the thermomixer set to 600 rpm. This extracted the proteins on the tape including
soluble and membrane bound proteins. 100 pL of crude protein extract was
supplemented and incubated for 30 minsat 37 °C with the substrate sol ution containing
10 mM calcium chloride, 20 mM DTT and 0.5 mM biotin-cadaverinein 0.1 M Tris-
HCI (pH 8.5). In theory, the calcium-dependent TG in the crude protein extract would
gain in affinity for biotin-cadaverine in the presence of DTT [141,279]. The substrate
biotin-cadaverine is bound to N,N’—dimethyl casein. The unbound reaction solution
was discarded and the reaction was stopped with 200 mM EDTA. The streptavidin-
alkaline phosphatase was diluted (1:500) in 0.5% skimmed milk and wasincubated for
1 h, in the dark at room temperature. Biotin and streptavidin form a strong non-
covalently connected complex [280]. The streptavidin-alkaline phosphatase solution
was discarded and each well was washed once with 0.01% TritonX-100in 0.1 M Tris-
HCl (pH 8.5) in order to remove remaining proteins from the skimmed milk. The
remains of any unbound compound and skimmed milk were washed four times with
0.1 M Tris-HCI (pH 8.5). Fresh 0.1 M Tris-HCI (pH 8.5) was added to each well and
supplemented with 1:5 NPPin 0.1 M Tris-HCI (pH 8.5) containing 5 mM magnesium
chloride. Alkaine phosphatase is a magnesum dependent enzyme that
dephosphorylates NPP to nitrophenol which becomes nitrophenylate under alkaline
conditions. Nitrophenylate isabright yellow compound that can be detected at 405 nm
in aplate reader. Slaughter at al., have shown that the alkaline phosphatase activity is
proportional to the TG activity with both reaching the maximal velocity of the enzyme

Page 147|210



Chapter 6 — Materialsand methods

activities. Thus, the increase in absorbance was measured over a period of 1 h with
detection intervals of 1 min. TG activity is expressed as the optical density over time
normalised to the corresponding protein content on the tape strip determined via
densitometry (section 2.3.2.4). Each sample was assayed the three times, furthermore,
blanks missing crude protein extract were measured in each assay. A TG inhibitor
(LDN-27219) was used to confirm the measured reaction originates due to the TG
activity. Thisreversible allosteric inhibitor binds to the GTP site of TG which leadsto
a conformational change in the enzyme that prevents the binding of calcium thus
leading to the termination of TG activity [281]. A range of concentrations (0.1-1 nM
in DMSO) of LDN-27219 were tested for potential TG inhibition and 0.5 nM was
chosen as the optimal concentration. However, LDN-27219 had to be tested for any
impact on 12R-LOX or CathD activity.

The TG activity was measured at baseline and after ex vivo maturation at low,
optimal and high RH. In addition sampleswere also assayed for TG on the second day
of ex vivo maturation. Furthermore, samples were swapped from low or optimal RH
to high RH and vice versa after two days of ex vivo maturation. However, the TG
activity was measured in ex vivo matured CEs at low, optimal and high humidity that

were treated with the protease inhibitor mix prior to ex vivo maturation.
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Figure 6.4. TG activity was measured after 4 days of ex vivo CE maturation at low, optimal and high RH in presence of TG inhibitor or protease
inhibitor mix. TG activity was measured after two days of ex vivo maturation and compared to four days of incubation. In addition, TG activity was
assessed after swapping RH conditions after two days of ex vivo maturation.
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6.3.2.3 Cathepsin D activity assay

Cathepsins are lysosomal enzymes that are involved in various physiological
processes including photo damage. The assay kit for CathD uses a peptide sequence
that has a high affinity for CathD. This peptide is bound to a chromophore (B-(7-
methoxy-coumarin-4-yl)-Ala; MCA). The fluorescence signal results when CathD
cleaves the peptide from the chromophore [282].

Cathepsin D activity was measured in PE cheek and PP post auricular samples
(second and eighth tape) using the fluorometric assay kit. The CathD activity was
measured at baseline and for ex vivo matured CEs at optimal RH. Samples were lysed
in 200 uL of cell lysis buffer, chilled at 4°C on ice for 10 min and centrifuged for 5
min at 13000 rpm. The assay was prepared with 25 L crude protein extract, 75 pL
reaction buffer, and 2 pL substrate solution and the resulting fluorescence was
measured in Corning® clear flat bottom black 96-well plates at an interval of 1 min
for 1 h at 37 °C with Ex/Em = 328/460 nm in the plate reader. The results are expressed
as relative fluorescence unit (RFU) after 10 min of reaction as some samples reached
a fluorescence maximum after 15 min; the results were normalised to the total protein

amount on the corresponding tape strips.

6.3.2.4 Statistics

The mean and standard deviation (SD) were determined for RCEM (n=7) and
for enzyme assays (n=14). The D’ Agostino & Pearson normality test was applied to
determine the normality of the data in order to choose the appropriate statistical
analysis. The statistical differences were analysed via Two-way ANOVA multi-
comparison to determine the differences between the control and different conditions
or treatments. The statistical differences are corrected via the Sidak-Holm post-hoc
test and are expressed as following: * p <0.05, ** p <0.001, *** p <0.0002 and ****
p < 0.0001. The Pearson’s correlation coefficient between RH and treatment were

assessed at appropriate sections.
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6.3 Results

6.3.1 The effect of relative humidity on ex vivo CE
maturation

The CEs collected at baseline without any treatment show alower mechanical
resistance in the deeper SC layers of the PE cheek (p <0.0001) than the CEs in the SC
surface of PE cheek. PP post auricular samplesfrom the SC surface are morerigid than
CEs from the deeper SC layer of the PP post auricular site (p < 0.001). CE rigidity
values at the SC surface of both anatomical sites are indistinguishable. PP post
auricular CEs from the deeper SC layer are more rigid than those obtained from the
deeper SC layer of PE cheek (p < 0.0001). Humidity clearly had an effect on CE
rigidity together with hydrophobicity and hence RCEM. A bell-shaped trend was seen
in CE rigidity with rising RH, reaching a peak at 70% RH, with a decrease in CE
rigidity at 100% RH. Samples from the ninth tape stripping of the PE cheek site
showed a stronger response to the tested range of RHs than the other tested samples (p
<0.001). However, CE rigidity for PE9 samples was maximal following sonication at
70% RH and showed no change at 100% RH compared to the untreated control CEs
(Fig. 6.5A). Nile red staining indicated a higher lipid content in CEs from the SC
surface compared to those from the deeper SC layers (p < 0.0001). PP post auricular
CEs from the SC surface are more hydrophobic than CEs from the deeper PP post
auricular SC layer (p < 0.0001) while the CE hydrophobicity in PP9 and PE1 samples
is similar. The only significant increase in CE hydrophobicity was observed at 70%
RH for PP1 (p <0.001) and PP9 (p < 0.05) samples. PE1 and PE9 samples showed an
enhancement in CE rigidity while CE hydrophobicity was dlightly improved in PEL (p
< 0.05). There was no change in CE hydrophobicity for PE 9 samples at any RH
condition (Fig. 6.5B). More mature CEs were observed in the PP sites compared to PE
cheek sites (p < 0.0001). Corneocytes from the deeper SC layers are less mature than
those obtained from the SC surface of respective anatomical site (p < 0.0001). An
overall improvement in RCEM was shown at 70% RH in PP1 (p < 0.01) and PP9
samples (p < 0.001) compared to the baseline RCEM. A significant increase in RCEM
was obtained in 70% RH in PE1 (p < 0.05) and PE9 (p < 0.01) samples compared to
baseline RCEM. Corneocytes on tape strips showed no change in RCEM after ex vivo
CE maturation at 44% RH as well as samples kept at 100% RH. All samples showed
an enhancement at 70% RH ex vivo maturation (Fig. 6.5C).
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Figure6.5. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) was determined in
ex vivo matured CEs after exposure to a range of RH. Data are shown as mean + SD
and compared viatwo-way ANOVA and post-hoc Sidak-Holm test, (n=7).
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6.3.2 Theimportanceof TG in ex vivo CE maturation

The TG inhibitor LDN-27219 was applied on to the tape strips prior to ex vivo
maturation at 70% RH which was selected from the tested RH conditions (Fig. 6.5).
Four days of ex vivo maturation at optimal RH demonstrated considerably lower Nile
red staining in the presence of the TG inhibitor compared to baseline and 70% RH.
Interestingly, these visual differences are seen between CEs at baseline and after ex
vivo maturation with and without TG inhibitor (Fig. 6.6). The visual differences were

used to determine CE rigidity CE hydrophobicity and RCEM viaimage analysis.

A [B& PE9
PP9
PE9
PPY
PE9
PP9

Figure6.6. Nile Red lipid staining in samples after 10 min of sonication. Visualisation
of CE maturity after tape stripping (A). Displaying CE maturity after ex vivo
maturation without (B) and with TG inhibitor (C). Scale = 100 pm.
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Pre-treatment with the TG inhibitor reduced the CE rigidity in al tested
samples (p < 0.0001) compared with baseline and ex vivo matured CEs at 70% RH.
Thisimpact is especially visible in PE9 samples with a baseline CE rigidity value of
60.9 + 6.9% which then increases to a value of 90.8 + 8.9% in ex vivo matured CEs.
Interestingly, ex vivo matured PE9 samples had a CE rigidity value of 32.1 + 3.2% in
the presence of TG inhibitor (Fig. 6.7A). CE hydrophobicity is unchanged in the
presence of TG inhibitor compared to CEs at baseline (Fig. 6.7B).
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Figure 6.7. CE rigidity (A) is reduced while CE hydrophobicity (B) is unchanged in
the presence of the TG inhibitor at 70% RH in presence. Inhibition of TG decreases
RCEM in both anatomical sites (C). Data are shown as mean + SD and compared via
two-way ANOV A and post-hoc Sidak-Holm test, (n=7).
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The TG inhibitor caused a markedly reduced CE rigidity and no changein CE
hydrophobicity resulting in a significant decrease in RCEM. Samples from the PE
cheek showed a significant difference to baseline (p < 0.01) as well as ex vivo matured
PE cheek samples (p < 0.001). Samples obtained from the PP post auricular site were
significantly lower in the RCEM value in presence of the TG inhibitor compared to
the baseline samples (p < 0.001) and ex vivo matured CEs at 70% RH (p <0.001) (Fig.
6.7C).

The findings of the ex vivo CE maturation (Fig. 6.7) are consistent withthe TG
enzyme assay (Fig. 6.8). The TG activity ishigher in activity in samples obtained from
the PP post auricular site compared to the PE cheek site (p < 0.0001). However, PE9
and PP9 samples have a higher TG activity than the samples from the upper SC layers
of respective anatomical site (p < 0.0001). The TG activity is not affected by ex vivo
CE maturation at 70% RH (p < 0.5) nor by the presence of DMSO which is the vehicle
used for the TG inhibitor (p < 0.8). The TG inhibitor, LDN-27219, reduced the TG
activity significantly in PE cheek samples obtained from the surface (p < 0.05) and
deeper SC layers (p <0.0001). The TG inhibitor reduced considerably the TG activity
in the samples collected from the SC surface and deeper SC layer of the PP post
auricular site (p < 0.0001) (Fig. 6.8).

LDN-27219 blocks TG activity
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Figure6.8. TG activity after tape stripping of PE cheek and PP post auricular sitesand
after ex vivo maturation at 70% RH of respective tapes in the presence of DMSO
(vehicle) and in the presence of TG inhibitor (LDN-27219). Data are shown as mean
+ SD and compared viatwo-way ANOVA and post-hoc Sidak-Holm test, (n=14).
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The TG activity was measured on samples extracted at baseline and
corneocytes matured at 44% RH, 70% RH and 100 % RH for two and four days of the
ex vivo maturation protocol (Fig. 6.9). The enzymatic activity of TG in samples from
the SC surface (p < 0.0001) and deeper SC layer (p < 0.0001) of the PP post auricular
siteis reduced after two days of ex vivo maturation at 44% RH. Interestingly, the TG
activity remains at the same TG activity level after four days of ex vivo maturation at
44% RH in both depths (p < 0.6). The samples from the SC surface of the PE cheek
site showed no significant difference between TG activity at baseline and after two
days (p <0.9) or four days (p < 0.8) ex vivo maturation at 44% RH. The TG activity in
samples from the deeper SC layer of the PE cheek site decreasesin TG activity after
two days of ex vivo maturation at 44% RH (p < 0.0001). This TG activity decreases
further for PE8 samples after four days of ex vivo maturation at 44% RH (p < 0.05)
(Fig. 6.9A).

Samples from the PE cheek and PP post auricular site for both depths showed
a significant increase in TG activity after two days at 70% RH (p < 0.0001). The
samples kept for four days at 70% RH decreased in TG activity (p <0.0001) to baseline
TG activity level (p < 0.8) (Fig. 6.9B).

However, samples of both anatomical sites and depths showed a dramatic
decrease in TG activity after two days of ex vivo maturation at 100% RH (p <0.0001).
The TG activity decreased further in all tested samples (p < 0.0001) after four days of
ex vivo maturation at 100% RH (Fig 6.9C).
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Figure 6.9. TG activity in samplesfrom both anatomical sitesat baseline and after two
and four days of ex vivo maturation at 44% RH (A), 70% RH (B) and 100% RH (C).
Data are shown as mean = SD and compared via two-way ANOVA and post-hoc

Sidak-Holm test, (n=14).
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The RH conditions were switched after two days of the ex vivo maturation
protocol from 100% RH to 44% RH or 70% RH for further two days. The changesin
TG activity were measured in samples after two days of ex vivo maturation at 100%
RH and after two days at 44% RH (Fig. 6.10A). TG activity is considerably lower in
samples from both anatomical sites after two days of ex vivo maturation at 100% RH
compared to TG activity at baseline (p <0.0001). The samples that were switched from
100% RH to 44% RH showed no change in TG activity (p <0.09) in PE cheek samples
of both depths. However, samples from the PP post auricular site showed a further
decrease when placed in 44% RH for two further days of incubation (p < 0.001).
Interestingly, samples from both anatomical sites and depths showed a marked
decrease in TG activity after switching the RH condition from 100% RH to 70% RH
(p <0.0001) after two days of ex vivo maturation (Fig. 6.10B).
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The samples from the PE cheek and PP post auricular site were incubated at
44% RH for two days and were then switched to 100% RH (Fig. 6.11A). The TG
activity decreased after two days of ex vivo maturation at 44% RH (p < 0.0001) in
samples from both anatomical sites and depths. TG activity decreases further when the
samples are incubated at 100% RH for two additional days (p < 0.0001). The TG
activity increases after two days of ex vivo maturation at 70% RH (p < 0.0001) and
decreases significantly after two days at 100% RH (p <0.0001) (Fig. 6.11B).

A Exchange from 44% RH to 100% RH
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Figure6.11. TG activity at
baseline and after initial
two days of ex vivo
0.4+ maturation at 44% RH and
two additional days in
100% RH (A). TG activity

0.61

TG activity (mU pg Protein™)

0.24 a baseline and after

switching from 70% RH to

0.0 , : 100% RH (B). Mean = SD,
Baseline 70% RH 100% RH (n=7).

The Pearson correlations show aclear positive correlation between TG activity
and CE rigidity for CEs at baseline (r= 0.91, p < 0.001) and CEs matured ex vivo at
44% RH (r=0.84, p < 0.001), 70% RH (r=0.93, p < 0.01) and 100% RH (1= 0.67, p <
0.05). Furthermore, a positive correlation was demonstrated between baseline TG
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activity and CE hydrophobicity (r=0.90, p <0.001) and ex vivo CE maturation at 44%
RH (r= 0.90, p < 0.001), 70% RH (r= 0.96, p < 0.001) and 100% RH (r= 0.74, p <
0.05). Interestingly, the positive correlation between TG activity at baseline (r=0.89)
and 100% RH (r=0.69) was apparent but lower than for those samples ex vivo matured
at 44% RH (r=0.96) and 70% RH (r=0.95).

6.3.3. Theinfluenceof proteaseinhibition at low, optimal and
high RH on ex vivo CE maturation and TG activity

The presence of the protease inhibitor mix affected the ex vivo CE maturation
in both anatomical sitesin a humidity-dependent manner. Therigidity of the CEs was
not affected by the Pl mix at 44% RH or 70% RH while the CE rigidity was restored
at samples kept at 100% RH pre-treated with the Pl mix. CEs from the superficial and
the deeper SC layers become more rigid in the presence of the Pl mix at 100% RH
compared to ex vivo matured CEs at 100% RH without the PI mix (p < 0.0001).
Furthermore, CE rigidity of samplesfrom the deeper SC layers of the PP post auricular
site gained in mechanical resistance after ex vivo maturation in presence of the Pl mix
at 100% RH (p <0.6) (Fig. 6.12A).

Samples from the SC surface of both anatomical sites showed an improvement
in CE hydrophobicity at 100% RH (p <0.0001) but no effects were detected in samples
ex vivo matured at 44% or 70% RH in the presence of the PI mix. The Pl mix had no
significant impact on CE hydrophobicity in PEQ samples at all RH conditions.
Interestingly, the Pl mix enhanced CE hydrophobicity in CEs from the deeper SC
layers of the PP post auricular site at optimal (p < 0.0001) and high RH (p < 0.0001)
but not at low RH (Fig. 6.12B).

The RCEM is determined from the CE rigidity and hydrophobicity thus the
changes in those two CE properties atered the RCEM index in the presence of the PI
mixture. The RCEM values of samples from both anatomical sites and depths showed
an improvement according to the enhanced CE rigidity and CE hydrophobicity at
100% RH with the PI mixture (p < 0.0001). Furthermore, ex vivo CE maturation was
enhanced in the presence of the Pl in CEs from the deeper SC layer of the PP post
auricular site at low (p < 0.05), optimal (p < 0.001) and high RH (p < 0.0001) (Fig.
6.12C).
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Figure 6.12. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) after ex vivo
maturation at 44% RH (low), 70% RH (optimal RH) and 100% RH (high RH) with
and without the Pl mix. Data are shown as mean = SD and compared via two-way
ANOVA and post-hoc Sidak-Holm test, (n=7).
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The changes in ex vivo maturation in the presence of the Pl mixture are
consistent with the TG activity in samples kept at the same conditions as those used to
assay the CE maturation. Corneocytes exposed to protease inhibitors prior to ex vivo
CE maturation had asignificantly higher TG activity than those matured in the absence
of protease inhibitors. However, the effect of proteaseinhibitors on TG activity shows
a hydration dependent tendency where the most notable rise in TG activity is seen in
samples kept at 100% RH (p <0.0001). The TG activity was significantly increased at
44% RH and 70% RH (p < 0.0001) (Fig. 6.13).

The impact of protease inhibition on
TG Activity depends on Humidity
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Figure6.13. TG activity after ex vivo maturation at low (44% RH), optimal (70% RH)
and high RH (100% RH) in the presence and the absence of the Pl mixture. Data are
shown as mean = SD and compared viatwo-way ANOVA and post-hoc Sidak-Holm
test, (n=14).

CEs obtained from the PP post auricular site showed a higher TG activity
compared to CEsfrom the PE cheek site. Interestingly, the TG activity in samplesfrom
the superficial SC layer of the PE cheek remains significantly lower than samplesfrom
the deeper SC layer of the PE cheek site (p < 0.0001) for all tested RH conditions
regardless of the presence of the Pl mixture. Furthermore, samples from tape PE8 had

comparable TG activity to samples from tape PP1. However, the TG activity in the
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superficial SC layer of the PP post auricular siteislower than TG activity in the deeper
SC layer of the PP post auricular site (p < 0.0001).

6.3.4. The impact of 12R-LOX inhibition at optimal RH on
ex vivo CE maturation

The CE rigidity was compared between CEs at baseline after tape stripping and
CEs ex vivo matured at 70% RH with and without the 12R-LOX antibody. The CEs
from the PP post auricular of both depths remained rigid after blocking 12R-LOX
during ex vivo maturation (p < 0.8). The blocking of 12R-LOX activity had no impact
for CEs from the superficial SC layer of the PE cheek site (p < 0.9). The CE rigidity
in PE9 samples reached a comparable percentage as ex vivo matured CEs at 70% RH
(p £0.0001) and samples treated with 12R-LOX antibodies (p < 0.0001) prior to ex
vivo maturation (Fig. 6.14A).

The CE hydrophobicity enhanced with ex vivo maturation at 70% RH
compared to CE hydrophobicity at baseline. This enhancement in CE hydrophobicity
was not observed in samples that were treated with the 12R-LOX antibody prior to ex
vivo maturation (p < 0.8). In fact, CE hydrophobicity in samples treated with the 12R-
LOX antibody remained in the same range as baseline CEs (Fig. 6.14B).

The improved CE rigidity and constant CE hydrophobicity results in an
enhanced RCEM in PE9 samples (p < 0.05) while CE maturity of the PE1 and the PP
samples remained at baseline levels (Fig. 6.14C).
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Figure 6.14. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) after ex vivo
maturation at 70% RH in samples from the PE cheek and PP post auricular with and
without exposure to 12R-LOX antibody. Data are shown as mean + SD and compared
viatwo-way ANOVA and post-hoc Sidak-Holm test, (n=7).
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The enzyme activity of 12R-LOX at baseline is higher in samples of the PP
post auricular site compared to the PE cheeks site (p < 0.0001). However, 12R-LOX
activity remained low in PE2 samples regardless of ex vivo maturation conditions with
and without 12R-LOX antibody (p < 0.9). 12R-LOX activity is significantly higher in
samples for the deeper SC layer of the PE cheek site compared to samples from the
SC surface of the PE cheek site (p < 0.0001). Interestingly, 12R-LOX activity was
comparable in the PE8 samples and the CEs from the PP2 sample (p < 0.5). Samples
from PES8 tapes and PP post auricular tapes from both depths showed a reduced 12R-
LOX activity after ex vivo maturation at 70% RH (p < 0.0001). An additional set up
was prepared to test the TG inhibitor, LDN-27219, on 12R-LOX activity. However,
the TG inhibitor showed no impact on the 12R-LOX activity in CEs ex vivo matured
at 70% RH (p < 0.5). The antibody against 12R-LOX reduced 12R-LOX activity to a
minimum compared to samples matured ex vivo (p < 0.001) and baseline (p < 0.0001)
(Fig. 6.15). DM SO, the vehicle for the TG inhibitor, increased 12R-LOX activity
compared to 12R-LOX activity in samples at baseline (p < 0.05) but not in ex vivo

matured samples (p < 0.8).

12R-LOX activity is reduced after ex vivo CE maturation

but not by TG inhibitor
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Figure6.15. 12R-LOX activity was measured in samples at baseline, and after ex vivo
maturation at 70% RH with and without TG inhibitor, LDN-27219, and 12R-LOX
antibody. Data are shown as mean + SD and compared viatwo-way ANOV A and post-
hoc Sidak-Holm test, (n=14).
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6.3.5. Theimpact of TG inhibitor on CathD activity

The Cath D activity was measured in samples at baseline after tape stripping
and in CEs after ex vivo maturation at 70% RH (Fig. 6.16). CathD activity remained
constant for all tested samplesfrom the PE cheek and PP post auricul ar sites and depths
(p < 0.6). Furthermore, the TG inhibitor LDN-27219 and its vehicle DMSO had no
effect on CathD activity in samples at baseline and in ex vivo matured CEs (p < 0.4).
However, the CathD activity is significantly higher in samples from the deeper SC of
the PE cheek compared to the SC surface of the PE cheek (p < 0.0001). The CathD
activity is significantly lower in samples from the PP site compared to samples from
the PE site (p <0.0001). However, PP8 samples have a higher CathD activity than PP2

samples (p < 0.05).
CathD activity is unchanged at ex vive CE
maturation and in presence of TG inhibitor
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Figure 6.16. CathD activity in samples from the PE cheek and PP post auricular site
at baseline and after ex vivo maturation at 70% RH with and without TG inhibitor and
itsvehicle DM SO. Data are shown as mean + SD and compared viatwo-way ANOV A
and post-hoc Sidak-Holm test, (n=14).
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6.3.6. The effect of glycerol on ex vivo maturation at low,
optimal and high relative humidity

Low relative humidity resulted in a decrease in CE rigidity and had no effect
on CE hydrophobicity, but immersing the tapes in glycerol before the ex vivo CE
maturation at 44 % RH resulted in a clear visual difference (Fig. 6.17).

PE] PES PP PP9

Figure 6.17. Nile red staining of sonicated CEs after ex vivo maturation at 44 % RH
and in presence of 5% glycerol. Scale bar=100 pum.

44% RH

+ 5%
Glycerol

CE rigidity was reduced in PE cheek samples for both depths (p < 0.05) which
were exposed to either water or 5% glycerol before being incubated at 44% RH.
Interestingly, CEsfrom both depthsfor the PP post auricular site showed no significant
difference in CE rigidity in samples kept at 44% RH. However, water significantly
reduced the mechanical resistance of CEs from both anatomical sites to sonication
compared to 5% glycerol (p <0.001) (Fig. 6.18A). CEs from the first (p <0.0001) and
ninth (p <0.0001) tape strips collected from the PE cheek site and treated with glycerol
before ex vivo maturation showed a significant increase in CE hydrophobicity.
Glycerol-treated CEs from the PP post auricular site improved in CE hydrophobicity
in PP9 samples (p < 0.0001) as well as in PP1 samples (p < 0.05). Corneocytes from
PP9 samples showed a comparable CE hydrophobicity to CEs from the PE1 and PP1
sitein the presence of glycerol (Fig. 6.18B). Corneocytes matured ex vivo at 44% RH
and in the presence of glycerol enhanced greatly the RCEM. Samples from the PP1 (p
<0.001) and PP9 (p <0.0001) sites showed an enhanced RCEM compared to baseline
CEs and those treated with water. Corneocytes from PE1 samples (p < 0.0001) and
PE9 samples (p < 0.01) were more mature after ex vivo maturation at 44% RH in the
presence of glycerol compared to baseline CEs and water treated CEs (Fig. 6.18C).
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Figure 6.18. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) ex vivo
maturation at 44 % RH and in the presence of water or 5% glycerol. Data are shown
as mean + SD and compared via two-way ANOVA and post-hoc Sidak-Holm test,

(n=7).
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The Nile red staining allows visualisation of the CLE which increases in the
fluorescenceintensity with the amount of lipids. A visual comparison of the CEs shows
no distinct difference between glycerol-treated PE cheek CESs matured ex vivo at 70%
RH and in those ex vivo matured at 70% RH without any pre-treatment, for both
anatomical sites and depths (Fig. 6.19).

Figure 6.19. Nile red staining of sonicated CEs after ex vivo maturation at 70 % RH
and in the presence of 5% glycerol. Scale bar=100 pum.

70% RH

+ 5%
Glycerol

Corneocytes from the ninth tape strips of PE cheek (p < 0.0001) and PP post
auricular site (p <0.001) have a lower CE rigidity in the presence of glycerol compared
to ex vivo matured CEs solely at 70% RH. Baseline CEs have comparable CE rigidity
to glycerol-treated ex vivo matured CEs at 70% RH. However, PE cheek samplesfrom
the superficial SC (p < 0.0001) and deeper SC layers (p < 0.05) are less rigid after
exposure to water and glycerol prior to ex vivo maturation (Fig. 6.20A).

CE hydrophobicity enhanced in CEs from the PE1 samples (p < 0.05) and the
PE9 sample (p < 0.0001) treated with glycerol compared to those matured at 70% RH
Interestingly, PP samples showed no difference (p < 0.6) with glycerol but showed a
significant decrease with water (p < 0.0001) in both depths (Fig. 6.20B).

Corneocytestreated with glycerol before ex vivo maturation at 70% RH showed
no difference in RCEM values compared to CEs without treatment (p < 0.4). However,
water lowered the RCEM value in CEs from the PP sites (p < 0.0001) as well as PE1
(p <0.0001) and PE9 (p <0.01) (Fig. 6.20C).
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Figure 6.20. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) ex vivo
maturation at 70 % RH and in presence of water or 5% glycerol. Data are shown as
mean = SD and compared viatwo-way ANOV A and post-hoc Sidak-Holm test, (n=7).
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CEstreated with glycerol prior to ex vivo maturation at 100% RH show alower
Nile red staining compared to ex vivo matured CEs at 100% RH without any treatment
(Fig. 6.21).

PEI PE9 PPl PP9

Figure 6.21. Nilered staining of sonicated CEs after ex vivo maturation at 100 % RH
and in the presence of 5% glycerol. Scale bar=100 pm.
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Image analysis of CEsindicate areductionin CE rigidity in samplesfrom both
anatomical sites and depths treated with water instead of glycerol before ex vivo
maturation at 100% RH (p <0.0001). Corneocytes exposed to glycerol before ex vivo
maturation at 100% RH showed no difference in CE rigidity (p < 0.7). However, CEs
from PE9 samples showed an increase in CE rigidity in the presence of glycerol and
100% RH (p <0.01) (Fig. 6.22A). CEs from the SC surface (p < 0.05) and deeper SC
layer (p < 0.05) of the PE cheek site enhanced in CE hydrophobicity in CEs treated
with glycerol prior to ex vivo maturation at 100% RH. However, glycerol enhanced
CE hydrophobicity in ex vivo maturation at 100% RH in CEs from both depths of the
PP post auricular site compared to CEs matured ex vivo at 100% RH sites (p < 0.01).
Water had no impact on ex vivo CE maturation at 100% RH (p < 0.4). However, CE
hydrophobicity was significantly lower than in CEs treated with glycerol and 100%
RH (p <0.0001) (Fig. 6.22B). CEs treated with water before ex vivo maturation at
100% RH showed a reduced RCEM value compared to CEs ex vivo matured at 100%
RH with (p <0.0001) and without glycerol (p < 0.01). RCEM enhanced in CEs from
the PE cheek (p < 0.05) and PP post auricular site (p < 0.01) treated with glycerol
before exposure to 100% RH compared to CEs matured ex vivo at 100% RH (Fig.
6.22C).
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Figure 6.22. CE rigidity (A), CE hydrophobicity (B) and RCEM (C) ex vivo
maturation at 100 % RH and in the presence of water or 5% glycerol. Data are shown
as mean = SD and compared via two-way ANOVA and post-hoc Sidak-Holm test,

(n=7).
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6.4 Discussion

The present work investigated facial CE maturation for Chinese subjects using
the approach introduced in Chapter 4 and described in a previous study with
Caucasians [133]. No differences were found in the SC integrity in Chinese and
Caucasian participants in both anatomical sites (Fig. 2.4). The SC cohesiveness was
noted to be greater in Chinese participantsin both anatomical sites (Fig. 2.7) indicating
athinner SC in Chinese compared to Caucasians (Fig. 2.10). This is consistent with
the reported thinner SC in Chinese subjects compared to Caucasians. However, the
present data did not indicate alower barrier function in the Chinese participants [283].
The discrepancy in the barrier function might originate from the environmental and
seasonal factors that have an impact on the CE maturation as discussed in Chapter 2
[135,284]. Understanding the underlying mechanisms of CE maturation is essential
for the development of new topical formulations that support the skin barrier function.

The skin is under constant exposure to a variety of environmental conditions
that can change the physiological properties and architecture of the outermost skin
layers. The RH is an environmental feature that changes depending on temperature.
The project has shown that RH has a regulatory impact on CE maturation. CE rigidity
and CE hydrophaobicity improved at 70% RH while no enhancement was observed in
CE maturation at 44% RH and at 100% RH (Fig. 6.3). An earlier ex vivo study found
optimal CE maturation at 100% RH [141]. This controversy in findings may originate
from the less sensitive involucrin/Nile red staining that was used to determine the CE
maturity as discussed in Chapter 4.

CE CE
Rigidity Hydrophobicity

gl = 1
@1 1 1
e |

l Figure 6.23. Low and high RH

RCEM

o

are sub-optimal conditions for
CE maturation.

Page 174|210



Chapter 6 - Discussion

Interestingly, PE cheek samples showed no improvement in CE hydrophobicity
compared to the enhancement in the PP post auricular samples. This indicates that
there is a mgjor difference in the enzymes involved in CE maturation. TG is the
enzyme that catalyses the maturation of corneocytes via two major actions during
cornification. First, an i sopeptide cross-linkage between lysine moieties and glutamine
of structural proteins is formed to replace the cell membrane of keratinocytes with a
CPE [95]. This processing leads to a progressive increase in CE rigidity [44,285].
Secondly, TG is believed to covalently connect the glutamine residues of CE proteins
and the o-hydroxyl group of -hydroxyceramides [50] to enhance the CE
hydrophobicity of the CLE [229]. The presence of a TG inhibitor was tested at optimal
RH to confirm that CE maturation is dependent on TG activity during ex vivo
maturation. An unchanged CE hydrophobicity was to be expected, however, CE
rigidity decreased considerably in the presence of the TG inhibitor. The CPE is
described as an accumulation of insoluble structural proteins hence the decreasein CE
rigidity in al samples was unexpected. This decrease in mechanical resistance
combined with unchanged CE hydrophobicity was summarised in a reduced RCEM
value. Thereisno existing evidence that explainsthe decreasein CE rigidity following
TG inhibition but this may point to the dissolution of the isopeptide bond. Thus, the
importance of TG is not limited to the formation of the CPE but it isalso involved in
maintenance of the CPE. The TG inhibitor used in the present experiments was shown
to decrease TG activity while the TG inhibitor vehicle, DM SO, had no impact on TG
activity. DM SO has been shown to have animpact on protein aggregation and stability,
however, this effect was seen in higher DM SO concentrations (> 3%) than the amount
used in this experiments (1%) [286]. The TG activity after ex vivo maturation at 44%
RH decreased to half of the baseline enzyme activity after two days and four days of
incubation. The optimal RH for ex vivo maturation was found to be at 70% RH which
is confirmed with the enzyme activity assay. TG activity enhances after two days of
incubation at 70% RH and drops to baseline TG activity levels. Interestingly, TG
activity fell to half-maximal activity after two days at 100% RH and decreased further
with ex vivo maturation. In fact, high RH reduced the TG activity more efficiently than
the induced TG inhibition by LDN-27219. Furthermore, the decrease in TG activity
after two days of ex vivo maturation at 100% RH was not restored when samples were
maintained at 44% RH or 70% RH for the remaining period of ex vivo maturation. The
CEs matured ex vivo at 44% RH or 70% RH for two days showed a dramatic decrease
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in TG activity when maintained at 100% RH for two further days. Thus, humidity has
been shown to have an impact on TG activity, however, humidity might not regulate
TG activity directly. An overhydrated SC may cause structural changes in the
corneocytes such as swelling which could influence the proximity between substrates
and enzymes [272,287]. An in vitro study has previoudy characterised the
conformational changes in ceramides at different RH conditions via Raman
spectroscopy [101]. A clear change in ceramide conformational freedom, weakening
of hydrogen bonds and lateral packing was observed at 88% RH [101]. This could
limit the accessibility and affinity between TG and ceramides and may explain less
improved CE hydrophobicity from 80-100% RH compared to 70% RH for both
anatomical sites. The findingsin this present work show the detrimental impact of high

humidity on CE maturation and skin barrier function.

Other studies have associated high hydration with improved CE maturation
[141] but the present study indicates otherwise and supports findings that high
humidity enhances corneocyte corneodesmolysis and desquamation [275,288]. Low
RH and cold ambient temperature have been shown to cause dry and flaky skin in
individuals without a history of skin conditions and worsening of the symptoms of
atopic dermatitis patients [222,266]. However, sun-exposed skin has been
demonstrated to have markers of mild inflammation [83] with elevated protease
expression [118] especially in serine proteases [289]. Proteases have been shown to
have high proteolytic activity in an agueous environment [290] and promote break
down of profilaggrin to filaggrin and further into natural moisturising factor (NMF).
High and low humidities promote filaggrin degradation [271,274]. Filaggrin may be
processed at higher water levels in the SC compared causing structural changes such
asswelling [291]. These might seem like contradictory findings, however, the presence
of NMF is essential at low RH in order to retain moisture in the skin. This has been
interpreted as a compensatory mechanism to normalise the SC hydration as well asto
maintain the architecture of the SC and the CEs[270]. A hydration-driven degradation
of corneodesmosomes has been suggested with a maximal protease activity at high
humidity [22, 26]. The protease inhibition experiments in this study were performed
in order to understand if the protease activity was involved in suppressing potential ex
vivo CE maturation. This involved a mixture of broad spectrum protease inhibitors

such as AEBSF which irreversibly inactivates serine proteases such as kallikreins and
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plasmin. A previous study has shown that Caucasian subjects have lower SC integrity,
increased CE cohesiveness and elevated protease activities and thus a thinner SC in
the PE cheek site [290]. Individuals living in humid climates have been reported to
have an impaired barrier function [182]. This could be eventually transferable to the
findingsin this present work with Chinese participants. CE rigidity and hydrophobicity
increased significantly in the presence of Pls at 100% RH. This resulted in CEs with
similar ex vivo maturation as observed for 70% RH. In fact, TG activity was reduced
at high humidity levels and recovered in the presence of protease inhibitors. This
indicates an insufficiency in naturally produced protease inhibitors which was

suggested by reported mass spectrometry data [118].

In this project, the focus was on TG as the enzyme that is responsible for
maturing CEs. However, 12R-LOX and CathD are crucia in assisting CE maturation
and thuswereincluded in thisstudy. The epidermal lipoxygenase, 12R-LOX, catalyses
the dioxygenation of the linoleic acid domain in the acylceramides, in the first step of
processing these lipids for their subsequent de-esterification to free the -
hydroxyceramide, to then be attached to the CLE by TG. Thus, if 12R-LOX is
insufficiently expressed or inactive this could result in poor skin barrier function.
Autosomal recessive congenital ichthyosis has been linked to loss of function mutation
in the 12R-LOX gene with associated changes in CLE composition, however, the
condition can vary in severity [86,228]. 12R-LOX knockout mice lacked an
appropriate skin barrier that led to excessive dehydration and ultimately postnatal
death in mice [89]. Photo-damaged SC has been shown to have reduced 12R-LOX
protein mass levels [118] which is consistent with the immunostaining experimentsin
Chapter 3. Furthermore, the 12R-LOX activity was shown to be reduced in PE cheek
sites compared to PP post auricular sites (Chapter 5). TG could be suggested as a
compensatory mechanism in impaired barrier integrity in order to support the SC
integrity by enhancing CE hydrophobicity [100]. The CEsin knockout mice for 12R-
LOX were shown to be fragile [89]. This resembles demonstrated CE rigidity in the
present study where samples from the PE cheek site. Furthermore, TG and 12R-LOX
activity is reduced compared to samples from the PP post auricular site [276].
Inhibitorsfor 12R-LOX are still unknown, hence a polyclonal antibody for 12R-L OX
was used to block the enzyme activity in these experiments. 12R-LOX activity has

been demonstrated to be essential for CLE enhancement in corneocytes. However,
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blocking the enzyme activity did not improve CE rigidity compared to the 12R-LOX
knockout study in mice [89]. 12R-LOX activity was significantly higher at baseline
compared to levels of the enzyme in ex vivo matured CEs at 70% RH. The
hydrophobicity of the CLE increased, thus, the attached lipids may cause spatial
hindrance to the substrate aswell asthe polyclonal antibody. Moreover, 12R-LOX has
the property of suicidal inactivation [292] therefore this may have contributed to an
overall lower 12R-LOX activity at the end of the ex vivo maturation studies.

Interestingly, CathD activity was higher in PE cheek than PP post auricular
sites which is consistent with the increased CathD expression in the mass
spectrometery analysis in photo-damaged facial skin [118] and the immunostaining
resultsin Chapter 3. This suggests a higher potential for TG activation in the PE cheek,
however, this study has evidence for limited enhancement in CE maturation in the sun-
exposed cheek. In fact, the PP post auricular site has a higher TG activity than the PE
cheek site. This would suggest that the CathD activity in the PP post auricular site is
sufficient to enhance TG activity. However, other proteases than CathD could act on
TG activity which would need further testing in addition to this study. In theory, the
TG inhibitor LDN-27219 could have an impact on CathD activity but the experiment
set up in this study has demonstrated a TG specific inhibition.

The effect of glycerol wasinvestigated at low, optimal, and high RH during ex
vivo maturation studies of CEs. Many studies have been conducted with glycerol
which is a common component of cosmetic products [293]. A negative impact was
observed on CE rigidity in CEs ex vivo matured at 44% RH. However, glycerol and
water before ex vivo CE maturation were beneficial for CE maturation at 44% RH.
More interestingly, CE hydrophobicity improved significantly in the presence of
glycerol or water for samples matured ex vivo at 44% RH from PE cheek and PP9 sites
compared to baseline CEs and CEs matured ex vivo at 44% RH without any pre-
treatment. A previous study has shown that CEs were softer and more proneto fragility
after glycerol treatment [266]. This might explain the reduced CE rigidity in samples
treated with glycerol before ex vivo maturation. This might result in artefactual
fragility thereby concealing any possible improvement in CE rigidity. Alternatively,
glycerol might promote the lipid attachment due to its influence on lipids [101,214]
and TG activity (Fig. 6.24) [48].
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Figure 6.24. Glycerol is more beneficial at low and high RH for CE maturation for the sun-exposed cheek site.
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The decreased CE rigidity and enhanced CE hydrophobicity is reflected in a
significantly improved RCEM value. Glycerol promoted ex vivo maturation at low RH
whilewater was less effective in improving the RCEM whichisin linewith previously
reported differences between water and glycerol for skin hydration [284]. On the other
hand, ex vivo maturation with hydration, at the optima RH, resulted in sub-optimal
CE maturation in the presence of glycerol or water. Glycerol seems to compensate for
the high humidity at 100% RH thereby providing a more beneficial effect than water.
Glycerol affects corneocyte maturation positively in terms of CE hydrophobicity
especially in the PP post auricular sites and at both tested depths. At high humidity
glycerol absorbs moisture while at low humidity it provides hydration for CE
maturation [275]. This is in line with the demonstrated findings in the present work
where glycerol seems to be more effective at low and high humidity values but not at
intermediate humidity levels (Fig. 6.24).

Earlier work [118] revealed differences in proteomics between these two
anatomical sites and TG expression is elevated in PE cheek sites compared to the PP
post auricular site. Increased TG should overcome and enhance CE maturation in the
PE cheek, however, CE rigidity was enhanced only at optimal RH. Samples from the
SC surface of the PP post auricular site seem to have reached the potential maximal
CE maturation either due to changes in TG activity during ex vivo maturation or
substrate availability. The mass spectrometry data showed a decreased 12R-LOX
protein level in PE cheek samples [118] which was confirmed via immunostaining
experimentsin this study. However, low 12R-LOX levels hint towards a limitation in
CE hydrophobicity which is consistent with findings in this present study.
Furthermore, the importance of RH as an environmental factor has been demonstrated
to affect CE maturation and has also confirmed the optimal conditions to perform ex
vivo CE maturation following tape stripping. This has obvious implications for SC
maturation in vivo. The importance of TG and especially 12R-LOX activities in ex
vivo CE maturation was also investigated. Furthermore, this work suggests that
glycerol as a humectant has limitations at 70% RH but is beneficial at low and high
RH, especialy for improving CE hydrophobicity. Moreover, the importance of
protease inhibition for CE maturation has been identified especially at high humidity.
This study provides new insights for CE maturation and demonstrates the effect of
12R-LOX on CE maturation in the SC for the first time.
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7. Conclusions and futureworks

The skin is a powerful barrier against the insults from the environment which
can lead to multifactorial consequences. The exposure of the skin to UV radiation has
been shown to be beneficial for metabolic functions [294] such as the production of
vitamin D [295] which acts on avariety of events such as bone mass formation [296],
protection of keratinocytes from apoptosis [297] and regulation of the cardiovascular
system [298]. On the other hand, excessive sun exposure is linked to sunburn [299],
skin aging [164] and may lead to skin cancer [161]. The benefits and harm depends on
the genetic predispositions of every individual and the extent of sun exposure [300].
Another factor isthe safety measurements that may be adopted such as the appropriate

use of sunscreen [301] as well as the type and duration of UV exposure [302].

The sun may compromise the skin integrity which may lead to a less effective
barrier against microbes, viruses and irritants[303]. Recurring damage to the skin may
facilitate the formation of wounds and inflammation which might lead to chronic skin
conditions. The probability for long-term conditions is increased in individuals with
an altered immune system or deficiencies that impair crucial developmental stages of
the epidermis. The barrier integrity of the skin can be evaluated via TEWL
measurements [24]. This demonstrated that the PE skin indeed had a lower barrier
function than the PP site in Caucasians and Chinese participants. An earlier study
showed no differences between Caucasian and Chinese populations. The discrepancy
in the findings may reflect differences in age and geographical characteristics as well
as the subject number [150]. Tape stripping is a useful technique to collect thin layers
of the SC; in addition, the adhesive challenges the cohesiveness between the
corneocytes. In theory, the cohesiveness originates from the corneodesmosomes which
are connected the corneocytes. Corneodesmosomes are degraded during desquamation
allowing the shedding of the “old” skin. The amount of collected SC samples reflects
the desquamation process which decreases with SC depth. The amount of collected SC
can be either expressed in SC weight or in the protein amount on the tape strips. The
protein content collected on the tapes showed a major difference between the cheek
and the post auricular SC cohesiveness. The cheek decreased in collected protein
amounts with tape stripping while the proteins obtained from the post auricular site
showed no difference between tape strips. Nine tape strippings collected more

compactly connected corneocytes in the cheek while corneocytesin the post auricular
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site were loosely connected. This reflects a higher SC cohesiveness in the PE cheek
than the PP post auricular site. Furthermore, a significant difference was observed
between the ethnic groups and between the genders. Tape stripping indicated a higher
SC cohesivenessin Chinese participants and in Caucasian subjectsin both anatomical
sites. A high cohesivenessisthe result of ahigh activity of proteases desquamating the
upper most SC layer. A recent study has confirmed that a range of UV radiations
intensities induces the degradation of corneodesmosomes resulting in a decreased
mechanical stability of the SC [177]. This is in line with other studies showing
enhanced desguamation in photo-damaged skin [122]. The SC thickness was estimated
from the plot of inverse TEWL measurements and the corresponding cumulative
protein amounts via tape stripping. This provides an evaluation of how much protein
could have been collected before reaching the stratum granulosum. In fact, the nine
tape strips removed up to 70% of the SC from the PE cheek while tape stripping
removed up to 40% of the SC from the PP post auricular in this present study. The SC
was thinner in both sites for Chinese participants compared to the SC thickness of the
Caucasian subjects. The differences in the SC thickness confirms enhanced
desquamation in the Chinese subjects in this study suggesting crucial differences
between the two ethnic populations living in the same environment. All subjects were
asked to refrain from any skin care product to allow measurements of the skin
parameters at baseline and without the influence of skin care ingredients. Potentially
these subjects may have a higher desquamation rate while having no differencesin the
SC integrity which might originate from the properties of the corneocytes. Therefore,
the Chinese participants were selected for further evaluation for biomarkers of

corneocyte maturation.

Corneocytes are composed up of proteins and lipids that may ater in their
amounts depending on the genetics of the individual as well as environmental factors.
For a number of past years, researchers have been using INV as a biomarker for
immaturity of CEs obtained via tape stripping [114,195,196]. The maturity of CEsis
acrucia aspect of the skin barrier function. However, relying only on one assessment
may lead to missing information that would contribute to the understanding in the
corneocyte maturation in different levels. A previous mass spectroscopy study was
performed on tape strip samples from the PE cheek and PP post auricular sites in

Caucasian females living in Pretoria, South Africa[118]. The analysed samples were
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pooled and thus not distingui shing between depths but only anatomical sites. The study
identified 204 proteins expressed in the PE cheek site while only 21 proteins were
found in PP post auricular sites. Interestingly, comparison of the protein expression
revealed 73 proteins are upregulated and 30 proteins are downregulated in PE cheek
samples compared to PP post auricular samples. The free EOS ceramide is processed
by 12R-LOX and eL OX3 which have been shown to be required to generate the CLE.
Both membrane-bound enzymes were assessed as biomarkers to identify differences
in ceramide processing enzymes between anatomical sites and depths. The PE cheek
and the PP post auricular sites have significant differencesin 12R-LOX expression but
not eLOX3. This is in line with the down regulated 12R-LOX expression in the
previously published mass spectroscopy results [118]. This indicates a lower amount
of ceramides that are potentialy attached to the CLE. A hydrophobic CLE is a
compromising factor for the SC barrier which resultsin a higher TEWL which was as
observed in the PE cheek site.

The proteases including CathD and CathV showed a higher expression in the
SC samples from PE cheek site compared to the samples from the PP post auricular
site [118]. Corneocytes from the PE cheek have been shown to have a higher protein
expression, CathD and CathV, compared to corneocyte from the PP post auricular site.
The expression of CathD and CathV seems to decrease towards the surface of the SC
with a high population of corneocytes that are prepared for desquamation. The
increased proteolytic activity of CathD is confirmed in the samples in the deeper SC
layers. The ex vivo maturation of corneocytes at 70% RH had no impact on CathD
activity. Furthermore, the high fluorescence signal in the PE cheek for CathD and
CathV is a confirmation of photo-damage in the PE cheek as described by other
researchers [120,122,123]. This provides a further link between photo-damage,
proteases and the thinning of the facial SC.

The structural proteins, INV and XP32, in the PE cheek site were shown to be
upregulated compared to those in SC samples from the PP post auricular sites [118].
The corneocytes mature on their way to the surface of the SC surface. In the present
study, the expression of INV and XP32 are higher in corneocytes from the ninth tape
strip compared to CEs from the first tape strip in both anatomical sites. However, the
differences between the protein expressions in corneocytes sampled from both

Page 184|210



Chapter 7 —Conclusions and future works

anatomical sites may reflect the fact that nine tape strips reached different depths in
the SC.

The primary enzyme responsible for corneocyte maturation is TG which has
three subtypes in the epidermis [258]. However, TG1 was identified to be the most
abundant variant that cross-linksthe structural proteinsin the CPE [84,95] and attaches
the lipidsto the CLE [229,261]. The earlier mass spectroscopy study, TG1 was shown
to be upregulated with a cheek to post auricular ratio of 1.47 (p<0.01). However, the
present study visualised the TG1 expression via immunostaining experiments on
corneocytesfrom the first and ninth tape strip obtained from both anatomical sites. The
corneocytes from the PP post auricular site showed higher TG1 expression than
corneocytes from the PE cheek site. The immunostaining does not consider unbound
TGL1 that might be freed from the membrane by CathD. The PE cheek site showed a
lower TG1 expression compared to the PP post auricular site in corneocytes from the
first and ninth tape strip. Interestingly, 12R-LOX and TG1 have the same protein
expression in both anatomical sites. This indicates an impaired CE maturation in the
sun-exposed facial skin.

Further investigations should examine localisation of 12R-LOX and TG1 on
the corneocytes as well as on keratinocytes. The co-dependency of these two enzymes
could be shown in cell culture models by silencing either enzyme and determining the
changes in the gene expression profile. This could be combined with a 3D-model and
UV radiation as a stress factor to determine its direct influence on the enzymes. This
could then be followed by determination of the expression profiles and enzyme
activitiesaswell asthe change in the barrier functionality. Furthermore, the presented
expression profile of acombination of biomarkers could be used as aninitial profiling

in disease models such as atopic dermatitis or psoriasis.

In 2001, Hirao and colleaguesintroduced the CE immaturity assay by assessing
INV positive CEs viaimmunostaining and CE hydrophobicity viathe Nilered staining
[114]. This method was adapted later to generate a green and red pixel ratio of the
fluorescence signals in order to save time during the image analysis. However, the
obtained ratio was not comparable between studies [115,196]. The ratio does not
distinguish between artefacts or background noise which isvery likely due to the high
level of SDS which precipitates at low temperature. The removal of excessive SDS
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and the suspension of CEs in PBS results in a significantly lower background noise
and increases the image resolution. However, the INV/Nile red staining was shown to
be ineffective to determine CE maturity in the samples collected from the ninth tape
strip of both anatomical sites. This confirmed the need for a new characterisation
method based on the general understanding that corneocyte maturation leads to rigid
and hydrophobic CEs. Sonication was chosen as an appropriate method to challenge
the mechanical resistance of CEs and to demonstrate the rigidity of the CEs. Nile red
staining was used to visualise the CEs according to their hydrophobicity. The RCEM
value is determined according to the CE rigidity and hydrophobicity and provides
further insights into the physical and chemical state of the corneocytes. This method
showed a clear correlation between RCEM and SC integrity and cohesion in both
anatomical sites. The conventional immunostaining approach failed to present
correlations between CE and SC propertiesin the PP post auricular site. Furthermore,
variations between subjects were shown to be smaller compared to the conventional
INV/Nile red staining analysed via INV (+) CEs and red/green ratio. RCEM
assessment confirmed that the corneocytes from the first and ninth tape strip collected
from the PE cheek site are less mature than corneocytes from the PP post auricular
site. The new method has been shown to be a robust and rapid method to characterise
CE maturity.

The CE maturity depends highly on TG activity as well as the enzyme activity
of 12R-LOX. However, 12R-LOX has only recently become of interest to skin
researchers and thus the substrates and blocking agents are not yet commercially
available. A fluorescence based assay for the 12-LOX variant was previously
devel oped with arachidonic acid as a substrate [242]. However, other studiesfailed to
detect any 12R-LOX activity using arachidonic acid as a substrate [87,94]. Ethyl
linoleic acid was used as a substrate for 12R-LOX to generate reactive oxygen species
which reduce the detection agent, H-DCFDA.. A screening of antibodiesfor 12R-LOX
was performed via immunostaining and the used polyclonal 12R-LOX antibody
showed a significant decreasein the fluorescence signal. The antibody for eL OX 3 was
used as an internal control. However, eL OX3 antibody had no impact on the signal
intensity and thus an antigen specific inhibition was confirmed. Furthermore 5-LOX,
12-LOX and 15-LOX activity was excluded, via the inhibitor ML351, to cause the
fluorescence signal. The 12R-LOX activity showed a positive correlation with TEWL

Page 186|210



Chapter 7 —Conclusions and future works

measurements as well as the RCEM values. Furthermore, this assay may be a useful
method to assess 12R-LOX activity in skin conditions with an impaired barrier
function such as xerosis or atopic dermatitis. This is the first reported activity assay
for 12R-LOX and thus further analysis will be needed once substrate and selective

inhibitors are commercially available.

Blocking 12R-LOX with the polyclona 12R-LOX antibody resulted in an
enhancement in CE rigidity while CE hydrophobicity was unchanged. However, the
enzyme activity assay confirmed adecrease in 12R-LOX activity after four days of ex
vivo maturation of CEs at 70% RH. This indicates a depletion of ®-hydroxyceramides
for the CLE for the corneocytes from the PE cheek site.

A recent study has shown that the mechanical flexibility and stability of the SC
decreases depending on exposure to UV light of various intensities and RH [177]. A
number of studies have demonstrated the adverse effects of high RH on the skin
[271,288,304,305]. However, the present study isthefirst that linked RH and an assay
of enzymes in the SC that have an impact on corneocyte maturation. The RCEM
approach demonstrated decreasing CE rigidity after ex vivo maturation of CEs above
80% RH but no change in CE hydrophobicity. However, samples from the deeper SC
layer in both anatomical sites showed a more dramatic change in CE hydrophobicity
than corneocytes from the superficial SC layer. This is consistent with most of the
enzymes having a higher activity in the deeper SC layers. This ensures appropriate
maturation of the CEs reaching the SC surface that provide support for the skin barrier

function.

TG is one of the thoroughly characterised enzymes in the skin. TG creates an
insoluble CPE by crosslinking the structural proteins [84,95,96] and generates a
hydrophobic CLE by attaching m-hydroxyceramides covalently to the CPE [50,229].
However, blocking TG during ex vivo maturation showed a clear decrease in CE
rigidity. This finding was unexpected considering that the CPE was reported as an
insoluble protein structure. The CPE is constructed and is maintained as a
mechanically resistant structure by TG. The TG activity assay confirmed that the TG
inhibitor (LDN-27219) blocks TG activity. LDN-27219 has been characterised as a
reversible and slow-binding inhibitor that interacts with the guanosine triphosphate
(GTP) binding site rather than the catalytic active site of TG [281]. The nucleotide,
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GTP, induces conformational changes in TG causing a weakening of the interaction
with calcium which is essential for TG activity [306,307]. LDN-27219 did not alter
the 12R-LOX and CathD activity in the tested samples while TG activity decreased
considerably in the presence of the inhibitor. The TG activity decreased in samples
kept at 44% RH for two days, however, after four days TG activity was unchanged.
This suggests that low humidity is not beneficial for CE maturation but also not as
harmful as high humidity. An additional experiment was performed to understand
whether RH can act as a switch for TG activity and if the TG activity could be
recovered by changing the RH after two days of ex vivo maturation. This meant two
days of ex vivo maturation at either 44% RH or at 70% RH and then a change to 100%
RH for two further days of incubation. Another set of experiments started with two
days of ex vivo maturation at 100% RH and two more days of incubation at 44% RH
or 70% RH. The change in RH had a clear impact on the inactivation of TG activity.
The decrease in TG activity was greater in samples ex vivo matured at 70% RH that
were changed to 100% RH compared to samplesthat were at 44% RH and then ex vivo
matured to 100% RH. This could be due to compensatory mechanisms such as the
presence of NMF that is capable of binding water to an extent. At 70% RH the water-
binding capacity of NMF might be saturated before the samples were placed at 100%
RH. However, proteases such as plasmin or desmoglein 1 were shown to be highly
active at high humidity [177,288]. In the present study, the broad inhibition of
proteases led to an enhancement in CE rigidity and CE hydrophobicity at high
humidity. Furthermore, TG activity improved in the presence of the protease inhibitor
mixture at all tested humidity values. However, the most remarkabl e enhancement was
observed at 100% RH. This suggests that high humidity has an indirect impact on TG

activity by enhancing protease activity.

Natural protease inhibitors might be depleted in the PE cheek site compared to
the PP post auricular site. The earlier mass spectroscopy study showed a general
downregulation of some protease inhibitors such as serpin A 12 in PE cheek samples
[118]. This protease inhibitor binds to the catalytic site of serine proteases and causes
an irreversible conformational change [308]. The decrease in protease inhibitors is
reflected in the increase of protease expression and activity in the PE cheek site
[118,289,290]. The decrease in endogenous protease inhibitors might be related to the

impaired and thinner SC with less mature corneocytes in the PE cheek site in the
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present study. This needs further investigation in order to identify the proteases with

enhanced activity and a selective protease inhibitor to block the protease activity.

The changes in CE maturation at low, optimal and high humidity were altered
in the presence of glycerol. The unique feature of either absorbing or releasing
humidity depends on the humidity level of the environment. However, glycerol
enhanced the CE hydrophobicity at 44% RH and 100% RH but had no effect at 70%
RH. Earlier studies have shown that glycerol causes a swelling and softening of
corneocytes[309]. Atomic force microscopy could be used for further confirmation of
these effects. However, measuring TG and 12R-LOX activity would be a reasonable
next step to understand how this moisturising agent acts to enhance ex vivo CE
maturation. Furthermore, in vivo studies would add further understanding concerning
the action of glycerol on the corneocyte and on the enzymes involved in CE

maturation.

Finally, in vivo studies on animal models such as the pig would be the best
option to test the effect of moisturisers supplemented with selective protease inhibitor
for the hyperactive protease at high humidity. These studies could be followed by the
assessment of the skin barrier function, enzyme activities and corneocyte maturation.
Biomarkers of the barrier function would provide further validation before applying
the product topically on human subjects. A positive outcome could lead towards a
patent for commercialisation of the improved moisturiser. In theory, this could prevent
development of dry skin after long term moisturisation and should enhance the skin

barrier function and integrity.
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