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Abstract

In the upper layers of our skin, the stratum corneum and the tight junctions in the
stratum granulosum form permeability barriers which prevent dehydration and pro-
tect against external pathogens. The onset and deterioration of skin diseases, such as
atopic dermatitis, are often caused or accompanied by barrier defects due to dysreg-
ulation of barrier homeostasis. As the cells constantly move up through the epider-
mis, several depth-dependent processes control the maintenance of the tight junction
barrier during turnover, and induce the building, maintenance and degradation of
the stratum corneum barrier. An understanding of these depth-dependent processes
is required to study barrier homeostasis in physiological and pathological conditions.
Adopting a modelling approach to integrate and compare available experimental data,
a compartmental model of the stratum corneum is developed to characterise and visu-
alise the resistance to water diffusion along its depth. The resulting resistance profiles,
obtained from non-invasive in vivo confocal Raman spectroscopy and trans-epidermal
water loss data, demonstrate a depth-dependent permeability barrier in the stratum
corneum. Combined with models of barrier components and regulation of desquama-
tion, the resistance profiles form a framework for studying stratum corneum barrier
homeostasis. The selective permeability of the single-layered tight junction barrier is
important in conserving specific environments on both sides of the barrier, which in-
duce keratinocyte differentiation. In order to maintain its barrier function, the tight
junctions have to be replaced continually while keratinocytes transition the barrier.
Our 3D model of the stratum granulosum simulates the proposed mechanisms of bar-
rier transition, and identifies how the temporal coordination of the transition ensures
a constant barrier function. This thesis demonstrates how depth-dependent processes
contribute to the regulation of both epidermal barriers in a continuously self-renewing

tissue.
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Chapter 1

Introduction

The outermost layers of our skin, the epidermis, is an epithelial tissue that covers
the body. Even though our skin is not our largest organ by weight or functional sur-
face area [1, 2], despite it often being credited as such in dermatology or skin biology
publications, it is the main interface of our body with the external environment. In
this function, it possesses remarkable barrier qualities that protect us from external

pathogens, and prevents uncontrolled loss of water from the body.

We often regard our skin as mainly important to our appearance, but we do not regu-
larly think about the amazing protective barrier and immune functions. It is incredible
to realise that, when touching your skin, a layer of just 10-20 pm is responsible for its
main protective barrier function and prevents dehydration; for instance, mice without
a stratum corneum or with a defective tight junction barrier die from dehydration at
birth [3, 4, 5].

The epidermis has two main permeability barriers residing in its uppermost layers:
the stratum corneum (SC) barrier and tight junction (T]) barrier in the stratum granu-
loum (SG), just below the SC. The main function of the SC and TJ barriers is to provide
a permeability barrier, both inside-out and outside-in. The SC prevents dehydration
by limiting the outflow of water, and protects the body from penetrating pathogens
[6]. Our skin should be impermeable enough to prevent water loss and influx of exter-
nal penetrants, yet allow a small amount of water to be lost through the skin in order

for the outer layers to maintain flexibility, and provide water to enzyme reactions. Al-
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though the SC is often referred to as a dead layer of cells, as the corneocytes lose their
nucleus, these active enzyme reactions are vital for maintaining barrier homeostasis
[7].

The TJ barrier in the SG has recently been shown to be an important second perme-
ability barrier in the epidermis. It has selective permeability to calcium and various
other ions, thereby regulating the distinct milieus in the SC and the underlying viable
epidermis. These are important for keratinocyte differentiation and the formation of

the SC [8, 9].

Both barriers interact with each other, mainly through calcium which reaches peak
concentrations in the SC/SG interface [10, 9, 8, 11]. While high calcium concentrations
trigger the formation of tight junctions, they also play a vital role in regulating corni-
fication [6].

Besides its barrier functions, the epidermis also serves as a front line of immune re-

sponses through dendritic Langerhans cells [12].

Many skin diseases are barrier-related; either they are initiated by a leaky barrier or
their pathogenesis leads to alteration of expression of barrier components or dysregu-
lation of barrier homeostasis [13, 14, 15]. Skin diseases such as atopic dermatitis (AD)
can have a strong impact on people’s lives, and have a high and increasing prevalence
[16]. For instance, up to 20% of the population in western countries develop AD in
their life [17]. Patients can suffer from pain, itch, discomfort, insecurity and/or stress.
In the case of AD it can be the first stage in the development of asthma and other atopic

diseases later in life [18, 19].

1.1 Heterogeneity in the skin barrier

Human skin is a heterogeneous tissue. There is high variation in the barrier func-
tion of skin: both interpersonal variation with race and age and differences between
anatomic sites [20]. Compared to adults skin, infant skin (< 12 months) is structurally
and compositionally different yet functional. For example, infants have higher trans-

epidermal water loss (TEWL, a marker of barrier function), more water content yet
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lower NMEF, and higher pH (newborns) [21, 22]. Perhaps the clearest difference in skin
barrier function and structure is between anatomic sites. Different skin sites vary in
SC thickness, barrier function as measured by TEWL, and structure [23, 24, 25]. Local
and interpersonal differences reflect the variety of requirements of skin structure and
function. These differences indicate variability in barrier components, processes and
regulation to achieve desired functionality.

Not only does the skin differ significantly with race, age and anatomic site, its com-
position changes with depth too. In the epidermis, four different layers contribute
to the orderly differentiation of keratinocytes to ultimately form the SC. Newly pro-
duced cells at the basal layer of the epidermis move up through the different layers,
each with its own micro environment and function in differentiation, until the cells are
shed off at the skin’s surface. After keratinocytes have been pushed up from the pro-
liferating basal layer to the top of the stratum granuloum, through various functional
layers, cornification of keratinocytes takes place to form corneocytes. In the stratum
corneum, cellular envelopes and intercellular lipid bilayers are formed, contributing to
the permeability barrier, with corneodesmosomes strongly linking cells together [26].
Towards the top of the SC, cells are shed off in a process called desquamation. This
heterogeneity in depth is necessary for the continuous self-renewal of the epidermis,

while maintaining its barrier function.

As completely different environments exist on both sides of the SC barrier (inside the
body and outside), various gradients are formed inside the SC. Most notably, there
is a steep water gradient from a high water concentration inside the epidermis to a
low water concentration at the surface of the SC [27, 28]. Also, gradients of pH [29]
and natural moisturising factor [30, 31] have been observed. Altogether, this leads to a
spatially heterogeneous tissue, and a depth-dependent SC barrier. For instance, Kubo

at al. have shown different permeabilities to small metal ions within the SC [32].

Similar to the SC, the TJ barrier junction is subject to continuous renewal, and faces
challenges to maintain barrier homeostasis under these conditions. The difference is
that the SC is a stratified epithelium consisting of multiple layers, while the TJ barrier

is one simple continuous layer covering the intercellular spaces [33, 34]. To maintain
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the TJ barrier while cells transition, the TJs have to be translocated without break-
ing their continuous cover. The mechanisms and signalling of transition mechanisms

should act at the right location and depth.

For such a heterogeneous tissue, depth-dependent processes and regulation are im-
portant to maintain specific functions along the depth of the epidermis, which help
sustain barrier function in a continuously self-renewing tissue. Consequently, further
research should aim at advancing our understanding of the role of depth-dependent
processes regulating the permeability barrier. This knowledge can contribute towards
the understanding and treatment of skin diseases, many of which are barrier-related,

and the optimisation of transdermal drug delivery.

1.2 Better understanding of epidermal barrier homeosta-

sis requires modelling of depth-dependent processes

Despite the indubitable importance of depth-dependent processes in the regulation
epidermal barrier homeostasis, integrated experimental or modelling approaches to
study these are limited. A myriad of experimental and clinical data, which describes
the structure and function of individual barrier components and the state of the bar-
rier in pathological or physiological conditions, is available. However, these data are
often obtained from isolated experiments, where a single or small number of compo-
nents or barrier properties are considered, while the interaction between many com-
ponents and processes on various temporal spatial scales determines the functioning
of a tissue. The scale and complexity of the regulation of epidermal barrier homeosta-
sis is impossible to capture in single experiments. Instead, mathematical models and
frameworks that integrate various experimental data can be adopted to study these
complex interactions. Complementing experimental data with mathematical models
enables analysis of large sets of data, and simulation and prediction of different bio-

logical scenarios and conditions.

The application of mathematical modelling is widespread in dermatology, mainly in
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the area of permeation and pharmacokinetic modelling. Modelling approaches that
aim for mechanistic or system understanding of barrier homeostasis are less common.
However, systems biology applications within the field of dermatology, or ‘systems
dermatology’, is emerging [35, 36]. An example of such an approach is the develop-
ment of a model for studying atopic dermatitis. Tanaka et al. propose a model of AD
that incorporates barrier homeostasis, inflammation and their interplay, demonstrat-
ing the role of feedback in the regulation of kallikrein activity [37]. Extension of this
model to include two time-scales at both the cellular and tissue level by Dominguez-
Hiittinger et al. reveals the effect of risk factors on the onset of AD through the in-
teraction between barrier defects and inflammation [38]. The model is then further
developed by incorporating a double switch mechanism that explains how Th2 sen-
sitisation can be triggered by environmental stressors [39]. This example shows how
the continual development and refinement of models can successfully advance our

understanding of underlying regulatory mechanisms in health and disease.

Quantitative understanding of the permeability of the skin is increasingly important
in a number of ways. As the barrier limits transdermal drug delivery, mathematical
modelling is used to enhance our understanding of permeation and absorption of top-
ically applied transdermal drugs, cosmetics, skin treatment, and for toxicity testing
[40, 41, 42].

Nowadays, pharmacokinetic modelling is an integral part of the design and review of
new drugs and cosmetic products by informing and directing experiments and clinical
trials, for example by predicting dosage. Additionally, accurate mathematical models

can be used as replacement for animal models.

Non-invasive experimental techniques such as confocal Raman spectroscopy (CRS)
[43] provide a unique opportunity to study the epidermis in vivo, which could provide
additional data on SC barrier structure, components, interactions and their depth-
dependency. For example, the depth-dependent levels of water concentration and
changes in the structure and organisation of lipids in the SC can be measured by CRS

[28].
In this thesis, we take a modelling approach to combine and integrate such experimen-
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tal data in order to increase our understanding of the depth-dependent permeability
barrier in the SC. Furthermore, we propose models for studying the regulation of bar-

rier homeostasis of both the SC and the T] barrier.

1.3 Aims

The main overarching aim of this thesis is to gain a better understanding of the depth-
dependency of the skin’s permeability barrier and the role of depth-dependent pro-
cesses in regulating barrier homeostasis while continuously self-renewing. The depth-
dependency is crucial in maintaining both barriers during turnover. As the cells con-
stantly move up through the epidermis, several depth-dependent processes control
the building, maintenance and degradation of the SC barrier. Therefore, we want to
investigate how the permeability barrier changes along the depth of the SC, and which
components and mechanisms regulate these changes. In the SG, the TJs have to be re-
placed continually due to the cells translocating across the barrier. The mechanisms
responsible for the orderly T] barrier transition require temporal and spatial coordi-
nated along the depth of the SG. We want to study how this coordination in time and
place ensures barrier that the TJ barrier is maintained, at the same place in depth,
while TJs between the transitioning cells are replaced. We plan to achieve this by us-
ing mathematical modelling in combination with experimental data. The models will
be simple and only capturing the essential components and interactions, and lead to

further insight by integrating available measurement data.

In particular, the objectives to achieve the aim are:

To characterise the depth-dependency of the SC permeability barrier. In order to un-
derstand the depth-dependency of the barrier, we first need to characterise the
barrier along the depth of the SC. Therefore, we develop a compartmental model
of the resistance to water diffusion within the SC that can be applied directly to

available experimental data.

To study the role of depth-dependency in SC barrier regulation and homeostasis. For
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this objective, sub-models describing the depth-dependent profiles of the main
barrier components will be constructed, as well as a model of the depth-dependent
regulation of desquamation. Using such models, we can simulate the interaction
between the barrier components and how their depth-dependency contributes

to regulating barrier homeostasis.

To model the TJ barrier transition. We create a 3D geometrical model of the mainte-
nance of the TJ barrier function while keratinocytes translocate from the basal
to the apical side of the barrier. Simulation results can be compared and fitted
to experimentally data to obtain transition dynamics and propose a temporal

coordination mechanisms.

Together, addressing these objectives will lead to a better understanding of the depth-
dependency of the skin’s permeability barrier and the role of depth-dependent pro-
cesses in regulating both T] and SC barrier homeostasis in a constantly renewing tis-

sue.

1.4 Publications

The following peer-reviewed journal publications are (partially) reproduced in this

thesis:

e M.D.A. van Logtestijn, E. Dominguez-Hiittinger, G.N. Stamatas, R.J. Tanaka.
Resistance to water diffusion in the stratum corneum is depth-dependent. PLoS
ONE 10(2): e0117292. February 11, 2015. DOI: 10.1371 /journal.pone.0117292.
Reproduced in chapter 3.

e M.D.A. van Logtestijn, PJ. Caspers, S. Kezic, D.R. Hoffman, D.W. Koenig, M.
Ono, G.N. Stamatas, and R.J. Tanaka. Water resistance profile as a marker of skin

barrier damage in atopic dermatitis patients. Journal of Dermatological Science,

pages 126-128, volume 81, issue 2, February, 2016. DOI: 10.1016/j.jdermsci.2015.10.017.

Reproduced in chapter 4.


http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0117292
http://www.sciencedirect.com/science/article/pii/S0923181115300694

e M. Yokouchi, T. Atsugi, M.D.A. van Logtestijn, R.J. Tanaka, M. Kajimura, M.
Suematsu, M. Furuse, M. Amagai, A. Kubo. Epidermal cell turnover across tight
junctions based on Kelvins tetrakaidecahedron cell shape. eLife 2016;5:e19593.
DOI: 10.7554/ eLife.19593.

Chapter 6 is a continuation of this work. Two figures are reproduced in chapter 6, and

part of the published code is used.
The following manuscripts are currently in preparation:

e Mathematical modelling of stratum corneum barrier homeostasis. In preparation;

results from chapter 4.

e Mathematical modelling of epidermal cell turnover suggests tight junction bar-

rier transition timings and mechanisms. In preparation; results from chapter 5.

1.5 OQutline

This thesis is organised in the following way. First, the two epidermal permeability
barriers are introduced in chapter 2 to provide background information on the struc-
ture and function of SC and TJ barriers and their depth-dependency. As the skin dis-
ease atopic dermatitis is discussed in various parts of this thesis, an overview of AD
pathogenesis and its relation to the skin barrier is included as well. In a brief review of
the modelling literature, we highlight past approaches to epidermal homeostasis and

permeability modelling.

In chapter 3 the SC compartment model is proposed to characterise the depth-dependency
of resistance to water diffusion in the SC. Different sets of data are analysed using
the resistance profiles to compare the permeability barrier between skin sites, infants
versus adults, after application of oils, and for dynamic simulation of absorption-
desorption experiments. The SC compartment model is applied to additional experi-
mental data in chapter 4, where we obtain the depth-dependent barrier profiles from
AD patients and healthy subjects during recovery after mechanical and chemical bar-

rier damage. To study how depth-dependency in the SC plays a role in regulation

8



of barrier homeostasis, simple mathematical models describing the depth-dependent
profiles of barrier components and the regulation of desquamation are proposed in
chapter 5. These submodels are combined to form the SC barrier homeostasis model

which provides a framework for studying SC barrier homeostasis.

In chapter 6, the research on depth-dependent barrier function is extended to the SG
and its T] barrier. Modelling of the 3D geometry of keratinocytes and the SG is used

to simulate the transition of cells through the TJ barrier.

The thesis ends with a summary of the results and concluding remarks in chapter 7.



Chapter 2

The skin’s depth-dependent

permeability barrier

This chapter provides an introduction to the biology of the two main skin barriers:
the stratum corneum and the tight junction barrier in the stratum granulosum. We
present an overview of the existing body of research on the skin’s permeability bar-
rier, which focusses on the structure and composition of the SC and TJ barriers, their
permeability to a variety of substances, and depth-dependent processes and their im-
portance to barrier homeostasis. In skin diseases such as atopic dermatitis, the skin’s
permeabilty barrier can be disrupted, causing further damage. Since AD is the main
skin disease that will be discussed in this thesis, the underlying mechanisms of atopic
dermatitis and its relation to barrier function are elaborated in section 2.1.3. The exper-
imental techniques that are commonly used in experimental dermatology and clinical
settings are presented in section 2.2. These techniques include the measurement of bar-
rier function by trans-epidermal water loss (TEWL), and techniques that enable mea-
surement along the depth of the SC to construct depth profiles of SC components or
properties, such as confocal Raman spectroscopy (CRS) and tape stripping. The (pub-
lished) experimental data presented in this thesis were obtained by CRS and TEWL
measurements. The chapter ends with a review of the current state of modelling the

skin’s permeability barrier and its depth-dependency.
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2.1 Structure and function of the epidermis

Human skin is generally divided into two layers, the epidermis and the dermis, sep-
arated by a basement membrane. The epidermis is a stratified epithelial tissue which
can further be divided into four distinct layers, each with their own structure and
function: the basal layer (stratum basale), spinous layer (stratum spinosum), granular
layer (stratum granulosum) and cornified layer (stratum corneum) (figure 2.1). The
self-renewing epidermis continually replaces its cells, a process that spans 25-56 days
for the viable epidermis [44, 45, 46] and around two weeks 14 days for the stratum
corneum [47, 48]. In the basal layer, proliferating basal cells create new keratinocytes
that will eventually replace the desquamated apoptotic corneocytes at the top of the
stratum corneum. The keratinocytes then transition through all layers, each of which
includes several elements that contribute to the keratinocytes” differentiation, until
the cells reach the SG/SC interface. There, the process of cornification takes place, in
which the keratinocytes lose their nucleus and form their specific structure to effec-

tively function as a protective barrier.

2.1.1 The stratum corneum

The skin has a remarkable ability to protect the body against outflow of water and
other substances, and against inflow of external pathogens. The stratum corneum is
only roughly 10-20 pm in thickness, depending on skin site [49]. Its barrier function is
largely dependent on the structure and form of the SC, a classic example of ‘function
follows form’. The SC structure can be represented by a ‘bricks and mortar” model,
tirst coined by Peter Elias in 1983 [50], based on the separation of corneocytes (bricks)
and intercellular lipid bilayers (mortar). The flattened corneocytes are about 1 pm
thick, and are stacked in a staggered way, creating a tortuous extracellular pathway
(figure 2.2) [51, 52]. Lipid bilayers are responsible for blocking the extracellular route
of diffusion, and are therefore considered to be a main contributor to barrier resistance.
These lipids are released by lamellar bodies in the SC/SG interface, after which they

are processed and organised into lipid bilayers [53]. This intercellular lipid matrix
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Figure 2.1: The stratum corneum and tight junction barriers in the upper layers of
the epidermis. The tight junction barrier is formed by a single layer of tight junctions
that connect neighbouring cells in the stratum granolusum. Lipids and proteases are
released to the extracellular space in the SC/SG interface. These lipids form intercel-
lular lipid bilayers which obstructs the permeation of substrances through the SC. A
pH gradient regulates desquamation: the degradation of corneodesmosomes by KLKs

leading to the shedding of corneocytes.

contains free fatty acids, ceramides and cholesterol in approximately equimolar ratios
[54]. Given that a sufficient amount of lipids is present, it is the ratio of the different
lipids groups and their spatial organisation and conformation that determines their
effectiveness in creating resistance to diffusion [55, 54]. Two lipid packings are found
in the SC: hexagonal and orthorhombic, with the latter packing providing a more ef-
fective barrier [55].

While the lipids cover the extracellular pathway between the corneocytes, the cor-
neocytes themselves also undergo a major transformation to limit transcellular per-
meation and provide SC integrity and cohesion. During cornification or keratinisa-
tion (the process of terminal differentiation of keratinocytes), elastic fibrous proteins
known as keratins, expressed in the viable epidermis, are processed to form filaments

[56]. These keratin filaments are aggregated into bundles by flaggrin, which helps
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form the flat shape of the corneocytes in the SC [57]. The cornified cell envelope is then
assembled through crosslinking the keratin filaments to various proteins and lipids by
transglutaminases [58, 26]. Furthermore, the desmosomes linking cells in deeper lay-

ers are strengthened to form corneodesmosomes by crosslinking specific proteins [59].

An important state of the stratum corneum is its hydration [60]. Hydration or water
content is vital for appearance and physical skin characteristics such as plasticity and
tensile strength. Water is also necessary for the functioning of hydrolytic enzymes that
control maturation and desquamation [61, 62, 63]. One of the main contributors to SC
hydration is a group of intracellular hygroscopic compounds called natural moistur-
ising factor (NMF). Some of its most abundant components include free amino acids,
pyrrolidone carboxylic acid, sugars, lactate, urea, salts and ions (full composition of
NMEF has been published elsewhere, e.g. [61]). NMF is mostly a breakdown products
from proteins such as filaggrin [64, 65]. They retain water inside the corneocytes by
providing sites for hydrogen-binding of water. The level of water binding, or water
mobility, is a continuous scale: from ‘bound” water molecules with direct hydrogen
bonds to NMF components; to ‘intermediately mobile” water with hydrogen bonds to
bound water molecules; to “‘mobile” water which can diffuse more freely [66, 67, 68].
The distribution of water mobility changes with depth [66, 67]. Despite the impor-
tance of hydration, its exact relation to barrier function remains unclear. For example,
dry skin (e.g. because of a lack of NMF) does not necessarily affect TEWL ([69] and

references therein).

Stratum corneum homeostasis

SC homeostasis is considered here to be the maintenance of a healthy SC structure and
thickness, providing a well functioning permeability barrier. It is achieved by the care-
ful balancing of tightly controlled cornification and desquamation processes. The first
part of barrier homeostasis we consider is the process of cornification and its regula-
tion (in particular the temporal regulation, its spatial regulation is discussed further
in chapter 6). Cornification takes place at the SG/SC interface, where its main pro-

cesses include the release of lamellar bodies which contain the extracellular lipids and
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Figure 2.2: The stratum corneum. The permeability barrier of the stratum corneum is
formed by the lipid bilayers blocking the extracellular pathway. The barrier function
is measured by trans-epidermal water loss (TEWL). Water, bound to natural moistur-
ising factor inside the corneocytes, provides hydration to the skin, and is necessary for

enzyme reactions including regulatory proteases such as KLKs.

essential proteins, and the terminal differentiation of keratinocytes into corneocytes
[70]. Different mechanisms are known to induce or inhibit the rate of cornification,
which are most apparent after barrier damage. For instance, after barrier disruption
by tape stripping or application of acetone, the main recovery mechanism is an alter-
ation in cornification processes [71, 72, 73]. Both positive and negative feedbacks with
different rates and timing ensure a controlled reacting balancing a quick improvement
of barrier function and replacement of the SC in the longer term [72, 73, 74, 75]. The
epidermal calcium gradient regulates differentiation and cornification processes, with
TEWL as a signal of barrier function. This gradient can be established and maintained
by the SC barrier [74]. When the barrier is disrupted, TEWL will increase. With this
increased water flux, the calcium ion concentrations will change [76, 74, 77]: Specifi-
cally, the calcium concentration peak at the SG/SC interface will decrease [78, 79]. A
decrease in calcium levels will lead to an immediate release of pre-formed lamellar
bodies, thus initiating barrier repair [80, 74]. If TEWL is lowered by occlusion after

barrier damage, recovery is delayed [80, 74].

Cornification needs to be balanced by matching rates of desquamation to maintain a
steady state SC thickness. Desquamation is the shedding of cells from the top of the

skin. To prepare for desquamation, corneodesmosomes are degraded by proteases,
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which causes the layers of the skin to become increasingly detached until the corneo-
cytes are shed off [81]. For proper skin functioning, it is essential that desquamation
only takes places at the top of the SC. Therefore, both the rate of desquamation and
the location of protease activity and corneodesmosome breakdown must be tightly
regulated. The most-studied serine proteases which are considered largely respon-
sible for the degradation of corneodesmosomes are the stratum corneum tryptic en-
zyme (KLK5) and the stratum corneum chymotryptic enzyme (KLK7) [82, 83]. These
are released to the extracellular space by lammellar bodies in their inactive pro-forms
(pro-KLK5 and pro-KLK?) before they are activated into KLK5 and KLKY7 respectively
[84, 85]. The active forms are then inhibited by a lympho-epithelial kazal-type-related
inhibitor (LEKTI), such that they are unable to break down corneodesmosomes [86].
Only towards the top of the SC is this inhibition reversed, allowing active KLK to
degrade corneodesmosomes to conduce desquamation. The effect of the absence of
LEKTI can be observed in patients with Netherton syndrome (NS), where LEKTI de-
ticiency is cause by a loss-of-function mutation in the SPINK5 gene (serine protease
inhibitor of kazal type 5) which encodes LEKTI [87]. The skin of NS patients is de-
hydrated and inflamed, stunted growth, which can be attributed to a lack of KLK
inhibition [88].

Desquamation and its regulation will be discussed in more detail in chapter 5, where
the depth-dependent interaction between desquamatory proteases and their inhibition

regulated by pH will be modelled.

2.1.2 The stratum granulosum and the tight junction barrier

Only in the last twenty years, when the focus of research interests shifted towards the
barrier function of the TJs in the epidermis, has the concept of TJs as a permeability
barrier been explored. Over these last two decades, it has become increasingly clear
that besides the SC as the main permeability barrier on the interface between our body
and the outside, the T] barrier also plays a major role as a selective permeability barrier
by limiting transport and separating the viable epidermis from the SC [89, 90, 91].

It functions as a regulatory and signalling mechanism, affecting other layers of the

15



epidermis and their homeostatic processes [34]. TJs have since attracted great research

interest, both in its constituent proteins and function.

Tight junctions are cell-cell junctions which form a barrier in the SG [92, 93]. They
consist of a complex structure with a number of transmembrane proteins, including
zona occuldens, occludin, claudins and junctional adhesion molecules [94, 95, 96, 97].
In the 1970s, Claude [98, 99] found that the structure of zonula occludens contributed
to barrier function in simple epithelia, and discovered that the tight junction strands
exponentially increase the transepithelial resistance (TER), a measure of the strength
of the permeability barrier. Although there was plenty of evidence of TJs in simple
epithelia, evidence of the TJ barrier in the statified epithelium of the epidermis was
scarce until the beginning of this century. Studies in animal models have suggested
the importance of T] for control of skin permeability: Furuse et al. reported that mice
lacking claudin-1 die from dehydration [3]; Schluter et al. found that cells of the up-
permost granular layer are connected by a continuous TJ barrier that contributes to
the paracellular distribution of water, solutes, and particles [100]. The intercellular TJ
complexes limit the diffusion of water and solutes from SG to SC through the intercel-
lular spaces, and thereby control permeability of the paracellular pathway [101]. The
horizontal layer of TJs seals all intercellular, creating an inside-outside barrier which
separates the epidermis into an apical and a basal compartment to maintain their re-

spectively unique micro-environments [102].

Besides its barrier function, the TJ also plays a role in the immune response through
langerhans cells (LC) [103]. Langerhans cells (epidermis-specific dendritic cells) are
the only immune cells present in the SC [12]. Once the LCs are activated, their tips
are extended through TJ barrier to just below the SC [104, 105]. The TJs form a new
structure around the extended LC tips to maintain barrier function. However, tight

junctions proteins and barrier are negatively affected by cytokines [106].

Tight junction defects have been found in a number of pathologic skin conditions
[107, 91, 34]. For example, in the cases of atopic dermatitis [108, 109, 110, 111] and
psoriasis [112], T] protein expression is altered and the TJ barrier is damaged. TJs are

also thought to play a role in regulation of aged skin [113].
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As the tight junction barrier is involved in epidermal homeostasis and terminal differ-
entiation, it is susceptible to playing a role in tumorigenesis [114, 115]. T] proteins are
either up or down regulated in cancer, and it is likely that T] barrier disruption either
accompanies tumorgenesis or initiates disturbance of homeostasis [116, 117, 118, 119,

120].

The mechanisms of maintaining a functional T] barrier during continuous turnover as
well as the role of the T] barrier in epidermal homeostasis will be further investigated

and discussed in chapter 6.

2.1.3 Atopic dermatitis

In this thesis, we focus on the skin disease atopic dermatitis (AD). AD is a common
chronic inflammatory skin disease with high and increasing incidence [121, 17, 16].
Its main symptons are pruritis, xerosis and erythema, and is further characterised
by a combination of defects in innate immunity response and a defective SC barrier
[121, 122, 14]. Even in non-lesional skin sites, the permeability barrier is affected [123].
Additionally, tight junction defects have been observed in AD, indicating that, besides
the SC barrier, the tight junction barrier in the SG is affected as well [109, 124].
Initially, AD was considered mainly an immunologic disease. Recently, however, the
importance of the aberrant barrier has been recognised, and a discussion started about
the question where the altered immune system leads to (inside-outside), and whether
the defect barrier predates a dysregulated immune system (outside-inside). Several
observations support either the inside-outside hypothesis, the outside-inside hypoth-
esis, or both (see for example Elias et al. and references therein [125]). This suggest
the immune systems and skin barrier mutually affect each other, leading to the cur-
rent outside-inside-outside hypothesis: Abnormalities in barrier structure and func-
tion lead to more penetration of pathogens and in turn increase immune reaction and
inflammation, which further deteriorates the barrier [126, 125, 15, 127]. Moreover, high
IgE levels caused by the sustained inflammation leads to pruritus, and the provoked
scratching further increases barrier defects [121, 128].

Exact causes of the initial barrier defects that could lead to the onset of AD are un-
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known, although several risk factors have been identified [38]. The highest risk factor
for developing AD is a filaggrin loss-of-function mutation [129]; 14-56% of all Euro-
pean AD patients have this mutation [130]. However, 40% of people with a filaggrin
mutation never develop AD [131].

Common treatment of AD includes a combination of both barrier-improving emol-

lients and anti-inflammatory topical corticosteroids [132].

The outside-inside-outside view of AD pathogenesis emphasises the relevance of skin
barrier in diseases. Children, who have an underdeveloped SC barrier, are more likely
to develop AD. AD can be the first step in the atopic march: the development of other
allergic diseases like asthma and rhinitis [133, 134]. Treatment of neonates with mois-
turisers and emollients, which improve the permeability barrier, prevents the devel-

opement of AD [135, 136] and the subsequent atopic march [137].

In this thesis, we explicitly study AD in chapters 4 and 5. In chapter 4, we obtain data
from AD patients to compare their barrier function to healthy patients and. In chapter
5, the SC barrier homeostasis model is perturbed to replicate AD conditions and the
consequent misregulation. Moreover, the relevance and implications of our findings

on barrier function to AD are discussed throughout this thesis.

2.2 Non-invasive in vivo experimental techniques for ex-

perimental dermatology

One of the advantages of studying the epidermis is its accessibility, which enables
the studying of tissue in vivo. Over the years, a number of in vivo experimental mea-
surement techniques have been developed, with trans-epidermal water loss (TEWL)
measurements being the most frequently used technique. TEWL is a common indi-
cator of SC barrier function, and currently the main experimental and clinical way to
characterise barrier function. The SC is the main barrier to water loss, and the water
lost per unit of time and skin surface determines the functioning of the barrier, with

lower TEWL values representing a better barrier. TEWL is measured using either open
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chamber or closed chamber technologies. They both use the humidity gradient of wa-
ter vapour caused by the loss of water from the skin and temperature measurements to
derive TEWL [138]. TEWL is sensitive to a range of physiological and environmental
factors, such as changes in relative humidity and temperature, age, circadian rhythm,
season, ethnicity, and skin site [139, 20].

While TEWL is the main available indicator, some researchers have suggested that
TEWL measurements alone are not sufficient to describe skin barrier function in sev-
eral cases. For example, Chilcott et al. investigated the permeability of in vitro pig skin
to titrated water, and concluded that in vitro, basal TEWL rates do not correlate with
skin barrier function measured in vitro using titrated water [140]. According to Lu et
al., baseline TEWL is not enough to quantify the intrinsic barrier function, as cosmetic
dry skin has the same TEWL as normal skin, but higher thickness and lower barrier

quality (as measured by the change in TEWL after tape stripping) [141].

In this thesis, we combine TEWL with confocal Raman spectroscopy (CRS) measure-
ments. CRS is a microscopy technique in which a laser is focused at a certain depth in
the skin, and the scattered light is collected. The wavelength shift of the reflected light
results from changes in the energy states of the molecules. From these obtained Raman
spectra, wavelength shift bands can be linked to skin components such as water, lipids
and NMEF, and its band intensities correspond to relative amounts of those molecules
[43, 27, 28]. Spectra can be obtained from two regions. The fingerprint region (400-
1800 cm™') contains information on keratin, lipids and NMF components, whereas
the high wavernumber region (2600-3800 cm™') is used to obtain water/protein and
lipid / protein ratios, and has further information on the molecular-bound states of
water [66]. Raman profiles of water concentration clearly confirmed the existence
of a water concentration gradient in the SC, as well as profiles of NMF and lipids
[142, 143, 28, 144, 145].

Besides obtaining depth profiles of SC components, there are various further applica-
tions of CRS, some of which will be applied in this thesis. CRS water profiles can be
used to calculate (functional) SC thickness [146, 147, 148, 149]. While there is a water
concentration gradient in the SC, there is a constant water concentration in the SG and

the rest of epidermis. Therefore, the water concentration plateaus at the SC/SG inter-
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face. The depth of intersection of the SC gradient and the (flat) gradient below is taken
as the SC thickness. This point also corresponds to an the start of an increase in CRS
obtained NMEF profiles, as filaggrin is only broken down to NMF at the bottom of the
SC [150, 151]. In this thesis, SC thickness is calculated in the same way [148].

Other applications include rapid determination of filaggrin genotypes based on Ra-
man NMF levels, which is useful for AD patients [152]. Filaggrin mutations lead to
lower NMF and correlate with AD severity [153], and children with the least filag-
grin and NMF are more likely to develop AD [154]. Also, Raman can be used to ob-
tain (time-course) profiles of compounds into the SC in order to study penetration of
drugs through the SC as well as penetration enhancers for transdermal drug delivery

[155, 156, 151, 157, 158].

The advantage of CRS is that it is truly non-invasive, whereas other depth-profiling
techniques usually depend on more invasive methods such as tape stripping or tak-
ing biopsies. Tape stripping is the removal of layers of corneocytes using adhesive
strips. It is used for two main purposes. Tape stripping induces barrier damage by
removing layers of cells, and the state of barrier after the damage and its recovery can
subsequently be measured, for example using TEWL, pH or hydration measurements
[159, 160, 161]. Furthermore, the strips contain the removed contents of the SC at the
measurement depth, which can be analysed to obtain depth profiles of SC components
[162, 163, 164]. The thickness removed by a tape strip changes with SC integrity, skin
site, applied pressure and duration [165, 166, 167, 168]. As it is important to quantify
the thickness removed for the constructing depth profiles, it is often more accurately
derived from the amount of protein removed by the tape strip, assuming the amount
of protein is constant across the SC [169, 170]. While tape stripping is only minimally
invasive, it still disrupts the SC, inducing water loss and immune reactions, thereby

initiating barrier repair mechanisms.
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2.3 Modelling the skin’s permeability barrier

Mathematical modelling of the skin has been commonplace for the last decades. Here,
an overview is provided of the modelling approach that have been applied to various
aspects of skin research, with a special focus on modelling of the permeability barrier

and models that include spatial effects and depth-dependency.

The stratum corneum functions as the permeability barrier of the skin and, unsurpris-
ingly, a large body of skin-focused modelling research focuses on this permeability
barrier function. As diffusion of substances through the SC is passive, the starting
point for most of this research is Fick’s laws of diffusion [171]. Arguably the most im-
portant ‘model” in understanding SC permeability is the ‘bricks and mortar” model,
which separates SC permeation into a transcellular (corneocytes or bricks) and an ex-
tracellular pathway (lipids bilayers or mortar). The question of which of the two is the
main pathway through which water and other molecules permeate has been a topic
of discussion [172, 173, 174]. Finite element methods [175, 176, 177, 178] and PDE
diffusion models [174, 179, 180, 181, 182] have used the 2D geometry of the bricks
and mortar model to study permeation of various molecules and chemicals through
both pathways. Using a (flattened) tetrakaidecahedron to approximate the geometry
of keratinocytes and corneocytes [183], geometric models can accurately represent the

SC structure in 3D to further refine permeation modelling [184, 185, 186].

Compartment models are often used in pharmacokinetic/pharmacodynamic (PK/PD)
modelling, where the SC is represented by one compartment with a single diffusion
coefficient [187, 188]. In this thesis, the model of the SC consists of several compart-
ments, each with a different coefficient to incorporate spatial differences within the SC.
Other modelling that incorporates the heterogeneity of the SC includes Hansen et al.
[189] who examined the role of corneocytes in skin transport using two-compartment
models of the SC, and Anissimov and Roberts [190] who studied the effects of variable

diffusion coefficients in the SC on absorption kinetics.

Quantitative mathematical models that describe the permeation of substances such as

drugs through the epidermis have various applications, including the prediction of
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dermal absorption and transdermal drug delivery [188, 41, 40, 191, 42]. Several such
mathematical models aim at predicting skin permeability by considering experimen-
tally determined structural parameters of the permeants (for overview see [192]). For
example, the Potts and Guy model uses the molecular weight and the octanol-water
partition coefficient of the permeating molecules to obtain a general prediction of the

permeability of compounds through skin [193].

Where the permeation of molecules and chemicals into the skin is of pharmacological
importance, the outflow of water measured by TEWL is often used as a marker for
skin barrier function. The widespread use to TEWL, and ease of using a non-invasive
measurement technique led to the availability of large amounts of experimental and
clinical TEWL data. This makes TEWL ideal for modelling, and we find several mod-
els that rely on TEWL data, for example Hadgraft and Lane who propose a simple
geometric model of the extracellular pathway length which directly relates to TEWL,
and provides a possible explanation for differences in TEWL between skin sites [194].
Fitting of curves to profiles of TEWL measured after sequantial tape stripping can de-
termine SC thickness and the (constant) diffusion coefficient of water [160, 195].

TEWL is also used in modelling of water sorption experiments, for example by pre-
dicting and fitting of TEWL curves after occlusion [196, 197]. Water sorption models
are useful for determining SC water content and permeability of ex vivo skin [198, 199].
Recently, Li et al. have presented a PDE model of water transport in the SC which sim-
ulates the effects of water content (hydration) on diffusion of water and swelling of

the SC [200, 201].

In addition to the mainly ODE and PDE-based modelling of the SC discussed above,
a variety of model types and approaches have been applied to study other epidermal
properties and epidermal homeostasis. Agent-based models, where the interaction be-
tween cells and their differentiation are described by pre-set rules, can be employed to
simulate epidermal homeostasis [202, 203, 204, 205, 206, 207] and psoriasis [208, 209],
and to analyse stem cell proliferation and clone dynamics [210, 211, 212]. For example,
the agent-based epidermal model (excluding the SC) of Grabe et al. simulates epider-

mal homeostasis, and accurately predicts tissue dynamics and the establishment of the
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epidermal calcium gradient [213].

Clonal lineage models have been fitted to experimental clone data to infer stem cell
proliferation and epidermal homeostasis dynamics [214, 215, 210, 216, 217]. Further-
more, systems biology models have been used to study immune interactions in the

skin [218], as well as the interplay between barrier function and immune system [38].

Modelling approaches that explicitly considering the T] barrier have been sparse. To
my knowledge, tight junctions are only included in the attempts of Adams et al. to
model the regulation of the epidermal calcium gradient, where tight junctions provide

resistance against the movement of calcium through the SG T] barrier [219, 220, 221].

2.4 Conclusion

This chapter provided a broad introduction on the SC and TJ barriers, the technology
used to obtain the experimental data in this thesis, and an overview of skin permeabil-

ity barrier modelling literature.

While some parts are discussed in more detail in the following chapters, this chapter
has defined the scope of the research presented in this thesis. Besides its barrier func-
tion, the epidermis also provides the first line of the immune system. In this thesis,
we do not consider immune system reactions and their effects on the barriers, while
acknowledging the importance of its interplay with epidermal barrier homeostasis,

especially in diseases such as AD.

As is clear from the literature presented above, there is a wealth of biological knowl-
edge on the structure and function of both epidermal barriers. However, many pieces
of biological understanding are isolated, and it is not often possible to connect or test
multiple interactions experimentally. Modelling can play a role in studying barrier
homeostasis and its regulation which is a result of the interaction of multiple compo-
nents. Despite the importance of depth-dependent processes in regulating and main-
taining both the SC and TJ barriers despite continuous turnover, modelling efforts
remain limited. Although there are a number of studies focusing on epidermal home-

ostasis, the role of T] and SC barriers are not considered. Specifically, to date there are

23



no known models that aim to describe the depth-dependency of the SC barrier and its

regulation. Developing such a model will be the focus of the next chapters.
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Chapter 3

Characterising depth-dependent water
permeability barrier in the SC using

resistance profiles

3.1 Introduction

The stratum corneum is a heterogeneous tissue, with distinct processes and compo-
sition at different depths. Despite being a layer of anucleated cells, it has to perform
a variety of functions while continuously renewing. Its permeability barrier function,
limiting the outflow of water and protecting the body against external pathogens, can

be seen as the ‘raison d’étre’ of the stratum corneum [222].

This chapter aims to characterise the permeability barrier in more detail, focusing on
the depth-dependency of the barrier. From the moment cornification takes place at the
SG/SC interface, cornceocytes move up and a series of processes along the depth of
the SC form, maintain and break down the permeability barrier. These processes are
tightly controlled in a tissue where active regulation through expression is impossi-
ble. This highlights the importance of understanding how differences along the depth

determine the SC barrier function and its regulation.

With recent advances in experimental techniques such as confocal Raman spectroscopy
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(CRS), a very accessible tissue such as the SC can be studied across its depth, non-
invasively and in vivo. Naturally, this provides a number of advantages over invasive
or in vitro experiments. In vitro experiments only study a specific part of the entire sys-
tem in artificial conditions, omitting essential information about interactions between
and signals. Even minimally invasive techniques such as tape stripping disrupt skin
barrier homeostasis and lead to (immune) reactions which alter structure and function.
Widely available non-invasive experimental techniques like TEWL and CRS create a
unique opportunity to study the state of the stratum corneum and its barrier function
in vivo, both clinically and experimentally. Modelling provides a way to combine that

data to gain additional insight.

In this chapter, a compartment model of resistance to water diffusion is developed,
with compartments representing different depths in the SC. The model combines ex-
perimental TEWL and Raman data to describe the barrier function along the depth.
Applying compartmental models to the skin is far from new, especially in pharma-
cokinetics (see chapter 2 for an overview). The novelty of the model presented here is
that the SC is composed of several compartments to represent varying barrier function
along the depth of the SC, as well as its design to directly incorporate experimental Ra-
man and TEWL data. Whereas most previous models of SC permeability use a single
compartment for the SC and assume a constant diffusion coefficient, our results show
a depth-dependent profile of the resistance to water diffusion in the SC. In the discus-
sion section of this chapter we will consider the differences between our results and

previous findings in detail.

Characterising the permeability barrier along SC depth in human subjects, across a
variety of skin sites and conditions, contributes to understanding how the barrier is
formed, maintained and broken down through depth-dependent processes. Nowa-
days, plenty of clinical and experimental data is available. Our model provides a sim-
ple tool to incorporate experimental data into a new index that can intuitively be used
to compare barrier function. Furthermore, the resistance profiles can serve as a frame-
work for further investigation into how the permeability is formed by the components,

and regulated to maintain a functional skin barrier while continuously renewing the
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SC (chapter 5).

The next section describes the development and application of a model to describe the
permeability barrier of the SC in a depth-dependent manner. The subsequent discus-
sion focuses on various aspects of the presented resistance profile model including its
usage and applicability, and the results in relation to the existing body of literature

regarding the depth-dependency of the stratum corneum permeability barrier.

3.2 Resistance to water diffusion in the stratum corneum

is depth-dependent

This section is reproduced from the paper 'Resistance to Water Diffusion in the Stratum
Corneum Is Depth-Dependent’ [223] published by Van Logtestijn et al.! in PLOS ONE? in
2015 under a Creative Commons Attribution (CC BY) license.

3.2.1 Introduction

The main function of the stratum corneum (SC) is to provide a permeability barrier
that limits the inflow of external potential irritants, while at the same time controlling
the outflow of water from the body to prevent dehydration and retain water [222].
Appropriate hydration in the SC is vital not only for helping to plasticize keratin fibers
and provide flexibility to the skin, but also for realization and regulation of all the
biochemical processes occurring in the SC by its constituent components [224]. These
processes, in turn, contribute to forming, maintaining, and degrading the permeability

barrier and to ensuring an appropriate level of SC hydration.

!Mark D. A. van Logtestijn?, Elisa Dominguez-Hiittinger?, Georgios N. Stamatas?, Reiko J. Tanaka®. ¢
Department of Bioengineering, Imperial College London, UK. * Johnson & Johnson Santé Beauté France,

Issy-les-Moulineaux, France
2Published: PLoS ONE 10(2): e0117292, February 11, 2015. DOI: 10.1371/journal.pone.0117292
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Extensive research has revealed the contribution of many SC components to the per-
meability barrier. Corneocytes, the main components of the SC, are held together by
corneodesmosomes to form tight cellular junctions to provide structural integrity to
the SC [59]. They are surrounded by a lipid matrix, where lipid bilayers limit the
movement of water and other substances through the SC [225]. Corneocytes contain
keratin filaments, filaggrin, and natural moisturising factors (NMFs) that bind water
to provide hydration [62]. Each corneocyte is surrounded by an insoluble cornified
envelope created by cross-linking of membrane proteins and lipids [58]. Given that
all these SC components build up the permeability barrier via different processes that
occur dynamically along the depth of the SC, from their formation at the bottom of the
SC to their desquamation at the outermost layers, the functioning and structure of the

permeability barrier naturally change in a depth-dependent manner.

The permeability barrier is typically assessed through measuring transepidermal wa-
ter loss (TEWL) [139, 20], which gives a single value that does not, by itself, pro-
vide information about the depth-dependency of the permeability barrier. The depth-
dependency of the permeability barrier has been previously investigated by measur-
ing TEWL after removal of the SC layers by tape stripping [160, 195, 141]. Tape strip-
ping has been also used for depth profiling of several SC components [163]. However,
with recent advances in confocal Raman spectroscopy, we are now able to evaluate the
depth-dependency of the water permeability barrier using non-invasive in vivo mea-
surement data. Accordingly, this paper aims to propose a novel method to combine
these non-invasive in vivo measurement data and derive the depth-dependent resis-

tance of the SC to water diffusion, using a mathematical model.

While previous pharmacokinetic models of the SC for studying transepidermal drug
delivery and absorption mostly assume that the SC is a single compartment with
a fixed diffusion coefficient [188, 40], this paper proposes a mathematical model of
SC water permeability barrier by assuming that the SC consists of multiple compart-
ments. Each of those compartments is located sequentially at a different depth, and
can have a different diffusion coefficient. These novel assumptions enable us to ex-

plicitly address and investigate the depth-dependency of the SC permeability barrier.
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Note that the possibility of representing the SC by multiple compartments has been
previously suggested [226, 227] but with the assumption of a constant diffusion coef-
ficient for all the compartments, which does not allow for evaluation of varied perme-

ability along the depth of the SC.

To demonstrate that the proposed mathematical model can effectively evaluate the
depth-dependency of the water permeability barrier, we apply the model to previ-
ously published experimental data on TEWL and water concentration measured non-
invasively at different depths in the SC by confocal Raman spectroscopy. The original
studies for these data sets compared the skin of infants and adults [22], different skin
sites [228], and the skin before and after application of oils [229]. For each of these
data sets, we derive the resistance profiles, which characterise the depth-dependency
of the permeability barrier. Quantitative characterisation of the obtained resistance
profiles enable us to investigate underlying mechanisms for formation, maintenance,
and degradation of the permeability barrier, and their comparison between different
skin types can reveal the mechanisms responsible for differences in SC morphology
and physiology. Furthermore, our mathematical model allows us to conduct in sil-
ico experiments to predict the spatial-temporal dynamics of water diffusion in the SC,
which is difficult to obtain through conventional experiments. Combining the avail-
able TEWL and water concentration data using a mathematical model complements

experiments in gaining quantitative understanding of intricate biological mechanisms.

3.2.2 Results and Discussion

The SC compartment model

To study the depth-dependency of the SC water permeability barrier, we develop a
mathematical model of the SC consisting of multiple compartments, which we refer to
as the SC compartment model in this paper. The model incorporates Fick’s first law of
diffusion [230] at each compartment at different depths in the SC (Figure 3.1a). The ap-
plication of Fick’s first law determines the relationship between TEWL and the water

concentration, measured non-invasively at the top and bottom of the i-th compartment
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(i=1,2,...n) of the SC, by

AW; W, =W,

TEWL s Dl'K,'
Axi R,‘

: (3.1)

where D;, K;, Ax;, and R; are the diffusion coefficient, partition coefficient of water
between the SC and the ambient air, thickness, and resistance of the i-th compartment,
respectively. The AW; = W;— W,_, is the difference in water concentration at the top and
bottom of the i-th compartment, with W; being the water concentration in steady-state
measured at the bottom of the i-th compartment. The Wj is the water concentration on
top of the outermost compartment, which is in direct contact with the environment,
and W, is the water concentration in the top layer of the viable epidermis. The TEWL
for each compartment is the same as TEWL measured conventionally at the top of the
SC [231], since the water flux in steady state is equal to the rate of TEWL throughout
the SC. The water concentration [% mass ratio water/protein] at sequential depths can

be measured by confocal Raman spectroscopy [27].

Depth-dependent resistance to water diffusion characterizes permeability barrier

Using the SC compartment model (3.1), we derive the resistance of each compartment

to water diffusion by R; = VE&’,E, which characterizes how difficult it is for the wa-

ter to diffuse through the i-th compartment. The resistance R; is also described with

Ax;

both the diffusion coefficient and the partition coefficient as 5

from (3.1), suggesting
that both water permeability (diffusion) and binding of water to NMFs (partition) are
contributing to the resistance. Plotting the calculated resistances of all the compart-
ments against their respective depth, and interpolating them, provides the resistance
profile (Figure 3.1b). We use the depth normalized by the SC thickness to facilitate the

comparison between the resistance profiles of skin with different thickness.

With regard to the depth-dependency of the permeability barrier, it has been suggested
that the SC consists of three distinct regions (bottom, middle, and top) with differ-
ent “metal-ion barrier properties” [32], with the middle region being the main barrier
against diffusion of metal-ions such as potassium and chromium (VI). Despite the dif-

ference between metal-ion and water diffusion, we similarly define bottom, middle,
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Figure 3.1: Depth-dependent SC resistance to water diffusion. (a) Schematic represen-
tation of the SC compartment model (5 compartments). Resistance R; (i = 1,2,...,5)
of i-th compartment is determined from TEWL and water concentration W,_; and W,
at the top and bottom of the compartment. (b) Typical resistance profile describing SC
depth-dependent resistance. Depth is normalized by SC thickness. Ry.x, degR, proR are

functional indices and X_, X, and X, are structural indices for resistance profiles.

and top regions in a typical resistance profile (Figure 3.1b), such that each of the re-
gions corresponds to the formation, maintenance, and degradation of the permeability
barrier, respectively. The middle region is the area where the resistance is maintained
above 80% of the maximum value (R, attained at depth X,,,,x) throughout. The thresh-
old value of 80% is chosen arbitrarily to capture the distinct region in the middle of
the SC, where the profile is relatively flat compared to the other regions and resis-
tance is maintained, as shown in the resistance profile for adults (Figure 3.2b). The
bottom region comprises the bottom of the SC (normalized depth=1) to depth X+,
at which the resistance increases to 80% of R,.x. This increase in resistance in the
bottom region can be attributed to the processing of various components that consti-
tute the barrier. For example, lipids released from lamellar bodies at the SC/stratum
granulosum (SG) interface are processed and self-organized to form the intercellular

lipid matrix; the organisation of lipids changes with depth [55]; cross-linking of ker-
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atin, membrane proteins, and lipids create an insoluble cornified envelope; tightening
of corneodesmosome junctions further strengthens the structure of the SC as a bar-
rier from the SG upwards [232, 233]; corneodesmosome concentration and protease
activity also change with depth [234]. The production rate of resistance is defined
by proR= %, where R(1) is the resistance at the SC/SG interface. Finally, the
top region is where the resistance decreases from 80% of R, at depth X- towards
the outermost layer (depth=0). This decrease in resistance is due to active kallikreins
(desquamatory serine proteases) degrading corneodesmosomes and the resulting re-

moval of corneocytes and lipids [81]. The degradation rate of resistance is defined by

degR= M, where R(0) is the resistance at the outermost compartment.

The resistance profiles are quantitatively characterized by Ry.x, proR, and degR, all of
which indicate the functioning of the SC as a water permeability barrier and are re-
ferred to as functional indices. The term Ry, indicates the overall strength of the
barrier resistance, higher proR values imply more efficient mechanisms of barrier con-
struction, and degR indicates the efficiency of desquamation processes to degrade the
barrier towards the uppermost layer. The spatial characteristics of the resistance pro-
tiles can be quantified by X,..x, X-, and X+, which we refer to as structural indices. The
term X,,,x specifies where the resistance peaks in the SC, higher X+ values indicate that
the barrier is formed within a smaller region of depth, and higher X- values suggest
that the barrier degradation starts deeper in the SC. Both functional and structural in-
dices enable us to quantitatively compare the resistance profiles obtained for different
skin types and help us to study the contributions of constituent barrier components
to formation, maintenance and degradation of the permeability barrier, as discussed

below.

Age- and site-dependent differences in permeability barrier captured using resis-

tance profiles

To exemplify how the resistance profiles provide insights in the underlying mecha-
nisms related to the depth-dependent permeability barrier, we first apply the SC com-

partment model to previously published data on water concentration profiles (Fig-
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Figure 3.2: Comparison of permeability barrier for different types of skin. (a, d)
Water concentration profiles (means +/— SD), (b, e) resistance profiles (means), and
(¢, f) quantitative indices for resistance profiles (means, with significance * p<0.05, **
p<0.01, *** p<0.001) for (a-c) volar forearm of 12 infants (3-12 months) and 12 adults
(14-73 years) and (d-f) face (cheek), exposed arm (dorsal forearm), and protected (up-
per inner) arm of 20 adults (18-70 years).

ure 3.2a) and TEWL [22] (Appendix A.1) to derive the resistance profiles for adults
and infants of 3-12 months old (details in Methods). Infant skin undergoes a matura-
tion process during the early years of life, starting as early as 3 months old [22, 235],
when the morphology and physiology of the SC barrier fully develops [236]. The
immaturity of the SC barrier for infants of this age (3-12 months old) is convention-
ally documented by higher TEWL values compared to adult skin [22, 235], although
TEWL for babies immediately after birth is reported to be almost the same as that for
adults [237]. The resistance profiles for adults and infants (Figure 3.2b) further reveal
the depth-dependent function and structure of the SC as a water permeability bar-
rier. The resistance profile for infants clearly shows a much lower resistance than for
adults throughout the thickness of the SC. This lower resistance in infants is reflected
in significantly lower values for all the functional indices (Rpax, proR, and degR, Figure
3.2¢), indicating a less efficient barrier function compared to adult skin. In particular,
a lower proR for infants could be attributed to their higher keratinocyte turnover rates
due to increased proliferation [238]. This means that cells move up quicker and have

shorter resident times in the epidermis, resulting in less mature differentiation and
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cornification and thus a less efficient formation of the barrier. Interestingly, however,
the differences observed in structural indices (X, X- and X+) are not as significant,
suggesting that the processes related to formation, maintenance and degradation of

the permeability barrier are activated at similar relative depths in the SC.

We also derived and compared the resistance profiles for different skin sites on adults
using previously published data on water concentration profiles (Figure 3.2d) and
TEWL [228] (Appendix A.1). It is well known that the face has a thinner SC [147] and
higher TEWL values [139] than the arms, and they are conventionally used as an indi-
cation of a weaker permeability barrier for the face. The weaker resistance for the face
can indeed be observed clearly in our calculated resistance profiles (Figure 3.2e) and
is quantitatively indicated by lower values for all the functional indices (Figure 3.2f).
The lower proR for the face reflects a less efficient formation of the barrier, possibly due
to higher rates of proliferation [239], as in the case for infants. This also results in shift-
ing the peak of the resistance towards the top of the SC (lower X,,.x) with a lower R.
Comparison of the resistance profiles between protected and exposed arms reveals the
effects of photo-ageing caused by chronic exposure to UV radiation, which damages
the epidermis and impairs its differentiation processes [240, 241]. The exposed arm has
a lower peak in resistance (lower Ry,x) than the protected arm, achieved at a deeper
point (larger Xy.x), possibly due to impaired differentiation processes leading to lower

availability of barrier component precursors, which limit the barrier formation.

Effects of topical application of oil evaluated using resistance profiles

We further use the resistance profiles to study and predict the effects of skin treatments
on the permeability barrier. Pharmaceutical skin care products, such as oil-based mois-
turizers and emollients, aim to improve SC barrier function by partially occluding the
skin, limiting the outflow of water and consequently trapping water in the SC to in-
crease its hydration levels [229]. To quantitatively evaluate and compare the effects of
topical application of different oils in increasing the resistance to water diffusion, we
applied the SC compartment model to the previously published data on TEWL and
water concentration profiles [242, 229] (Appendix A.1). It allowed us to derive the
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Figure 3.3: Resistance profiles (means) before and 30 minutes after topical applica-
tion of different oils: (a) almond oil (n=92), (b) jojoba 0il (n=98), (c) paraffin oil (n=99),
and (d) petrolatum (n=86).

resistance profiles for the skin before and 30 minutes after topical application of four
oils: almond, jojoba, paraffin, and petrolatum. The measurements at 30 minutes after

application of the oils are considered to be at steady state [229].

Topical application of all oils increased the resistance over the entire depth of the SC,
in a depth-dependent manner, with a higher increase observed in the middle to top
than the bottom regions (Figure 3.3). This suggests that the permeability barrier is not
only affected by oils through occlusion of the skin since the subsequent decrease in
TEWL would simply scale up the resistance profiles in a depth-independent manner.
The depth-dependent increase in resistance can be partly explained by local increase
in hydration. The increase is highest in the middle region of the SC [243], where most
of the NMFs reside and bind to water to prevent its diffusion, resulting in increased
resistance against diffusion of water. This result is also consistent with the findings

that the middle region is the main barrier against diffusion of metal-ions [32].
Application of petrolatum almost doubles the resistance on average over the entire SC,
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while the maximum increase in the resistance by application of the other three oils is
about 20% (Figure 3.3d). This strong increase in resistance by application of petrola-
tum could be due to a larger increase in hydration caused by a larger occlusive effect
of petrolatum and a higher concentration of petrolatum reaching deeper in the skin
than the other oils [229], to strengthen the intercellular lipid bilayers and increase the
resistance across the SC. Interestingly, two peaks are observed in the resistant profile
after the topical application of petrolatum. This could be caused by molecular frac-
tionation due to variation in speed of lipid transfer within the SC, which resembles

the processes of liquid chromatography [244].

In silico simulation reveals the effects of topical application of petrolatum on spatial-

temporal dynamics of water diffusion

To analyze the effects of topical application of petrolatum on the spatial-temporal dif-
tusion of water in more detail, we developed a mathematical model, which describes
the dynamical water inflow and outflow of each compartment, using the resistance

profiles obtained above.

The dynamical change in the water concentration W; in the i-th compartment can be
described by an ordinary differential equation (ODE),

dwi(r) — Wi (1) — Wi(®) N Wi (1) — Wi(1)
dt R; Ri ’

(3.2)

where R; and R, are resistances limiting the diffusion of water to and from the i-
th compartment. The set of ODEs (3.2) for i = 1,...,n — 1 is referred to as the SC
compartment dynamic model, which describes the spatial-temporal dynamics of water
diffusion. Using the SC compartment dynamic model, we carried out in silico simula-
tions of SC water absorption and desorption (details in Methods). These simulations
mimic the conditions used in previously published experiments [22], in which water

is applied topically to the skin for 10 seconds before being wiped off.

Whereas the original experiments [22] involved measuring the total SC water content
at different time points and derived the rates of absorption and desorption of water to

quantify the barrier function, our in silico experiments further predicted the temporal
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Figure 3.4: Results of in silico absorption-desorption experiment with water applied
topically for 10 seconds (time=10-20 s). (a) Temporal dynamics of total water content
(change from steady state) for adults; simulation results (solid line) and experimen-
tal data (diamonds) [22]. (b) Spatial-temporal dynamics of water concentration before
and 30 minutes after topical application of petrolatum. (c) Spatial-temporal increase
in water concentration after application of petrolatum. Negative values (time=10-20
s) and positive values (time=20-50 s) respectively indicate slower absorption and des-

orption after application of petrolatum.

dynamics of the spatial diffusion of water in the SC. Assuming that the total water
content is obtained by summing up the water concentrations in all the compartments
along the depth, we compared and confirmed the qualitative match between the total
SC water content measured during the experiments for adults [22] and that obtained
from our simulations for the skin of adults before topical application of petrolatum

(Figure 3.4a).

Our simulation can visualize the effectiveness of topical application of petrolatum in
improving the permeability barrier in terms of spatial-temporal water diffusion, which
is difficult to observe through conventional experiments. Since petrolatum is gener-
ally applied to protect skin with a damaged barrier [245], e.g., for atopic dermatitis
patients, detailed understanding of the dynamic effects of petrolatum and other emol-
lients is clinically relevant. The simulation results clearly indicate that the area with
high water concentration shrinks by topical application of petrolatum (Figure 3.4b).
This is due to the change in kinetics, as the increased resistance by petrolatum pre-
vents water from flowing in and out. It is exhibited by the spatial-temporal change

in water concentration by petrolatum application (Figure 3.4c): a slower absorption
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of water penetrating less deep for the first 10 seconds while water is applied, and a
slower desorption at around 25-35 seconds leading to the increased water concentra-

tion to be sustained.

3.2.3 Conclusions

The critical function of the skin acting as a barrier to water diffusion and to tissue de-
hydration is typically assessed by measuring TEWL. The TEWL however is a single
value that provides no information about the dynamic mechanisms (e.g. barrier for-
mation or degradation) that are responsible for the depth-dependent characteristics of
the permeability barrier. This paper proposed the SC compartment model, used it to
combine existing static TEWL data and water concentration profiles, both of which can
be measured non-invasively in vivo, and extracted information on depth-dependency
of the permeability barrier. Our method used multiple compartments with depth-
dependent diffusion coefficients in the proposed SC compartment model, combined
with in vivo non-invasive measurements. This proposed method is a refinement of
previously published one with single compartment SC models combined with tape
stripping experiments [160, 195] (detailed comparison in Supporting Information S1).
We used the derived resistance profiles to evaluate the permeability barrier of differ-
ent skin types, and elucidated differences in the underlying mechanisms of barrier

formation, maintenance and degradation.

The obtained resistance profiles revealed a depth-dependent water permeability bar-
rier, which peaks at the middle region of the SC, indicating that the barrier is formed,
maintained, and degraded from the bottom to the top of the SC. Quantitative charac-
terization of the resistance profiles allowed us to compare the permeability barrier of
different skin types (infants vs. adults, different skin sites, before and after application
of oils) and lead to the following observations on the underlying mechanisms. Higher
proliferation rates both in infants (compared to adults) and in the face (compared to
arm sites) lead to a less efficient formation of the barrier, indicated by a slow forma-
tion of the barrier (low proR) with lower maximum resistance (low Ry.). Photo-ageing

by UV radiation impairs differentiation processes and limits barrier formation, as ex-
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hibited by a lower peak in resistance (low Ry.) achieved at a deeper point in the SC
(high X.,x) on the exposed arms (compared to the protected arms). The increased re-
sistance after topical application of petrolatum leads to less penetration of water and
a prolonged increase in water concentration, as predicted by in silico experiments for

spatial-temporal dynamic of water diffusion in the SC.

Our mathematical modelling approach provides a tool for the analysis of experimen-
tal data for a deeper understanding of the mechanisms underlying barrier function. It
can be used to predict the effects of skin treatments on spatial-temporal dynamics of
water penetration in the SC, through in silico experiments. This exemplifies the power
of appropriate mathematical frameworks providing additional insights in underlying
dynamical mechanisms, which cannot be obtained solely through experiments [36].
This approach can also be applied to obtain clinical insights, for example by quantify-
ing the effects of skin treatments in improving barrier function, using resistance pro-
files for different skin types and sites with pathological skin barrier conditions (such
as atopic dermatitis and psoriasis) or after topical application of various drugs and
skin care products such as corticosteroids or moisturizers. Similar in silico simulations
to those presented in this paper can be used to study the spatial-temporal dynamics
of percutaneous penetration of drugs and absorption kinetics of allergenic substances
and may provide insights into the key biological processes involved in disease states or
in treatments and identify patient-specific SC barrier dysfunction and targeted treat-

ments.

Non-invasive measurement techniques allow for accurate measurement of depth de-
pendent concentrations of NMF, lipids, and proteins [28, 152], in addition to water
concentration used in this paper. As such detailed quantitative measurements for SC
components become increasingly available, appropriate mathematical frameworks for
combining multiple sets of experimental data, such as the one proposed here, are
needed to maximize the insights that can be gained from measurement data, and
progress our understanding of the SC permeability barrier. While the current model
serves as a first step for modelling permeability in the skin, its flexibility and simplic-

ity will allow us to extend the model to incorporate other spatial-temporal processes,
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such as water binding to NMFs, and to reveal further how various biological mecha-
nisms contribute to barrier formation, maintenance, and degradation, for example by
clarifying the relative contribution of both water binding to NMF (hydration) and the

extracellular lipids to resistance to water diffusion.

3.2.4 Methods

Derivation of resistance profiles

The resistance profiles describing the depth-dependent resistance to water diffusion
(Figures 3.2 and 3.3) are obtained in the following three steps, using MATLAB version

2012b (The MathWorks, Inc., MA, USA). First, resistances R; = %=2=L are calculated

with the SC compartment model (3.1) using TEWL [gm ™ h~'] and water concentration
[mass%] measured by Raman spectroscopy for each individual [22, 228, 229] (all the
data used in our paper is summarised in Dataset S1%). The thickness of each compart-
ment in the compartment model is set to be 2 um, corresponding to the measurement
of water concentration at every 2 pm in depth. The unit of resistance using this specific
combination of measurements is displayed as arbitrary units (a.u.), since [mass%] is
a relative unit (% mg water/mg protein). Second, the resistance profile for each in-
dividual is obtained by plotting the resistances against the normalized depth (depth
divided by the SC thickness) and interpolating them. The SC thickness is calculated
from the water concentration profiles by the method described in [148]. The Matlab
code to derive the resistance profiles for each individual is available in the supporting
information (Code S1%). Finally, all the resistance profiles are averaged over the group
of individuals to obtain the mean resistance profile for the corresponding group. The
functional and structural indices are also calculated for every individual resistance

profile and averaged over the group (Figure 3.2).

3Dataset S1. This dataset contains the experimental data used in this chapter. It includes water
concentration profile and TEWL data on infants and adults [22], different skin sites [228], and before

and after application of four oils [229]. DOI: 10.1371 /journal.pone.0117292.s001
“Code S1. Matlab code for reproducing the results in this chapter. ~DOI 10.1371/jour-

nal.pone.0117292.s003
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In silico experiments

The in silico absorption-desorption experiments (Figure 3.4) were performed using
simulation of the SC compartment dynamic model (Equation (3.2)). The resistances
{R;} are obtained from the resistance profiles, and the water profiles are obtained from
the previously published measurement data [22, 229]. Topical application of water is
simulated by increasing W, by We,, = 60 [mass%] for 10 seconds. The value of W, was
chosen arbitrarily to ensure that the pool of water applied on top of the skin diffuses
from the top to deeper SC layers due to the difference in water concentration, with
W, being around 90 [mass%] after the application of water, while a typical initial W,
is 30 [mass%]. Numerical simulation were conducted using the ode45 solver of MAT-
LAB version 2012b (The MathWorks, Inc., MA, USA). The Matlab code can be found
in Code S1.

Direct comparison between the experimental and model simulation results was car-
ried out as follows. We first ran the simulation using the SC compartment dynamic
model (3.2) to obtain the spatial-temporal dynamics of water concentration before the
application of petrolatum. Summation of the water concentration in all the compart-
ments along the depth provided the simulated time-course of total SC water content
[mass%]. To directly compare it to the total SC water content [a.u.] experimentally
measured by conductance, we obtained a scaling parameter for the unit conversion by
minimizing the sum of squared errors between the simulation and experimental data
at each time point using fminunc in Matlab. We confirmed that the results are robust

against the choice of initial values for minimization.

Statistical analysis

The statistical significance of the difference between the means of indices was de-
termined using a two-tailed Student’s t-test for comparing the means of infants and
adults and using one-way ANOVA for comparing the means of the three skin sites
(MATLAB version 2012b, The MathWorks, Inc., MA, USA). The variance in the mean

resistance profiles is not displayed (Figures 3.2b, e) for visual clarity. However, quanti-
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tative indices were used to determine the statistical significance between the resistance

profiles and their characteristics; thus, they include variance.

3.3 Discussion

In this section, the following points will be addressed: further discussion of the results
and suggestions for further research; a detailed comparison of previously reported
results on SC barrier depth-dependency in relation to the results presented here; and

the different ways of applying and visualising the resistance profiles.

3.3.1 Discussion on results of application and future direction

The development of children’s skin and its barrier function in particular has been stud-
ied in recent decades [246, 238, 22, 236]. Here, comparison between resistance pro-
tiles of children revealed a considerable difference, especially in barrier functioning,
while the structural indices are similar. This indicates that even though structure (nor-
malised for SC thickness) is comparable and sufficiently functional, the skin is still in
development for the first months up to a year after birth. After birth, the barrier func-
tion as measured by TEWL seems to be similar to that of adults [237]. Several studies
show that in the months after birth, up to one year, TEWL increases and is consid-
erably higher than adults levels [247, 22, 248, 235, 249]. In future research, we could
follow resistance profiles at different time points during the first year, to observe the
structural and functional changes in developing skin.

One of the risks of infant skin is that while the barrier is not fully developed, the skin
is more susceptible to skin diseases such as atopic dermatitis [250]. Several studies
have shown that strengthening of the barrier by application of emollients from birth
can prevent the development of AD [136, 135].

The application of oils or emollients aims at improving the barrier in two ways: oc-
clusion and replenishing of extracellular lipids. The effect of occlusion by oils on the

resistance profiles is taken into account through TEWL, which results in “effective’ re-
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sistance profiles. Even though petrolatum has mainly occlusive properties, it has been
shown to penetrate within the SC [229, 251] which could result in the interesting pro-

tile featuring two peaks after the application of petrolatum.

Besides lipids, NMF has an effect on the resistance profile through its role in the hy-
dration of the SC. The exact contribution of NMF to hydration and barrier function is
not well understood, hence it would be interesting to study the role of NMF in relation
to the resistance profile in more detail.

In our model we assume that the partition coefficient is constant within the SC. Bind-
ing by NMF could influence the partition coefficient, but as the relative mobility of the
water molecules does not change significantly along the depth [66], we assume that
partitioning does not play a role in the depth-dependent differences in steady state
water concentration and permeability.

NMF concentration has a peak in the middle of the SC, as shown by Raman spec-
troscopy [30]. This is supported by experiments which demonstrate a peak in the
uptake of water in the same middle SC region after overhydrating the skin [145, 30].
The effect of this peak in NMF under normal hydration conditions in terms of barrier
function is unknown. Water does not only permeate through the intercellular lipids
as the main permeation pathway, but it also penetrates the corneocytes. There it can
bind to NMEF, and the corneocytes serve as storage for water [174].

For future research, the resistance profile framework could be used to model the effects
of NMF. The SC compartment model could be extended to include parallel compart-
ments, which represent corneocytes where water can bind to NMF (figure 3.5). Water
can diffuse freely between compartments at different depths, and can be taken up by
corneocytes and bound to NMF in the parallel compartments. Despite the stength of
water binding to NMF being continuous, in the model it could be simplified to two
states: free and bound water. Free water is assumed to diffuse passively, and the level
of NMF determines the rates and availability of water binding, and possibly the max-
imum capacity of water uptake by corneocytes. Bound water inside the corneocytes
cannot diffuse, only unbind to form free water. Modelling the role of NMF and fitting
to experimental data could contribute to finding conditions and rates for water bind-

ing and unbinding, and understanding the role of NMF in constituting the resistance
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Figure 3.5: Model for studying contribution of NMF to barrier function. Compart-
ments with bound water (corneocytes) exist in parallel with free water compartments,

where the amount of NMF determines its binding capacity to water.

profile. For example, the change in water profiles after hydration could be simulated
using the model described above (figure 3.5), where the water binding and unbinding
rates are related to Raman NMF concentration profiles [30]. The simulation results
could be compared or fitted to experimentally obtained water concentration profiles
after hydration (wet bandage or towel wrapped around arm) for different durations
[30, 149, 27]. The dynamic change in water concentration profiles could be due to the
NMEF profile, which has a peak at a similar location as the peaks in water concentration
after hydration. Simulation of the model using the known NMF profile could confirm

whether the peak in NMF explains the remarkable water profile after hydration.

The SC compartment dynamic model from section 3.2.2 is applied to describe the in-
flow and outflow of water only. For future research, it would be interesting to look at
applicability of this model to drug transport, especially since drugs that do not pen-
etrate easily or target the epidermis can benefit from a more detailed description of

local diffusion differences within in the SC. Kubo at al. have already shown varying
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permeability at different depths within the SC for small metal ions [32].

Like water concentration, the penetration of drugs can be measured by Raman at dif-
ferent depths [252, 155, 156, 151, 157, 158] (see section 2.2). Time course measurement
of such penetration profiles have been obtained for (trans)retinol [252, 151], triphos-
phate [156] and 5-Fluorouracil [155]. A model similar to the SC compartment dynamic
model, with compartments matching the Raman depths of penetration of substances,
could be used to fit the diffusion coefficients or resistances, particularly if accurate
time course data is available. When fitting the diffusion parameters of the resistance
profile model, the resistance to diffusion between compartments should be constant
in time, yet varying between compartments in depth to create a depth-dependent pro-
files. If all time course data were to be fitted at the same time, an accurate diffusion
coefficient along the SC could be obtained, which would enable the prediction of drug

absorption and for refinement of PK/PD models.

3.3.2 Results on depth-dependency of SC barrier in relation to exist-

ing literature

This section is adapted from Supporting Information S1 of Van Logtestijn et al. [223]
(DOI: 10.1371 /journal.pone.0117292.s002).

When applying the SC compartment model to a variety of experimental data, the re-
sulting resistance profiles clearly show a depth-dependent resistance to water diffu-
sion, without exception. In terms of Fick’s laws of diffusion, this means that the dif-
fusion coefficient is depth-dependent within the SC. However, previous research has
shown that the diffusion coefficient can be approximated by a constant diffusion rate
along the depth. By using tape stripping to measure the change of TEWL at different
depths, and plotting the inverse of TEWL at each point in depth, a linearly decreasing
line can be fitting to these points. This shows that the diffusion can be assumed to be

a constant, as —-— = - — = [160, 195].

1
TEWL — D

This section clarifies where the different conclusions on the depth-dependency of the

SC permeability barrier (depth-dependent or homogeneous) come from. Using the SC
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compartment model, and both the data presented above and from Kalia et al. [160], we
can show that our findings are not contrasting the previously published results, in two
ways: First, we can reproduce the homogeneity of the inverse TEWL plots using our
own data, showing that our depth-dependent results can be interpreted as homogeneous
if the assumptions of Kalia et al. are followed. Second, using our SC compartment
model, we can show that depth-dependent resistance profiles can be obtained from the

previously published tape stripping results.

We specifically demonstrate that:

1. Data showing a depth-dependent permeability barrier [22, 228] can reproduce
the ‘homogeneity” in the 1/TEWL plot;

2. Depth-dependent resistance profiles can be obtained from data that show a ‘ho-

mogeneous’ barrier [160, 195].

1. Data showing a depth-dependent permeability barrier can reproduce the “homo-

geneity’ in the 1/TEWL plot

To demonstrate that the data for depth-dependent SC barrier [22, 228] can reproduce
the "Thomogeneity” as in [160, 195], we conduct in silico tape stripping experiments us-
ing our SC compartment model. The ‘homogeneity’ is evaluated by calculating TEWL
after tape stripping of each layer.

In our SC compartment model, TEWL is described by
il AW W, - W,

TEWL = =& = —. (3.3)
It is obtained by summing up the resistance R; of the i-th compartment R; = i

(Equation (3.1)) for all the compartments (i = 1,,n)as ), | R; = ZT’%'Vé{V . This representa-

tion of TEWL suggests that the water flow is driven by the difference in water concen-
tration between the viable epidermis W, and environment W, since W,,—W, = }\i_; AW..

The TEWL after tape stripping of the top x compartments is calculated by

W, — Wy
n R;

i=x+1

TEWL, = : (3.4)
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Figure 3.6: In silico simulation of tape stripping experiments with depth-dependent
permeability barrier. The 1/TEWL plots were obtained by in silico experiments using

data obtained from the arm of three randomly chosen adult subjects [228].

setting the resistance of all removed compartments to zero. The removed compart-
ments do not contribute to the total resistance that water encounters when it flows
from the viable epidermis to the outside environment. These in silico tape stripping
experiments thus provide TEWL, for different depth x, or SC thickness removed, us-
ing the resistance profiles R; and the water concentration at the top and bottom layers

(Wp and W,).

Our paper demonstrated the depth-dependent resistance profiles for skin at different
sites and for different ages using the TEWL and water profile data in [22, 228]. Using
each of the depth-dependent resistance profiles, we derived TEWLx by in silico tape
stripping experiments described above. The resulting 1/TEWL plots (e.g. figure 3.6)
exhibit a similar linear decrease in 1/TEWLx against the SC thickness removed (x), as
in 1/TEWL plots obtained from the actual tape stripping experiments (e.g. figure 7 in
[160]). This agreement confirms the validity of the in silico tape stripping experiments,
using the SC compartment model, to directly compare the results from in silico and

actual tape stripping experiments.

Linear fitting of the 1/TEWL plots obtained by in silico tape stripping experiments
using the data in [22, 228] (e.g. figure 3.6) results in high R? values, in the range of 0.94-
0.995 (e.g. figure 3.7), which is in a similar range as those obtained by tape stripping
experiments [160, 195]. These high R* values suggest that data for depth-dependent SC
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Figure 3.7: Similarities between experimental and data and simulation of tape strip-
ping using depth-dependent profiles. Linear fitting of the 1/TEWL plots obtained by

(a) actual experiments (data from table 1 in [160]) and (b) in silico experiments.

barrier (with depth-dependent resistance profiles as presented in this chapter) exhibit
the ‘homogeneity” as claimed previously in [160, 195], where homogeneity means that
the corresponding 1/TEWL plot is linear. Therefore, the linearity of the 1/TEWL plot

is not sufficient to claim that the permeability barrier is depth-independent.

This paradoxical conclusion of the homogeneity for a non-homogeneous barrier re-
sults from the implicit assumption made when the 1/TEWL plots are fitted to a linear
line. Linear fitting of the 1/TEWL plots implicitly assumes the ‘homogeneity” with re-
spect to the SC thickness removed, by assuming that the SC is represented as a single
compartment, with a unique and depth-independent diffusion coefficient D in Fick’s
tirst law of diffusion. The linear fitting, under the assumption of a single D, can there-
fore inevitably lead to the conclusion of the homogeneity even for a non-homogeneous

barrier.

A closer look at the 1/TEWL plots in figure 3.7 clarifies that the linear slope actually
flattens for a few microns at the top and bottom of the SC (shown as ‘flatter regions’
in figure 3.7), which is dismissed in a linear fit of the data under the assumption of
a single compartment SC model. This flattening of the data at the bottom and top
SC layers suggests the possible depth-dependent characteristics of the SC, as they are

caused by an increase in the resistance at the bottom of the SC (proR) and a decrease in
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resistance at the top (degR). Although the linear fit gives an initial approximation of the
1/TEWL plots, our SC compartment model makes the most of the depth-dependent,
non-invasive in vivo measurement data (water concentration profile and depth) to
study the depth-dependent characteristics of the SC resistance in more detail, as the

model consists of multiple compartments with different diffusion coefficients.

2. Depth-dependent resistance profiles can be obtained from data that show a ‘ho-

mogeneous’ barrier

In silico tape stripping experiments described above derive 1/TEWL plots from resis-
tance profiles. A similar method, in the reverse order, can derive resistance profiles
from 1/TEWL plots obtained by tape stripping experiments. The resistance R; for the
i-th compartment is obtained by

1 1

- 3.5
TEWL,_, TEWL;)’ (3-5)

R; = (Wn_WO)(

. n _ Wa=W _ W.—W
since YL, Ri = 7py from TEWL, = 57—

We applied this method to the data (TEWL and corresponding depth) obtained by tape
stripping experiments (Subject A in Kalia et al. [160], table 1). The derived resistance
profile (figure 3.8) exhibits a good fit with a parabola (blue line in figure 3.8), a shape
similar to a typical resistance profile. If the resistance is depth-independent (homo-
geneous), the resistance profiles would fit to a horizontal line. This result confirms
that the SC compartment model allows us to derive resistance profiles, using the data
from tape stripping experiments, to reveal the depth-dependency of SC permeability

barrier.

To conclude, we have shown that both confocal Raman spectroscopy and tape strip-
ping experiments can be equally used to study the depth-dependency of the SC water
permeability barrier, using our proposed SC compartment model. Resistance profiles
can be obtained using data from tape stripping experiments and allow us to conduct
in silico tape stripping experiments.

These methods reveal the depth-dependency of the SC resistance to water diffusion,
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Figure 3.8: Tape stripping data reveals a depth-dependent resistance profile. The
resistance profile derived from the data of tape stripping experiments (Subject A in
Kalia et al. [160], table 1), with a parabolic fit (R*=0.817). The two data points (shown
in red) exhibiting a decrease in TEWL after tape stripping (negative resistance values)

are not included in the fitting.

with the resistance decreasing at both the top and bottom ends of the SC. The key as-
sumption in our SC compartment model is the multiple compartments with possibly
different diffusion coefficients to represent the SC. A linear fitting to 1/TEWL plots
obtained by tape stripping experiments assumes the SC to be one compartment with
a fixed diffusion coefficient, and thus dismisses the depth-dependency. We demon-
strated how interpretation of 1/TEWL plots obtained by tape stripping experiments,
using the SC compartment model with multiple compartments, revealed a depth-

dependent resistance profile.

Depth-dependent resistance of the SC is a natural consequence of the fact that the
SC components, which constitute the resistance, are built and degraded in a depth-
dependent manner, as opposed to a constant resistance of the barrier which is built
and degraded abruptly. For example, the resistance of the SC top layer decreases due
to the desquamation. It is in concordance with data obtained by tape stripping exper-
iments, e.g. figure 5 in Kalia ef al. [160] demonstrating that TEWL hardly increases

after removal of the first 4 pm.
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3.3.3 Application and visualisation of resistance profiles

The confocal Raman data are pivotal in deriving the resistance profiles using our pro-
posed SC compartment model. The water concentration profiles are measured every
2 microns. While we utilize this in the model by matching the compartment size to
the measurement depths, it also means that the accuracy of depth measurements is
limited by the measurement interval of two microns. This could lead to inaccuracies
in the determination of thickness, and the averaging and comparison of normalised
profiles would be affected. However, the error margin in thickness would be limited

to around +10% (2 pm on a mean SC thickness of 21.3 ym for adults).

When visualising the resistance profiles, we use linear interpolation between the mea-
surement points with intervals of two microns. There are two reasons for this interpo-
lation. When normalising to SC thickness, all individual profiles have to be normalised
to their respective thickness, before averaged to find the mean profile of the group of
individuals. However, the data points now have different normalised depths. There-
fore, interpolation is necessary in order to calculate the average of all individual pro-
files. The second reason for using normalisation is visualisation. The interval of two
microns is sufficiently small such that we do not expect significant differences within

the interpolated area between two measurement points.

There are three ways of presenting the resistance profiles in terms of their spatial align-
ment. In this chapter, we use both resistance profiles aligned at the top and profiles
normalised to SC thickness. While the water concentration profiles are traditionally
top-aligned, the decision on how to plot the depth of the resistance profile is based on
the utilisation. If we are interested in visualising the change in thickness, as in chap-
ter 4, the alignment should at the top as well. However, if thickness is a factor that
needs to be eliminated in order to compare profiles with different thickness, we use
normalised profiles. In all cases, the mean is taken of all individually aligned profiles.
A third possible way is to align the resistance profiles at the bottom of the SC, where
the obtained SC thickness is used to align the profile instead. For instance, when one
is visualising hydration differences which include swelling and changing of thickness,

the profiles could be aligned at the bottom of the SC. This would ensure the (non-
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normalised) profiles with different thickness caused by swelling could be compared.
If we want to study how the barrier is produced from the SG/SC interface upwards,

as in chapter 5, the resistance profiles could be aligned at the bottom of the SC.

In conclusion, we propose a compartment model to characterise the resistance to water
diffusion in the SC, using non-invasive in vivo experimental data. This profile shows
a depth-dependent barrier function, with three regions for barrier formation, main-
tenance and degradation respectively. The resistance profiles obtained from different
skin sites, ages, and after the application of oils can be used to compare the depth-
dependency of barrier structure and function of the SC.

In the next chapter, we will apply the resistance profiles to additional experimental
data from AD patients, and compare their barrier state to healthy skin after barrier
damage. We will also further analyse the relationships between SC thickness, TEWL
and water concentration defined by the resistance profiles, as well as the components

that contribute to the resistance.
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Chapter 4

Resistance profiles: application and

analysis

The resistance profiles show the depth-dependency of the SC permeability barrier. In
the previous chapter, a compartmental diffusion model of the SC to obtain the resis-
tance profiles was presented, which was devised to be applicable to experimentally
or clinically obtained TEWL and Raman water profile data. The model integrates the
data such that the SC permeability barrier function along its depth can be visualised
and used to study differences between skin sites, ages, before and after treatment, and
analyse spatio-temporal dynamics of water diffusion.

To achieve a better understanding of the depth-dependency of the SC permeability
barrier, it is necessary to study the resistance profiles in different static cases, such as
diseased skin, and dynamic cases, such as recovery after insult. In order to then inves-
tigate the underlying causes of the observed differences, the relationship between the
resistance profiles and the barrier components should be known.

Here, we apply the resistance profiles framework to study various sets of experimental
data sets in more detail. The application to different sets of data, both static and time
series as well as in combination with profiles of barrier components, use the resulting
resistance profile for further analysis. We show that the resistance profiles are easily ap-
plied to (available and published) experimental data, and that further analysis of this

data can reveal new insights, especially if multiple sets or types of data are combined
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or compared. Besides visualisation and comparison of resistance profiles for different
skin as in presented in chapter 3, the resistance profiles can also be applied to analyse
how the SC barrier is formed, maintained and degraded, and specifically linked to

depth-dependent barrier components and processes.

First, we focus on barrier deficiencies in non-lesional skin of AD patients. Even clin-
ically unaffected skin of AD patients is not the same as healthy skin, with reported
differences including increased TEWL, decreased hydration and altered lipids synthe-
sis [253, 254]. We aim to quantify and visualise this subclinical damage in AD non-
lesional skin using the resistance profiles.

Furthermore, we compare the barrier deficiencies in non-lesional AD skin to barrier
deficiencies incurred by both mechanical and chemical insults on healthy skin. This
allows us to relate AD barrier damage to common and well-studied insults. Both
abrasion and exposure to a 1% sodium lauryl sulfate (SLS) solution are common ex-
perimental ways to perturb the SC that are not too invasive or destructive to the skin,
which we hypothesised could lead to similar barrier disruption as non-lesional skin in
AD. SLS, an ingredient in many soaps and cosmetic products, is a model irritant which
induces irritation and damage to the SC barrier, when applied to the skin (usually for
24 hours using a patch with 0.01-10% SLS) [255, 256, 257, 258, 259]. Experimentally, it
is commonly used to weaken the barrier before application of emollients, moisturis-
ers or other skin treatment, in order to monitor their effect on recovery or irritation
[260, 261, 262, 263, 264, 265]. Mechanical abrasion damages the barrier by disrupting
the structure of the corneocytes [264]. Even though tape stripping is more commonly
used in experimental dermatology to induce barrier damage, the barrier damage is
relatively severe compared to everyday insults, as it strips off entire layers of corneo-
cytes. No dramatic removal of cell layers occurs with abrasion, which is therefore
preferable.

As Raman water profiles and TEWL values were collected at multiple time points, the
recovery after insult can be visualised by following the changes in resistance profiles.
Non-normalised profiles are used here, such that visualisation of the recovery includes

the change in SC thickness.
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Second, the resistance profiles obtained from data in [228] are used to investigate how
the three resistance profile variables, TEWL, water concentration and thickness, are
correlated. Their relation through the resistance profile is predicted by the SC com-
partment model in equation (3.1), which is further elaborated here. The correlations
between TEWL, water concentration and thickness are then tested in experimental
data from three skin sites of 40 volunteers. Previous research has found a negative
correlation between SC thickness and TEWL [148].

Furthermore, based on the SC compartment model, we hypothesise that the surface

water concentration negatively correlates to thickness, and positively to TEWL [148].

Third, we investigate if SC thickness and profiles of measurable barrier components,
NMEF and lipids, contribute to the resistance. Using least squares regression, we test
to what extent the components can account for the variability in resistance among
individuals, and at what depth. We hypothesise that the contribution of NMF and
lipid content to the barrier differs along the depth, and can only partially explain or

predict the resistance.

4.1 Water resistance profile as a marker of skin barrier
damage in atopic dermatitis patients
This section is reproduced from the paper "Water resistance profile as a marker of skin bar-

rier damage in atopic dermatitis patients’ by Van Logtestijn et al.! published in the Journal

of Dermatological Science® [266], with permission of the copyright holder Elsevier (ap-

!Mark D. A. van Logtestijn®, Peter J. Caspers”¢, Sanja Kezic?, Douglas R. Hoffman¢, David W.
Koenig®, Masahiro Ono/, Georgios N. Stamatas?, and Reiko J. Tanaka“.  Department of Bioengineering,
Imperial College London, London, UK. ? Department of Dermatology, Center for Optical Diagnostics
and Therapy, Erasmus MC, Rotterdam, The Netherlands. ¢ RiverD International B.V., Rotterdam, The
Netherlands. ¢ Coronel Institute of Occupational Health, Academic Medical Center, Amsterdam, The
Netherlands. ¢ Kimberly-Clark Corporation, Neenah, W1, USA. / Department of Life Sciences, Imperial

College London, London, UK. ¢ Johnson & Johnson Sant Beaut France, Issy-les-Moulineaux, France.
2Journal of Dermatological Science, pages 126-128, volume 81, issue 2, February 2016. DOIL

10.1016/j.jdermsci.2015.10.017
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pendix B).

The stratum corneum (SC) is the main barrier of the skin, offering a first line of de-
fence against external pathogens and insults. The SC of patients with atopic dermatitis
(AD) has underlying barrier deficiencies, even in non-lesional sites [254]. A defective
SC barrier is more vulnerable to environmental insults that trigger immune reactions,

turther deteriorating the barrier [267].

Transepidermal water loss (TEWL) is a commonly used measurement to assess SC
barrier function, but does not provide information about the depth-dependent char-
acteristics. In this study, we attempted to establish a method to visualise the depth-
dependent barrier profiles and evaluate barrier deficiency by applying a recently pro-
posed mathematical method [223] to clinical datasets from AD and healthy skin. The
method calculates the resistance of SC to water diffusion along the SC depth, and
thereby quantifies and visualises the depth-dependent barrier function, through in-
tegration of data of TEWL and water concentration profiles measured by confocal
Raman microspectroscopy [28]. In order to evaluate the efficiency of the proposed
method, we addressed the hypotheses that the subclinical damage in AD non-lesional
skin can be quantified and visualised by a depth-dependent barrier resistance profile,
and that the degree of the barrier deficiency in AD non-lesional skin is similar to that in
mechanically or chemically insulted healthy skin by abrasion or exposure to Sodium

Lauryl Sulphate (SLS).

We first calculated the depth-dependent resistance from data collected in our previous
studies in which Raman spectra and TEWL (Appendix A.1) were measured in AD pa-
tients [266] and healthy controls® [268] (Figure 1a). We also calculated the SC thickness
from the water concentration profiles by the method described previously [148]. The
AD individuals were divided into three groups with high (> 20.8), mid (16.8-20.8) and
low (< 16.8) TEWL values [gm 2h'] to reflect interpersonal differences in severity

of AD barrier deficiency. All three groups show a significantly lower resistance and

3 Supplementary information: Experimental data on water concentration and TEWL and thickness

from Sanja Kezic. DOI: 10.1016/j.jdermsci.2015.10.017

56


http://www.sciencedirect.com/science/article/pii/S0923181115300694

a o7 Atopic dermatitis b0 . 1% SLS solution C Abrasion
) s He2lthy control :
AD low TEWL
0.6 === AD mid TEWL 0.6
=== AD high TEWL
—~05 —~05
3 3
Lo4 S04
[0} [0]
2 | c
503 503
2 @
*
®o02r f ', ®02 “QJ
(4 ¥, 2
0.1 4 0.1 /
fhimyg

o
-~ o
.

IS)
[N o

o — -

5 10 15 20 25 5 10 15 20 25 0 5 10 15 20 25
Depth (um) Depth (um) Depth (um)

Figure 4.1: Resistance profiles for non-lesional skin from AD patients and for
healthy skin following insults. Mean resistance profiles for (a) AD non-lesional skin
(n = 37) with high (>20.8), mid (16.8-20.8) and low (<16.8) TEWL [gm2h~'] and
healthy controls (n=13), and for healthy skin before and after (b) SLS exposure (n = 20)
and (c) abrasion (n = 18). Resistances within and outside of the SC thickness are
shown by solid and dotted lines, respectively. Error bars indicate the standard error of

the mean. In (b) and (c), error bars are shown either above or below the mean.

a lower SC thickness compared to the healthy control, which has a TEWL value of
7.8g m~2h~!. The differences in the peak resistance value (Rn.x) between the control
and each of the AD groups are significant (Students t-test, p < 0.0001), indicating the

effectiveness of the proposed method in characterising the disease status of the SC.

Next, we evaluated the effects of skin insults by SLS exposure and abrasion on healthy
skin. Resistance profiles were calculated from TEWL values and water concentration
profiles measured after application of a patch with 1% SLS solution to the forearm for
24 hours [31] and after abrasion [269] (Appendix A.1). Abrasion was accomplished by
passing 320] emery paper (3M Company, Maplewood, MN, USA) over forearm skin
ten times until TEWL increased by > 20 units [269]. The obtained resistance profiles
clearly demonstrate the spatio-temporal effects of the damage and recovery incurred
by different insults on the depth-dependent SC barrier function (Figure 4.1b,c). The
resistance profile immediately after the SLS insult (Day 0) demonstrates an overall
decrease throughout the SC, with a shift of the peak towards the SC surface due to
thinning of the SC (Figures 4.1b, 4.2a), followed by gradual increase in both the resis-
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tance values and SC thickness during the recovery phase (Days 1-10). A similar overall

reduction in the resistance profile throughout the SC is observed after abrasion.

The SLS exposure showed a slower recovery of water resistance profile than abrasion,
with time constants ¢ = 9.5 vs 5.5, calculated by fitting the recovery curves of Ry
to a negative exponential function (1 — ae™"/¢) (Figure 2b). SLS structurally damages
the main constituent barrier components, including alteration of SC lipid organisation
[270] and a significant reduction of natural moisturizing factor (NMF) components
[31] throughout the SC. Repair of the damaged barrier requires replenishment of its
components, for example by increased expression of involucrin, transglutaminase 1,
and profilaggrin [255]. Recovery of water resistances from SLS damage therefore takes
longer than the recovery from the removal of only the top layers of the SC by abrasion,
via increased cornification. Finally, resistance profiles of AD skin were compared to
those of healthy individuals following insults. The conformity between the different
data sets was confirmed by the correspondence of the resistance profiles for the healthy

control (Figure 1a) and pre-insult (Figure 4.1b,c).

The resistance profiles were compared quantitatively by three indices; the peak re-
sistance values (Ry., Figure 4.2b), the rate of production of the resistance from the
bottom of the SC (proR, Figure 4.2¢), and that of degradation towards the top (degR,
Figure 4.2d) [223]. There is a striking resemblance in the resistance profiles for the
AD high TEWL group and those for the healthy individuals immediately after SLS
exposure and after abrasion (Figure 4.1), demonstrated by similar values for all the
calculated indices (Figure 4.2b-d). Agreement between all three indices suggests that
the physical property of the barrier of AD patients non-lesional skin is similar to that of
healthy skin affected by SLS or abrasion, despite differences in the underlying mech-
anisms of barrier deficiency. For example, mechanisms of barrier formation might be
altered by a feedback regulation that is activated upon barrier damage in skin follow-
ing SLS exposure or abrasion, while the mechanisms of barrier formation are known
to be altered in AD patients, for example by an impaired lamellar body secretion or a
tilaggrin deficiency, limiting the formation of the lipid envelope and NMF [267]. The

indices for the mid and low TEWL groups are similar to those in the recovery phase
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Figure 4.2: Quantification of damage and recovery of barrier function from insults
on healthy skin and its comparison to AD non-lesional skin. Four indices are used to
compare AD non-lesional skin (n = 37), healthy controls (n = 13), healthy skin before
and after SLS exposure (n = 20) and abrasion (n=18): (a) the SC thickness, (b) the
maximum resistance value (Rn.), (c) the spatial rate of resistance production (proR)
and (d) the spatial rate of resistance degradation (degR). The indices are normalised
to the values before the insults, or normalised to healthy controls for the AD groups.
Significance between the AD group indices (student t-test, p < 0.05) is indicated by an

asterix *. Error bars indicate the standard error of the mean.
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from abrasion and SLS exposure, suggesting that the three AD groups have different
abilities to repair and maintain the barrier, possibly due to variability in the magnitude

of deficiency in filaggrin levels or lamellar body secretion.

In conclusion, we demonstrated that the resistance profiles successfully quantified and
visualised the depth-dependent barrier deficiency using clinical datasets, confirming
the efficiency of the proposed method. Interestingly, the resistance profiles of non-
lesional skin of AD patients were similar to those of healthy individuals following
chemical (SLS) or mechanical (abrasion) insults, suggesting that these different patho-
logical conditions may have similar structural abnormalities, although the underlying

mechanisms and the recovery kinetics are different.

4.2 Correlation between SC thickness, TEWL and water

concentration

In chapter 3, the compartmental model of resistance against water diffusion in the SC
describes the relation between water concentration, TEWL and thickness, based on
Fick’s laws of diffusion and using the resistance profiles. Here, the relation between

the three variables is tested with experimental data.

To predict this relation through the resistance profiles, we reproduce equation (3.1)

AW,'_W,'—‘/Vi_l _Wv_Wo

TEWL = Dl'K,'
Ax; R; Rsc

b

where Rg¢ o x5¢, and we assume that the water concentration in the viable epidermis
at the SG/SC interface W, is constant. We can then rewrite the relation between SC

thickness xg¢, surface water concentration W, and TEWL as

TEWL o« 2= Wo , (4.1)

Xsc

where W, is a constant. Equation (4.1) shows us the expected relation between TEWL,

SC thickness and surface water concentration, in a steady-state situation in the SC.
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We use the surface water concentration as one of our correlation variables. As the wa-
ter concentration in the viable epidermis is constant and much less variable between

individuals [148], only the surface water concentration is needed to represent AW.

Boireau-Adamezyk et al. have collected TEWL measurements and water concentra-
tion profiles from CMS at three skin sites (cheek, protected and exposed arm) of 40
female individuals [228]. From the water concentration profile, the SC thickness can
be calculated [148], and all measurements can be combined to obtain the resistance
profile for each skin site of each individual.

The correlation coefficients between SC thickness, surface water concentration and
TEWL are presented in table 4.1, together with their significance (significant if p < 0.05,

probability that there is no correlation) and Pearson’s Rho (R?).

Table 4.1: Correlation between TEWL, thickness, and surface water concentration

for different skin sites. * denotes a significant correlation of p < 0.05, with n=40.

Skin site Variable 1 Variable2 Correlation p-value R?
coefficient
TEWL W, 0.107 0.510 1.15-1072
Face TEWL Xsc -0.208 0.196 4.33-107
W, Xsc -0.448 * 3.71-10° 0.201
TEWL W, 0.448 * 3.74-10° 0.201
Exposed arm TEWL Xsc 7.99-1073 0.961 6.38-1073
W, Xsc -0.374 * 1.75-107% 0.140
TEWL W, 0.528 * 4.57-10*  0.279
Protected arm TEWL Xsc -0.498 * 1.07-107% 0.248
W, Xsc -0.613 * 2.59-10 0.376

From the correlation results in table 4.1, we can make the following observations. First,
there is no significant correlation between TEWL and thickness for face and exposed
arm, and a significant negative correlation for the protected arm. A small negative
correlation has been reported earlier [148]. Apparently, a thicker skin does not auto-

matically lead to a significantly lower TEWL, despite the elongated intercellular path-
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way. In the instance where a healthy SC has a certain steady-state thickness, TEWL
and water concentration, and another layer of cells would be added, thus increasing
SC thickness, and reducing the surface water concentration. However, it would not
necessarily increase TEWL if the added layer has a resistance such that the water con-
centration difference over the added thickness results in TEWL remaining the same.
Let us use equation (3.3) to demonstrate this, with layers of skin represented by n
number of compartments i, with equal heights x;

AW,
ZR ZTEWL, (4.2)

Xsc :::E: X; .
i=1

if anew layer n+1 is added to increase SC thickness, with equal compartment thickness

Xp+1 = x; and

L[n+l Ltn
R - 7 4.
i TEWL ° ( 3)

then TEWL stays the same with added thickness

n+l n+1
2i-1 AW;
Ri= TEWL ’ (44)

=
Xsc = E Xi .
i=1

However, if the resistance in the added layer n + 1 is larger, or the resulting change in

water concentration is smaller than in (4.4), such that

I’Vn+l —'VVh
R —_ 4.
n+l > TEWL ’ ( 5)

then TEWL will have to decrease.

Second, we observe a significant negative relation between surface water concentra-
tion and thickness for all skin sites. It follows directly from equations (4.2)-(4.5) that
an increase in thickness leads to an increase in AW and a decrease in surface water
concentration, if the extra layer adds any resistance. Possibly, for example in the case

of a skin disease with increased KLK activity at the top of the SC causing a thickened
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Table 4.2: Correlation between TEWL, thickness, and surface water concentration
for all three skin sites combined. * denotes a significant correlation of p < 0.05, with

n=120.

Skin sites Variable1 Variable2 Correlation p-value R’
TEWL W, 0.430 * 9.38-107" 0.185

All TEWL Xsc -0.529 * 5.46 -1071°  0.279
W, Xsc -0.555 * 475-107""  0.308

epidermis with scaled detached layers, extra layers do not provide additional resis-
tance, and the increased thickness does not decrease surface water concentration (or

TEWL).

Third, there is a positive relation between TEWL and surface water concentration,
significant for both arm sites, insignificant for the face. If resistance is high, it is likely
that both the TEWL and the surface water concentration are low, and vice versa.

The R? values are low, between 0.14 and 0.38 for the significant correlations. This
indicates that there is a lot of (interpersonal) variability in the studied variables, and
particularly in the resistance profile which relates the three variables to each other.
This variability in resistance is likely to be caused by underlying differences in barrier
components. These differences in resistance profiles will result in varying relations
between TEWL, thickness and water concentration between individuals, and between
skin sites, as seen in chapter 3. Similar correlations reported earlier include TEWL
versus SC thickness (R? = —0.35, for n=14, exposed arm), and TEWL versus AW (R* =
—0.50) [148]. Part of the explanation for the lower R? values presented here could be

the higher number of individuals.

It is important to distinguish between correlations at the same skin sites for different
individuals, and correlations at different skin sites (for the same individual). Above,
we investigated the former case by looking if these correlations can explain interper-
sonal differences in the SC barrier and resistance profiles. In the latter case, besides
interpersonal differences, the correlations describe differences between inherent skin

structure and function of skin sites. A clearer and more significant correlation is ex-
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pected, as there are larger differences between skin site in terms of TEWL, thickness
and hydration.

Table 4.2 shows the correlations if all skin sites are grouped into one dataset (all data
from table 4.1 combined, n=120). Indeed, there is a significant positive correlation be-
tween TEWL and surface water concentration, as well as significant negative correla-
tions for TEWL versus thickness and for surface water concentration versus thickness.
The main difference with correlations in table 4.1 is the significant negative correlation
between TEWL and SC thickness, which was not observed for face and exposed arm.
It is well documented that the facial skin is thinner and has higher TEWL than arm
sites [20, 271, 272, 228, 273].

4.3 Depth profiles of lipids and NMF partially explain

the resistance profiles

The relation between TEWL, water concentration and thickness is determined by the
resistance profile. However, there are many processes and components that constitute
the resistance, and play a role in regulating the resistance along the depth of the SC.
One of the aims of this thesis is to understand how barrier components constitute the
barrier and its resistance. From the CMS spectra used in section 4.2 (from cheek, pro-
tected and exposed arm of 40 female individuals [228]), not only can water concentra-
tion profiles be obtained, but the spectra also contain the bandwidths that contain the
bands for various barrier components; both the high wavenumber range (2600-3800
cm™') and the fingerprint region (400-1800 cm™') were collected. From the Raman spec-
tra, depth profiles of water, NMF components, lipids components and lipid /protein
ratios can be obtained [228]. Even though we are limited in available CRS measure-
ments of barrier components to lipids and NMF, these are the two main components
that limit extracellular diffusion and hold water by binding to it, respectively. As dis-
cussed in chapter 2, extracellular lipids and NMF are known to be important barrier
components, and defects in lipid and filaggrin processing or availability can lead to

reduced skin barrier function [54, 274]. Also, the lipid/protein ratio as obtained by
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CRS has been shown to be a good determinant for skin barrier function, as it strongly
correlates with the inverse of TEWL, and a negative correlation with AD severity (as

measured by SCORAD) [144].

The availability of depth profiles of NMF and lipids content (lipid / protein ratio) ob-
tained in vivo and non-invasively from CRS allows us to analyse the extent of the con-
tribution of these components to the resistance along the depth of the SC. Using these
profiles, together with the resistance profiles and skin thickness of the same individ-
uals and skin sites (see section 4.2), linear squares regression (LSR) will be applied to
each point in depth to see if the components (and thickness) can explain the variability

in resistance between individuals.

First, it shows the contribution of NMF, lipids and SC thickness (as measured by CRS)
to resistance, both in terms of the extent of their contribution, and changes along the
depth. The depth profiles of the contribution of the components can suggest their role
in different parts of the SC, for example NMF with higher contributions in the middle
and top, and lower at the bottom where filaggrin still has to be degraded. Second, it
will show how much of the variance in NMF and lipid accounts for the variance in
resistance. As this analysis can be performed at every point in depth, we can visualise
how the explained variance in resistance changes along the depth. If the variability in
resistance can be explained by the variability in the components, this indicates that the
components strongly influence the resistance. For instance, if a person with a higher
lipid content than average is more likely to have an above average resistance to water

diffusion, this indicates there is a large contribution of lipids to barrier function.

4.3.1 Least squares regression

Linear least squares regression is applied to the Raman data, in order to analyse the
contribution of the components to the resistance along the depth of the SC. For the least
squares regression, we denote the resistance profiles R € R™ and the SC components
X € R™™ with individuals n, indices m and depths i. Resistance values r; € R”

denote the resistance at a certain depth from a resistance profile, r; ¢ R,. For n = 40
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individuals, and depths i = 0,2,4, ..., xsc pm, we define the system of linear equations

for depth i
X,-Ci =Tr;, (46)

with

1 lipids,, NMF,; thickness,,
1 lipidsn’i NME,; thickness,;

[ T
G=|ci Ci  C3y C4,i] ) (4.8)

! T
rj = AERERS rn,i] . 4.9)
Solving for least square coefficients ¢, we get
& =X X)X ;. (4.10)
Therefore, we can express the relationship between the components and resistance by
ri = C1; + &y lipids, + ¢3;NMF,; + ¢4 thickness; . (4.11)

The resulting ¢; are the coefficients for depth i, which describe the contribution of
the components to the resistance at depth i. The above is repeated for all depths i =

0,2,4,...,xsc pm to obtain a depth profile of ¢;.

The thickness can be included explicitly as a component in the LSR, as demonstrated
above. However, as the thickness is not a profile like the other two components NMF
and lipids, it is the same value at all dephts i. Alternatively, thickness could be in-
cluded by normalising the depths of all profiles to the SC thickness. All profiles (resis-
tance, NMF, lipids) are normalised and interpolated such that a profile with values for
normalised depths i = 0,0.01,0.02..., 1. We define the system of linear equations for

normalised depths i using equations (4.6)-(4.11), but instead of X; we use

1 lipidsl,i NMF]J
=1 : SN (4.12)

1 lipids,;

1

NMF,
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For the normalised profile, the LSR uses the components (X); and resistance 7; to obtain

least square coefficients ¢; for the normalised depths i

I = El,i + Z‘z’ilipidsi + E‘3JNMF,‘ . (413)

The lipid /protein ratio and NMF are in arbitrary units. To make the LSR coefficients
comparable, both R; and X; are standardised such that every column (component) has

zero mean and unit standard deviation (i.e., transformed into z-scores).

4.3.2 Depth profiles of the contribution of SC components to resis-

tance

Least squares regression is performed as previously described in the section 4.3.1. Fig-
ure 4.3 shows the resulting profiles of ¢ using equations (4.6)-(4.11), which includes
thickness. Profiles of ¢ with normalised thickness, using equations (4.12)-(4.13), are
shown in figure 4.4. Due to standardisation of the data for all components, the pro-
tiles of coefficients and their relative contribution to resistance are directly comparable

between the components.

Lipids contribute positively to resistance throughout the SC, with some differences be-
tween the three skin sites. When comparing the three sites, lipids contribute most in
the bottom half for the face, and most in the middle and top regions for the two arm
sites. NMF does not contribute as much, especially within the lower half of the SC.
Their contribution increases towards the top across all skin sites, as expected. More
tilaggrin proteins are degraded into NMF components towards the top, so more NMF
is available, while the water concentration decreases so limited water is available to
bind to NMF. The exception is a peak in NMF at the bottom of the SC for the protected
arm site.

Lipids have a higher contribution to resistance than NMF through most of the SC, as
they form the main resistance to diffusion in the intercellular pathway. However, to-
wards the top, the coefficient for NMF is higher, specifically for the face and protected
arm. This shows that NMF and lipids contribute differently at certain depths of the
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Figure 4.3: Least squares regression results show contribution of barrier compo-
nents to resistance along depth. Plotted are ¢; weights corresponding to NMF, lipid
and thickness profiles (interpolated), for three skin sites (cheek, exposed and protected

arm). SC thickness is included as a constant along the depth.

SC. As their respective profiles are depth-dependent due to processing and regulation,
so are their effects on the resistance.

However, the contribution of lipids and NMF only explains part of the resistance.
The R?* value (figures 4.3 and 4.4) is the percentage of variance in resistance that can
be explained by the variance in the components measured. Their variance only ex-
plains up to 70% of the variance in resistance, with most under 40%, especially for the
normalised profiles. There are several reasons why these two components cannot ex-

plain most of the variance in the resistance. The rest is likely to be explained by other
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factors that contribute to resistance, such as quality/strength of corneocytes, corni-
tied envelope and corneodesmosomes, optimal pH, and well-regulated desquamation
processes. Another explanation could be that lipid /protein profiles are suboptimal at
describing the barrier qualities of lipids, and that lipid organisation and ratios rather
than exact amount would give more accurate results [54, 275]. In addition, the NMF
components measured here to obtain one score for NMF could be an inaccurate repre-

sentation of all hygroscopic components that make up ‘NMF".

The contribution of thickness (figure 4.3) can be interpreted as the effect the total thick-
ness of the SC has on the resistance at a certain depth. For instance, a higher ¢ coef-
ficient at depth i means that a thicker skin would lead to a higher resistance at this
depth. For all skin sites the thickness has a high and positive coefficient at the bottom
half, and a negative at the top half. Intuitively, this indicates that with a thicker SC,
the deeper resistance values are higher, as the profiles here are not normalised for SC
thickness. The face has one data point at the top of the SC which has a high positive
contribution of thickness, but this could be due to CRS measurement inaccuracies at
‘depth 0" of the SC.

To compare the diffence between thickness as ‘component” and by including as nor-
malisation, both are plotted here. When thickness is used for normalisation of profiles
(figure 4.4), the R* values are lower. However, this is achieved with less variables,
while adding dependent variables will generally increase the percentage explained of

the variance in the response variable.

Our linear LSR analysis only tests linear combinations of the variables. Other combi-
nations such as multiplications, exponentials and higher powers have been tested as
well. However, these did not significantly improve R* to warrant the added complex-

ity and ‘overfitting” by using a larger number of parameters or coefficients.

4.4 Discussion

This chapter shows three separate applications of the resistance profile, where further

analysis leads to insight into either studied skin, or in underlying mechanisms of the
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Figure 4.4: Least squares regression results for normalised depth. Plotted are ¢;
weights corresponding to NMF and lipid profiles for three skin sites (cheek, exposed
and protected arm). All profiles are normalised to SC thickness and linearly interpo-

lated.

resistance profiles themselves. Resistance profiles are applicable to a variety of data,
to analyse and compare, with simple visualisation that incorporates the main informa-

tion on SC barrier state: TEWL, hydration and thickness.

Comparison of resistance profiles for AD patients to healthy people clearly showed
a weakened skin barrier function in non-lesional sites, with a reduction in resistance,
and SC thickness. The barrier damage in AD was similar to common barrier disrup-
tions as abrasion and exposure to SLS. Furthermore, the resistance profiles and derived
indices were suitable for following and comparing barrier recovery.

It would be interesting to collect additional data from AD patients besides water con-
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centration and TEWL, such that the resistance profiles and derived indices could be
associated to known deficiencies in AD. For instance, filaggrin mutations are the main
risk factor for the development of AD and lead to reduced NMF. If NMF profiles and
the type of filaggrin mutation would be obtained parallel to the resistance profiles, one
could investigate if a correlation exists. Potentially, resistance profile abnormalities
or the indices could be markers for filaggrin and NMF deficiencies. Future research
should focus on relating the obtained resistance profiles to processes of barrier for-
mation, maintenance and degradation. When more data is available, analysis could
include correlation of the resistance profile indices to (markers of) cornification and
desquamation rates during recovery, which may provide further insight into the re-

pair processes that lead recovery.

This chapter explored the relationships between resistance, and barrier parameters
and components; the resistance profiles describe the correlation between SC thickness,
TEWL and SC thickness. The question of how barrier components contribute to resis-
tance was only answered partly through the regression of resistance with a linear com-
bination of lipids, NMF and thickness. The LSR analysis in section 4.3.1 would benefit
from the inclusion of additional data. Specifically, depth profiles of other barrier com-
ponents in the skin could be added to the analysis (possibly by using partial least
squares if enough extra variables are added). Confocal Raman spectroscopy can mea-
sure profiles of lipid organisation/compactness, individual lipids such as cholesterol
and ceramides, and individual NMF components. Other possible depth-dependent
profiles of skin components that influence barrier function, such as KLK activity, could
be obtained by tape stripping despite its invasive nature.

With the available data in section 4.3.1, we were able to explain part of the contribution
of NMF, lipids and SC thickness to resistance, and yet the majority of the contribution
to resistance still remains unclear from this data. In the next chapter, we will there-
fore take a modelling approach to investigate how a resistance profile composed by its

constituent barrier components, and how these are regulated.
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Chapter 5

Depth-dependent regulation of stratum

corneum homeostasis

5.1 Introduction

In the previous chapters we showed that the SC barrier to water diffusion is depth-
dependent. However, it is unclear how this barrier is established by its components
along the depth of the SC, and how it is regulated. Knowing which components con-
tribute most to the barrier, and how they change along the SC depth, is essential to
understanding how their combination and interplay make up the SC barrier, and how
their regulation ensures tissue homeostasis. Homeostasis is defined here as maintain-
ing a healthy permeability barrier (through structure and thickness), as providing an
adequate permeability barrier is the main function of the SC. SC homeostasis will be
quantified by TEWL, the main experimental measure of tissue homeostasis, to allow

for comparison of simulation results to experimental data.

This chapter aims to show how the previously described resistance profile is both pro-
duced and regulated by depth-dependent concentrations and barrier components in
the skin, as well as how they are affected by the environment and how changes in
components can establish or lead to skin disease. In the SC the corneocytes lose their

nucleus and cellular production machinery, so there can be no gene expression or any
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active regulation. Therefore, all the regulatory processes must come from changes in
the cellular environment, as all the components themselves are present or secreted
at the SG/SC interface. This provides an opportunity to study the regulation of a
dynamic and continuously renewing tissue based on changes in extracellular environ-

ment and concentrations along the depth.

We will take a modelling approach to create a framework, based on the resistance pro-
tiles, that incorporates known depth-dependent effects of SC barrier and regulatory
components, and combining those to study homeostatic mechanisms. First, we will
develop small and simple models for the main skin components that play a role in
its barrier function and regulation. Besides describing the depth-dependency of the
components, we model the components’ contribution to barrier function, in a simple
mechanistic way. The models will be based on available experimental data and, where
possible, will be fit to the data. Furthermore, mimicking various experimental condi-
tions by model perturbations will be used to test model behaviour and to compare to
experimental results. These simple models have two functions: they will help us gain
a general mechanistic understanding of the depth-dependency of the components in
relation to the barrier function, and the submodels can be combined to create a model
framework to study skin barrier homeostasis (figure 5.1). Incorporation of several sim-
ple submodels and their interaction into one system will allow us to analyse and test
proposed regulation mechanisms and interplay between components, replicate exper-

iments, and make predictions using in silico simulation.

Currently, to the best of my knowledge, no mathematical models exist that attempts
to study the SC barrier homeostasis, incorporating barrier components and their inter-
play and regulation. Interplay between components and general homeostatic mecha-
nisms have been described and proposed, but not tested as integrated systems, neither
experimentally nor through modelling approaches (see section 2.3). Conventional ex-
perimental methods are inappropriate for studying in vivo. Modelling can be a suitable
first step in examining if previously proposed regulatory mechanisms indeed behave
as expected when considered in an integrated system representing the SC and its com-

ponents. Initially, the model will only describe qualitative behaviour and prediction.
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As more experimental data becomes available and our understanding improves, the

model can be refined to produce quantitative information.

barrier component submodels: SC
lipids, corneodesmosomes, NMF

l ™~

protease activity )
R; profile H ! a1 gKrIﬁI; e{{
pH profile
. / T
thickness TEWL W; profile

SC barrier homeostasis model

Figure 5.1: Overview of relation between submodels developed in this chapter.

This chapter first describes the depth-dependency of SC components that constitute
the SC barrier function, and how we can model each of them. The components con-
sidered are NMF and its production from filaggrin, corneodesmosomes, lipids and
desquamatory proteases. Also, water is considered explicitly in relation to the environ-
ment by looking at the influence of relative humidity. All those components are known
to directly affect SC barrier function and/or play an important role in its regulation,
as discussed in chapter 2. The resistance profile is a function of the two main barrier
components (lipids and corneodesmosomes), and the degradation of these compo-
nents by pH-activated KLKs. Their (simple) depth-dependent functions should result
in a resistance profile comparable to experimentally observed ones. Given the typi-
cal depth-dependent resistance profile with an increase in resistance at the bottom of
the SC and a decrease of resistance towards the top, maintaining high resistance in
between, it is likely that respectively cornification and desquamation processes are re-
sponsible for the changes in resistance. Therefore, when discussing depth-dependency
of components, we mainly look at cornification and desquamation. Desquamation is
a process that affects the barrier through multiple components at the same time; when
corneodesmosomes are degraded, the valuable tight structure is lost. Not only are

the corneodesmosomes broken down and cell membrane structures weakened, the or-
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ganisation of lipid bilayers, which need the tight cellular structure for scaffolding of
their permeability limiting pathway;, is affected as well. In this chapter, we specifically

address desquamation and its regulation.

5.2 Modelling depth-dependency of components

In this chapter, we consider the height x of the stratum corneum instead of depth as
in previous chapters. The height goes from x = 0 at the bottom of the SC to height
X = Xmax at the surface. The reason is that all models presented here (simple linear
function, ODEs, PDEs) explicitly consider the upward movement of cells and barrier
components, from the SG/SC to the outside. Here, we are interested in how the barrier
components develop, degrade, and contribute to the barrier function as they move
up higher through the SC, rather than looking inwards with increasing depth. For
consistency, the orientation of the figures stays the same, i.e. the left of the figure is the

skin surface (0 depth) and the right side is the SC/SG interface.

5.2.1 Natural moisturising factor

We first consider natural moisturising factor (NMF). It plays an important role in
SC hydration and plasticity, as well as barrier homeostasis processes [63, 276, 224].
The term NMF encompasses a large group of small hygroscopic molecules, includ-
ing amino acids, pyrrolidone carboxylic acid (PCA), urea, lactate and various ions,
which are products of filaggrin degradation. Those components are mostly formed
from filaggrin proteolysis. Pro-filaggrin is released at the SG/SC interface, and after
dephosphorylation and proteolysis, filaggrin is formed at the bottom of the SC, where
its task is to aggregate keratin filements (figure 5.2) [63]. Scott and Harding showed
that filaggrin is only broken down with decreased water activity [277], suggesting that

the water concentration profile regulates the depth at which filaggrin is degraded.

Published experimental data shows that there is a peak in NMF in the (higher) middle
region of the SC [30, 22]. Filaggrin is mainly found in the lower layers of the SC [277].
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Figure 5.2: Filaggin processing forms NMF along the depth of the SC.

Interestingly, both in babies and in people with a filaggrin mutation a decrease in NMF
is observed. The profiles are quantitatively similar, but qualitatively lower by approx-
imately 50% [22, 268]. The NMF profiles obtained by Raman spectroscopy show a
linear increase from a basal level at the SC/SG, until a couple of layers under top SC
where it starts to decrease.

Atopic dermatitis patients often possess a FLG loss-of-function mutation [57], even
though FLG mutation does not necessarily lead to a manifestation of AD. Both the fil-
lagrin phenotype and the severity of AD determine the levels of NMF [278, 279, 153],
and patients with a FLG mutation, with consequently lower NMF, generally have a

more severe form of AD [153].

Model

Using a simple model of the known process of filaggrin degradation into the smaller

NMF compounds, we aim to show how the depth profile of NMF establishes.

A set of two coupled PDEs represent the hydrolysis of FLG F to NMF N with time ¢,
along the depth of the SC, which is described by increasing height x (equals decreasing
depth)
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Advection is the movement of cells, and the majority of NMF is inside the cells. A
number of NMF molecules, like ions, also reside in the extracellular space, where dif-
fusion would dominate. The initial values of FLG and NMF can be set, as well as the

rates of proteolysis, diffusion and advection.

The initial conditions (¢, = 0) are

F(x,t) =0, (5.3)
N(x,1) =0, (5.4)
with boundary conditions
F(1,0) =0, (5.6)
N@,?) = 0y , (5.7)
ON
a—(l,f) = —Bn . (5.8)
x

The Neumann boundary condition for N at x = 1 conserves a constant outflow of NMF
at the top of the SC by desquamation. The FLG Dirichlet boundary condition at x = 1
ensures all FLG is degraded and no FLG is left at the top of the SC, and the NMF and
FLG Dirichlet boundary conditions at x = 0 describe the basal level of NMF present at
the SG/SC interface.

Results

Figure 5.3 shows the simulation of the filaggrin and NMF profiles using equations
(5.1)-(5.2) and initial and boundary conditions (5.3)-(5.8) with nominal parameters

from table 5.1. The results are in good qualitative accordance with the literature, with
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Figure 5.3: Simulation of filaggrin and NMF depth profiles.

NMEF a peak in NMF in the middle to top region, and FLG mainly in the bottom SC
[30, 22, 277].

The parameter which has most effect on the qualitative results is the rate of filaggrin
degradation to NME. This degradation rate s, relative to diffusion rates dr and dy,
will change at which depth most of the FLG is degraded. We expect the FLG to be
degraded in the lower layers of the SC, so the degradation rate should be larger than
the diffusion rates. If the rate is too low, not enough FLG degradation will take place in
the lower layers, and the level of NMF throughout the SC will be reduced significantly.
Additionally, decreasing the advection rates ar and ay will move the peak in NMF
closer to the SG/SC, while experimental data shows it should be in the middle/top

region.

In order to compare these results to further experimental data, and validate the model
and its ability to reproduce experimentally observed differences in both KLK and FLG

levels, we perturb the model in two ways.

First, to simulate decreasing availability of FLG for people with a FLG mutation, we
decrease parameter Br. Decreasing Br by 50% means there is constantly only half of
the FLG supplied, and both profiles should be qualitatively similar but lower than

the original ones as decreasing the FLG level at the SG/SC interface will decrease the
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Table 5.1: Nominal parameters used for simulation of NMF model.

Description Parameter Nominal value
Filaggrin diffusion dr 0.1

NMEF diffusion dy 0.1
Filaggrin advection ar 1

NMF advection ay 1
Fillagrin degradation to NMF s 5

FLG concentration at bottom SC 0r 1

NMF outflow By 0.2
Initial NMF concentration at bottom SC Oy 0.1

NME profile. Setting 8r to 0 should see only a basal amount of NMF in the SC, constant
along the depth.

Figure 5.4a shows the profiles for simulation with Sr4p = EF% The results confirm our
expectations by showing that a 50% reduction in FLG leads to a significant reduction
of NMF. The NMF profiles for someone with a FLG mutation are qualitatively similar,
but lower. These results are in close agreement with previously published results,
which demonstrated a quantitatively similar reduction in NMF profiles from carriers

of a FLG loss-of-function mutation [268].

Second, a change in water content should affect the activity of the proteolysis of FLG,
such as for high hydration or for unborn babies [277]. Likewise, defects in proteolytic
enzymes in disease could lower the rate of degradation of FLG into NMF. To simulate
defective proteolysis of FLG, the rate of FLG degradation to NMF can be decreased.
A lack of proteolysis causes FLG to appear throughout the SC at higher levels, and
not in the basal layers only [277]. Figure 5.4b shows a simulation with reduced fil-
lagrin degradation to NMF s..q = 2. As expected, a higher FLG concentration is

maintained throughout the SC, and the level of NMF is reduced.

In this model, NMF is not broken down further into smaller components. We assume
the NMF is ‘washed out” at the top of the SC, which is implicitly included in the sur-

face Neumann boundary condition. The decrease in NMF towards the top is a result
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Figure 5.4: Simulation of filaggrin and NMF profiles with reduced initial fillagrin
and fillagrin degradation rate (a) Simulation with reduced initial filaggrin levels at
50% of the nominal amount. (b) Simulation with reduced fillagrin degradation rate at

20% of the nominal rate.

of ‘washing out’, and we can assume that includes further breakdown of NMFE. The

breakdown products might also still be hygroscopic and considered part of NMF.

The direct contribution of NMF to the barrier function or resistance remains unclear.
In vivo studies have shown that extraction of NMF components reduces SC hydration,
and increases pH [280, 281, 282]. Direct influence on TEWL or thickness, however,
have not been established, although the effect of NMF components on pH could be of
significance, as altered pH has direct implication on desquamation (see chapter 2 and

section 5.3).

Various experiments show how the water concentration profile changes after hyper-
hydration, typically by applying a water-soaked towel to the volar forearm [30, 149,
27, 283]. Hydration causes swelling of corneocytes, also documented using in vitro
experiments [243], cause their thickness to increase to up to twice their normal thick-
ness. The remarkable peak in hyperhydrated SC could be partially explained by the
peak in NMF, which occurs at similar depth. Between the peak in hydration and the
SG/SC interface there is a decrease in water content, which coincides with the location

where most filaggrin resides, before it is turned into NMFE. As NMF binds water in a

80



continuum rather than a discrete manner, the water in regions with more NMF will
be more bound and less free to diffuse, causing a local peak at depths with high NMF
levels. Even though these hyperhydration conditions are not representative of normal
functioning, and are only temporary, they do suggest that there are depth-dependent
differences in the ability to hold water, with NMF very likely to play a major role.

5.2.2 Water and relative humidity

The water concentration profiles, and the correlation between TEWL and thickness
through the resistance profiles, have been discussed extensively in previous chapters
(in particular chapter 3 and section 4.2). Here, we summarise the most important
effects of relative humidity (RH) on the skin barrier, through changes in the water

concentration profile.

The direct effect of a changing RH is a perturbation of the steady-state water concentra-
tion and flow, which can be useful for both experimentally and modelling approaches.
Various experiments have studied the influence of varying RH on the condition of the
skin, its barrier function and components. The varying short and long-term effects of
changing RH can be utilised as a perturbation of our SC homeostasis model.

In a recent extensive review of the effects of RH on skin barrier function, Engebretsen
et al. [284] conclude that the main effects of low RH are a decrease in water content,
increased TEWL after short exposure, enhanced barrier (decreased TEWL) after long
exposure, and increased thickness (in mice) [285]. In winter, which is characterised by
drier air, SC lipids decrease (increase in unsaturated fatty acids), hydration decreases,
pH increases, and lower levels of NMF are found. Upregulated barrier formation
mechanisms are indicated by experiments where the barrier is disrupted by tape strip-
ping or acetone treatment, showing accelerated recovery after prolonged exposure to a
dry environment and delayed recovery after exposure to a humid environment [285].
FLG degradation to NMF only happens for normal and low RH, but not for very high
RH, as FLG proteolysis is water dependent [277]. Lipid organisation improves un-
til 60% RH, but decreases for higher RH (over 70%) [68]. Furthermore, patients with

atopic dermatitis see an increase in incidence and flares with reduced RH [284].
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Model

In our SC compartment model the RH is implemented through surface water concen-

tration W,, where W, « RH

- T Wi =W W, —-W,
ZRl — Zl_l ( +1 ) _ (5.9)
i=1

TEWL ~ TEWL ’
with Wv = W,H.] and WO =W.

For the exact relation between RH and water concentration/activity at the top of the
SC, see for example Li et al. [200]. If the RH is lowered, the outermost water concen-
tration level W, will decrease. This will lead to an increase in TEWL, if we assume
>, R; stays the same. The assumption that }; R; stays the same implies that the compo-
nents of the barrier are not affected by the change in RH initially, and only the water
concentration directly re-establishes a new steady state through passive diffusion. If
water content is the sum of the water concentration in all n layers (or only the top m
layers, where m<n), the water content of the skin also drops when reducing RH. Our
model therefore confirms the experimental findings that for lower RH water content
decreases and TEWL increases.

The decrease in TEWL after prolonged exposure is possibly caused by a mechanism
that induces a structural change in the SC structure or components. In equation (5.9),

2. R; should be increased to decrease TEWL again, despite a low RH.

5.2.3 Corneodesmosomes

Corneodesmosomes are vital for corneocyte cohesion and barrier function, and there
is a clear relationship between the number of corneodesmosomes and the strength of
corneocyte cohesion [286]. The number of CDs decrease towards the top of the SC
[286, 287]. When corneocytes move up and desquamation processes including CDs
degradation start, the non-peripheral CDs are lost first, a few layers below the surface.
The edge CDs are degraded closer to the surface of the SC. The average number of CDs

is about one per pm?, which totals 400-600 corneodesmosomes per side of a corneocyte

82



[288]. According to Skerrow et al. [289], corneodesmosomes occupy approximately 30
% of the cell surface in the bottom half of the SC, but represent less than 7 % of the cell
surface in the top half. Chapman and Walsh [286] found that this was 20.1% and 8.9%
respectively on pig skin, decreasing even further to 5.7% at the top of the SC.

Model

After initial formation of the CD complexes, interlinked with the cornified envelopes,
the amount of corneocytes remains constant, until desquamatory proteases starts to
degrade the CDs. We can approximate this by a simple linearly increasing function
of corneodesmosomes C in the bottom layers of the SC, until a maximum number of
corneodesmosomes C,,,, is reached

ac +ﬂcx if C < Cmax ’
Clx) = (5.10)

Cmax if C 2 Cmax B
with initial amount @c at the bottom of the SC (x = 0) and rate of increase per unit

depth Bc. Desquamation D will decrease the number of CDs towards the top of the SC
C(x) = C(x)(1 - D(x)) . (5.11)

We will address the exact desquamation function D(x), including a fitting to the afore-

mentioned data of number of CDs along depth, in section 5.3.

5.2.4 Lipids

From chapter 2, we know that the quantity and ratio of lipids affects the barrier func-
tion. However, these do not change with depth after their synthesis has been com-
pleted in the lower layers of the SC where the lipids are partly present in a hexagonal
packing; it is the lateral lipid chain packing (organisation) that has been shown to
vary with depth. Pilgram et al. [290] used electron diffraction to study the amount of
orthorhombic and hexagonal packing after tape stripping. They observed predomi-

nantly orthorhombic packing in the SC, with decreased amount of orthorhombic and
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increased amount of hexagonal packing in the outer layers of the SC. When compared
to healthy skin, the lipid organisation of AD patients is aberrant as a result of chang-
ing amounts and ratio of lipids, leading to an increased amount of hexagonal packing
[291]. A decade later, Damien & Boncheva [55] use attenuated total internal reflection
Fourier-transform infrared spectroscopy to show the depth dependency of the lipid
organisation in vivo. The extent of orthorhombic organisation increases slightly in the
bottom half of the SC, and sharply decreases to mostly hexagonal near the surface. The
percentage of total thickness with predominantly orthorhombic organisation inversely

correlates with TEWL, showing its effect on barrier function.

Model

Modelling the depth-dependent changes in lipids, we start with the production of the
barrier from the SC/SG interface. After release of lamellar bodies the lipid are first
processed and organised (which happens in parallel with the cornification and forma-
tion of the cellular envelope and corneodesmosomes). We assume a linear increase
in the contribution to resistance in the bottom few layers of the SC, up to a certain
maximum resistance that is reached by a maximum ‘capacity” of the lipids to provide
resistance to water diffusion. This maximum contribution of lipids to the barrier is
achieved if there are sufficient lipids, in the optimum ratio, organised in orthorhombic
packing.

As an qualitative approximation, we group lipids amounts, ratio, and organisation in
one lipid ‘quality” variable L, which describes the resistance to water diffusion that the
lipids provide along the depth. This can be modelled by a simple linearly increasing
function with a maximum L,,,,,

ar, +ﬁLX if L < Lmax ,
L(x) = (5.12)

Lmax if L 2 Lmax b

with initial amount ¢, at the bottom of the SC (x = 0) and rate of increase per unit

depth ;..
With the degradation of corneodesmosomes, the cells are getting disjointed and sep-
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arated, which could disrupt the organisation of the lipids in the intercellular layers.
This seems to be supported by evidence that the lipids organisation becomes more
hexagonal at towards the top of the SC, coinciding with desquamation, as discussed
above. Modelling of lipids could use the CDs as indicator of the disorganisation of
lipids towards the top of the SC, and could be qualitatively defined by the same func-
tion.

Towards the top, the lipid "quality” will be degraded by a desquamation function D
L(x) = L(x)(1 - D(x)). (5.13)

We will address the exact desquamation function D(x) in the section 5.3, where equa-

tion (5.13) will be fitted to the lipid organisation data discussed above.

5.3 Desquamation: pH-dependent KLK activity model

An important depth-dependent process in the SC is desquamation, where serine pro-
teases such as KLKs degrade corneodesmosomes towards the top of the SC, to de-
crease barrier integrity and cohesion which ultimately allows for the shedding of cor-
neocytes. Naturally, this process must occur only towards the top of the SC, and the
depth at which this process occurs must consequently be regulated tightly to maintain
the thickness and barrier function of the SC. The importance of ordered desquamation
becomes clear from its frequent misregulation in skin dysfunction and disease (see

chapter 2).

A most interesting question is how desquamation is regulated spatially; which sig-
nalling, feedback and inhibitory mechanisms ensure gradual and controlled desqua-
mation? As the corneocytes in the SC are anucleated, no active spatial regulation in-
volving gene expression can take place, and depth-dependent changes in (extracellu-
lar) molecular concentrations are likely to activate desquamatory processes. The SC is
the barrier and interface between the body and its environment, each with very differ-
ent conditions. Therefore, gradients will form across the SC, most notably water con-

centration and pH gradients. The pH gradient is thought to be the main regulator of
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desquamation, +by modulating the activation and inhibition of desquamatory serine
proteases. However, this proposed regulation is not straightforward. The SC exhibits
a pH gradient ranging from approximately pH 7 at the SG/SC junction, to pH 5 at the
outermost layers [29]. Kallikreins (KLKs), a family of serine proteases, are known to
play an important role in the degradation of corneodesmosomes. Specifically, KLKs
5,7 and 14 have been shown to degrade corneodesmosomes, with pH-dependent ac-
tivity [84]. KLK activity has a pH neutral to slight basic optimum, with decreasing
activity when pH acidifies. Degradation takes place at the top layers of the SC, which
have a more acidic pH, which means KLKs inhibited in the lower regions of the SC.

Lympho-epithelial Kazal-type-related inhibitor (LEKTI), is such an inhibitor of KLKs.
LEKTI inhibits KLKs 5, 7 and 14 in a pH-dependent manner, increasing with pH
[292, 293]. In a lower acidic pH environment, towards the surface of the SC, the in-
hibition of KLK by LEKTI could be reversed, allowing the active KLK to degrade
corneodesmosomes. Despite this prosposed mechanism where pH-dependent inhi-
bition regulates KLK activity, it has been reported that an increased in skin surface
pH leads to higher KLK activites and increased desquamation [294, 295]. In AD, an
increased surface pH induces KLK5-mediated barrier damage [296]. These findings
seem counter-intuitive to the theories that lower pH towards the skin surface regu-

lates desquamation by increasing KLK activity.

Here, we aim to find a simple mechanistic model which could explain the regulation,
and reconcile both observations that the decreasing pH gradient induces desquama-
tion and that increased surface pH increase KLK actvitiy. We take the KLK and its
inhibitor LEKTI, and investigate if and how their pH dependency could explain the
regulation of KLK activity and resulting desquamation. Recognising various other
proteases and protease inhibitors, such as aspartate and cysteine proteases and choles-
terol sulphate respectively [297] (see chapter 2), might play a role too, we are interested
in the general mechanisms of regulation. Therefore, we take only KLK and LEKTI as
an mechanistic example that could hold in general for corneodesmosome degradating
proteases and their inhibitors. Each could have qualitatively different pH optima, as-
sociation constants or inhibitors, yet share a common quantitative mechanisms.

As we propose a role of pH and depth-dependent regulation in the SC for KLK, this
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part is essential in closing the loop of how components are regulated, specifically the
desquamation of components and maintenance of a certain SC thickness. Therefore,
we want to find a simplified mechanistic model that can explain both the increase in
activity towards the top of the SC where pH decreases, as well as an increase in activity

when pH is increased.

5.3.1 Model

Here we construct a model of depth-dependent KLK activity regulated by pH, which
leads to the degradation of barrier components and desquamation. After constructing
the model, it will be simulated and validated qualitatively, by comparing the KLK ac-
tivity profiles to tape stripping data. Also, the degradation of components resulting
from the KLK activity will be compared to experimental data, in order to verify both
the effects of desquamation and KLK activity on the components and finalise the com-

ponent profile models from section 5.2 by incorporating the effects of desquamation.

We use an adaptation of the model from Takana et al. [37] applied to the SC. While
Tanaka et al. uses the ODE model to describe dynamics of KLK activation and inhibi-
tion in the SG/SC interface, and the effect of KLK activity on inflammation, we will
apply the core of the model regarding the interaction between KLK and its inhibitor
in a pH-dependent manner (first three ODEs in methods of Takana et al. [37]) to de-
scribe KLK activity inside the SC only. Our particular interest is how the KLK activity
changes along the depth of the SC, and how the KLK activity results in degradation
of corneodesmosomes and desquamation. Hence, we compute the the pH-mediated
activation and inhibition of desquamatory proteases along the depth of the SC.

The main difference between our equations and those from the Tanaka et al. model are
that we do not consider any newly produced pro-KLK, nor their activation from their
inactive pro-from, as these processes occur at the SC/SG interface and the bottom of
the SC. Instead, we consider the KLK moving up through the SC with the cells due
to normal turnover. While moving up, the concentrations of KLK and LEKTI do not
change. The KLK activity at a point in depth is instead determined by changing envi-

ronmental conditions, which affect inhibition of KLK activity as well as degradation
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Figure 5.5: KLK is activated and inhibited along depth of SC. After pro-KLK is se-
creted from lamellar bodies at the SC/SG interface, it is converted to its active form.
Regulated by a pH gradient, KLK is first inhibited by LEKTI in a high-pH environ-
ment. When pH decreases towards the top layers of the SC, this KLK-LEKTI com-
plex dissociates, allowing the active form to degrade corneodesmosomes leading to

desquamation.

of KLK and LEKTI. We assume KLK and LEKTI move up through the SC together
with the corneocytes, and not by diffusing through the intercellular space. Although
the model was originally developed for KLK5, our adaptation is a simplified model
that aims at capturing the essential interaction between desquamatory proteases and
their inhibitors in the SC. Therefore, we use KLK and LEKTI in our model to represent
all desquamatory proteases and inhibitors, including but not limited to KLK5, KLK7,
KLK14, and different types of LEKTI.

Profile of active KLK amount - binding of KLK to its inhibitor LEKTI

Even though we use KLKs and its inhibitor LEKTI, we aim to describe the general
relationship between desquamatory proteases, their activity, and their inhibitors. As
shown in figure 5.5, after being secreted from lamellar bodies and processed to its ac-
tive form, KLK is inhibited by LEKTI. This inhibition is reversed when moving up
towards the SC surface, and active KLK starts degradation of corneodesmosomes.
The reversible inhibition of KLK by LEKTI happens by forming the inactive protease-
inhibitor complex LEKTI-KLK, where the inhibition is governed by pH-dependent
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Figure 5.6: Inhibition of KLK by LEKTI through pH-dependent association and dis-
sociation. LEKTI inhibits KLK activity by binding to its active site. Dissociation and

association rates k, and k4 are pH-dependent.

association rate k, and dissociation rate k, (figure 5.6)
[KLK] + [LEKTI] <:>’,:d [LEKTI-KLK]. (5.14)

We use the following ODEs to describe the process in equation (5.14) dynamically

O[LEKTI-KLK](x, #)
ot

= ky(pH) - [KLK](x, ) - [LEKTI](x, £) — ky(pH) - [LEKTI-KLK](x, 1),

(5.15)

% = —k,(pH) - [KLK](x, 1) - [LEKTI]|(x, t) + ko(pH) - [LEKTI-KLK](x, 1),

(5.16)

w = —k,(pH) - [KLK](x, #) - [LEKTI](x, ) + ks(pH) - [LEKTI-KLK](x, ?),

(5.17)
with concentrations of KLK, LEKTI and LEKTI-KLK dependent on height x and time
t. As with the SC compartment model, we can create depth-dependent profiles by
solving these equations for different x. The steady-state solution of equations (5.15)-
(5.17) will differ throughout the SC depending on the local pH concentration.

To find the steady-state concentration at z,; at every point in height x, depending on
initial conditions and association/dissociation rates, we solve the following equations
k,(pH) - [KLK](x, t,,) - [LEKTI](x, t,,) = ks(pH) - [LEKTI-KLK](x, t,) , (5.18)
[KLK](0, 0) = [LEKTI-KLK](x, #,,) + [KLK](x, t,,), (5.19)

[LEKTT](0, 0) = [LEKTI-KLK](x, ) + [LEKTI](x, #,5),  (5.20)
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Table 5.2: Affinity constants for different pH levels. Values are derived using equa-
tion (5.21) using k, and k,; data from figure 6 in Deraison et al. [292].

pHlevel KLK5: K, [M™'] KLK7: Kp [M™']

4.5 8.1-107% 1.7-107*
5.5 1.1-107° 4.5-1077
6.5 5.3-107! 6.0-107°
7.5 1.5-10712 4.7-107°

with [LEKTT](0, 0) and [KLK](0, 0) initial conditions at # = 0 and x = 0.

From equations (5.18)-(5.20) we see that besides the initial values of KLK and LEKTI,

the affinity constant K, is needed to solve this system of three equations

kd(PH) _ [KLK](X’ tss) : [LEKTI](X’ tss)

Ko(pH) = o) = [LEKTIKLKI(x, 12)

(5.21)

The affinity constant is a function of the association and dissociation constants. Derai-
son et al. have measured association and dissociation rates for varying pH, for both
KLKS5 and KLK7 [292]. Using equation (5.21) and the data on &, and &, to obtain the
values of K, for different pH values (table 5.2), we can construct a pH-dependent

function K(pH) by interpolation.

If we assume a linear pH profile with pH 7.0 at height x = 0 and pH 5.0 at x = 4, we
can now obtain a profile of the amount of active KLK, by solving equations (5.18)-(5.20)

with Kp(pH) and initial conditions for KLK and LEKTI.

pH-dependent activity of KLK

The amount of active KLK at a certain location in the SC is not the only factor that de-
termines the actual degradation of corneodesmosomes; the activity of KLK also varies
with pH. Deraison et al. measured KLK activity p,. for different values of pH, as a per-
centage of the maximum activity at pH 7.5 (table 5.3). Where equations (5.18)-(5.20)
solely describe the binding of KLK with its inhibitors to find the availability of non-

bound ‘free” KLK, we also need to describe how the desquamation activity of KLKs
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Table 5.3: KLK activity for different pH levels. KLK5+LEKTI is activity of KLK after
inhibition by amount of LEKTI The percentages are relative to the maximum activity
at pH7 which is taken as 100% for KLK5 and KLK7 respectively. Data from supple-

mentary information to Deraison et al. [292].

pHlevel KLKS5 [%] KLK5+LEKTI[%] KLK7[%] KLK7+LEKTI [%]

4.5 16 12 21 18
55 38 24 35 30
6.5 47 30 95 42
7.5 100 51 100 50

DK depends on both the amount and activity of KLK
D" = pue(pH)IKLK(x, 1)] (5.22)

Combining equations (5.18)-(5.22), data from tables 5.2 and 5.3 and initial amounts of
KLK and LEKTI, we can obtain a profile of degradation by KLK D¥X in the SC.

Necessity of including degradation of LEKTI and KLK

In order to allow an increase in pH to increase degradation activity by KLK, we need
to include degradation of KLK and LEKTI in this model. If we consider equations
(56.18)-(5.20) and (5.22), we notice that the degradation activity by KLK only changes
with x because pH changes with x; an increase in surface pH is equal to decreasing
x, as all processes are reversible. Only an irreversible depth-dependent process could
provide an explanation for simultaneously increasing pH and KLK activity. Therefore,
degradation is considered. Myaid et al. have found mesotrypsin to activate KLK and
degrade LEKTI, even in the enzyme-inhibitor complex; when mesotrypsin is added to
100% inhibited KLK-LEKTI complexes, the KLK activity recovers [293]. To my knowl-
edge, the natural degradation rate of KLK has not been studied in skin.

The degradation term ’1‘%‘ is added to equations (5.19) and (5.20), such that the fol-
lowing set of three equations define the KLK steady state activity at height x in the
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Figure 5.7: Schematic overview of qualitative gradients of concentrations and rates.
Two different profiles shows the effect of decreased pH gradients, with green profile
for high surface pH (increased) and grey for low surface pH (normal). Degradation of
LEKTI (blue) is assumed to be faster than degradation of KLK (red). Depth 0 is skin

surface, 1 is SC/SG interface.

SC
ke(pH) - [KLKI(x, 1,,) - [LEKTIN(x, 1) = ka(pH) - [LEKTI-KLK](x, 1,,), (5.23)
A7k X IKLKN(0,0) = [LEKTI-KLK](x, ) + [KLK] (6, 1), (5.24)
L;'x - [LEKTT](0, 0) = [LEKTI-KLK](x, t,,) + [LEKTI](x, 2,5),  (5.25)

with x denoting SC height, and cx and ¢, degradation constants, and A the SC thick-

ness. The degradation term 4% is chosen such that there is no degradation at the
bottom of the SC (at x = 0), and that while moving upwards, less of the initial KLK
and LEKTI is available. With every increase in height x, more of the available KLK and
LEKTTI are degraded, assuming that degradation is linearly related to upward move-

ment and time spend in the SC.

Desquamation

When combined, the pH gradient, inhibition of KLK to LEKTI, pH-dependent binding
affinity and KLK activity, and degradation of LEKTI form the basic mechanism of
depth-dependent regulation of desquamation. A simplified qualitative representation
of those profiles, with the effects of an increase in surface pH, is summarised in figure

57.
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Figure 5.8: LEKTI, KLK and the LEKTI-KLK complex profiles simulation over
depth, with physiological pH gradient. Values of KLK5 are used, KLK7 give qual-

itatively similar results.

We assume the degradation activity D*/X(pH) is linearly related to the level of degra-
dation of the barrier components. Therefore, when describing the degradation of bar-
rier components, the degradation will be a factor 1 — yD***(pH) multiplied by the bar-
rier components, where 1 is a full barrier, and 0 is completely degraded. The profiles
of corneodesmosomes and lipids in sections 5.2.3 and 5.2.4 will therefore be multiplied
by 1 — yD* X (pH) to include the effects of desquamation.

In the next section, the pH-dependent KLK model of desquamation and the barrier
component models developed above will be combined to study SC barrier homeosta-

sis.

5.3.2 Results and validation

When simulating the KLK activity, the qualitative behaviour we want to observe has
two elements. First, there should be no degradation of corneodesmosomes in the bot-
tom half of the SC, and therefore we expect a low KLK activity. Second, the degra-
dation activity of the KLKs should increase towards the top, and the activity towards

the top of the SC should be higher when surface pH increases. Figure 5.8 shows the

93



Table 5.4: Nominal simulation parameters for the desquamation model. Values of

KLK and LEKTI in arbitrary units.

Parameter Value Description

[KLK](0, 0) 200 Initial concentration of KLK (assumption)
[LEKTT](0, 0) 350 Initial concentration of LEKTI (assumption)
Ck 0.25  Rate of KLK degradation (assumption)
cr 1 Rate of LEKTI degradation (assumption)
Kp(pH) table 5.2 Diffusion constants as function of pH [292]
Pact(pH) table 5.3 Percentage of KLK activity as function of pH [292]

results of the simulation using equations (5.22)-(5.25). Steady-state equilibria of KLK,
LEKTI, and the KLK-LEKTI complex were calculated at different heights to obtain the
profiles, with a linear pH gradient of 7 (bottom) to 5 (top). Table 5.4 shows the nomi-
nal parameters used in the simulation. Whereas K, and p,, are taken from literature,
the other parameters are chosen to obtain a qualitative behaviour consisting of two
specific elements to mimic experimentally observed behaviour.

The simulation results show that our model is able to show increasing degradation
activity of KLK in the top layers of the SC (figure 5.8). When the surface pH is raised
from pH 5 to pH 6 and pH 7, the activity and degradation are increased too (figure
5.9). Together, these results confirm that the model can produce the desired qualita-

tive behaviour.

A parameter analysis was performed to ensure that the results are not limited by the
choice of parameters, and to find the conditions for which the parameters qualitatively
reproduce the desired results. The condition [LEKT](0,0) > [KLK](0,0) on the initial
values of KLK and LEKTI is necessary to ensure that active KLK increases towards the
surface of the SC. This means that initially, at the bottom of the SC, an abundance of
LEKTI must be present to bind all KLK, which is later released due to a decrease in pH
and a degradation of LEKTI. The parameter analysis demonstrated a further condition
that the rates of degradation of LEKTI must be higher than that of KLK (cL > ¢K) to

ensure the degradation activity increases up if surface pH becomes less acidic.
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Figure 5.9: Degradation activity D**X(pH) for increasing pH at top of SC from 5
to 7. Left panel shows degradation activity DX**(pH), right panel shows the level of
degradation of barrier components 1 — DX*®(pH); 1 for no degradation and 0 for total
degradation. pH gradient is linear from pH 7 at the bottom of the SC to surface pH 5
(red), 6 (black) and 7 (blue, constant pH).

To validate the degradation activity of KLK D*X and the resulting degradation of bar-
rier components 1 —yD*X we compare the profiles of D¥** and 1 — yD*'X to multiple
sets of experimental data.

In figure 5.10, a simulated profile of the degradation activity of KLK D*!X is compared

to the following experimental data sets:

(a) KLK5 and KLK7 activity after tape stripping, five depths, depth estimated from
number of tape strips [163];

(b) KLK5 and KLK7 activity after tape stripping, three depths, depth estimated from
number of tape strips [298].

The experimental values are normalised to the value at the deepest point around the
basal layer of the SC, and shifted to zero. At this depth the KLK activity should be the
lowest and there should not be any degradation of corneodesmosomes by KLK. The
values are then qualitatively compared to a simulated profile of KLK, which is scaled
to fit the experimental data.

Even though KLK activity can only be measured ex vivo after tape stripping, and con-

sequently not quantitatively accurate, we can use the general qualitative shape of the
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Figure 5.10: Comparison of KLK activity to experimental data. All experimental
data points are normalised to their respective value measured at the deepest point

and shifted to 0 degradation activity at the bottom of the SC.

data to compare with our simulated profile. Both data and simulation show a low, flat
region at the bottom half of the SC, with a strong increase from roughly halfway the

SC, confirming our simulated profiles of KLK activity qualitatively.

In figure 5.11, a simulated profile of 1 — yDX/¥

is compared to the following sets of
experimental data which show the degradation of corneodesmosomes and lipid or-

ganisation towards the top of the SC:

(c) Counts of corneodesmosomes along depth [289];
(d) Counts of corneodesmosomes along depth [286];

(e) Lipid organisation along depth after tape stripping (ex vivo), in percentage or-

thorhombic [291].

The experimental data was normalised to their respective maximum values. Fitting
of the simulation profile to the experimental data was achieved by adjusting y, with
.. for lipids and y for corneodesmosomes. A different scaling was necessary for cor-
neodesmosomes and lipids because degradation of corneodesmosomes has a quanti-

tatively different effect on lipid organisation.
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Figure 5.11: Comparison of barrier component degradation to experimental data. A
different y was used for corneodesmosomes and lipid organisation to fit the two pro-

files separately. All experimental data points are normalised to the maximum value.

The good qualitative fit to both corneodesmosome and lipid organisation data is ob-
tained, using only one scaling parameter for fitting. This shows that the term 1-yD**
is suitable for representing the degradation of components based on the KLK activity,

which ultimately leads to desquamation.

5.4 Integration into SC barrier homeostasis model

In the final section of this chapter we combine the submodels developed earlier into a
framework for studying depth-dependent SC barrier and its regulation — the SC bar-
rier homeostasis model. In this model, SC homeostasis is quantified as the maintenance
of physiological TEWL. Besides the barrier components and the pH-dependent KLK
activity model, equations for water concentration, pH, and thickness will be combined
through the resistance profile. The combined model is used for simulation and testing
of proposed barrier homeostatic mechanisms. This is achieved by replicating experi-

ments in silico and predicting the reaction of the SC to perturbations.
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5.4.1 Model

We use a PDE to describe the water concentration profile W, using the resistance pro-
file R. If we want to allow for variable thickness over time, we need to introduce a
dimensionless variable x, = ﬁ to describe the normalised height, with A(7) the time-

dependent thickness of the stratum corneum.

OW(x,,t) 1 0 1 OW(x,, 1)
ot AD?0x, (R(xn) 0x,, ) ’ (5:26)
with initial and boundary conditions
W(x,, 1) =0 (5.27)
W(O0,1) = Waottom (528)
WD), 1) = Wp , (5.29)

where Wyyuom and W, are the water concentration at the top and bottom of the SC

respectively.

A second PDE is used for the pH gradient

OpH(x,,t)  Dpu 0>pH(x,,1)

= , 5.30
ot A2 ox2 (5.30)
with boundary conditions:
pH(0,1) = pHyottom » (531)
pH(l’ t) = thop(l + Wtop - Ws) ’ (532)

with a nominal linear pH gradient from pHyottom = 7 to pHyp = 5, and a nominal
surface water concentration W, = 25% at pH = 5. Here, the pH is influenced by W,,,
only, after which a linear gradient forms. However, this could be changed to include

levels of NMF or other factors that could affect pH or desquamation.

The thickness is determined by the resistance profile. If the resistance at the top of the
SC is lower than the resistance in nominal conditions, the thickness will decrease, and
vice versa.

0A(1)

7 = p(Rtop - Rn) ) (533)
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with R, the nominal resistance at the top of the SC, and ¢, a constant determining the
adjustment rate. If the resistance is lower than threshold R,, we assume that the cells
will shed off and the thickness will decrease. If the resistance is higher than R,, the
cells will not be shed, and the skin thickness increases due to newly produced corneo-
cytes from the SG. As we use normalised height x, = x/4, the changed thickness is
automatically incorporated in all other depth-dependent equations. This mechanisms

maintains a certain thickness for a given resistance profile.

For the depth-dependent profile of the barrier components B, we assume that the main

components that form the barrier are corneodesmosomes C and lipids L (sections 5.2.3

and 5.2.4).

ay X, +ﬁL if L < Lmax N

L(x,) = (5.34)
Lmax if L > Lmax >
dcXy, +BC if C < Cmax s

Clx,) = (5.35)
Cmax if C > Cmax .

Both lipid and corneodesmosomes make up barrier strength B. As we do not know
their exact interaction or relative contribution to barrier function, we assume a simple

additive function

B(x)=L+C. (5.36)

The degradation of the barrier function by KLKs leading to desquamation, as dis-
cussed previously in section 5.3, completes the resistance profile by describing the

decrease in resistance towards the top of the SC

R(x,) = B(1 — yD*%y (5.37)

These equations describe the SC barrier homeostasis model with depth-dependent
profiles. The values in the equations above can be calculated for all normalised height

x, between zero and one to obtain those profiles.
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Figure 5.12: Simulation of changes in relative humidity. Relative humidity is in-
creased at r = 100 to simulate a humid environment, and decreased to a dry condition

at r =700.

5.4.2 Results

In this section, we perform simulations of the SC barrier homeostasis model to study
the interactions between the barrier components and regulation mechanism that were
modelled in this chapter. First, equations (5.26)-(5.37) are simulated using nominal pa-
rameters. These parameters reach a steady-state homeostasis after an initial transient
phase (depending on the chosen initial conditions). All further simulations start from
the steady state. The tables in appendix A.2 present the simulated model variables
(table A.3) and the nominal parameters (table A.4).

Two different scenarios are simulated: a change in environmental relative humidity
and a change in skin surface pH. These in silico simulations qualitatively replicate in vivo
experiments to test if the model behaves as expected, and if the proposed interactions

lead to experimentally observed system behaviour.

Change in relative humidity. A change from high humidity to low humidity is sim-
ulated. First, the humidity is increased at + = 100. After a new steady state
is reached, the RH is decreased to a dry condition at + = 700. This dry condi-
tion has a lower RH than the initial steady state. The changes in RH are imple-
mented through adjusting the surface water concentration W,, which leads to a
new steady state by changing the water concentration profiles, pH and resistance
profiles.

From experiments, we know that the barrier function is enhanced in dry condi-
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Figure 5.13: Simulation of the effect of increased surface pH. Skin surface pH is
increased at t = 100. Atz = 600, the maximum contribution of barrier components By,

was increased to replicate the effects of strengthening the SC barrier by treatment.

tions [285]. TEWL increases temporarily when moved to low humidity after a
period in high humidity, and pH increases [299]. After the initial increase, TEWL
decreases.

Figure 5.12 shows the simulation time course resistance profiles, TEWL and SC
thickness. In agreement with the experimental data, TEWL increased and thick-
ness decreased in high humidity. When changing from high to low RH, the bar-
rier function is indeed enhanced. The remarkable temporary peak in TEWL is
observed when moving from a humid to dry environment, which has been re-

ported before [299].

Increase in pH. As seen from the pH-KLK model presented above, the pH concentra-
tion in the SC is vital for the regulation of desquamation [294]. NMF contains
many acids and contributes to the decrease in pH, and if removed by soaking
the pH increases [280, 282, 300].

In the simulation of this scenario, reduced FLG levels are introduced at r = 100.
This leads to a reduction in NMF to roughly half of the nominal level (see sec-
tion 5.2.1), which we assume linearly increases pH from pH 5 to pH 6. Such a
state with increased pH is similar to the state of an AD patient, where a high
pH increases KLK activity and dysegulated desquamation. At ¢ = 600, while
maintaining an increased surface pH, a ‘treatment’ is applied: the maximum
contribution of barrier components B,,,, was increased to replicate the effects of

strengthening the SC barrier by treatment. The type of treatment represented by
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the consequent increase in resistance could be occlusion or replenishing of the
barrier components, which leads to increased hydration or artificially improved
barrier function.

The simulation results in figure 5.13 demonstrate a decrease in resistance pro-
tiles and thickness and an increase in TEWL after elevated surface pH. When the
treatment strengthens the barrier components and increases the resistance, this
leads to a strong decrease in TEWL to nominal levels. However, thickness only
increase slightly and remains below the nominal levels, due to the unchanged
defective desquamation. This shows that artificially increasing resistance profile
through occlusion or addition of barrier components can reinstate a functional

barrier, but will not improve the altered desquamation induced by elevated pH.

5.5 Discussion

In this chapter, we developed models of barrier component profiles and regulation.
Using the resistance profiles as a framework, these models were integrated to simulate
regulation of skin homeostasis.

Desquamation has to take place at the right depth, only near the top of the SC, to
maintain SC thickness and barrier function. By distinguishing between amounts of
available active KLK and the activity of KLK, and adding degradation terms, we are
able to qualitatively explain how the pH gradient in the SC regulates desquamation.
While a decrease in pH towards the top of the SC leads to the dissociation of the KLK-
LEKTT inhibition complex and consequently the degradation of corneodesmosomes by
KLK, an increase in surface pH. This counter-intuitive behaviour could be replicated
if the degradation of KLK and LEKTI were considered. These results were obtained
using only the main components and essential regulatory mechanisms that determine

qualitative behaviour.

All models presented in this chapter were combined and linked into the SC barrier
homeostasis model. By simulation of different scenarios, we can study how interaction

between the individual components and their regulation leads to barrier homeostasis.
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The simulation demonstrated that the proposed model leads to a physiological steady
state, and the simulated scenarios qualitatively replicated experimental observations.
To my knowledge, this is the first model that attempts to model SC barrier homeostasis
through the interaction between barrier components and their regulation. It provides
a framework for studying the interactions proposed by experimentalists, and allows
for the testing of system behaviour resulting from a change in one component.

The current model has a number of limitations, including its qualitative nature. While
a qualitative model can general interactions and the main regulatory mechanisms in
barrier homeostasis, a quantitative model could be used for more in-depth study and
prediction of the effects of specific treatments. For future research, the model could
be improved and refined to exhibit quantitative behaviour. In particular, if more accu-
rate time course data of the components and barrier state would be available, model

parameters could be fitted.

The interaction with layers below the SC, including cornification processes, were not
considered. The incorporation of cornification could be an extension for future re-
search. Cornification rates are currently assumed constant, but could depend on TEWL
through calcium and affect the building of the barrier by the rate of release of barrier

components.
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Chapter 6

Extension into the stratum granulosum:

tight junction barrier homeostasis

6.1 Introduction

The epidermal permeability barrier function resides in the two uppermost layers: the
stratum corneum and the stratum granulosum. In the stratum granulosum, tight junc-
tions between keratinocytes form a barrier which provides selectively paracellular
permeability, regulating the movement of water, ions and various larger molecules
[96, 97, 91]. The tight junction barrier separates the basal and apical domains of the
epidermis (viable epidermis and SC, respectively), allowing for essential distinct ex-
tracellular milieus in the SG and SC [102] (for a more detailed overview of T] compo-
sition and function research see chapter 2). So far, this thesis has mainly focused on
the depth-dependent permeability barrier in the stratum corneum. However, the TJ
barrier in the SG emerges as a key second epidermal barrier, where depth-dependent
processes play an important role too, and it directly affects and regulates the SC bar-
rier as well as general epidermal homeostasis. Therefore, this chapter will extend our
scope to the SG and its TJ barrier, and in particular how depth-dependent processes
and spatial mechanisms maintain TJ barrier homeostasis. In addition, its role in epi-

dermal homeostasis will be discussed.

104



The TJs are located in the second SG layer (SG2), and form a honeycomb-like mesh
covering all the intercellular spaces [3, 105, 301]. The structure and location of the
tight junctions, sealing off the paracellular pathway, strongly incidate its barrier func-
tion, which is confirmed for a variety of ions, solutes and water [302, 101, 303, 97].
The separation of the basal and apical epidermal compartments by the TJ barrier di-
rectly affects the terminal differentiation, through the regulation of local ion concen-
trations in both compartments. The location of the T] barrier in relation to the SC, just
below the SG/SC interface, means that it is the last moment in their upward move-
ment through the SC during which they are in a viable tissue, just before losing their
nucleus and undergoing cornification. Hence, the T] barrier is important for organi-
sation and preparation before transition to SC, predisposing SC barrier quality [9, 8].
It is therefore not surprising that T] barrier impairment due to claudin-1 deficiency
in mice leads to a reduced SC barrier function and increased TEWL [9]. As expected,
an aberrant T] barrier disrupts the process of SC barrier formation, specifically by al-
tering lipid composition and profillagrin processing [8, 9]. One of the consequences
of altered fillagrin processing is an increase in SC pH [8] (see chapter 5). In turn, a
defective SC barrier affects the TJs; it causes a change in local concentrations in the
SG/SC and below, most notably in the calcium gradient, which leads to changes in ex-
pression of claudins and TJ barrier function over time [10]. Furthermore, the T] barrier
is known to be compromised in skin diseases as psoriasis [112] and atopic dermati-
tis [109], where impairment of TJs by reduced expression of claudin-1 and claudin-23
leads to a reduced barrier function as measured by TER and further immune dysreg-
ulation. Its role in epidermal (permeability) barrier defects and disease suggests it
could be a future target for treatment, despite our limited understanding of T]Js and its

proteins and functions [102].

Similar to the stratum corneum, the stratum granulosum’s TJ barrier continuously
maintains its selective permeability function. Even during continuous turnover, ker-
atinocytes have to transition from the basal to the apical side of the TJ barrier. The
continuous turnover of the epidermis raises the question of how keratinocytes mov-
ing upwards towards the SC can translocate across a TJ barrier, while this barrier is

maintained across intercellular spaces in a single layer of cells. The transition requires
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tight spatial and temporal regulation. Until recently, this transition has only be de-

scribed for simple layer epithelium [304].

In November 2016, we! published a paper on ‘Epidermal cell turnover across tight
junctions based on Kelvins tetrakaidecahedron cell shape’ [305]. It addresses the ques-
tion of how a single layer TJ barrier across a tissue can be maintained while cells con-

tinuously transition through that barrier.

Based on time-course in vivo imaging of bicellular and tricellular TJs during transition,
and using the approximation of cell shape by Kelvin’s tetrakaidecahedron (TKD), we
discovered the mechanism that allows cells to transition the T] barrier in stratified
epithelia without compromising barrier integrity [305]. This mechanism consists of
the orderly formation and degradation of new tricellular and bicellular TJs at specific
edges of the cells (figure 6.1). The SG consists of three layers: SG1, SG2 and SG3 (from
outside to inside). The TJs are found between cells in the SG2 layer only, on apical
edges shared between two SG2 cells. When a SG2 cell moves upwards to the top SG
layer (SG1), where it cornifies and forms the SC, its TJs have to be replaced, from the
SG2 cell transitioning to the SG1, to the SG3 cell transitioning into the SG2. Staining for
T] proteins (see [305]), the top view of a f-TKD shows a polygon of bTJs that encircles
a cell, closing the extracellular spaces to its neighbours. During the barrier transition,
tricellular junctions appear, and a smaller hexagon appears beneath the exterior bT]
polygon. The old bT] polygon is then replace by the inner tT] polygon, which turns
into a new polygon of bT]s between the cell entering the SG2 and its neighbours. Thus,
where a double polygon is visible, a cell translocates to the apical side of the T] barrier
(figure 6.1). This process is the basis for maintaining single layer T] barrier homeostasis

in a continually renewing epidermis.

In the previous chapters we have seen that the barrier function of the SC follows from
the shape of the corneocytes (flattened and elongated, creating a long intercellular per-
meation pathway) and structure of the SC, with overlapping corneocytes with intercel-

lular lipis structures, and kept tightly together by corneodesmosomes. Similarly, the

1 M. Yokouchi, T. Atsugi, M.D.A. van Logtestijn, R.]. Tanaka, M. Kajimura, M. Suematsu, M. Furuse,
M. Amagai, A. Kubo.
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Figure 6.1: Overview of transition phases and tight junction location. Bicellular tight

junctions in green and tricellular junctions in blue. Reproduced from figure 4b in [305].

shape of the keratinocytes seems to be important in how the TJ barrier and its turnover
functions. Originally proposed by Lord Kelvin in 1887 as the optimal solution to his
problem of finding the shape of cells with equal volume and minimal surface area that
would partition a space [306], Kelvin’s tetrakaidecahedron has been proposed more
recently to closely represent the shape of a corneocyte [307, 308]. Using 2D and 3D
live imagining techniques (figures 1-3 in [305]), we prove that corneocytes can indeed
be represented as f-TKDs and that this particular shape is essential to the transition

mechanism.

Our recent publication has shown the mechanism that allows this transition without
breaking the T] barrier. However, it is yet unknown how the transition is coordinated
and regulated. For the barrier to be maintained during transition, the T] proteins need

to be transcribed and translocated to arrive at the correct site when the cell is ready to
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start the transition and form the tight junctions. Temporal coordination is important
because the transition needs to be tightly regulated, both in terms of the cells position
in relation to the other cells and the barrier, and in terms of the timing of the start of the
transition. When the transition of a cell starts too early or too late, the barrier might be
compromised by a break in the tight junction cover. The formation and degradation
of the tricellular tight junctions have to appear in different places at different times,
depending of the location (height) of the cell in relation to the TJ barrier. Also, tempo-
ral coordination is important in balancing transition rates and turnover times with the
rest of the epidermis. Turnover cycle times? that are too short or too long will disrupt

tissue homeostasis, including tissue composition and thickness.

As the barrier maintenance during transition is vital for the skin’s barrier function, it
is a regulatory target. Currently, the spatial mechanism of barrier transition, including
the formation and degradation of the tTJs and bTJs, has been observed. However,
the timing of the steps and their regulation (“temporal coordination’) is still unknown.
This timing can tell us something about the underlying processes and signalling, and
hints at (and excludes) possible functions of the various identified steps. The increased
cornification as an initial reaction to skin barrier damage further suggests that it is
important for the T] barrier to be flexible and be able to upregulate transition rates
while still maintaining a functioning barrier. In order to increase our understanding
of the TJ barrier transition and its role in tissue homeostasis, a first step would be to

study the timing and coordination of the transition process.

In this chapter, we construct a 3D geometric model of the keratinocyte and the en-
tire SG tissue. Using this model, we simulate T] barrier homeostasis by including a
proposed algorithm governing TJ barrier transition. There have been previous exam-
ples of modelling and simulation of epidermal cells as TKDs. Honda et al. simulated
the upward migration in the epidermis of keratinocytes with a TKD shape, which
self-organised into stacked columns [309]. More recently, TKDs have served as 3D ge-

ometrical models of corneocytes to study stratum corneum permeability and (drug)

?In this chapter, the notion of cycle time refers to the SG2 turnover cycle time, which is the time it
takes for a cell to cycle through the SG2, or equally the time for the SG2 to completely renew itself, and

should not be confused to cell cycle time.
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diffusion [183, 310, 184, 185, 311]. Complementing the experimental results presented
above [305], modelling will help us to better understand and interpret experimental
results, and to use those results to propose and test temporal coordination mecha-
nisms. Through simulation of various scenarios and parameter sets, we can both pre-
dict timings, suggest possible mechanisms, and inform future experiments. Available
experimental data is compared with simulation results, and model parameters that
describe the proposed temporal coordination are obtained by fitting. We investigate
the biological relevance of this temporal coordination which can be used to describe
the transition dynamics, and suggest possible functions for the regulation of the TJ

barrier and its role in epidermal homeostasis.

The following methods section first describes the development of the 3D geometry
model of the {-TKD and the SG, and the derivation of geometrical parameters for the
f-TKD from experimental 2D images. It then details the transition rules and algorithm
used for simulation, based on the transition mechanism proposed in Yokouchi et al.

[305], after which the simulation results are presented and discussed.

The experimental results referred to in this chapter are published under a Creative

Commons Attribution (CC BY) license in the following paper [305]:

e M. Yokouchi, T. Atsugi, M.D.A. van Logtestijn, R.J. Tanaka, M. Kajimura, M.
Suematsu, M. Furuse, M. Amagai, A. Kubo. Epidermal cell turnover across tight

junctions based on Kelvins tetrakaidecahedron cell shape. eLife 2016;5:e19593.
DOI: 10.7554 /eLife.19593.

Two figures in this chapter are reproduced from the paper. Also, part of the com-
putational simulation code we developed for the paper is used in this chapter. Any

material from the paper used here is cited accordingly.
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6.2 Methods

6.2.1 3D f-TKD cell model and geometry

Statum granulosum keratinocytes are modelled as flattened tetrakaidecahedrons (f-
TKD). Their 3D geometry is derived here, as well as expressions for top view surface
area that can be compared to experimental images to obtain 3D cell geometry from 2D

images.

A flattened tetrakeidecahedron (f-TKD) with a hexagonal basis is used as a 3D model
for the keratinocyte cells. Three parameters uniquely characterise the f-TKD 3D ge-
ometry [183] (Figure 6.2a):

mid

top

(b)

Figure 6.2: f-TKD geometry (a) 3D view adapted from Feuchter et al. 2006 [183] (b)

{-TKD surfaces, as seen from a 2D top view.

a: edge length of basic hexagonal (um),
w:  width - distance between the two parallel sides (um),

h:  height of the TKD (pm).

There is one condition on w and a that needs to be satisfied:

w > 2a.

An extra parameter s, the distance between the inner and outer hexagon (in 2D), as
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shown in the top view of the TKD (figure 6.2), is defined as a function of w and a

3
=2a+2—s,
w=2a 7S

w="2a,

V3

The volume of the -TKD Vrxp can be determined as a function of 4, w and a.

Top view surface areas Using the 3D geometry of the -TKD, we can define the sur-
face areas for the three basic shapes of the SG2 cells that can be observed from a top

view as by a microscope (figure 6.2b).

3

S btm = 5 \/gaz, (6.1)
3 3

S id = 5\/§a2+3s-a: 5\/§a2+ V3 - a(w - 2a), (6.2)

V3. 3
2

2
):5\/§a2+2\/§~a(w—2a)+m.

3
StOpZE\/ga2+3S'a+3(S'a+ >

(6.3)

F-TKD volume To obtain the total f-TKD volume Vrgp, we first decompose the TKD
structure into three layers, see figure 6.3, each with height //3, and calculate their

volumes:

h/3
h/3

h/3

Figure 6.3: TKD decomposition in three layers

Vrkp = Vtop + Viottom + Viottom (64)
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Top layer Middle layer

4

Vi

Figure 6.4: Decomposition of f-TKD. Decomposition into top layer (left) and middle
layer (right), top view. Both layers have height //3.

Top and bottom layer volume The top and bottom layers are the same, so the vol-

ume obtained for the top layer is the same as for the bottom layer V,,, = Viouom-

We first decompose the layer in 3 separate forms, denoted V;; to V,5. See figure 6.4

(left) for top view of decomposition.

Spm - h
Vt,1= b?i
y V3-h-s?
S D)
s-h-a
V.=
-3 12
VI,4:Vt,2
s-h-a
Vt,5: 6

Viep = Vi1 + 3-Vio4+3-Viz+3:-Vig+3:-V,s
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Figure 6.5: Experimental image (left) and simulation (right). A star * denotes a cell in

transition

Middle layer volume We first decompose the layer in 5 separate forms, denoted V,,,

to V,,5. See figure 6.4 (right) for top view of decomposition.

Vm,lzvt,l

v s h+ s h_a-h K}
mr= Ay 3 T3 T T

y V3-s%-h \/§-52-h_\/§-s2-h
m3T g 72 T 18
Vm,4:Vm2

Vm,SZVmS

Vinia = Vm,l +3- Vm’2+3 . Vm’3 +3- Vm,4+3 . Vm,S

The total volume of the TKD is

V3-h-(a+w)?
c .

(6.5)

VTKD =

6.2.2 Obtaining geometrical parameters from experimental data

The cell geometry of the SG2 cells, as described by the {-TKD model in section 6.2.1,

can be approximated using experimental data.

113



Middle layer

Figure 6.6: Derivation of angle 0

From the 2D top view images obtained by our computational model (Figure 6.2), we
observe three distinct shapes, outlined by stained bicellular tight junctions in the (non-
transitioning) SG2. We call these shapes top, mid and bottom surfaces, according to
the different depths within the SG2 layer they are observed. The double hexagons
experimentally observed for SG2 cells transitioning into the SG1 layer consist of the
top shape for the outer hexagon and the bottom shape for the inner hexagon. The
surface areas of each of these shapes, S, and Spm respectively, are determined by w
and a. The experimental S, and S, values were obtained by measuring the surface

areas of the outer and inner hexagons from images such as the left plane of figure 6.5

[305].

Based on experimental measurements of 23 pairs of inner and outer polygon surfaces,
representing 23 transitioning {-TKDs, a and w were calculated using equations (6.1)

and (6.3) for each of the cells (table 6.1).

The angle of a side hexagon (arrow in figure 6.2) we call §. To determine the height

h, the angle 6 is fixed. When assuming 6 = 120°, & is dependent on a and w only. The
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Table 6.1: TKD geometry obtained from experimental data and geometric equations.

Variable Mean St. dew. Obtained by

Stp [nm?] 1044.3 987  Experiments [305]
Stim [mm?]  814.7 75.4 Experiment [305]

a [um] 17.7 0.8 Eq. (6.1), Stop
w [pm] 38.9 1.9 Eq. (6.3), Sbim, @

0 [degrees] 120 - Assumption
h [pm] 8.7 1.5 a,w,b

V[um’] 81312 17338 Eq.(6.5),a, w,h

triangle-based pyramid as part of V;, can be used to determine # as a function of the

angle 0 given that a and w are known. The distance CD between point C and D is
2 h2
5 + —, from figure 6.6b. From 6.6c,

4779

52 h2
_+_
F7T79

tani— i
2

52 h2_32tan9)2

£ "9 ~ g0 \Mg)
52 0\2

w=9% 3(t —)—1,

I R

3 0\2 V3 0\2
Sh=3s 3(tan§) —I—T(W—Za)\/3(tan§) _1.

0
If 6 = 120°, then ¢ = 120°, and tan 5= V3. Accordingly,

V3

h:T(w—Za)\/g:\/g(w—Za). (6.6)

Using h = V6(w - 2a), we can completely define the geometry of the f-TKD from
experimental data (table 6.1).

6.2.3 3D model of the stratum granulosum

The 3D TJ model of the SG2 and underlying layers is comprised of stacked layers of
optimally packed SG cells modelled by flattened TKDs (f-TKD), similar to the geome-
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X

Figure 6.7: 3D model of SG2 and underlying layers. The highest SG2 sublayer SG2-A
in yellow, the middle sublayer SG2-B in pink, the lowest sublayer SG2-C in blue, and
the underlying layers in grey.

try model for a corneocyte plasma membrane [183]. For modelling the f-TKD and its
geometry see section 6.2.1. The number of cells per layer is L,, (x direction) by L; (y
direction). The SG2 layer has three sublayers (A, B, C) which have cells at the same
height (z coordinate), but with space in between them in the x and y directions to allow
for optimal packing (layer SG2-A). The next two layers below (SG2-B and SG2-C) will
be the same number of cells, but shifted in all dimensions, such that the three layers
are packed together without leaving any open space (coloured cells in Figure 6.7).

In the simulation figures and movies, TKD cell parameters a =2, w = 6 and h = 2 are
used for reasons of visibility and clarity.

This configuration of three sublayers of cells is then repeated several times, shifted in
the z direction only, such that the top of a layer matches with the bottom of the layer
that is three sublayers above. The number of cells in the SG2 Cs, is equal to the num-
ber of cells in the three sublayers, so Csg, = 3L, L;. The height h3 of the SG2 layer is
hy = 2he.

All cells are comprised out of 14 faces and 24 vertices, and every vertex has a three-
dimensional Cartesian coordinate (x,y, z). All edges of a cell and the edge coordinates

can be obtained from the faces and vertices.
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6.2.4 Simulation

Proposed rules for transition The following rules are proposed, based on experi-
mental findings in Yokouchi et al. [305]. Three basic rules are applied to determine the

appearance of bicellular and tricellular tight junctions.

1. Bicellular tight junctions (green) can appear on edges that are shared between
two cells in the SG2, given that both cells transitioning into and out of the SG2

are considered part of the SG2.

2. Tricellular TJs (blue) can appear during transition on edges that are shared be-

tween 3 cells in the SG2

3. The tight junctions only appear on edges that are at the top of the SG2 (so in
contact with SG1 cells).

Two basic rules are applied to determine when a cell transitions from SG2 to SG1 and

from SG3 to SG2.

1. An SG2 cell located higher than its six adjacent SG2 cells differentiates to become

an SGI1 cell, after a waiting period.

2. The differentiation of cells from SG3 to SG2 and SG2 to SG1 are synchronized
in each cell column. The actual SG2-to-SG1 transition is assumed to occur in a
certain transition time #, during which the SG2 cell gradually becomes an SG1

cell (transparent).

Visualisation of tight junctions and cell transition Only the SG2 cells are differen-
tiated by colour, with one per column, where all cells at the same height z have the

same colour (Figure 6.7).

Bicellular TJs are coloured green, tT]s are coloured blue (Figure 6.8). During transition,
the cell transitioning from SG2-5G1 gradually becomes transparent, which allows us
to see the tT]s (starred cells in Figure 6.5). The cell making the SG3-SG2 transition

has the same colour as the cell above, as it is now considered part of the SG2 in the
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sense that it can form tTJs. The tT]s increase in transparency first, and when they
reach halfway the transition and are fully opaque, they start losing their transparency.
During the last 30% of the transition, the green bT] that will replace the tT] will become

increasingly visible through the blue tT] which becomes increasingly transparent.

The transition process of SG2-SG1 translocation comprises a transition where the blue
tT]s appear and disappear. This is simulated by gradually linearly decreasing and
increasing the transparency of the blue tT]Js. In the current simulations, the first half
of the transition time ¢, the transparency is increasing and the second half of ¢ the

transparency is decreasing.

Simulation algorithm After initialising the 3D TKD model, the simulation algorithm

based on the proposed rules is:

1. Initialise simulation. Every cell j is assigned a waiting time #,, randomly chosen

from the waiting time distribution.
2. For cells in transition or in waiting, update time spent in transition/waiting.
3. If the time spent waiting exceeds f;,, the cell starts transition.
4. If the time spent in transition exceeds t., the cell moves to SG1.

5. If a cell enters transition, the cell below it in the same column starts to transition

into the SG2. The edges of its top hexagon are now considered part of the SG2.

6. If a cell enters SG2-SG1 transition, all its 6 neighbours check if they are higher (z
direction) than their respective neighbours. If that is the case, that neighbour cell

begins its period of waiting time 7.
7. Calculate the TJs according to the rules (section 6.2.4).
8. Output a plot of the SG2 cells, the cells of the SG1 and below, and the TJs.

9. Update the time by §, and increase the z coordinate of all vertices by ¢, (upward

movement of cells).

10. Repeat steps 2-9.
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Figure 6.8: Example simulation result. 2D top view, with Cpp, = 2, Cirans = 10, and

rab = 25%. Green lines are bicellular TJs, tricellular TJs in blue.

Implementation The simulations were implemented and run in MATLAB R2015b,
which was also used to produce the simulation videos and further analysis and opti-

misation.

6.2.5 Calculation of T] barrier turnover indices

Three indices of dynamic TJ barrier turnover are obtained experimentally and from
simulations: the percentage of total cells in transition ry.ns, the percentage of cells in
transition that have a lower neighbour transitioning at the same time per total cells in

transition ry,p, and the cycle time 7.yqe, which is the time a cell spends in the SG2 layer

C ran.
Ttrans = 100 - frans s (67)
SG2
Cnb
b = 100 —8 | 6.8
nb Ctrans - Cnb ( )
tcycle =Tl — 1. (69)
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The equations to calculate ryans and ry, from simulation results are based on the num-
ber of cells in transition Ci.ps, the total number of cells in the SG2 Cqq,, and the number
of sets of two neighbours transitioning at the same time C,,. The times #; and #;,; de-
note the times the cell i enters and leaves the SG2, respectively. Figure 6.8 shows an

example simulation results including calculated indices.

6.2.6 Experimental data

The experimental T] images that are used to determine f-TKD geometry (table 6.1) and
dynamic turnover indices (table 6.3) were obtained by Yokouchi et al. [305]. The source

data is available from DOI: 10.7554 /eLife.19593.
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6.3 Results

6.3.1 Temporal coordination of SG2 cell transition maintains TJ bar-

rier homeostasis

Simulation of the TJ barrier transition requires both a model of the stratum granulo-
sum and an transition algorithm that incorporates the turnover mechanisms, includ-
ing their timing. A 3D model that approximates the form of the keratinocytes is a
flattened tetrakeidecahedron. Its full geometry is uniquely defined by three parame-
ters: height A, basic hexagonal edge length a and width w (section 6.2.1). Optimally
packing layers of f-TKD cells creates a 3D model of the SG, in which the TJ barrier
resides in the second layer. The geometry can be obtained by comparing experimental
images (figure 6.5) to 2D projections of the 3D f-TKD model (figure 6.2), resulting in

the values in table 6.1.

The algorithm that allows dynamic simulation of this static model is based on the tran-
sition mechanism discovered in Yokouchi et al. and a proposed temporal coordination
of the transition events (see methods section 6.2.4). The temporal coordination of the
SG2 cell turnover cycle is proposed based on translating the transition mechanisms
into a simulation algorithm, and consists of a timeline including the timing and order
of transition events (figure 6.10). When a cell j enters the SG2, for a period #,oy, it waits
until all its six neighbouring cells have transitioned into SG1. From the moment a cell
is higher than its 6 SG2 neighbours, it takes a certain waiting time #, until it starts the
transition from SG2 to SG1. After the transition time ¢, the cell has fully translocated
to the apical side of the TJ barrier and enters the SG1.

Simultaneously, as cell j enters the SG2 at time r , the cell below j + 1 enters the SG2

i+17

at time tf *! therefore tl.jJr1 = t{ o

leycle = tiv1 — 1 = How + 1y + 1 (610)

Time-course simulation of the T] barrier transition leads to two types of results: 2D

and 3D movies® which visualise the TJ barrier (including localisation, formation and

3Movies from [305] - 2D movie DOI:10.7554 / eLife.19593.029, 3D movie DOI:10.7554/ eLife.19593.030
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Figure 6.9: Movie shows simulation of TJ barrier transition over time. *, # and %
denote cells from three different layers that are higher than their neighbours and about

to start transition. Reproduced from [305].

degradation of bT]s and tTJs) and the transition of cells from the basal to apical side
of the TJ barrier, and indices describing tissue and cellular dynamics of the TJ barrier

turnover (see methods section 6.2.5).

From the simulation results we conclude that the proposed mechanisms and temporal
coordination maintains TJ] barrier homeostasis during turnover. An orderly barrier
turnover is observed, no junctionless gaps appear between in between cells during
transition and the complete continuous intracellular cover of tight junctions is never
broken (figure 6.9). A stable position (z direction in figure 6.7 and movies) of the T]
barrier relative to the tissue is maintained, which also confirms tissue homeostasis, as
regulating the location of the barrier is important for its local function of maintaining

ion levels and providing two separate milieus.
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Figure 6.10: Proposed temporal coordination of the SG2 cell turnover cycle. After
a cell enters the SG2, it waits for a period f,, until all its neighbouring cells have
transitioned into SG1 and it becomes higher than its neighbours. It then takes a period
of waiting ¢, until it starts the transition from SG2 to SG1. After the transition time ¢,

the cell has fully translocated to the apical side of the T] barrier and enters the SG1.

The nominal parameters used in the simulation (table 6.2) can either be derived di-
rectly from experimental data, or identified by comparing simulation results to exper-

imental observations.

6.3.2 Identifying the parameters of the temporal coordination of bar-

rier transition

In order to predict the timing of temporal coordination, the simulation results are fitted
to experimental data. Additionally, a good fit of our simulation results to experimental
data can confirm the feasibility of the proposed mechanisms and temporal coordina-

tion.

From the experimental images, three different indices describing dynamic tissue char-
acteristics of the barrier turnover can be obtained: the cycle time 7., the percentage
of total cells in transition at a time ryans, and the percentage of transitioning cells that
have a neighbour in transition ry, (for calculation see methods section 6.2.1). These
three indices can easily be obtained from experimental images of TJ barrier, as well as

from the simulation, at every time point per run, for different simulation parameters.

First, the experimentally obtained indices (table 6.3) are used to identify the three sim-
ulation parameters transition time #,, upward movement speed v,, and waiting time

tw. These simulation parameters are essential in determining the proposed temporal
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Table 6.2: Nominal parameters used in simulation

Parameter Description Value
t, Waiting time f(ty;u, o)
. Maximum waiting time 12.0h
u t,, distribution mean 494 h
o t,, distribution standard deviation 3.13 h
t Transition time 24h
Csan Number of total SG2 cells 147
he Cell height 8.7 um
h3 SG2 layer height 14.5pm
v, Upward movement speed 0.363pm/h
Oy Simulation time step 7.8 mins
0, Upward movement per time step 0.0526 pm/6,

coordination that lead to homeostasis, and simulation with these parameters should
have turnover dynamics with indices comparable with the experimentally obtained

indices.

The time a cell spends in transition ¢, is the time it takes for a cell to make the transition
from the SG2 to the SGI1 layer, observed by the formation and degradation of tT]s. If
at any time on average ryans % Of the cells are in transition, it follows that the cells are

in transition ri.ns % of the cycle time #.,., and therefore #, = tcycle - Frans = 2.4h.

Despite its continuous turnover, the SG2 stays in place relative to the base of the ep-
ithelium. Using the assumption that the spatial location of the T] barrier and the SG2
in the tissue does not move on average, the velocity of the upwards movement in the
z direction v, (in pm/h) can be estimated. The cells move upwards, and translocate
from inside to outside the TJ barrier and eventually out of the SG to the SC, but the
TJ barrier and the SG layer itself stay in the same position. Therefore, during the cy-
cle time of one cell turnover, all cells needs to move up with the height of one cell on
average
he 87

v, = =2 =0.363um/h. 6.11
) tcycle 24 " ( )
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The waiting time ¢, is assumed to be random and different per cell, and has a normal
distribution. The waiting time of a single cell #, is randomly sampled from a normal

distribution with probability density function

1 - “”"5)2 max
e for 1, € [0, ],
Fltsp,0) =47V (6.12)

0 fort,, <0, M >0,

where a maximum waiting time 7** is used to prevent excessively long maximum

waiting times.

The reason for assuming a normal distribution is twofold. First, in order to obtain
b ~ 11.11% (table 6.3), more than 11.11% of the waiting time distribution has to be
smaller than the transition time ¢, as only those smaller values will result in transi-
tioning neighbours. Also, it has to be considerably more than 11.11% since not all the
neighbour cells can immediately enter the waiting time; some the neighbouring cells
also have to wait for 7, until they become the highest cell. A long waiting time is re-
quired for some cells to ensure a sufficiently long mean cycle time fyq.. This will not be
achieved with a constant #,,; only when a distribution has a sufficient amount of both
long and short waiting times the mean cycle time will be sufficiently long (appendix
A.3). Second, while there are other distributions that can satisfy the conditions above,
a normal distribution can be parameterised such that it approximates various other
likely distributions in the waiting time region of interest, e.g. a uniform or exponential

distribution (appendix A.3).

In order to identify the 7, parameters of temporal coordination, the simulation results
are fitted to experimental data by optimising the waiting time distribution. The wait-
ing time probability density function f(#,;u, o) is optimised such that our simulation
results in obtaining the same fycle, Firans and 7, (We denote the simulation mean of any

variable x by X) as the experimentally observed fcyce, feycle and ry, (table 6.3).

For optimisation of f(t,; u, o) (equation (6.12)) we define a cost function @ as an equally

weighted sum of the squared error of the three normalised indices

e 2 - 2 - 2
tC Cle ran ni
qbw,a):wl( yd —1) +w2(”“—1) +w3(r—b—1) . (6.13)

cycle T'trans "nb
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Table 6.3: Experimentally obtained parameters for transition dynamics.

Parameter Mean Obtained

feycle (h) 24 Observed, estimated [312, 305]
Firans (%) 9.6  Counted in experimental images [305]
b (%) 11.11 Counted in experimental images [305]

First, for a set of distributions with varying waiting time mean and standard deviation
(appendix A.4), we run 10 simulations of 150 hours, and take the means of the three
indices over time and runs. Then, we minimise @ for arguments u and standard devi-
ation o by finding the set of three indices that is closest to the experimental data and

the corresponding optimal waiting time distribution
(1P, o°P") = argmin & (u, o) = (4.93,3.0). (6.14)
o

The optimal waiting time distribution therefore has an optimal mean " = 4.93h
and a standard deviation o°?* = 3.0h. The maximum waiting time is arbitrarily set at

® = 12h to prevent the exponential distribution from sampling very large values.

Simulation using our proposed mechanisms and temporal coordination match the
experimental results and identifies the optimal waiting time distribution, which in-
tersects the plane of possible results from a range of waiting time distributions (fig-
ure 6.12). By finding that a parameters set exists for which our simulation suffi-
ciently approximates the experimentally observed turnover dynamics, we show that
our proposed model and mechanisms can indeed predict the dynamics of the T] bar-
rier turnover and explain the experimental observations. As expected, a normal distri-
bution with a relatively high standard deviation is needed to satisfy all three indices.
For the optimal waiting time distribution, the normalised errors of all three indices are
within 5%. The cost function is robust to the chosen weights of the different indices: if
the cost function weights are changed (for example if there is uncertainty in one of the
measurements and it should have been weighted less), the optimal distribution stay

within a small range (figure A.7 in appendix A.5).
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6.3.3 Minimal experimental data required to predict temporal coor-

dination parameters and transition dynamics

The TJ barrier transition dynamics depend on the temporal coordination parameters:
waiting time distribution and transition times. The three indices fcyce, 7trans and 7y,
which can be measured experimentally and simulated by our model, are markers of
the transition dynamics. Therefore, we can use the experimentally obtained indices
to infer the temporal coordination parameters, by comparison to simulation results
with varying waiting time distribution and transition times. Here, we investigate the
relation between cycle time, percentage of cells in transition and neighbours in transi-
tion, and show the minimal experimental data that is required to predict the temporal

coordination parameters and transition dynamics.

We use linear least squares regression to fit a linear plane to the sets of indices re-
sulting from simulation with varying waiting time distributions (see section 6.3.2 and

appendix A.4). For n sets of the three indices, we define the system of linear equations
Xe = tcycle s
with

1 I'trans, 1 Inb,1

»1 Ttrans,n Tnb,n

T
C=|c Cy C3] 5

-
teyele = leycle,1 .- tcycle,n] :

Solving for least square coefficients € gives
¢= (XTX)_IXthycle >

¢

.

4742  -2.25 —0.08] .

Therefore, we can express the plane and the relationship between the indices by
leycle = ¢1 + Coltrans + Carnp »

leycle = 47.42 = 2.25rgans — 0.08rp,
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Figure 6.11: Side view of fitted linear plane and data points shows good fit of simua-
tion results to experimental data. Circles denote obtained simulation indices resulting
from different waiting time distributions with varying mean and standard deviations.

The red square represents the experimental data means.

The mean simulation indices for varying waiting time distributions lie on a linear
plane (figure 6.12). All points are close to the plane, with small deviations from the
plane likely to be due to effects of stochasticity. This good fit to a linear plane shows
that there is a linear dependency between the three indices. As a results of our pro-
posed mechanisms and timings, only combinations of the three indices that lie on the
plane can be reached. The plane intersects with the means of the experimental data,
which confirms that our model can explain the experimental data.

The obtained plane and expression for the relation between the indices is a result of the
proposed mechanisms and temporal coordination, regardless of experimental data,
with the sole assumption that the transition time is constant. Different transition times

would change the plane for the same set of waiting time distributions.

The linear dependency implies that knowing two out of three indices is sufficient to
predict the temporal coordination mechanisms (figure 6.13). While ri.ns and 7, can be
obtained accurately and easily from a still experimental image taken at any time point,
feycle TEqUires time course data of a single cell for around 24 hours. Accurate measure-

ments of #.yqe is dependent on long time course and short time interval measurements
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Figure 6.12: Interdependence of simulation indices. Circles represent obtained sim-
ulation indices resulting from different waiting time distributions with varying mean
(from 3.6-6h) and standard deviations (from 2.4-3.6h), indicated by the arrows. The
red square denotes the mean of the experimental data. The circles lie on a linear plane
which includes the experimental data point, suggesting interdependence of the in-

dices.

of experimental images, as well as tracking of individual cells, which makes it both
time-consuming and potentially inaccurate. Instead, by only measuring the indices

Tirans and r,y,, the cycle time can be predicted alongside the waiting time distribution.

If a higher percentage of cells in transition 7., is observed in experiments, this cor-
responds to a shorter cycle time, and shorter mean waiting times and standard devi-
ation. When r,;, is found to be larger, this leads to a decrease in mean waiting time,
but an increase in the standard deviation, thus increasing the waiting time variability
between cells. These predictions could be valuable to experimentalists for interpreting

different genetic, external or environmental perturbation conditions, and their effect
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Figure 6.13: Cycle time and waiting time distribution can be predicted from static
experimental measurements of r;.,,, and r,;,. (a) Cycle time 7., as function of 7,4,
and r,, (described by fitted plane) (b) waiting time distribution mean as function of

Tirans and 1y, (€) waiting time distribution standard deviation as function of 4, and 7,

on temporal coordination. This could indicate what regulates barrier transition rates
and turnover speeds. For instance, if the r;,,, decreases after tape stripping the SC
and thereby damaging the skin’s barrier, this would indicate a shorter cycle time and
increased signalling of barrier transition to repair the SC. It would be interesting to
obtain time course measurements of the increased transition rates following barrier
disruption, especially if they could be linked to barrier function measurements such
as TER or TEWL. Quantitatively, the exact values of the indices and transition dy-
namics might not be generalisable across tissue location and subjects, which may, for
example, be due to different epidermal thickness and basal proliferation rates. Qual-
itatively, however, the results presented in this chapter can be generalised since they

are a result of the transition mechanisms.

6.3.4 Biological significance of the waiting time

The tight junction barrier is positioned right below the SC in the second SG layer. It
creates two distinct environments, which play a role in the differentiation and cornifi-
cation processes. This means that the location of the barrier should be tightly regulated
by timing the expression, translation and translocation of the barrier proteins, as well

as the timely construction and degradation of the TJs. If the timing of any of these pro-
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Figure 6.14: Waiting time affects cycle time and could function as a buffer to main-
tain the tight junction barrier function during increased proliferation. The panels
show the effects of transition time versus cycle time on (a) #,, (b) teycie, (€) 1 and (d) 7.
A decrease in transition time decreases cycle time and #,,,, whereas a decrease in wait-
ing time does not decrease cycle time and #,,. This suggests the waiting time serves
as a buffer and is a mechanism to increase turnover and maintain tissue homeostasis

during increased proliferation.
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cesses is altered, the barrier will be affected. Therefore, it is clear that both the timing
of TJ-related processes, as well as the ability to adapt to changes in differentiation and
to regulate differentiation are important. Studying the barrier transition could help

the mechanical understanding of those processes and their effect on differentiation.

In various skin diseases, such as psoriasis or atopic dermatitis, the expression and
localisation of the TJ proteins is altered which affects their functioning as a barrier
[97,109]. Also, it has been shown that the T] barrier influences differentiation, and vice
versa [313]. Although hyperproliferation severely disrupt skin structure and compo-
sition in diseases like psoriasis [314], an increase in proliferation and differentiation is
observed during skin repair as well [315]. Increases in proliferation and differentia-
tion significantly reduces turnover cycle times. This could be beneficial, for example
to speed up barrier repair and provide a quick recovery of basic barrier functions in
case of a loss of protection against external pathogens and loss of water. While reduc-
ing the cycle time, it is necessary to allow a sufficient amount time for the transition
process as required to maintain a functional T] barrier [316, 317].

To reduce the cycle time ., of the barrier transition, either ¢,, or #,,,, could be lowered,
or both. The time it takes for cells to reach the top of the SG2 layer ¢, is dependent on
both 7, and #,,,,. To reduce the cycle time significantly, a decrease in ¢, oOr #,,, should
lead to a large decrease in t,, too, as in normal conditions #,,, is longer than ¢, and
trans- Simulation with decreased t,, or f,.,; shows that reducing 7, leads to a decrease

in t;,,, and t.,.., whereas t,,,,; does not (figure 6.14).

The large decrease in 1, for decreasing waiting time suggests that this could be a
mechanism for decreasing the cycle time in case of increased proliferation, while keep-
ing #,.,s constant. A constant transition time follows from the assumption that the
transition needs a minimal period to successfully go through all the stages of bT] and
tT] formation and degradation. The decrease in t,, could, however, be achieved by in-
creasing signalling, transcription and translocation of T] proteins to the TJ site. There-
fore the waiting time could function as a buffer to adjust its cycle time. Thereby it
would respond faster to damage or changes in SC barrier (e.g. re-establishing the cal-

cium gradient or reducing increased TEWL) while maintaining T] barrier homeostasis
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and preventing to break the continuous TJ barrier, without the need to compromise or
speed up the transition processes. Rompolas et al. further show that the SG turnover
time (average lifetime of a cell in the granular layer) seems to be consistent with a
memoryless process, and consequently suggest that the exit of the SG is stochastic,
providing a buffer function. This supports the system proposed in this chapter where
we found that a waiting time distribution, as opposed to fixed waiting times, is neces-

sary to fit the experimental data.

Reducing either #,,,, or t, has distinct effects on all three indices #.yci, 71rans and ryp
(figure 6.15). Therefore if experimentally measuring the indices for epidermis with
increased proliferation results in a decrease in 7/,4,; and r,;, a decrease in t;,,,, is indi-
cated; whereas an increase in r,,,,; and r,;, confirms our hypothesis that #,, is decreased
and t,,.,s kept constant. Reducing #,,,,, decreases the two indices 7;,4,s and 7.

We invite experimentalists to verify the proposed mechanism of barrier transition and
the obtained parameters of temporal coordination. Furthermore, for future experi-
ments it would be interesting to investigate the signalling pathway or mechanisms
that regulates the timing of the start of the transition. This could be achieve by mea-
suring the transcription and translocation of T] proteins. The timing of these processes
may provide indications of the signalling mechanisms and trigger of the transition,

both temporal and spatial.

6.4 Discussion

In this chapter we developed a 3D computational model of the TJ barrier in the SG,
with keratinocytes represented by f-TKDs. Simulation of T] barrier translocation while
cells transition upwards towards the SC provides an insight into the exact workings of
the transition mechanism. By developing the model and algorithms, and comparing
simulation results to experimental observations, we discovered the necessary tempo-
ral coordination and transition algorithm. The combination of modelling and exper-
iments that lead to these results shows the importance and additional value of mod-

elling in complementing experimental approaches.
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Based on the results in Yokouchi et al. [305], we have modelled the exact shape of the
SG keratinocyte as a {-TKD. Naturally, this is an approximation; although accurate,
the shape will not always be exactly a {-TKD, and might be more complex or variable
depending on spatial configuration and forces exerted on a cell by its neighbours.
Also, there are differences in spatial conformation between humans and mice, and
between skin sites in both mice and humans, specifically in terms of the columnar
organisation and stacking of the cells (examples of early work from the 1970s and
early 1980s include [51, 52, 318, 319, 320, 321, 322, 307, 312]). However, even though
the discovered mechanisms are based on the shape of the {-TKD, the fundamental
mechanism of translocation of a single layered barrier in a renewing tissue could be

generalisable to all stratified epithelia, irrespective of exact shape.

The results in the chapter provided indications to the role of T] barrier transition in
maintaining and regulating epidermal homeostasis. In addition, we are interested
in how the TJ barrier can be incorporated into a modelling approach to study the
interplay between the SC and TJ barriers. These topics will be covered in the next

discussion sections.

6.4.1 Epidermal homeostasis

Here, the arrival of the cells to the SG has not been addressed explicitly. In the sim-
ulation, we assume that cells entering the SG2 are readily present in the SG1 when a
cell leaves the SG2, positioned right below in a vertical column of cells. The SG1 cell
then becomes an SG2 cell as soon as the previous SG2 transitions to the SG1. Like-
wise, the cell entering the SG1 does so in a synchronised way. Obviously, the cells
below are already in place positionally; there is no ‘gap” below, nor is there physical
movement of a cell relative to others. The tight junctions relocate to a lower position
while all cells move upwards, as visualised in the 3D simulation videos. Therefore,
the transition that is referred to is functional and continuous, and cannot be defined
as a discrete event. Both in homeostatic state, as well as in recovery after wounding
or disease, it is relevant to look at how the dynamics and regulation of the TJ transi-

tion relate to the proliferation of cells in the basal layer, as these must be balanced to
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maintain epidermal homeostasis.

The regulation of basal cell proliferation and differentiation, as well as the subsequent
dynamics of upward vertical cellular movement in the differentiation column or unit,
have been the subject of considerable interest since the late 1960s. Recent research has
focused on two questions, using a number of imaging techniques and lineage track-
ing. The first question concerns proliferation dynamics, and there are two prevailing
yet partially contradicting theories. Based on early works [323, 320, 307] the Epidermal
Proliferation Unit (EPU) was proposed, where slow cycling stem cells produces tran-
sit amplifying cells which can divide a limited number of times until they differenti-
ate. Several transit amplifying cells then maintain and control epidermal homeostasis
through terminal differentiation into columns of stacked cells moving upwards. This
way, one stem cell can maintain a vertical unit of cells (the EPU). The second theory
was first proposed by [324, 325, 214]: A single population of committed progenitor
cells (PC) undergo stochastic asymmetric division, where the cycling PCs can divide
in three ways — creating two cycling daugter cells, two differentiating cells, or one
cycling and one differentiating cell daughter cell. If the probabilities of the first and
second option are equal across the population, this will maintain a steady population
of PCs while producing the differentiating cells needed to supply the rest of the epi-
dermis. Stem cells do not play a role in physiological steady state, but there may be
a quiescent population which can upregulate production of PCs in growth or regen-
eration after damage to the epidermis. Finally, the Blanpain lab concludes that a slow
cycling stem cell, going through a cell cycle every four weeks, maintains a population
of progenitor cells, where both populations of stem cells and PCs divide asymmetri-
cally [326, 327]. This seems to reconcile both existing theories.

The second questions is how the cells are organised spatially in the epidermis. In
mouse ear epidermis, clear vertical stacks of cells can be observed in the epidermis,
inspiring the EPU hypothesis [323]. Other sites in mice and human might not al-
ways have such strictly organised columns of differentiated and cornified cells, but
the mechanisms are likely to be similar. The current consensus is that the differentiat-
ing cells organise in pre-exiting vertical spatial columns or unit, but not necessarily di-

rectly supplied by the underlying basal cells beneath it as in the EPU model [325, 328].
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Rompolas et al. [328] coin the more appropriate term Epidermal Differentiation Unit
(EDU) to specify the differentiation units, spatially separating the differentiation unit
from the directly underlying basal proliferating cells as they do not necessarily feed
into the EDU above them. Computational models also show that cells with TKD shape
and random packing spontaneously self-organise into stacked columns, utilising only
a local rule that each cell tries to occupy less crowded spaces in the tissue [309]. There-
fore, a lack of active control in organising the tissue into columns is likely which corre-
sponds to the EDU findings where the regular structure is formed independently from

the supply of cells from the basal layer [328].

Our current way of modelling assumes that the upward movement and transition of
cells through the epidermis is synchronised in a vertical column; the SG2-SG1 transi-
tion triggers the transition of underlying cells in a “pulling” fashion, where the top cell
of the column dictates the transition of the cell directly below, cascading downwards.
This fits the EDU hypothesis. The differentiation unit determines the upwards move-
ment of cells in a similar fashion, drawing cells form the underlying pool provided by
the PCs, rather than stem cells pushing up the cells in a fixed column. Furthermore,
the results presented here, in Yokouchi et al. [305] and in Rompolas et al. [328] suggest
that the exit of cells from the SG2 is controlled. This means that the T] barrier is one of
the main locations in the viable epidermis which can regulate skin homeostasis. For
epidermal homeostasis, the basal proliferation, differentiation at SG2 leading to corni-
fication, and desquamation at the top of the SC have to be balanced. Disruptions to
this balance will, for example, lead to changes in thickness, and will also affect differ-
entiation rates which can have a negative effect on the quality of both barriers. The TJ
barrier transition mechanism could contribute to balancing these rates by acting as a
buffer (see section 6.3.4).

Skin repair processes that after wounding or skin (barrier) damage utilise these dif-
ferent mechanisms at different depths in the epidermis, which often react at different
time scales. For example, after SC barrier damage, cornification rates are increased,
quickly providing extra lamellar bodies and cells to the SC after damage, before up-
regulating differentiation to increase the rates of lamellar body and cell production

[72, 78].
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Even though the exact signalling and mechanisms that balance proliferation and the
exit of cells from the SG2 are unknown, there are two general possibilities. A signal
can be propagated in a pulling way, with cells leaving the SG at a faster rate propagat-
ing faster differentiation and upward movement of cells below — for example, through
a form of contact inhibition or signalling. Eventually, the stems cells or PCs will be
reached, which can shorten their cycle times and increase proliferation rates. Alter-
natively, a different signalling mechanism directly increases proliferation, pushing up
differentiating cells into their respective columns, and forcing an increase in TJ barrier

transition rate, for instance by decreasing the waiting time.

As shown in sections 6.3.3 and 6.3.4, the indices that can be obtained experimentally
predict the transition dynamics (turnover time). In steady state, the transition rate
corresponding to the turnover time would be balanced with the proliferation rate, or
adjusted in case of skin barrier damage or disease. Therefore, further experiments
are encouraged to test our hypothesis that the indices predict the transition dynamics,
and to confirm the predicted distributions of the indices in section 6.3.4. If confirmed,
further experiments could be conducted to obtain indices for different skin sites with
other proliferation and turnover rates, in diseased skin, and after induced barrier dam-
ages. Using these results, we may be able to prove the predictions made here and show
under which conditions (disease or altered transition dynamics) the TJ junction barrier
cannot be maintained. Also, the effects of SC barrier damage on the T] barrier, for ex-
ample through changing calcium concentrations in the SG, will be useful in examining

the interplay between the T] and SC barriers, which will be discussed next.

6.4.2 Interplay between T] and SC barriers

The two main barriers of the skin, the stratum corneum and the tight junction barrier
in the stratum granulosum, work together to maintain the skin permeability barrier,
and thereby play a vital role contributing to tissue homeostasis of the entire epider-
mis. While the SC barrier provides protection against external pathogens and prevents
dehydration, the TJ barrier selectively blocks water, ions and solutes from passing

through the paracellular pathway. In recent years, several studies have demonstrated

138



barrier components: SCY|SG
lipids, corneodesmosomes - calcium
i AN AN
protease activity TJ barrier
R; profile A y
o " pH profile < pH
thickness TEWL Wi, profile

SC barrier homeostasis model TJ extension

Figure 6.16: Schematic overview of stratum corneum homeostasis model and pro-

posed tight junction barrier extension.

an interplay between the TJ and SC barriers, where impairment of the SC barrier ef-
fects the TJ barrier, and vice versa [10, 9, 8, 11]. If we consider the effect of the tight
junction barrier on the SC barrier using our SC barrier homeostasis model from chap-
ter 5, the tight junction barrier would form an extension from the SC towards the SG,
where the tight junctions regulate calcium and pH, which affects the barrier compo-
nents and the pH gradient in the SC (figure 6.16) [329, 220].

Previous research shows calcium is likely to be the main signal regulating the inter-
play between the SC and TJ barriers. The role of calcium in regulation of both the SC
[77,80,79,74,330,331] and T] barriers [329, 219, 117] is well documented, and Behne et
al. demonstrate that a major calcium translocation takes place after barrier insult [332].
The most extensive effort to mathematically model the epidermal calcium gradient
and its formation and regulation has been carried out by Adams et al. [219, 220, 221],
who also show the contribution of the SC and TJs to maintaining the calcium gradient,

by incorporating them as resistance to diffusion of extracellular calcium.

The exact mechanisms and signalling responsible for the interplay between the SC and
T] barriers to maintain the skin barrier, mediated through calcium, are yet to be elu-
cidated. It is not trivial to simultaneously study both barriers experimentally, mainly
due to a current lack of tools to evaluate the TJ barrier function in vivo. Even though
there are various ways to investigate the SC permeability barrier non-invasively or
minimally invasively, for example by TEWL, the T] barrier is less accessible (only by

removing the SC) and conventionally measured by TER and permeation assays. Fur-
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thermore, in vitro studies will lack the essential epidermal calcium gradient.

Therefore, we propose a mathematical model of three coupled ODEs to study the reg-
ulatory mechanisms responsible for the healthy interplay between the T] and SC bar-
riers and to identify how their malfunction may lead to skin diseases such as atopic
dermatitis and psoriasis. This model will test a hypothesis that T] barrier dysfunc-
tion causes SC barrier defects through modulating intercellular Ca** concentrations
and pH at the SG/SC interface, both of which are known to affect cornification of ker-
atinocytes and production of SC components such as lipids and filaggrin (figure 6.17)
[8]. The three variables, calcium ion concentration at the SG/SC interface Ca’**, TJ
barrier function, and SC barrier function, are regulated through feedback fc_7, fr_c,
fs—c and fc_s. The interaction through these feedback constants or functions describe
the interaction between the two barriers through calcium: Ca** induces TJ formation
(fc-r); the TJ barrier maintains a peak in Ca** concentration at the SG/SC interface
(fr—c); the SC barrier also help maintain a Ca®* concentration peak at the SG/SC inter-
ace (fs—c); and Ca** regulates cornification and SC barrier formation (f¢_s).

Time-course simulation of the developed model for both healthy and disease condi-
tions will examine how the impaired TJ barrier causes SC barrier defects, via perturbed
regulation of Ca®* concentrations in the SC/SG interface. The simulation results can be
compared qualitatively and calibrated with the experimental data on SC barrier dam-
age. System behaviour can be studied by exploring the parameter space, for example
using bifurcation analysis, firstly to determine for which parameter ranges or feedback
functions the system is stable and maintains homeostasis, and secondly to explore for
which conditions instability occurs, leading to barrier dysfunction and possibly dis-

ease.

This modelling approach may provide a useful tool for informing further experimental
research on the interplay between the T] and SC barrier, which potentially plays an
important role in both homeostasis of the skin barrier and various skin diseases. In
the future, we hope to be able to couple the SC homeostasis model and the extension
to the TJ, and link the depth-dependent processes in TJ barrier transition to the depth-

dependent processes that form and maintain the SC barrier.
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To conclude, the {-TKD model of the tight junction barrier demonstrates how, using
the form of the cells, terminal differentiation and barrier transition can be controlled.
In silico simulation identifies the temporal coordination and dynamics of the transi-
tion, and suggests the role of barrier translocation in epidermal homeostasis. Next
steps include more experimental research to verify our hypothesis and temporal coor-
dination predictions, and investigation of T] and SC barrier interplay in order to link

the results in this chapter to our SC barrier models.
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Chapter 7

Concluding remarks

The skin permeability function is of vital importance for the protection of our body
against external pathogens and dehydration. Two barriers residing in the upper layers
of the epidermis provide this function: the stratum corneum barrier and the tight junc-
tion barrier in the stratum granulosum. These two barriers have to maintain a constant
functioning, while the cells that are an integral part of the barrier move up through the
epidermis due to continuous tissue renewal. Depth-dependent processes are crucial in
developing, maintaining and degrading the SC barrier at the right depths, and for the
transition of keratinocytes across the T] barrier. Therefore, in this thesis we specifically
focused on depth-dependent processes and their role in the permeability barrier of the

skin.

In chapter 3, a compartmental model was developed to characterise and visualise the
resistance to water diffusion along the depth of the SC. Resistance profiles were ob-
tained by applying the model to published water concentration profiles and trans-
epidermal water loss data, and demonstrated a depth-dependent permeability barrier
in the stratum corneum. The resistance profiles can be applied to study differences
between barrier structure and function across various group: skin sites, adults versus
infants, before and after skin treatment, and diseased versus healthy or damaged skin.
They can also be used to monitor the recovery after common chemical or mechanical
insults. Application to new data is encouraged, particularly if other skin parameters

are measured simultaneously such that they could be related to the resistance pro-
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file indices. The depth-dependent resistance profiles and the quantification by indices
provide insight into the development, maintenance and degradation of the barrier
along the depth of the SC, and could therefore be related to markers of cornification
or desquamation rates. A more detailed understanding of permeability within the SC

could also be useful for refinement of drug permeation models.

In chapter 4, we were able to partially explain interpersonal variability in resistance
by the depth profiles of lipids and NMF, and SC thickness. With increased availability
of Raman data, and the ability to measure a variety of different components in the SC,
future analysis might reveal more clearly the contribution of barrier components to

resistance in the SC.

The SC barrier homeostasis model presented in chapter 5 is an integration of several
models that were developed to simulate depth profiles of components in the SC. A
major factor in barrier homeostasis is the regulation of desquamation, which should
only take place in the top layers to maintain SC thickness and a functional barrier. A
model of the pH-mediated KLK activity and inhibition by LEKTI demonstrated that
the pH gradient is sufficient to regulate desquamation, and that a higher surface pH
leads to an increase in desquamation.

The SC barrier homeostasis model qualitatively simulates and predicts the regulation
of barrier homeostasis through the interplay between barrier components and the reg-
ulation of desquamation. In the future, the model can be further refined, adjusted and
extended to generate more accurate quantitative predictions.

Disrupted barrier homeostasis can lead to the onset of diseases. For instance in AD,
dysregulation of desquamation by disruption of normal pH levels plays a role the
barrier destruction [296], and inherited or acquired barrier abnormalities result in sus-
tained inflammation and immune system activation, further deteriorating the barrier
[125, 126]. The modelling of multiple components and their interactions in a system-
atic way will benefit our comprehension of barrier misregulation in AD. In the future,
such models could be used to devise more effective and personalised treatment by

predicting and studying barrier homeostasis and the effects of treatment.

To study the maintenance of the TJ barrier, a geometric 3D model of the SG was con-
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structed in chapter 6. The proposed transition mechanism is based on the tetrakaidec-
ahedron form of the keratinocytes and the consequent optimal stacking [305]. We sim-
ulated the transition of keratinocytes from the basal to the apical side of the T] barrier
following a proposed mechanism, and demonstrated that the T] barrier is maintained
at all times. The temporal coordination for the replacement of TJs and the transition
dynamics can be inferred from comparing simulation results to experimental data.
Future research should aim to experimentally validate our proposed hypotheses, in-
cluding its role in epidermal homeostasis: by controlling the transition across the TJ
barrier, it could function as a buffer. A buffer could balance the transition rate in tissue
homeostasis, and increase the transition rate in case of barrier repair and increased
proliferation.

Research into T] barrier homeostasis is still in its early stage; our understanding of
SC barrier homeostasis is more advanced. The model and results presented in this
thesis contribute to a more mechanistic understanding of the processes and coordi-
nation of the barrier transition, through modelling and comparison to experimental
data. Additional research is needed to uncover the signalling mechanism that under-
lie our proposed temporal coordination, for instance the signal indicating that a cell is
higher than its neighbours and starts the transition process. Even though the transition
mechanism was proposed for the epidermis, using the TKD shape for keratinocytes,
the mechanism may be applicable to other epithelial tissue with single-layered TJs in-
cluding simple epithelia.

Furthermore, it would be interesting to study the relative contribution of SC and TJ
barriers to the outside-in permeability barrier as well as the interaction between the
two barriers. A clear interplay has been found in experiments [10, 9, 8, 11] and, as set
out in the previous chapter, a modelling approach could help discover how the SC and

TJ barriers are regulated through calcium.

The field of dermatology is well-placed to include more modelling, specifically in sys-
tems biology; a large amount of experimental and clinical data, an accessible tissue
and experimental techniques to obtain more in vivo data. Here we took a such a mod-
elling approach, and showed how modelling can complement experiments through

analysis, integration and replication of data.
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This thesis contributes to understanding the role of depth-dependent processes in the
regulation of both barriers in a continuously self-renewing tissue. Hopefully, future
studies keep considering the depth-dependency of the epidermis and continue to ap-

ply modelling to the field of dermatology.
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Appendix A

Supplementary information

A.1 Overview of TEWL and water concentration profile

data

Table A.1: TEWL data used for the calculation of resistance profiles for infants,
adults and skin sites. Data from Nikolovski et al. [22] and Boireau-Adamezyk et
al. [228].

Adults Infants Exposed arm Protected arm Face
Mean TEWL 5 25 8.37 7.54 12.94
Std TEWL 1.7 9.6 243 2.12 3.24

Table A.2: TEWL data used for the calculation of resistance profiles before and after
the application of four different oils. Data from Patzelt et al. [242].

Almond oil Jojoba oil Paraffin oil Petrolatum
Before After Before After Before After Before After
Mean TEWL 11.82 11.82 1195 10.70 11.82 10.67 1095 5.08
Std TEWL 2.18 2.68 1.54 1.78 1.35 1.54 2.1 1.78

146



(o))
o

Water concentration (mass%)
iy
o

Almond oil

Before

5. 1.0 1.5 2.0 2.5 30
Depth (um)
Paraffin oil

Water concentration (mass%)

Before

Figure A.1: Water concentration profiles used for the calculation of resistance pro-

files before and after application of four different oils. Data from Stamatas et al.

[229].

Figure A.2: Water concentration profiles used for the calculation of resistance pro-

files for AD patients. Data from Kezic et al. [268].

5 10 15 20 25 30
Depth (um)

~
o

70

10

70

60

50

40 1

30

201

10

J'ojoba o'il

1.0 1.5 2.0 2.5 30
Depth (um)
Petrolatum

10 15 20 25 30
Depth (um)

| | e—AD ow TEWL
E— AD mid TEWL
- | e AD high TEWL

(o2
o

(o2}
o

(o))
o
T

o
o
T

N
(9]
T

N
o

w
a

Water concentration (mass%)
w
o

0 5 10

1
Depth5 (pem)

147

20

25

30



N
o

m— Abrasion

w
w

TEWL (gm?h?)

[
w

10

Before 0 10

2 4 i 6
Days post insult

Figure A.3: TEWL data used for the calculation of resistance profiles before and after
abrasion and the application of SLS. Data from Hoffman et al. [31, 269].
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A.2 Overview of SC barrier homeostasis model variables

and nominal parameter set

Table A.3: Variables in the SC barrier homeostasis model.

Variables Description

t Time [a.u.]

x Height [pm] (opposite of depth, bottom SC is 0), x € [0, 1]
X, Normalised height, x, € [0, 1]

A SC thickness [pm]

w Water concentration [mass%]

R Resistance to water diffusion [a.u.]

L Lipid ‘quality” [a.u.]

C Amount of corneodesmosomes

pH pH
KLK Protease activity [a.u.]
DXLE Degradation activity [%]

B Barrier components at height x and time 7 [a.u.]
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Table A.4: Nominal simulation parameter values for the SC barrier homeostasis

model.
Parameters Value Description Obtained
Wiop 25 Water concentration at the SC/air Raman water concentration pro-
interface W(4, 1) files (chapter 3)
Whottom 70 Water concentration at the SC/SG Raman water concentration pro-
interface W(0, ) files (chapter 3)
PHiop 7 pH at the SC/air interface W(4,1) [29]
PHpottom 5 pH at the SC/SG interface W(0, 1) [29]
W, 25 Water concentration at pH = 5 Wiop
Bax 0.7 Maximum barrier contribution of Maximum resistance observed in
components data (chapter 3)
ac 0.05 Initial amount of corneodesmo- Assumption: B, reached in first
somes few layers
Bc 0.1 Rate of increase of corneodesmo- Assumption: B, reached in first
somes per unit depth few layers
Crnax 0.7 Maximum barrier contribution of Maximum resistance observed in
corneodesmosomes data (chapter 3)
ar 0.05  Initial lipid ‘quality’ Assumption: B, reached in first
few layers
BL 0.1  Rate of increase of lipid ‘quality’ Assumption: B, reached in first
per unit depth few layers
Linax 0.7 Maximum barrier contribution of Maximum resistance observed in

lipids

data (chapter 3)
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A.3 Choice of waiting time distribution

Here, we elaborate the choice of the type of waiting time distribution. Extreme cases
with only ¢, < ¢, or 1, > t, will not replicate experimental data with a sufficiently long
cycle time as well as neighbouring cells in transition. The two necessary conditions re-
quire both short enough and long enough waiting times to achieve simultaneous tran-
sition of neighbour cells and a sufficiently long cycle time, respectively (figure A.5a).
Three types of distributions can match the necessary conditions and replicate exper-
imental data: normal, uniform and exponential. The normal distribution is the most
likely candidate, from a biological perspective as well as for its versatility. As we con-
sider a cut-off at 0 and t,,,, = 12h, both the uniform and exponential distributions can
be approximated by a normal distribution, with low mean or high standard deviation
respectively (figure A.5b). On top of that, a normal distribution with a much smaller
standard deviation than its mean can approximate a constant waiting time. Therefore,
if a constant or a uniform or exponential distribution would be a better fit to the data,
this could be observed during optimisation; the normal distribution would approx-
imate one of the other distributions. Considering all the above, choosing a normal

distribution to optimise as the waiting time distribution is justified.
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Figure A.5: The normal distribution can match experimental data, and can approx-
imate other distributions. (a) The waiting time distribution requires shorter waiting
times than transition times #,, < f, (red) as well as longer waiting times than transition
times t,, > ¢, (blue). The transition time is denoted by the black dotted line. (b) A
normal distribution can approximate uniform and exponential distributions, given a

cut-off at 0 and #,,,, = 12h.
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A.4 Optimisation

The optimisation of the waiting time distribution to fit the experimental data is per-
formed after simulation of a range of different distributions, due to the time required
per simulation run and the stochastic nature of the model. We selected 100 distribu-
tions with varying combinations of ten different means and ten standard deviations
(figure A.6), and performed ten simulations of 150 hours. This was then repeated with
a refinement in the grid around the optimal point (figure A.6, standard deviation from
2.5-3.5 hours) to obtain a more accurate fit.

Per distribution, the indices were obtained and averaged over the ten runs of 150
hours. A cost function was used to find the optimum waiting time distribution to

tit the experimentally obtained indices, as described in section 6.3.2.
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Figure A.6: Optimisation using a priori simulation results for different normal wait-
ing time distributions with a range of mean and standard deviation values. Sim-
ulated sets of mean and standard deviations (left) with corresponding distributions

(right). The black line denotes the optimal waiting time distribution.
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A.5 Robustness of optimal waiting time distribution to

cost function weights

Equal weights were used for all three indices in the cost function (6.13) in section 6.3.2,
which optimises the error between simulation and experimental indices to find the
optimum waiting time distribution. We test the robustness of the optimal waiting
time distribution by individually changing all weights w;, w,, w3 in the cost function @
from 0.01 to 1. The band that contains all the optimal distributions for a hundredfold
change in every weight is shown in figure A.7. These results indicate that the weights

in the cost function only have a small effect on the optimal waiting time distribution.

0.157 —Qptimal distribution

o
—

Probability

o
o
o

O I I I I I 1
0 2 4 6 8 10 12

Waiting time t
w

Figure A.7: Robustness of optimal waiting time distribution to cost function
weights. The band contains all optimal distributions after individually changing all
weights wy, w,, w3 in the cost function @ from 0.01 to 1. The black line denotes the

optimal waiting time distribution for equal weights.
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