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General introduction and aims

1.1 How the skin functions as a barrier

Covering our entire body, the skin is the largest human
organ and one of the main protective barriers against the outside
world. It serves this protective role by forming three distinct layers.
The most inner layer is the hypodermis; it consists of fatty adipose tissue
and provides insulation and cushioning®. The middle layer is called the
dermis. Consisting of a fibrous network, the dermis gives mechanical
strength to the skin. However, being enervated and vascularized the
dermis also has a nutritional and an important immunological function.
It holds dendritic cells, mast cells, and a large population of T-cells?.

The outer layer of the skin is the epidermis, which in turn
consists of four different layers. Its main role is to form a physical barrier
protecting the body from pathogens, allergens, and irritants, but also
from excessive water loss and subsequent desiccation. Formation of the
barrier starts at the basal layer, which is a single layer of proliferating
keratinocytes. Moving outwards, keratinocytes undergo a terminal
differentiation process called cornification®*. From the start of this
process complex lipids mixtures are being synthesized and stored
in specific organelles called lamellar bodies (LBs). Cells containing
these LBs form the granular layer. This is the most outer viable layer
because cornification is a terminal differentiation process resulting
in the “dead” corneocytes. These cells neither have organelles nor a
cellular membrane®. In the last stages of differentiation the cellular
membrane is replaced by a crosslinked protein structure called the
cornified envelop (CE). It is mainly composed of involucrin, loricrin,
periplakinand, and envoplakin and construction starts at the cytosolic
side of the plasma membrane®. At the interface between the granular
layer and the corneocytes, the lamellar bodies are excreted into the
intercellular space after which its lipid content becomes part of the final
barrier.

The outer layer of the epidermis is called the stratum corneum
(SC) and forms a physical barrier composed of lipids and corneocytes,
which can be represented as a brick and mortar wall, respectively.
Corneocytes are connected by a specific cell-cell adhesion called
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corneodesmosomes®. Although the SC seems inert, numerous enzymatic processes
occur. One process driven by enzymatic degradation is desquamation, which is the
active shedding of the outer SC layers’. In this process the corneodesmosomes are
gradually degraded thereby detaching the corneocytes®. Within the intercellular space
of the corneocytes the lipids form a highly organized structure and are a crucial part of
the barrier. In the next section this essential role of the lipids will be further discussed.

1.2 Lipids form the SC its permeability barrier

1.2.1 From precursor to SC lipid

In the human SC three main classes of intercellular lipids occur: ceramides, free fatty
acids, and sterols®. Yet, it is not excluded that there are minor fractions of phospholipids,
squalene, wax-esters and cholesterol esters®. However, this minor lipid fraction could
originate from sebum lipids. Figure 1.1 shows an overview of the chemicals structures
of the three main lipid classes. Different weight ratios of the lipid classes and different
ratios per skin sites have been observed'®!. SC lipids synthesises starts at the deeper
epidermal layers. De novo ceramide synthesis begins at the endoplasmic reticulum
by condensation of a serine with a palmitoyl-COA. By multiple enzymatic steps the
product is converted to a dihydrosphingosine!?. To produce a dihydroceramide,
acylation with an acyl-COA is performed by one of a group of n-acyltransferases
called ceramide synthases (CerS). In human epidermis alpha-hydroxylated and
omega-hydroxylated acyl groups become attached as well*®. Six different CerS are
known and each CerS has affinity for specific acyl-COAs with different chain lengths?*.
There are two enzymes known that further modify dihydroceramides. These are
dihydroceramide desaturatare 1 (DES1) and dihydroceramide C-4 hydroxylase (DES2)
which coverted dihyrdoceramides to ceramides or phytoceramides®, respectively.
The enzyme responsible for production of hydroxy-sphingosine containing ceramides
is unknown. After synthesis ceramides are directly glycosylated to glucosylceramides
(GluCers) or phosphocholinated to sphingomyelin. This inactivates ceramides as they
are bioactive lipids'®Y’. Fatty acids are phosphorylated or converted to triglycerides.
These precursor lipids and the enzymes to convert them are stored in the LBs®. At the
interface between the viable epidermis and the SC the LBs release the precursor lipids
and converting enzymes together into the extracellular space'>®. Here, the glucose
and phosphocholine are detached form the ceramides.
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1.2.2 Ceramides

Of all three SC lipid classes, ceramides have the most diverse chemical structure.
Different sphingoid bases can be chemical linked to different acyl chains. Figure 1.1 gives
an overview of the subclasses. Four acyl groups have been identified: non-hydroxylated
(N), alpha-hydroxylated (A), and omega-hydroxylated (O). The omega-hydroxylated
acyl group can be further modified with an esterified linoleate moiety (EO), although
other long chain fatty acids have been observed as well?. Five different sphingoid
bases have been observed: dihydrosphingosine (dS), sphingosine (S), phytosphingosine
(P), hydroxysphingosine (H), and a recently discovered two hydroxysphingosine (T)?2.
Together, they can form 20 different ceramide subclasses. They are named according
to Motta et al.2. It combines the letters identifying the chemical composition of the
subclass (i.e. NS = non-hydroxylated acyl coupled to sphingosine). Also a group of
ceramides with a linoleate attached to the sphingoid base called 1-O-acyl ceramides
have been observed in SC?. In human SC the ceramide its sphingoid base chain
length can vary between 16 and 28 carbons and the acyl chain can vary from 16 till 34
carbons. However, >28 carbons acyl chains are most common in O and EO chains. The
total carbon chain length is indicated after the subclass abbreviation (i.e. NS C44). Odd
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Figure 1.1: The chemical structures of the three main different SC lipids classes. For the
ceramides the different structure of both the acyl-chain and the sphingoid base defining the
different subclasses are shown.
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chain lengths and desaturation of the acyl chain are observed in human SC ceramides
as well®. The total numbers of structurally different ceramides reported ranges from
342 till >1000%*%, Yet, when taking both chain length distributions and subclasses into
account, more than 5000 different chemical structures are expected. Ceramides will be
the main lipid focused of the research described in this thesis.

1.2.3 Free fatty acids and cholesterol

Although not as numerous as the ceramides, the free fatty acids (FFA) in the human
SC have a wide variety of chemical structures as well. These carboxylic acids have a
chain length distribution reaching from 16 till 34 carbons. Both alpha- and omega-
hydroxylated FFA have been observed®. As with the ceramides odd number chains
lengths and desaturation of the carbon chain can occur. SC fatty acids are longer and
more heterogeneous than those in other tissues?. The last lipid class is the sterols,
consisting mostly of cholesterol and a small fraction of cholesterol sulfate. The
biosynthetic precursor of the sterols, squalene, is also present in minor amount. It is
though that the observed squalene originates form the sebum lipids, as do the wax
esters®.

1.2.4 Bound lipids

When the precursor lipids are released at the viable epidermis SC interface, part of the
lipids becomes covalently attached forming the cornified lipid envelope (CLE)°. These
lipids are also referred to as the bound lipids and server as an interface between the
hydrophilic corneocytes and hydrophobic extracellular lipids matrix. Only a specific
group of lipids containing an omega-hydroxyl group is bound. To become bound it
is required that they are glycosylated and have esterified linoleate omega-hydroxyl
group. Previous studies have shown that the two conjugated double bounds of the
linoleate are modified to a hydroxyl-epoxide in two steps®’. Than the altered linoleate
moiety is removed and the GluCer bound to the CE3L. Lastly, the glucose is removed. It
is hypothesized that bound ceramides are converted by ceramidases to bound omega-
hydroxyl fatty acids®22%. Changes in the bound lipid fraction have also been linked to an
altered barrier function®*. The bound lipids can act as a scaffold for the unbound lipids,
arranging the orientation of the lipid matrix and thus have an important function in
the SC.

-11 -
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1.2.5 Lipid organization and barrier

Unlike the cell membrane, the extracellular SC lipids form a densely packed lipid barrier.
When examining the lateral organization of these lipids, a large fraction is packed into
a dense orthorhombic structure and a smaller fraction into a less dense hexagonal
structure®. The tightness of this packing is important for the barrier function of the
SC337 Perpendicular to the lateral organization, the SC lipids are organized into lamellar
stacks. Two different sizes of these lamellar stacks have been observed in human SC.
These have repeat distance of 6 or 13 nm andw are called the short and long periodicity
phase, respectively®. Ceramides with an EO group are essential for formation of the
long periodicity phase® and for proper barrier function*. Changes in the SC lipid
composition can affect the lateral and lamellar organization, consequently affecting
the barrier function***2, Alterations in the SC lipid composition and organization play a
role in skin diseases which is further described in the next section.

1.3 Stratum corneum lipids are a potential target for atopic
dermatitis treatment

1.3.1 Atopic dermatitis and inflammation

Atopic dermatitis (AD) is heterogeneous skin disease characterized by lesional skin sites
with erythroderma, xerosis, scaling skin®. Although mostly seen as a children’s disease
(observed in 10-25% of the western pediatric population), AD also has a high prevalence
under adults of around 7-10%**%. The skin of AD patients exhibits a decreased skin
barrier and cutaneous inflammation at both the lesional but also at non-lesional skin
sites. Both chronic and acute skin inflammation (flares) occurs. The decreased barrier
function is put at the center of AD initiation. Scratching or penetration of endogenous
compounds can triggered a release of cytokines, like thymic stromal lymphopoietin
(TSLP), by the keratinocytes. These cytokines in-turn activates T helper 2 cells (Th2)
which produce interleukin (IL) 4 and 13. These are characteristic inflammatory markers
observed in AD lesions and can perpetuate the inflammation by activation of other
immune cells and keratinocytes. Originally AD was seen as an atopic disease with typical
increased levels of allergen specific IgE. Yet, AD can also occur without increased IgE
levels®. There are many different immunological paths involved in AD***°. The clinical
effects of this skin inflammation are erythroderma, swelling, and pruritus but can also
lead to a decreased skin barrier. For instance, IL4 and IL13 decrease the production of
and important epidermal protein filaggrin®°.

Filaggrin production starts at the lower epidermis where pro-filaggrin is
synthesized and stored in keratohyalin granules. Pro-filaggrin is phosphorylated
polymer of 10-12 filaggrin monomers. When the keratohyalin granules are secreted
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pro-filaggrin is cleaved into monomers. Filaggrin has multiple roles in the skin barrier.
The monomers have a stabilizing effect on keratin filaments and are part of the
cornified envelope*®. When filaggrin detaches it is proteolysed into amino acids which
are important for acidification and hydration of the SC°!. Loss of function mutations
of the filaggrin gene are known risk factors for AD*?, yet, do not necessarily cause
AD>***, Homozygous loss of function causes a dry scaling skin disorder called ichthyosis
vulgaris®. With its important role in the SC, decreases in filaggrin can play a role in
barrier dysfunction. As filaggrin also becomes down regulated by inflammation it
plays a role in the continuation of chronical lesions. Inflammation can also decrease
skin barrier function by deregulating another important part of the SC barrier, the SC
lipids®®.

1.3.2 Stratum corneum lipids and skin barrier function in Atopic dermatitis

A hallmark of AD is an increased transepidermal water loss (TEWL). The TEWL is used
as a measure for the stratum corneum its barrier function. The main barrier for water
penetration is formed by the SC lipids®® and increased ceramide content can decrease
TEWL". The Increased TEWL of AD patients is an indication that the permeability barrier
of the SC lipids is affected. Multiple studies examined the changes in SC lipids of AD
patients focusing on the three main lipid classes®”>%5, Using thin layer chromatography
decreased total ceramide amounts were observed®®5'. With a detailed analysis using
liquid chromatography (LC) coupled with mass spectrometry (MS) ceramides specific
compositional changes were reported®52%3 |ike:

1. Anincreased amounts of ceramides with a total chain carbons length of 34;
2. Adecreased mean carbon chain length;

3. Increased amounts of ceramides with sphingoid (S) base;

4. Decreased amounts of EO ceramides;
5

Decreased amounts of phytosphingoid (P) ceramides.

Next to changes in ceramides, the FFA composition of AD patients was affected as
well. Increased amounts of unsaturated fatty acids were observed and the mean chain
length decreased®.

Interestingly, the above described alteration in lipid composition were already
observed in non-lesional skin, but were greater at lesional sites. Compositional
changes correlated to an alter lipid organization and increased TEWL*. Changes in lipid
composition of model membrane mimicking the SC lipid matrix gave similar changes in
organization, supporting the relation between lipid composition and organization®®,
That lipid alteration and the subsequent changes in lipid organization already occur in
SC of non-lesional skin, shows that healthy appearing skin sites of AD patients already

-13-
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have a compromised permeability barrier. Restoring the lipid organization by improving
the lipid composition and thereby decreasing the barrier defect in AD patients can be
seen as viable treatment strategy®®’.

1.3.3 Treatments of atopic dramatis and barrier repair formulations

As both barrier defects and inflammation are part of the AD pathology, treatment
focuses on both. Inflammation is generally countered by using immunosuppressants®,
which are prescribed to counter flares and reduce itching. As indicated above, another
treatment strategy for AD is barrier repair or barrier replacement. Mineral oils
derivatives and other emollients are commonly prescribed as occlusive agents who can
enhance skin hydration®7°. Despite that these treatments alleviate xerosis and form
an occlusive barrier; they do not actively restore the SC barrier lipids in AD patients.
A specific group of formulations aims at restoring the skin barrier by the addition of
SC lipids to the formulations, most often ceramides’*’2. It has been shown that the
composition and ratios between the lipids in the formulation is important for short
term effects’®’*. In patients with mild AD, ceramide-containing formulations have
shown similar clinical effects as emollients’’®. It is hypothesized that by diffusion the
formulated lipids can enter the lipid matrix. FFAs can diffuse into the viable epidermis
and ceramides remain on the skin for two days in ex vivo conditions’. Others have
shown minor penetration of ceramides’®. However, treatments with emollient are
more long term and a reduced barrier would enhance the absorption of barrier lipids.

A potential barrier-restoring formulation is a mimic of the naturally occurring
vernix caseosa (VC). This is the “cheesy” (caseosa in Latin) “varnish” (vernix in Latin)
on preterm babies. There it forms a protective layer in addition to the pretermal SC”.
Studies of the VC had shown that it contains wax esters, triglycerides, squalene, and a
selection of SC lipid and has barrier properties of its own&2!, Furthermore, a synthetic
VC mimicking formulation showed to be more effective than petrolatum in the barrier
recovery of mice®. Besides being able to deliver barrier lipids, the VCis also a permeable
barrier. Having the right balance between occlusiveness and permeability is important
for a formulation as excessive water retention and disruption of the calcium gradient
can disrupt the proper cornification. The optimal composition of a VC formulation and
how human skin acts after VC formulation application are not well known.

-14 -
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1.4 Analyzing the stratum corneum lipids and barrier

1.4.1 Lipidomics and stratum corneum ceramides

Lipidomics is the study of all lipids in a biological matrix, the lipidome. Due to the lipids
changes in chain length and head group architecture, the lipidome can consists of very
large numbers of different chemical structures®. There are two different approaches
in lipidomics, targeted and non-targeted. Non-targeted lipidomics aims at identifying
as many lipid species in a qualitative manner and targeted lipidomics aims at accurately
quantifying a selective group of lipids.

A powerful tool to analyze the lipidome is with MS, which allows separation of
thelipids by their mass charge ratio (m/z). When combined with LCfurtherseparation can
be achieved. Depending on the type of column used in for LC, lipids can be separated by
chain length or hydrophilic head group. In non-target lipidomics, MS/MS fragmentation
is applied to ascertain the required structural information for identification of large
number of lipids within one measurement®*. With highly validated methods retention
time and mass can be used to predict chain length differences for the same lipid class,
yet, fragmentation will always be required for identification of unknown compound. For
guantitative analysis in targeted lipidomics information is required on the sensitivity of
the MS response to the analyte. This requires chemical standards to determine this
response sensitivity, severely limiting the number of compounds that can be quantified
in a sample. The data resulting from lipidomics can be challenging, due to the large
number of compounds in a sample. Advanced statistical tools are required to compare
the lipidome between different experimental conditions®. One method to reduce the
number of variables in the comparison is principal component analysis. This is a form
of dimensional reduction of variables to principle components based on the amount of
variation between samples.

Lipidomics is an excellent tool to analyze the SC ceramides®*®, Due to the
large number of different ceramide species and only a limited number of standards,
comprehensive quantification of all SC ceramides becomes challenging®. Especially,
when taking into account that different experimental conditions might change the
occurring lipid structures. Then, comprehensive analysis requires a method which
combines both qualitative and quantitative analysis. The second chapter of this thesis
will demonstrated that by modeling a MS response factor using the chemical structure
of the ceramide, these challenges can be tackled. Further challenges are present in
validating the sampling and extraction of the SC from the samples. Using lipidomics
to acquire an accurate measurement of the SC lipid composition can improve the
understanding of the relation between lipid composition and lipid organization.

-15-
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1.4.2 Analysis of the lipids organization

As the lipid organization is instrumental for a proper barrier function, examining
the lipid matrix is detrimental. A powerful tool to gain information about the lateral
organization of the lipids is Fourier transformed infrared spectroscopy (FTIR). This can
be used to measure the absorption of wavelengths corresponding to the movement in
the hydrogen-carbon bonds of lipid carbon tails. In this thesis we focus on the symmetric
CH, stretching peak position and the CH, scissoring region®*. Using attenuated total
reflection (ATR)-FTIR, absorption spectra can be obtained in vivo by placing an arm on
the ATR-crystal®™.

Small angle X-ray diffraction (SAXD) can be used to study the lateral packing of
the SC lipids. With SAXD, the scatter of an X-ray beam is used to determine the lamellar
phases. A sample is placed in in front of an X-ray detector. A beam is send through
the sample scattering the X-ray on the detector. The two repeat distances of the lipid
lamellae in the SC both give different repeating maxima in a plot of the scatter intensity
verses the angle of the diffraction.

1.4.3 Measuring the barrier function

As stated above, the TEWL can be used as a measure of barrier function. To determine
the TEWL the evaporation of water from the SC is measured as an indication of the
flux through the SC. In this thesis all TEWL measurements have been performed with
a closed chamber and condenser system. The condenser prevents the accumulation of
water in the chamber and a humidity gradient. In the chamber the change in relative
humidity is measured. Using the contact surface of the chamber the water flux in g/
cm?/h is calculated®. Although the TEWL can be quickly assessed (<3min), it is highly
susceptible to other variations than skin barrier function®®. Monitoring the TEWL
throughout SC barrier recovery after disruption can be used to determine the speed of
the recovery process.

1.5 Aims and outline

As delineated above, lipids form an integral part of the SC, are part of AD pathology,
and are possible targets for treatment. The aim of the research described in this thesis
is to examine the role that ceramides can have as therapeutic targets for barrier repair
in skin disorders characterized by an altered SC lipid compositions. This leads to the
following goals:

1. To develop a method for extraction and quantification of all SC ceramides;

2. Determine how barrier recovery affects the SC ceramides and if ex vivo SC
regeneration can be used as a model for clinical testing;
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3. Discover how a vernix caseosa based formulation affects barrier recovery in
vivo and determine how formulations influence the ceramide composition in
the SC in healthy and diseased skin;

4. Examine the composition of the bound ceramides in healthy skin, skin
models, and diseased skin and compared it to the composition of the related
unbound ceramides.

To obtain these goals, research was performed which is described in six separate
research chapters of this thesis, further divided into three parts. The first part focusses
on analytical methodology and translation of ex vivo skin models to the clinical setting.
In the following two research chapters, a method to accurately and robustly quantify
all SC ceramides is described and changes in regenerated SC of an ex vivo skin model
are compared to human in vivo SC after regeneration, respectively.

e Quantitative analysis of ceramides using a novel lipidomics approach with
three dimensional response modelling.

e Compromising human skin in vivo and ex vivo to study skin barrier repair.

The second part focusses on the effects of a vernix caseosa based formulationon
humans which was examined in two clinical studies. First, the effect of this formulation
on barrier recovery in healthy volunteers will be presented. Second, the possibility
of the formulation as treatment in AD patients will be examined. The findings are
decribed in two chapters:

e Applying a vernix caseosa based formulation accelerates skin barrier repair by
modulating lipid biosynthesis.
e Emollient monotherapy in moderate to severe atopic dermatitis patients

induced stratum corneum lipid properties changes, but did not alleviate
disease severity.

The last part focuses on the bound ceramides. Here, a detailed analysis of the bound
ceramides is presented with the discovery of a new ceramide subclass. The selectivity in
ceramide binding is examined and how the bound ceramide composition was affected
by the liver X receptor. Also a detailed comparison of the bound ceramides in healthy
and AD patients is presented. This part contains the following research chapters:

e Selectivity in cornified envelop binding of ceramides in human skin and the
role of LXR inactivation on ceramide binding.

e The cornified envelope bound ceramide fraction is alter in atopic dermatitis
patients

-17 -
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