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Abstract

One of the features of atopic eczema (AE) is
a decreased skin barrier function. The stratum
corneum (Sc) lipids - comprised of ceramides (CERs),
free fatty acids (FFAs), and cholesterol - form a highly
ordered lipid organization that fulfill a predominant
role in this barrier function. Recently, the detailed
CER composition in non-lesional skin has been
investigated in AE patients. In the present study, we
report for the first time i) the extracellular sc FrFa
composition, including chain length and degree of
unsaturation, in both lesional and non-lesional skin;
and ii) how these factors associate with the examined
CER composition and the impaired skin barrier in AE.

The results show a clearly distinguishable lipid
profile between control skin, non-lesional and
lesional AE skin. In particular the FFA chain lengths
are clearly reduced in AE sc, and the changes are
much more pronounced in lesional skin than in
non-lesional skin. The CER composition and lipid
organization were also examined in lesional skin and
compared to data on non-lesional skin, previously
reported. We noticed a strong reduction in CER chain
length and areduced density in the lipid organization.
Changes in the chain length distribution of FFAs
and CERs were strongly associated. In addition,
we encountered a strong association between a
reduction in chain length of both lipid classes and the
increased presence of a less dense lipid organization.
The changes in lipid organization did also associate
with a reduced skin barrier function and were more
pronounced in lesional skin.

These changes in composition, organization and
barrier function were strongly observed in lesional
skin, but already present in non-lesional skin, and

demonstrate the importance of the FFAs and the
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lipid chain length for a proper lipid organization and skin barrier function.

Introduction

Atopic eczema (AE) is a very common skin disease with a current prevalence of 10-15% in
developed countries'*5. AE has multiple manifestations, such as erythema, skin dryness,
and pruritic skin lesions. The etiology of AE is complex: it is an multifactorial disease
in which genetics, environmental factors, and an immune dysregulation all interplay.
Although the immunological dysregulation is characteristic for AE patients, the skin
barrier dysfunction also plays an important role®°. A reduced skin barrier may result
in an increased penetration of allergens and irritants, thereby provoking an immune
response’’. A commonly used parameter to indicate a (reduced) skin barrier function is
transepidermal water loss (TEWL). Patients show increased TEWL values at both lesional
and non-lesional sites, indicating that the skin barrier is affected in both inflamed and
non-inflamed regions®2:13.

In 2006 it was reported — and since then replicated in many studies — that loss-of-
function mutations in the filaggrin gene (FLG) are a major predisposing factor for
developing AE*4°*7. Filaggrin is a well-known skin barrier protein responsible for proper
keratin filament alignment*8. In addition, filaggrin degradation products - i.e. the natural
moisturizing factor (NMF) — are important to retain the moist and acidic nature of the
stratum corneum (Sc), which is the uppermost layer of the skin where the main barrier of
the skin is located™9. However, the reduced skin barrier in AE cannot fully be explained by
FLG mutations, as i) 50-70% of all AE patients are non-carriers of such a mutation9 and ii)
in a number of studies no relation was observed between FLG mutations and the impaired
skin barrier in AE?©-23.

Because the lipids play an important role in the skin barrier - also with respect to
AE72427 — the aim of this study is to determine the lipid chain length distribution and
in particular free fatty acid composition in AE, and their relation with the skin barrier
function. The sc consists of corneocytes with a lipid matrix in the intercellular regions.
The lipids are composed of an approximately equimolar ratio of cholesterol, free fatty
acids (FFAs) and ceramides (CERs, molecular architecture is explained in Figure 1)2%-
31, These lipids are organized in regularly stacked lipid layers24.25:32:33. Within these
layers, the lipids form a very dense, highly ordered packing — the so-called orthorhombic
organization — but a subpopulation is also present in a less dense — hexagonal - or even
liquid organization (Figure 2)3473°. In a recent study we examined the CER composition
and lipid organization in non-lesional skin of AE patients, from which it was concluded

that a reduction in the average chain length of sc CERs coincided with an increase in
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Figure 1: Explanation of CER subclasses and CER chain length. CERs are composed of a fatty acid chain linked to a
sphingosine base. Both chains show a wide distribution in their carbon chains length (indicated by the arrows, the
numbers represent the general distribution). This results in a wide range of the total carbon chain length of CERs, that is,
the carbon atoms of the two chains combined. In addition, CERs can have an additional functional group at the carbon
positions labeled in red, which results in the presence of 12 subclasses, denoted as: [NdS], [Ads], [E0ds], [NS], [As], [EOS],
[wp], [P], [EOP], [NH], [AH], [EOH].

the hexagonal organization. These changes in CER composition and lipid organization

strongly correlated to the degree of skin barrier dysfunction, suggesting that CER chain

length may be a key factor for a proper lipid organization and impaired skin barrier

function in non-lesional AE skin37.

Building on these recent findings in non-lesional skin, this study presents for the first

time a detailed analysis of the FFAs chain length distribution in lesional as well as in non-

lesional AE skin. We focused on the chain length distribution as well as on the presence of

mono-unsaturated FFAs (MUFAs) and the very sparsely studied hydroxy-FFAs. Previously,

a wide chain length distribution has been observed in healthy subjects ranging from

mainly 16 to 36 carbon atoms38-4°. To the best of our knowledge, only one study reports

on the FFA chain length in AE patients, mentioning the very long chain fatty acids only.
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Lateral organization
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organization. There are three
possible arrangements of the
lipids: a very dense, ordered,
orthorhombic organization; a
less dense, ordered, hexagonal
organization; or a disordered,

Lipid layers (lamellae)
in between corneocytes

liquid organization.

They observed a decreased presence of FFAs longer than 24 carbon atoms4*. Based on our
detailed FFA analysis, we studied the association of changes in chain length distribution
of the FFAs with the chain length distribution of the CERs, as literature reports a common
synthetic pathway for both lipid classes4>43. It was found that the average FFA chain
length in AE patients is shortened, which is in conjunction with a reduced CER chain
length. In addition, we examined possible correlations between changes in chain length
profiles of the FFAs (and CERs) versus i) a modulation in lipid organization, ii) a reduction

in skin barrier function monitored by TEWL and iii) FLG mutations.

Materials and Methods
General study setup

The study is in accordance to declaration of Helsinki and consists of 15 Caucasian
control subjects (25.0+5.2 years; 5 males) and 28 Caucasian AE patients (25.6+5.6 years;
11 males), of which 11 did show lesional skin sites at the day in which all measurements
were performed. Patients were screened by the four most prevalent mutations found
in the European population (2282del4, R501X, S3247X and R2447X): 14 patients and 2

control subjects appeared as carriers for a FLG mutation. No dermatologic products were
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applied on the forearms of any of the subjects at least one week prior to the study. Various
techniques to study the lipid composition and organization are described in more detail
below. All measurements were performed on both non-lesional skin and lesional skin (if
present) of the ventral forearms. A dermatologist marked an area of 4.5 cm? on the ventral
forearm of the control subjects and AE patients. On this area, the TEWL was measured
using an open chamber Tewameter TM 210 (Courage+Khazaka, Kéln, Germany) device.
Values were recorded for a period of two minutes after which an average reading during
the last 10 seconds of the measurement was calculated. This procedure was performed
before tape stripping (baseline TEWL) and after each two tape strips.

Sc lipids were obtained by tape stripping. In between each 2 tape strips, FTIR
measurements were performed to study the lipid organization. In order to determine
FLG mutations, buccal mucosa cells were collected by rubbing the inside of the cheeks
with a cotton swab on a plastic stick after rinsing the mouth with water. Mutations were

determined by genotyping after DNA extraction?5.

Tape stripping procedure and Lc/MS analysis

Sc lipids were harvested using multiple poly(phenylene sulfide) tape strips (Nichiban,
Tokyo, Japan). Successive tapes were pressed on the marked area using a pressure device,
and were removed in one fluent stroke using tweezers. To avoid contamination of surface
lipids (e.g. sebum), tape strips 1-5 were discarded and only tapes 6 to 9 were used for
lipid analysis of non-lesional skin and - if possible - from lesional skin. The tapes were
punched to an area of 2 cm? and stored in chloroform/methanol/water (1:2:%) at a dark,
cold (-20°¢), and dry environment, under argon atmosphere. Afterwards, lipid extraction
of all samples was performed using an adapted procedure of the Bligh and Dyer method
described by Thakoersing et al.44 Lipids were reconstituted in chloroform/methanol/
heptane (2%:2%:95) and ready for analysis by Lc/Ms using a recently developed method
for analysis of both CERs and FFAs45:4% (van Smeden, unpublished data). Figure 1 explains
the nomenclature (according to Motta et al.47) and variation in chemical structure for
these CER subclasses.

Prior to the analysis of the FFA composition, a particular problem for the quantification
of FFA C16:0, C17:0, C18:0 and €18:1 was encountered. These endogenous lipids are also
present in the tape-strips used to harvest the sc, thereby interfering with the analysis
of sC FFAs (van Smeden, unpublished data). However, it was possible to correct for the
amount of these lipids on the tape. This procedure is explained in detail in the supplement

(Supplementary Figure 1 and Supplementary Table I).
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Lateral lipid organization by FTIR and its principles

Fourier transform infrared spectroscopy (FTIR) spectra were recorded after each two
tape-strips in order to obtain information on the lateral organization and conformational
ordering of thelipids. A Varian 6 70-IR spectrometer (Varian Inc., Santa Clara, CA) equipped
with a broad band mercury-cadmium-telluride (MCT) detector and an external sample
compartment containing a GladiATR (Pike, Madison, WI) attenuated total reflection (ATR)
accessory with a single reflection diamond was used. The spectral resolution was 2 cm™.
The instrument was continuously purged with dry N,. Each spectrum was an average of
150 scans. For data treatment, the instrument software Resolutions Pro 4.1 (Varian Inc.)
was used. Positions of the CH, symmetric stretching vibrations and scissoring bandwidth
were calculated as described previously4®:49. Shortly, the second derivative was calculated
and it was baseline-corrected between the endpoints of the scissoring region (~1460-1480
cm-1). We calculated the bandwidth at 50% of the peak height (full width half maximum,
FWHM) and determined CH, symmetric stretching vibration positions of spectra recorded
between the removal of 2 to 10 tape strips. The width of the peak is indicative for the
size and amount of orthorhombic lipid domains5°. The stretching peak position indicates
whether lipids are present in either a highly ordered organization (low peak position at

~2848 cm™) or a disordered/liquid phase (high peak position ~2853 cm™).

Data analysis

All statistical outcomes were determined using Spss Statistics 17.0. In general, data was
not Gaussian distributed and therefore non-parametric Mann-Whitney tests are more
appropriate when 2 groups were compared, and Spearman’s p correlation coefficients are
shown. Jonckheere trend tests were performed to assess significance of trends between
control, non-lesional and lesional sc. Differences were considered significant when
P<0.05. For some subjects in some of the parameters, data could not be determined and
therefore missing. These data points were not replaced but are left blank. For lesional
skin it was in a few cases not possible to obtain 4 tape strips. In that case we used merely
2 or 3 tapes. This is one of the reasons why we do not report absolute data on the lipid
composition, but rather relative values. Another important reason for presenting relative
data is because the lipid composition is compared to the lipid organization. The latter
is depending on the relative amounts of the former, rather than absolute amounts. We

therefore chose for presenting relative data.
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Figure 3: FFA data on controls, non-lesional AE and
lesional AE (labeled as green, orange, or red bars,
respectively). The total amount of all FFAs was set to
100%. a) Bar plots showing the relative abundance
of the FFA subclasses (saturated, MUFA, hydroxy-FFA)
in control Sc, non-lesional, and lesional AE skin. There
is a significant increase and decrease in trend for the
abundance of MUFA FFAs (MUFAs), and hydroxy-FFAs,
respectively, for controls, non-lesional, and lesional
AE SC (P<0.03). b-d) Chain length distribution

of saturated FFAs, MUFAs, and hydroxy-FFAs,
respectively, in control sc, non-lesional, and lesional
AE sc. There is a significant trend of increasing
abundance of saturated FFAs with chain lengths of 16
and 18 carbon atoms between controls, non-lesional,
and lesional AE SC (p<0.001). There is a significant
trend of decreasing abundance of saturated FFAs with
chain lengths of 22 and 30 carbon atoms (except
C23) between controls, non-lesional, and lesional AE
sC (p<0.04). There is a significant trend of increasing
abundance of MUFAs with chain lengths of 16 and

18 carbon atoms between controls, non-lesional, and
lesional AE sC (p<0.04). There is a significant trend
of decreasing abundance of MUFAS with chain lengths
of 20 and 30 carbon atoms (except C22, C23, C24)
between controls, non-lesional, and lesional AE sC
(p<o0.05). There is a significant trend of decreasing
abundance of all hydroxy-FFAs except C16 between
controls, non-lesional, and lesional AE SC (p<0.04).
The total relative amount of these three FFA classes is
100%. Controls, non-lesional AE skin, and lesional AE
skin are shown in green, orange and red, respectively.
Error bars represent the sp. The scatter dot plot in

e) shows the average FFA chain length. Horizontal
lines indicate the mean value +SD. Non-carriers and
carriers of a FLG mutation are represented by filled
and open data points, respectively. Control subjects
are indicated by ®/0O. Non-lesional skin and lesional
skin of AE patients are indicated by < /<> and M /00,
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Results
Altered FFA composition in SC of AE patients

AE patients showed - in both lesional and non-lesional skin — an increase in MUFAs at the
expense of hydroxy-FFAs (Figure 3a), whereas the total level of saturated (non-hydroxy)
FFAs was unchanged. In lesional skin, changes in levels of the various FFA subclasses are
more pronounced than in non-lesional skin. For the saturated FFAs, the chain length
distribution is notably changed: very long chain FFAs (224 carbon atoms) were strongly
reduced whereas shorter FFAs — in particular c16:0 and C18:0 — were increased (Figure
3b). These changes in FFA chain length distribution were more pronounced in lesional
Sc, but already of significance in non-lesional skin. The MUFAs showed higher levels of
short FFAs €16:1 and €18:1 in non-lesional and lesional skin compared to the control
(Figure 3¢). Hydroxy-FFAs >18 carbon atoms were decreased, predominantly in lesional
skin (Figure 3d). All these changes resulted in a significantly decrease in average FFA chain
length in non-lesional as well as lesional AE skin compared to controls (20.3+0.9, 18.2+0.6
and 21.4+0.4 carbon atoms, respectively, P<0.001, Figure 3e). FFA profiles of AE patients

from both lesional and non-lesional skin were compared per subject (pairing), and the

Control

Parameters Noncarriers FLG mutation |

(n=-| 3) (n=2) P-value
TEWL 6.5+1.7 6.5£1.6 0.933
FTIR Scissoring Bandwidth 11.60.9 11.420.2 0.410
FTIR Stretching peak position 2848.8+0.2 2848.6+0.1 0.305
NMF levels 1.064+0.217 0.98+0.042 0.800
Average CER chain length 47.0+0.7 47.4+1.0 0.549
Average FFA chain |ength 22.6+0.9 22.6+0.3 0.933 Table I: Influence on()ss-of-function FLG
Abundance of MUFAs 0.129:0.081  0.12320055  0.933  mutations on several parameters related
Acyl-CERs total 9.3£2.6 11.6£2.6 0.361 to lipid parameters or the skin barrier
C34 CERs fofal 0.87:0.16  090:076  >099  fcrion.

AE - Non-lesional AE - Lesional

Parameters Noncarriers FLG mutation | Noncarriers FLG mutation |

(n=14) (n=14) P-valve (n=6) (n=5) P-value
TEWL 11.4+£6.8 13.1£6.2 0.246 25.7£12.1 29.8+£12.0 0.662
FTIR Scissoring Bandwidth 11111 10.1£1.4 0.089 10.5+0.8 7.8+1.8 0.016
FTIR Stretching peak position 2849.0£0.5 2849.3+0.4 0.052 2849.2+0.3 2849.8+0.6 0.151
NMF levels 0.875£0.431  0.451+0.195 0.008 0.454+0.18 0.37+0.168 0.662
Average CER chain length 46.5+0.8 46.3+0.6 0.603 45.0£2.1 43.4+2.4 0.413
Average FFA chain length 21.2£1.1 21.2£1.7 0.701 19.2£1.7 19.3+£2.2 0.841
Abundance of MUFAs 0.184+0.091  0.203+0.081 0.329 0.205+£0.087  0.225+0.144 0.841
Acyl-CERs total 8.3+2.9 8.0£2.0 0.713 4.0+0.9 5.8+3.4 0.556
C34 CERs total 1.62£0.95 2.04+0.68 0.066 6.38+2.55 7.11+1.82 >0.99
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average FFA chain length was always lower in lesional skin compared to non-lesional skin
(Supplementary Figure 2). No effects were observed of FLG mutation status on the FFA
composition, neither in the FFA chain length, nor in the abundance of hydroxy-FFaAs or
MUFAs (P>>o0.1, Table I).

Altered CER chain length in Sc of AE patients

We compared changes in the FFA composition of AE patients in both lesional and non-
lesional sites to changes in CER composition. Of all CER subclasses, the overall CER chain
length distribution was determined in non-lesional and lesional skin (Figure ga). Chain
lengths of all CER subclasses showed a broad distribution mainly between 32 and 54
carbon atoms. The only exceptions were the acyl-CERs, which showed a range between
64 and 74 carbon atoms. This is mainly due to the additional fatty acid moiety attached
to the CER. In AE patients, the level of long chain CERs (>42 carbon atoms) was reduced
and the level of short chain CERs (<42 carbon atoms) was increased. Differences are
most pronounced for lesional skin, but were also significantly altered in non-lesional
skin. Among the short CERs, in particular the CERs with 34 carbon atoms (C34 CERs)
are increased in AE (Figure 4b). To obtain more information on which CER subclasses
were involved in this strong increase in €34 CERs, we also analyzed the level of all CER
subclasses. The relative abundance of the 12 individual CER subclasses (see Figure 1) in
lesional skin were combined with those in non-lesional skin previously reported3’. The
most prominent changes in lesional skin are an increase in CER [NS] and CER [AS], and a
decrease in CER [NP] (Supplementary Figure 3). The CER chain length distribution shows a
progressive increase in C34 CERs, predominantly in the CER [NS] and CER [AS] subclasses,
and a reduction of almost 50% was observed for the long chain acyl-CERs in lesional AE sc
(see Figures gb and 4c¢). Together, this results in a significant reduction of the average CER
chain length in both in non-lesional and lesional AE sc, compared to controls (P<0.012,
Figure 4d).

A direct intra-subject comparison (paired statistics) between lesional and non-lesional
skin from the same patient showed a lower average CER chain length in lesional skin as
compared to the non-lesional skin sites (Supplementary Figure 2). Since we also observed
this trend for the FFAs, we calculated the total lipid chain length and compared lesional
skin with non-lesional skin sites (Figure 5). From these paired observations we noticed
for each individual a reduction in total lipid chain length at lesional skin sites compared
to non-lesional skin sites.

No indications were found that FLG mutations have an effect on the lipid composition

in AE patients (Table I). No significant changes were observed between subjects with and
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CER chain length distribution
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0.0- Nds Ns NP N O AdS AS AP AH 100%. a) Bar plots showing the relative CER chain
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Figure 5: a) Dot plots of the calculated total lipid chain length (FFAs + CERs) for all three groups: control, AE — non-
lesional, and AE — lesional. Non-carriers and carriers of a FLG mutation are represented by filled and open data points,
respectively. Control subjects are indicated by ®/0O. Non-lesional skin and lesional skin of AE patients are indicated by

/& and M /0, respectively. b) Paired plot of the calculated total lipid chain length of a selected subset of patients
from which both non-lesional and lesional skin was analyzed.

without a FLG mutation for either lesional and non-lesional skin: neither in the level of
acyl-CERs (P>0.1), nor in the average CER chain length (P>0.1), nor in the total level of €34
CERs (P>0.1).

Relationship between FFA and CER composition

As presented in Table II, the average CER chain length correlated to the average FFA
chain length (r=0.60, P<0.001). More precisely, a high abundance of short chain FFas
(<23 carbon atoms) is accompanied by a high abundance of short chain CERs (<42 carbon
atoms), whereas an increased presence of long chain FFAs (>23 carbon atoms) correlates
to an increase in long chain CERs (>42 carbon atoms), as illustrated by the correlation

map in Supplementary Figure 4 and in Supplementary Table II.

Correlated Parameters Correlation coefficient

Average CER chain length versus average FFA chain length 0.596*

Average CER chain length versus stretching peak position -0.567 Table II: Spearman

Average CER chain length versus scissoring bandwidth 0.517* . .
correlation coefficients of

Average FFA chain length versus stretching peak position -0.683* lini L .

) o ) ipid composition and lipid
Average FFA chain length versus scissoring bandwidth 0.727*

organization parameters.
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Altered lipid composition in AE patients corresponds to a less ordered lipid
organization

We investigated whether the observed changes in sc lipid composition in AE affect
the lipid organization in these patients. The lateral lipid organization was assessed by
attenuated total reflectance (ATR) FTIR spectroscopy, primarily focusing on lesional skin
of AE patients. Principles of ATR-FTIR measurements are explained in the materials and
methods section. The stretching peak position in AE patients was located at a higher
wavenumber compared to control subjects in both non-lesional as well as lesional AE sc
(P<0.001; Figure 6a). This indicates that the organization of Sc lipids in AE patients is less
ordered compared to control subjects. The difference in stretching peak position between
lesional and non-lesional skin was not significant (P=0.083).

To obtain information about the hexagonal or orthorhombic organization of sc lipids,
the scissoring bandwidth was determined. Lesional ScC of AE patients shows a scissoring
bandwidth of 9.1+1.9 cm™, which is significantly lower than the bandwidth in non-lesional
skin of AE patients (10.6+1.3 cm™) and in control skin (11.6+0.8 cm™; P<o.001; Figure
6b). This indicates that the subpopulations of lipids in a highly ordered orthorhombic
phase are less dominantly present in lesional skin in AE compared to non-lesional skin of

AE patients and control subjects.
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Figure 6: Scatter dot plots of a) the FTIR CH, stretching peak position and b) the FTIR CH, scissoring bandwidth for all
three groups: control, AE — non-lesional, and AE — lesional. Non-carriers and carriers of a FLG mutation are represented
by filled and open data points, respectively. Control subjects are indicated by ®/0. Non-lesional skin and lesional skin of
AE patients are indicated by ©/<> and M /0, respectively.
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Regarding the influence of FLG mutations, a significant difference was observed for
the scissoring bandwidth in lesional skin between AE patients with and without a FLG
mutation: P=0.016. This was not found for the stretching peak position (P>0.05).

Table II shows that the average CER chain lengths correlate to a high extent with the
change in lateral lipid ordering (|r|>0.51; P<0.001), and the correlation of FFA chain
length with the change in lateral lipid ordering is even stronger (|r|>0.68; P<0.001).
Supplemental Figures 5a and b show this correlation between FFA chain length and FTIR
bandwidth in more detail (r=0.73; P<0.001): It becomes clear that FFAs with chain lengths
<20 relate to a lower FTIR bandwidth (more hexagonal lipid organization) whereas FFAs
with chain lengths >24 associates with a higher FTIR bandwidth and therefore more

orthorhombic lipid organization.

Skin barrier function shows a high affinity with lipid chain length and lipid ordering

Supplemental Figure 6 shows that the TEWL is significantly increased in non-lesional as
well as lesional AE sC compared to controls (12.2+6.5 g/m2/h, 27.6+11.6 g/m2/h, 6.5+1.7
g/m2/h, respectively, P<0.0005). Figure 7a shows that the increase in TEWL associates very
well with the average lipid chain length: a reduction in average chain length corresponds
to an increase in TEWL (r=-0.80, P<<0.001). Short lipid chain FFAs and CERs (<20 and <41
carbon atoms, respectively) correlate positively with TEWL, whereas long lipid chains (>23
and >42 carbon atoms for FFAs and CERs, respectively) are negatively correlated (Figures
7b and ¢). Also for the lipid organization a high correlation with TEWL was observed
for both the scissoring bandwidth and the stretching peak position (Figure 7d and e): a

decrease in lipid ordering corresponds to an increase in TEWL.

Discussion

As there is increasing evidence that sc lipids play a role in the impaired barrier function
of AE7?7, we investigated the lipid chain length distribution in Sc of AE patients, focusing
on FFAs. In addition, we examined the CER composition in lesional skin in these patients.
A clear shift to shorter sc lipid chain lengths was observed in AE patients for both CERs
and FFAs. Short chain FFAs (<20 carbon atoms) showed a negative correlation with FTIR
bandwidth and long chain FFAs (224 carbon atoms) showed a positive correlation with
FTIR bandwidth. Previous in vitro studies with lipid model systems have shown that
the formation of the hexagonal organization is strongly enhanced by a decreased FFA
chain length5*. This leads to the conclusion that the FFA chain length is an important
determinant for the lipid organization in AE: short chain FFAs enhance the formation

of a hexagonal lipid organization whereas long chain FFAs enhance the formation of an
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orthorhombic lipid organization. Furthermore, we observed an increased level of MUFAs
in Sc of AE patients, which also correlated to the presence of a hexagonal lipid organization
in in vitro studies (unpublished results).

The reduction in FFA chain length matches the presence of shorter CERs: AE patients
showed a shift from long chain CERs (243 carbon atoms) towards short chain CERs (<42
carbon atoms). It has been reported that the sphingosine base in CERs is on average about
18-20 carbon atoms long52. Using these numbers in estimating the acyl chain length in
the CERs, our results suggest that CERs having an approximate acyl chain length of 223
carbon atoms (42 minus 18-20 carbon atoms) are decreased in SC of AE patients. This
matches our observations in the decreased levels of FFAs >23 carbon atoms. In addition,
the high levels of €34 CERs in AE patients correspond to an acyl chain length similar to
the 16 carbon atoms of the FFAs. The level of this particular FFA is also highly elevated in
these patients. These correlations between CERs and FFAs demonstrate for the first time
that the acyl chain length in CERs correlates with the FFA chain length, which is a strong
argument for a common synthetic pathway42:43.

The reduction in long chain FFAs corresponds to a reduction in long-chain acyl-CER
levels in AE. These acyl-CERs are also crucial for a proper organization of the lipids: in
vitro studies have shown that a reduced level of acyl-CERs results in a less thermostable
orthorhombic organization53. The decreased amount of acyl-CERs in AE patients could
also play an important role in the reduced skin barrier function, as permeability studies
have shown that lower levels of acyl-CERs results in increased permeation54, or could
even lead to neonatal death by epidermal dehydration in mice completely lacking acyl-
CERs4°. Therefore, not only the changes in FFA composition, but also reduced levels of
acyl-CERs may contribute to the increased hexagonal organization and impaired skin
barrier function in AE.

TEWL is a commonly accepted measure of skin barrier integrity. The results demonstrate
that the increase in TEWL is strongly associated with the decreased lipid chain length. In
other words, an increased abundance of short lipid chains contributes to an increased
TEWL in AE, whereas an increased presence of long chain lipids correspond to lower TEWL
values. In addition, the increased TEWL values observed in AE patients show a strong
association with the altered lipid organization in AE. This raises the question whether
the changes in lipid chain length are causative for the changes in lipid organization and
increased TEWL. Previous in vitro studies by Groen et al. with model lipid membranes
demonstrate that a shorter FFA chain length leads to an increased permeability of benzoic
acid>5*.

These findings provide new fundamental insights for possible barrier repair: the
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presence of long-chain lipids may be crucial for the lipid organization and therefore a
proper skin barrier function. A possible treatment to compensate for the reduced long
chain lipids may therefore focus on topical application of long-chain lipids. Our observed
relation between the FFAs and CERs also imply that normalization of the FFA chain length
distribution in AE skin will also contribute to normalization of the CER chain length
distribution in these patients. As discussed below, most probably the elongase enzyme
family will play an important role here.

One of the challenges is to unravel the changes in the biochemical synthesis of the lipids
that are responsible for the altered sc lipid composition in AE, as this may result in new
targets for normalizing the skin barrier function. The shift to a shorter FFA chain length
distribution suggests that FFA elongation is hampered to some extent. It is known that
elongation of FFAs >C16 occurs by a series of elongases, ELOVL 1-755, all having a certain
selection towards a specific FFA chain length43. Currently, little is known about these
elongases in the epidermis. It has been reported that ELOVL 1, 3, 4 and 6 are expressed
in mammalian skin5¢. Only ELOVL4 is identified in the epidermis on a protein level and
plays a crucial role in the elongation of FFAs >€244°:57. Our data on AE shows a decrease in
FFAs 2C24, from which we hypothesize that the ELOVL4 protein level and/or activity may
be decreased in AE patients. Although no information has been reported on humans with
respect to AE, two studies in ELOVL4 knockout mice demonstrate a strong reduction in
very long chain FFAs, supporting our hypothesis4©:58. In addition, the loss of functional
ELOVL4 in mice has been related to a reduced level of hydroxy-FFas, in particular long
chain hydroxy-FFAs4°. Interestingly, in our study a reduced level of hydroxy-FFas is also
observed. As we also observed increased levels in FFAs with 16 and 18 carbons, ELOVL6
and ELOVL1 — which are the major enzymes involved in elongation of respectively
FFAs>C16 and FFAs>C18 — may also be reduced in activity in the epidermis of patients
with AE. Furthermore, if the elongation of these short chain FFAs is hampered, an
alternative metabolic pathway may also become more important. This pathway involves
the synthesis of MUFAs by stearoyl-CoA desaturases (SCDs)59. Indeed an increased level of
MUFAs with chain lengths of 16 and 18 carbon atoms is observed in Sc of AE patients that
may be caused by an increased activity of ScD. Another aspect that should be considered
is the importance of the sebaceous lipids in relationship to the Sc barrier. Previous studies
have reported an altered level of sebaceous lipids in AE, which may affect the sc barrier
function in these patients®°-62,

Eleven AE patients had both lesional and non-lesional sites at their ventral forearms.
We could therefore perform an intra-subject comparison of non-lesional and lesional

skin. The shift to shorter FFA and CER chain lengths was more pronounced in lesional
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skin compared to non-lesional skin. These changes in lipid composition can mainly
be attributed to inflammation, although increased levels of cutaneous microbes (e.g.
Staphylococcus aureus), genetic mosaicism'® or environmental factors could also play a
role. Cytokines, which play a role in inflammation, are capable of interfering to a large
extent with the lipid synthesis in multiple ways: they have shown to be involved in i)
reduced levels of enzymes involved in CER synthesis (e.g. f-glucocerebrosidase and acid
sphingomyelinase), thereby affecting the CER composition®3; ii) peroxisome proliferator-
activated receptors (PPARs), which are closely related to the skin lipid metabolic pathway
and show a relation to AE®4: PPAR-a and PPAR-[/ are respectively down- and upregulated
in AE patients®5:%¢, These nuclear receptors promote SC barrier formation and are
suggested to have anti-inflammatory properties in skin®7-79; iii) TNF-a and several other
cytokines, which downregulate filaggrin expression’*73. This may result in lower NMF
levels thereby affecting the local pH. It has been suggested that such a pH change may
alter the lipid synthesis in the epidermis’4. This is emphasized by the importance of
environmental factors that can also raise the pH of the skin, of which washing the skin
with soap and other detergents may be the most important one75:7°.

Downregulation of filaggrin expression may be a factor interfering with FLG mutations
and lipid parameters. This can explain the absence of a correlation between FLG mutations
and lipid parameters. This suggests that mutations in the FLG genotype have no direct
effect on the metabolic skin lipid pathways, but can indirectly affect these pathways via
the filaggrin breakdown products (NMF)3737. Most enzymes involved in lipid synthesis
are pH dependent, and changes in NMF levels caused by FLG mutations may therefore
indirectly lead to a dysfunction in lipid synthesis and skin barrier function.

Summarizing, we analyzed the sc lipid chain length distribution in non-lesional and
lesional skin of AE patients. The results demonstrate an increased presence of short chain
FFAs and a decreased presence of long-chain FFAs in SC of AE patients. These changes are
in line with the changes observed for the CERs, and lead to an altered lipid organization
and decreased skin barrier function in AE. The outcomes of this study do not only give
more insights in fundamental sc lipid knowledge, but also suggest possible new targets

for future drug therapy for both lesional and non-lesional AE skin.
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Supplementary data

Quantitative analysis of FFA c16:0 and €18:0, correcting for tape strip contamination
Recently, we developed a method that enables analysis of FFAs by Lc/Ms, and applied
that method on tape-stripped sc. However, endogenous c16:0, C17:0, C18:0, and C18:1
FFAs are abundantly present on control tapes (blanks), thereby interfering with the
results. To correct for the amount of these four endogenous lipids on tape, it was not
possible to simply subtract a certain amount of these lipids as the tape appeared to be too
inhomogeneous for a reliable correction: We observed that the amount could vary ~100
fold. Therefore, a more comprehensive correction method was needed that corrects for
these 2 lipids for each individual tape strip.

Although the variation in absolute amounts of endogenous lipids is very high, we
observed that the ratio of these lipids is always the same. In example, c16:0 is always
linearly correlated to the amount of c18:0, which can be appreciated from Supplementary
Figure 1a. We also analyzed two peaks which appear in blank tape strips but not in human
Sc, possibly exogenous lipids. Again, a very high correlation was observed between the
amounts of the two unidentified peaks (Supplementary Figure 1b). The amount of these
two lipid peaks also correlates very well (but not perfectly) to the amount of the four
endogenous FFAs (Supplementary Table I). Hence, by quantifying the two exogenous
lipids on tapes that do not interfere with sc from in vivo subjects, we could calculate
the predicted amount of endogenous lipids c16:0, C17:0, C18:0, C18:1. Indeed, we were
able to successfully correct for the amount of contamination of these lipids. However, we
mention that the methodological error does increase since we did not observe perfect
correlations: Since the R2-values of the correlations are around 0.85-0.95, the expected
increment in error is around 10%. Nevertheless, either taking into account or completely
leaving out the c16:0 and c18:0 data did not change any of the conclusions that could be
drawn from the data.
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Supplementary Figure 1: Tape strips were analyzed to obtain information on the amount of endogenous lipids that
interfere with data from SC lipids, and how to correct for this contamination. Data are presented as scatter dot plots and
their correlations of a) endogenous FFAs C16:0 versus C18:0 (R*=0.991) analyzed from control tape strips. b) Exogenous
ions m/z 365.3 amu versus 393.3 amu. Data points include control tape strips as well as tapes from all subjects.

Supplementary Table I: Correlation coefficients (R*) between
the endogenous lipids and the two exogenous lipids.

Correlation Coefficient The correlation coefficients state the accuracy in
E"d‘l’igfém"s Exogenous ion | Exogenous ion 2 Which the amounts of the two exogenous ions (viz.
(m/z = 365.3 amu) (m/z=393.3 amu)  m/z 365.3 and 393.3 amu) are correctly predicting
C16:0 0917 0.852 the amount of endogenous lipids related to the tape.
C17:0 0.862 0.855 In general, exogenous ion 1 was chosen to predict
C18:0 0.942 0.903 the amount of endogenous lipids, as the correlation
C18:1 0.944 0.890 . . .
coefficient was higher compared to exogenous ion 2.
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Supplementary Figure 2: Paired data of non-lesional and lesional AE skin for the FFA chain length, CER chain length,
FTIR stretching peak position and FTIR bandwidth. P-values are calculated from the Wilcoxon signed rank test. Non-
lesional skin and lesional skin of AE patients are indicated by < /<> and M /O, respectively. Open and filled data points
indicate carriers and non-carriers of FLG mutations, respectively.
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Supplementary Figure 3: Relative CER composition of each subclass for control (green), AE — non-lesional (orange),
and AE — lesional (red).
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Supplementary Figure 4: Correlation map. On the horizontal axis are the individual CER chain lengths, whereas on
the vertical axis are the individual FFA chain lengths. Strong negative or positive correlations are depicted in blue or
red, respectively. Gray strokes indicate the tipping point of the chain length correlations; in other words, where positive
correlations turn into negative correlations and vice versa.
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Supplementary Figure 5: a) Correlation plot in which the scissoring bandwidth of all individuals is plotted versus the
mean FFA chain length. The gray dashed line indicates the optimal linear fit. Control subjects are indicated by ®/0. Non-
lesional skin and lesional skin of AE patients are indicated by < /<> and M /O, respectively. Open and filled data points
indicate carriers and non-carriers of FLG mutations, respectively. b) Bar plots demonstrating the correlation between
each individual FFA chain length (x-axis) versus the FTIR scissoring bandwidth. Positive correlation coefficients indicate
that these FFAs contribute to a more ordered lateral lipid packing, whereas FFAs with negative correlation coefficients

contribute to a less ordered packing of the lipids. The dashed line indicates the moving average (period = 3).

Supplementary Figure 6: TEWL levels in control
subjects, non-lesional SC and lesional SC of AE patients.
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Supplementary Table II: Correlations between short/long CERs versus

]
Control

1
AE

Non-lesional

- skin and lesional skin of AE patients are indicated

ml by ©/&> and® /0, respectively. Open and filled
data points indicate carriers and non-carriers of FLG
mutations, respectively. Means are indicated by gray
horizontal lines and their corresponding values (D).
Significant differences were observed between control

I
AE subjects, non-lesional, and lesional SC of AE patients

Lesional

short/long FFAs.
FFAs <C23 FFAs >C23
CERs <C42 0.496* 0.541*
CERs >C42 -0.429* -0.481*

(P<0.0005).

Spearman correlations showing that short CERs correlate positively

with short FFAs and negatively with long FFAs, and vice versa for long

CERs. *:P<0.01.
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