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TO THE EDITOR
The lipids covalently bound to the cor-
nified envelope of corneocytes are
essential for the human skin barrier
(Swartzendruber et al., 1987). Together
with the unbound lipids, they form a
matrix regulating the permeability for
water and pathogens through the stratum
corneum (SC). Three main lipid classes
are observed in the SC: sterols, fatty
acids, and ceramides. Bound ceramides
are a subset of the unbound ceramides
and have an ultra-long omega-hydroxyl
chain (OCer) (Farwanah et al., 2007; Hill
et al., 2006). They are biosynthetically
related to unbound linoleate esterified
omega-hydroxyl ceramides (EOCers).
Ceramide binding is selective, where
ceramides with an unsaturated acyl
chain (MuCers) and shorter chains are
preferentially bound (Boiten et al., 2019).
Yet, as both bound and unbound ceram-
ides originate from the same precursors,
compositional changes of precursors can
affect both. Previously, changes in the
unbound ceramide composition of pa-
tients with atopic dermatitis (AD) were
observed. These changes correlated to
decreased barrier function and altered
lipid organization (Ishikawa et al., 2010;
Janssens et al., 2012). Changes in bound
ceramide composition were observed in
autosomal recessive congenital ich-
thyosis and psoriasis and in atopic dogs
www.jidonline.org 1097
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Figure 1. Atopic dermatitiserelated changes in bound ceramide composition. (a) The amount of bound ceramide detected in pmol/SquameScan value in the

tape-stripped samples of healthy, nonlesional, and lesional SC. (b) The structure of a bound OCer (OS C48:1) with three distinguishing features of the chemical

structure indicated: the carbon tail length (orange), the hydrophilic head group defining the ceramide subclass (blue), and an unsaturated acyl chain (circled). (c)

The percentage of unsaturation in the bound and unbound EOCers fractions. (d) The percentage of S-subclass ceramides in the bound and unbound EOCers

fractions. (e) The MCL in the saturated and unsaturated bound ceramides and the MCL of the saturated and unsaturated EOCers. For the EOCers, 18 carbons

were subtracted compensating for the linoleic acid. The MCL of the saturated and unsaturated ceramides are depicted separately. Significance indications are as

follows: *P � 0.05, **P � 0.01, ***P � 0.005, ****P � 0.001. Significance of interactions is not indicated and can be found in Supplementary Table S3. EOCer,

linoleate esterified omega-hydroxyl ceramide; MCL, mean carbon chain length; MuCer, ceramide with an unsaturated acyl chain; OCer, omega-hydroxyl

ceramide; S-subclass, sphingosine subclass; SC, stratum corneum; SQ, SquameScan

Table 1. Correlation Coefficients and P-Values of Bound Ceramide
Composition Compared with Barrier Function

Feature

TEWL (g/cm2/h)

Pearson r P-value

MuCer (%) 0.731 <0.001

S-subclass (%) 0.692 <0.001

Difference MCL saturated (carbons) 0.561 0.001

Difference MCL MuCer (carbons) 0.231 0.203

Abbreviations: EOCer, linoleate esterified omega-hydroxyl ceramide; MCL, mean carbon chain
length; MuCer, ceramide with an unsaturated acyl chain; OCer, omega-hydroxyl ceramide;
S-subclass, sphingosine subclass; TEWL, transepidermal water loss

Four different distinguishing features were used to describe the bound ceramide composition: MuCer
percentage, the percentage of S-subclass ceramides, and the difference in MCL between the unbound
EOCers and bound OCers. The MCL differences of saturated and unsaturated ceramides were
examined separately, because MuCers had a higher chain length and an increased MuCer percentage
would increase the MCL.
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and mice (Fujii et al., 2018; Grond et al.,
2017; Popa et al., 2011; Wertz et al.,
1989). It is hypothesized that the bound
ceramide composition of patients with
AD deviates and contributes to AD pa-
thology. To our knowledge, no detailed
liquid chromatographyemass spectrom-
etry analysis of bound ceramides in pa-
tients with AD has been reported.

Here, we applied a quantitative liquid
chromatographyemass spectrometry
method to SC samples of patients with
AD (Boiten et al., 2016). Samples were
obtained after institutional approval and
written informed consent, according to
the Declaration of Helsinki. From eight
healthy volunteers and 16 patients with
AD, a 1.6-cm diameter nonlesional
site on the ventral forearm was sequen-
tially tape-stripped. A second tape-strip
sample was obtained from lesional
sites at the ventral forearm of eight pa-
tients with AD. Tapes were measured
with a SquameScan (Heiland Electronic,
Journal of Investigative Dermatology (2020), Volum
Wetzlar, Germany) to determine the
amount of SC stripped. Both bound and
unbound lipids were extracted from
tapes 9e12, as described elsewhere
(Boiten et al., 2019). Before tape-
stripping, transepidermal water loss was
e 140
measured to determine the skin barrier
function.

Liquid chromatographyemass spec-
trometry analysis did not show a
decreased bound ceramide amount in
AD, contrary to what others observed
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using thin layer chromatography
(Macheleidt et al., 2002). Figure 1a
depicts the total detected bound cer-
amide amount corrected by Squa-
meScan. To examine the bound
ceramide composition in more detail,
ceramides were grouped using three
distinguishing features of their molec-
ular structures (Figure 1b): MuCers
percentage, sphingosine-subclass (S-
subclass) percentage, and mean carbon
chain length (MCL). Supplementary
Text S1 explains the linear mixed
modeling. The models compare pa-
tients with AD to healthy controls and a
lesional site to the same patient’s non-
lesional site. Figure 1c and
Supplementary Table S1 show that pa-
tients with AD had a 6.0% increase of
bound MuCers, which further increased
by 7.1% at their lesional sites. EOCers
had similar increases in MuCers. In the
unbound ceramides of patients with
AD, increased percentages of S-sub-
class ceramides were observed
(Ishikawa et al., 2010; Janssens et al.,
2011). Figure 1d and Supplementary
Table S2 depict that in AD the
bound S-subclass ceramides were
increased with 4.5% and an additional
2.1% in lesional skin. Again, these
changes were similar in unbound
EOCers.

Examining the chain length distribu-
tion, it was observed that at lesional sites,
relatively more short chain ceramides
were bound, thereby depleting short-
chain EOCers. To compare MCLs of
OCers and EOCers, 18 carbons were
subtracted from the latter, compensating
for the linoleic acid moiety. The MCLs of
saturated and unsaturated ceramides
differed significantly and were examined
as separate parameters but were affected
similarly by AD and at lesional skin
(Figure 1e and Supplementary Table S3).
At lesional sites, the MCL of bound
ceramides significantly decreased; how-
ever, nonlesional sites showed no signif-
icant decrease. The changes in the MCL
because of AD and lesional skin were
inverse and significantly different be-
tween bound OCers and EOCers.
Supplementary Figure S2 shows the
saturated ceramide chain length distri-
bution of bound OCers and EOCers.
Although the overall amount of EOCers
decreased, short-chain EOCers were
further depleted. In AD, decreased
amounts of EOCers are thought to playan
role in decreasing barrier function (van
Smeden et al., 2014).

It was examined if changes in the
composition of bound ceramides coin-
cided with changes in barrier function.
The three distinguishing ceramide fea-
tures were compared with trans-
epidermal water loss. Table 1 shows the
Pearson r and corresponding P-value
(Supplementary Figure S2 graphically
displays the correlations). The
increased MuCer and S-subclass per-
centages correlated to reduced barrier
function. Previously, it was demon-
strated that unbound unsaturated lipids
can contribute to a more disorganized
lipid matrix, thereby decreasing barrier
function (Mojumdar et al., 2014).
Although bound ceramides already
have an increased MuCer percentage
compared with unbound ceramides, a
further increased percentage of MuC-
ers could have a destabilizing effect,
increasing SC permeability. To
examine the correlation with deple-
tion because of shorter chain cer-
amide binding, the difference in MCL
between the bound OCers and EOC-
ers was calculated. Saturation was
included as a separate parameter. The
difference in saturated ceramide MCL
between EOCers and OCers corre-
lated to SC barrier function.

In summary, the bound ceramide
composition of patients with AD con-
tained more MuCers and S-subclass
ceramides in lesional and nonlesional
sites than healthy SC and at lesional
sites, the chain length was reduced.
These alterations in composition corre-
lated to a decreased barrier function.
Although individual alterations corre-
lated, this does not imply a direct cau-
sality. It is feasible that all changes in
the bound and unbound lipid compo-
sition of patients with AD combined
would compromise the integrity of the
lipid organization and thereby decrease
SC barrier function. Nonetheless, it is
thought that the bound lipids function
as a scaffold for the unbound lipids. The
altered state of the bound ceramide
composition could impair this scaffold
function. Both changes in the synthesis
of precursor lipids and changes in the
binding process could have influenced
the bound ceramide composition in AD
(Boiten et al., 2019). Treatment in dogs
and mice has shown to increase bound
ceramides (Fujii et al., 2018; Popa
et al., 2011), making bound ceramides
a possible target for barrier repair
treatment of AD.
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Alterations of Immune and Keratinization Gene
Expression in Papulopustular Rosacea by Whole
Transcriptome Analysis
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TO THE EDITOR
Papulopustular rosacea (PPR) is a
chronic, incurable disease with limited
systemic treatment options (Holmes
et al., 2018; van Zuuren and
Fedorowicz, 2016). Expanding knowl-
edge of the molecular underpinnings
provides future directions for investi-
gation to better combat PPR.

Previous gene expression studies of
PPR interrogated specific genes using
microarray or quantitative reverse
transcriptaseePCR and compared PPR
and normal skin taken from separate
individuals (Buhl et al., 2015; Dajnoki
et al., 2017). We performed an unbi-
ased whole transcriptome search for
differentially expressed genes (DEGs) in
PPR and adjacent nonlesional skin from
the same individual. This design maxi-
mized the capture of gene expression
changes because of PPR and minimized
differences because of individual and
anatomical site variation.

The primary analysis compared PPR
(n ¼ 6) versus adjacent nonlesional skin
samples (n ¼ 6) from the same cosmetic
subunits of the lower face in the same
patients. A group of unrelated in-
dividuals without PPR (n ¼ 9) (normal
skin samples) was accrued as an addi-
tional control, with biopsies taken from
the same cosmetic subunit as PPR par-
ticipants. Supplementary Table S1
shows the characteristics of all 15
study participants. Supplementary
Figure S1 shows principal component
analyses of gene expression from PPR,
nonlesional, and normal skin samples.

PPR lesions demonstrated 487 DEGs
when compared with adjacent nonle-
sional skin (Padjusted < 0.05, adjusted
for false discovery rate), with 290
increased (Supplementary Table S2a)
and 197 decreased (Supplementary
Table S2b), with heat map shown
in Figure 1. Example DEGs and tran-
script levels in PPR, nonlesional, and
normal samples are displayed in
Supplementary Figure S2. Direction-
ality of changes were confirmed by
quantitative reverse transcriptaseePCR
(Figure 2) and immunohistochemistry
(Supplementary Figure S3).
Compared with the aforementioned
number of DEGs, more were found in
comparing PPR to normal skin from
unrelated individuals, 916 DEGs (649
increased [Supplementary Table S3a]
and 267 decreased [Supplementary
Table S3b]). As this higher number of
DEGs likely is due to individual differ-
ences as well as PPR pathology, our
analysis focused on the comparison
between PPR lesions and adjacent
nonlesional skin, which were from the
same individuals.

Immune-related DEGs that demon-
strated a >2-fold increase in PPR
comparedwith adjacent nonlesional skin
include: IL4I1 (Padjusted ¼ 3.0 � 10-8)
(Frampton and Blair, 2018), IL4R
(Padjusted ¼ 4.7 � 10-5) (Frampton and
Blair, 2018), TNFAIP2 (Padjusted ¼
2.63 � 10-5) (Sbidian et al., 2017), IL1B
(Padjusted ¼ 2.81 � 10-6) (Mertens and
Singh, 2009), and IL6 (Padjusted ¼ 6.7 �
10-4) (Mease et al., 2017).

Four other DEGs elevated in PPR
compared with adjacent nonlesional
skin are worthy of mention, even
though they were increased by 2-fold or
less, as inhibitors against their pathways
exist. These include IL17RA (Padjusted ¼
0.040) (Sbidian et al., 2017) (the DEG
S100A7A, downstream of IL17, was
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SUPPLEMENTARY TEXT S1
Statistical analysis

Statistical analysis was performed using
linear mixed modeling in SPSS, version
24 (IBM, Armonk, NY). Volunteers’ and
patients’ numbers were set as random
variable (1 to 24); this enabled a paired
comparison of the nonlesional and
lesional sites within a patient. In all
models, atopic dermatitis (AD) was set
as a fixed variable, being either 0 or 1,
indicating if the skin was healthy or
from a patient, respectively. Lesional
was set as a fixed variable nested within
AD: AD(lesional). Hereby, the model
takes into account that changes
because of lesions can only occur in
patients. This gives a separate value that
indicates if lesional sites were different
from nonlesional. A fixed variable
named EOCers was made; this in-
dicates if there was a difference be-
tween the groups of bound omega-
hydroxyl ceramides (OCers) and un-
bound linoleate esterified omega-
hydroxyl ceramides (EOCers).

For the statistical analysis of the per-
centage of ceramides with an unsatu-
rated acyl chain, a model was made
including all specifications described
previously. Interaction terms between
the fixed variables EOCers and AD and
EOCers and the nested lesional effect

were tested. These interactions describe if
a change in ceramides with an unsatu-
rated acyl chain because of AD or lesions
was different in the EOCers compared
with theOCers. Supplementary Figure S1
gives a schematic overview of thismodel.
After running the model, the interactions
had nonsignificant contributions. This
showed that changes in ceramides with
an unsaturated acyl chain because of AD
and lesions were similar in bound OCers
and EOCers. The interactions were
excluded for the final model. The
parameter estimates obtained with the
model are shown in Supplementary
Table S1. The intercept represents the
healthy bound OCer group.

The same model that was used for the
percentage of ceramides with an un-
saturated acyl chain was used for the
percentage of sphingosine subclass
ceramides. Again, a nonsignificant
contribution of interaction was
observed, indicating that the changes in
sphingosine subclass percentage did
not differ for bound OCers and EOCers.
The parameter estimates observed after
excluding the interactions are shown in
Supplementary Table S2.

To examine the mean carbon chain
length (MCL), a fixed factor for satura-
tion was added to the model. This
indicated if there was a difference in

MCL between the saturated and unsat-
urated ceramides. This gives an addi-
tional interaction and another level of
three-way interactions. The interaction
between AD and lesional skin and
saturation was added and the interac-
tion between saturation and EOCers
was added. The three-way interactions
between AD and lesional skin with
EOCer and saturation were added. This
describes if the change in MCL because
of AD or lesions in either the bound
OCers or EOCers was different because
of saturation. By running the model, it
was shown that the three-way in-
teractions were not significant and they
were excluded. The interactions of
saturation with AD and lesional skin
were nonsignificant and were excluded
as well. Supplementary Table S3 de-
picts the results of the final model. The
interactions between the EOCers and
AD and EOCers and lesions were sig-
nificant. This showed that the change in
MCL because of AD and lesions was
different in the bound OCers compared
with the unbound EOCers. Further-
more, the interaction between EOCers
and saturation was significant. This
showed that the change in MCL be-
tween OCers and EOCers was different
between saturated and unsaturated
ceramides.
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Supplementary Figure S1. Schematic representation of the LMM. Groups are indicated in blue boxes,

fixed effects are indicated by italics, and interactions are underlined and in italics. AD, atopic dermatitis;

EOCer, linoleate esterified omega-hydroxyl ceramide; LMM, linear mixed model; OCer, omega-hydroxyl

ceramide.
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Supplementary Figure S2. Comparing the chain length distribution. The carbon chain length distribution of the bound OCers and unbound EOCers is depicted.

For the EOCers, 18 carbons were subtracted to compensate for the linoleic acid. The amount is given in fmol per amount of stripped SC measured as

SquameScan. The data is depicted as mean � SD (healthy n ¼ 8, nonlesional n ¼ 16, lesional n ¼ 8). EOCer, linoleate esterified omega-hydroxyl ceramide;

OCer, omega-hydroxyl ceramide; SC, stratum corneum; SD, standard deviation; SQ, SquameScan.
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Supplementary Figure S3. Graphical depiction of correlations with barrier function. Each graph shows

the TEWL compared with a different parameter. The line depicts a linear regression between the points

indicating the correlation coefficient. EOCer, linoleate esterified omega-hydroxyl ceramide; MCL, mean

carbon chain length; MuCer, ceramide with an unsaturated acyl chain; OCer, omega-hydroxyl ceramide;

S-subclass, sphingosine subclass; TEWL, transepidermal water loss.

Supplementary Table S1. Linear Mixed Model Output for MuCer %

MuCer % Estimate P-value

95% confidence
interval

Lower Upper

Intercept (Healthy bound) 20.58 <0.001 16.54 24.62

EOCer �12.96 <0.001 �15.29 �10.62

AD 6.03 0.015 1.27 10.80

AD(Lesional) 7.07 <0.0001 3.94 10.20

Abbreviations: AD, atopic dermatitis; EOCer, linoleate esterified omega-hydroxyl ceramide; MuCer,
ceramide with an unsaturated acyl chain.

The table shows the output for the fixed variables of the linear mixed model. The estimate of the
intercept and effect sizes is given. The P-value and 95% intervals are given to interpret the output.
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Supplementary Table S2. Output of the LMM Used to Compare the
Percentage of S-Subclasses

S-Subclass % Estimate P-value

95% confidence
interval

Lower Upper

Intercept (Healthy bound) 71.43 <0.001 69.02 73.84

EOCer �20.18 <0.001 �21.66 �18.70

AD 4.50 0.003 1.67 7.32

AD(Lesional) 2.64 0.010 0.67 4.61

Abbreviations: AD, atopic dermatitis; EOCer, linoleate esterified omega-hydroxyl ceramide;
LMM, linear mixed model; S-subclass, sphingosine subclass.

The table shows the output for the fixed variables of the linear mixed model. The estimate of the
intercept and effect sizes is given. The P-value and 95% intervals are given to interpret the output.

Supplementary Table S3. Output of the LMM for the MCL Data

MCL Estimate P-value

95% confidence
interval

Lower Upper

Intercept 49.84 <0.001 49.66 50.03

AD �0.07 0.511 �0.28 0.14

AD(Lesional) �0.23 0.008 �0.40 �0.06

EOCer 0.80 <0.001 0.59 1.01

Saturation 2.09 <0.001 1.97 2.22

Interactions

AD*EOCer 0.28 0.016 0.05 0.51

AD(Lesional)*EOCer 0.37 0.002 0.15 0.60

Saturation* EOCer 0.38 <0.001 0.20 0.57

Abbreviations: AD, atopic dermatitis; EOCer, linoleate esterified omega-hydroxyl ceramide; LMM,
linear mixed model; MCL, mean carbon chain length.

The table shows the output for the fixed variables of the linear mixed model. The estimate of the
intercept and effect sizes is given. The P-value and 95% intervals are given to interpret the output.
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