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Abstract

Loss-of-function mutations in the FL G gene cause ichthyosis vulgaris (1) and represent the major
predisposing genetic risk factor for atopic dermatitis (AD). Although both conditions are
characterized by epidermal barrier impairment, AD also exhibits signs of inflammation. This work
was aimed at delineating the role of FLG loss-of-function mutations on eicosanoid metabolism in
IV and AD. Using human epidermal equivalents (HEES) generated with keratinocytes isolated
from nonlesional skin of patients with LG wild-type AD (WT/WT), FLG-mutated AD (FLG/
WT), IV (FLGIFLG), or FLGWT control skin, we assessed the potential autocrine role of
epidermal-derived eicosanoids in FLG-associated versus FLG-WT AD pathogenesis.
Ultrastructural analyses demonstrated abnormal stratum corneum lipid architecture in AD and IV
HEEs, independent of FLG genotype. Both AD (FLG/WT) and IV (FLG/ FLG) HEES showed
impaired late epidermal differentiation. Only AD (FLG/WT) HEEs exhibited significantly
increased levels of inflammatory cytokines. Analyses of lipid mediators revealed increased
arachidonic acid and 12-lipoxygenase metabolites. Whereas treatment of control HEES with
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arachidonic acid increased expression of inflammatory cytokines, 12-hydroxy-eicosatetraenoic
acid attenuated expression of late differentiation markers. Thus, FL G mutations lead to alterations
in epidermal eicosanoid metabolism that could serve as an autocrine trigger of inflammation and
impaired late epidermal differentiation in AD.

INTRODUCTION

The discovery that loss-of-function mutations in the human filaggrin (FLG) gene cause
ichthyosis vulgaris (IV) and predispose to atopic dermatitis (AD) has focused considerable
attention on the role of FLG in epidermal barrier function (Gruber et al., 2007; Palmer et al.,
2006; Rodriguez et al., 2009; Smith et al., 2006). Various models of IV and AD have been
developed to study the role of FLG in skin barrier function and AD pathogenesis. FLG
knockdown was carried out in organotypic skin cultures (Kuchler et al., 2011; Mildner et al.,
2010; Pendaries et al., 2014; van Drongelen et al., 2013; Vavrova et al., 2014). Furthermore,
skin cultures supplemented with T-helper type 2 cytokines were used to recapitulate AD in
vitro (Danso et al., 2014; Kamsteeg et al., 2011). However, the role of FLG in skin barrier
function in IV, a noninflammatory skin condition, and in AD, a disease with a strong
inflammatory component, has not been fully elucidated using these models.

By analyzing skin samples from patients, an abnormal composition of stratum corneum (SC)
lipids has been reported in AD. Levels of long-chain ceramides and long-chain free-fatty
acids decline, whereas ceramides and free-fatty acids with short-chain length increase in
both lesional and nonlesional AD skin, independent of FLG mutations (Janssens et al., 2012;
van Smeden et al., 2014b). In contrast, information about the role of bioactive lipid
mediators in AD, with and without ~L G mutations, and in IV are incomplete, despite the
apparently important role of bioactive polyunsaturated fatty acid (PUFA)-derived mediators
in skin physiology (Kendall et al., 2015; Krieg and Furstenberger, 2014; Munoz-Garcia et
al., 2014). Eicosanoids, the most prominent PUFA derivatives, arise from 20-carbon PUFASs,
such as arachidonic (AA,; 20:4, w6), eicosapentaenoic (EPA; 20:5, w3), and dihomo-gamma-
linolenic acid (20:3, w6) through oxidation via cyclooxygenase, lipoxygenase (LOX), and
cytochrome P450 enzymes. They are rapidly synthesized in response to various stimuli,
acting locally in an autocrine and/or paracrine manner (Kendall and Nicolaou, 2013). Earlier
studies reported increased levels of AA and its bioactive lipid-mediator-metabolites
leukotriene B4 and prostaglandin E2 in lesions of patients with AD (Fogh et al., 1989;
Ruzicka et al., 1986; Schafer and Kragballe, 1991). Although a critical role of leukotriene
B4 in the pathogenesis of AD-like symptoms was shown in a murine model (Oyoshi et al.,
2012), the contribution of other eicosanoids to AD remains to be investigated and correlated
with FL G mutation status. Hence, it seems reasonable that skin lipid profiling in both AD
with FLG mutations and 1V could unravel additional pathogenic mechanisms that favor the
development of AD.

In this study, we (i) establish human epidermal equivalents (HEES), generated with
keratinocytes from patients with FLG wild-type (WT) AD [AD (WT/WT)], FLG
heterozygous AD [AD (FLGI/WT)], FLG compound heterozygous or homozygous IV [IV
(FLGIFLG)], and from FLGWT control subjects [ctrl (WT/WT)]; (ii) assess the validity of
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these patient keratinocyte-derived HEES as model systems for human skin; and (iii) evaluate
the link between FL G mutations and the composition of bioactive lipid mediators.

RESULTS

Structural abnormalities in AD (WT/WT), AD (FLG/WT), and IV (FLG/FLG) HEEs recapitulate
IV/IAD in vivo

We obtained skin biopsies from the nonlesional, non-UV exposed trunk from 12 patients
with AD without FLG mutations (WT/WT), 3 patients with AD with heterozygous FLG
mutations (FLG/WT), 3 patients with 1V with compound heterozygous or homozygous FLG
mutations (FLGI/FLG), and 14 healthy control (ctrl) subjects without FL G mutations (WT/
WT). HEEs were generated using isolated keratinocytes and cultured at a humidity of 40—
60% (Sun et al., 2015). Histologic analyses showed intact epidermal differentiation in HEES
from all four groups (Figure 1a). IV HEEs exhibited a complete absence of keratohyalin
granules in the stratum granulosum (Figure 1a and b, Supplementary Table S1 on-line).
Ultrastructural analyses by transmission electron microscopy confirmed lack of keratohyalin
granules in IV HEEs. In AD (FLGIWT) HEEs, the size and numbers of keratohyalin
granules were reduced or normal as compared with ctrl HEEs (Figure 1b, Supplementary
Table S1). HEEs from all four groups showed intact corneodesmosomes and regular
appearing cornified envelopes (Figure 1b and c¢) (Oji et al., 2010). To explore the SC
lamellar bilayer organization, we used the ruthenium tetroxide postfixation (Gruber et al.,
2011). Ctrl HEEs exhibited regular SC lamellar bilayer architecture (Figure 1c). In contrast,
SC from AD (WT/WT), AD (FLG/WT), and IV HEEs showed disorganized lamellar bilayer
structures, that is, a disruption of mature lamellar bilayer organization by incompletely
processed lamellar material (Figure 1c). In contrast to ctrl HEES, there was premature
secretion of lamellar body (LB) contents into the extracellular spaces of the stratum
granulosum (Figure 1b), and secretion appeared inhomogeneous at the stratum granulosum-
SC interface (Figure 1d). Compared with ctrl HEEs, AD (WT/WT), AD (FLG/WT), and IV
HEEs displayed aberrant LB internal structures (Supplementary Table S1). LB entombment,
that is, entrapment of nonsecreted LB contents within the corneocytes, was seen in
approximately 50% of AD and IV HEEs (Figure 1c and d). Together, these ultrastructural
analyses confirm that HEES generated from AD and IV keratinocytes recapitulate the
structural abnormalities of IV and AD human skin (Gruber et al., 2011; Gruber and
Schmuth, 2015; Werner et al., 1987).

Permeability to Lucifer yellow (LY) is nhot compromised in IV and AD HEEs

To assess barrier permeability properties in HEEs, we used the LY assay. We applied 200 pl
of hydrophilic LY dye for a time period of 2 hours onto the SC of fully differentiated HEES
at day 12. Supplementary Figure S1 online shows that LY dye did not permeate into the SC
of any HEE.

Alterations of late epidermal differentiation in AD and IV HEEs mimic AD and IV

Compared with healthy controls, FL G mRNA levels were not altered in AD (WT/WT)
HEEs, but were reduced by 60% in AD (FLG/\WT) HEEs (Figure 2a, Supplementary Table
S2 on-line). IV HEEs exhibited a 90% reduction of FLG mRNA levels (Figure 2a).
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Accordingly, FLG protein levels were strikingly reduced in AD (FLG/WT) HEEs and absent
in IV HEEs. Notably, FLG protein was also decreased in AD (WT/WT) HEEs (Figure 2b).
In contrast, in both FLGWT and mutated AD HEEs, LOR expression did not change at
either the mRNA or protein levels when compared with ctrl HEEs (Figure 2). IV HEES
showed reduced LOR mRNA levels, but no changes at the protein level (Figure 2a and b).
As depicted in Figure 2a and Supplementary Table S2, HRNR mRNA levels increased in
AD (WT/WT) and AD (FLG/WT) HEEs when compared with ctrl HEEs, but declined in IV
HEEs. HRNR protein levels were strikingly reduced in AD (FLG/WT) and in IV HEES
(Figure 2b). Protein and mRNA levels of early epidermal differentiation markers including
TGML1, KRT1, and KRT10 remained unchanged in AD and IV HEEs (Figure 2). These data
demonstrate that HEES generated with keratinocytes of patients with AD and IV show
similar FLG expression patterns as in patient skin (Gruber et al., 2011; Jensen et al., 2004;
Pellerin et al., 2013; Suarez-Farinas et al., 2011; van den Bogaard et al., 2013). Furthermore,
our findings suggest that a decrease in HRNR parallels FL G loss-of-function mutations.

AD HEEs exhibit increased expression of inflammatory cytokines

Next, we evaluated the impact of AL G mutations in AD and 1V on the expression of
cytokines that are known to be produced by keratinocytes in response to skin barrier
disruption and/or have been implicated in AD (Czarnowicki et al., 2014; Thyssen and Kezic,
2014). We found a 1.7-fold and a 4.4-fold increase of /L1B mRNA levels in AD (WT/WT)
and AD (FLGIWT) HEEs, respectively, when compared with ctrl HEEs (Figure 2a,
Supplementary Table S2). Similarly, 7AVFA and TARC mRNA levels were increased 4.2-
and 2.7-fold in AD (FLGANT) HEEs versus ctrl HEEs (Figure 2a). In contrast, epidermal
MRNA levels of the epithelial alarmins, /L-33 and TSLPwere not altered (Figure 2a), and
/L-25remained undetectable (data not shown). IV HEES did not exhibit alterations in levels
of inflammatory mediators when compared with crtl HEEs (Figure 2a). These findings
demonstrate that AD but not IV HEE displays increased levels of inflammatory mediators.

AD and IV HEEs exhibit changes in w6- and 3-PUFA compaosition

As HEEs generated with patient keratinocytes recapitulate many features of human
epidermis of patients with AD and 1V (Supplementary Table S3 online), we next used these
models to unravel potential new pathways involved in the pathogenesis of the two diseases.
PUFAs and their products have been suggested to be mediators in inflammatory skin
diseases (Kendall and Nicolaou, 2013). Therefore, we assessed bioactive lipid profiles by
liquid chromatography mass spectrometry in AD (WT/WT) HEEs, AD (FLG/WT), IV, and
in ctrl HEEs. First, we quantified w6- and w3-PUFAs. Although w6- and w3-PUFA
composition displayed changes in both AD and IV HEEs when compared with ctrl HEEs
(Figure 3, Supplementary Table S4 online), overall w6- and w3-PUFA proportions remained
similar in all groups (Supplementary Figure S2 online). Furthermore, the proportions of w6-
PUFAs dihomo-gamma-linolenic acid and AA were increased by 4% (dihomo-gamma-
linolenic acid: ctrl: 11.9% + 0.8%; AD (FLGI/WT): 15.9% + 0.6%; P= 0.02) and by 15%
(AA: ctrl: 39.4% = 3.3%; AD (FLGIWT): 54.4% + 0.9%; P=0.07) in AD (FLG/WT) HEEs
when compared with ctrl HEEs (Supplementary Figure S3 online). These data suggest that
an imbalance in the metabolic synthesis of w6-PUFAs may be associated with AD in
patients harboring ~L G mutation, which could be explained by a potential increase in
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phospholipase A, (PLA). We found that mRNA levels of three epidermal PLA, tended to
be increased in AD (FLG/WT) HEEs (Figure S7); however, this increase was not significant.
Among w3-PUFAs, docosapentaenoic acid levels were higher in AD (WT/WT), AD (FLG/
WT), and IV HEEs when compared with crtl HEEs (Figure 3, Supplementary Table S4
online). In contrast, EPA and docosahexaenoic acid concentrations were only increased in
AD (WT/WT) and AD (FLGI/WT) HEEs, respectively, when compared with ctrl HEES
(Figure 3, Supplementary Table S4). Thus, one might speculate that EPA-,
docosahexaenoic-, and docosapentaenoic acid-derived anti-inflammatory lipids such as
resolvins and protectins that are termed specialized proresolving mediators may contribute
to dampening local inflammation (Basil and Levy, 2016; Morita et al., 2013; Schwab et al.,
2007; Serhan et al., 2011). Yet, our analysis did not reveal changes in levels of the
docosahexaenoic-derived specialized pro-resolving mediators resolvins D1 and D2,
neuroprotectin D1, and maresin (Supplementary Table S5 online). Because we did not assay
additional specialized proresolving mediators derived from docoahexaenoic,
docosapenaenoic acid and EPA, we cannot entirely exclude a role of these metabolites in AD
and IV.

12-LOX metabolism is potentially enhanced in FLG-mutated AD HEEs

Because AA levels increased in AD (FLG/WT) HEEs (Figures 3 and 4, Supplementary
Table S4), we next measured levels of eicosanoids in HEEs using liquid chromatography
mass spectrometry methodology. Among the AA-hydroxy-fatty acid metabolites, the 12-
LOX metabolite 12-hydroxy-eicosatetraenoic acid (HETE) predominated in all HEE groups
(Supplementary Figure S4a and b online). Furthermore, the 12-L OX product, 12-hydroxy-
eicosapentaenoic acid (HEPE), was the predominant eicosanoid arising from EPA
(Supplementary Figure S4c and d). We next compared changes in eicosanoid composition
using a pathway-oriented approach. FL G-mutated AD HEEs exhibited a 207% increase of
12-L.OX metabolites when compared with ctrl HEEs (Figure 4, Supplementary Table S6
online). Specifically, levels of 12-HETE and 12-HEPE were significantly increased (Figure
4b). While 12-HETE represented 43.3% of all AA-derived metabolites in ctrl HEEs, its
levels increased to 77% in AD (FLG/WT) HEEs (P = 0.05) (Supplementary Figure S4a, b,
and e). Compared with ctrl HEES, the 12-HEPE fraction among all EPA products increased
by nearly 20% (P = 0.06) in AD (FLG/WT) (Supplementary Figure S4c, d, and f).These data
point to increased conversion of AA and EPA to 12-HETE and 12-HEPE, likely resulting
from enhanced 12-LOX metabolism. Interestingly, 15-HETE and 15-HEPE levels
significantly increased in 1V HEEs versus ctrl HEEs (Figure 4c), in line with a tendency of
elevated 15-LOX metabolite levels (P=0.08) in these HEEs (Figures 3 and 4,
Supplementary Tables S4 and S6). Of note, several prostaglandins, such as prostaglandin D,
and prostaglandin E,, were detectable in all HEEs, whereas levels of other metabolites, such
as thromboxane B, and prostaglandine J,, were below detection limits (<0.2 ng/g) in some
samples. Similarly, levels of leukotriene B4 and its metabolites were below the detection
limit of the methodology in many samples (Supplementary Table S4). These results suggest
that 5-LOX-derived products found in AD skin likely arise from infiltrating immune cells
(Kendall and Nicolaou, 2013; Werz, 2002). Accordingly, levels of the 5-LOX product 5-
HETE were usually very low or under the detection limit in all examined samples
(Supplementary Table S4). In summary, our findings demonstrate potentially augmented 12-
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LOX metabolism, resulting in increased 12-HETE and 12-HEPE levels in AD (FLG/WT)
HEEs.

Treatment of control HEEs with AA or 12-HETE partially recapitulates the phenotype of AD
(FLG/WT) HEEs

We next tested the effects of AA, 12-HETE, and 12-HEPE on ctrl HEEs. First, we
performed dose-response experiments to determine optimal AA, 12-HETE, and 12-HEPE
concentrations (Supplementary Figure S5 online). Treatment with AA at a concentration of
50 uM led to a significant increase of /LI1Band TARC mRNA levels in ctrl HEEs, without
impacting HEE morphology (Figure 5a and b). In contrast, the expression of late epidermal
differentiation markers, such as FLG, HRNR, and LOR, and early differentiation markers
including TGM1, KRT1, and KRT10 did not change after AA treatment (Figure 5a—c).
Furthermore, treatment of ctrl HEEs with 0.05 uM 12-HETE resulted in a downregulation of
HRNR and L OR mRNA levels (Figure 5d). In line with gene expression data, HRNR protein
was strikingly reduced in 12-HETE-treated ctrl HEEs (Figure 5d—f). Despite reduced LOR
mMRNA levels and a trend toward decreased FL G gene expression in 12-HETE-treated HEES,
LOR and FLG protein expression did not change when compared with vehicle-treated ctrl
HEEs, respectively (Figure 5d—f). Interestingly, 12-HETE treatment led to a decrease of
TNFA mRNA levels. 12-HETE changed neither gene and protein expression of early
differentiation markers 7GM1, KRT1, and KRT10 nor the morphology of HEEs (Figure 5d—
f). Of note, treatment of ctrl HEEs with 12-HEPE at a concentration of 0.5 uM diminished
FLGand LOR mRNA levels, yet it did not alter FLG and LOR protein expression
(Supplementary Figure S6 online). Expression levels of other epidermal differentiation
markers and of inflammatory mediators were not altered by 12-HEPE treatment
(Supplementary Figure S6). In summary, these data show that 12-HETE and 12-HEPE
attenuate the expression of various keratinocyte differentiation markers. Yet only treatment
with 12-HETE leads to decreased levels of HRNR. In contrast, AA treatment induces the
expression of a specific set of inflammatory mediators.

DISCUSSION

The current study describes HEEs generated with patient keratinocytes as an in vitro model
for both AD and IV. We report here that AD (WT/WT), AD (FLG/WT), and IV HEEs
closely recapitulate many epidermal features observed in both diseases as summarized in
Supplementary Table S3. In line with data from human skin biopsies, ultrastructural analyses
of AD (WT/WT), AD (FLG/WT), and IV HEEs show significant alterations in the SC lipid
architecture, that is, disturbed loading of LB content, premature LB secretion, and abnormal
postsecretory lipid organization resulting in defective SC lipid bilayer structure (Figure 1b—
d, Supplementary Table S1) (Gruber et al., 2011; Gruber and Schmuth, 2015; Werner et al.,
1987). Notably, these findings do not correlate with FLG genotype in AD HEEs
(Supplementary Tables S1 and S3). These data suggest that a common denominator, which
might be linked to abnormal keratinocyte differentiation, is responsible for LB alterations in
both AD and IV, independent of FL G genotype. Analyses of epidermal differentiation
markers further confirm the close resemblance of HEEs generated with AD and IV
keratinocytes with patient skin (Figure 2, Supplementary Table S3). FLG and LOR
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expression patterns in AD and IV HEEs largely concur with data from human skin
(Supplementary Table S3) (Gruber et al., 2011; Jensen et al., 2004; Nirunsuksiri et al., 1995;
Pellerin et al., 2013). Similarly, HRNR protein levels were reduced in AD (FLG/WT) and IV
HEEs (Pellerin et al., 2013). Yet, in contrast to human skin biopsies, HRNR was not
decreased in AD (WT/WT) HEEs. This discrepancy can likely be explained by our HEEs,
which are devoid of immune cells, and therefore lack cytokines such as IL-4, 1L-13, and
IL-25 that were shown to diminish HRNR (Pellerin et al., 2013). Instead, we found
increased /L1B, TARC, and TNFA mRNA levels in FLG-mutated AD HEEs, similar to
earlier findings in human AD skin (Supplementary Table S3) (Kezic et al., 2012; Suarez-
Farinas et al., 2011; Szegedi et al., 2015). In IV HEEs inflammatory cytokine levels
remained unchanged, underscoring the noninflammatory character of this disease (Figure
2a) (Kypriotou et al., 2013).

Mutations in epidermal structural proteins are often associated with impaired cutaneous
barrier function (Elias et al., 2010). However, in this current data set, assessment of
epidermal barrier competence by means of hydrophilic LY dye assay did not reveal
increased LY barrier permeation depending on FL G mutation status (Supplementary Figure
S1). In contrast, increased LY penetration in small interfering RNA- and shRNA-mediated
FL G-knocked down organotypic skin cultures has been observed (Mildner et al., 2010;
Pendaries et al., 2014). These conflicting data can be attributed to differences in model
systems, that is, patient keratinocytes versus RNA interference techniques (Mildner et al.,
2010; Pendaries et al., 2014; van Drongelen et al., 2013). Because we did not assess barrier
competence using lipophilic compounds, we cannot comment on permeability for lipophilic
substances. Prior work did not report impaired barrier function for the lipophilic substances
butylPABA and testosterone in stably ~LG-knocked down organotypic skin cultures
(Honzke et al., 2016; van Drongelen et al., 2013).

Besides fulfilling important structural functions (van Smeden et al., 2014a), epidermal lipids
also serve as important bioactive signaling molecules in the epidermis (Hammarstrom et al.,
1979; Kendall and Nicolaou, 2013; Kendall et al., 2015; Ruzicka et al., 1986). It has
previously been reported that AA levels increase in lesional AD (Schafer and Kragballe,
1991). Accordingly, we found higher amounts of free AA in AD (FLG/WT) HEEs, when
compared with ctrl HEEs (Figures 3 and 4b, Supplementary Table S4). Free AA can
originate from various sources including increased release from phospholipids via IL-1p-
induced PLA, activity and enhanced breakdown of linoleic acid (Kendall and Nicolaou,
2013; Marcelo and Dunham, 1993; Murakami et al., 2015). We here report significantly
increased /L 1B expression and decreased proportions of linoleic acid associated with
significantly increased amounts of AA in AD (FLG/WT) HEEs. It is possible that in AD
HEEs, both increased metabolism of linoleic acid and PLA; activity via IL-1p contribute to
increasing AA, which is supported by our results on PLA, mRNA levels (Supplementary
Figure S7 online). Thus, corticosteroids exert their anti-inflammatory functions in AD
therapy not only via effects on immune cells but also by inhibiting the release of AA through
inhibition of PLA, activity as well (Vane and Botting, 1987). Similarly, the calcineurin-
inhibitor cyclosporin A, a drug used in systemic AD treatment, diminishes the T-cell
response in AD and decreases both IL-1p and AA concentrations in mouse epidermis (Gupta
et al., 1989). We show here that treatment with AA increases /L 1B expression in HEEs
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generated with ctrl keratinocytes (Figure 5a). Therefore, it is possible that a mutual
regulation exists between AA and IL-1p. The fact that AA levels increase in AD HEEs and
that AA induces an inflammatory phenotype in HEEs strongly suggests a pathomechanistic
role of AA in AD (Figure 6) (Schafer and Kragballe, 1991).

Previous reports demonstrate a decrease in 12-HETE keratinocyte-binding sites after UVB
and cyclosporin A treatment, two regimens exerting therapeutic effects in AD (Arenberger et
al., 1991; Kemeny et al., 1991). We report increased levels of 12-HETE and 12-HEPE in AD
(FLGIWT) HEEs. 12-HETE exerts chemoattractant effects that cause dermal influx of
immune cells and lead to epidermal spongiosis and hyperplasia, histological features
observed in AD skin lesions (Chan et al., 1985; Dowd et al., 1985; Ford-Hutchinson et al.,
1980; Goetzl et al., 1977; Ruzicka and Burg, 1987; Waldman et al., 1989). Hence, enhanced
12-LOX metabolism in keratinocytes leading to increased 12-HETE levels might contribute
to AD development in patients harboring ~L G mutations. Accordingly, we have shown that
12-HETE treatment of ctrl HEEs partly recapitulates the phenotype of AD (FLG/WT) HEEs
by substantially reducing HRNR mRNA and protein levels in ctrl HEEs (Figure 5¢ and e).
Thus, treatment of ctrl HEEs with 12-HETE or AA exerts distinct effects replicating several
key features observed in AD (FLG/WT) HEEs and stressing the role of 12-HETE and AA in
AD development and/or persistence. Furthermore, we found that 15-HETE levels are only
upregulated in 1V HEEs when compared with crtl HEEs (Figure 4c). 15-HETE inhibits T-
cell proliferation and reduces synthesis of leukotriene B4 by leukocytes (Bailey et al., 1982;
Camp and Fincham, 1985; Chen et al., 2003; Gualde et al., 1985; Hsi et al., 2001;
Vanderhoek et al., 1980; Waldman et al., 1989). Moreover, 15-HETE exerts anti-
inflammatory effects; for example, it ameliorates psoriasis when injected into skin (Fogh et
al., 1988). Hence, 15-HETE via its inhibitory effects on skin-infiltrating immune cells could
impede the transition of 1V to AD.

In summary, we conclude that /. G mutations lead to alterations in epidermal eicosanoid
composition in AD that are not observed in IV. In AD, FLG mutations increase AA and 12-
HETE in keratinocytes that trigger inflammation and impair late epidermal differentiation
(Figure 6), similar to what has been proposed previously for T-helper type 2 cytokines in
support of the outside-inside back-to-outside concept.

MATERIALS AND METHODS

Human subjects

The study was approved by the Ethics Committee of the Medical University of Innsbruck
and conducted in accordance with the Declaration of Helsinki principles. All study subjects
gave written informed consent and participated voluntarily. Biopsies were taken from the
nonlesional, non-UV-exposed trunk skin of adult Caucasian patients with AD without FLG
mutations (WT/WT) (n = 12), adult Caucasian patients with AD with heterozygous FLG
mutations (FLG/WT) (n = 3), adult Caucasian patients with IV with compound heterozygous
and homozygous FLG mutations (FLG/FLG) (n = 3), and adult Caucasian healthy control
subjects without FL G mutations (W77 WT) (n = 14). Study subjects were screened for
common European FLG variants ¢.1501C>T, ¢.2282_2285delCAGT, ¢.7339C>T, and c.
9740C>A as described in the Supplementary Materials online. All FL G-mutated patients
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with AD were heterozygous for ¢.2282del4. Patients with IV were compound heterozygous
for R501X/2282del4 (n = 1) and for R501X/R2447X (n = 1) and homozygous for
2282del4/2282del4 (n = 1). None of the patients used emollients or any other topical
formulations for at least 5 days before a skin biopsy was performed. Patients undergoing
treatment with phototherapy or systemic immunosuppressants were excluded from the study.

Keratinocyte isolation

Methods are described in the Supplementary Materials.

Generation of HEEs

HEEs were generated as described previously (Sun et al., 2015). For further details see
Supplementary Materials.

RNA isolation and reverse transcriptase-PCR, immunohistochemistry, LY assay, and
transmission electron microscopy

Methods are described in the Supplementary Materials.

HPLC-ESI-MS-MS analysis of free-fatty acids and eicosanoids and docosanoids

The HPLC-ESI-MS-MS method was performed as described previously (Ruhl, 2006). For
further details see Supplementary Materials.

Statistical analysis

Data are presented, if not other specified, as mean + standard error of the mean. Statistical
significance was determined between AD (WT/WT), AD (FLGIWT), or IV (FLGIFLG)
HEEs and ctrl HEEs using Student’s unpaired two-tailed #test with significance determined
as a Pvalue < 0.05. For further details see Supplementary Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FLG filaggrin
HEE human epidermal equivalent
HEPE hydroxy-eicosapentaenoic acid
HETE hydroxy-eicosatetraenoic acid
HRNR hornerin
IL1B interleukin-1 beta
v ichthyosis vulgaris
KRT1 keratin 1
LB lamellar body
LOR loricrin
LOX lipoxygenase
LY Lucifer yellow
PLA, phospholipase A,
PUFA poly-unsaturated fatty acid
SC stratum corneum
WT wild type

References

Arenberger P, Ruzicka T, Kemeny L. Effect of ciclosporin on epidermal 12(S)-hydroxyeicosatetraenoic
acid binding sites. Skin Pharmacol. 1991; 4:272—7. [PubMed: 1789988]

Bailey JM, Bryant RW, Low CE, Pupillo MB, Vanderhoek JY. Regulation of T-lymphocyte
mitogenesis by the leukocyte product 15-hydroxy-eicosatetraenoic acid (15-HETE). Cell Immunol.
1982; 67:112-20. [PubMed: 6804096]

Basil MC, Levy BD. Specialized pro-resolving mediators: endogenous regulators of infection and
inflammation. Nat Rev Immunol. 2016; 16:51-67. [PubMed: 26688348]

Camp RD, Fincham NJ. Inhibition of ionophore-stimulated leukotriene B4 production in human
leucocytes by monohydroxy fatty acids. Br J Pharmacol. 1985; 85:837-41. [PubMed: 2994785]

Chan CC, Duhamel L, Ford-Hutchison A. Leukotriene B4 and 12-hydroxyeicosatetraenoic acid
stimulate epidermal proliferation in vivo in the guinea pig. J Invest Dermatol. 1985; 85:333-4.
[PubMed: 2995499]

Chen GG, Xu H, Lee JF, Subramaniam M, Leung KL, Wang SH, et al. 15-Hydroxy-eicosatetraenoic
acid arrests growth of colorectal cancer cells via a peroxisome proliferator-activated receptor
gamma-dependent pathway. Int J Cancer. 2003; 107:837-43. [PubMed: 14566836]

Czarnowicki T, Krueger JG, Guttman-Yassky E. Skin barrier and immune dysregulation in atopic
dermatitis: an evolving story with important clinical implications. J Allergy Clin Immunol Pract.
2014; 2:371-9. quiz 80-1. [PubMed: 25017523]

Danso MO, van Drongelen V, Mulder A, van Esch J, Scott H, van Smeden J, et al. TNF-alpha and Th2
cytokines induce atopic dermatitis-like features on epidermal differentiation proteins and stratum

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blunder et al.

Page 11

corneum lipids in human skin equivalents. J Invest Dermatol. 2014; 134:1941-50. [PubMed:
24518171]

Dowd PM, Kobza Black A, Woollard PM, Camp RD, Greaves MW. Cutaneous responses to 12-
hydroxy-5,8,10,14-eicosatetraenoic acid (12-HETE). J Invest Dermatol. 1985; 84:537-41.
[PubMed: 3998504]

Elias PM, Williams ML, Crumrine D, Schmuth M. Inherited disorders of corneocyte proteins. Curr

Probl Dermatol. 2010; 39:98-131. [PubMed: 20838039]

Fogh K, Herlin T, Kragballe K. In vitro inhibition of leukotriene B4 formation by exogeneous 5-
lipoxygenase inhibitors is associated with enhanced generation of 15-hydroxy-eicosatetraenoic
acid (15-HETE) by human neutrophils. Arch Dermatol Res. 1988; 280:430-6. [PubMed: 2849922]

Fogh K, Herlin T, Kragballe K. Eicosanoids in skin of patients with atopic dermatitis: prostaglandin E2
and leukotriene B4 are present in biologically active concentrations. J Allergy Clin Immunol.
1989; 83:450-5. [PubMed: 2537352]

Ford-Hutchinson AW, Bray MA, Doig MV, Shipley ME, Smith MJ. Leukotriene B, a potent
chemokinetic and aggregating substance released from polymorphonuclear leukocytes. Nature.
1980; 286:264-5. [PubMed: 6250050]

Goetzl EJ, Woods JM, Gorman RR. Stimulation of human eosinophil and neutrophil
polymorphonuclear leukocyte chemotaxis and random migration by 12-L-hydroxy-5,8,10,14-
eicosatetraenoic acid. J Clin Invest. 1977; 59:179-83. [PubMed: 830662]

Gruber R, Elias PM, Crumrine D, Lin TK, Brandner JM, Hachem JP, et al. Filaggrin genotype in
ichthyosis vulgaris predicts abnormalities in epidermal structure and function. Am J Pathol. 2011;
178:2252-63. [PubMed: 21514438]

Gruber R, Janecke AR, Fauth C, Utermann G, Fritsch PO, Schmuth M. Filaggrin mutations p.R501X
and c2282del4 in ichthyosis vulgaris. Eur J Hum Genet. 2007; 15:179-84. [PubMed: 17164798]

Gruber R, Schmuth M. Ultrastructural differences between atopic dermatitis with and without filaggrin
deficiency. J Invest Dermatol. 2015; 135:S43-S. [PubMed: 26269265]

Gualde N, Atluru D, Goodwin JS. Effect of lipoxygenase metabolites of arachidonic acid on
proliferation of human T cells and T cell subsets. J Immunol. 1985; 134:1125-9. [PubMed:
2981258]

Gupta AK, Fisher GJ, Elder JT, Talwar HS, Esmann J, Duell EA, et al. Topical cyclosporine A inhibits
the phorbol ester induced hyperplastic inflammatory response but not protein kinase C activation
in mouse epidermis. J Invest Dermatol. 1989; 93:379-86. [PubMed: 2570112]

Hammarstrom S, Lindgren JA, Marcelo C, Duell EA, Anderson TF, Voorhees JJ. Arachidonic acid
transformations in normal and psoriatic skin. J Invest Dermatol. 1979; 73:180-3. [PubMed:
572390]

Honzke S, Wallmeyer L, Ostrowski A, Radbruch M, Mundhenk L, Schafer-Korting M, et al. Influence
of Th2 cytokines on the cornified envelope, tight junction proteins, and p-defensins in filaggrin-
deficient skin equivalents. J Invest Dermatol. 2016; 136:631-9. [PubMed: 27015451]

Hsi LC, Wilson L, Nixon J, Eling TE. 15-Lipoxygenase-1 metabolites downregulate peroxisome
proliferator-activated receptor gamma via the MAPK signaling pathway. J Biol Chem. 2001;
276:34545-52. [PubMed: 11447213]

Janssens M, van Smeden J, Gooris GS, Bras W, Portale G, Caspers PJ, et al. Increase in short-chain
ceramides correlates with an altered lipid organization and decreased barrier function in atopic
eczema patients. J Lipid Res. 2012; 53:2755-66. [PubMed: 23024286]

Jensen JM, Folster-Holst R, Baranowsky A, Schunck M, Winoto-Morbach S, Neumann C, et al.
Impaired sphingomyelinase activity and epidermal differentiation in atopic dermatitis. J Invest
Dermatol. 2004; 122:1423-31. [PubMed: 15175033]

Kamsteeg M, Bergers M, de Boer R, Zeeuwen PL, Hato SV, Schalkwijk J, et al. Type 2 helper T-cell
cytokines induce morphologic and molecular characteristics of atopic dermatitis in human skin
equivalent. Am J Pathol. 2011; 178:2091-9. [PubMed: 21514424]

Kemeny L, Przybilla B, Gross E, Arenberger P, Ruzicka T. Inhibition of 12(S)-hydroxyeicosatetraenoic
acid [12(S)-HETE] binding to epidermal cells by ultraviolet-B. J Invest Dermatol. 1991; 97:1028-
31. [PubMed: 1660907]

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blunder et al.

Page 12

Kendall AC, Nicolaou A. Bioactive lipid mediators in skin inflammation and immunity. Prog Lipid
Res. 2013; 52:141-64. [PubMed: 23124022]

Kendall AC, Pilkington SM, Massey KA, Sassano G, Rhodes LE, Nicolaou A. Distribution of
bioactive lipid mediators in human skin. J Invest Dermatol. 2015; 135:1510-20. [PubMed:
25668241]

Kezic S, O’Regan GM, Lutter R, Jakasa I, Koster ES, Saunders S, et al. Filaggrin loss-of-function
mutations are associated with enhanced expression of IL-1 cytokines in the stratum corneum of
patients with atopic dermatitis and in a murine model of filaggrin deficiency. J Allergy Clin
Immunol. 2012; 129:1031-1039¢e1. [PubMed: 22322004]

Krieg P, Furstenberger G. The role of lipoxygenases in epidermis. Biochim Biophys Acta. 2014;
1841:390-400. [PubMed: 23954555]

Kuchler S, Henkes D, Eckl KM, Ackermann K, Plendl J, Korting HC, et al. Hallmarks of atopic skin
mimicked in vitro by means of a skin disease model based on FLG knock-down. Altern Lab Anim.
2011; 39:471-80. [PubMed: 22103940]

Kypriotou M, Boechat C, Huber M, Hohl D. Spontaneous atopic dermatitis-like symptoms in a/a ma
ft/ma ft/J flaky tail mice appear early after birth. PloS One. 2013; 8:¢67869. [PubMed: 23844115]

Marcelo CL, Dunham WR. Fatty acid metabolism studies of human epidermal cell cultures. J Lipid
Res. 1993; 34:2077-90. [PubMed: 8301228]

Mildner M, Jin J, Eckhart L, Kezic S, Gruber F, Barresi C, et al. Knockdown of filaggrin impairs
diffusion barrier function and increases UV sensitivity in a human skin model. J Invest Dermatol.
2010; 130:2286-94. [PubMed: 20445547]

Morita M, Kuba K, Ichikawa A, Nakayama M, Katahira J, Iwamoto R, et al. The lipid mediator
protectin D1 inhibits influenza virus replication and improves severe influenza. Cell. 2013;
153:112-25. [PubMed: 23477864]

Munoz-Garcia A, Thomas CP, Keeney DS, Zheng Y, Brash AR. The importance of the lipoxygenase-
hepoxilin pathway in the mammalian epidermal barrier. Biochim Biophys Acta. 2014; 1841:401—
8. [PubMed: 24021977]

Murakami M, Sato H, Miki Y, Yamamoto K, Taketomi Y. A new era of secreted phospholipase A(2). J
Lipid Res. 2015; 56:1248-61. [PubMed: 25805806]

Nirunsuksiri W, Presland RB, Brumbaugh SG, Dale BA, Fleckman P. Decreased profilaggrin
expression in ichthyosis vulgaris is a result of selectively impaired posttranscriptional control. J
Biol Chem. 1995; 270:871-6. [PubMed: 7822325]

Qji V, Tadini G, Akiyama M, Blanchet Bardon C, Bodemer C, Bourrat E, et al. Revised nomenclature
and classification of inherited ichthyoses: results of the First Ichthyosis Consensus Conference in
Soreze 2009. J Am Acad Dermatol. 2010; 63:607—-41. [PubMed: 20643494]

Oyoshi MK, He R, Li Y, Mondal S, Yoon J, Afshar R, et al. Leukotriene B4-driven neutrophil
recruitment to the skin is essential for allergic skin inflammation. Immunity. 2012; 37:747-58.
[PubMed: 23063331]

Palmer CN, Irvine AD, Terron-Kwiatkowski A, Zhao Y, Liao H, Lee SP, et al. Common loss-of-
function variants of the epidermal barrier protein filaggrin are a major predisposing factor for
atopic dermatitis. Nat Genet. 2006; 38:441-6. [PubMed: 16550169]

Pellerin L, Henry J, Hsu CY, Balica S, Jean-Decoster C, Mechin MC, et al. Defects of filaggrin-like
proteins in both lesional and nonlesional atopic skin. J Allergy Clin Immunol. 2013; 131:1094—
102. [PubMed: 23403047]

Pendaries V, Malaisse J, Pellerin L, Le Lamer M, Nachat R, Kezic S, et al. Knockdown of filaggrin in
a three-dimensional reconstructed human epidermis impairs keratinocyte differentiation. J Invest
Dermatol. 2014; 134:2938-46. [PubMed: 24940654]

Rodriguez E, Baurecht H, Herberich E, Wagenpfeil S, Brown SJ, Cordell HJ, et al. Meta-analysis of
filaggrin polymorphisms in eczema and asthma: robust risk factors in atopic disease. J Allergy
Clin Immunol. 2009; 123:1361-1370.e7. [PubMed: 19501237]

Ruhl R. Method to determine 4-oxo-retinoic acids, retinoic acids and retinol in serum and cell extracts
by liquid chromatography/diode-array detection atmospheric pressure chemical ionisation tandem
mass spectrometry. Rapid Commun Mass Spectrom. 2006; 20:2497-504. [PubMed: 16862622]

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blunder et al.

Page 13

Ruzicka T, Burg G. Effects of chronic intracutaneous administration of arachidonic acid and its
metabolites. Induction of leukocytoclastic vasculitis by leukotriene B4 and 12-
hydroxyeicosatetraenoic acid and its prevention by prostaglandin E2. J Invest Dermatol. 1987;
88:120-3. [PubMed: 3027188]

Ruzicka T, Simmet T, Peskar BA, Ring J. Skin levels of arachidonic acid-derived inflammatory
mediators and histamine in atopic dermatitis and psoriasis. J Invest Dermatol. 1986; 86:105-8.
[PubMed: 3018086]

Schafer L, Kragballe K. Abnormalities in epidermal lipid metabolism in patients with atopic
dermatitis. J Invest Dermatol. 1991; 96:10-5. [PubMed: 1987285]

Schwab JM, Chiang N, Arita M, Serhan CN. Resolvin E1 and protectin D1 activate inflammation-
resolution programmes. Nature. 2007; 447:869-74. [PubMed: 17568749]

Serhan CN, Krishnamoorthy S, Recchiuti A, Chiang N. Novel anti-inflammatory-pro-resolving
mediators and their receptors. Curr Top Med Chem. 2011; 11:629-47. [PubMed: 21261595]

Sjursen W, Brekke OL, Johansen B. Secretory and cytosolic phospholipase A(2)regulate the long-term
cytokine-induced eicosanoid production in human keratinocytes. Cytokine. 2000; 12:1189-94.
[PubMed: 10930295]

Smith FJ, Irvine AD, Terron-Kwiatkowski A, Sandilands A, Campbell LE, Zhao Y, et al. Loss-of-
function mutations in the gene encoding filaggrin cause ichthyosis vulgaris. Nat Genet. 2006;
38:337-42. [PubMed: 16444271]

Suarez-Farinas M, Tintle SJ, Shemer A, Chiricozzi A, Nograles K, Cardinale I, et al. Nonlesional
atopic dermatitis skin is characterized by broad terminal differentiation defects and variable
immune abnormalities. J Allergy Clin Immunol. 2011; 127:954-964. e1-4. [PubMed: 21388663]

Sun R, Celli A, Crumrine D, Hupe M, Adame LC, Pennypacker SD, et al. Lowered humidity produces
human epidermal equivalents with enhanced barrier properties. Tissue Eng Part C Methods. 2015;
21:15-22. [PubMed: 24803151]

Szegedi K, Lutter R, Res PC, Bos JD, Luiten RM, Kezic S, et al. Cytokine profiles in interstitial fluid
from chronic atopic dermatitis skin. J Eur Acad Dermatol Venereol. 2015; 29:2136—44. [PubMed:
25980674]

Thyssen JP, Kezic S. Causes of epidermal filaggrin reduction and their role in the pathogenesis of
atopic dermatitis. J Allergy Clin Immunol. 2014; 134:792-9. [PubMed: 25065719]

van den Bogaard EH, Bergboer JG, Vonk-Bergers M, van Vlijmen-Willems IM, Hato SV, van der Valk
PG, et al. Coal tar induces AHR-dependent skin barrier repair in atopic dermatitis. J Clin Invest.
2013; 123:917-27. [PubMed: 23348739]

van Drongelen V, Alloul-Ramdhani M, Danso MO, Mieremet A, Mulder A, van Smeden J, et al.
Knock-down of filaggrin does not affect lipid organization and composition in stratum corneum of
reconstructed human skin equivalents. Exp Dermatol. 2013; 22:807-12. [PubMed: 24164439]

van Smeden J, Janssens M, Gooris GS, Bouwstra JA. The important role of stratum corneum lipids for
the cutaneous barrier function. Biochim Biophys Acta. 20144a; 1841:295-313. [PubMed:
24252189]

van Smeden J, Janssens M, Kaye EC, Caspers PJ, Lavrijsen AP, VVreeken RJ, et al. The importance of
free fatty acid chain length for the skin barrier function in atopic eczema patients. Exp Dermatol.
2014b; 23:45-52. [PubMed: 24299153]

Vanderhoek JY, Bryant RW, Bailey JM. Inhibition of leukotriene biosynthesis by the leukocyte product
15-hydroxy-5,8,11,13-eicosatetraenoic acid. J Biol Chem. 1980; 255:10064—6. [PubMed:
6253463]

Vane J, Botting R. Inflammation and the mechanism of action of anti-inflammatory drugs. FASEB J.
1987; 1:89-96. [PubMed: 3111928]

Vavrova K, Henkes D, Struver K, Sochorova M, Skolova B, Witting MY, et al. Filaggrin deficiency
leads to impaired lipid profile and altered acidification pathways in a 3D skin construct. J Invest
Dermato. 2014; 134:746-53.

Waldman JS, Marcus AJ, Soter NA, Lim HW. Cutaneous inflammation: effects of hydroxy acids and
eicosanoid pathway inhibitors on vascular permeability. J Invest Dermatol. 1989; 92:112-6.
[PubMed: 2491876]

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blunder et al.

Page 14

Werner Y, Lindberg M, Forslind B. Membrane-coating granules in “dry” non-eczematous skin of
patients with atopic dermatitis. A quantitative electron microscopic study. Acta Derm Venereol.
1987; 67:385-90. [PubMed: 2448988]

Werz O. 5-Lipoxygenase: cellular biology and molecular pharmacology. Curr Drug Targets Inflamm
Allergy. 2002; 1:23-44. [PubMed: 14561204]

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Blunder et al.

Page 15

ctrl (WT/WT) AD (WT/WT) AD (FLGWT) IV (FLGFLG)

Figure 1. Morphology of AD and IV HEEs
HEESs generated with keratinocytes from healthy donors [ctrl (WT/WT)], from patients with

AD (WT/WT), AD (FLGIWT), and IV (FLGI/FLG), were analyzed. Representative images
are shown. (a) H&E images. Bar = 50 pm. ctrl (WT/WT), n=7; AD (WT/WT), n =8; AD
(FLG/WT), n =3, and IV (FLG/FLG), n = 3. (b) Premature secretion of LB contents (double
arrows) in AD and IV versus ctrl HEEs. Reduction and lack of KHGs in AD (FLG/WT) and
IV HEEs. Intact CDs (arrows) and regular appearing CEs (arrowheads) in all groups. Bar =
1um. (c) Disorganized lamellar bilayers with incompletely processed lamellar material
(asterisks) in patient HEEs versus regular lamellar bilayer architecture in ctrl HEEs. Bar =
100 nm. (d) Inhomogeneous secretion areas (asterisks) at the SG-SC interface in AD and IV
versus ctrl HEEs. LB entombment marked with hashtags. Bar = 100 nm. RuO4 postfixation
(c, d). (b, ¢, d) ctrl (WT/WT), n=3; AD (WT/WT), n=4; AD (FLG/WT),n=2, and IV
(FLG/FLG), n = 3. AD, atopic dermatitis; CD, corneodesmosomes; CE, cornified envelope;

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blunder et al.

Page 16

ctrl, control; FLG, filaggrin; H&E, hematoxylin and eosin; HEE, human epidermal
equivalent; 1V, ichthyosis vulgaris; KHG, keratohyalin granules; LB, lamellar body; RuQy,
ruthenium tetroxide; SC, stratum corneum; SG, stratum granulosum.
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Figure 2. Differentiation and inflammation in AD and IV HEEs
HEEs generated with keratinocytes from healthy donors [ctrl (WT/WT), n = 7], and from

patients with AD (WT/WT), n=8, AD (FLG/WT),n=3,and IV (FLGIFLG), n = 3, were
analyzed. (a) mMRNA levels of indicated differentiation- and inflammation-related genes as
assessed by RT-PCR. Data were analyzed using a Student’s #test between ctrl and other
groups. *P< 0.05; **P< 0.01; ***P< 0.001. (b) Immunofluorescence staining of FLG,
LOR, HRNR, TGM1, and KRT1. n = 3 per group. Representative images are shown. Bar =
50 um. AD, atopic dermatitis; ctrl, control; FLG, filaggrin; HEE, human epidermal
equivalent; HRNR, hornerin; IV, ichthyosis vulgaris; KRT1, keratin 1; LOR, loricrin;
TGML, transglutaminase 1; WT, wild type.
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Figure 3. PUFAs and eicosanoidsin AD and |V HEEs
Relative levels of AA- and EPA-derived eicosanoids (hydroxy-fatty acids, leukotrienes,

prostaglandins, thromboxane, lipoxins, and hepoxilins) and of w3- and w6-PUFAs were
measured by LC-MS and are displayed in a heatmap showing relative changes. Data are

presented in fold change versus mean value of lipid concentrations in ctrl HEEs. Ctrl
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(WT/WT) (n = 10), AD (WT/WT) (n=8), AD (FLGIWT) (n=3), IV (FLGIFLG) (n=3)
HEEs. #, all samples of the indicated group were below our detection limit. Significant
values were marked by a black frame. Data were analyzed using a Student’s #test versus
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ctrl, P<0.05. AA, arachidonic acid; AD, atopic dermatitis; ctrl, control; DHA,
docosahexaenoic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; FLG,
filaggrin; HEE, human epidermal equivalent; HEPE, hydroxy-eicosapentaenoic acid; HETE,
hydroxy-eicosatetraenoic acid; HX, hepoxilin; 1V, ichthyosis vulgaris; LC-MS, liquid
chromatography mass spectrometry; LTB, leukotriene B; LX, lipoxin; PUFA, poly-
unsaturated fatty acid; TX, thromboxane; WT, wild type.
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Figure 4. 12-L OX pathway metabolites areincreased in FLG-mutated AD HEEs

(a) Heatmap displaying relative changes of 5-LOX, 12-LOX, 15-LOX, COX, and 8-OH
pathway metabolites in AD (WT/WT) (n =8), AD (FLG/WT) (n=3),and IV (FLG/IFLG) (n
= 3) HEEs. Data are presented in fold change versus mean value of the sum of respective
pathway metabolite concentrations in ctrl HEEs (n = 10). (b) 12-LOX pathway scheme
displaying 12-HETE and 12-HEPE generated by 12-L OX from AA and EPA. (c) 15-LOX
pathway scheme displaying 15-HETE and 15-HEPE generated by 15-LOX from AA and
EPA. Data were analyzed using a Student’s #test versus ctrl. *~< 0.05. AA, arachidonic
acid; AD, atopic dermatitis; COX, cyclooxygenase; EPA, eicosapentaenoic acid; FLG,
filaggrin; HEE, human epidermal equivalent; HEPE, hydroxy-eicosapentaenoic acid; HETE,
hydroxy-eicosatetraenoic acid; HX, hepoxilin; IV, ichthyosis vulgaris; KETE, keto-
eicosatetraenoic; LOX, lipoxygenase; LX, lipoxin; 8-OH, 8-hydroxylation pathway; WT,
wild type.
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Figure5. AA and 12-HETE treatment recapitulates characteristics of AD (FLG/WT) HEEs
Ctrl (WT/WT) HEEs were treated with 50 pM of AA or vehicle: (a) mMRNA levels of

indicated genes were determined by RT-PCR. Combined results from three independent
experiments are shown. (b) Representative images of H&E staining. Bar = 50 um. (c)
Representative images of immunofluorescence staining for filaggrin, loricrin, hornerin,
transglutaminase 1, and keratin 1. Bar = 50 ym; Ctrl (WT/WT) HEEs were treated with 0.5
UM of 12-HETE or vehicle: (d) mRNA levels of indicated genes were determined by RT-
PCR. Combined results from two independent experiments are shown. (€) Representative
images of H&E staining. Bar = 50 um. (f) Representative images of immunofluorescence
staining for filaggrin, loricrin, hornerin, transglutaminase 1, and keratin 1. Bar = 50 pm;
Data were analyzed using a Student’s #test. *~< 0.05; **P< 0.01. AA, arachidonic acid,;
AD, atopic dermatitis; ctrl, control; FLG, filaggrin; H&E, hematoxylin and eosin; HEE,
human epidermal equivalent; HETE, hydroxyeicosatetraenoic acid; HRNR, hornerin; IL1B,

ctrl

0.5uM

J Invest Dermatol. Author manuscript; available in PMC 2018 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blunder et al.

Page 22

interleukin-1 beta; KRT1, keratin 1; LOR, loricrin; TARC, thymus activation regulated
cytokine; TGML1, transglutaminase 1; TNFA, tumor necrosis factor alpha; WT, wild type.
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AD (FLG/WT)

Figure 6. Role of eicosanoidsin FLG-mutated AD
FL G loss-of-function mutations in AD lead to attenuated FLG expression, enhanced

expression of inflammatory cytokines, and increased AA levels. AA triggers inflammation
by upregulating /LB and TARC. Conversely, IL-1p and TNFa increase AA concentrations
in keratinocytes as demonstrated by Sjursen et al. (2000) (dotted line). Enhanced 12-LOX
metabolism potentially leads to an increased conversion of AA into 12-HETE in FLG-
mutated AD. As a result, increased levels of 12-HETE impair late epidermal differentiation.
AA, arachidonic acid; AD, atopic dermatitis; FLG, filaggrin; HETE, hydroxy-
eicosatetraenoic acid; HRNR, hornerin; IL1B, interleukin-1 beta; LOX, lipoxygenase;
TARC, thymus activation regulated cytokine; TNFa., tumor necrosis factor a; WT, wild

type.
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