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Background: There is currently no insight into biomarkers that can predict the onset

Methods: Nested in a prospective birth cohort study that examined the occurrence
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Results: Significant alterations were observed for four lipid markers, with phytosphin-
gosine ([P]) levels being significantly lower in children who developed AD compared

with children who did not (median 240 pmol/mg vs. 540 pmol/mg, p <0.001). The two
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groups of children differed in the relative amounts of SB of different chain lengths
(C17, C18 and C20). Thymus- and activation-regulated chemokine (TARC/CCL17) was
slightly higher in children who developed AD, whereas NMF and corneocyte surface
texture were similar. AD severity assessed by the eczema area and severity index
(EASI) at disease onset was 4.2 (2.0;7.2). [P] had the highest prediction accuracy
among the biomarkers (75.6%), whereas the combination of 5 lipid ratios gave an ac-
curacy of 89.4%.

Conclusion: This study showed that levels and SB chain length were altered in infants
who later developed AD, and that TARC/CCL17 levels were higher.
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{Alterations in skin lipid composition and cytokine levels predict development of AD in infancy}—/

GRAPHICAL ABSTRACT

This study examines whether selected skin biomarkers in stratum corneum tape strips from infants with clinically normal skin at 2 months
of age are different in children who develop AD in the first year of life. Skin CCL17/TARC levels as well as lipid markers, including [P],

[DS] and CER [DS] show significant alteration between children who developed AD and those who did not. ROC curve demonstrate that
phytosphingosine, and to a lesser extend CCL17/TARC separate children who developed AD from those who did not.

Abbreviations: AD, atopic dermatitis; CCL17/TARC, C-C motif chemokine ligand 17/ TARC, thymus- and activation-regulated chemokine;
CER [DS], ceramide class with dihydrosphingosine as a sphingoid base; [DHS], dihydrosphingosine (sphinganine) [PS], phytosphingosine.

1 | INTRODUCTION

A parental history of atopic disease as well as occurrence of common
filaggrin gene (FLG) mutations are strongly associated with pediatric
atopic dermatitis (AD).>? Identification of predictive biomarkers is
important to guide future prevention efforts and ultimately halt the
atopic march.®#

The skin barrier resides in the uppermost cornified layer of the
skin, stratum corneum (SC). Filaggrin proteins are degraded into
amino acids contributing to the pool of cytosolic natural moisturiz-
ing factors (NMF). The main quantitative determinant of NMF is FLG
loss-of-function mutations,”® of topical corticosteroids, and skin in-
flammation.” Nano-size protrusions of unknown composition have

been identified on the surface of corneocytes that are deficient in
NMF, and on corneocytes collected from xerotic, lesional, and non-
lesional AD skin.®?

Extracellular covalently bound esterified w-hydroxyl fatty acid
ceramides provide a scaffold on which extracellular lipids organize
in lipid lamellae, which are regarded as the principal barrier of the
skin.X® These lipid lamellae consist of a total lipid mass basis of 50%
ceramides, 25% cholesterol, 15% free fatty acids (FA), and very little
phospholipids.}! Several hundreds of ceramide species can be iden-
tified, which differ in the type of sphingoid base (SB) and FA chain.
There are four main SBs, dihydrosphingosine ([DS]), sphingosine
([S]), 6-hydroxy-sphingosine ([H]) and phytosphingosine ([P]), which
in combination with varying FA chains give rise to 12 main ceramide
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(CER) classes (Figures S1 and S2). Patients with AD have important
alterations in extracellular lipid composition,'? for example, shorter
chain lengths of FA in ceramides and of free FA, further reducing
the performance of the skin barrier.'® Only the length of the acyl
chain of the CER or the total number of carbon atoms (C) in CER have
been reported, so the length of the SB is not specified. CER with SB
whose length are C16-26 and C18 (28.6%) was the most abundant,
followed by C20 (24.8%), and C22 (12.8%).** The role of the chain
length variability of the SB in AD has not been investigated.

We examined whether selected skin biomarkers in SC tape strips
collected in infants with clinically normal skin at 2 months of age are
different in children who develop AD in the first year of life com-

pared with children who do not.

2 | METHODS

This case-control study was nested in the prospective Copenhagen
Baby Skin birth cohort,'® approved by the local ethics committee
(H-16042289 and H-16042294) and conducted according to the
Declaration of Helsinki.

2.1 | Study population

300 children, singletons and born to term (gestational age GA:
37+0 to 41+ 6), were followed prospectively from birth and until
2years of age. Recruitment was independent of their family history
of atopic disease. The skin was examined 1-3days after birth, and
at 2 and 12 months of age. If children who showed signs of AD, they
were seen immediately by a physician to confirm the diagnosis and
assess severity of AD using the Eczema Area and Severity Index
(EASI).Y® For the present study, we identified 44 random children
who developed AD in the first year of life and 44 reference children
who did not develop AD in the first year of life. All children had
clinically normal skin at 2 months of age and no history of eczema.
The two groups were matched on sex and season of birth. Parents
completed questionnaires before the 2 months study visit about
lifestyle factors, pregnancy, and frequency of emollient use. The use
of emollients was grouped as “every day or every 2. Day,” “1-2 times
every week,” “1-2 times a month/rarely, or never used.” Parental
history of atopy was defined as either one having past or current
history of AD, asthma, rhinitis, or aeroallergen sensitization meas-
ured from skin prick testing or blood analysis. Due to missing data in
parental atopy, imputations were made for 9 individuals (11%). Due
to other missing entries for a few of the patients, analysis comparing
prediction powers of all biomarkers was based on 43 children who
developed AD in the first year of life, and 43 who did not.

2.2 | Sampling and tissue analysis

At age 2 months, all children had clinically normal skin and no his-
tory of eczema. Transepidermal water loss (TEWL) was measured

three times on the same non-lesional skin area on the central part
of the flexor forearm using a portable, closed condenser-chamber
device (AquaFlux model AF200, Biox Systems Ltd, UK). Eight skin
tape strips were collected from the dorsal side of the hand. No pref-
erence was given to the left or right side, but selection depended
on the positioning of the child. Tape strip no. 2 underwent exami-
nation with atomic force microscopy and analysis for the number
of corneocyte protrusions using the nAnostic™-method (Serend-ip
GmbH, Minster, Germany).17 Free SBs and their ceramides were
determined in tape strip no. 3 and 4 collected at 2 months of age.18
Tape strip no. 5 was examined for NMF.Y? Tape strip no. 6 was ana-
lyzed for interleukins (IL)-1a, IL-1RA, IL-8 (C-C motif chemokine
ligand 8, CCL8), macrophage-derived chemokine (MDC, CCL22),
cutaneous T-cell attracting chemokine (CTACK/CCL27), interferon
gamma (IFN-y), IL-1, 1L-18, IL-4, IL-5, IL-10, IL-13, IL-31, IL-33, mac-
rophage inflammatory protein (MIP)-18, thymic stromal lymphopoi-
etin (TSLP), thymus and activation-regulated chemokine (TARC/
CCL17), macrophage inflammatory protein (CCL20, MIP-3a), and
IL-22. Cytokine concentrations in the extracts were measured on
multiplex panels using MESO QuickPlex SQ 120 (MSD, Rockuville,
MA, U.S.A.). DNA was genotyped for three common FLG mutations
(R501X, 2282del4, and R2447X).%°

2.3 | Methods for ceramide and sphingoid base
measurements

Free SBs and their CERs were determined in a 2-step procedure
which is described in detail elsewhere.?? Briefly, free SBs were sepa-
rated from CERs by extraction with methanol:chloroform:ammonium
formate buffer, yielding CERs in the lower phase and free SBs in the
upper phase.?? The CERs in the lower phase were subsequently
deacylated to corresponding SBs by use of microwave-assisted hy-
drolysis in methanolic NaOH.2® Free SBs and the SBs derived after
deacylation of CERs were determined in separate runs by LC-MS/
MS?* (Figure S3). Details on the LC-MS/MS analysis are described in
the Table S1. Concentrations of SBs, CER, and GIcCER were normal-
ized by protein amount, determined from optical density of the tape

measured by SquameScan (CuDerm, Dallas TX, USA).

2.4 | Statistical analysis

Statistical analysis was performed using Python (Python 3 Reference
Manual. Scotts Valley, CA: CreateSpace) version 3.8 (Windows) with
statistical packages from SciPy (Algorithms for Scientific Computing
in Python. Nature Methods, 17,° 261-272). All distributions were
presented as medians with 25th/75th percentiles. Data distribu-
tion was assessed using Shapiro-Wilks normality test. Differences
between groups (AD vs non-AD) were tested by unpaired t-test
for normally distributed data, and otherwise using Mann-Whitney
U test. Checking observation categories for assumption of same
shape was done by subtracting the mean of all values and comparing
the distributions using Kolmogorov-Smirnov test with a p-value of
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0.05. A two-tailed nonparametric Spearman's correlation was used
to test the strength of the association between biomarkers. Levels
of biomarkers were corrected for protein levels. If more than 50%
of the samples of one immune biomarker had undetectable levels it
was excluded.?® The ability of parental atopy, FLG mutation status,
TEWL, NMF, cytokines, and lipid ratios in discriminating AD chil-
dren from non-AD children was evaluated by constructing receiver
operating characteristic (ROC) curves. Logistic regression fits were
used to construct prediction scores combining biomarkers, where all
data was standardized for stability.26 The sensitivity and specificity
were calculated. Quantitative comparisons were made using Area
Under the Curve (AUC), and by comparing sensitivity (True Positive
Rate [TPR]) and 1 - specificity (False Positive Rate [FPR]), at working

points found by maximizing accuracy:

TP+TN _ correct predictions

A = = ,
ceuracy TP+ TN+ FP +FN  number of samples

where TP = True Positive, TN = True Negative, FP = False positive, and

FN = False Negative.

2.5 | RESULTS

2.6 | Clinical characteristics

Forty-four (50%) children were male. Children were born through-
out the year; winter (27.3%), spring (18.2%), summer (25.0%), and
autumn (29.5%) (Table 1). Among children who developed AD, 66%
had parental history of atopy compared with 52% among children
who did not develop AD (p = 0.4). At AD onset, the median age was
4.0 months (25th/75th percentiles 3.0;7.0), and the median EASI
score 4.2 (25th/75th percentiles 2.0;7.2). There were 8 (18.2%)

heterozygote FLG mutation carriers in the AD group, and 2 (4.5%) in
the control group (p<0.05). FLG mutation carriers had significantly
lower NMF levels compared with the FLG wild type group (p <0.001),
independent of AD onset in the first year of life or not (p <0.001 and
p = 0.03). No difference in the number of corneocyte protrusions
(p = 0.1), levels of phytosphingosine ([P]) (p = 0.3), TARC/CCL17 lev-
els (p = 0.2), or TEWL values (p = 0.2) was observed between FLG
mutation and wildtype carriers at 2 months of age (Table S2). Parents
reported at 2 months that emollient was used significantly more fre-
quent (every day or every other day) in the group of children that
later developed AD compared with the control group (27% vs. 9%,
p = 0.04, Table S3).

2.7 | Biomarkers as predictor of atopic dermatitis
in the first 12 months of life

There were no significant differences in NMF levels, corneocyte
protrusion numbers, or TEWL values at 2 months of age between
children who developed AD in the first 12months and children who
did not (Figure 1 and Table 2). Skin TARC/CCL17 levels (median [pg/
pgl) collected at 2 months showed a small but significant difference
between children who developed AD in the first 12months and
those who did not (0.02 vs. 0.01, p = 0.01). Analysis of various skin
lipids collected at 2 months of age showed significant alterations for
4 lipids; in particular phytosphingosine ([P]) levels (median [pmol/
mg]) were much lower in children who developed AD compared
with children who did not (238 vs. 535, p<0.001) (Figure 1 and
Table 2). We then calculated ratios between short compared with
long SB chain lengths of free SBs and CERs and different SB types
(Table 3). Ten lipid ratios in tape strips collected at 2 months of age
were significantly different between children who developed AD in

the first 12 months compared with children who did not. Most ratios

TABLE 1 Characteristics of 44 infants who developed atopic dermatitis and 44 controls who did not develop atopic dermatitis during the

first year

Atopic dermatitis developed within No atopic dermatitis developed within
the first year (n = 44) the first year (n = 44)
n (%)

Males 22 (50.0) 22 (50.0)

Birth season

Winter (Dec-Feb) 12 (27.3) 12 (27.3)

Spring (March-May) 8(18.2) 8(18.2)

Summer (June-Aug) 11 (25.0) 11 (25.0)

Fall (Sept-Nov) 13(29.5) 13(29.5)

Filaggrin gene mutations 8(18.2) 2 (4.5)

Parental history of atopic dermatitis, asthma or hay fever 29 (65.9) 23(52.3)

Parental history of AD only 6(13.6) 9 (20.5)

Age at AD onset (months), median (25th/75th percentile) 4.0(3.0/7.0) -

AD severity measured by EASI score at disease onset, 4.2(2.0/7.2)

median (25th/75th percentile)
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reflected increased concentrations of shorter SBs as compared to
longer SBs. In addition, the ratio of CER[DS]-(d18:1)/CER[S]-(d20:1)
was lower in children who developed AD reflecting a variation in
SB structure.

We examined biomarker levels in children born in different sea-
sons (Figure S4). Across all birth seasons, the levels of [P] were con-
sistently lower, and the levels of TARC/CCL17 consistently higher,
in children who developed AD in the first 12 months compared with

those who did not.

2.8 | Sub-analyses examining biomarkers as
predictors of earlier onset atopic dermatitis and
disease severity

We examined the levels of biomarkers in children who developed AD
within the first 4 and 6 months of life, respectively, vs. those who did
not develop AD in the first 12months (Tables S4 and S5, Figure S5).

The number of corneocyte protrusions was significantly higher

in children who developed AD after 2 months of age, but before
6 months of age, compared with AD onset between 6 and 12 months
of age (median [AU] 2.1 vs. 1.9, p = 0.03), and compared with chil-
dren who did not develop AD (median [AU] 2.1 vs. 1.9, p = 0.03)
(Figure S6). No differences were observed for NMF levels between
these groups. TARC/CCL17 and [P] levels remained significantly dif-
ferent between AD and non-AD children when examining the differ-
ence for children who develop AD within 6 months, respectively. No
significant difference in [P] and TARC/CCL17 levels was seen when
comparing children with AD onset before 6 months of age and chil-
dren with AD onset at 6-12 months of age (p = 0.2 and p = 0.6 for [P]
and TARC/CCL17, respectively) (Figure 2). Biomarker levels did not
differ according to AD severity (high vs. low EASI scores).

2.9 | Correlations between biomarkers

To study associations between various biomarkers, we performed

Spearman's correlation analysis. NMF levels correlated weakly
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FIGURE 1 Biomarkers measured at 2 months of age in children with clinically normal skin and who were then followed prospectively
for development of AD within the first year of life. All apart from NMF were significantly altered in children with subsequent AD. (A) single
measurement of various biomarkers, (B) median ratios of sphingoid bases and ceramides (pmol/mg).
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TABLE 2 Biomarkers measured at 2 months of age in healthy children with clinically normal skin at the time of tissue collection and who

were then followed prospectively for development of atopic dermatitis within the first year of life

TEWL ([g/m*)/h)
Corneocyte protrusions®
NMF (mmol/g protein)
Cytokines (pg/ug)

IL-1p

IL-8

TARC/CCL17

1L-18

IL-31

MIP3a

-1

IL-1Ra
Sphingoid Bases (SB)

[DS]-(d17:0)

[DS]-(d18:0)

[P]-(t18:0)

[S]-(d17:1)

[S]-(d18:1)

[S]-(d20:1)

[H]-(t18:1)°
Ceramides
CER[DS]-(d17:0)
CER[DS]-(d18:0)
CER[P]-(t18:0)
CER[S]-(d17:1)
CER[S]-(d18:1)
CER[S]-(d20:1)
CER[H]-(t18:1)°
GIcCER[S]-(d18:1)
GlcCER[H]-(t18:1)°
GIcCER[S]-(d20:1)

Atopic dermatitis developed within the

first year (n = 44)

Median (25th/75th percentile)

14.0 (11.0;17.0)
2.0(1.8;2.1)
0.8 (0.6;1.0)

0.02(0.01; 0.04)
0.1(0.0;0.2)
0.02(0.01; 0.04)
0.1(0.1;0.3)

0.4 (0.3;0.5)
0.1(0.1;0.1)
18.0(10.0; 27.0)
90.0(50.0; 160.0)

10.0(5.3; 14.8)
32.5(24.3; 47.3)
238.0 (142.35; 411.5)
37.0(25.3; 58.0)
134.5 (110.5; 194.8)
24.5(19.3; 35.8)
80.0 (59.0; 114.0)

169.0 (134.8; 208.0)
680.0(556.5; 884.0)
9484.0 (5569.0; 20302.50)
1242.0 (849.5; 1690.0)
4320.0(2692.3; 6057.8)
4095.0 (2650.3; 4872.5)
1700 (1300; 2200)
173.5(108.3; 259.3)

14.0 (11.0; 23.0)
126.5(84.5.0; 187.3)

No atopic dermatitis developed within the

first year (n = 44)

Median (25th/75th percentile)

13.3 (11.1;17.2)

p-value

Mann-Whitney/T-test
0.9

1.9 (1.8;2.0) 0.1
0.8(0.6;1.1) 0.7
0.02(0.01; 0.03) 0.6
0.1(0.04;0.2) 0.4
0.01(0.01; 0.02) 0.01
0.11(0.1;0.1) 0.2
0.4 (0.3;0.6) 0.7
0.1(0.04;0.2) 0.6
18.0 (14.0; 22.0) 0.8
70.0(50.0; 140.0) 0.5
6.0(3.0; 11.0) 0.02
30.5(21.3; 43.0) 0.3
535.0 (346.5; 719.5) 1x107°
35.0(22.5; 43.0) 0.2
137.0 (101.5; 188.0) 0.9
24.5(20.0; 38.0) 0.8
91.0 (69.0; 108.0) 0.4
138.0(110.0; 179.0) 0.02
687.0 (560.0; 994.0) 1.0
9785.0 (4954.0; 21747.0) 0.9
1323.0(865.0; 1529.0) 0.9
3645.0(2730.0; 4884.0) 0.3
4528.0 (3534.0; 7127.0) 0.05
1900 (1400; 2700) 0.3
148.0 (94.0; 212.0) 0.3
14.0(9.0; 20.0) 0.8
113.0(79.0.0; 153.0) 0.3

Abbreviations: CER, ceramide; GlcCer, glucosylceramide; NMF, natural moisturizing factor; TEWL, transepidermal water loss; [DS],
dihydrosphingosine; [H], 6-hydroxy-sphingosine; [P], phytosphingosine; [S] sphingosine. Bold values indicates p < 0.05 was considered significant.

?Arbitrary unit, (Log10).

bApproximate concentrations (since there is no standard available for this metabolite).

to moderately with most SBs and CERs, whereas correlations for
corneocyte protrusions and TARC/CCL17 were less pronounced
(Table S6).

2.10 | Prediction accuracy of skin biomarkers
We then constructed ROC curves to identify biomarkers that

could potentially separate children who developed AD in the first
12months from those who did not (Figures 2 and 3). Figure 2 shows

that in particular [P], and to a lesser degree TARC/CCL17, were in-
dicators of AD occurrence, while corneocyte protrusions and NMF
levels were not. Parental atopy and FLG mutations showed weak
ability to differentiate between AD and non-AD occurrence. The
combination of these biomarkers only slightly increased the abil-
ity to separate AD children from non-AD children compared with
[P] alone. For [P], the highest accuracy was 75.6%. At this working
point, the TPR (true positive rate reflecting sensitivity) was found
to be 0.67 and the FPR (false positive rate reflecting specificity)
was found to be 0.16 (Specificity = 1-0.16 = 0.84). A separation
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TABLE 3 Differences in median ratios of sphingoid bases (SBs) and ceramides (pmol/mg) measured at 2 months of age in children with
clinically normal skin at the time of tissue collection and who developed atopic dermatitis in the first year of life vs. children who did not

Atopic dermatitis developed
within the first year (n = 44)

Sphingolipid ratios

Median (25th/75th percentile)

Sphingoid base (SB) ratios

Ratios between SBs of different chain lengths

[DS]-(d17:0)/[DS]-(d18:0) 0.3(0.2;0.34)
[S]-(d17:1)/[S]-(d18:1) 0.3(0.2;0.3)
[S]-(d18:1)/[S]-(d20:1) 5.8(4.3;7.7)
[S]-(d17:1)/[S]-(d20:1) 1.4(1.1;2.3)
Ratios between SBs of different structures
[DS]-(d18:0)/[S]-(d18:1) 0.2(0.2;0.3)
[P]-(t18:0)/[S]-(d18:1) 1.3(1.0;3.2)
[H]-(t18:1)/[S]-(d18:1) 0.6 (0.5;0.7)
Ceramide ratios?

CER[DS]-(d17:0)/CER[DS]-(d18:0) 0.2(0.2;0.3)
CER([S]-(d17:1)/CER[S]-(d18:1) 0.3(0.3;0.3)
CER[S]-(d18:1)/CER[S]-(d20:1) 1.1(0.9; 1.4)
CERI[S]-(d17:1)/CER[S]-(d20:1) 0.3(0.3;0.4)
CER[DS]-(d18:0)/CER[S]-(d18:1) 0.2(0.1;0.2)
CER[P]-(t18:0)/CER[S]-(d18:1) 2.7(1.1;5.6)
CER[H]-(t18:1)/CER[S]-(d18:1) 0.4 (0.4;0.5)

No atopic dermatitis developed

within the first year (n = 44) p-value

Median (25th/75th percentile) Mann-Whitney/T-test

0.2(0.1;0.3) 0.004
0.2(0.2;0.3) 0.004
5.5(3.9; 6.4) 0.3
1.1(0.8; 1.8) 0.03
0.2(0.2;0.3) 0.1
3.5(2.7; 4.7) 1x107¢
0.6 (0.6;0.8) 0.2
0.2(0.2;0.2) 0.002
0.4(0.3;0.4) 0.002
0.8 (0.6; 0.9) 3x1077
0.3(0.2;0.3) 0.0002
0.2(0.2;0.2) 0.02
2.1(1.5;6.2) 0.9

0.5 (0.4; 0.6) 0.0004

Abbreviations: CER, ceramide; [DS], dihydrosphingosine; [H], 6-hydroxy-sphingosine; [S], sphingosine; [P], phytosphingosine. Bold values indicates

p < 0.05 was considered significant.
#Ceramides have AD positive n = 44/AD negative n = 43.

value of 433.5 was identified, that is, measurements below the
value of 433.5 will lead to development of AD and anything above
will not. In a similar analysis, but where lipid ratios listed in Table 3
were examined (Figure 3), the single best predicting lipid ratio
was CER[S]-(d18:1)/CER[S]-(d20:1). When examining all lipid ra-
tios, we found that [DS]-(d17:0)/[DS]-(d18:0), [DS]-(d18:0)/[S]-
(d18:1), [P]-(t18:0)/[S]-(d18:1), CER[DS]-(d17:0)/CER[DS]-(d18:0),
CER[S]-(d17:1)/CER[S]-(d18:1) together gave the best prediction of
AD within the first 12months. The accuracy was 89.4% (TPR = 0.95
and FPR = 0.17). Adding TARC/CCL17, NMF and corneocyte protru-
sions only slightly increased the ability to separate the two groups of
children. We also constructed ROC curves for AD onset within the
first 6 months, but they showed a similar pattern (Data not shown).

3 | DISCUSSION

This case-control study®® is the first to identify significant altera-
tions in skin barrier biomarkers in clinically normal skin of neonates
that were associated with later onset of AD in the first year. Children
who developed AD had an altered SC lipid composition with a higher
proportion of shorter-chain SBs and their CERs. ROC curves showed
that ratios between shorter and longer SBs and/or corresponding
CERs, and furthermore SB [P], strongly distinguished children who

subsequently developed AD from those who did not. These findings
lend support to the outside-inside hypothesis and put lipid altera-
tions in the center of the AD pathogenesis.

Our findings emphasize a hitherto unrecognized importance
of lipids for skin homeostasis and AD pathogenesis. We observed
strongly reduced levels of the free SB [P] in children who developed
AD compared with those who did not. However, the corresponding
CER[P] was not significantly changed in AD. While most studies have
focused on the role of FA chain length in ceramides, it is less recog-
nized that also SBs show structural diversity when it comes to chain
length and composition.?’ Although SBs with 18 carbon atoms (C18)
are the most common, shorter and longer SB have been identified in
human SC.222?? Indeed, the impact of SB length may be more signif-
icant than FA chain length with respect to biophysical properties of
sphingolipids.?’

[P] has anti-inflammatory effects and stimulates epidermal
differentiation through the activation of peroxisome proliferator-
activated receptors (PPARs),*° lending support to the use of [P] as
a treatment modality®! not just for the visible lesions of different
inflammatory skin disorders, but also in a preventive context.3%%2
Furthermore, [P] increases both filaggrin synthesis and degrada-
tion, leading to increased NMF levels and skin hydration.32 This
effect may be caused by the anti-inflammatory properties of [P], as
inflammation showed to negatively affect filaggrin synthesis and
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FIGURE 2 ROC curve showing the ability of individual skin biomarkers as well as filaggrin gene mutations and a history of parental atopy
to distinguish between atopic dermatitis and non-atopic dermatitis children.

NMF levels, and in particular one of its components urocanic acid,
which contributes to the regulation of pH in the sc.10 Higher NMF
levels might shift SC pH toward optimal values for the enzymes
involved in metabolism of sphingolipids.33 Clearly, [P] has multiple
roles in formation and maintenance of the skin barrier function;
however, the reason for lower levels of [P] in the SC of children
who developed AD is not clear. Interestingly, [P] is metabolized to
odd-numbered fatty acids®* which might indicate degradation of
[P] as a source of odd-numbered FA (and Coenzyme A). We found
abundant levels of C17 SB and corresponding CER in children with
AD, and the two groups of children significantly differed in the rel-
ative amounts of SB of different chain lengths (C17, C18, and C20).
SBs with 18 C-atoms are normally the most abundant in the SC and
are generated through the action of Serine Palmitoyl Transferase
(SPT), using palmitoyl- Coenzyme A and serine as substrates, which
is the rate limiting step in de novo synthesis of CERs (Figure S2).
SPT has different isoenzymes and their expression can modulate
the affinity toward different fatty acyl-coenzyme A substrates,
and thereby affect relative composition of SBs with different chain
Iengths.35 For instance, HEK293 cells that express SPTLC3, one of
the SPT isoforms, have a higher affinity toward shorter acyl-CoAs,

as compared to the predominant usage of palmitoyl-CoA by SPT
in the absence of SPTLC3.%¢ In human SC, SB chain length varies
in size from C16 to 26,3728 with the most prominent odd chain
SB being C17. In a recent comprehensive analysis of CER compo-
sition in human SC, the highest abundance of SB was C18 (28.6%)
followed by C20 (24.8%) and C22 (12.8%).}* We found higher
ratios of C17/C18, C17/C20 and C18/C20 for [DS] and [S] SBs in
children who developed AD. Consistently, these children showed
significantly higher levels of [DS]-(d17:0) and CER[DS]-(d17:0). The
mechanisms underlying the relatively higher proportion of SBs
with shorter chain length, and consequences for skin barrier func-
tion, are not clear. Affinity of the SPT enzyme complex for certain
FA-CoAs and expression of individual subunits may play a role,
but influence of the altered activity and/or expression of certain
elongases and ceramide synthases (Figure S2) should also be con-
sidered, as they may increase availability of FA-CoAs with shorter
chain lengths.

TARC/CCL17 is the hitherto best biomarker in AD.% Cytokine
and TARC/CCL17 levels were consistently higher in the skin at
2 months of age in those who later developed AD but were in-
ferior to lipid alterations for differentiation between the children
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FIGURE 3 ROC curve showing the ability of single and multiple lipid ratios, as well as in combination with other biomarkers, to distinguish

between atopic dermatitis and non-atopic dermatitis children.

in ROC curves. The question arises whether observed changes in
lipids are intrinsically present and may be regarded as individual
susceptibility factors, or if they are a downstream effect of already
initiated immunological processes. Several studies showed that
changes in lipid composition are more pronounced in lesional AD
skin and that addition of Th2 cytokines suppresses lipid metabo-
lism.° Our study findings lend support to the outside-inside hy-
pothesis, which suggests that skin barrier impairment is the initial
driver of AD, and that immunological activity is secondary.* The
use of emollients was significantly more frequent at age 2 months
in children that later developed AD suggesting in turn that the el-
evated lipid levels in the control group was not explained by in-
creased use of emollients.

There was no predictive value of TEWL, which is consistent
with other studies.***® Since lipid levels were measured on the
hands and TEWL measurements were done on the forearm skin,
this could potentially have influenced the results. Low epidermal
levels of NMF could not predict onset of AD in our study, whereas
the prevalence of FLG mutations was higher in children who de-

veloped AD. The number of corneocyte protrusions was increased

in children with AD onset before 6 months of age compared with
those with an AD onset between 6 and 12 months and those who
did not develop AD in the first 12months. Their numbers are ele-
vated in children and adults with AD, and also in individuals with
dry skin and FLG mutations,®® and have been associated with any
deficiency in the filaggrin-NMF axis, suggesting that reduced skin
hydration is a central cause.’

A strength is the prospective design with close follow-up and
clinical examination for AD. Children with other types of eczema
of childhood, for example, irritant, or nummular may incorrectly be
classified as having AD, but this risk was minimized in our design.
Since SC was only collected from the dorsal aspect of the hands, it is
possible that these were not representative of other skin sites. Our
study was limited in size with only 88 children being studied. We
did multiple testing, which may increase the risk of random findings;
however, we found very consistent results for the biomarkers that
best predicted AD in sensitivity analyses, for example, age at AD
onset, AD severity, and birth season. No serum biomarkers were an-
alyzed, and consequently no information on, for example, the role of

IgE sensitization was determined. Since no predictive studies have
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been done for other skin diseases (e.g., psoriasis), our findings may
not be specific to AD. Biomarker selection was based on previous
studies and we may therefore have overlooked important biomark-
ers that were not examined.

We conclude that cutaneous biomarkers can be used to predict
the onset of AD in the first year of life. Alterations in skin lipid com-
position, in particular relative composition of SB and CER with dif-
ferent chain length of the SB, seem to be of particular importance in

the etiopathogenesis of AD.
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SPHINGOLIPIDS

Sphingoid bases (SBs)

[DS] Dihydrosphingosine (sphinganine)
[H] 6-Hydroxy-sphingosine

[S] Sphingosine

[P]  Phytosphingosine

CERAMIDES (CERS)

CER[DS] A ceramide class with dihydrosphingosine as a sphingoid
base

CER[H] A ceramide class with 6-hydroxy-sphingosine as a sphin-
goid base

CERIS] A ceramide class with sphingosine as a sphingoid base

CER[P] A ceramide class with phytosphingosine as a sphingoid

base

GIcCER[H] Glucosylceramide with 6-hydroxy-sphingosine as a
sphingoid base

GIcCER[S] Glucosylceramide with sphingosine as a sphingoid base

NOMENCLATURE OF SPHINGOID BASES
For example: d18:1 (most abundant sphingoid base, belonging to the
class of sphingosine).

— d = number of hydroxyl-groups. Most common is two (d), less
common are one (m) and three (t).

— 18 = number of C-atoms, with a minimum of 12 and a maxi-
mum of 24.

—:1 = number of double bonds.
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