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Abstract

Background Atopic dermatitis (AD) is characterized by skin barrier dysfunction. Notably, a high number of nano-scale
protrusions on the surface of corneocytes, which can be expressed by the Dermal Texture Index (DTI), were recently
associated with paediatric AD, loss-of-function mutations in filaggrin gene (FLG) and reduced levels of natural moisturiz-
ing factors (NMF). No study has so far examined the association between these parameters and monomeric filaggrin
levels in adults.

Objective To determine DTI, monomeric filaggrin and NMF in healthy controls and a group of patients with controlled
dermatitis.

Methods A total of 67 adults (20 healthy controls and 47 dermatitis patients) were included. In the patient population, a
personal history of AD was diagnosed by the U.K. Working Party’s Diagnostic Criteria. All participants were tested for FLG
mutations (R501X, 2282del4, R2447X). Transepidermal water loss, monomeric filaggrin, DTl and NMF were measured.
Results In the patient population, 78.7% (37/47) had a history of AD and 59.5% (28/47) had FLG mutations. Patients
had significantly higher levels of DTl and significantly lower levels of monomeric filaggrin and NMF compared to the 20
healthy controls. Among patients, reduced level of monomeric filaggrin and NMF correlated with the presence of FLG
mutations and clinical phenotypes such as xerosis, palmar hyperlinearity and AD. Among healthy controls, DTl was sig-
nificantly higher in the oldest age group compared to the two younger age groups.

Conclusion A significant difference in DTI, monomeric filaggrin and NMF levels was found when comparing dermatitis
patients with healthy controls. These findings suggest that even mild dermatitis or non-visible inflammation has a significant
and negative effect on the skin barrier as inflammation is known to reduce filaggrin levels. DTl was significantly increased in
aged individuals in the healthy control group, suggesting a gradual change in corneocyte morphology with age.
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Introduction

Human stratum corneum (SC) consists of multiple layers of
protein-enriched, flattened and smooth corneocytes in a matrix
of hydrophobic lipids, resembling ‘bricks and mortar’.! In case
of skin barrier impairment and atopic dermatitis (AD), nano-
scale protrusions on the corneocyte surface may appear
(Fig. 1).> These protrusions have in the past been described as
‘villus-like projections’ or ‘circular nano-objects’, but neither
their function nor their composition has been identified.

Recently, a novel method was developed to accurately count
these corneocyte protrusions, and the Dermal Texture Index
(DTI) was established to enable comparative studies’. Impor-
tantly, DTI was higher in both non-lesional and lesional skin
from paediatric AD patients and correlated with the presence of
common loss-of-function mutations in filaggrin gene (FLG).>*
Furthermore, a strong inverse correlation between DTT and the
degradation products of filaggrin, natural moisturizing factors
(NMF), was observed.*

As AD, and other forms of dermatitis, is characterized by pri-
mary or secondary skin barrier impairment, there is a need for
additional studies that examine the difference in various novel
biomarkers between dermatitis patients and controls. For exam-
ple, cytokines that are active in innate and acquired immune
response of AD down-regulate FLG expression and reduce filag-
grin monomer levels.” In this study, we determined DTI as well
as the quantity of epidermal monomeric filaggrin and NMF in
healthy controls and dermatitis patients with controlled disease.®

Material and methods

Study population

A total of 67 Caucasian individuals aged 18-68 years (20 healthy
controls and 47 dermatitis patients with controlled disease) par-
ticipated in the study between October 2011 and March 2012.
Healthy controls were recruited by online advertisement. The
patient population was recruited by reviewing medical charts of
patients with dermatitis at the Department of Dermatology and
Allergy, Herlev and Gentofte Hospital, Denmark. Participants
were invited in connection with a previous study by Bandier
et al.® That study demonstrated a dose-dependent correlation
between epidermal monomeric filaggrin levels and FLG muta-
tions and included both homozygous and heterozygous carriers
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of common FLG mutations.® Patients were ineligible for partici-
pation if they had active or widespread dermatitis (mild eczema
was accepted), other chronic inflammatory diseases besides
eczema (i.e. rheumatoid arthritis, Crohn’s disease, ulcerative col-
itis, systemic lupus erythematosus or psoriasis), or underwent
ultraviolet (UV) irradiation 3 weeks before study start, had used
topical corticosteroids within 2 weeks or used systemic
immunosuppressants. The healthy controls had no current or
past history of dermatitis; otherwise, the same exclusion criteria
applied for the healthy controls as for the patient population.
Blood samples were collected from the healthy controls for FLG
genotyping. The participants were instructed not to use moistur-

izers on the day of measurements and skin sampling.

Atopic dermatitis and filaggrin genotype

In the patient population, a personal history of AD was diag-
nosed by the U.K. Working Party’s Diagnostic Criteria and rep-
‘AD ever’.’

participants were tested for three of the most common FLG loss-

resented Current AD was not assessed. All
of-function mutations among Northern European populations
(R501X, 2282del4 and R2447X) by multiplex PCR analysis.®’

Clinical assessment of the participants and history of
atopic diseases and symptoms

J. Bandier assessed and registered clinical skin features such as
xerosis, palmar hyperlinearity and keratosis pilaris. Furthermore,
participants were asked whether they had a history of asthma or
hay fever, whether they ever had experienced fissures on their
hands and feet and questions related to the diagnosis of AD
according to the U.K. Working Party’s Diagnostic Criteria.”

Transepidermal water loss

TEWL was measured with the MPA5 (Multiprobe Adaptor sys-
tem, Courage and Khazaka Electronics GmbH, CK Electronics,
UK) at the inner surface of the left upper arm (opposite side of
where the punch biopsy for epidermal filaggrin monomer quan-
tification was taken). TEWL [(g/mz)/h] was measured for 30 s,
and the average of the 10 last seconds of steady state was calcu-
lated and used in the statistical analyses.

Corneocyte surface morphology and DTI

Corneocytes were sampled by a tape-stripping technique where
round, adhesive tapes (3.8 cm’, D-Squame, CuDerm, Dallas,
TX, USA) were attached to healthy or non-lesional skin on the
volar forearm. Tapes were applied for 5s by the use of a pressure
applicator (D500 — D-Squame Pressure Instrument, CuDerm,
Dallas, TX, USA),10 gently removed by tweezers and stored in a
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Figure 1 Nanostructure counting. (a) Superficial corneocytes are obtained by tape stripping. The basal (bottom) face of corneocytes
adhering to the tape is imaged by atomic force microscopy (AFM). (b) Arbitrarily addressed areas of 20 um? are scanned and analysed by
computer vision to count circular structures (green spots). The number of objects per area yields the Dermal Texture Index (DTI). DTl is

defined as mean value of 10 images. AD, atopic dermatitis.

closed vial until analysis. The same skin location was tape-stripped
five consecutive times, and the fourth tape was analysed by atomic
force microscopy (AFM) as described in details elsewhere.'
Briefly, a Multimode AFM equipped with the Nanoscope III con-
troller and software version 5.30sr3 (Digital Instruments, Santa
Barbara, CA, USA) and silicon nitride tips on V-shaped gold-
coated cantilevers were used (0.01 N/m, MLCT, VEECO, Man-
nheim, Germany). The topographic cell surface data were analysed
using the nAnostic method with custom-built proprietary algo-
rithms (Serend-ip GmbH, Munster, Germany).12 Computer vision
was used to evaluate each nanostructure morphometrically and to
filter them by size and shape. For each sample, 10 randomly
selected images of 20 umz were assessed, and the mean value of
the identified objects in these 10 images gave the final DTL

Determination of filaggrin degradation products in stratum
corneum

Corneocytes were collected by the same tape-stripping tech-
nique as described previously to determine the amount of
filaggrin degradation products, and the analyses were also
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performed on the fourth consecutive tape.'’ Briefly, NMF
components, histidine (His), 2-pyrrolidone-5-carboxylic acid
(PCA) and urocanic acid (UCA) (trans- and cis-isomer), were
extracted from each tape by adding 500 pl 25% (w/w) ammonia
solution. After 2 h of continuous shaking (IKA-Vibrax Model
2200, IKA-works Inc, Wilmington, NC, USA), the extracts were
evaporated to dryness at 60 °C (Eppendorf Concentrator 5301,
Eppendorf AG, Hamburg, Germany) and the residue was dis-
solved in 500 pl Millipore water and analysed by HPLC. To com-
pensate for the variable amount of stratum corneum protein on
the tape strips, the total amount of protein was determined. Due
to incomplete extraction of proteins by ammonia, a second extrac-
tion with 0.1 M KOH was performed. Proteins in both extractions
were measured by a Pierce Micro BCA protein assay kit (Thermo
Fischer Scientific, Rockford, IL, USA), added together, and the
levels of NMF were expressed as mmol/g total protein."

Quantification of epidermal monomeric filaggrin in the skin

Epidermal monomeric filaggrin was quantified in 4 mm skin
biopsies taken from the inner surface of the upper arm.® Biopsies
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were stored in Eppendorf vials containing storage buffer (10 mm
potassium phosphate, 2 mm Na,EDTA, pH 7) and placed at
—80 °C until analysis. The epidermis was peeled off after incu-
bation at 56 °C for 10 min, and then, the epidermal protein was
extracted by the use of mincing, extraction buffer, grinding, son-
ication, centrifugation, delipidation and dialysis. Quantification
of the monomeric filaggrin level was performed by an in-house
enzyme-linked immunosorbent assay (ELISA) as previously
described.® The level of monomeric filaggrin was expressed as
AU/mg epidermis.

Statistics

To determine whether the data were normally distributed, we
used the Shapiro—Wilk test. The DTI and levels of monomeric
filaggrin and NMF are presented as median values (25th/75th
percentiles). In the patient population, NMF and DTI data were
log-transformed to obtain normal distribution. The independent
sample t-test was used to compare two groups, while one-way
aNova followed by the Tukey post hoc test was used for multiple
comparisons. For monomeric filaggrin levels, the Mann—Whit-
ney U-test and Kruskal-Wallis test with pairwise Mann—Whitney
U-test post hoc tests were used for comparisons of two groups
and multiple groups, respectively. In the healthy controls, data
on DTI, monomeric filaggrin and NMF were log-transformed to
obtain normal distribution and the independent samples t-test
or the one-way anova followed by the Tukey post hoc test was
used. The influence of possible confounders, age, sex, AD and
FLG mutations, respectively, was assessed using multiple linear
regression models, where the log-transformed data of DTI,
filaggrin and NMF were used as dependent variables. The expo-
nentiated coefficient was reported as % change from the refer-
ence variable in the linear regression. Our a priori hypothesis
was that DTI would be higher, and the level of monomeric
filaggrin and NMF lower, in dermatitis patients compared to
healthy controls. Furthermore, we expected that patients with
FLG mutations and a history with AD would have a higher DTI
and lower levels of monomeric filaggrin and NMF, compared
to patients without these features. P-values <0.05 were consid-
ered to be statistically significant. Due to the explorative and
experimental design of the study, no correction of multiple
comparisons was performed. All statistical analyses were per-
formed with IBM SPSS Statistics 22 (IBM, Armonk, NY, USA)
and GraphPad Prism 7 (GraphPad Software, Inc, San Diego,
CA, USA).

Results

The patient population consisted of 18 males and 29 females,
and the median age was 41 years (range 18-67). The control
group had 10 male and 10 female participants, and the median
age was 29 years (range 2068 years). No statistical difference in
age was found between the patient population and the healthy
controls (P = 0.553). In the patient population, 78.7% (37/47)
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had a history of AD and 59.6% (28/47) had at least one FLG
mutation (20 heterozygotes and eight homozygotes). Further-
more, 61.7% (29/47) had a history of asthma or hay fever, 29.8%
(14/47) had clinical xerosis, 66.0% (31/47) had keratosis pilaris,
63.8% (30/47) had palmar hyperlinearity, and 44.7% (21/47)
had a history of fissures on hands and feet. In the control group,
15.0% (3/20) had a history of asthma or hay fever, and 25.0%
(5/20) had keratosis pilaris. None of the participants in the con-
trol group had clinical xerosis, palmar hyperlinearity or a history
of fissures on hands and feet. The median values of DTI, filag-
grin and NMF in the patient population and in the healthy con-
trols according to study population characteristics are listed in
Table 1.

Dermal Texture Index (DTI)

Opverall, the patient population had significantly higher DTI val-
ues compared to the control group (median DTT; 25th/75th per-
centile, 75; 59/98 vs. 44; 31/78, P = 0.015; Fig. 2). In the control
group, DTI was significantly higher in the oldest age group
(>50 years) compared to the youngest age group (<30 years;
P <0.0001) and those between 30 and 50 years of age
(P < 0.0001; Fig. 3). When adjusting for age and sex, the oldest
age group had 74% higher DTI values compared to the youngest
age group (P < 0.0001). In the patient population, no associa-
tion between DTI and age was found. No significant differences
in DTI were found for the other population characteristics in
the patient population or the control group in the unadjusted
analyses, or after adjustment for age and sex.

Epidermal monomeric filaggrin

Overall, the patient population had significantly lower levels
of monomeric filaggrin compared to the control group (AU/
mg epidermis; 25th/75th percentile, 58.7;16.5/180.5 vs. 195.2;
108.1/486.3, P = 0.001; Fig. 2). In the patient population,
participants with FLG mutations had significantly lower levels
of monomeric
(P < 0.0001)
et al,® and this was also evident after adjustment for age and
sex (P < 0.0001). When stratified for the number of muta-
tions, heterozygous mutation carriers had 35% lower levels

filaggrin in the unadjusted analyses

(Table 1), as previously shown by Bandier

and the homozygous mutation carriers had 90% lower levels
of monomeric filaggrin compared to wild types in the age-
and sex-adjusted analyses (P = 0.009 and P < 0.0001, respec-
tively). Monomeric filaggrin levels were significantly lower in
participants with xerosis and palmar hyperlinearity compared
to those without such clinical characteristics in the un-
adjusted analyses (Table 1). Analyses adjusted for age and sex
showed that xerosis was associated with a 65% reduction
(P =0.001) and palmar hyperlinearity with a 59% reduction
(P =0.002) of filaggrin levels. No significant differences in
the levels of filaggrin were found with regard to age or sex
in the patient population or in the control group.

© 2018 European Academy of Dermatology and Venereology
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Filaggrin, NMF and DTl in dermatitis
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Figure 2 The DTI, levels of monomeric filaggrin (AU/mg epider-
mis) and NMF (mmol/g protein) in dermatitis patients and healthy
controls expressed as median values with interquartile range. For
DTl and NMF, independent samples t-test with log-transformed
values was used to test the statistical difference between the two
groups, while for monomeric filaggrin, the Mann-Whitney U-test
was used. P-values <0.05 were considered significant. AU, arbi-
trary units; DTI, Dermal Texture Index; NMF, natural moisturizing
factors.
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Figure 3 The DTl in healthy participants stratified by age group,
expressed as mean (+SD). One-way anova followed by the Tukey
post hoc test was used to test the statistical difference between
the groups. P-values <0.05 were considered significant. DT, Der-
mal Texture Index.

Filaggrin degradation products (NMF)

Opverall, the levels of NMF were significantly lower in the patient
population compared to the control group (mmol/g protein;
25th/75th  percentile, 0.66; 0.47/0.96 vs. 1.01; 0.78/1.17,
P =0.005) (Fig. 1). In the patient population, the NMF levels
were significantly lower in participants with a history of AD
compared to participants without AD (P = 0.027), and when
adjusted for age, sex and FLG mutations, a history of AD was
associated with an 18% reduction in NMF (P = 0.045). In the
unadjusted analyses, no difference was seen for the presence of
any FLG mutation, but when stratified for the number of muta-
tions, homozygous carriers had significantly lower NMF levels
compared to heterozygous (P = 0.004) and wild-type cases
(P = 0.020). When adjusted for age and sex, homozygous carri-
ers had a 24% reduction in NMF levels compared to wild-type
cases (P = 0.010). A history of asthma or hay fever was associ-
ated with significantly lower levels of NMF in the unadjusted
analyses (P = 0.020) and after adjustment for age and sex (17%
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reduction, P = 0.015). Furthermore, xerosis was associated with
lower levels of NMF when adjusted for age and sex (16% reduc-
tion, P = 0.025). With regard to sex, no significant differences in
the NMF levels were found. The oldest age group (>50 years)
had higher NMF levels compared to the youngest age group
(<30 years) in the unadjusted analyses (P = 0.017), and when
adjusted for sex, a history of AD and FLG mutations, the oldest
age group had 28% higher NMF levels compared to the youngest
age group (P = 0.023). In the control group, male participants
had significantly lower levels of NMF compared to female partic-
ipants (P = 0.029) (Table 1). Finally, participants with high
TEWL values (>12 (g/mz)/h), defined as higher than the median
value of all participants, had significantly lower levels of NMF
compared to those with lower TEWL values (P = 0.033).

Discussion

Main findings

The 47 patients with dermatitis under control had significantly
higher levels of DTI and significantly lower levels of monomeric
filaggrin and NMF compared to the 20 healthy controls. In these
patients, reduced levels of monomeric filaggrin and NMF
seemed to correlate with the presence of FLG mutations and
clinical phenotypes such as xerosis, palmar hyperlinearity and
history of AD. Among healthy controls, DTT was significantly
higher in the oldest age group compared to the two younger age
groups.

Interpretation

The increased DTI observed in patients with dermatitis is in line
with previous studies that investigated the relationship between
changes in corneocyte morphology and the presence of dermati-
tis. In 18 healthy newborns followed from birth and up to
6 months, study subjects (n = 5) who developed dermatitis had
a tendency of higher number of ‘villus-like projections’ com-
pared to those who did not develop AD.” Furthermore, elevated
levels of DTI have been found in both lesional (529 + 277
counts) and non-lesional (116 + 53 counts) paediatric AD skin
when compared to healthy controls (24 & 21 counts).” In our
study, the observed difference between the patient population
and the healthy controls was not as pronounced, which could be
explained by the absence of active dermatitis and furthermore
that the individuals were adults.

To our knowledge, we are the first to describe significantly
increasing levels of DTT with age in healthy skin. A small study
including 21 healthy individuals aged 1-77 years found no cor-
relation between DTI and age.” Nevertheless, morphological
changes in aged corneocytes have been described previously.
Thus, aged corneocytes compared to young corneocytes have
significantly increased cell size, a rougher cell surface and possi-
bly corneocyte protrusions, described by Gorzelanny et al.'* as
‘humps’. The authors could not explain the nature of these
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nano-scale alterations, but hypothesized that they were due to
decreased production of lipids and epidermal proteins involved
in the keratinization process. Previous studies have shown that
aged skin has decreased levels of lipids and down-regulation of
important epidermal proteins such as filaggrin and loricrin com-
pared to young skin, supporting this assumption.'>*” In the
current study, we did not observe a significant decrease in levels
of filaggrin monomers with age. This suggests that other factors
than monomeric filaggrin deficiency are responsible for the high
DTI observed in aged healthy skin. For example, we did not
measure amount or distribution of lipids around the cells which
could account for the difference with age. No association
between age and DTI was found in the patient population; how-
ever, we observed significantly higher levels of NMF in older
patients compared to the two younger age groups (P = 0.023),
perhaps due to a compensatory breakdown of filaggrin to keep
the skin hydrated.

The nature of the altered topography of the corneocyte sur-
face is still unresolved, but several hypotheses have been pro-
posed. While a strong inverse correlation between DTI and
NMF was shown in children with acute and convalescent AD,* it
cannot be out ruled that skin inflammation associated with AD
affected this relationship. However, the DTT level was more clo-
sely related to NMF than the SCORAD (SCOring Atopic Der-
matitis) value, suggesting that the absence of filaggrin or NMF
could be more important for altered corneocyte morphology
than inflammation per se. This notion was supported by the fact
that the DTI was not affected by a change in SCORAD.* More-
over, the level of skin hydration might be important for DTI
levels, as suggested in a study by a Matsumoto et al.'® Here,
experimentally induced xerosis and inflammation by exposure
to the potent contact allergen 2,4,6-trinitrochlorobenzene led to
corneocyte protrusions (villi), which disappeared after treatment
with moisturizers. In the current study, we were unable to detect
a significant difference in DTT levels according to a history of
AD, the presence of FLG mutations, xerosis or elevated TEWL in
the patient population. This finding could be due to the hetero-
geneity of the patient population, use of emollients or the pres-
ence of subclinical inflammation.

The reduced levels of epidermal monomeric filaggrin and
NME in the patient population compared to the healthy controls
are in accordance with previous research. Several inflammatory
mediators, such as IL-4, IL-13, IL-17A, 1L-22, IL-25, IL-33, TSLP
and TNF-a, have been shown to down-regulate filaggrin expres-

5,19,20 : : c i 21 .
even in non-lesional atopic skin.”" Our study subjects

sion,
had no or mild dermatitis which was under control, hereby sug-
gesting that even subclinical inflammation could negatively
affect the skin barrier and in turn reduce filaggrin and NMF
levels. As expected,zz’23 the levels of NMF were lower in partici-
pants with a history of AD and in carriers of common FLG

mutations.
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Strengths and limitations

To our knowledge, this is the first study to investigate DTT in a
relatively large population of adults with and without dermatitis,
and also the first study to examine FLG mutations, monomeric
filaggrin levels and NMF in the same group. There are some lim-
itations with regard to the study design. The biopsy for mono-
meric filaggrin quantification and the TEWL measurements
were taken on the inner surface of the upper arm, while the tape
strips used to determine DTI and NMF were collected from the
volar aspect of the forearm close to the elbow, possibly leading
to bias regarding anatomical variation. Also, the analytical vari-
ability of the DTI measure has not yet been established. It is pos-
sible that absolute levels of DTT and NMF were reduced as tape
strips had been stored since 2011, but we do not expect the rela-
tive levels to have been affected. No information on current AD
was collected, and no clinical scoring of eczema severity was per-
formed. No correction for multiple comparisons was performed
despite a high number of association tests. Significant results
should therefore be interpreted with caution as they may be
based on chance. Finally, we had no information about emol-
lient use, sun exposure or bathing habits within weeks before
sampling.

Conclusion

In this human adult study, a significant difference in DTI, epi-
dermal monomeric filaggrin and NMF was found between
patients with a history of dermatitis and healthy controls, indi-
cating that mild dermatitis, or even subclinical inflammation, is
sufficient to produce alterations in important skin barrier prop-
erties. DTI was significantly increased in aged individuals in the
healthy control group, suggesting a steady change in corneocyte
morphology with age. Future studies need to identify the nature
of DTI-related corneocyte changes including possible elicitors
for a better understanding of interplay between cells and skin
matrix in the etiopathogenesis of AD and other forms of
dermatitis.
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