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Introduction & objectives: Head and neck dermatitis (HND) is a refractory
phenotype of atopic dermatitis (AD) and can be a therapeutic challenge due to
lack of responsiveness to conventional treatments. Previous studies have
suggested that the microbiome and fungiome may play a role in inducing
HND, but the underlying pathogenic mechanisms remain unknown. This study
aimed to determine the link between HND and fungiome and to examine the
contribution of Malassezia furfur.

Materials and methods: To identify the effect of the sensitization status of M.
furfur on HND, 312 patients diagnosed with AD were enrolled. To elucidate the
mechanism underlying the effects of M. furfur, human keratinocytes and dermal
endothelial cells were cultured with M. furfur and treated with Th2 cytokines. The
downstream effects of various cytokines, including inflammation and
angiogenesis, were investigated by real-time quantitative PCR. To identify the
association between changes in lipid composition and M. furfur sensitization
status, D-squame tape stripping was performed. Lipid composition was
evaluated by focusing on ceramide species using liquid chromatography
coupled with tandem mass spectrometry.

Results: Increased sensitization to M. furfur was observed in patients with HND.
Additionally, sensitization to M. furfur was associated with increased disease
severity in these patients. IL-4 treated human keratinocytes cultured with M.
furfur produced significantly more VEGF, VEGFR, IL-31, and IL-33. IL-4/M. furfur
co-cultured dermal endothelial cells exhibited significantly elevated VEGFR,
TGF-B, TNF-o, and IL-1B levels. Stratum corneum lipid analysis revealed
decreased levels of esterified omega-hydroxyacyl-sphingosine, indicating skin
barrier dysfunction in HND. Finally, M. furfur growth was inhibited by the addition
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of these ceramides to culture media, while the growth of other microbiota,
including Cutibacterium acnes, were not inhibited.

Conclusions: Under decreased levels of ceramide in AD patients with HND, M.
furfur would proliferate, which may enhance pro-inflammatory cytokine levels,
angiogenesis, and tissue remodeling. Thus, it plays a central role in the
pathogenesis of HND in AD.

KEYWORDS

atopic dermatitis, head and neck dermatitis, Malassezia, LC-MS/MS, lipid analysis,
ceramide, red face syndrome

1 Introduction

Atopic dermatitis (AD) is a chronic relapsing pruritic
eczematous skin disorder (1). It is considered a multifactorial
disease in which allergen-induced immunoglobulin (Ig) E is
thought to be one of the contributing factors, as the levels of
these specific IgE antibodies are found to be increased in the sera
of patients with AD (2). Head and neck dermatitis (HND) or red
face syndrome is one of the features of AD, with characteristic
diffuse erythema of the face, which is more commonly observed in
infants and adults (3). Due to its chronicity and frequent relapses,
patients’ quality of life is severely affected.

AD patients with HND have been found to be more sensitized
to Malassezia furfur (M. furfur) and have increased levels of specific
IgE compared to AD patients without HND (4-6). In addition,
studies have reported that antifungal agents improve symptoms in
these patients (3, 7), further supporting the association of M. furfur
with HND in AD. However, the mechanisms underlying the
development of HND and its association with M. furfur
remain unclear.

M. furfur is a lipophilic yeast that constitutes the normal flora of
the skin and produces lipases that break down sebum lipids into
unsaturated fatty acids, oleic acid, and arachidonic acid (8). These
fatty acids have desquamative effects on keratinocytes and induce
the production of pro-inflammatory cytokines (9). M. furfur is
associated with various cutaneous conditions, such as seborrheic
dermatitis and tinea versicolor. Although these conditions may
recur and become chronic, they usually respond well to treatment,
unlike HND in AD patients. Therefore, we aimed to explore the role
of M. furfur in the development of HND in AD.

Abbreviations: HND, head and neck dermatitis; HL, healthy control; AD, atopic
dermatitis; EASI, eczema area and severity index; VEGF, vascular endothelial
growth factor; HMVEC, human microvascular endothelial cells; EO, esterified
omegahydroxyacyl; EOP, omega-hydroxyacyl-phytosphingosine; EOS, esterified
omega-hydroxyacyl-sphingosine; NP, nonhydroxyacyl-phytosphingosine; AP, o
-hydroxyacyl-phytosphingosine; OS, omega-hydroxyacyl-sphingosine; FABP,
fatty acid binding protein.
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2 Materials and methods
2.1 Ethical approval

This study was approved by the Institutional Review Board of
Yonsei University Severance Hospital (IRB no. 4-2018-0334).

2.2 Selection of Patients with HND for
basal characteristics analysis

For clinical evaluation of HND patients, a database of
approximately 5,007 patients with AD who visited Yonsei
University Severance Hospital’s Department of Dermatology in
2011 was reviewed retrospectively (10). A query search of
patients’ electronic medical records with keywords “red face
red,” “redface,” and “Head and Neck Dermatitis” in

both English and Korean was also performed.

» «

syndrome,

2.3 Patient selection for the evaluation of
M. furfur sensitization status

A total of 312 patients were diagnosed with AD at the
Department of Dermatology, Severance Hospital, Yonsei
University College of Medicine. The diagnosis was made
according to the Hanifin and Rajka diagnostic criteria (11).
Patients’ age and sex were also noted. The severity of AD was
assessed using the eczema area and severity index (EASI). Patients
with diffuse erythematous patches on the facial skin were
categorized into the HND group, whereas the remaining subjects
were categorized to the non-HND group. The patients were
categorized according to different age groups in which childhood
was defined as age less than 12 years, adolescents were aged between
12 and 18 years, and adults were categorized as those older than 18
years. Sensitization to M. furfur was assessed using CAP
immunoassay. Sensitized status to M. furfur was defined by
elevation in the levels of IgE specific to M. furfur above 0.70 kU/L
(Class 2).
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2.4 Histological evaluation of facial
skin samples

For histological evaluation of HND, a histological database at
the Yonsei University Severance Hospital was utilized. A query
search of AD patients from 2011 who underwent facial skin biopsy
was performed, and five patients were randomly selected from
9 candidates.

Histological analysis of non-HND face specimens was performed
through a query search of AD patients who underwent skin biopsy on
the face from 2013 for suspected concomitant vitiligo (usually the
biopsy is conducted with non-lesional normal skin and lesional skin
with vitiligo to compare the melanocyte population). Crude age
filtering was performed to age-match AD patients. Among the 10
candidates, five patients were randomly selected for image analysis.

At 200x magnification, the longest distance from the subcorneal
level to the basal layer was chosen arbitrarily for epidermal
thickness after calibrating the scale bar to pixels. The number of
vessels/mm? was counted in the dermis of each slide section within
a 100 pm distance from the epidermal-dermal junction.

Immunohistochemical staining was performed using paraffin-
embedded sections with antibodies against factor VIII-related
antigen (1:100, ab236284, Abcam), stromal cell-derived factor-1-
alpha (SDFI1-o) (1:100, ab25117, Abcam, Cambridge, United
Kingdom), Interleukin-1-beta (IL-1-B) (1:100, ab2105, Abcam),
tumor necrosis factor-alpha (TNF-o) (1:50, ab1793, Abcam),
transforming growth factor-beta (TGF-) (1:100, ab66043,
Abcam), and vascular endothelial growth factor (VEGF) (1:200,
abl316, Abcam). Staining intensity was determined at 400x
magnification at a randomly chosen area of the upper dermis.
Images were quantified using Image] analysis tools (National
Institutes of Health, Bethesda, MA).

To calculate the stained area of the antibody, we converted the
original image to an 8-bit grayscale image (ImageJ>Image>8-bit),
applied a binary threshold, and calculated the percentage positive for
the stained part in the standard image. Quantification was performed
relative to the entire selected region. The threshold for each staining
was set as the average threshold of multiple immunostaining analyses
performed by three independent experimenters.

2.5 Co-culture of organisms with human
primary cells

Primary normal human epidermal keratinocytes were cultured
at 37°C in 5% CO, in Epilife medium supplemented with human
keratinocyte growth supplement (Gibco, USA). Human
microvascular endothelial cells (HMVECs) were cultured at 37°C
in 5% CO, in EBM-2 basal medium supplemented with EBM-2
growth medium (Lonza, USA).

M. furfur (ATCC 12078) was cultured at 30°C on Difco YM
agar supplemented with 1% olive oil. . epidermidis (Staphylococcus
epidermidis, ATCC 12228) was cultured at 37°C on Difco tryptic
soy agar. C. acnes (Cutibacterium acnes, ATCC 6919) was cultured
at 37°C on forced clostridial medium (CM0149; Oxoid) with 2%
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agar. To induce hypoxia, a BD GasPakTM EZ Pouch was used. All
the media were sterilized by autoclaving at 121°C for 15 min.

Organisms were harvested by centrifugation, and the pellet was
suspended in the corresponding media. The organisms were heat-
killed by incubation at 80°C for 3 min, and then co-cultured with
normal human epidermal keratinocytes or human microvascular
endothelial cells for 24 h at a density of 1 x 10° cells/mL. To induce
allergic environments, recombinant thymic stromal lymphopoietin
(TSLP) (50 ng/mL) or IL-4 (50 ng/mL) was used.

2.6 Real-time quantitative PCR

The cells were harvested using trypsin-EDTA (0.25%) and
centrifuged. Total RNA was extracted using the RNeasy Plus Mini
Kit (Qiagen, Germany), following the manufacturer’s instructions.
Next, cDNA was generated using a Veriti thermal cycler (Applied
Biosystems). Real-time quantitative PCR was performed with
cDNA supplemented with the appropriate TagMan primers using
a StepOnePlus PCR system (Applied Biosystems). mRNA
expression level was calculated using the 2-AACT method. The
primers used are as follows; VEGF (vascular endothelial growth
factor) (Hs00900055_m1), VEGFR (VEGF receptor) (FLTI;
Hs01052961_m1), 1L-31 (Hs01098710_m1), IL-33 (Hs003
69211_m1), TGF-B (Hs00998133_m1), TNF-o (Hs00174128
_ml), IL-1B (Hs01555410_m1), and GAPDH (Hs02786624_gl).

2.7 Lipid extraction and quantification of
human stratum corneum

The human stratum corneum was collected using D-squame
tape (22 mm in diameter; CuDerm, Dallas, Tex) from the facial skin
of five subjects from both HND and non-HND groups who
provided informed consent. An additional number of five people
who did not have any underlying disease history including
dermatological conditions were recruited as the control group. Six
consecutive D-squame tape strips were collected from each group.
The first tape disc was discarded and the remaining tape discs were
placed in separate tubes. The tapes were vortexed in 5 mL of
methanol for 30 s. The tape debris was removed immediately, and
the methanol solution was dried under a nitrogen stream at 30°C.

Total lipid extracts were separated into three fractions using
silicic acid column chromatography: neutral lipids (TAG), free fatty
acids, and ceramides. Half of the dried extracts were reconstituted
in 200 UL of chloroform and loaded into silicic acid columns that
were preconditioned with chloroform. After sample loading, each
column was washed with 20 mL of chloroform to elute the neutral
lipids, 20 mL of chloroform containing 0.2% acetic acid to elute free
fatty acids, and 30 mL of methanol to elute the ceramides.

The fatty acid composition of SC lipid fractions was analyzed
after derivatization (saponification and methylation) using a gas
chromatograph equipped with an SPB-5 capillary column (5%
phenol, 30 m, 0.25 mm ID, film thickness: 0.25 pm). The GC
operating conditions were as follows: injector temperature, 305°C;
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detector temperature, 310°C FID; oven temperature, 175°C; 5°C/
min; 300°C (20 min); and carrier gas, He.

The TAG and ceramide fractions of SC lipids were further
analyzed using LC-MS/MS for profiling (12). Skin lipids were
analyzed using a Nexera2 LC system connected to a triple
quadruple mass spectrometer (LCMS 8060; Shimadzu, Kyoto,
Japan) with a reversed-phase Kinetex C18 column (100 x
2.1 mm, Phenomenex, Torrance, CA, USA). Mobile phases were
water/methanol mixture (1:9, v/v) with 10 mM ammonium acetate
(A) and isopropanol/methanol mixture (5:5, v/v) with 10 mM
ammonium acetate (B). The gradient elution was performed as
follows: 0 min (30% of B), 0-15 min (95% of B), 15-20 min (95% of
B), and 20-25 min (30% of B). Quantitation was conducted by
selected reaction monitoring (SRM) of the [M + H]* or [M + NH,"]
ion and related product ion for each lipid species. The
concentration of each target lipid species was calculated as the
ratio of the target analyte to the internal standard (IS) multiplied by
the concentration of the IS. Single-point calibrations of each target
lipid species were conducted using a selected IS for each lipid class
(NS(d18:1/12:0), NdS(d18:0/12:0), NP(t18:0/8:0), AS(d18:1/18:1),
AdS(d18:0/12:0), AP(t18:0/6:0), E(18:2)O0(16)S(18), E(18:2)O(16)P
(18), A(18:1)NS(d18:1/17:0), A(18:1)NS(d18:1/17:0), sphingosine
dy, OP(t18:0/16:0), OP(t18:0/16:0), OP(t18:0/16:0), and TG 45:0
(15:0/15:0/15:0) for NS, NdS, NP, AS, AdS, AP, EOS, EOP, 1-O-
Acyl-NS, 1-O-Acyl-AS, long chain base (LCB), OS, OP, OH, and
TG, respectively).

2.8 Assessment of the effect of ceramide
on M. furfur colonization

Lyophilized ceramide (esterified omega-hydroxyacyl-
sphingosine; EOS) was purchased from Avanti Polar Lipids
(USA). EOS was added to sterilized media at 45°C and placed on
a magnetic stirrer. M. furfur and C. acnes were cultured on
appropriate culture media discs, and their colonization patterns
were observed. The concentrations of ceramide (EOS) were as
follows: control (no additional treatment), 2, 5, and 10 pg/mL.
Colony area analysis was performed using Image] software (13).
The observed colony area values were divided by the colony area of
the control (no EOS) and compared between different
EOS treatments.

Statistical Analysis

The Student’s t-test was used for dependent samples, and the
nonparametric Mann-Whitney U test was used for comparison of
quantitative values between two groups. The Kruskal-Wallis test was
used to compare more than two groups. Tukey’s multiple
comparisons test was used after Kruskal-Wallis test to compare
each experimental group against each control group. Quantitative
data are described as median and range or as mean + standard
deviation. Statistical differences were considered significant if p< 0.05.
GraphPad Prism version 9.4.1 for Windows (GraphPad Software, San
Diego, CA, USA) and SPSS (version 19.0; SPSS Inc., Chicago, IL,
USA) were used to calculate statistical significance.
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3 Results

3.1 AD patients with HND exhibited severe
clinical/laboratory phenotypes

Among the 5,007 patients with AD, 120 (2.4%) had clinical
records indicating HND. The 120 HND and 4,887 non-HND
patients were age- and sex-matched using the exact matching
method. After eliminating all missing values in the database, 74
HND and 74 non-HND patients were matched for comparison.
There were no significant differences in the distribution of age, sex,
and disease onset between the HND and non-HND groups
(Table 1). Regarding AD phenotypes, there was a higher
percentage of extrinsic AD (total serum IgE > 200 IU/mL) in the
HND group (Table 1). Interestingly, AD patients with HND
showed a higher disease severity, as measured by the EASI score
(Table 1. p<0.0001) and elevated total IgE (Table 1. p-value<0.0001)
during the initial clinic visit.

3.2 Increased sensitization to M. furfur
in adolescent and adult AD patients
with HND

Next, we concentrated on the effect of “fungiome” composition
to the HND in AD, especially on M. furfur, which has been
associated with dandruff (14, 15), HND in AD (4, 16), and AD
itself (17). To elucidate the differences in M. furfur sensitization
status between the HND and non-HND groups, 312 patients were
enrolled in the analysis. Of the 312 patients with AD, 75 were in
their childhood, 61 were in adolescence, and 176 were adults. The
average age of the patients was 24.45 + 14.56, consisting of 169 male
and 143 female AD patients.

The average level of IgE specific to M. furfur was 8.57 + 18.89
kU/L. In the childhood group, the specific IgE level was 1.689 + 3.46
kU/L, and the levels for the adolescence and adulthood groups were
11.53 + 22.21 kU/L and 10.48 *+ 20.8 KU/L, respectively. The
difference between adolescents and adults was not significant,
whereas the data were significant for both childhood and
adolescence and between childhood and adulthood (Figure 1A;
both p<0.001) The sex-specific level of specific IgE to M. furfur was
also assessed, and it was found to be 8.53 + 19.62 kU/L in males and
8.63 £ 18.05 kU/L in females (Figure 1B). The difference between
the two groups was not statistically significant.

3.3 Sensitization to M. furfur is
associated with increased severity
and occurrence of HND

The association between HND and sensitization to M. furfur
was evaluated. Interestingly, the levels of IgE specific to M. furfur
was significantly higher in the patients with HND (Figure 1C; 20.61
+26.04 vs. 4.07 + 12.80 kU/L, p<0.0001). In addition to laboratory
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TABLE 1 Comparison of epidemiological and laboratory characteristics of HND and Non-HND patients.

Characteristics HND Non-HND p-value
No. subjects 74 74
Age, yrs (range) 24 (10-41) 24 (10-41) >0.9999
Sex >0.9999

Male, n (%) 48 (64.9) 48 (64.9)

Female, n (%) 26 (35.14) 26 (35.14)
Extrinsic AD, n (%) 71 (95.95) 62 (83.78) 0.0038
Onset of AD, yrs 0.4303
Birth~2 years, n (%) 10 (13.51) 11 (14.86)

3-6 yrs 11 (14.86) 14 (18.92)

7-12 yrs 10 (13.51) 11 (14.86)

13-16 yrs 13 (17.57) 10 (13.51)

16-20 yrs 8 (10.81) 8 (10.81)

> 20 yrs 20 (27.03) 18 (24.32)
EASI, score
(mean, range) 24.15 (2.00-58.00) 14.64 (0.30-63.40) <0.0001
Total IgE, IU/mL
(mean, range) 3021.3 (39.00-5000.00) 751.9 (9.19-5000.00) <0.0001

HND, head and neck dermatitis; Non-HND, non-head and neck dermatitis; AD, atopic dermatitis; EASI, Eczema Area and Severity Index.

Paired Student’s t-test was done for statistical analysis.

characteristics, the association between the presence of HND and
clinical severity, which was measured using the EASI score, revealed
that clinical severity was significantly higher in HND patients
(Figure 1D; 24.12 + 15.90 vs. 14.28 + 11.50, p<0.0001).

The patients were categorized according to their sensitization to
M. furfur. Of the 312 patients, 142 were sensitized and the remaining
170 were non-sensitized. EASI scores of the M. furfur sensitized AD
patients were significantly higher than those of the non-sensitized
group (Figure 1E; 21.91 + 14.59 vs. 12.83 + 11.07, p<0.0001). These
data indicate that sensitization to M. furfur not only affects the risk of
HND in AD but might also contribute to the overall severity of AD.

3.4 Comparison of histopathological
characteristics between HND and non-
HND subjects

To investigate histological differences between the HND and
non-HND groups, skin biopsy specimens were examined by
hematoxylin and eosin staining. In HND pathology, a general
trend of hyperkeratosis, acanthosis, and parakeratosis was
observed, with dense inflammatory cells surrounding the
increased vasculature (Figure 2A). The average epidermal
thickness in HND group (412.5(292.8-532.1) pum) was
significantly higher than that of the non-HND group (179.6
(140.9-205.3) um) (Figure 2B; p<0.05).

Increased vascularity in HND patients was confirmed by
immunohistochemical staining for factor VIII-related antigens
(Figure 2C). Average vessel count for HND group was 15 (12-19)

Frontiers in Immunology

with a concurrent average vessel area of 221.4 (159.8-273.4) um>.
The average vessel count in non-HND histology was 4.5 (3-6) with
an average vessel area of 101.0 (78.9-177.3) um?. The differences in
vessel counts and average vessel sizes were statistically significant
(Figures 2D, E; both p<0.05).

Next, immunohistochemical staining of pro-inflammatory
cytokines and chemokines was performed to confirm the presence
of inflammatory mediators in HND lesions. The evaluated
molecules included TNF-o, TGF-f, IL-1B, SDF1-o, and VEGEF.
As a result of IHC staining, all molecules showed significantly
higher signal in HND group, confirming that the HND patients’
facial skin show intense inflammatory circumstance than non-HND
group. (Figures 3A-F; SDF1-0, p<0.01; IL-1B, p<0.05; TGEF-B,
p<0.01, TNF-0, p<0.01; VEGE, p<0.001),

3.5 VEGF, VEGFR, IL-31, and IL-33 levels
were upregulated in keratinocytes cultured
with M. furfur

Malassezia spp. colonization/abundance is known to be linked
with AD pathogenesis, as AD patients often exhibit
hypersensitization to Malassezia spp. with higher Malassezia-
specific IgE levels (18-21). These findings from previous studies
indicate the possibility of a positive association between Malassezia
spp. abundance and hypersensitivity.

Thus, the effects of M. furfur colonization on skin were
evaluated in vitro (Figure 4A). First, keratinocytes (normal
human epidermal keratinocytes) were cultured with either M.
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(C) Immunohistochemistry of the upper dermis for factor Vllla-related antigen of patients with (left) and without (right) HND. (200x magnification)
(D) Average vessel count and average vessel area of patients with HND was significantly higher than that of non-HND subjects. (Mann-Whitney U
Test, (B) p = 0.0159, (D) p = 0.0159 (E) p = 0.0317) HND, Head and neck dermatitis. * : p<0.05.
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expression levels did not increase when cells were not treated with 3.6 M. furfur induced increased expression

TSLP. As shown in Figure 4C, similar results were observed when  |evels of VEGFR, TGF_B, TNF-o, and ||__]_B
cells were treated with IL-4, except for VEGF (VEGF, p = 0.1244;  in endothelial cells

VEGER, p<0.05, IL-31; p<0.05, IL-33; p<0.05). These results suggest

that M. furfur induces the production of cytokines related to AD, Figure 4D depicts the effect of M. furfur on endothelial cells.
further exacerbating disease severity, and that the expression of =~ Human microvascular endothelial cells were co-cultured with M.
VEGF, which induces angiogenesis, may contribute to the erythema  furfur and treated with IL-4 using the same protocol as that used for

observed in HND of AD. keratinocytes. The increase in the expression levels of VEGER,
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FIGURE 3

Immunohistochemistry of HND and non-HND facial skin specimens. (A) Representative histological image at 100x magnification (left) and 200x
magnification (right). Quantified staining intensity of (B) SDF-1a, (C) IL-1B, (D) TGF-B, (E) TNF-o, and (F) VEGF. (Unpaired two-tailed t-test, SDF-1a; p =
0.0014, IL-1B; p = 0.0374, TGF-B; p = 0.0058, TNF-a; p = 0.0035, VEGF; p = 0.0002) HND, head and neck dermatitis; SDF-1 ¢, stromal cell-derived

factor-1-alpha; IL-1 3, Interleukin-1-beta; TGF- f3, transforming growth factor-beta; TNF- ¢, tumor necrosis factor-alpha; VEGF, vascular endothelial
growth factor. * : p<0.05; ** : p<0.01.
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TGE-B, TNF-0, and IL-1 was most significant when the
endothelial cells were co-cultured with M. furfur and treated with
IL-4 (Figure 4D; VEGER, p<0.05; TGF-B, p<0.001; TNF-at, p<0.001,
IL-1f; p<0.001). However, this tendency was not observed in
endothelial cells co-cultured with S. epidermidis. These results
imply that M. furfur also affects endothelial cells, inducing the
production of pro-inflammatory cytokines, such as TGE-f3, TNF-o,
and IL-1f3, as well as VEGFR, which further promote
vascular proliferation.

3.7 Decreased ceramide in AD patients
with HND

Malassezia spp. are well known for their ability to produce
lipases (22) that break down cutaneous lipid components into

10.3389/fimmu.2023.1114321

unsaturated fatty acids, oleic acid, and arachidonic acid (23, 24).
Therefore, we investigated the lipid composition of the stratum
corneum, which is essential for the maintenance of skin
barrier function.

Tape stripping was performed on the facial skin of patients with
HND and those without HND, with five subjects in each group. Five
additional subjects without any underlying disease were also tested
as controls. Patients with HND had significantly higher erythema
index and transepidermal water loss levels in the facial area, which
supported the presence of HND (Table 2). Among the various
ceramides from the stratum corneum, phytoceramide NP
(nonhydroxyacyl-phytosphingosine), AP (a-hydroxyacyl-
phytosphingosine), and EO (esterified omegahydroxyacyl) type
ceramides (EOS (esterified omega-hydroxyacyl-sphingosine), and
EOP (esterified omega-hydroxyacyl-phytosphingosine)) were
found to be significantly reduced in the HND group when
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In vitro experiments showing (A) increased expression levels of VEGF, VEGFR, IL-31, and IL-33 in keratinocytes cultured with M. furfur, supplemented
with (B) TSLP or (C) IL-4. M. furfur induced increased expression levels of VEGFR, TGF-B, TNF-o, and IL-1B in (D) endothelial cells supplemented
with IL-4. (three replicates for each column, Unpaired t-test, (B) VEGF; p = 0.0044, VEGFR; p = 0.0019, IL-31; p = 0.0145, IL-33; p = 0.0381,

(C) VEGF; p = 0.1244, VEGFR; p = 0.0244, IL-31; p =0.0382, IL-33; p = 0.0117, (D) VEGFR; p-value 0.0266, TGF-B; p-value 0.0002, TNF-a; p-value
0.0009, IL-1B; p-value 0.0009). * : p<0.05; ** : p<0.01; *** : p<0.001; ns, Not Significant (p>0.05).
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compared to the non-HND and control groups (Figure 5A, NP;
p<0.01, AP; p<0.05, EOS; p<0.01, EOP; p<0.01). However, when the
non-HND group was compared to the healthy controls, no
significant differences were found. Next, individual lipid
components belonging to each ceramide type that varied
significantly were compared. In the case of NP- and AP-type
ceramides, there was individual lipids with no significant
difference between non-HND group and healthy controls. Some
individual lipid components showed statistical differences between
HND group and non-HND/healthy controls (Figure 5B, t18:0/24:0;
p<0.05, t18:0/25:0; p<0.05, t18:0/26:0; p<0.05, t18:0/27:0; p<0.01,
t18:0/28:0; p<0.01, Figure 5C, t18:0/24:0; p<0.05, t18:0/25:0; p<0.01,
t18:0/26:0; p<0.01). However, all individual lipid components
belonging to the EO-type ceramides exhibited statistically
significant differences between HND group and non-HND/
healthy controls while non-HND group and healthy controls
showed no significant difference (Figure 5D, E(18:2)O(28)S(18);
p<0.01, E(18:2)0(29)S(18); p<0.01, E(18:2)0(30)S(18); p<0.01, E
(18:2)0(31)S(18); p<0.01, E(18:2)0(32)S(18); p<0.01, Figure 5E, E
(18:2)0(29)P(18); p<0.05, E(18:2)0(30)P(18); p<0.01, E(18:2)O
(31)P(18); p<0.01, E(18:2)0(32)P(18); p<0.001, E(18:2)0(33)P
(18); p<0.01, E(18:2)0(34)P(18); p<0.01).

In the above analysis, the decrease ratio between Non-HND/
Control to HND group was more prominent in EO type ceramides
(EOS, EOP) than that of other types. Among the four EO type
ceramides, EOS ceramide is regarded as the main ceramide
component of the epidermis (25). In the epidermis, EOS is
converted to @-hydroxyacyl-sphingosine (OS) ceramide. The
converted OS is attached to the cornified envelope to maintain
the skin barrier function (26-29). Based on the above results and
that of previous studies, OS ceramides were analyzed after the
extraction of hydrolyzed unbound ceramides. As a result, OS
ceramides, which are the most abundant in the stratum corneum,
were found to be significantly decreased in the HND group when
compared to that in the non-HND and control groups (Figure 6A,
OS; p<0.01, OP; p = 0.3833, OH; p = 0.2839). In addition, when the
individual lipid components were compared among the three
groups, statistically significant differences were found mostly in
those belonging to OS-type ceramides (Figure 6B, t18:0/31:0; p =
0.2516, t18:0/32:0; p<0.01, t18:0/34:0; p = 0.538, Figure 6C, t16:1/
36:0; p = 0.2839, Figure 6D, d17:1/30:0; p<0.01, d18:1/30:0; p<0.05,
d18:1/31:0; p<0.01, d18:1/32:0; p<0.001, d20:1/30:0; p<0.01, d20:1/
31:0; p<0.01, d20:1/32:0; p<0.01). These data indicate that ceramide

10.3389/fimmu.2023.1114321

levels, especially EOS-type ceramides, are downregulated in HND.
Considering the ability of Malassezia spp. to produce lipases, it can
be inferred that the Malassezia spp. colonization might have been
involved in the decreased stratum corneum ceramide levels of
HND patients.

3.8 Inhibitory effect of OS-type ceramide
on the colonization of M. furfur

Finally, we investigated whether the restoration of OS-type
ceramides could reduce the colonization of Malassezia spp. in
vitro (Figure 7A). To assess the effect of ceramide on the growth
of M. furfur, 0, 2, 5, and 10 1 g of EOS (esterified ®-hydroxyacyl-
sphingosine) ceramide were added to the growth medium of M.
furfur. C. acnes, the most common bacteria in the normal flora of
facial skin, was used as a control, and the same experimental
protocol was applied. For C. acnes, the total area of colonization
did not vary with the concentrations of ceramide (Figure 7B). In
contrast, in the case of M. furfur, as the concentration of ceramide
increased, the total area of colonization of M. furfur decreased
significantly (Figure 7C, Tukey’s multiple comparisons test; control
vs. 2ug/mL; p< 0.001, control vs. 5ug/mL; p< 0.001, control vs. 10
pg/mL; p< 0.001). These data indicate that ceramide, especially EOS
ceramide, inhibits the growth of M. furfur.

4 Discussion

AD is a chronic condition that severely affects patients’ quality
of life (30), and among its various clinical features, HND may be
one of the most deleterious symptoms, as the facial skin is involved.
Even after the emergence of biologics, including dupilumab, head
and neck dermatitis is often encountered in patients with AD (31-
33). Therefore, it is necessary to explore the influence of skin barrier
and microbes on the occurrence of HND, in addition to the direct
blocking of the Th2 response.

Previous reports have identified a link between M. furfur and
HND in AD (34-37), as its specific IgE levels were significantly
increased in these patients. To verify this relationship further, M.
furfur-specific IgE levels of 312 patients were analyzed and similar
results were obtained. In addition to previous findings, patients
sensitized to M. furfur were found to have significantly higher

TABLE 2 Basal characteristics, El, TEWL, and total serum IgE of study subjects.

Characteristics HND HND
Age, yrs (range) 31 (27-51)
Male, n (%) 2 (40)

EI, arbitrary unit (range) 574 (373-617)

TEWL, g/ml/h (range) 45 (30-74)

Total IgE, IU/mL (range) 2529 (29.9-5000)

N-HND NL p-value
26 (19-28) 31 (22-38) 0.0828
4(80) 4(80) 03263
320 (274-383) 352 (274-393) 0.0172
26 (14-31) 19 (9-26) 0.01
2530 (193-5000) 15.7 (8.52-397) 0.0226

EI erythema index; TEWL, transepidermal water loss; HND, head and neck dermatitis, N-HND, non-head and neck dermatitis, NL, normal.

Kruskal-Wallis test was done for statistical analysis (significant if p<0.05).
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disease severity. In addition, M. furfur-specific IgE levels
significantly increased in adolescents and adults compared to
pediatric patients, correlating with the increase in subjects with
HND after adolescence.

Histopathological studies of adult AD patients with recalcitrant
facial erythema revealed a mixture of eczematous and steroid-
induced rosacea-like changes (38). Similarly, histological
observations in our study revealed hyperkeratosis, acanthosis,
parakeratosis, and increased vessels in HND lesions. An increase
in the number and average area of vessels in the dermis, confirmed
with factor VIII-related antigen, most probably underlies the
intense redness noted in patients with HND. Along with the
increased vessel counts and vessel area, a higher erythema index
indicates that the increase in dermal vasculature may be closely
associated with the development of HND in AD patients.

Although a possible link between M. furfur and HND has been
suggested by various clinical/epidemiological/laboratory studies, the
specific mechanism underlying its pathogenesis is largely unknown,
with few in vitro experimental studies. To determine the effect of M.
furfur, keratinocytes were co-cultured with M. furfur and the
expression levels of various cytokines were assessed. Furthermore,
as AD is Th2-mediated (39), cells were treated with the associated
cytokines, TSLP and IL-4, and compared. Keratinocytes co-cultured
with M. furfur and treated with either TSLP or IL-4 exhibited
significantly increased expression levels of VEGF, VEGEFR, IL-31,
and IL-33. IL-31 is a cytokine involved in AD that is predominantly
associated with pruritus (40), and M. furfur has been found to
enhance its production, which may contribute to augmented
pruritic symptoms. IL-33 is mainly produced by keratinocytes
and is associated with the pathogenesis of AD, including tissue
remodeling and fibrosis in chronic AD (41). In addition, a recent
study indicated that the sebum-microbial metabolite-IL-33 axis
may play a role in initiating atopic dermatitis (42). M. furfur
induces the expression of these cytokines in keratinocytes, which
is further enhanced by the Th2 milieu in AD, which may contribute
to the exacerbation of the disease (43).

To assess whether endothelial cells were also affected by M.
furfur, a similar experiment was performed on endothelial cells. M.
furfur, under the influence of Th2 cytokines, enhanced the
production of VEGFR, IL-1B, TNF-0, and TGF- in HMVEC.
Increased expression level of VEGFR leads to increased vascular
proliferation and expression of pro-inflammatory cytokines,
including IL-1B, TNF-a, and TGF-B, leading to increased
inflammatory responses. M. furfur, under the influence of Th2
cytokines, leads to angiogenesis and an increase in AD-related
cytokines as well as other inflammatory cytokines that may
contribute to the exacerbation of skin symptoms.

Skin barrier defects are a crucial part of the pathogenesis of AD
and are characterized by decreased ceramide levels in the stratum
corneum (44). To determine any possible differences in the skin
barrier between AD patients with and without HND, tape stripping
was performed on facial skin. Our study indicated that the levels of
ceramides were reduced, especially those of EOS, and EOP, in
patients with HND compared to those without HND. Ceramides,
especially EOS ceramides, which link corneocytes and extracellular
lipids, form the extracellular lipid envelope in the stratum corneum
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and are crucial for the repair of the skin barrier (45, 46). This
confirms an additional skin barrier defect in AD patients with
HND, which may be associated with the development of HND in
AD. Also, the decrement of ceramides might lead to the increased
fatty acids in epidermis. These free fatty acids from ceramides might
be able to induce chronic inflammation with the aids of fatty acid
binding proteins (FABPs) which is known to be associated with
Th17 inflammation (47), especially in atopic dermatitis and
psoriasis (48, 49). Th17 inflammation is well known for their
anti-fungal activities (50-52), so the relationship between the
decreased ceramides level in the facial skin of HND patients,
FABPs, and Th17 immune response might have to be explored in
the near future.
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FIGURE 5

Decreased ceramide in AD patients with HND. (A) Overall differences
in the amounts of various ceramide types according to the presence
of HND. Individual ceramide components belonging to ceramide
types, which were significantly reduced in HND patients; (B) NP, (C)
AP (D) EOS, (E) EOP. (five replicates for each column, Mann-Whitney
U Test, (A) NP; p = 0.0031, AP; p = 0.0111, ECS; p = 0.0029, EOP; p =
0.0012, (B) t18:0/24:0; p = 0.0431, t18:0/25:0; p = 0.0272, t18:0/26:0;
p = 0.018, t18:0/27:0; p = 0.0035, t18:0/28:0; p = 0.0029, (C) t18:0/
24:0; p = 0.0176, t18:0/25:0; p = 0.0021, t18:0/26:0; p = 0.0024, (D)
E(18:2)O(28)S(18); p = 0.0055, E(18:2)0(29)S(18); p = 0.0055, E(18:2)0
(30)S(18); p = 0.0029, E(18:2)0(31)S(18); p = 0.0024, E(18:2)O(32)S(18);
p = 0.0024, (E) E(18:2)0(29)P(18); p = 0.0105, E(18:2)O(30)P(18); p =
0.0024, E(18:2)0(31)P(18); p = 0.0029, E(18:2)O(32)P(18); p = 0.0009,
E(18:2)O(33)P(18); p = 0.0012, E(18:2)O(34)P(18); p = 0.0012)
Abbreviations: NP, nonhydroxyacyl phytosphingosine; AP, a-
hydroxyacyl-phytosphingosine; EOS, esterified w-hydroxyacyl
sphingosine; EOP, esterified w-hydroxyacyl phytosphingosine; HND,
head and neck dermatitis; Non-HND, non-head and neck dermatitis;
HL, healthy control. * : p<0.05; ** : p<0.01; *** : p<0.001.
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As the decrease in ceramide levels was confirmed in HND, its  furfur was affected by the addition of ceramide. C. acnes, a
possible association with the colonization of M. furfur was assessed.  representative species that constitutes the normal flora of the
The growth of M. furfur on the culture medium was evaluated based  skin, especially the face, was used as a control. As seen in the
on the number of colonies formed, and different concentrations of  results, the number of colonies of M. furfur significantly decreased
EOS ceramide were added to evaluate whether the growth of M.  with increasing concentrations of EOS ceramide. However, the
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FIGURE 7
Inhibitory effect of OS-type ceramide on the colonization of M. furfur. (A) Representative image showing the gross morphology of colonies from
(up) M. furfur and (down) C. acnes. (B) Quantified area of colonies from (left) M. furfur and (right) C. acnes. (Five replicates for each column, Tukey's
multiple comparisons test; control vs. 2ug/mL; p< 0.001, control vs. 5ug/mL; p< 0.001, control vs. 10 ng/mL; p< 0.001). *** : p<0.001; ns, Not
Significant (p>0.05).
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growth of C. acnes was not altered by ceramide. Ceramide levels are
lowered in the facial skin of AD patients with HND, and this
decrease may enhance the growth and colonization of M. furfur.

Some limitations of our study include the limited number of
subjects enrolled in lipid analysis from stratum corneum by LC-MS/
MS. The statistical methods did not consider the normality of the
data due to the low number of samples; hence, further studies might
be needed to confirm these data. Moreover, the effect of ceramide
on the colonization of M. furfur was verified in vitro. Further
research might be needed to confirm these findings with an in
vivo AD mouse model and clinical trials with human subjects.
Finally, the effect of the microbiome on the development of HND
was not evaluated. Especially, Staphylococcus species (including
Staphylococcus aureus and Staphylococcus epidermidis) are well-
known skin commensal bacteria engaged in the development/
exacerbation of AD. Therefore, the relationship between HND
and mycobiome (especially M. furfur) from our study needs to be
interpreted carefully.

Thus, M. furfur proliferates in the facial skin of patients
suffering from HND due to decreased levels of ceramide, which
inhibits M. furfur growth. As M. furfur proliferates, it induces
keratinocytes to produce various cytokines, which are further
enhanced by the Th2 milieu of AD as well as other factors,
including VEGF, leading to vascular proliferation. This leads to
enhanced production of various pro-inflammatory cytokines and
vascular proliferation, resulting in exacerbation of the disease
(Figure 8). Therefore, levels of IgE specific to M. furfur may be
evaluated in AD patients with refractory HND.
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FIGURE 8

A schematic graph of one pathogenetic flow of HND development
in AD patients. M. furfur proliferates in the facial skin of patients
suffering from HND due to decreased levels of ceramide, which
induce keratinocytes to secrete Th2 cytokines (IL-31, IL-33) and
vascular endothelial growth factor (VEGF), thereby causing dermal
endothelial cells to produce various cytokines to induce
angiogenesis, exacerbating eczematous inflammation and tissue
remodeling.

Frontiers in Immunology

12

10.3389/fimmu.2023.1114321

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The studies involving human participants were reviewed and
approved by Institutional Review Board of Yonsei University
Severance Hospital. Written informed consent to participate in
this study was provided by the participants’ legal guardian/next
of kin.

Author contributions

KL, CP, and HC conceived the project and design the study.
HC, SMK, KZ, ZW, HL, JK, SHK, HK, WK, and YK collected the
data and performed the experiments. HC and SMK wrote the first
version of the manuscript. HC, KZ, SMK, and ZW integrated the
data and made figures. K-HL supervised a lipid analysis in the skin.
YL supervised a mycobiome analysis. CP and K-HL directed the
whole experiments and edited the manuscript. All authors
contributed to the article and approved the submitted version.

Funding

This study was supported by the National Research Foundation
of Korea grants funded by the Korea government (Ministry of
Science and ICT) (No. NRF-2020R1A2C1009916 and NRF-
2021R1A4A5032185 [to C.O.P.]), grants of the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of Health
& Welfare, Republic of Korea (grant HI14C1324 [to C.O.P.] and
grant HP20C0018 [to K-H.L.]), and a faculty research grant of
Yonsei University College of Medicine (6-2021-0074 [to C.O.P.]).

Acknowledgments

We would like to thank Editage (www.editage.co.kr) for English
language editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


http://www.editage.co.kr
https://doi.org/10.3389/fimmu.2023.1114321
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chu et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Langan SM, Irvine AD, Weidinger S. Atopic dermatitis. Lancet (London England)
(2020) 396(10247):345-60. doi: 10.1016/s0140-6736(20)31286-1

2. Park CO, Kim HL, Park JW. Microneedle transdermal drug delivery systems for
allergen-specific immunotherapy, skin disease treatment, and vaccine development.
Yonsei Med ] (2022) 63(10):881-91. doi: 10.3349/ymj.2022.0092

3. Guglielmo A, Sechi A, Patrizi A, Gurioli C, Neri I. Head and neck dermatitis, a
subtype of atopic dermatitis induced by malassezia spp: Clinical aspects and treatment
outcomes in adolescent and adult patients. Pediatr Dermatol (2020) 38(1):109-14.
doi: 10.1111/pde.14437

4. Zhang E, Tanaka T, Tajima M, Tsuboi R, Kato H, Nishikawa A, et al. Anti-
Malassezia-Specific ige antibodies production in Japanese patients with head and neck
atopic dermatitis: Relationship between the level of specific ige antibody and the
colonization frequency of cutaneous malassezia species and clinical severity. J Allergy
(2011) 2011:645670. doi: 10.1155/2011/645670

5. Brodska P, Panzner P, Pizinger K, Schmid-Grendelmeier P. Ige-mediated
sensitization to malassezia in atopic dermatitis: More common in Male patients and
in head and neck type. Dermatitis Contact Atopic Occupational Drug (2014) 25(3):120-
6. doi: 10.1097/der.0000000000000040

6. Bayrou O, Pecquet C, Flahault A, Artigou C, Abuaf N, Leynadier F. Head and
neck atopic dermatitis and malassezia-Furfur-Specific ige antibodies. Dermatol (Basel
Switzerland) (2005) 211(2):107-13. doi: 10.1159/000086438

7. Kaffenberger BH, Mathis J, Zirwas MJ. A retrospective descriptive study of oral
azole antifungal agents in patients with patch test-negative head and neck predominant
atopic dermatitis. ] Am Acad Dermatol (2014) 71(3):480-3. doi: 10.1016/
jjaad.2014.04.045

8. Baroni A, Perfetto B, Paoletti I, Ruocco E, Canozo N, Orlando M, et al. Malassezia
furfur invasiveness in a keratinocyte cell line (Hacat): Effects on cytoskeleton and on
adhesion molecule and cytokine expression. Arch Dermatol Res (2001) 293(8):414-9.
doi: 10.1007/s004030100248

9. Grice EA, Dawson TL]J. Host-microbe interactions: Malassezia and human skin.
Curr Opin Microbiol (2017) 40:81-7. doi: 10.1016/j.mib.2017.10.024

10. Chu H, Shin JU, Park CO, Lee H, Lee J, Lee KH. Clinical diversity of atopic
dermatitis: A review of 5,000 patients at a single institute. Allergy Asthma Immunol Res
(2017) 9(2):158-68. doi: 10.4168/aair.2017.9.2.158

11. Hanifin JM. Diagnostic features of atopic dermatitis. Acta Derm Venereol (1980)
92:44-7. doi: 10.2340/00015555924447

12. Lee J-Y, Jeon S, Han S, Liu K-H, Cho Y, Kim K-P. Positive correlation of
triacylglycerols with increased chain length and unsaturation with &Omega;-O-
Acylceramide and ceramide-Np as well as acidic ph in the skin surface of healthy
Korean adults. Metabolites (2023) 13(1):31. doi: 10.3390/metabo13010031

13. Schneider CA, Rasband WS, Eliceiri KW. Nih image to imagej: 25 years of image
analysis. Nat Methods (2012) 9(7):671-5. doi: 10.1038/nmeth.2089

14. Park M, Cho YJ, Lee YW, Jung WH. Whole genome sequencing analysis of the
cutaneous pathogenic yeast malassezia restricta and identification of the major lipase
expressed on the scalp of patients with dandruff. Mycoses (2017) 60(3):188-97.
doi: 10.1111/myc.12586

15. Kim SY, Kim SH, Kim SN, Kim AR, Kim YR, Kim M]J, et al. Isolation and
identification of malassezia species from Chinese and Korean patients with seborrheic
dermatitis and in vitro studies on their bioactivity on sebaceous lipids and il-8
production. Mycoses (2016) 59(5):274-80. doi: 10.1111/myc.12456

16. Kaga M, Sugita T, Nishikawa A, Wada Y, Hiruma M, Ikeda S. Molecular analysis
of the cutaneous malassezia microbiota from the skin of patients with atopic dermatitis
of different severities. Mycoses (2011) 54(4):e24-8. doi: 10.1111/j.1439-
0507.2009.01821.x

17. Yim SM, Kim JY, Ko JH, Lee YW, Choe YB, Ahn KJ. Molecular analysis of
malassezia microflora on the skin of the patients with atopic dermatitis. Ann Dermatol
(2010) 22(1):41-7. doi: 10.5021/ad.2010.22.1.41

18. Abdillah A, Ranque S. Chronic diseases associated with malassezia yeast. ] Fungi
(Basel) (2021) 7(10):855. doi: 10.3390/j0f7100855

19. Prohic A, Jovovic Sadikovic T, Krupalija-Fazlic M, Kuskunovic-Vlahovljak S.
Malassezia species in healthy skin and in dermatological conditions. Int ] Dermatol
(2016) 55(5):494-504. doi: 10.1111/ijd.13116

20. Faergemann J. Atopic dermatitis and fungi. Clin Microbiol Rev (2002) 15
(4):545-63. doi: 10.1128/cmr.15.4.545-563.2002

Frontiers in Immunology

13

10.3389/fimmu.2023.1114321

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

21. Glatz M, Bosshard PP, Hoetzenecker W, Schmid-Grendelmeier P. The role of
malassezia spp. in atopic dermatitis. ] Clin Med (2015) 4(6):1217-28. doi: 10.3390/
jem4061217

22. Park M, Lee JS, Jung WH, Lee YW. Ph-dependent expression, stability, and
activity of malassezia restricta Mrlip5 lipase. Ann Dermatol (2020) 32(6):473-80.
doi: 10.5021/ad.2020.32.6.473

23. Park M, Park S, Jung WH. Skin commensal fungus malassezia and its lipases. J
Microbiol Biotechnol (2021) 31(5):637-44. doi: 10.4014/jmb.2012.12048

24. Harada K, Saito M, Sugita T, Tsuboi R. Malassezia species and their associated
skin diseases. ] Dermatol (2015) 42(3):250-7. doi: 10.1111/1346-8138.12700

25. Masukawa Y, Narita H, Sato H, Naoe A, Kondo N, Sugai Y, et al. Comprehensive
quantification of ceramide species in human stratum corneum. J Lipid Res (2009) 50
(8):1708-19. doi: 10.1194/jlr.D800055-JLR200

26. Wertz PW, Downing DT. Covalently bound omega-hydroxyacylsphingosine in
the stratum corneum. Biochim Biophys Acta (1987) 917(1):108-11. doi: 10.1016/0005-
2760(87)90290-6

27. Doering T, Brade H, Sandhoff K. Sphingolipid metabolism during epidermal
barrier development in mice. J Lipid Res (2002) 43(10):1727-33. doi: 10.1194/
jlr.m200208-j1r200

28. Nemes Z, Marekov LN, Fesiis L, Steinert PM. A novel function for
transglutaminase 1: Attachment of long-chain omega-hydroxyceramides to
involucrin by ester bond formation. Proc Natl Acad Sci U.S.A. (1999) 96(15):8402-7.
doi: 10.1073/pnas.96.15.8402

29. Chiba T, Nakahara T, Kohda F, Ichiki T, Manabe M, Furue M. Measurement of
trihydroxy-linoleic acids in stratum corneum by tape-stripping: Possible biomarker of
barrier function in atopic dermatitis. PloS One (2019) 14(1):e0210013. doi: 10.1371/
journal.pone.0210013

30. Lee MK, Seo JH, Chu H, Kim H, Jang YH, Jeong JW, et al. Current status of
patient education in the management of atopic dermatitis in Korea. Yonsei Med ]
(2019) 60(7):694-9. doi: 10.3349/ymj.2019.60.7.694

31. Ahn J, Lee DH, Na CH, Shim DH, Choi YS, Jung HJ, et al. Facial erythema in
patients with atopic dermatitis treated with dupilumab - a descriptive study of
morphology and aetiology. | Eur Acad Dermatol Venereol (2022) 36(11):2140-52.
doi: 10.1111/jdv.18327

32. Soria A, Du-Thanh A, Seneschal ], Jachiet M, Staumont-Salle D, Barbarot S.
Development or exacerbation of head and neck dermatitis in patients treated for atopic
dermatitis with dupilumab. JAMA Dermatol (2019) 155(11):1312-5. doi: 10.1001/
jamadermatol.2019.2613

33. de Wijs LEM, Nguyen NT, Kunkeler ACM, Nijsten T, Damman J, Hijnen D]J.
Clinical and histopathological characterization of paradoxical head and neck erythema
in patients with atopic dermatitis treated with dupilumab: A case series. Br ] Dermatol
(2020) 183(4):745-9. doi: 10.1111/bjd.18730

34. Nowicka D, Nawrot U. Contribution of malassezia spp. to the development of
atopic dermatitis. Mycoses (2019) 62(7):588-96. doi: 10.1111/myc.12913

35. Darabi K, Hostetler SG, Bechtel MA, Zirwas M. The role of malassezia in atopic
dermatitis affecting the head and neck of adults. ] Am Acad Dermatol (2009) 60(1):125—
36. doi: 10.1016/j.jaad.2008.07.058

36. Kozera E, Stewart T, Gill K, de la Vega MA, Frew JW. Dupilumab-associated
head and neck dermatitis is associated with elevated pretreatment serum malassezia-
specific ige: A multicentre, prospective cohort study. Br ] Dermatol (2022) 186(6):1050—
2. doi: 10.1111/bjd.21019

37. Devos SA, van der Valk PG. The relevance of skin prick tests for pityrosporum
ovale in patients with head and neck dermatitis. Allergy (2000) 55(11):1056-8.
doi: 10.1034/j.1398-9995.2000.00782.x

38. Omoto M, Sugiura H, Uehara M. Histopathological features of recalcitrant
erythema of the face in adult patients with atopic dermatitis. ] Dermatol (1994) 21
(2):87-91. doi: 10.1111/j.1346-8138.1994.tb01420.x

39. Guttman-Yassky E, Waldman A, Ahluwalia ], Ong PY, Eichenfield LF. Atopic
dermatitis: Pathogenesis. Semin cutaneous Med Surg (2017) 36(3):100-3. doi: 10.12788/
j.sder.2017.036

40. Meng J, Moriyama M, Feld M, Buddenkotte J, Buhl T, Szollosi A, et al. New
mechanism underlying il-31-Induced atopic dermatitis. J Allergy Clin Immunol (2018)
141(5):1677-89.€8. doi: 10.1016/j.jaci.2017.12.1002

41. Imai Y. Interleukin-33 in atopic dermatitis. ] Dermatol Sci (2019) 96(1):2-7.
doi: 10.1016/j.jdermsci.2019.08.006

frontiersin.org


https://doi.org/10.1016/s0140-6736(20)31286-1
https://doi.org/10.3349/ymj.2022.0092
https://doi.org/10.1111/pde.14437
https://doi.org/10.1155/2011/645670
https://doi.org/10.1097/der.0000000000000040
https://doi.org/10.1159/000086438
https://doi.org/10.1016/j.jaad.2014.04.045
https://doi.org/10.1016/j.jaad.2014.04.045
https://doi.org/10.1007/s004030100248
https://doi.org/10.1016/j.mib.2017.10.024
https://doi.org/10.4168/aair.2017.9.2.158
https://doi.org/10.2340/00015555924447
https://doi.org/10.3390/metabo13010031
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1111/myc.12586
https://doi.org/10.1111/myc.12456
https://doi.org/10.1111/j.1439-0507.2009.01821.x
https://doi.org/10.1111/j.1439-0507.2009.01821.x
https://doi.org/10.5021/ad.2010.22.1.41
https://doi.org/10.3390/jof7100855
https://doi.org/10.1111/ijd.13116
https://doi.org/10.1128/cmr.15.4.545-563.2002
https://doi.org/10.3390/jcm4061217
https://doi.org/10.3390/jcm4061217
https://doi.org/10.5021/ad.2020.32.6.473
https://doi.org/10.4014/jmb.2012.12048
https://doi.org/10.1111/1346-8138.12700
https://doi.org/10.1194/jlr.D800055-JLR200
https://doi.org/10.1016/0005-2760(87)90290-6
https://doi.org/10.1016/0005-2760(87)90290-6
https://doi.org/10.1194/jlr.m200208-jlr200
https://doi.org/10.1194/jlr.m200208-jlr200
https://doi.org/10.1073/pnas.96.15.8402
https://doi.org/10.1371/journal.pone.0210013
https://doi.org/10.1371/journal.pone.0210013
https://doi.org/10.3349/ymj.2019.60.7.694
https://doi.org/10.1111/jdv.18327
https://doi.org/10.1001/jamadermatol.2019.2613
https://doi.org/10.1001/jamadermatol.2019.2613
https://doi.org/10.1111/bjd.18730
https://doi.org/10.1111/myc.12913
https://doi.org/10.1016/j.jaad.2008.07.058
https://doi.org/10.1111/bjd.21019
https://doi.org/10.1034/j.1398-9995.2000.00782.x
https://doi.org/10.1111/j.1346-8138.1994.tb01420.x
https://doi.org/10.12788/j.sder.2017.036
https://doi.org/10.12788/j.sder.2017.036
https://doi.org/10.1016/j.jaci.2017.12.1002
https://doi.org/10.1016/j.jdermsci.2019.08.006
https://doi.org/10.3389/fimmu.2023.1114321
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Chu et al.

42. Qiu Z, Zhu Z, Liu X, Chen B, Yin H, Gu C, et al. A dysregulated sebum-
microbial metabolite-I1-33 axis initiates skin inflammation in atopic dermatitis. ] Exp
Med (2022) 219(10). doi: 10.1084/jem.20212397

43. Park HR, Oh JH, Lee Y], Park SH, Lee YW, Lee S, et al. Inflammasome-mediated
inflammation by malassezia in human keratinocytes: A comparative analysis with
different strains. Mycoses (2021) 64(3):292-9. doi: 10.1111/myc.13214

44. Elias PM, Schmuth M. Abnormal skin barrier in the etiopathogenesis of atopic
dermatitis. Curr Opin Allergy Clin Immunol (2009) 9(5):437-46. doi: 10.1097/
ACIL.0b013e32832¢7d36

45. Bhattacharya N, Sato W], Kelly A, Ganguli-Indra G, Indra AK. Epidermal lipids:
Key mediators of atopic dermatitis pathogenesis. Trends Mol Med (2019) 25(6):551-62.
doi: 10.1016/j.molmed.2019.04.001

46. Li Q, Fang H, Dang E, Wang G. The role of ceramides in skin homeostasis and
inflammatory skin diseases. ] Dermatol Sci (2020) 97(1):2-8. doi: 10.1016/
j.jdermsci.2019.12.002

47. PanY, Tian T, Park CO, Lofftus SY, Mei S, Liu X, et al. Survival of tissue-resident
memory T cells requires exogenous lipid uptake and metabolism. Nature (2017) 543
(7644):252-6. doi: 10.1038/nature21379

Frontiers in Immunology

14

10.3389/fimmu.2023.1114321

48. Lee J, Kim B, Chu H, Zhang K, Kim H, Kim JH, et al. Fabp5 as a possible
biomarker in atopic march: Fabp5-induced Th17 polarization, both in mouse model
and human samples. EBioMedicine (2020) 58:102879. doi: 10.1016/
j.ebiom.2020.102879

49. Krueger JG, Fretzin S, Suarez-Farifias M, Haslett PA, Phipps KM, Cameron GS,
et al. II-17a is essential for cell activation and inflammatory gene circuits in subjects
with psoriasis. J Allergy Clin Immunol (2012) 130(1):145-54.€9. doi: 10.1016/
jjaci.2012.04.024

50. Sparber F, De Gregorio C, Steckholzer S, Ferreira FM, Dolowschiak T, Ruchti F,
et al. The skin commensal yeast malassezia triggers a type 17 response that coordinates
anti-fungal immunity and exacerbates skin inflammation. Cell Host Microbe (2019) 25
(3):389-403.¢6. doi: 10.1016/j.chom.2019.02.002

51. Bacher P, Hohnstein T, Beerbaum E, Rocker M, Blango MG, Kaufmann §, et al.
Human anti-fungal Th17 immunity and pathology rely on cross-reactivity against
candida albicans. Cell (2019) 176(6):1340-55.e15. doi: 10.1016/j.cell.2019.01.041

52. Park CO, Fu X, Jiang X, Pan Y, Teague JE, Collins N, et al. Staged development
of long-lived T-cell receptor A B T(H)17 resident memory T-cell population to candida
albicans after skin infection. J Allergy Clin Immunol (2018) 142(2):647-62.
doi: 10.1016/j.jaci.2017.09.042

frontiersin.org


https://doi.org/10.1084/jem.20212397
https://doi.org/10.1111/myc.13214
https://doi.org/10.1097/ACI.0b013e32832e7d36
https://doi.org/10.1097/ACI.0b013e32832e7d36
https://doi.org/10.1016/j.molmed.2019.04.001
https://doi.org/10.1016/j.jdermsci.2019.12.002
https://doi.org/10.1016/j.jdermsci.2019.12.002
https://doi.org/10.1038/nature21379
https://doi.org/10.1016/j.ebiom.2020.102879
https://doi.org/10.1016/j.ebiom.2020.102879
https://doi.org/10.1016/j.jaci.2012.04.024
https://doi.org/10.1016/j.jaci.2012.04.024
https://doi.org/10.1016/j.chom.2019.02.002
https://doi.org/10.1016/j.cell.2019.01.041
https://doi.org/10.1016/j.jaci.2017.09.042
https://doi.org/10.3389/fimmu.2023.1114321
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Head and neck dermatitis is exacerbated by Malassezia furfur colonization, skin barrier disruption, and immune dysregulation
	1 Introduction
	2 Materials and methods
	2.1 Ethical approval
	2.2 Selection of Patients with HND for basal characteristics analysis
	2.3 Patient selection for the evaluation of M. furfur sensitization status
	2.4 Histological evaluation of facial skin samples
	2.5 Co-culture of organisms with human primary cells
	2.6 Real-time quantitative PCR
	2.7 Lipid extraction and quantification of human stratum corneum
	2.8 Assessment of the effect of ceramide on M. furfur colonization

	3 Results
	3.1 AD patients with HND exhibited severe clinical/laboratory phenotypes
	3.2 Increased sensitization to M. furfur in adolescent and adult AD patients with HND
	3.3 Sensitization to M. furfur is associated with increased severity and occurrence of HND
	3.4 Comparison of histopathological characteristics between HND and non-HND subjects
	3.5 VEGF, VEGFR, IL-31, and IL-33 levels were upregulated in keratinocytes cultured with M. furfur
	3.6 M. furfur induced increased expression levels of VEGFR, TGF-β, TNF-α, and IL-1β in endothelial cells
	3.7 Decreased ceramide in AD patients with HND
	3.8 Inhibitory effect of OS-type ceramide on the colonization of M. furfur

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


