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Abstract: Atopic dermatitis (AD) is a chronic inflammatory skin disorder influenced by proteins
involved in skin barrier maintenance and vitamin D metabolism. This study compares protein
expression in intra-lesional (IL) and peri-lesional (PL) skin biopsies from AD patients and examines
associations between protein levels, vitamin D status, and clinical features. Forty-four biopsies from
22 AD patients were analyzed using antibody microarrays targeting 12 proteins. IL samples had
significantly higher total protein levels than PL samples, with a mean difference of 77.7% (p<0.001).
Several proteins, including cathelicidin, cingulin, occludin, filaggrin, and the vitamin D receptor,
were upregulated in IL samples. Patients with vitamin D levels below 30 ng/ml showed higher
expression of CYP24A (p=0.054), alpha-catenin (p=0.043), and haptoglobin (p=0.033). Increased EASI
scores (=16) were associated with elevated expression of CYP24A (p=0.024), CYP27B (p=0.044),
filaggrin (p=0.027), occludin (p=0.049), and claudin-1 (p=0.052). Multivariate regression analysis
identified significant correlations between protein expression, skin prick test (SPT) positivity, and
low vitamin D levels. These findings suggest that proteins related to epithelial barrier function and
vitamin D metabolism are highly upregulated in IL skin regions, offering potential therapeutic
targets for improving both skin barrier function and overall disease severity in AD patients.

Keywords: atopic dermatitis; vitamin D receptor; skin barrier maintenance; protein expression

1. Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin condition that often coexists with other
atopic disorders, including allergic rhinitis, food allergies, and asthma [1,2]. Affecting up to 20% of
children and 14% of adults, the prevalence of AD varies across ethnicities and geographic regions [3].
The complex pathogenesis of this disease is primarily marked by alterations in the skin barrier, the
immune system, and the microbiome. Tight junctions (TJs) and adherens junctions also contribute to
skin barrier integrity by controlling the passage of substances and preventing nerve fiber extension,
reducing itching [4,5].

Vitamin D plays a crucial role in skin health, influencing processes such as keratinocyte
proliferation, differentiation, and immune regulation [6-9]. Its actions in the skin are mediated by the
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vitamin D receptor (VDR) [10]. Vitamin D helps regulate antimicrobial peptides, such as cathelicidin
(CAMP), which protect against infection by disrupting microbial membranes [10]. Skin injury
enhances local vitamin D synthesis, increasing CAMP production and boosting skin defense [11].

Skin biopsies remain the preferred method for analyzing AD’s immune and barrier
characteristics [12]. Previous studies have shown significant molecular and cellular differences
between lesional and non-lesional AD skin, including inflammatory cell infiltration and protein
expression [12-15]. We have recently identified associations between VDR and tight junction
proteins, showing a negative relationship between serum 25(OH)D levels and zonulin-1 expression
in AD patients [16]. The aim of this cross-sectional exploratory study was to compare the expression
of range proteins involved in cell junctions and epithelial barriers, vitamin D, and immune response
and inflammation from lesional and peri-lesional AD biopsies to further explore their role in the
disease’s pathogenesis and their clinical significance.

2. Results
2.1. Patient Characteristics

A total of 22 adult participants with AD, (59.1% male), were included (Table 1). The majority of
patients (N=17; 77.3%) had moderate-to-severe disease, characterized by an EASI score 216 or <16
with face or hand involvement (Table 1). Most patients presented with generalized AD (N=8; 36.4%),
and childhood onset was predominant, reported by 59.1% (N=13). Comorbid asthma and rhino-
conjunctivitis were observed in 90.9% (N=20) and 68.2% (N=15) of patients, respectively, while both
conditions coexisted in a subset of patients. Skin prick tests (SPT) were positive in 54.5% (N=12), and
total IgE levels were 2100 IU/ml in 54.5% (N=12). Additionally, 72.7% (N=16) of patients had
insufficient serum vitamin D levels (<30 ng/ml) 25(OH)D.

Table 1. Clinical characteristics of AD patients (N=22).

Characteristic N (%)
Gender, n (%)
Male 13 (59.1)
Female 9 (40.9)
Age
<60 years 19 (86.4)
260 years 3 (13.6)
EASI score
Mild (EASI <16) 5 (22.7)

Moderate-to-severe (EASI 216 or <16

with face/hand involvement) 17.77.3)
Phenotype (localisation), n (%)
Generalised 8 (36.4)
Head/neck 7 (31.8)
Flexural sites 6 (27.3)
Hands 1(4.5)

Age of disease onset, n (%)
Childhood 13 (59.1)
Adulthood 9 (40.9)

Asthma, n (%)

Present 20 (90.9)
Absent 2 (9.1%)

Rhino conjunctivitis, n (%)
Present 15 (68.2)
Absent 7 (31.8)

Skin prick test, n (%)

d0i:10.20944/preprints202411.2094.v1
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Present 12 (54.5)
Absent 10 (45.5)
Total IgE (IU/ml), n (%)
>100 IU/ml 12 (54.5)
<100 IU/ml 10 (45.5)
25(0OH)D vitamin D
230 ng/ml 6 (27.3)
<30 ng/ml 16 (72.7)

EASI = Eczema Area and Severity Index. Data presented as number and %.

2.2. Comparison of Protein Concentrations in Intra and Peri-lesional Biopsies

Protein concentrations from both PL and IL samples for each patient were compared
(Supplementary Table S2). Mean total protein concentration was higher in IL samples (6.8+1.3 mg/ml)
compared to PL samples (4.0+1.0 mg/ml, p<0.001) (Supplementary Figure Sla). For each patient, the
protein concentration was also consistently higher in IL samples than in PL samples (Supplementary
Figure S1b), equating to a mean percentage increase of 77.7+50.1%.

Hierarchical clustering analysis of protein expression profiles from PL and IL biopsy samples
revealed two main clusters: one containing only PL samples and the other encompassing all IL
samples and a few PL samples (Figure 1). This primary clustering was further subdivided into two
distinct subclusters within each main group, indicating molecular differences within the main sample
categories. The unique clustering of PL samples suggests a specific set of proteins associated with the
peri-lesional environment, reflecting the biological processes in the tissue surrounding lesions. In
contrast, IL samples exhibited a separate clustering pattern, identifying proteins potentially involved
in the intra-lesional microenvironment.
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Figure 1. Hierarchical clustering of protein expression profiles from Peri-Lesional (PL) and Intra-
Lesional (IL) biopsy samples using the complete protein data set. The dendrogram illustrates the
clustering of all proteins extracted from PL and IL samples. The x-axis represents individual samples,
while the y-axis indicates the distance measure used for clustering.

2.3. Differential Protein Expression

Analysis of protein expression revealed significant differences among several proteins in IL
samples compared to PL samples (Figure 2 and Table 2 and Supplementary Figure S52). CAMP
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revealed the highest log fold change (logFC = 1.79) and an average expression (AveExp) of 12.82
(adjusted p-value = 5.5107'%) (Table 2). Other proteins such as cingulin, (logFC=1.08, AveExp=10.11,
adj.p=5.3x10"12), occludin-1 (logFC=0.99, AveExp = 10.48, adj.p=5.5x107), and filaggrin (logFC=0.96,
AveExp=10.46, adj.p=8.9x10-17) also demonstrated marked (~2-fold increase) differences (Table 2).

Analysis of protein expression profiles using heatmapping revealed distinct patterns between
PL and IL skin samples from individuals with AD (Figure 3). Similarly, the clustering of proteins
showed patterns of co-regulation, with some proteins such as CAMP, VDR, and beta-catenin forming
groups that are more highly expressed in IL samples, while others cluster together due to their lower
expression in IL regions.
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Figure 2. Distribution pattern of protein expression in IL and PL samples from AD patients. Volcano
plot presents the adjusted p-values and corresponding log-fold changes (logFC). The significance
level of adjusted p-value = 0.05 is indicated by a horizontal red line. Vertical lines denote the logFC
cutoffs. Proteins with a positive logFC are more abundant in IL samples, whereas those with a
negative logFC are more abundant in PL samples. Proteins with |logFCI| > 0.5 and a significant adj.
p-value are considered differential and are displayed with blue names. Proteins with |1ogFC| >0 but
not reaching the significance threshold are indicated with green names. PL, Peri-Lesional; IL, Intra-
Lesional. CAMP = cathelicidin; CADH1 = Cadherin-1; CING = cingulin; CLD1 = claudin-1; CTNA1 =
alpha-catenin; CTNB1 = beta-catenin; CYP24A1 = Cytochrome P450 family 24 subfamily A member 1;
CYP27B1 = cytochrome P450 family 27 subfamily B member 1; FILA = filaggrin; HPT = haptoglobin;
OCLN = occluding; VDR = vitamin D receptor.
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Table 2. Proteins with differential abundance in IL samples and PL samples. Proteins with a positive
logFC value had a higher abundance in IL samples, proteins with a negative value in PL samples.

Protein  Antibody ID Uniprot Entry* HGNC logFC  AveExp p-adjusted

CAMP ab1184 P49913 CAMP 1.79 12.82 5.50x10-18
CING ab1193 Qor2M7 CGN 1.08 10.11 5.30x1012
OCLN ab1169 Q16625 OCLN 0.99 10.48 5.50x107
FILA ab1199 P20930 FLG 0.96 10.46 8.90x10717
CP24A ab1156 Q07973 CYP24A1 0.9 10.82 2.30x10-13
CTNA1 ab1187 P35221 CTNNA1 0.86 10.66 0.016
CP27B ab1185 015528 CYP27B1 0.86 10.7 8.30x10+
CLD1 ab1158 095832 CLDN1 0.8 10.35 6.90x10-
VDR ab1080 P11473 VDR 0.79 11.12 3.40x10°
CADH1 ab1182 P12830 CDH1 0.76 14.71 7.50x1014
CTNB1 ab1183 P35222 CTNNB1 0.55 13.24 0.0017
HPT ab1194 P00738 HP 0.26 14.77 0.13

Change in protein abundance between samples or groups are reported as log-fold changes (logFC), where a
logFC of 1 indicates a two-fold increase compared to the control group, and a logFC of -1 indicates a two-fold
decrease. FC, Fold change; HGNC, HUGO Gene Nomenclature Committee; IL = intra lesional and PL = peri
lesional biopsies. AveExp, Average Expression. CAMP = cathelicidin; CADHI = Cadherin-1; CING = cingulin;
CLD1 = claudin-1; CTNA1 = alpha-catenin; CTNB1 = beta-catenin; CYP24A1 = Cytochrome P450 family 24
subfamily A member 1; CYP27B1 = cytochrome P450 family 27 subfamily B member 1; FILA = filaggrin; HPT =
haptoglobin; OCLN = occluding; VDR = vitamin D receptor. *https://www.uniprot.org/uniprotkb?query=".

2.4. Association Between Clinical Characteristics and Protein Expression from Intra- and Peri-Lesional Areas

Sub analysis of different patient characteristics revealed significant differences in levels of
protein expression that were predominantly derived from IL areas (Table 3). Levels of beta-catenin
expression were found to be significantly higher in females than in males (p=0.034). Patients with
25(OH)D levels <30 ng/ml showed higher expression of CYP24A (p=0.054), alpha-catenin (p=0.043),
and haptoglobin (p=0.033) compared to those with 25(OH)D 230 ng/ml. Similarly, patients with
serum 25(OH)D <20 ng/ml had significantly elevated haptoglobin expression (p=0.021). In SPT
positive patients, VDR (p=0.006), CYP24A (p=0.025), CYP27B (p=0.022), filaggrin (p = 0.027), alpha-
catenin (p=0.022), and cingulin (p = 0.052) expression levels were significantly higher compared to
SPT negative patients. Furthermore, patients with IgG levels 2100 IU/mL exhibited increased levels
of VDR (p=0.007), occludin-1 (p=0.011), and beta-catenin (p=0.041) expression. EASI scores of >16
were also found to be associated with higher expression of CYP24A (p=0.024), CYP27B (p=0.044),
filaggrin (p=0.027), occludin-1 (p=0.049), and claudin-1 (p=0.052).

In PL areas, although fewer significant findings emerged (Supplementary Table S3), haptoglobin
expression was found to be higher in patients with 25(OH)D <20 ng/ml (p=0.034) and in SPT positive
patients (p=0.016). Alpha-catenin expression was also higher in patients with IgG >100 IU/mL
(p=0.035).
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Figure 3. Heatmap depicting protein expression profiles in peri-lesional (PL) and intra-lesional (IL)
skin samples from patients with atopic dermatitis. The heatmap displays the log fold change (logFC)
of protein expression levels, with red hues indicating higher expression and blue hues indicating
lower expression. CAMP = cathelicidin; CADH1 = Cadherin-1; CING = cingulin; CLD1 = claudin-1;
CTNAT1 = alpha-catenin; CTNB1 = beta-catenin; CYP24A1 = Cytochrome P450 family 24 subfamily A
member 1; CYP27B1 = cytochrome P450 family 27 subfamily B member 1; FILA = filaggrin; OCLN =
occluding; VDR = vitamin D receptor.

Table 3. Sub-analysis of protein expression and clinical features in intra-lesional areas of patients with
atopic dermatitis.

Vitamin D Epithelial barrier Immune

n VDR CYP2 CPY2|FILA CLD OCL CAD CINB CINA CIN | HPT CAMP

Gender male 1 05(0. 0.8(0. 09(0.|08(0. 0.7(0. 0.6(0. 07(0. 04(0. 0.9(04 0.9(0.|0.4(0. 0.9(1.2
female 9 05(0. 0.8(0. 0.9(0. | 0.8(0. 0.7(0. 0.8(0. 0.9(0. 1(0.7) 0.9(0.4 0.9(0. | 0.900. 1.2(1.2

p-value 0343 0366 0392 | 0414 0477 0275 0.100 0.034 0469 0454 |0.082 0278

Localizzatio not 1 0.50. 09(0. 0.9(0.|0.80. 0.7(0. 0.7(0. 0.8(0. 0.7(0. 1(0.3) 0.9(0.|0.8(0. 1.1(1.1
flexural 6 0.5(0. 0.7(0. 0.8(0. [ 0.7(0. 0.7(0. 0.6(0. 0.7(0. 0.4(0. 0.8(0.5 0.8(0.|0.2(1. 0.8(1.3
p-value 0.431 0215 0.287 | 0233 0.363 0.289 0.262 0.156 0.147 0.264 | 0.087 0.342

25(0H)D >30ng/ml 6 0.4(0. 0.6(0. 0.7(0.]0.6(0. 0.6(0. 0.4(0. 0.6(00. 04(0. 0.7(0.5 0.6(0.|0(1.3) 1.6(1.2
<30 1 05(0. 0.9(0. 090.|090. 0.80. 0.80. 09(0. 07(0. 1(0.3) 1(0.3)|0.8(0. 0.8(1.1
p-value 0241 0.054 0065|0072 0215 0068 0101 0178 0.043 0.075 | 0.033 0.078

>20ng/ml 1 0.5(0. 0.8(0. 0.8(0. |0.8(0. 0.7(0. 0.7(0. 0.8(0. 0.5(0. 0.9(0.4 0.9(0.]0.4(0. 1.1(1.2
<20 6 04(0. 0.9(0. 1(0.3) [ 0.9(0. 0.8(0. 0.7(0. 0.8(0. 1(0.8) 1(0.3) 0.9(0.| 1.2¢0. 0.7(1)
p-value 0326 0.179 0.152 | 0.307 0.392 0.446 0491 0.094 0.167 0.466 | 0.021 0.209

SkinPrick negative 1 0.2(0. 0.6(0. 0.7(0.|0.6(0. 0.6(0. 0.5(0. 0.7(0. 0.4(0. 0.7(0.4 0.70. | 0.90. 0.7(1.4
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positive 1 07(0. 1(0.3) 1(0.3) | 0.9(0. 0.8(0. 0.8(0. 09(0. 09(0. 1.10.3 1(0.4)|0.4(1. 13(0.9

p-value 0.006 0.025 0.022|0.027 0061 0065 0122 0060 0.022 0.052|0.090 0.118

IgG levels <100 1 02(0. 07(0. 0.8(0.|0.7(0. 0.6(0. 0.4(0. 0.8(0. 0.4(0. 0.8(004 0.7(0.|0.8(0. 1(1.4)
>100 1 0.8(0. 0.9(0. 1(0.4) | 0.9(0. 0.8(0. 0.9(0. 0.8(0. 09(0. 1(04) 1(0.5)|04(l. 1(0.9)

p-value 0.007 0113 0.133 | 0120 0.168 0011 0393 0.041 0.143 0.106 | 0.142  0.440

EASI <16 5 02(0. 05(0. 0.6(0.|050. 050. 0.3(0. 0.6(0. 050. 0.604 0.50.|07(1. 1(1.4)
>16 0.6(0. 0.9(0. 09(0.|0.9(0. 0.8(0. 0.8(0. 09(0. 0.7(0. 1(03) 1(0.4)|0.6(00. 1(1.1)

p-value 0111 0.024 0.044 | 0.027 0.059 0.049 0.052 0294 0.013 0.025 | 0.393  0.490

Data are presented as levels of protein expression involved in vitamin D metabolism, epithelial barrier, and
immune response and inflammation, stratified by gender, localization, 25(OH)D levels, skin prick test results,
IgG levels, EASI score (Eczema Area and Severity Index). p-values < 0.05 are highlighted in bold. Data expressed
as mean Log2 (sample/reference) expression and (SD). CAMP = cathelicidin; CADHI1 = Cadherin-1; CING =
cingulin; CLD1 = claudin-1; CTNA1 = alpha-catenin; CTNB1 = beta-catenin; CYP24A1 = Cytochrome P450 family
24 subfamily A member 1; CYP27B1 = cytochrome P450 family 27 subfamily B member 1; FILA = filaggrin; HPT
= haptoglobin; OCLN = occluding; VDR = vitamin D receptor.

Multivariate regression analysis confirmed several significant associations identified by sub
analysis (Table 4). CAMP expression was negatively associated with childhood AD onset (3=-0.26,
p=0.0396), while claudin-1 (3= 2.06, p=0.048) and alpha-catenin (= -4.16, p=0.016) were linked to
flexural phenotype. Haptoglobin expression correlated negatively with asthma/rhino-conjunctivitis
(B=-0.39, p 0.05), and low 25(OH)D levels (<30 ng/ml) were associated with claudin-1 (3= -2.04,
p=0.0077) and occludin-1 (3= 0.43, p=0.002). In skin prick test-positive patients, claudin-1 (3= -1.93,
p=0.046), CAMP (3=0.26, p=0.027), and occludin-1 (8= -0.33, p=0.044) expression showed significant
associations with the phenotype. In PL areas (Supplementary Table 54), younger age was associated
with lower cingulin levels (3= -1.62, p=0.0061), and higher EASI scores correlated with increased
alpha-catenin (3=3.99, p=0.026).

Table 4. Multivariate regression to evaluate the association between protein expression levels in intra-
lesional areas and clinical parameters.

Immune
Vitamin D metabolism Epithelial barrier response and
Inflammation
CYP2 CYP2 VDR OCL CING CLD1 FILA CAD CINA CINB CAM  HPT
Age of B -0.56 046 0.34 -0.52  -0.54 114 -134 -0.04 206 -004 -026 -0.05
S.E. 253 1.37 0.48 0.44 1.25 0.94 3.22 0.31 1.47 0.29 0.11 0.16
T -022 0.34 0.72 -1.17 -0.43 121 -042 -015 141 -015 -240 -0.31
p- 0.83 0.74 0.49 0.27 0.68 0.26 0.69 0.89 0.19 0.88  0.039 0.76
Phenoty 3.53 2.46 0.44 -0.85  1.37 206 456 -016 -416 -017 -0.15 -0.19
SE. 243 131 0.46 0.42 1.20 0.90 3.09 0.29 141 0.28 0.10 0.15
T 1.45 1.87 0.95 -200 114 228 -148 -055 295 -0.62 -1.38 -1.28
p- 0.18  0.094 0.37 0.077 028  0.048 0.17 0.60  0.016  0.55 0.19 0.23
Asthma -0.76  1.24 0.23 -0.13  1.56 -026 268 042 -0.06 040 -0.02 -0.39
SE 274 1.48 0.52 0.48 1.35 1.02 3.48 0.33 1.59 0.32 0.12 0.17
T -028  0.84 0.45 -0.27 115 -025 -077 128 -0.04 126 -0.19 -2.26
p- 0.79 0.42 0.66 0.79 0.28 0.80 0.46 0.23 0.97 0.24 0.86 0.05
Skin B -2.69  1.87 0.60 -0.00 -023 -1.93  0.04 0.40 2.61 0.09 0.26 -0.33
SE 224 121 0.42 0.39 111 0.83 2.85 0.27 1.30 0.26 0.10 0.14
T -1.20 1.54 1.43 -0.01  -021 -232 0.01 1.48 2.01 0.35 2.64 -2.35
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p- 0.26 0.16 0.19 0.99 0.84 0.046  0.99 017  0.075 073  0.027  0.044

B 097  -1.20 0.32 0.70 0.53 -2.04 -091 0.26 1.81 -0.30  -0.06 043
S.E. 161 0.87 0.3 0.28 0.8 0.6 2.05 0.2 0.93 0.19 0.07 0.1

T 0.6 -1.38 1.04 2.3 0.67 341 044 1.33 194 -1.62 -0.88 428

p- 0.56 0.20 0.32 0.034 0.52 0.0077 0.67 022 0.084 014 0.40 0.002

The table reports only the clinical parameters in which at least one significant association (p < 0.05) was found
among the analyzed proteins. Coefficients (3), 95% confidence intervals (CI), and p-values are shown for each
variable. n.d., not determined; S.E., standard error: T = T statistic. CAMP = cathelicidin; CADHI1 = Cadherin-1;
CING = cingulin; CLD1 = claudin-1; CTNA1 = alpha-catenin; CTNB1 = beta-catenin; CYP24A1 = Cytochrome.
P450 family 24 subfamily A member 1; CYP27B1 = cytochrome P450 family 27 subfamily B member 1; FILA =
filaggrin; HPT = haptoglobin; OCLN = occluding; VDR = vitamin D receptor.

3. Discussion

In this cross-sectional exploratory study, we observed significant differences in protein
concentration and expression between IL and PL biopsies in patients with AD. Cluster analysis
revealed a clear distinct profile in protein expression between IL and PL samples, and the differential
expression of proteins involved in epithelial barrier, vitamin D metabolism and immune response
pathways was strongly associated with disease severity. Higher levels of protein expression in IL
areas correlated with positive SPT, elevated IgE levels, and EASI scores >16. Multivariate regression
demonstrated a negative correlation between low vitamin D levels and the expression of specific TJs
proteins.

TJs are recognized as a key component of the complex epidermal barrier, located in the stratum
granulosum (5G), where they regulate the passage of ions and molecules [17-19]. claudin-1, occludin-
1, and cingulin are among the primary proteins forming these junctions [20]. We observed increased
expression of these proteins in IL compared to PL samples. However, evidence from previous studies
presents conflicting data regarding their expression.

To date, in literature, some report wide variability in claudin-1 levels in healthy skin [21], others
have noted decreased claudin-1 expression in lesional compared to non-lesional and normal skin [22-
24].

The finding that levels of occludin-1 expression were increased in perilesional skin align with
Bergmann et al., who also observed upregulation in lesional skin [23]. In contrast, Gruber et al. [22]
did not observe any significant alterations in occludin levels. To our knowledge, differences in
cingulin protein expression between IL and PL skin have not been reported previously in AD.
Similarly, proteins involved in adherens junctions (cadherin-1, beta-catenin and alpha-catenin) were
overexpressed in IL compared to PL in our study, although there are limited reports in the literature.
Nelson et al. [25] observed unaltered cadherin-1 expression in a small set of AD lesions. Filaggrin,
another key protein involved in maintenance of skin barrier integrity [26], was among the most highly
expressed proteins observed in IL compared to PL in our study. These findings are in contrast with
several other studies that report reduced filaggrin expression in lesional skin [27-29]. These
differences between our findings and other studies may be explained by differences in samples that
were compared. Our analysis compared IL (lesional skin) and PL (perilesional skin adjacent to the
lesion), while other studies frequently compared lesional skin to non-lesional skin, defined as skin
distant from the lesion. Perilesional skin, as noted by Knor et al. [30], exhibits distinct characteristics,
such as altered pH and hydration, compared to non-lesional skin, potentially explaining the observed
differences in protein expression. In addition, cluster analysis in our study also revealed a clear and
distinct map between IL and PL samples pointing towards unique differences in the molecular
diversity between these two regions.

It could also be hypothesized that the increased expression of skin barrier proteins in IL regions
may represent a compensatory response aimed at maintaining barrier integrity amidst the
heightened turnover associated with inflammation in AD. Alternatively, this increased level of
protein expression may reflect an attempt to repair the damaged barrier, even though ongoing
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dysfunction likely perpetuates inflammation. Besides, in AD, the chronic inflammation, may be
related to an increased level of interleukins (IL)-4, IL-13 and IL-31, which can cause alterations in both
the structure and expression of occludin-1, cingulin and claudin-1, with the aim of re-establishing the
barrier function, although with limited efficacy [31-33]. Furthermore, the overexpression of these
proteins in IL areas does not necessarily guarantee functional barrier integrity. Elevated levels may
instead represent a compensatory mechanism counteracting the loss of barrier function. It is worth
noting that filaggrin deficiency, for example, does not directly affect T] barrier integrity [21]. Studies
in filaggrin knockout mice showed no alterations in T] morphology, expression, or function,
suggesting that underlying inflammation, rather than protein loss, drives T] dysfunction [34]. This
dysfunction leads to SC damage and increased permeability to bacterial and allergenic molecules,
creating a vicious cycle of barrier dysfunction and skin inflammation [34].

Taken together, these observations may also have a future therapeutic counterpart, highlighting
the importance of restoring the skin barrier through topical (emollients and moisturizers) and
systemic treatments, supporting tight junctions and improving skin integrity.

We observed higher expression of VDR and vitamin D metabolism enzymes in IL areas
compared to PL. Similarly, Weise et al. [35] reported increased VDR and CYP24A1 expression in the
lesional and non-lesional skin of AD patients compared to healthy controls. Moreover, we found
higher levels of CAMP in IL areas compared to PL, which aligns with its role in responding to barrier
disruption or infection [10]. CAMP expression increases following skin injury and is linked to
enhanced CYP27B1 expression and local synthesis of active vitamin D [10]. This increased expression
may reflect an amplified immune response aimed at controlling inflammation, although it may also
contribute to chronic underlying inflammation in AD. The direct regulation of CAMP by the
1,25(OH)D-VDR complex, as well as vitamin D’s broader role in modulating CAMP synthesis,
highlights its involvement in skin defense and supports the overexpression of both VDR and CAMP
in IL in our study.

We also identified some specific associations between protein expression AD disease severity.
Higher levels of skin barrier and vitamin D metabolism proteins were observed in patients with
positive SPT, IgE 2100 IU/ml, and EASI scores 216, indicative of moderate-severe eczema [36].
Supporting this, we found fewer associations between these clinical data and protein levels in PL
regions, suggesting that these correlations are absent where disease severity is low grade/absent. In
line with our findings, Grieco et al. [16]. previously reported a correlation between TJ protein
expression and positive SPT (OR: 8.23, 95% CI 1.04-65.5, p=0.046). Additionally, in children with AD,
oral 1,25(0OH)2D3 supplementation was associated with improved vitamin D status, AD severity, and
increased VDR expression in lesional skin, but not in non-lesional skin [37].

We also observed a negative correlation between low vitamin D levels and the expression of
claudin-1 by multivariate regression. In ulcerative colitis, an inflammatory disease characterized by
gut barrier dysfunction, claudin-1 protein was found to be upregulated [38]. In patients with
ulcerative colitis, treatment with 1,25(OH)2D3 decreased claudin-1 protein levels in both inflamed
and non-inflamed tracts [38]. This suggests that increasing vitamin D levels could reduce the
expression of T] proteins, potentially lowering inflammation and the compensatory mechanisms that
lead to their increased expression.

3.1. Limitations

There are some limitations of this study that should be noted. The small sample size limits the
generalizability of the findings. While we compared IL and PL areas, distant non-lesional skin was
not included as a control. The cross-sectional design prevents drawing conclusions about causal links
between protein expression and AD severity. Additionally, variability in sample collection and
environmental factors such as seasonal changes or treatments were not fully controlled for.
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4. Materials and Methods
4.1. Study Design and Patients

This was a monocentric, cross-sectional, exploratory study involving 22 adult patients with
acute-phase atopic dermatitis (AD), a subset of the cohort previously enrolled at the Dermatology
Clinic of Policlinico Umberto I, Sapienza University of Rome, Italy [16]. Inclusion and exclusion
criteria and patient characteristics are described elsewhere [16]. Briefly, this study included males
and females aged >18 with mild or moderate-severe atopic dermatitis. Exclusion criteria were other
inflammatory/autoimmune skin diseases, calcium/bone metabolism issues, recent corticosteroid use,
severe diseases, certain infections, organ transplants, dementia, psychosis, substance abuse,
pregnancy, anticoagulation, and recent sun exposure. No dietary restrictions were imposed. During
the initial screening, data collection included demographic information (gender, age, BMI), medical
and pharmacological history, age of AD onset, AD phenotype, disease severity (assessed by EASI
[39]), and the presence of comorbid conditions such as asthma or allergic rhinitis. Blood samples were
also collected at this stage. Within 10 days of screening visit, patients returned for further evaluation,
including skin biopsy for protein expression analysis. This study was conducted in accordance with
the Declaration of Helsinki and adhered to Good Clinical Practice (GCP), International Council for
Harmonisation guidelines, and applicable national regulations. The study protocol was approved by
the Ethics Committee (Identification Code: DERM/AT/01).

4.2. Biopsy Sampling

At the initial visit, all AD patients underwent a single biopsy of the skin lesion (intra-lesional,
IL) and of another in the peri-lesional region (PL). After antiseptic preparation using povidone iodine,
local anesthesia was administered with 2% mepivacaine. A tissue sample, measuring up to 10x5 mm
was excised. The biopsy site was then closed with 1-3 nylon (3.0) sutures, and a medicated bandage
was applied. Patients were prescribed antibiotic prophylaxis consisting of 1g amoxicillin combined
with clavulanic acid, taken every 12 hours for five days. Sutures were removed between 7- and 15-
days post-biopsy.

4.3. Protein Extraction

Protein extraction was performed from 44 skin samples using scioExtract buffer (Sciomics
GmbH, 69,151 Neckargemiind, Germany) according to their standard operating procedures. After
extraction and quality control of samples, protein concentrations were measured using a standard
bicinchoninic acid assay. A reference sample was prepared by pooling equal volumes from each
individual sample, and protein concentrations were calculated for each sample group.

4.4. Sample Labelling and Data Analysis

For protein labeling, samples were adjusted to a specific concentration and incubated with
scioDye 2 (Sciomics GmbH) for two hours. The reference sample was labeled with scioDye 1
(Sciomics GmbH). Following labeling, the reaction was stopped and the buffer was exchanged for
phosphate-buffered saline (PBS). Labeled protein samples were then stored at -20°C until further
analysis. Samples were analyzed using a dual-color approach on 44 custom antibody microarrays
(Sciomics GmbH) targeting 12 different proteins (Supplementary Table S1), with each antibody
represented in four replicates. Arrays were blocked with scioBlock (Sciomics GmbH) using a
Hybstation 4800 (Tecan, 5082 Grodig, Austria), and samples were incubated competitively with the
reference sample. After a three-hour incubation, slides were washed with 1xPBSTT, rinsed with 0.1x
PBS and water, and dried with nitrogen. Data acquisition was performed using a Powerscanner
(Tecan, Austria) with consistent laser power and photomultiplier tube settings. Spot segmentation
was performed using GenePix Pro 6.0 (Molecular Devices, 94,587 Union City, CA, USA). Raw data
were analyzed using the LIMMA package in R-Bioconductor, with median signal intensities.
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4.5. Statistical Analysis

Clinical characteristics of patients are presented as number and percent. Protein concentrations
in IL and PL samples were compared using paired t-tests to assess differences in means. Hierarchical
clustering analysis was employed to identify distinct patterns in protein expression profiles between
IL and PL samples. For protein analysis, statistical analysis involved fitting a one-factorial linear
model, with results presented as two-sided t-tests or F-tests based on moderated statistics. P-values
were adjusted for multiple comparisons using the false discovery rate method by the Benjamini and
Hochberg procedure [40]. Proteins were considered differentially expressed if |logFC| >0.5 and the
adjusted p-value <0.05. Changes in protein abundance between samples or groups are reported as
log-fold changes (logFC), where a logFC of 1 indicates a two-fold increase compared to the control
group, and a logFC of -1 indicates a two-fold decrease.

Sub-analysis was performed to evaluate the potential association between demographic factors
and vitamin D levels on protein expression assessed by unpaired t-tests for normally distributed
variables and chi squared test for categorical variables. Multivariate regression was used to evaluate
the association between protein expression and clinical features in AD patients. Results are reported
as correlation coefficients and 95% confidence intervals (CI). A p-value of <0.05 was considered
statistically significant. Statistical analysis was performed using MedCalc Software (Broekstraat,
Mariakerke, Belgium).

5. Conclusions

Our findings suggest the molecular landscape of IL areas in AD patients differs from PL regions,
showing higher inflammation and a stronger compensatory response to skin barrier dysfunction.
Significant associations between protein expression in IL areas and clinical markers, IgE levels and
EASI scores, suggest that these proteins may serve as biomarkers for AD progression. The negative
correlation between vitamin D levels and TJ protein expression highlights the complex interplay
between vitamin D metabolism and skin barrier integrity in AD. Larger cohorts and longitudinal
studies are needed to validate these results.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org,
Supplementary Figure S1: Protein concentration distributions in Intra-Lesional (IL) and Peri-Lesional (PL)
biopsy groups (a) and for each patient (b).; Supplementary Figure S2: Box and whisker plots comparing protein
expression levels between peri-lesional (PL) and intra-lesional (IL) skin samples in patients with atopic
dermatitis; Supplementary Table S1: Summary of proteins involved in pathways related to cell junctions,
immune response, and vitamin D metabolism, whose expression was investigated in this study; Supplementary
Table S2: Description of skin samples and measured protein concentrations; Supplementary Table S3: Sub-
analysis of the correlation between protein expression and clinical features in peri-lesional (PL) areas of patients
with atopic dermatitis; Supplementary Table S4: Multivariate regression analysis to assess the relationship
between protein expression levels in peri-lesional areas and clinical parameters.
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