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Introduction: Allergic contact dermatitis (ACD), a prevalent skin disorder affecting up to 20% of the population, triggers significant
discomfort and health implications. Our research investigates the pivotal role of Vascular Endothelial Growth Factor A (VEGFA) in
chronic itching associated with ACD.

Methods: Bioinformatics methods were utilized to identify differentially expressed genes (DEGs) between ACD models and patients.
In vivo models of chronic pruritus in mice induced by 2,4-dinitrofluorobenzene (DNFB) were employed. Mice were administered
subcutaneously with a VEGFA inhibitor, sFltl, and compared to a control group. Real-time RT-PCR, Western blot, and immunohis-
tochemical staining were performed to evaluate VEGFA expression and the impact of sFlt1 on itching behavior.

Results: The analysis revealed that VEGFA is significantly upregulated in ACD skin, primarily expressed by keratinocytes.
Administration of the VEGFA inhibitor sFlt1 in the ACD mouse model led to a substantial reduction in scratching behavior, indicating
that VEGFA may mediate pruritus through the VEGFA-VEGFR2-PI3K-TRPV1 signaling pathway.

Discussion: These findings suggest that VEGFA plays a crucial role in ACD-associated pruritus and may serve as a potential
therapeutic target. However, further research is required to validate these findings and to explore additional molecular pathways
involved in the pruritic response in ACD.
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Introduction
Allergic contact dermatitis (ACD) is a common immunotoxic reaction to allergens in human skin that can cause
significant discomfort and health issues." Multiple kinds of research have found that up to 20% of the total population
is affected by ACD, making it the second most frequently reported occupational disease.” ACD is characterized by a type
IV delayed T-cell-mediated hypersensitivity to hapten, resulting in clinical symptoms of ACD, such as erythema and
epidermospongiform lesions in the skin, and itching.” Itching is the main manifestation of ACD and is an unpleasant
experience that can cause scratching behavior and further health issues. Chronic and repeated itching can lead to
significant health burdens for patients.* Recent research on itch suggests that it primarily involves the transmission of
signals between the environment, skin, immune cells, and afferent nerve fibers. These signals travel to the spinal circuits
and to the brain, generating the sensation of itch and promoting scratching.” In chronic itching caused by allergic contact
dermatitis, the skin, as the first organ exposed to the allergen, plays a crucial role in the process, while the keratinocytes,
as the initial living cells that come into contact with allergens in the skin, significantly contribute to the mechanisms
underlying this condition.®

Keratinocyte is known to be a critical contributor to the development of ACD. After being stimulated, keratinocytes
secrete cytokines, including interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis factor (TNF-a)), which promote
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the chemotaxis and inflammatory progression of T lymphocytes.” Several recent studies have suggested that keratino-
cyte-mediated mechanisms are involved in the generation of pruritus.® These mediators are characterized as opioids,
proteases, substance P, nerve growth factor, neurotrophin 4, and endocannabinoids, and are known to activate various
receptors implicated in the sensation of itching, such as PAR2 and TRPV ion channels, vanillin, Trk system potassium
transporter A/B (TrkA/B), interleukin-31 (IL-31) receptor, cannabinoid receptor 1, and p and «k opiate receptors. Such
interactions point towards keratinocytes’ role as a pruritus initiator and also being responsible for transmitting itch
signals to the cutaneous sensory C nerve.” '' All of these indicate that keratinocytes play a pivotal role in the generation
and transmission of the itch sensation. As such, this study takes keratinocytes as the primary focus to explore the
potential role of keratinocytes in the itching of ACD.

Keratinocytes are key sources of vascular endothelial growth factor A (VEGFA), which is essential for vessel
inflammation and keratinocyte function.'? This is particularly relevant in inflammatory skin conditions like psoriasis,
where VEGFA promotes angiogenesis and exacerbates the disease’s pathogenesis.'>'* Inhibiting VEGFA, known to
trigger keratinocyte hyperproliferation and inflammation, has been recognized as an effective therapeutic strategy for
psoriasis and other inflammatory skin diseases.' This underscores the importance of VEGFA in vascular remodeling and
inflammation across various skin conditions, including contact dermatitis, atopic dermatitis, and UV-induced damage.'®
Notably, allergic contact dermatitis is more common among patients with atopic dermatitis, where impaired skin barrier
function facilitates the inflammatory impact of irritants or allergens.'” Additionally, dietary habits and smoking behaviors
may exacerbate vascular inflammation, thereby increasing the risk of developing contact dermatitis.'®'® Nevertheless, in
allergic contact dermatitis, the precise mechanisms through which VEGFA and keratinocytes exert their influence are not
well understood, highlighting the need for more detailed research.

In order to investigate the role of keratinocytes in the development of allergic contact dermatitis (ACD), we
conducted an analysis of transcriptomic data obtained from both ACD models and skin samples of ACD patients. The
main objective of our research was to identify key genes that could potentially be targeted for therapeutic in ACD. To
accomplish this, we employed several publicly available databases including GEO, KEGG, STRING, and GSEA. By
conducting a comprehensive analysis of the data using the R programming language, we aim to provide novel insights
and potential avenues for treatment of this debilitating condition.

In this study, significant differentially expressed genes were identified between keratinocytes of ACD models and the
skin of stimulated ACD patients using bioinformatics methods. The analysis was done on the highly expressed VEGFA
in keratinocytes of mice with ACD chronic pruritus which induced by 2, 4-dinitrofluorobenzene (DNFB). Further, the
scratching responses to soluble vascular endothelial growth factor receptor 1 (sVEGFR1) - soluble FMS-like tyrosine
kinase 1 (sFltl) were observed by subcutaneous injection in ACD mice. And the pathway of VEGFA mediates DNFB-
induced scratching was also investigated in ACD mice.

Materials and Methods

The Transcriptome Datasets

The gene expression datasets used in this study were obtained from the NCBI Gene Expression Omnibus (NCBI GEO)
database (Accession Nos: GSE6281 and GSE76446). Both GSE76446%° and GSE6281%' have been published (Table 1).
These two data sets were generated using a microarray-based profiling approach, with laser capture microdissection used
to extract RNA from formalin-treated human keratinocytes (KCs) following nickel sensitization, normal human KCs, and

the skin of patients with nickel allergy.

Table | Datasets Used in the Current Study

Data | GEO Accession | Sample Type Platform Sample Size
| GSE6281 Skin Affymetrix Human Genome U133 Plus 2.0 Array [GPL570] 34
2 GSE76446 Keratinocyte | Affymetrix Human Genome U133 Plus 2.0 Array [GPL570] 4
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Identification of Deferentially Expressed ACD Genes

Since both data sets were generated using the same platform, the same R package was utilized to import the expression data
and to ensure more reliable data analysis. Specifically, the R data objects were generated from GSE76446 and GSE6281
using limma (v3.52.4). RMA (Robust multi-array average) method was employed for background adjustment, quantile
normalization, summarization, and log2 scaling.”***> The probes were annotated based on the accompanying GPL files.
Non-matching probes (ie, probes with gene symbols that did not match) were removed from further analysis. For multiple
probes that were mapped to the same gene symbol, their mean expression value was utilized for that gene symbol.
Differential gene expression analysis was performed using limma (v3.52.4), with Student’s t-test used to calculate
P-values for ACD with and without stimulation. Genes with |Fold change[> 1.5 and P < 0.05 were considered significant.

Functional Annotation and Enrichment Analysis on Common Differential Genes

The common upregulated and downregulated differentially expressed genes from both data sets were subjected to Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using the
R package clusterProfiler (v 4.4.4).>*2¢ The GO enrichment analysis included biological process (BP), cellular compo-
nent (CC), and molecular function (MF) categories, with a focus on BP terms. Enrichment terms with a P-value < 0.05
were considered significant, with the minimum number of genes in each enriched term set to at least 3.

Protein—Protein Interaction (PPl) Network Analysis for Differential mMRNA Expression
Profile

To further analyze the common differentially expressed genes between the two data sets, we conducted protein-protein
interaction (PPI) network analysis using the STRING Interactome database (v11.5).?” A low confidence score cutoff of
0.4 was set. The PPI network graph was constructed using Cytoscape (v3.6.0).%

Animals and Drugs

Male C57BL/6J mice, weight 20-25 g, 8 to 12 weeks of age, purchased from Guangdong Medical Laboratory Animal
Center, were housed in 21 + 1°C with a 12-h light/12-h dark room. All animal experiments were performed in accordance
with the guidelines of the National Institutes of Health and the International Association for the Study of Pain and were
approved by the Institutional Animal Care and Use Committee at Guangzhou Medical University (No. GY2019-007).
The mouse VEGFRI1 (sFItl) recombinant protein was purchased from R&D Systems (China).

Generating a Mouse Model of ACD and Monitoring Scratching Behavior

The ACD mice model of chronic itch was induced by hapten 1-fluoro-2, 4-dinitrobenzene (DNFB). The hair of the abdomen
and the nape of the neck were shaved 3 days before sensitization. Mice were sensitized with 100 pL of 0.15% DNFB onto
the shaved abdominal skin. 5 days later, the mice were challenged with S0uL of 0.15% DNFB by painting the shaved nape
of the neck, and then on days 3, 5, 7, and 9.2% Control mice (CTRL) were treated with acetone. The scratching behavior was
video-recorded for 1 h on days 4, 6, 8, and 10. Bouts of scratching were counted in a blinded manner.

Drug Administration for the ACD Model

The study aimed to evaluate the role of VEGFA in male mice with ACD chronic itch through hypodermic administration
of a selective VEGFA antagonist, sFltl, or vehicle control with four mice per group. The mice were given hypodermic
injections of 2 pg/kg of sFltl in 0.3% saline once daily on the shaved back on days 7, 8, 9, and 10 (total volume; 100uL).
The scratching behavior was recorded video type for an hour before and after injection. Following behavioral testing, the
mice were sacrificed and tissues were collected on the tenth day.

Western Blot Analysis of Total Proteins from Mouse Skin Tissue
The skin on the back of the neck was collected and homogenized in radio-immunoprecipitation assay buffer (RIPA,
P0013B, Beyotime, Shanghai, China). Protein concentration was determined using a BCA protein assay kit. Equal
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amounts of total protein lysate were separated on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes. The membrane was blocked with 5% skim milk
powder for 1 hour at room temperature and incubated overnight at 4°C with primary antibodies against VEGFA (1:2000,
rabbit; Proteintech). As a loading control, the blots were probed with a B-actin antibody (1:5000, rabbit, Affinity). The
membrane was washed three times with Tris-buffered saline in Tween 20 (TBST) and then incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10000, Jackson ImmunoResearch) secondary antibodies for 1 hour
at room temperature. After another three TBST washes, the membrane was visualized using an enhanced chemilumines-
cence (ECL) kit (Clinx). The band intensities were quantified using ImageJ and analyzed with GraphPad Prism 8.

Hematoxylin & Eosin (H&E) Staining for Epidermis Thickness Analysis

Paraffin-embedded skin tissues were obtained and utilized for immunohistochemistry (IHC) staining. Each tissue block
was serially sectioned into 4 um slices and mounted on glass slides, followed by baking at 65°C for 1 hour. The sections
were deparaffinized using xylene and sequentially rehydrated with ethanol (from 95% to 50%). Hematoxylin staining
was applied for 5 minutes followed by rinsing in distilled water and destaining with acid alcohol. After rinsing the
sections in tap water, eosin counterstaining was performed for 2 minutes. The sections were then dehydrated with graded
ethanol washes, cleared with xylene, and cover-slipped. Epidermal thickness was calculated by staining these sections
with H&E and examining them under a magnification of 200x using Image Pro Plus software. Measurements were
obtained from the left, medium, and right sections of each field.

Immune-Histochemical (IHC) Assay for VEGFA Semi-Quantitative Analysis

Tissue samples were fixed in 10% formalin and paraffin-embedded. The resulting paraffin blocks were sectioned into
4 um slices and attached to glass slides. The sections were deparaffinized with xylene and rehydrated with a series of
graded ethanol washes. Antigen retrieval was performed by boiling the sections in 10 mm sodium citrate buffer (pH 6.0,
BOSTER) for 15 minutes, followed by blocking of endogenous peroxidase activity with 3% hydrogen peroxide for
10 minutes and 0.3% Triton-100 for 15 minutes at room temperature. The primary antibody for VEGFA (1:1000 dilution,
rabbit; Proteintech) was left overnight at 4°C. After washing sections thrice with phosphate-buffered saline solution
(PBS), a biotinylated goat anti-rabbit antibody (1:1000, Jackson ImmunoResearch) was added for 30 minutes. Finally, the
skin was visualized with 3,3'-diaminobenzidine (DAB, Absin), counterstained with hematoxylin (Servicebio), dehy-
drated, and mounted. The IHC staining results were captured using a Leica scanning microscope (Olympus, Japan) and

analyzed with Aperio ImageScope (Leica Biosystems) Profiler software.

RNA Isolation and Reverse Transcription Quantitative PCR (RT-qPCR)

Total RNA was extracted from fresh mice nape skin using TRIzol reagent (Invitrogen), followed by removal of genomic
DNA. Reverse transcription was performed using the PrimeScript™ RT reagent Kit with gDNA Eraser (TAKARA) to
obtain mRNA. Quantitative real-time PCR (qPCR) analysis was carried out using the SYBR® Premix Ex TaqTM II kit
(TAKARA) and the Bio-Rad C1000 Thermal Cycler, following the manufacturer’s instructions. The sequences of the
forward and reverse primers are provided in Table 2. The mRNA expression levels of the target genes were normalized to
B-Actin and calculated using the 2—AACt method for data analysis.

Table 2 The Common Upregulated and Downregulated DEGs Between GSE6281 and GSE76447

Type Gene Count

Up CDé69 FCMR SERPINE2 KLRBI CD300A KRT27 CCL27 MIRI55HG LCP2 FAMI07B IL6R SERPINEI LAMC2 SNXI10 VEGFA 23
UPPI TNFRSFI2A IRF7 ISG20 COL4A| PAQR4 SH3TCI RAC2

Down | GNGII NEGRI CXCLI2 MACCI-DT RUNDC3B MYCL BCLIIA KLHDCI CHP2 LINC02984 ADGRL3 YPEL2 GRAMDIC 20
Cllorf54 GSTM2 ATPI1A2 CLDN8 KBTBD7 NDRG4 SELENOP
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Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software Inc., San Diego, CA). The
data were presented as the mean =+ standard error of the mean (SEM), and statistical significance was assessed using
unpaired ¢-test for two groups. In cases of multiple comparisons, One-way analysis of variance (ANOVA) was conducted,
followed by Fisher’s posthoc test, with a P-value of less than 0.05 was considered statistically significant.

Results
Genes Involved in Immune Response Emerged in Differentially Expressed Gene (DEG)
Analysis
To investigate the role of keratinocytes (KCs) in the progression of ACD, we analyzed sequencing data from keratino-
cytes in an ACD model and skin samples from ACD patients. We used two mRNA microarray expression datasets
sourced from the GEO database for our analysis. Table 1 summarizes the datasets used in this study, including their
respective accession numbers, tissue sources, platforms utilized, and sample information. The first dataset was
GSE76446, from which we selected four samples including two wild-type KCs and two formalin-stimulated keratino-
cytes. We compared and analyzed the transcriptome expression of the two groups. The second dataset was GSE6281,
which included skin transcriptome data from ACD patients with nickel allergy. We selected six samples, including the
skin transcriptome data of three ACD patients before nickel stimulation (0 hrs) and after nickel stimulation (96 hrs). We
compared and analyzed the transcriptome expression of the two groups.

The differentially expressed gene (DEG) analysis was conducted using a threshold of FC > 1.5 expression and
P value < 0.05. The expression of DEGs in the two datasets is illustrated in Figure 1A and C. For GSE76446, we
identified 1362 DEGs; 706 genes were upregulated, and 656 genes were downregulated in formalin-stimulated KCS
compared to wild-type KCS (Figure 1B). Similarly, for GSE6281, we identified 1218 DEGs, with 682 upregulated genes
and 536 downregulated genes in nickel-stimulated skin compared to pre-stimulation skin (Figure 1D). The 20 most
significant upregulated and downregulated genes with P<0.05, and with the highest FC, were analyzed for both datasets.
We observed there were no statistically significant findings for the top 20 upregulated and downregulated genes in
GSE76446. In contrast, among the upregulated genes in GSE6281, we identified genes related to immune responses that
could be broadly categorized into three groups: (1) immune cell migration and chemotaxis genes, such as CCL18 and
CCL27; (2) inflammatory response genes, such as TNFAIP6 and PLA2G2A; and (3) genes associated with the body’s
defense response, such as IL7R and PLA2G2A. These results suggested that ACD may be associated with an immune
response in KC cells and in ACD skin.

GO and KEGG Analyses Revealed Representative Genes Involved in the Recruitment
of Immune Cells and Inflammation Factors in the Common Differentially Expressed

Genes (DEGs) Found in KC Cells and ACD Skin

To further elucidate the role of KC cells in ACD skin, we identified 43 common DEGs between the GSE76446 and
GSE6821 datasets. Among these genes, 23 were upregulated and 20 were downregulated (Figure 2A and Table 3). We
propose that these genes represent the characteristics of key regulators of KC cells in ACD pathogenesis. Therefore, we
focused on this set of intersecting DEGs in this study.

To gain functional insights into the DEGs involved in ACD, we performed functional enrichment analysis with GO
and KEGG terms for co-upregulated and co-downregulated genes, respectively. However, GO term enrichment analysis
on the downregulated genes did not yield any significant results. Thus, we focused on GO/KEGG terms enriched for
upregulated genes (Figure 2B and C).

In the GO terms of upregulated genes, immune response-related genes were prominent, especially those involved in
regulators of leukocyte chemotaxis and migration such as CD300A, CCL27, IL6R, SERPINEI, VEGFA, and RAC2
(Figure 2B). In KEGG terms, focal adhesion (including COL4A1, LAMC2, RAC2, and VEGFA) was related to cell
attachment and migration. The AGE-RAGE signaling pathway (including COL4A1, SERPINEI1, and VEGFA) is
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Figure | DEG analysis reveals immune-related genes. (A) Volcano plot of DEGs in GSE76445. (B) Heatmap of DEGs in GSE76445. (C) Volcano plot of DEGs in GSE6281.
(D) Heatmap of DEGs in GSE6281. In the heatmap, colors are mapped to the Z-score of gene expression levels after normalization. In the volcano plot, genes significantly
upregulated with FC > |.5 and P-value <0.05 are represented by red dots, while downregulated genes are represented by blue dots.

implicated in diabetic nephropathy.®® The HIF-1 signaling pathway (including IL6R, SERPINE1, and VEGFA) is a key
factor in hypoxia stress and is associated with cell metastasis and chronic inflammation.”’ The PI3K/Akt signaling
pathway (including IL6R, LAMC2, VEGFA, and COL4A1; Figure 3A) is related to hormones, growth factors, and
nutrient signaling. Dysregulations in this pathway can disturb cellular homeostasis, resulting in modifications to skin cell
growth, proliferation, differentiation, and migration, while also promoting inflammation. This is closely associated with
chronic pain and pruritus.* > Notably, VEGFR2 serves as the primary receptor for VEGFA, facilitating the activation of
the PI3K-AKT pathway (Figure 3B).

Although CD300A, IL6R, SERPINE1, RAC2, LAMC2, and COL4A1 are included in the GO and KEGG terms, there
is minimal literature linking these genes with ACD, and their potential roles in these conditions require further
investigation. Conversely, CCL27, expressed in keratinocytes, interacts with CCR10, which leads to the chemotaxis of
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skin-associated memory T lymphocytes and contributes to their homing to skin sites, thus instigating skin inflammation
in ACD.***7 In addition, VEGFA was identified as a common factor in all KEGG-enriched pathways and GO/BP terms
involved in the aforementioned processes. VEGFA has been shown to contribute to both lymphocyte chemotaxis and

lymphangiogenesis during chronic inflammation,*® as well as to be associated with neuropathic pain®® and peripheral

pain sensitization.”” Moreover, a positive correlation between elevated serum VEGFA levels and pruritus in ACD

Table 3 Primer Pairs’ Sequences of Mice Genes Used in RT-qPCR

Forward Primers

Reverse Primers

Proteins | Genes
B-Actin Actb
VEGFA Vegfa
VEGFRI Fit!
VEGFR2 Kdr
PI3K Pik3rl
TRPVI Trpvl

GTGGCCCTGTTAAAGGCTCT
GCACATAGAGAGAATGAGCTTCC
TGGCTCTACGACCTTAGACTG
TTTGGCAAATACAACCCTTCAGA
ACACCACGGTTTGGACTATGG
TCACCGTCAGCTCTGTTGTC

GCTCACCAGGAAGGCATCA
CTCCGCTCTGAACAAGGCT
CAGGTTTGACTTGTCTGAGGTT
GCAGAAGATACTGTCACCACC
GGCTACAGTAGTGGGCTTGG
GATCATAGAGCCTTGGGGGC

Abbreviations: B-Actin, actin, beta; VEGFA, vascular endothelial growth factor A; VEGFR I, FMS-like tyrosine kinase I;
VEGFR2, kinase insert domain protein receptor; PI3K, phosphoinositide-3-kinase regulatory subunit |; TRPVI,

transient receptor potential cation channel, subfamily V, member I.
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patients has been established.*' Notably, chemo-drugs that inhibit VEGFA have been shown to relieve pruritus symptoms
in these patients.*?

To understand potential protein-protein interactions, we constructed a PPI network using the common upregulated and
downregulated DEGs between GSE76446 and GSE6821 with the STRING database. The network identified 17 interactions
with a total of 16 nodes, where 14 nodes represented upregulated proteins and 2 nodes represented downregulated proteins
(Figure 3C). The findings were consistent with the GO/KEGG enrichment results, showing that genes encoding key regulatory
factors implicated in leukocyte chemotaxis and migration were also enriched in the most interactive modules. In summary,
VEGFA is involved in all significantly enriched GO/BP and KEGG terms enriched by upregulated DEGs, which was also
confirmed by the PPI enrichment analysis. Given these results, it would appear that VEGFA plays a crucial role in the
pathogenesis of ACD, specifically the symptom of pruritus. Therefore, our research will concentrate on VEGFA and its
associated pathways to further elucidate their potential role in pruritus development in ACD chronic itch.

VEGFA is Highly Expressed in the Skin of the ACD Mouse Model

To investigate the potential role of VEGFA in the pathogenesis of ACD, we utilized a mouse model of chronic itching
induced by DNFB. The control group was treated with the same dose of DNFB solvent acetone, as illustrated in
Figure 4A. We observed a gradually increased scratching behavior from the second DNFB challenge, reaching its peak
after the fourth challenge and then gradually decreased (Figure 4B), which is consistent with our previous findings of
DNFB-induced ACD chronic itching model.** After the final video recording, skin samples were collected, and protein
was extracted for subsequent Western blot analysis. The results revealed a significantly increased VEGFA expression in
the DNFB group, as shown in Figure 4C and D. Statistical analysis indicated that the difference in VEGFA expression
between the DNFB and control groups was very significant (P < 0.0001). These findings suggest that VEGFA may be
involved in the development of chronic ACD pruritus induced by DNFB.
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Figure 4 Upregulation of VEGFA in DNFB-induced allergic contact dermatitis skin. (A) Schematic diagram of the DNFB-induced chronic itch ACD model establishment. (B)
Compared to the control group, the frequency of scratching in ACD model mice was significantly increased, as demonstrated by the itching frequency curve. n = 4, Two-way
ANOVA, ¥ P < 0.001. (C, D) Western blot analysis of VEGFA expression demonstrated higher levels of VEGFA in the dorsal neck skin in DNFB mice compared with the
control mice. n = 4, Experiments performed three times independently. Independent samples t-test, **** P < 0.0001.
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The VEGFA Inhibitor sFltl Inhibited Itching Behavior in an ACD Mouse Model but Did
Not Alleviate Skin Thickness

To further investigate the potential role of VEGFA in chronic itching, we conducted subcutaneous injections of the
VEGFA inhibitor sFltl in ACD mouse models. Given that the mice did not display peak itching behavior until the fourth
challenges, we administered the drug four times over four consecutive days, with injections given one hour before and
one hour after for video recordings, respectively, following the fourth challenges. The injection timeline is illustrated in
Figure 5A. To serve as controls, the DNFB group and control (CTRL) group mice were given the same volume of normal
saline at the same time intervals as the sFItl and VEGFA groups. We then monitored the pruritus behavior of the mice
using a behavioral observation cage. Interestingly, administration of sFItl resulted in a significant reduction of the
number of scratching when compared to the DNFB group (Figure 5B), indicating that VEGFA may indeed play a key
role in the development of chronic ACD pruritus. After the final video recording, both Hematoxylin and Eosin (HE)
staining and immunohistochemistry were performed to investigate the expression of VEGFA in the skin. Remarkably, we
found that the DNFB group exhibited significantly higher VEGFA expression compared to both the sFItl and CTRL
groups (Figure 5C-E). Furthermore, it revealed that VEGFA expression was predominantly located in the KC cells of the
epidermis, providing additional evidence that these cells may play a critical role in ACD through VEGFA secretion
(Figure 5C). Consistent with this idea, we also found a significantly increased VEGFA expression in the DNFB group
when compared with the CTRL and sFlt1 groups (Figure 5C-E). Interestingly, we observed that the skin of the DNFB
group was considerably thicker than that of the CTRL group, but there was no significant difference between the DNFB
group and sFlt1 groups (Figure 5D and F). Our results suggest that VEGFA may promote pruritus in the skin, but is not
involve in the epidermal thickening processes associated with ACD.

VEGFA-VEGFR2-PI3K-TRPV I Pathway ldentified as a Promoter of Pruritus in Chronic
Skin ltching

To investigate the potential involvement of VEGFA in pruritus associated with ACD, we performed real-time RT-PCR to
measure VEGFA mRNA expression in skin following the DNFB challenge. Our results demonstrated a statistically
significantly increased (2-fold) VEGFA mRNA expression in DNFB-treated skin as compared to control skin
(Figure 6A). Surprisingly, the soluble VEGFRI1 recombinant protein -sFltl, a VEGFA inhibitor, led to a noticeable
reduction in VEGFA mRNA expression in the sFltl group. Moreover, the expression of FLT1 was higher in the DNFB
group when compared to the CTRL group, but significantly higher in the sFltl group than that of the DNFB group
(Figure 6B). These aberrant expression patterns of VEGFA and FLT1 suggest a possibly additional mechanisms regulate
their expression, such as post-transcriptional modifications, which may further suppress their expression in the skin.

The functional potency of VEGFA primarily relies on its interaction with and activation of VEGFR2 (Figure 3B),
a downstream receptor crucial for transmitting its biological effects.***> Furthermore, PI3K is commonly downstream of
VEGFR2 and plays a role in promoting cell survival and chemotaxis.*® The maintenance of skin homeostasis relies heavily
on the proper functioning of the PI3K pathway. Dysregulation of this pathway can lead to the development of various benign or
malignant skin diseases, and the PI3K pathway plays a crucial role in the progression of inflammatory skin diseases such as
psoriasis and atopic dermatitis.***** As an upstream regulator of PI3K, VEGFA’s role in tumor progression is well-
established,* and recent studies have also begun to explore its role in pain regulation.>® Notably, KDR and PIK3R] expressions
were significantly higher in the DNFB group than that in the CTRL group (Figure 6C and D), but were downregulated following
VEGFA inhibition, implying that VEGFR2 and PI3K may be regulated by VEGFA in skin, which is consistent with our signaling
results (Figure 3B). TRPV1 has been extensively studied as a key pathway in itch, as demonstrated by numerous articles.”® % As
the downstream of PI3K, TRPV1 is involved in various diseases like skin inflammation and neuropathic pain.>*>* In our study,
TRPV1 expression was significantly elevated in the DNFB group when compared to the CTRL and sFltl groups (Figure 6E),
suggesting that sF1t] might have reduced TRPV 1 expression by neutralizing VEGFA, thereby mitigating the itch sensation in the
ACD mouse model. Altogether, our study suggest that VEGFA participates in ACD chronic itch through the VEGFR2/PI3K/
TRPV1 axis that can be suppressed by the VEGFA inhibitor sFItl.
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Figure 5 sFlt| can inhibit DNFB-induced mouse itching behavior by neutralizing VEGFA in ACD mouse skin without changing skin thickness. (A) Schematic diagram of the
establishment of the DNFB-induced chronic itch ACD model and subcutaneous injection of the VEGFA inhibitor sFitl. (B) Itching frequency curve of CTRL group, DNFB
group, and sFlt| group mice, with 4 mice in each group. Independent samples t-test, * P < 0.05. (C, E) Immunohistochemistry results of CTRL group, DNFB group, and sFit|
group mouse skin and quantitative analysis of VEGFA expression, with 3 mice in each group. Bar = 50um, One-way ANOVA, * P < 0.05, *** P < 0.001. (D, F) H&E staining
results of CTRL group, DNFB group, and sFitl group mouse skin and quantitative analysis of epidermal thickness, with 4 mice in each group. Bar = |50um, One-way
ANOVA, ##* P < 0.001, ns p>0.05.
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Figure 6 qRT-PCR comparison of gene expression in mouse skin of CTRL group, DNFB group, and sFlt| group. (A-E) gqRT-PCR analysis with f-actin as the internal control
and data normalized to B-actin. The PCR products of VEGFA (A), FLTI (B), KDR (E), PIK3R[ (D), and TRPVI (E) in the DNFB group were significantly increased compared
with those in the CTRL group and sFltl group. n = 6, *P<0.05, **P<0.01, ***P<0.001, ****P<0.000| (one-way ANOVA). Error bars represent SEM.

In conclusion, VEGFA involves in chronic itching processes through the secretion of VEGFA in the ACD mouse
model and may serve as a potential therapeutic target for treating chronic itching in ACD patients.

Discussion

This study aimed to investigate allergic contact dermatitis (ACD) and its associated pruritus. The risk factors for ACD
can be either acquired or innate. Acquired risk factors include pre-existing inflammatory skin conditions such as irritant
contact dermatitis (ICD) and stasis dermatitis, both of which contribute to ACD development by compromising the skin
barrier. Innate risk factors encompass genetic predispositions, such as mutations in the gene encoding filaggrin—a protein
crucial for epidermal differentiation and skin barrier function.”® Notably, allergic contact dermatitis is particularly
prevalent among atopic dermatitis patients due to impaired skin barrier function, which facilitates the inflammatory
impact of irritants or allergens, with VEGFA playing a crucial role in the related inflammation subsequent to skin barrier
injury.'”%%7 Therefore, maintaining skin barrier integrity and mitigating inflammation from subsequent allergen
exposure is essential in managing ACD. This is particularly important in occupations with higher exposure to irritants
or allergens.”® % Additionally, many patients require pharmacological interventions to alleviate pruritus. Recent studies
have demonstrated the efficacy of dupilumab, a JAK inhibitor, in treating AD by targeting JAK to reduce symptoms.®'
This study also seeks to identify targeted therapies, similar to dupilumab, for the treatment of ACD, with a focus on
VEGFA as a potential therapeutic target.

Recent studies have shown that VEGFA plays a crucial role in the nervous system.®**> VEGFA is a dimeric secretory
protein that is upregulated in response to hypoxia.®® In the peripheral nervous system, VEGFA can induce axon growth
and survival of sensory neurons, leading to sensory sensitization and exacerbation of pruritus.®” Furthermore, VEGF is
also involved in angiogenesis and inflammation, making it a potential target for diseases involving inflammation.®**’
Additionally, VEGFA has been linked to pruritus in several studies. Patients with atopic dermatitis (AD) have
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significantly elevated levels of VEGF in serum.”® Similarly, a positive correlation between VEGF-A levels in the serum
of patients with mycosis fungoides (MF) and Sézary syndrome (SS), and pruritus markers has been observed. These
findings imply that VEGFA might have a role in pruritus.*’ Moreover, a case report by Krause showed a significant
improvement in pruritus symptoms in a patient with prurigo simplex after treatment with bevacizumab, a monoclonal
antibody targeting VEGF.** Indeed, several studies have suggested that inhibiting VEGFA may have the potential to
alleviate pruritus symptoms in patients. However, the source of VEGFA remains largely unknown, and only a few studies
have reported elevated levels of VEGFA in the skin of patients.*? So, we hypothesize that VEGFA is derived from the
skin and is derived from the keratinocytes in the skin. This hypothesis has been confirmed in our bioinformatic analysis
and experiment, which is consistent with clinical case reports. Furthermore, above studies provide evidence for the
involvement of VEGFA in pruritus and the potential for symptom alleviation through VEGFA inhibition.

Find out the mechanisms underlying VEGFA-induced pruritus requires further exploration and experimental valida-
tion is necessary. In this study, we established a DNFB-induced chronic pruritus mouse model to continue investigating
the potential involvement of VEGFA in ACD. Our findings demonstrated a significant reduction in pruritic behavior in
ACD mice when the expression of VEGFA was inhibited using the inhibitor sFltl. Moreover, PCR experiments provided
additional evidence supporting the notion that sFltl may alleviate pruritus in ACD mice by inhibiting the VEGFA-
VEGFR2-PI3K-TRPV1 pathway. Nonetheless, there are certain experimental results that require further discussion.
Firstly, we confirmed that VEGFA is mainly expressed in the epidermis, with keratinocytes being the primary cell type.”'
However, relying solely on the above experimental evidence seems somewhat inadequate to suggest that keratinocytes
secrete VEGFA to promote chronic ACD pruritus. Further experiments such as fluorescence co-staining of keratinocytes
with VEGFA or flow cytometry will be necessary to provide additional evidence. Secondly, our qRT-PCR results showed
that VEGFA mRNA expression was downregulated in the sFltl group compared to the DNFB group, while VEGFR1
mRNA expression was significantly upregulated. Nonetheless, these findings require validation at the protein level
through additional experiments.

It is important to note that sFlt1, also known as soluble vascular endothelial growth factor receptor 1 (VEGFR1),
functions as both a high-affinity receptor for VEGFA and a naturally occurring protein. Due to its properties, it serves as
an ideal antagonist for VEGFA.***° The sFlt1 reduces the expression of VEGFR2 by neutralizing VEGFA. Additionally,
it directly interacts with VEGFR2 to block its activity, resulting in sVEGFR-1 exhibiting anti-angiogenesis, anti-edema,
and anti-inflammatory effects.”*’> In this experiment, the administration of sFlt1 alleviated the pathological state of the
skin, leading to a decrease in the mRNA expression of VEGFA. Furthermore, the observed higher mRNA expression
level of VEGFRI in the sFltl group compared to the DNFB group may be attributed to potential post-transcriptional
modifications or involvement of another signaling pathway. Interestingly, a study on ovarian cancer suggested a positive
feedback loop between VEGFA and the autotaxin (ATX) - lysophosphatidic acid (LPA) axis. Specifically, VEGFA can
enhance the expression of ATX-LPA, and inhibition of ATX leads to decreased expression of LPA and VEGFR2, while
increasing VEGFR1 expression.”* This suggests that in certain cases, the expression of VEGFA and VEGFR1 may be
inversely related. Further exploration is required to better understand the role of these mechanisms in the context of skin
biology.

The sole focus on VEGFA leaves the roles of other DEGs unaddressed. Elucidation of upstream regulation and full
signaling mechanisms is still needed. Hypoxia-inducible factor (HIF-1) pathway, a critical stress pathway involved in
multiple diseases, was significantly enriched.”>’® HIF-1 acts as an upstream transcription factor of VEGFA and promotes
its secretion under conditions of tissue hypoxia stress.®®’”-"® Furthermore, we observed that the PI3K-AKT pathway,
which is a crucial regulator of angiogenesis and inflammation, was also enriched, underscoring the potential of VEGFA
as an upstream factor of this pathway.’”® Therefore, VEGFA may play a key connecting role in the pathogenesis of ACD.
During the initial stages of ACD, we propose that the interaction between external allergens and inflammatory factors
induces the proliferation of keratinocytes, leading to the thickening of the epidermis, particularly within the spinous layer.
As the keratinocytes move closer to the outer layer, they are susceptible to hypoxic conditions due to limited nutrient
transport. This activation of the HIF-1 hypoxia stress pathway subsequently increases VEGFA secretion. VEGFA, in
turn, promotes the recruitment of inflammatory cells, aggravates skin inflammation through downstream activation of the
PI3K-AKT pathway, and also directly stimulates peripheral sensory nerves, resulting in sensory nerve sensitization and
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exacerbating pruritus. Future studies should examine other identified DEGs, and trial VEGFA inhibition in patients to
relieve ACD-associated pruritus.

To summarize, our bioinformatics analysis suggested that keratinocytes may contribute to the development of ACD
by secreting VEGFA. Our study provided evidence that VEGFA is involved in DNFB-induced pruritus in mice and may
be involved in DNFB-induced pruritus in ACD mice through the VEGFA-VEGFR2-PI3K-TRPV1 axis. Inhibiting
VEGFA expression significantly reduced scratching behavior in ACD mice. Therefore, targeting VEGFA may be
a promising therapeutic strategy for treating pruritus in ACD patients. Future studies should focus on exploring the
underlying molecular mechanisms involved in the interaction between VEGFA and pruritus, as well as investigating the
possibility of using VEGFA inhibitors as a safe and effective treatment for pruritus in ACD patients.

Ultimately, these efforts will not only deepen our understanding of the pathogenesis of pruritus in ACD but also lead
to the development of novel therapeutic strategies to alleviate this distressing symptom and improve the quality of life of
affected patients.

Conclusion

In conclusion, this study identifies VEGFA as a key contributor to chronic pruritus in allergic contact dermatitis (ACD),
primarily through the VEGFA-VEGFR2-PI3K-TRPV1 pathway. Inhibiting VEGFA significantly reduced itching beha-
vior in ACD mouse models, highlighting its potential as a therapeutic target. However, the study has limitations,
including the need for further validation of VEGFA’s role at the protein level and more detailed exploration of other
differentially expressed genes. Further research should investigate these mechanisms to enhance our understanding of
ACD pathogenesis and improve treatment options.
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