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Abstract

Background: p-Phenylenediamine (PPD) is a strong contact alfengged in hair dye
known to cause allergic contact dermatitis (ACD)tiBprivate and occupational exposure to
PPD is frequent, but the effect of PPD exposurenam-allergic occupational exposed
individuals is unknown.

Objective: To investigate effects of PPD exposure on tha skioccupationally exposed
individuals with and without clinical symptoms.

Methods: Skin biopsies were collected from 4 mild and Bese PPD ACD patients and 7
hairdressers without contact dermatitis on daytdrgfatch testing with 1% PPD in vaseline.
RNA-sequencing and transcriptomics analyses wetfenneed and confirmed by gRT-PCR.
Protein expression was analyzed in skin from 4 dnagssers and 1 ACD patient with
immunofluorescence staining. Reconstructed humatespis was used to test the effects of
PPDin vitro.

Results: RNA-sequencing demonstrated down-regulation ghttijunction (TJ) and
stratum corneum (SC) proteins in skin of severe ACD patients after PRposure. Claudin-1
(CLDN1), claudin-8 (CLDNS8), claudin-11 (CLDN11), ®AP, occludin, MAGI1, and
MAGI2 expression were downregulated in severe AC&iepts. CLDN1 and CLMP
expression were downregulated in non-respondingdiesisers and mild ACD patients.
Filaggrin-1(FLG1), filaggrin-2 (FLG2) and loricriexpression were downregulated in ACD
individuals. Confocal microscopy images showed doggulation of claudin-1 and filaggrin
1 and 2. In contrast, 3D skin cultures showed gpHegion of filaggrin-1 in response to PPD
but down-regulation of filaggrin-2.

Conclusion: PPD-exposed skin is associated with extensivesdrgstomic changes

including down-regulation of TJ and SC proteinsrewethe absence of clinical symptoms.
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Clinical implications

Better understanding mechanisms of skin barrier adggncaused by strong contact

allergens can improve treatment and assist in pt@reof occupational ACD.

Capsule summary:

Mechanisms of skin barrier defects in para-phenylenediamine allergic contact

dermatitis patients and healthy hairdressers after exposure demonstrate significant

downrequlation of tight junction and stratum cor neum proteins.

Abbreviations

ACD: Allergic contact dermatitis

AD: Atopic dermatitis

PPD:p-Phenylenediamine

CLDN: Claudin

CLMP: CXADR-like membrane protein

CRNN: Cornulin

FLG: Filaggrin

IVL: Involucrin

LOR: Loricrin

MAGI1: Membrane-Associated Guanylate Kinase Inwkdte
MAGI2: Membrane-Associated Guanylate Kinase Inwkge
OCLN: Occludin

ROS: Reactive oxygen species

SC: Sratum corneum

TJ: Tight junction

VAS: Vaseline

Keywords

Allergic contact dermatitisp-Phenylenediamine, hair dye contact hypersensitivight

junctions, $&atum corneum, RNA-sequencing.
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| ntroduction

Allergic contact dermatitis (ACD), also referredas contact hypersensitivity reaction, is
mediated by T-cells and the lesion typically appeai7 days after exposure to the contact
allergen (1). The presentation and severity ofdh@cal reactions depends on the exposure
site and type of contact allergen, and the diagno$icontact dermatitis is given after a
positive patch test to a clinically relevant comtatlergen (2). ACD reactions tp-
phenylenediamine (PPD) typically result in eczemd gypical symptoms include itchiness,
redness and swelling, which can be severe withchessiat the site of contact allergen
exposure. Severe reactions to hair dye can causkirgywof the face and obstruction of the
airways, which can even result in hospitalizatiOther clinical manifestations include severe
scalp eczema and complete or partial hair-loss.ita@l stimulus, such as cold and dry
weather, abrasive activity in damp conditions, argosure to chemical or mechanical stress
may contribute to the severity of lesions. Togetlvéh irritant contact dermatitis, ACD is
one of the most abundant occupational diseasesunopE, resulting in a considerable
socioeconomic burden due to cost of treatment asgldf productivity (3).

Occupations particularly at risk of developing A@alude hairdressers, who have regular
contact with irritants and contact allergens. Tlaer ldye component PPD used in dark
permanent hair dyes is a well-known, strong allergading to ACD after as little as two
exposures (1, 4). Over the past 15 years, the dyarindustry has been attempting to
chemically modify or find alternatives to PPD toprave the safety of cosmetic products,
thus synthesizing an array of new ingredients wi#lious degree of success (5). Both
hairdressers and consumers still experience albugh of exposure though only 0.8% of the
general population in Europe is sensitized to PED Hair dye is the main source of PPD-
exposure, but this contact sensitizing chemicahls® an ingredient for temporary black

henna tattoos posing a significant sensitizati@k ih children and young adults (7, 8).
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Making individualized hair-dye mixtures or combigidifferent products at home may also
increase the exposure to PPD also for persona(9)se&several studies have demonstrated
how using gloves when handling the dye mixtures angroving working habits can
decrease the hairdresser's exposure to PPD (1GH@dever, some exposure is unavoidable
regardless of the health and safety training reckiby the hairdresser. Contact with PPD
might occur when cutting newly dyed hair or by @mination in the workplace (12). Thus,
it is important to gain a better understandinghef effects of PPD exposure on the human
body, especially on the skin barrier.

PPD has been shown to sensitize most exposed diidig after only two exposures (13),
which would make most hairdressers sensitized tD, Rfat this is not the case. Previous
results by Uter et al., showed that 20% of the Ipaésted hairdressers had ACD to PPD
based on data collected from the Information Nekwof Departments of Dermatology
(2007-2012) on 824 female hairdressers (14). Odmnaly exposed individuals might
therefore have other mechanisms to protect agRiRBt exposure induced sensitization and
tissue damage. PPD is a highly reactive small aticne@mpound, and ACD to PPD is
thought to be initiated when PPD or its immediatelative products, react with proteins in
the skin (1). Among the suggested mechanismsegigxitation of the amino acid cysteine in
human serum albumin which can then function agvanunogenic epitope (15). In contrast,
acetylation of PPD byN-acetyltransferase from keratinocytes deactivatessensitizing
potential (16).

The skin barrier is the first layer of defense agaipotential pathogens, pollutants and
contact allergens. In addition to the physical iearprovided by keratinocytes, the skin
barrier contains elements of innate immunity sueh aati-microbial peptides, pattern
recognition receptor systems, lipids, ions desigiwegrevent colonization by pathogens, and

protecting the commensal microbiota. The physi@atier of keratinocytes depends on the
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formation of tight junctions (TJ). TJs seal thedspmal layer at the stratum granulosum
against the outer environment. It is now known tHeruption of epithelial barrier by
dysregulated TJs anstratum corneum (SC) proteins is one of the underlying causes of
contact allergic skin diseases (17)

TJ family proteins claudin-1 (CLDN-1), CLDN-8 ar€@lL.DN-23 are expressed at low
levels in the lesional skin of atopic dermatitisD)Apatients. (18, 19) and polymorphisms in
the claudin-1 gene is associated with increaseditssation to contact allergens (20).
Filaggrin-1 (FLG) and filaggrin-2 (FLG-2) are expsed at lower levels in lesional skin of
AD patients (21). FLG mutations in humans lead tsusceptibility to hand eczema,
childhood-onset AD and sensitization to contactrgtns where the amount of filaggrin in
epidermis is correlated with disease severity amglity of life (22-24). A dysfunctional skin
barrier is therefore not only involved in the demhent but also in the severity of skin
diseases.

The full extent of changes in the epidermal baineACD to PPD are currently unknown.
In the present study, we report RNA-sequencing lon Biopsies from PPD ACD patients
and clinically non-responding hairdressers. We destrate changes in the level of
expression in SC barrier proteins and TJs in PRisad skin, with a multi-level damage to
the skin barrier being observed not only in skinA@D patients but also show the same

pattern in non-responding individuals to a less¢erd.
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M aterials and methods

Study population

The study included two groups: a PPD ACD patiemugr (N=10) recruited from the
Department of Dermatology and Allergy at Gentoftespital, Copenhagen (Denmark) and a
group of PPD-exposed hairdressers without ACD retkto as non-responders (N=11). The
allergic group was diagnosed with ACD to PPD wittia past 5 years. Non-responders were
hairdressers with 5 or more years in the field amith no history of ACD, recruited from
hairdresser salons and through the hairdressensipiatforms. The participants were adults
between 18 and 60 years, further characteristieslisied in table 1. Patients with other
inflammatory skin diseases or receiving immunosaggive medication were excluded. All
participants gave informed written consent andsttuely was conducted in accordance with
the Helsinki declaration and approved by local etldtommittee HGH-2015-032 (I-Suite nr:

03984).

Patch test

A total of 10 ACD patients and 11 hairdressers aithand ACD were patch tested with
20 mg of 1% PPD in vaseline (VAS) and a vehicle Vé@trol applied in 8 mm Finn
chambers on the buttocks, affixed with Scanpore taph an occlusion time of 48 h. The
patch test was scored on days 2 and 4 accordingpeoEuropean Society of Contact
Dermatitis (ESCD) criteria (IR, doubtful, 1+, 2+ 8#) (2). Punch biopsies (4 mm) were
taken on day 4 from both the PPD and vehicle tst-s

RNA sequencing

Nine biopsies from PPD ACD patients and 7 biopsi@s PPD non-responders was used
for RNA sequencing. The biopsies were placed in Rtk and frozen in liquid nitrogen
before storage at -80 °C. Total RNA was preparedhfiskin biopsies using the RNeasy
Universal Plus Kit (QIAGEN, Hilden, Germany). Theamtity and quality of the isolated

7
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RNA was determined with Qubit® 1.0 fluorometer @.ifechnologies, California, USA) and
Bioanalyzer 2100 (Agilent, Waldbronn, Germany) aagnples with RNA integrity number
>5.0 were chosen for sequencing. Library prepamndto RNA-seq was performed using the
TruSeq Stranded mRNA Sample Prep Kit (lllumina, I@alifornia, USA).

Total RNA samples (400 ng) were ribosome depletadl then reverse-transcribed into
double-stranded cDNA with actinomycin added duriirgt-strand synthesis. The cDNA
samples were fragmented, end-repaired and polyétedybefore ligation to the TruSeq
adapters. The adapters contain the index for ndeipg. Fragments containing TruSeq
adapters on both ends were selectively enricheld RE@R. The quality and quantity of the
enriched libraries were validated using Qubit® ElQorometer and the Bioanalyzer 2100
(Agilent, Waldbronn, Germany). The product is a am&ith an average fragment size of
approximately 360 bp. The libraries were normalit@dlO nM in Tris-Cl 10 mM, pH 8.5
with 0.1% Tween 20. The TruSeq SR Cluster Kit v&€BS or TruSeq PE Cluster Kit v4-
cBot-HS (lllumina, Inc., California, USA) was uséal cluster generation using 8 pM of
pooled normalized libraries on the cBOT. Sequenemag performed on the lllumina HiSeq
2500 paired-end at 2x126 bp or single-end 126 hpguthe TruSeq SBS Kit v4-HS
(Mlumina, Inc., California, USA).

Quality control on the raw sequence data was paddrwith FastQC (v.0.10.0, Babraham
Institute, Cambridge, UK) and mapped to the Honmuess genome (GRCh38 build) using
RSEM (v1.2.12) (25) implementation of Bowtie softergv 1.0.0) (26) alignment program
with the Ensembl annotation (v 75). Gene and isoftevel abundances were quantified as
RPKM values. Clustering analyses were performedgusie “ward.D2” clustering algorithm
implemented in the “hclust” function of R statistipackage. Heatmap plots were performed

with the function “heatmap.2” implemented in thdayp R package.
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Differential expression analysis between two groupas performed using edgeR
Bioconductor package (27). Genes present in lems % of samples in both conditions
were excluded. Q-values were calculated using thagjdnini-Hochberg method and genes
with a g-value <0.015 and an absolute value of Ifgll change)>1 were kept for further
analysis. Gene ontology (GO) term enrichment aimmlygas performed using GOseq
Bioconductor package (28) using the Wallenius axpration. Pathway analysis was done
using the Enricher platform with the Panther datab@9, 30). Significant pathways were
defined as pathways with an adjusted P-value bélow.

Confocal microscopy

Biopsies were collected on day 4 from 4 non-resporthirdressers and 1 PPD ACD
patient. Upon collection, the biopsies were embdddeTissueTek, frozen in liquid nitrogen
and stored at -80 °C. The biopsies were cut in 7s|iges, fixed with 4% PFA on glass slides
and stained with primary antibodies against claddi(Abcam FLGO01), CLMP (Abcam
ab171552), filaggrin-1(Abcam ab3137), filaggrin-2Abtam ab122011), secondary
fluorochrome labeled antibodies, goat anti-rabbii5A6 (Invitrogen A-11010), goat anti-
rabbit AF488 (Invitrogen A-11034), and goat antitme AF546 (Invitrogen A-11030).
Apoptosis stainings were performed using Click-TWNEL Alexa Flour 674 Imaging Assay
(Bioscience).

3D Skin cultures

Reconstructed human epidermis grown for 13 daydskifp France) were cultured
overnight in an air-liquid interface prior to useultures were stimulated with 0.5% PPD in
PBS, 0.5% HO, in PBS or PBS alone. Skin cultures were collece® h and 24 h and
imaged by confocal microscopy.

Statistics
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Significantly differentially expressed genes wesdirted as genes with a false discovery
rate (FDR) below 0.015. Gene expression betweemrgaamples, PPD-exposed and VAS
exposed skin from the same individual were analymdg the Wilcoxon signed-ranked test
and comparison between groups was done using tma-M#éitney test. Venn diagrams of
significantly regulated genes between comparisaugg were visualized with the online

application “genevenn.sourceforge.net”

Results

Altered gene expression profileslinked to severity of lesional skin

All patch tests from non-responder hairdressers #ed histology of tissue sections
showed no remarkable changes, whereas ACD pasénised reactions ranging from mild
swelling and redness to severe blister formatieng&tch test reaction) followed by necrosis
(Figure 1A). RNA sequencing, subsequent principamgonent analysis (PCA) and
hierarchical clustering of skin biopsies collectedm patch tested individuals showed a
unique gene expression profile in PPD-exposed iskPPD ACD patients with skin lesions
with higher degree of severity (graded +2 and RQure 1B). Gene expression profile of
mild ACD individuals (graded +1 or doubtful) clustd more close to vaseline exposed skin
from non-responders and PPD ACD patients, as wellPRD-exposed skin from non-
responder individuals. The RNA expression in vagetontrols from ACD individuals and
non-responder hairdressers did not differ from eattter, only one gene out of 21175
sequences showed significant differential expresdiverall, hierarchical clustering of skin
biopsies according to the top 2000 genes showddhbaranscriptomic signature of PPD-
exposed skin depends on the severity of the clim@nifestation. Severe ACD reactions
clustered together, whereas samples from mild A@Bctions and non-responder PPD-

exposed skin were dispersed (Figure 1C). In addiiimflammatory signs such as erythema,
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thickening of the skin and inflammatory papules eveisible in the skin of severe and mild
ACD reactions on day 2, increasing in severity ag d. Skin characteristics and phenotype

did not change with VAS stimulation and in non-r@sgers at day 2 or day 4 (Fig 1D)

Gene expression patternsdiffer between ACD and non-responder groups

Next, we investigated the enriched pathways for dhiféerentially expressed genes
between severe and mild ACD reactions and non-relposkin biopsies. Differentially
expressed genes from the three groups were depadedpregulated (Figure 2A) and
downregulated genes (Figure 2B) and compared batwiee three groups (upregulated
Figure 2C, downregulated Figure 2D). 2636 upregdlaenes were found to be unique for
the severe ACD group, 53 for the mild ACD group &#&lifor the non-responder group,
further 376 genes were upregulated in all groupe Jhared or unique genes in each group
were analyzed for significant pathway associati(figure 2A). Upregulated pathways in
ACD individuals belonged to immune response pattswvayolved in T-cell recruitment and
activation, inflammation, cytokine and chemokingnsiling and Toll-like receptor signaling.
In the severe ACD group, pathways involved in dalinage and death were also significantly
upregulated. The non-responder group shared um@ttgul of T cells activation and
inflammatory cytokine and chemokine signaling. Wm@d¢o non-responders was a pathway
involved in serotonin degradation. Among the downtkated genes, there were 3382 unique
genes in the severe ACD group, 69 genes in the AGWBD group and 17 genes in the non-
responders (Figure 2D). The most significantly degulated gene pathways included cell
adhesion, tissue regeneration and cell metaboksgu e 2B). Association of downregulated
genes with cellular adhesion and cellular junctpathways, as well as identification of

multiple genes with known function on skin barrier individual gene lists led us to

11
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investigate the state of skin barrier and cell adirecomponents in PPD ACD skin (Figure

3).

Dysregulation of cell-cell junction genes takes place in both non-responders and
individualswith ACD

To analyze the expression of the TJ componentshénskin, 47 genes with known
association of function with the TJ gene family sv@urated from Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG)adats. Out of the 47 genes, 37 were
expressed in the skin, taking a mean expressi@stibid value of >10 unique read counts.
Analysis of the TJ gene expression in non-respa)daild ACD and severe ACD skin
groups revealed that 15 out of 32 (47%) TJ genes significantly downregulated in one or
more groups (Figure 3A). All the 15 genes were ifitantly downregulated in severe ACD
individuals, whereas CLDN1 and CXADR-like membram@otein (CLMP) were
significantly downregulated in the mild ACD groupLMP and CLDN1 down-regulation did
not reach statistical significance in the PPD-erposon-responder group but showed a
similar pattern to the downregulation observed PDRexposed ACD individuals (Figure
3B). Validation of RNA sequencing results with gPCahfirmed the findings for TJ genes
CLDN1, CLDN8 and CLMP (Figure 3C). PPD exposure@affected the expression of gap-
junctions, desmosomes and keratins in all groupe degree of dysregulation correlated
with the severity of clinical symptoms and as sudost genes were deregulated in severe

ACD reactions (Figure 3D).

PPD causes dysregulation of filaggrin family proteinsin ACD skin
In line with downregulated pathways identified iar differential expression analysis of

PPD exposed and unexposed skin groups, we analjmednRNA expression of the 9

12
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filaggrin family genes (FLG, FLG2, IVL, CRINN, LORRPTN, TCHH, TCHHL1, HRNR)
and found 5 (56%) differentially expressed genesnea or more groups after PPD exposure
(Figure 4A). Severe ACD reactions to PPD were aatett with mRNA down-regulation of

4 filaggrin family members; FLG1, FLGZ2, loricrin @QR) and cornulin (CRNN) (Figure 4A).
The analyses of expression levels showed a decmeas®me individuals in the mild ACD
and non-responder group, whereas the effect was pronounced in the severe ACD group,
which showed a stronger decrease (Figure 4B). Intrast, involucrin (IVL) was
significantly upregulated in the patients with sevACD reactions but remained constant in
mild ACD and the non-responder groups. This pattess also seen in correlation analyses
between differentially expressed TJ and SC genggi@ E1). Only involucrin expression
negatively correlated with other barrier geneshim dverall analysis (Figure E1A), all others

showed either no correlation or a positive correfat

Both ACD patients and non-responder individuals showed decreased expression of
barrier proteinsby PPD

Changes in barrier protein expression levels arr tlocation in epidermis were
visualized by confocal microscopy in skin biopdiesn day 4 of patch test with PPD from 4
non-responder hairdressers and 1 severe ACD pdkanire 5). TJ proteins, claudin 1 and
CLMP were localized to the cell surface membranmeniog a net-like pattern between the
keratinocytes throughout epidermis in VAS controldoth the non-responder hairdressers
and the severe ACD individual (Figure 5A). Claudirprotein expression decreased after
PPD exposure in non-responder individuals but teelike structure in the epidermis
remained intact. PPD exposure had only limited aligffect on CLMP protein expression

and the net-like structure in non-responder indigld. However, PPD exposure caused a

13
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complete disruption of the epidermis in the seve&X€D individual, causing the
disappearance of the net-like structure of bothdilal and CLMP.

Exposure to PPD decreased protein expression ofilFdi@ FLG2 in both ACD and non-
responder individuals. Although an even distribataf both FLG1 and FLG2 proteins was
observed in the outer layer of epidermis in the VA&htrols of both non-responder
hairdressers and severe ACD (Figure 5B). FLG2 vss expressed in basal membrane and
this expression did not appear to be affected by BXposure in non-responder individuals

(Figure 5B).

PPD affected expression patterns of claudin-1 and CLMP and decreased the
expression of filaggrin-2in cultures of skin equivalents without inducing apoptosis

Since PPD is highly oxidative, we tested its ditegicity on healthy skin cultures after 8
and 24 hours of exposure. There was no indicatibnnoreased apoptosis after PPD
exposure, though a general cell death in the basahlbrane was observed after 24 h in all
cultures. We next investigated the expression afidrgproteins and found slight decrease in
CLND1 expression at the cell surface of keratinesywith no signs of disorganization 8 h
after PPD exposure. Hydrogen peroxide was apptieskin cultures as a positive control for
oxidative stress, and it resulted in a significdatrease in CLDN1 expression. In healthy
human skin, CLMP protein is mainly expressed atclemembrane and, in lower levels, at
the cytosol. After exposing skin to PPD for 8 h, aleserved a decreased expression, but
remained localized to cell surface. In contrastdrbgen peroxide exposure resulted in
dispersion of protein expression at the cell s@fdut a more homogenous expression was
observed in the cytosol. After PPD or hydrogen yiel® exposure, the FLGL1 levels in skin
cultures remained unchanged, whereas a decre&d652 expression was observed (Figure

6A-B).
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Discussion

The present study provides an in-depth analysith@fchanges in the epithelial barrier
components after exposure to PPD, a strong coatleegjen often found in dark hair dyes.
Hairdressers, who were repeatedly exposed to PRRQadiheir occupation, but never showed
signs of contact dermatitis might tolerate this esyre and we therefore investigated their
skin response to PPD exposure. The effect of PRIDsxe was compared between 3 groups;
non-responder hairdressers, mild and severe ACIvithdils. The exact mechanism for
sensitization to contact allergens is unknown; theery is that the patients are sensitized due
to inherent skin barrier defects leading to inceglagpermeability of the skin. Most
hairdressers do not develop ACD to PPD despitegbexposed to the contact allergen for
prolonged periods and multiple times. It can begssted that non-responder individuals
have a stable and strong epidermal barrier offeprgection and tolerance towards this
contact allergen. The analyses of vaseline expas@is in both groups answered this
guestion. Interestingly, our study did not indicatey differences in skin barrier protein
expression in ACD patients and non-responder resssrs upon vaseline exposure.

Overall, TJ and SC proteins showed similar expoestvels in both ACD patients and
non-responders. In view of these results, we preplost the development of ACD lesions is
not driven by inherent differences in skin barsgength and stability between ACD patients
and non-responders, but rather a result of immaespanse, tissue signaling, metabolism or
inflammation caused by PPD exposure.

Expression of TJ proteins CLDN1 and CLMP were deegatated in both mild and
severe ACD, as well as in non-responders after @&gidsure, suggesting that PPD exposure
disturbs the expression levels of these TJ protewsn when there is no clinical symptoms.
The rest of significantly differentially express&d and SC barrier molecules were mainly

downregulated upon PPD exposure in the severe ADpg and to a lesser extent in the
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mild ACD group, where inflammation was also preséwnfocal microscopy imaging of
claudin 1, filaggrin-1 and filaggrin 2 confirms tdecrease of these barrier molecules in non-
responding individuals. Skin inflammation in AD,ntact dermatitis and psoriasis have been
reported to down-regulate fillagrin-1, filagrin-Bcclaudin-1 (31, 32). Together this suggests
that only CLDN1 and CLMP down-regulation is dirgctdaused by PPD exposure and that
the remaining dysregulation of TJ proteins is plbpacaused by the subsequent
inflammation.

PPD is a highly reactive chemical and has a hifdf a few hours on human skin (33). If
left in contact with oxygen it polymerizes into ttsmer Bandrowski's base, which also has
an immune stimulating capacity (34). In healthynskPPD isN-acetylated to a safe
metabolite in the uppermost layers of the skin .(88hen PPD concentrations saturateNhe
acetyltransferases in the skin, the remaining PBD axidize and cleave a wide range of
proteins on the cell surface, releasing non-sel&wotd peptides into the tissue environment.
Reactive oxygen species (ROS) are formed duringladkn of PPD, and these activate
innate immune response and recruitment of non-Bpégmphocytes and direct them to the
contact site (36). Specific epitopes and the typsignals that reach skin-resident antigen-
presenting cells are currently unknown. Skin lesionPPD ACD individuals are persistent
and lesions can reoccur in previously exposed siisating formation of allergen-specific
memory cells in PPD ACD individuals.

Early events in ACD resembles that of irritant @mtdermatitis, which involves skin
barrier damage or stress resulting in the activatibinnate immune cells (37). Most contact
allergens, including PPD are known to have irritambperties. In the present study, we
attempted to limit the irritant response by usingtandard concentration of PPD optimized
for detecting ACD without causing clinically vis@lrritant reactions. The direct damage of

the skin barrier caused by PPD in non-respondedtegisers may suggest that PPD exposure
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increases the risk of both irritant contact dertisaind ACD to other allergens. Damage to
the epithelium was evident in the skin of non-resfey hairdressers 4 days after PPD
exposure, when the clinical manifestations weréy fuisible in ACD patients. However, a
more extensive analysis at earlier time pointsesded to conclude, if there is a difference in
immediate response to PPD between non-respondeér@D patients.

Non-responders do not display dysregulation ofethielermal barrier except for CLDN-1
and CLMP on day 4 after PPD exposure. We propoat tthe higher stability of the
epidermal barrier in non-responding individuals mgxposure to PPD is due to differences
in immune response and possibly a more efficientecsion of PPD to its safe N-acetylated
product. Differences in immune response may beta@aehigher threshold for innate immune
response activation, resistance to irritant exp®sar non-responding individuals or the
development of immune tolerance. More researcleedead to answer these questions. The
stimulation of healthy keratinocytes in skin cuétsiled to a higher expression and displayed
a more coherent protein localization of major armproteins FLG1 and CLDN1. This
observation might indicate that a healthy tisspoase to PPD exposure upregulates its key
proteins, strengthening the epidermal barrier. Tiesponse might be lost amid the
inflammatory environment in individuals with ACD.

In conclusion, we identified the state of skin barin terms of tight junction and stratum
corneum proteins in individuals with ACD to PPD aimd occupationally exposed non-
responders. We observed that the majority of TJ &8& proteins were significantly
downregulated in the skin, which was significarmégluced in severe ACD patients and to a
lesser extent in mild ACD patients. We identifieebtTJ proteins, CLDN1 and CLMP that
are also downregulated in the skin of non-respomu#ividuals upon PPD exposure. This
direct barrier damage may be the outcome of thélynigensitizing nature of PPD and

emphasizes the causality of occupational exposure.
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430 Table 1. Patient characteristics

PPD Other Non- .
Age . Type 1 . Occupational
Group (n) Sex reaction contact . allergic
(mean) . allergies PPD exposure
score allergies eczema
Non-responders (7) F 32.1 0 0/7 0/7 0/7 7/7
Mild ACD (4) F 36.3 ?/+1 3/4 4/4 2/4 2/4
Severe ACD (5) F 45.6 +2/43 5/5 3/5 3/5 0/5
431
432 Characteristics of the individuals included for N@G8alysis. Individuals from the non-
433 responder group did not have diagnosed allergigspia dermatitis or contact dermatitis.
434 Occupational exposure was based on the participesrts and own report of exposure. All PPD
435 ACD individuals had a history of rash upon PPD esxpe either from hair dyes, dark henna
436 tattoos, photographic developer chemicals or o#tr@wn sources of PPD exposure. Mild
437 reactions were defined as doubtful reactions (?) positive (+1) and severe reactions was
438 defined as +2 and +3 positive reactions.
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Figure 1. Reactions to PPD patch test in non-responder and ACD individuals.
Clinical reactions and corresponding hematoxylid easin (H&E) staining of tissues on day
4 after patch testing with 1% PPD in VAS or con{MAS only) (A). 3D PCA plot of sample
clustering in top 2000 differential expressed gedemonstrated a distinct clustering of
severe lesions (B). Hierarchical clustering of sk®mpn top 2000 differentially expressed
genes; severe ACD reactions (red) n=5, mild ACktieas (yellow) n=4, PPD-exposed skin
from non-responder individuals (NR) (green) n=7 &#® controls (purple) n= 16 (C). Skin

lesions in response to PPD and VAS as control gs @and 4 after patch is applied (D).

Figure 2. Pathway analysis of differentially expressed genes after PPD exposure.
Comparison and pathway analysis of significantlyegplated (A) or downregulated (B)
genes among severe ACD reactions (red) n=5, mild A€actions (yellow) n=4, PPD-
exposed skin from non-responder individuals (NRug€b n=7 compared to their vaseline
controls (significance defined as a fdr > 0.01%thway analysis using the EnrichR/Panther
databases of up- or downregulated genes in allpgrand in genes overlapping between one
or more groups. The number of involved genes irh gathway is indicated by N in the
tables. Venn diagrams indicating the number of waiand shared genes significantly

upregulated (C) or downregulated (D) between corepas.

Figure 3. Significantly regulated TJ proteinsin PPD-exposed skin. Heatmap showing
the log2 fold change of significantly differentiaéxpressed TJ proteins in PPD exposed skin
compared to vaseline controls in one or more groumos-responder (NR), mild ACD
reactions (mild) and severe ACD reactions (sev@g)significance in the individual groups
is indicated by * (fdr < 0.015). Scatter plots the top 8 most significantly differentially

expressed TJ proteins in ACD skin reaction. Stasisitomparisons for all subject groups
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were analyzed using paired or non-paired data (do signed-rank and Mann-Whitney
test respectively) (B) gPCR confirmation of sevéradlproteins significantly downregulated
in severe ACD skin to PPD (severe reactions N=%] neiactions N=3/4 (data missing from
one vaseline control), NR N=7). mRNA expressionsficmed by PCR were calculated as
arbitrary units (2*“**1000) according to EEF1A expression (C). Heatrmapasng the log2
fold change of significantly differentially expreskgap junction, desmosome and keratine
genes in PPD-exposed skin compared to vaselingat®nh one or more groups; non-
responder (NR), mild ACD reactions (mild) and sevACD reactions (severe), Significance

in the individual groups are indicated by * (fd0<015) (D).

Figure 4. Significantly regulated SC proteins in PPD-exposed skin. Heatmap showing
significantly differentially expressed SC proteinsPPD-exposed skin compared to vaseline
controls in one or more groups; non-responder (MitlJ ACD reactions (mild) and severe
ACD reactions (severe), Significance in the indintigroups are indicated by * (fdr < 0.015)
(A) significance in the individual groups is indied by * (fdr < 0.015). (A) Scatter plots for
the 5 significantly differential expressed SC males in PPD-exposed severe ACD skin
reactions, Statistical comparisons between growpse analyzed using paired or non-paired
data (Wilcoxon signed-rank and Mann-Whitney tespeetively) (B) gPCR confirmation of
FLG1 and FLG2 in severe ACD reactions to PPD (seveactions N=5, mild reactions
N=3/4 (data missing from one vaseline control), NR7). Gene expression calculated as

arbitrary units (2*“**1000) according to EEF1A expression (C).

Figure 5. Confocal microscopy images of barrier proteins in human skin biopsies.
Immuno fluorescencenaging of TJ and barrier proteins in non-responder and se&éi@

individuals on day 4 after skin patch test with alage (VAS) or 1% PPD in VAS. Tight
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489  junction proteins claudin 1(N=4) and CLMP (N=4) (&)d barrier proteins filaggrin 1 (N=1)
490 and filaggrin 2 (N=3)B).

491

492 Figure 6. Confocal microscopy images of apoptosis and barrier proteins in skin

493  equivalent cultures, 8 and 24 h after PPD exposure. TUNEL staining showing apoptosis in
494  skin cultures after 8 and 24 hours after contatch WAPD (A). Epidermal barrier proteins
495 CLDN1 (B), CLMP (C), FLG1 (D) and FLG2 (E) were istad 8 h after PPD exposure.
496 Vehicle alone (PBS) and 0.5%,BL were used as the negative and positive control,
497  respectively.

498

499 Figure E1. Correlation of TJ and SC gene expression. Heat map showing Pearson
500 correlation for the differentially expressed TJ & genes in PPD-exposed skin, positive
501 correlations (red) and negative correlations (hl&eadjusted for p= 0.01. (A) All samples
502 combined and (B) separate heat maps for the 4 gr@epere ACD reactions, mild ACD

503 reactions, non-responder, and vaseline controls.

504 Figure E2. Protein expression of claudin 1, CLMP, filaggrin 1 and filaggrin 2 in non-
505 responder skin after PPD exposure. Additional confocal pictures of the remaining non-

506 responder biopsies. CLDN1 (A), CLMP (B) and FLG2 (C
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Group Pathway N | Adjusted
P-value
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None significant -
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Inflammation mediated by chemokine | 20 | 0.00000259
and cytokine signaling 9
T cell activation 13 | 0.00000238
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Apoptosis signaling 11 | 0.001323
Apoptosis signaling 39 | 1.791e-8
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Interleukin signaling 29 | 0.00002171
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Toll receptor signaling 16 | 0.005042
EGF receptor signaling 27 | 0.006756
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B cell activation 17 | 0.006756
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