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Abstract

Tight junction (TJ) formation is vital for epidermal barrier function. We aimed to

specifically manipulate TJ barriers in the reconstructed human epidermis (RHE) by

claudin-1 and -4 knockdown (KD) and by claudin-binding fusion proteins of glutathione

S-transferase andmodifiedC-terminal fragments ofClostridiumperfringens enterotoxin

(GST-cCPE). Impedance spectroscopy and tracer permeability imagingwere employed

for functional barrier assessment and investigation of claudin contribution. KD of

claudin-1, but not claudin-4, impaired the paracellular barrier in vitro. Similarly, claudin-

binding GST-cCPE variants weakened the paracellular but not the stratum corneum

barrier. Combining both TJ targeting methods, we found that claudin-1 targeting by

GST-cCPE after claudin-4 KD led to a marked decrease in paracellular barrier prop-

erties. Conversely, after claudin-1 KD, GST-cCPE did not further impair the barrier.

Comparison of GST-cCPE variants with different claudin-1/claudin-4 affinities, NHS-

fluorescein tracer detection, and immunostainingofRHEparaffin sections showed that

GST-cCPE variants bind to extrajunctional claudin-1 and -4, which are differentially

distributed along the stratum basale–stratum granulosum axis. GST-cCPE binding

blocks these claudins, thereby specifically opening the paracellular barrier of RHE. The

data indicate a critical role for claudin-1 in regulating paracellular permeability for

ions and small molecules in the viable epidermis. Claudin targeting is presented as a

proof-of-concept for precise barrier modulation.
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INTRODUCTION

The epidermis provides a tight barrier separating the body from the

external environment. It plays a crucial role in protecting the body
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© 2022 The Authors. Annals of the New York Academy of Sciences published byWiley Periodicals LLC on behalf of NewYork Academy of Sciences.

against external influences, such as pathogens, xenobiotics, and UV

radiation, while at the same time preventing dehydration due to

uncontrolled transepidermal water loss.1,2 The epidermis is a strat-

ified epithelium, which undergoes a constant and dynamic turnover
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F IGURE 1 The epidermal barrier. The epidermis is a stratified epithelium preventing harmful substances from entering the body and extensive
water loss to occur via the skin. The epidermal barrier is formed by a tight seal of corneocytes, proteins, and lipids in the stratum corneum
(SC barrier), and the TJs, sealing the paracellular space between viable cells in the second layer of the stratum granulosum.1,33

to maintain its barrier function. This turnover is driven by proliferat-

ing keratinocytes in the basal layer. Upon induction of differentiation,

the keratinocytes move upward through the spinal (stratum spinosum)

and granular (stratum granulosum, SG) layer while undergoing a ter-

minal differentiation process that ultimately leads to the formation

of the stratum corneum (SC), a tight layer of dead, cornified ker-

atinocytes (corneocytes), lipids, and proteins that is in direct contact

with the external environment and provides crucial structural and

innate immune barrier properties (Figure 1).1,3

Whereas the SC had long been identified as a major structural bar-

rier component, the contribution of structural barrier elements in the

viable epidermis (VE) to the epidermal barrier has only been recog-

nized during the past two decades. It is now appreciated that the

tight junctions (TJs) between viable cells in the granular layer form

an essential barrier that is crucial to ensure proper barrier function,

especially with respect to transepidermal water loss.4,5 TJs are well

characterized in simple epithelia, such as the intestinal epithelium or

the kidney tubules, where they form a size- and charge-selective para-

cellular barrier preventing uncontrolled diffusion of water and solutes.

Conventionally, claudins have been categorized as either channel-

or barrier-forming. Hence, depending on the claudin composition, a

specific epithelium might be rather tight or leaky.6 In the human

epidermis, claudin-1 (Cldn1) and claudin-4 (Cldn4) are the main TJ-

constituting claudins.4,7,8 Cldn1 has consistently been classified as a

barrier-forming claudin,4 reflecting the tightly sealed nature of the epi-

dermis. The function of Cldn4 is still under debate.9 However, it is

mostly regarded to be barrier forming.9,10

The importance of the two epidermal barriers is underlined in

numerous skin diseases associated with an explicit barrier dysfunc-

tion. Disease-related alterations of the SC components (e.g., filag-

grin and ceramides) have been well described in atopic and contact

dermatitis,11–13 ichthyosis,14 and psoriasis.15 Importantly, many of

these diseases are also characterized by downregulation in the expres-

sion of TJ protein Cldn1 and altered expression of Cldn4 in the

VE.7,16–18 Furthermore, the neonatal ichthyosis-sclerosing cholangitis

syndrome, an autosomal-recessive disease with epidermal and liver-

associated symptoms, is caused by mutations in human Cldn1.19 The

relevance of the epidermal TJ barrier is further emphasized consid-

ering that Cldn1-deficient mice die within 1 day after birth due to

tremendous transepidermal water loss and dehydration.4 Notwith-

standing, a directed and reversible opening of the epidermal barrier

could be useful to enhance transdermal drug delivery,20 in a simi-

lar way as it has been described for enhanced drug delivery across

the blood–brain barrier.21,22 Therefore, dissecting and understand-

ing the contributions of the individual components to the overall

epidermal barrier is critical to the success of efforts to treat barrier-

linked skin diseases andmodulate epidermal permeability in a targeted

manner.

However, a detailed understanding of the contribution and, pos-

sibly, cooperation of individual barrier components in the epidermis

is still lacking. Conventional methods to characterize the overall skin

barrier include transepidermal water loss,23 transepithelial electrical

resistance,24,25 dye penetration assays,3 and permeation of locally

applied drugs.26,27 A major drawback of these techniques is their
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inability to differentiate between the barrier properties of the SC and

VE, including the TJs.

Variants of the C-terminal, claudin-binding domain of Clostridium

perfringens enterotoxin (cCPE) are molecular tools to specifically mod-

ulate the TJ barrier of epithelia in a claudin-dependent and subtype-

specificmanner28 (Figure S1).Modifications of cCPE enabled targeting

of a wide range of claudins. Whereas the wild-type binds with high

affinity toCldn3and -4but not or onlyweakly to other claudins, such as

Cldn1,29,30 the triple mutant cCPE-S305P/S307R/S313H (cCPE-SSS)

has a high affinity for a broad spectrum of claudins (Cldn1–9).31,32

cCPE variants have been shown to modulate TJs in physiologically

relevant barriers, like the blood–brain barrier21,22 or the epider-

mal barrier.24 Standard transepithelial resistance (TER) measurement

revealed that claudin-binding cCPE variants impaired the ion bar-

rier at early and later stages of epidermal differentiation, whereas

permeability for Lucifer Yellow was only affected at early stages of

stratification and responded stronger when both Cldn1 and -4 were

targeted (cCPE-SSS).24 So far, theeffect of cCPEvariants on theepider-

mal barrier could not be attributed directly to TJ-modulating effects as

suchmeasurements were not possible.

In the present study, we applied a noninvasive impedance spec-

troscopy method that allows the separate resolution of the SC and

VE barrier,33 and combined it with directed modulation of the TJ bar-

rier in the VE via siRNA-mediated knockdown (KD) of Cldn1 and -4

as well as claudin blocking by cCPE variants. We used models of the

reconstructed human epidermis (RHE) as an easily adjustable in vitro

model,whichdisplays a stratifiedmorphology comparable to thenative

epidermis and enabled the identification of barrier components.7,33,34

Our results clearly support the contribution of the TJs to the overall

epidermal barrier and suggest distinct roles for Cldn1 and -4 in the

epidermis. Claudin targeting by cCPE variants enabled moderate and

specific modulation of the VE barrier without affecting SC and overall

tissue integrity.

MATERIALS AND METHODS

Reconstructed human epidermis

Primary keratinocytes for the generation of RHEwere obtained anony-

mously during surgical removal of juvenile foreskin from young male

donors (younger than 5 years) with written and informed consent

from their legal guardians. Approval from the ethics committee of the

Ärztekammer Hamburg was granted (WF-61/12). All investigations

were conducted in accordance with the principles expressed in the

Declaration of Helsinki.

RHE were cultivated as described before.34 Primary keratinocytes

were isolated from juvenile foreskin and expanded in submerged cul-

ture for three passages. To generate RHE, 2 × 105 keratinocytes were

seeded onto cell culture inserts (0.6 cm2 area, 400 nmpore size,Merck

Millipore) in 500 μl of EpiLife Medium (supplemented with 1.5 mM

CaCl2, Life Technologies) and placed in 6-well plates. The basal com-

partment was filled with 2.5 ml EpiLife medium with 1.5 mM CaCl2.

After 30 h of cultivation at 37◦C in a humidified atmosphere, cells were

lifted to an air–liquid interface (ALI) and the medium in the basal com-

partment was changed to EpiLife medium containing 1.5 mM CaCl2,

92 μg/ml ascorbic acid (Merck), and 10 ng/ml recombinant human ker-

atinocyte growth factor (R&D Systems). The medium was changed

every other day and experiments were performed at day 4 after lifting

to ALI.

siRNA-mediated KD of claudin-1 and -4

Confluent primary keratinocytes in passage 3 were trypsinized, resus-

pended in EpiLife medium containing 1.5 mM CaCl2, and transfected

in suspension by using HiPerFect transfection reagent (Qiagen) and

siRNAs for human Cldn1 (Hs_CLDN1_8: SI04279114), human Cldn4

(Hs_CLDN4_7: SI03064418), or AllStars negative control (siRNA ctrl;

SI03650318). siRNAswerepurchased fromQiagen; their effectiveness

had been shown previously.7,35 Transfected cells were directly used to

build RHE.

Lysis and western blot of RHE models

Protein expression levels in RHE models were determined by

immunoblotting. On day 5 after lifting to ALI, the stratified cell layers

were lysed in RIPA buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA,

0.5% [w/v] sodium deoxycholate, 0.1% [w/v] SDS, 1% [v/v] Nonidet

P-40, and cOmplete™ EDTA-free protease inhibitor cocktail; Roche,

Germany, adjusted to pH 7.5), scraped off filters, and transferred

into tubes. After centrifugation (14,000 × g, 15 min, 4◦C), the super-

natant was collected and protein concentrations were determined via

Pierce™BCAAssay Kit (Thermo Fisher Scientific,Waltham,MA, USA).

Per lysate 20 μg of proteins were heated in Laemmli buffer at 95◦C

for 5 min and loaded onto 12.5% SDS-PAGE gels. After separation via

gel electrophoresis, samples were transferred onto PVDFmembranes.

Proteins were probed via rabbit anti-Cldn1 (1:1000, #51-9000, Invit-

rogen, Thermo Fisher), rabbit anti-Cldn4 (1:1000, #36-4800, Thermo

Fisher Inc.), and mouse anti-b-Actin (1:10,000, #A5441, Merck,

Germany). Primary antibodies were detected via goat anti-rabbit

HRP-conjugated F(ab’)2 fragment (1:10,000, #111-036-003, Jackson

ImmunoResearch, UK) and goat anti-mouse HRP-conjugated F(ab’)2

Fragment (1:10,000, #115-036-003, Jackson ImmunoResearch). Blot

detection by chemiluminescence was performed with SuperSignal

West Pico PLUS substrate (Thermo Fisher Scientific) in a Fusion FX

(Vilber, Germany). Densitometric analysiswas performed using ImageJ

1.53q.

Expression and purification of GST-cCPE fusion
proteins

Claudin targeting was achieved by fusion proteins of glutathione

S-transferase (GST) and different cCPE variants. This enabled fast
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and efficient purification via a glutathione agarose column, while

also increasing the solubility of cCPE (unpublished initial studies).

GST-cCPE variants with known affinities for different claudins24,32,36

have been successfully used for targeted modulation of the para-

cellular barrier in different in vitro models.21,24,37 Plasmids encod-

ingGST-cCPEwt194−319 (GST-cCPE), GST-cCPE-S305P/S307R/S313H

(GST-cCPE-SSS), and GST-cCPE-Y306A/L315A (GST-cCPE-YL) were

reported previously.32 GST-cCPE fusion proteins from these plas-

mids were expressed in E. coli BL21 and purified as described.32 In

short, bacteria were grown to an optical density of 0.6−0.8, when

the expression was induced by the addition of 1 mM isopropyl-β-
D-thiogalactopyranoside. Three hours after induction, bacteria were

harvested, lysed in lysis buffer (phosphate-buffered saline [PBS] with

1% [v/v] Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM

ethylenediaminetetraacetic acid, protease inhibitor cocktail [cOm-

plete™, Mini Protease Inhibitor Cocktail, final concentration 1 ×,

Merck]), and sonicated by 15 × 1 s pulses (Vibra Cell. Model 72434

BioBlock Scientific). Insoluble cell debris was removed by centrifuga-

tion (20,000× g, 30min, 4◦C) andGST-proteins were purified from the

supernatant using glutathione agarose (Sigma-Aldrich) and dialyzed

against PBS. Protein concentration was determined using the Pierce™
BCAAssay Kit (Thermo Fisher Scientific).

Cellular GST-cCPE-binding assay to determine
equilibrium dissociation constants

Native HEK293 cells lack endogenous claudins, rendering them a suit-

able model to test claudin targeting and affinity of cCPE variants. Cel-

lular GST-cCPE-binding assays were performed and equilibrium disso-

ciation constants (KD) were determined as previously described.32,38

HEK293 cell clones stably transfectedwith p3xFlag-CMV-10/huCldn4

were used after Cldn4 expression was verified via immunofluores-

cence staining and western blot. The cells were incubated with dif-

ferent concentrations of GST-cCPE constructs (0−1000 nM, 37◦C,

30 min) in 24-well plates. Cells were fixed (4% [w/v] paraformalde-

hyde, 10 min), followed by washing and quenching. Bound GST-cCPE

wasdetectedviaPhycoLink®anti-GST-R-phycoerythrin conjugate and

normalized to cell number (Hoechst 33342). Normalized fluorescence

intensity of bound anti-GST antibody was plotted against GST-cCPE

concentration. TheKD was calculatedusingnonlinear regression analy-

sis for a single-site, specific binding in GraphPad Prism version 7.0 (San

Diego, CA, USA). Unspecific binding was accounted for by subtracting

the fluorescence signal after incubation of untransfectedHEK293 cells

with respective concentrations of GST-cCPE.We then appliedWelch’s

t-test to determine significant differences between KD values of GST-

cCPE-SSS and GST-cCPEwt. Although we cannot exclude that the GST

tag might have an influence on cCPE binding to its receptor claudins,

previously determined KD values for GST-cCPE are in the same range

as for His-tagged cCPE and full-length CPE.24,30,32,39–41 Exclusively

using GST-cCPE variants in this study serves as an internal control and

standard.

Treatment of RHE with GST-cCPE variants and
barrier assays

Four days after transitioning to ALI, 1, 10, or 50 μg/ml of the GST-cCPE

variants (GST-cCPEwt, GST-cCPE-S305P/S307R/S313H [GST-cCPE-

SSS], or GST-cCPE-Y306A/L315A [GST-cCPE-YL]) were added to the

basal compartmentof theRHEmodels. After24hof incubationat37◦C

in a humidified atmosphere, impedance spectra were recorded using

agarose-embedded electrolyte.33

Following impedance measurements, the basal medium was

exchanged to 0.5 mg/ml NHS-fluorescein paracellular tracer molecule

in PBS and incubated for 40min, followed by fixation in 4% PFA.

Immunofluorescence staining

Dehydration and paraffin embedding of fixed RHE were performed

by the iPATH.Berlin Core Facility. Paraffin sections were prepared

at 3 μm thickness on a Leica SM2010R sliding microtome. After

deparaffinization and antigen retrieval, immunofluorescence staining

was performed for Cldn4 (rabbit anti-Cldn-4 #36-4800 and mouse

anti Cldn4 #32-9400, Invitrogen, Thermo Fisher Scientific), Cldn1

(rabbit anti-Cldn-1 #51-9000, Invitrogen, Thermo Fisher Scientific),

occludin (rabbit anti-occludin #71-1500, Invitrogen, Thermo Fisher

Scientific), zonula occludens (ZO1) (mouse anti-ZO1 #33-9100, Invit-

rogen, ThermoFisher Scientific) andGST-cCPE via theGST-tag (mouse

anti-GST, SAB5300159, Sigma-Aldrich, Saint Louis, MO, USA). Alexa

Fluor™ 488 goat anti-rabbit, Alexa Fluor™ 594 goat anti-mouse, and

Alexa Fluor™ 647 goat anti-rabbit were used as secondary antibodies

(Invitrogen, Thermo Fisher Scientific).

Image acquisition and analysis

Image acquisition was performed with a Zeiss Plan-Apochromat

20×/0.8 NA objective on a Zeiss LSM780. To assess the permeability

of the NHS-fluorescein tracer molecule through the TJ, the apical and

basal membrane-associated fluorescence intensity of the second cell

layer of stratumgranulosum (SG2)wasmeasured. TJsweredetermined

byCldn4 staining patterns in conjunctionwith theNHS-fluorescein sig-

nal. In ZEN black edition (Zeiss), each membrane signal was quantified

by averaging it from three individual, manually drawn profiles. Unspe-

cific background signals in profiles were corrected by subtracting the

median of the intracellular signals.

We performed colocalization studies using ImageJ version 1.53f,

and Pearson values R were determined via the Coloc2 plugin. For

colocalization analysis, a mask from the NHS-fluorescein signal was

created to limit the colocalization analysis to membrane-associated

signals, excluding unspecific intracellular signals. Mask creation was

achieved by first applying the subtract background algorithm for the

fluorescein/488 nmexcitation channel, thenmembrane-like structures

were selected via the tubeness plugin. After binary thresholding, the
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analyze particle plugin was applied, adjusting it to select nonspherical

big structures, to sort out small fragments. For each image, an individ-

ual mask was generated automatically following the above-described

procedure, while the analyzed channels for GST-cCPE and Cldn1 or -4

(594 and 647 nm excitation, respectively) remained unchanged.

Impedance spectroscopy

Impedance spectroscopy was carried out essentially as previously

described.33 In brief, agar-embedded electrodeswere used to applyAC

currents of different frequencies (48 frequencies [f] between 1.3 Hz

and 65 kHz). The shape of the resulting Nyquist plots suggested the

presence of at least two time constants (τ), indicating the presence

of two RC elements (parallel resistor R and capacitor C, τ = R ⋅ C),

one describing the electrical properties of the VE, the other of the SC.

The relaxation frequency at which the imaginary part of the complex

impedance reaches aminimum is fi, which equals 1/(τ ⋅ 2 ⋅ π).
To determine R for each RC element, plots of the imaginary part

of the impedance Z (Zim) against log(f) were fitted with the following

equation:

Zim = imaginary part (RVE∕(1 + RVE ⋅QVE ⋅ ω
n ⋅ in))

+imaginary part (RSC∕(1 + RSC ⋅QSC ⋅ ω
n ⋅ in)),

where RVE and RSC are the resistance of the VE and SC, respectively;

1/[QVE ⋅ (I ⋅ ω)n] and 1/[QSC ⋅ (i ⋅ ω)n] are the impedance of a constant

phase element describing the capacitive properties of the VE and SC,

respectively; ω is the angular frequency (2 ⋅ π ⋅ f); i is √(−1); and n is a

number between 0 and 1 (1/[QSC ⋅ (iω)n] describes a perfect capacitor
for n= 1 and an ohmic resistor for n= 0).

As previously demonstrated,33 peaks at the lower relaxation fre-

quency fi reflect the properties of the VE, while those at the higher

relaxation frequency reflect the SC.

As capacitances reflect the properties of the lipid phase of the

plasma membrane, which are unaffected by GST-cCPE treatment,

alterations in R can also be expressed as shifts in log(f). As described

by Mannweiler and colleagues,33 comparing shifts in log(f) is a more

robust measure if different batches of cell layers show large variations

in total resistance.

Statistical analysis

Statistical analysis was performed in GraphPad Prism 7.0. For the per-

meability of paracellular tracer assays and colocalization studies, we

tested for normal distribution by the D’Agostino–Pearson normality

test. Whenever a single dataset failed the normality test, we applied

the unpaired nonparametricMann–Whitney test to the whole data set

to determine statistical significance, followed by the Holm–Sidak test

for multiple comparison.

Relaxation frequencies fi from impedancemeasurements were ana-

lyzed by unpaired one-way ANOVA, and multiple comparison was

accounted for by the Tukey test. Since relative resistances were

derived from impedance measurements via peak fitting across multi-

ple experiments, we were able to employ the paired nonparametric

Wilcoxon rank sum test.Multiple comparisonwas accounted for by the

Holm–Sidak test. All significance thresholds are set as described in the

figure legends.

RESULTS

TJs are located in the SG layer in RHE

To validate our experimental system, the localization of TJ proteins

was analyzed in RHE on day 5 after transitioning to ALI (Figure 2).

Immunofluorescence staining confirmed the presence of Cldn1 and -

4 as key claudins in the RHE, similar to human epidermis.42,43 Cldn1

showed a strong signal in all suprabasal viable layers of RHE, which has

beendescribedpreviously in skin.42,43 In contrast,Cldn4was restricted

to nucleated cells in the upper layers corresponding to the SG. Both

claudins were localized over the entire plasma membrane of the ker-

atinocytes, indicating mainly extrajunctional claudins. Nonetheless,

colocalization of Cldn1 and -4 in the basolateral membrane and the

absence of this colocalization in the apical membrane of keratinocytes

in the SG2 layer strongly hint at intact TJs (Figure 2A, arrows).

Occludin was used as a marker for TJs in RHE. Punctate signals

were found at the apex of the lateral membrane of the keratinocytes

atop the Cldn4 signal as an indicator of TJ localization (Figure 2B,

arrows), again similar to human skin.42,43 In addition, a nuclear signal

was detected. ZO1 is a cytoplasmic, TJ-associated protein that acts as

a scaffold linking claudins to the actin cytoskeleton. Punctate, apico-

lateral colocalization of ZO1 and Cldn4 (Figure 2C, arrows) is another

strong indicator for functional TJs in between viable cells in the SG of

RHE, similar to skin.43

Even though expression and localization of Cldn1 and -4 in RHE—

similar to skin—is not limited to TJ structures, co-staining with the

TJ-associated proteins occludin and ZO1 confirms the presence of all

TJ proteins in the SG2 in RHE and strongly indicates intact TJs.

GST-cCPE variants attenuate the barrier of the VE by
TJ modulation

Extrajunctional Cldn1 and -4 in the plasmamembrane of keratinocytes

can serve as receptors for GST-cCPE variants.24,30,36,44 Thus, claudin

capture by GST-cCPE variants enables a TJ-directedmodulation of the

epidermal barrier (Figure S1). Similar to a previous study,24 we basally

applied GST-cCPE variants and additionally employed impedance

spectroscopy33 to assess their effects on epidermal barrier compo-

nents (Figure 3). Impedance measurement over a range of frequencies

gives rise to a curve with two distinct relaxation frequency peaks.
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F IGURE 2 Claudin-1, - 4, occludin, and ZO1 form tight junctions in reconstructed human epidermis. Confocal microscopy images of RHE
paraffin sections on day 5 after a change to ALI. (A) Cldn1 (rabbit anti-Cldn1) is expressed in all viable RHE layers, while Cldn4 (mouse anti-Cldn4)
is expressed only in the upper layers (representing the stratum granulosum). A strong colocalization of Cldn1 and -4 (yellow inmerged image) in
the basolateral membrane together with the absence of a Cldn1 signal in the apical membrane could be an indicator of intact TJs in the SG (arrows).
(B,C) The TJmarkers occludin (rabbit anti-occludin) and ZO1 (mouse anti-ZO1) are localized to the apical part of the lateral membrane, to the
cytoplasm, and to the nuclei of the viable keratinocytes. Localization at the apex of the lateral membrane of the keratinocytes atop the Cldn4 signal
is an indicator of intact TJs (arrows). ap, apical side of the RHE facing ALI. Scale bar= 20 μm.

These correspond to the barrier of the VE and SC. Shifting of a peak

to a higher frequency indicates attenuation of this epidermal bar-

rier component.33 Relative resistances of RHE barriers (SC and VE)

after GST-cCPE treatmentswere derived frompeak fitting (Figure 3A).

Untreated RHE and treatment with 1 μg/ml GST-cCPE-Y306A/Y315A

(GST-cCPE-YL, claudin binding-deficient negative control) were used

as references to calculate relative resistances. Low (1 μg/ml) con-

centrations of claudin-binding GST-cCPE variants (-wt and -SSS) did

not affect the VE barrier, whereas high (50 μg/ml) concentrations

decreased the relative resistance of the VE by ∼ 50% for GST-cCPE-

SSS and at least by∼30% forGST-cCPEwt (whichwas not a statistically

significant difference). The SC barrier was unchanged after GST-

cCPE incubation, supporting a claudin-mediated effect in VE barrier

modulation.

For amore robust comparison between RHE batches from different

donors, we reverted to analyzing log10(fi) (as previously described by

Mannweiler et al.;33 Figure 3B–E) and found that in native RHE, both

claudin-binding GST-cCPE variants (GST-cCPEwt and -SSS) increased

log10(fi) and thus weakened the VE barrier, whereas the binding-

deficient variant GST-cCPE-YL did not have any effect (Figure 3B).

Analyzing log10(fi) also confirmed that incubation with GST-cCPE

variantsdidnot affect theSCbarrier in anyof themodels (Figure3B–E).

Further analysis aimed at discriminating between the effects of the

GST-cCPE variants on a particular claudin. To this end, KD models

of either Cldn1 or -4 (Figure S3; see Ref. 33) in addition to native

RHE were employed. Treatment of RHE with AllStars negative con-

trol siRNA weakened both barrier components to a certain extent,

which might mask any cCPE-induced effects (Figure 3C,F). Cldn1 KD

prevented the formation of a tight VE barrier (Figure 3F) so that GST-

cCPE-binding to the remaining claudins did not have an additional

effect (Figure 3D).

Yet, when Cldn4 was knocked down, the barrier of the VE was

not impaired (Figure 3F). In these models, where mostly Cldn1 was

present, GST-cCPE-SSS had a slightly stronger effect on the VE bar-

rier than GST-cCPEwt, while in native RHE, GST-cCPEwt showed a

stronger effect than GST-cCPE-SSS (Figure 3B,E). This difference in

effect (which did not reach statistical significance) appears to be due

to the reduced expression of Cldn4 as themain receptor for cCPEwt in

Cldn4 KD, hence indicating a potential role in trans-epidermal barrier

maintenance for Cldn4.

Comparison of GST-cCPE–untreated RHE showed that Cldn1 KD

had a pronounced effect on the epidermal barrier, whereas the barrier

in Cldn4KDmodelswas comparable to untreated and negative control

siRNA (AllStars)-treated RHE (Figure 3F).

To assess whether the barrier-weakening effects of claudin-binding

GST-cCPE variants were indeed due to their binding to the extra-

junctional claudins, immunofluorescence stainings of the RHE were

performed, either after impedance spectroscopy (24 h) or after

48 h of incubation with GST-cCPE (Figure 4). Incubation for 24 h

was sufficient for claudin-binding GST-cCPE variants to penetrate

the paracellular space in all viable layers of the RHE and bind to

extrajunctional Cldn1 (Figure 4A,B). Occludin was used as an indi-

cator of TJs in the SG2. Occludin-positive spots at the apex of the

basolateral membrane, where the signal of GST-cCPE (∼40 kDa)

stops, represent functional TJs to larger molecules (Figure 4D,E;

arrows). As GST-cCPE-YL cannot bind to claudins, there is no enriched

signal at the cell–cell contacts, even though some unspecific dif-

fusion into RHE might occur (Figure 4C,F). Co-stainings of Cldn1

or -4 and ZO1 further support the presence of TJs in the SG after

treatment with claudin-binding GST-cCPE variants, suggesting that

moderate claudin targeting does not destroy overall tissue integrity

(Figure S2A–H).

Similar to the early time point, binding of GST-cCPEwt and -SSS

was detected in all viable layers of the RHE after 48 h of incuba-

tion (Figure 4G–K). Weak and diffuse signals were also detected for

GST-cCPE-YL, which can be attributed to penetration and unspecific
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 257

F IGURE 3 In vitromodulation of an epidermal barrier by targeting claudin-1 and -4. Impedance spectroscopymeasurement in RHE following
24 h incubation with high and lowGST-cCPE concentrations from the basal side. (A) Relative resistances of VE and SC derived from peak fitting of
relaxation frequencies after 24 h incubation with 1 and 50 μg/ml GST-cCPE. (B–E) Relaxation frequencies after cCPE incubation without siRNA
(B) andwith siRNA treatment with AllStars control (C), Cldn1 (D), and -4 (E). (F) Differences in relaxation frequencies of SC and VE of
cCPE-untreated conditions from siRNA treatments in panels B to E.Mean± SEM. (A) n= 3 for cCPE (1 μg/ml), n= 6 for untreated, and n= 7 for
cCPE (50 μg/ml). (B) n= 8, (C–E) n= 4. For tests applied, seeMethods. * versus control (untreated),■ versus cCPE-YL. *,■ p< 0.05; **,■■ p< 0.01;
■■■ p< 0.001; **** p< 0.0001.

binding after the long incubation period (Figure 4I,L). Remarkably, even

after the long incubation period with barrier-modulating cCPE, there

were still occludin-positive spots at the cell–cell contacts in the SG2

where the signals for GST-cCPEwt and -SSS stopped. At these posi-

tions, TJs forming a barrier to larger molecules should still be present

(Figure4J,K, arrows).GST-cCPE incubation alsodidnot induce removal

of Cldn1 from the plasma membrane, for example, by endocytosis of

claudin–cCPE complexes (Figure 4G–I).

Overall, the morphology of the RHE was not changed due

to GST-cCPE incubation. This suggests that the presence of

TJ-modulating agents does not affect the stratification and

morphological organization of the epithelium.

Impedance spectroscopy measurements (Figure 3) and immunoflu-

orescence staining (Figures 4 and S2) did not reveal major differences

between GST-cCPE variants. This was somewhat surprising, as Cldn1

has been known to have a greater effect on the epidermal barrier than

Cldn4,33 andGST-cCPE-SSS bindswith amuch higher affinity to Cldn1

than cCPEwt.24,31,32 Hence, we further investigated the interaction

between the GST-cCPE variants and respective claudins in our model

systems.
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258 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 4 GST-cCPE variants bind to extrajunction claudins in reconstructed human epidermis but are stopped at the tight junction.
Representative confocal microscopy images of RHE (day 4/5 ALI) paraffin sections after 24 (A–F) and 48 (G–L) h of GST-cCPE incubation
(50 μg/ml, basal). (A–C, G–I) Occludin-positive cells (TJs) aremarked by an arrow. cCPEwt (A,G) and -SSS (B,H) bind in all layers of RHE.
Occludin-positive areas in the apex of the lateral membrane, where GST-cCPE signal stops, could indicate functional TJs. (D–F, J–L) Cldn1 is
expressed in all RHE layers, extrajunctional localization in the entire plasmamembrane of keratinocytes (not restricted to TJs). Binding of
GST-cCPEwt (D,J) and -SSS (E,K) colocalized with Cldn1 signal (yellow inmerged image). (C,F,I,L) No specific binding of GST-cCPE-YL at cell–cell
contacts. Ap, apical side of RHE (facing ALI). Scale bar= 50 μm.

Colocalization between the GST-cCPE variants and Cldn1 and

Cldn4 in RHE after 24 h of incubation was quantified (Figure 5D,E) to

estimate the extent of their interaction. Colocalization of both claudins

with GST-cCPE-YL was determined to account for unspecific signals

(Pearson’s coefficient R ∼ 0.4). GST-cCPEwt and -SSS showed similar

colocalizationwith Cldn1 at low (1 and 10 μg/ml) concentrations, while

at 50μg/ml,GST-cCPE-SSS showeda stronger colocalization thanGST-

cCPEwt (Figure5D).Whereas colocalizationofGST-cCPEwtandCldn4

was in the range of the background signal at 1 μg/ml, GST-cCPE-SSS

already showed noticeable colocalization. However, at higher con-

centrations, both GST-cCPEwt and -SSS colocalized with Cldn4 to a

similar extent (Figure 5E). This is also reflected in the affinity assays

for Cldn4 and GST-cCPEwt or -SSS. At low concentrations, a consider-

ably stronger binding signalwas detected forGST-cCPE-SSS compared

to -wt. Yet, at higher concentration (>100 nM, 4 μg/ml), the binding of

both GST-cCPE variants was in saturation, explaining the same degree

of colocalization for both GST-cCPE variants that was detected via

colocalization analysis (Figure 5E). Determination of the equilibrium

dissociation constant KD confirmed that GST-cCPE-SSS has a substan-

tially higher affinity for Cldn4 thanGST-cCPEwt (KD = 9.72± 0.79 nM

for GST-cCPE-SSS and Cldn4; KD = 25.62 ± 2.11 nM for GST-cCPEwt

and Cldn4; Figure 5G) but is still in the same order of magnitude,

reflecting the lack of difference in binding behavior in our study.

Nonetheless, the claudin specificity (indicated by the difference to

GST-cCPE-YL) and the overall concentration dependency found in the

colocalization study confirm that the impaired VE barrier after GST-

cCPEwt and -SSS treatment is, indeed, claudin-mediated, that is, due

to directed weakening of the TJ barrier.

GST-cCPE variants increase the paracellular
permeability for small molecules

In addition to measuring electrical impedance to gauge the permeabil-

ity for ions, we also used a paracellularmolecular tracer assay to assess

the TJ permeability for small molecules as an independent method for

detection of cCPE-induced barrier opening (Figure 6).

Basally applied NHS-fluorescein (NHS-FL, MW = 473Da) was able

to penetrate all viable layers of the RHE but was prevented from dif-

fusing into the apical membrane of SG2 keratinocytes at intact TJs

(Figure 6C, insets show the exclusion of NHS-FL signal from the apical

membrane). Co-staining of NHS-FL and ZO1 confirmed that penetra-

tion stopped at distinct ZO1-positive structures in SG2, supporting the

notion of an intact TJ barrier in VE that seals the paracellular space

against small molecules (Figure S2I–L). Quantification of the NHS-FL

signal intensity in the basal and apical cell membranes revealed that

GST-cCPEwt and SSS but not GST-cCPE-YL led to a concentration-

dependent increase in permeability for NHS-FL (Figure 6A–D). Again,

the barrier-modulating properties of GST-cCPEwt and -SSS were in a

similar range (Figure 6D).

In general, the TJs in native, untreated RHE provided a tight

barrier against ions and small and larger molecules. Directed mod-

ulation of the TJs by claudin targeting impaired this barrier and

increased paracellular diffusion of ions and small molecules. Cldn1

and -4 KD confirmed that Cldn1 is essential for the formation of a

functional VE barrier. GST-cCPE treatment indicated that—in addi-

tion to Cldn1—Cldn4 may contribute to the maintenance of the VE

barrier.
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ANNALSOF THENEWYORKACADEMYOF SCIENCES 259

F IGURE 5 GST-cCPE variants colocalize to a similar extent with claudin-1 and -4 at cell–cell contacts in reconstructed human epidermis.
(A,B) Representative confocal images of colocalization between GST-cCPEwt and Cldn1 (A) and Cldn4 (B) in the paraffin section of RHE after 24 h
of GST-cCPE incubation. (C) An exemplary depiction of a binarymask generated from paracellular NHS-fluorescein used for segmentation in
Pearson correlation coefficient determination in panels D and E. (D,E) Colocalization between Cldn1 (D) or Cldn4 (E) and GST-cCPEwt, -SSS, and
-YL at 1, 10, and 50 μg/ml. n= 5–16, varying between conditions. (F,G) Binding affinity assay for GST-cCPE variants against Cldn4 on transfected
Hek293 cells (F) and KD values for GST-cCPEwt and –SSS derived by nonlinear regression analysis. Mean± SEM. n = 3.Mann–Whitney test with
posthoc Holm–Sidak correction; ns p> 0.05; *p< 0.05, **p< 0.01; ****p< 0.0001. Scale bars= 20 μm.

DISCUSSION

The main goal of the present study was to achieve and resolve a con-

trolled modulation of the VE barrier and assess its contribution to the

overall epidermal barrier. This was achieved by combining directed

targetingofVEbarrier components, that is, claudins, byGST-cCPEvari-

ants and claudin KD with functional barrier assessment by impedance

spectroscopy and tracer molecule permeability.

Wecould showthat intactTJs in theepidermis limit theuncontrolled

paracellular flux of ions and small and large molecules (Figures 3, 4,

and 6), underscoring the significance of the TJs in addition to the SC

in sealing the epidermal barrier. Targeting of Cldn1 and Cldn4 enabled

directed modulation of the VE barrier in a claudin- (Figure 3) and

dose-dependent manner (Figure 6). Many pathologic skin conditions

are also associated with claudin downregulation or loss of function

in the epidermis.7,16,17,19,25 Comprehensive insight into the exact
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260 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 6 Concentration-dependent increase of paracellular permeability for small molecules in reconstructed human epidermis by cCPE
variants. Representative confocal images showing exclusion (A) and penetration (B,C) of NHS-FL (0.5mg/ml, 40min) into RHE after incubation
with GST-cCPE variants (10 μg/ml, 24 h). ap, apical side of RHE; arrow indicates NHS-FL in the apical membrane; scale bar= 20 μm (5 μm in insets).
(D) Quantification of NHS-FL permeability by analysis of NHS-FL signal intensity in the apical and basolateral cell membrane of cells in the SG2.
n= 12 for untreated, n= 15 for 10 μg/ml conditions, and n= 27 for 1 and 50 μg/ml conditions. Mann–Whitney test with posthoc Holm–Sidak
correction. Mean± SEM. ns p> 0.05, ****p< 0.0001.

contribution of Cldn1 and -4 to the overall epidermal barrier and the

pathogenic consequences of their alterations are still lacking but are

required to either restore a functional epidermal barrier in patients

or to establish a claudin-directed therapy approach for a deliberate

modulation of the epidermal barrier. We were able to confirm the

importance of Cldn1 for establishing andmaintaining a tight epidermal

barrier, and suggest a barrier-regulating role for Cldn4.

Previous studies in mice or human in vitro skin models employed

claudin KD/knockout, TER measurements, tracer molecule flux, and

water loss experiments to show that Cldn1 is essential for the

epidermal barrier against ions, water, and larger solutes,4,7,33 with

dose-dependent regulation of the barrier function and associated

pathogenicity upon Cldn1 deregulation.7,45 However, KD of Cldn1 in

RHE also resulted in alterations of structural proteins and lipids in

the SC.43 Cldn1 localization was also detected in the lateral cell mem-

branes of the lower layers of SC. These proposed TJ remnants are in

close proximity to corneodesmosomes, themain intercellular adhesive

structure in the SC that are essential for anorchestrateddesquamation

process under physiologic skin conditions. TJ remnants are suggested

to protect corneodesmosomes against premature degradation during

desquamation.46,47 Hence, Cldn1 KDmight not only affect the VE bar-

rier but also lead to dysregulation of SC desquamation that would

diminish the SC barrier. Thus, impairment of the epidermal barrier by

Cldn1 KD could either be directly ascribed to alterations of the TJs in

the VE or indirectly to alterations of SC barrier development.

The function of Cldn4 remains controversial. Experiments using

submerged keratinocyte monolayers, which do not represent a strat-

ified epithelium, revealed a role for both Cldn1 and -4 in forming a

barrier for ions and small molecules (i.e., sealing pore and leak path-

ways). However, only Cldn1 was indispensable for a barrier against

macromolecules.35 In contrast, drug-induced downregulation of Cldn4

in human skin led to an increased permeability for a paracellular tracer

of ∼ 550 Da48 and targeting of Cldn4 in normal human keratinocytes

grown as amonolayer by amonoclonal anti-Cldn4 antibody attenuated

theparacellular barrier.49 Adding to the controversy,Cldn4KOmicedo

not show an obvious skin phenotype,50 and in RHE, Cldn4 KD did not

affect the epidermal barrier.33

In addition to long-term inhibition of claudin gene expression by KO

or KD experiment, short-term inhibition of claudin proteins by GST-

cCPE variants was employed for claudin targeting. This impaired the

ion barrier and increased permeability for Lucifer Yellow in RHE.24

Here, we combined previous approaches (claudin targeting by

siRNA and GST-cCPE, differentiation between the VE and SC bar-

riers by impedance spectroscopy, and permeability tracer imaging)
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with the aim to obtain additional information about epidermal barrier

components.

Differential contribution of claudin-1 and -4 to the
epidermal barrier

Our combined approach enabled us to further dissect the contribution

of the individual claudins to the epidermal barrier in more detail.

Our experiments confirmedprevious findings thatCldn1 is essential

for the formation of a tight epidermal barrier. In addition, we demon-

strate that not only a reduction of Cldn1 during stratification but also

the subsequent removal of Cldn1 from established TJs is adequate to

reduce barrier function (Figures 3 and 6).

In our study, downregulation of Cldn4 during epidermal stratifica-

tion did not seem to affect the tightness of the VE barrier (Figure 3E,F).

Nonetheless, (1) Cldn4 KD led to a weaker GST-cCPEwt (preferen-

tial Cldn4-binding) effect on the barrier relative to the GST-cCPE-SSS

effect, and (2) the expression of Cldn4 in the epidermis is limited to the

SG, where functional TJs are found (Figure 2). This hints at a distinct

regulatory role for Cldn4 in the epidermal TJ barrier and may support

the notion that not individual TJ proteins but the coordinated functions

of multiple TJ components act together to form a tight epidermal seal.

Claudins in the epidermis as therapeutic targets

Claudins have been suggested as targets for numerous thera-

peutic approaches. These include, among others, treatment of

carcinomas,36,51 visualization of precancerous lesions by means of

their associated claudin overexpression,52–54 or opening of tissue

barriers, like the blood–brain barrier21,22,55 and intestinal barrier56–58

in a therapeutic context.

In a similar way, transient opening of the epidermal barrier could

be beneficial to enhance transdermal drug delivery. This noninva-

sive route of delivery poses numerous advantages—it avoids first-pass

metabolism by digestive enzymes, as is often observed after oral

administration, thus improving the bioavailability of the compound and

resulting in a constant plasma drug concentration.20

Current chemical enhancers used to increase epidermal permeabil-

ity act by rather unspecific means, for example, by solubilization of

lipids and denaturing of keratins, or changing the physicochemical and

hydrating properties of the SC.59,60 A better understanding of the skin

barrier components, especially in the VE, is needed for the successful

development of directed and effective, but also gentle and reversible,

permeability enhancers.

Claudin targeting in the epidermis by GST-cCPE
variants to enhance epidermal permeability

In a previous study, we showed that GST-cCPE variants were able to

decrease the TER of RHE models.24 However, using the standard TER

measurements, it was not possible to determine whether these effects

are limited to claudin inhibition in the VE barrier or might also affect

the SC, as was shown for Cldn1 KD in earlier work.4,33 Direct assess-

ment of the epidermal barrier components by impedance spectroscopy

now allowed us to resolve barrier modulation by GST-cCPE variants in

more detail and confirmed a claudin-mediated effect, which is limited

to the VE barrier (Figure 3).

As formerly reported,24 both GST-cCPE variants affected ion per-

meability to a similar degree, even though they possess vastly different

affinities for Cldn1. Analysis of colocalization between the GST-cCPE

variants andCldn1 and -4 revealed similar long-termbinding behaviors

of the GST-cCPE variants to either claudin (Figure 5). At high con-

centrations (10 and 50 μg/ml) of GST-cCPE, which were able to open

the VE barrier (Figures 3, 4, and 6), GST-cCPEwt showed consider-

able binding toCldn1 despite the relatively low affinity of GST-cCPEwt

for Cldn1. This is likely related to the fact that these concentrations

are in the range of, or higher than, the corresponding KD (∼300 nM

[12 μg/ml] for binding of GST-cCPEwt to Cldn124,61). However, a low

GST-cCPE concentration (1 μg/ml) in the range of the KD of GST-

cCPEwt for Cldn4 (∼10−25 nM, 0.4−1 μg/ml; Figure 6G, data not

shown, and Ref. 29) and that of GST-cCPE-SSS for Cldn1 and Cldn4

(∼10 nM, 0.4 μg/ml; Figure 6G and Ref. 24) did not have a clear

effect on ion or small molecule permeability. At a similarly low con-

centration, GST-cCPEwt specifically removed Cldn4 but not Cldn1

from the TJs of MDCK I cell monolayers.29 However, in the multilay-

ered RHE, at this concentration, efficient claudin blocking might have

been potentially hindered by partial cCPE degradation or limited dif-

fusion toward the TJ-containing SG, to which capture of GST-cCPE by

the high amount of extrajunctional Cldn1 in the lower layers of the

VE might have contributed. Thus, the use of concentrations in which

the different affinities of GST-cCPE-SSS and -wt toward Cldn1 could

have been used for efficient differential inhibition of Cldn1 by the

two cCPE variants was hampered in the multilayered epidermal tis-

sue. To achieve a more claudin subtype—specific modulation of the

TJs, application of cCPE variants with a reduced binding spectrum,

in particular, cCPE-S231R/S313H with further increased affinity for

Cldn1,36 and cCPE-L254A/S256A/I258A/D284A62 with preferential

binding to Cldn4, might be beneficial. In addition, subtype-specific

anti-claudin antibodies or peptidomimetics could be tested.63,64 In

monolayered normal human keratinocytes, a modified His-cCPE vari-

ant with a high affinity for Cldn1, -2, -4, and -5 had similar TJ-

modulating effects as a monoclonal anti-Cldn1 antibody.49 Further-

more, antibody-type claudin binders have a high production cost,

making them less attractive for clinical use than small recombinant

proteins.

In this study, we could demonstrate a claudin-dependent effect of

GST-cCPE variants on the epidermal barrier. We could show that the

paracellular pathway for small ions and small molecules (e.g., NHS-FL,

473 Da) but not for macromolecules (≥ ∼40 kDa, e.g., GST-cCPE) is

affected in a concentration-dependent manner (Figures 3, 4, and 6).

This finding of a size-selective modulation is relevant in the context

of enhanced transdermal drug delivery since transdermally delivered

drugs frequently are small molecules (e.g., diclofenac [296.1 Da63],
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262 ANNALSOF THENEWYORKACADEMYOF SCIENCES

F IGURE 7 Modulation of an epidermal barrier by cCPE variants and claudin KD reveals distinct roles of claudin-1 and -4. TJs (blue bars) in RHE
between viable cells of SG2. Cldn1 is expressed in all RHE layers, Cldn4 only in SG. GST-cCPEwt binds Cldn4with high and Cldn1with low affinity,
whereas GST-cCPE-SSS binds with high affinity to Cldn4 and -1. Native RHE: both GST-cCPEwt and -SSS impair the paracellular barrier against
ions (RVE) and smaller molecules (Ptracer) in the VE by targeting Cldn1 and Cldn4. Cldn1-KDRHE: leads to loss of tight paracellular barrier (light
blue bars) that might mask possible effects due to Cldn4 blocking. Cldn4-KDRHE: does not impede the formation of a tight paracellular barrier.
The remaining Cldn1 supports GST-cCPE-SSS impairment of paracellular barrier against ions (RVE) and smaller molecules (Ptracer) in the VE. None
of the treatments impaired the SC barrier.Whereas Cldn1 appears to be essential for VE barrier formation, Cldn4might support VE barrier
integrity. (See also Figure S1 and the related references.)67–69

oxycodone [315.4 Da44], or nicotine [162.23 Da65]). However, it is

of note that here we applied the GST-cCPE variants basally (inside-

out) since apical addition of GST-cCPE-containing medium was not

compatible with preserving the ALI. Yet, for transdermal drug deliv-

ery (outside-in), apical application of cCPE most likely together with

additives that affect the SC barrier would be necessary.

Importantly, the epidermal morphology was unchanged after

GST-cCPE incubation and functional TJs could still be detected by

means of immunofluorescence (Figure 4), indicating a limitation of bar-

rier impairment. This demonstrates the general feasibility of directed

TJ-targeting in stratified epithelia and serves as a proof-of-concept for

the application of cCPE variants to modulate the epidermal barrier for

therapeutic applications. Ideally, enhancers of epidermal permeability

wouldmodulate both the SCandVEbarrier.Hence, cCPE could beused

in combinationwith current chemical enhancers, suchas surface-active

agents, fatty acid esters, terpenes, and solvents. To this end, toxicolog-

ical studies conducted with cCPE variants demonstrated no systemic

toxicity and low antigenicity.66

In this study, we were able to attribute the barrier-modulating

effects ofGST-cCPE variants to precise claudin-mediated action andTJ

impairment. Our data demonstrate a proof-of-concept for themodula-

tion of the epidermal barrier by targeting Cldn1 and -4, and confirm a

differential contribution of either claudin to the skin barrier (Figure 7).

Whereas Cldn1 is required for the formation of a tight epidermal

barrier, Cldn4—if at all—might only support barrier integrity.
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