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Interferon-y downregulates tight junction function, which is
rescued by interleukin-17A
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Japan Although atopic dermatitis (AD) has been reported to be a typical type 2 immune re-
Correspondence sponse disease, it is also an inflammatory skin disease that involves cytokines, such as
Shintaro Inoue, Department of Cosmetic Th1, Th17 and Th22. However, little is known about the mechanism by which the can-
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University, Gifu, Japan. didate cytokines, alone or in combination, are involved in AD pathology. Differences
Email: inoshin@gifu-pu.ac.jp in cytokine balance, which contribute to the complexity of AD pathology, may in-
fluence the stratum corneum barrier function through tight junction (TJ) functional
stability and contribute to disease severity. To confirm the regulatory mechanism of
TJ protein expression in AD, we investigated the Thl and Th17 pathways, which are
the initiation factors of chronic AD pathology. We examined the effects of these cy-
tokines on TJ protein expression in normal human epidermal keratinocytes in vitro,
and also examined their function in a human skin equivalent model. We observed a
time- and dose-dependent inhibitory effect of IFN-y on claudin-1 expression via the
IFN-y receptor/JAK/STAT signalling pathway. IFN-y impaired TJ function in a human
skin equivalent model. Moreover, we investigated co-stimulation with IL-17A, which
is highly expressed in AD skin lesions and found that IL-17A restores IFN-y-induced
TJ dysfunction. This restoration of TJ function was mediated by atypical protein ki-
nase C zeta activation without recovery of TJ protein expression. These results are
informative for personalized AD treatment via systemic therapies using anti-cytokine

antibodies and/or JAK inhibitors.
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1 | INTRODUCTION and Th17 cells are also involved in its pathogenesis. Acute AD is as-

sociated with increased expression of serum immunoglobulin E (IgE),
Atopic dermatitis (AD) is characterized by diverse clinical symptoms and epidermal eosinophil counts are associated with elevated Th2
with heterogeneous pathophysiology. AD has been considered a cytokines, such as interleukin (IL)-4, IL-5 and IL-13. Th1 (tumor ne-
type 2 helper T-cell (Th2) immune response disease; however, Thl crosis factor (TNF)-a and interferon (IFN)-y)/Th17 (IL-17 and 1L-22)
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activation occurs in the chronic phase of AD.X™* AD can be catego-
rized into extrinsic and intrinsic types. Most cases of extrinsic AD
occur in early childhood, and a shift in cytokine profiles during age-
ing changes the clinical presentation in younger patients. In older
patients, Th2 activity is uniquely decreased, which contradicts the
common ageing trends; conversely, the Thl and Th17 axes are in-
creased, combined with a decrease in serum IgE level and improve-
ment of epithelial abnormalities.>® In contrast, intrinsic AD exhibits
different cytokine profiles, such as Thl predominance.7’8 Subtyping
patients with AD showing different serum cytokine profiles is im-
portant for the effective use of novel molecular therapies, such as
antibodies against IL-4 receptor a and IL-13 and Janus kinase (JAK)
inhibitors that target specific immune pathways.” However, a de-
tailed characterization of the effects of each cytokine (alone or in
combination) on skin conditions is required for planning effective
treatments using anti-cytokine antibodies and JAK inhibitors.

One of the most important epidermal alterations in AD is the
disruption of the stratum corneum (SC) barrier.>!! The outer epi-
dermal SC barrier includes intercellular SC lipids and filaggrin, which
defend against water loss and allergen penetration. High calcium
(Ca®) level or acidic pH is essential for differential protein and lipid
expression in the SC and for controlling the intracellular and extra-
cellular environment.'?

Tight junctions (TJs) are formed by transmembrane proteins,
including occludin, claudins, junctional adhesion molecules and cy-
toplasmic plaque proteins, such as the zona occludens (ZO; ZO-1,
Z0-2 and ZO-3).3"1> TJs are localized in the stratum granulosum and
play an essential role in skin barrier function.!®” Mice with defec-
tive claudin-1 (CLDN1), a TJ protein essential for barrier function,
present with wrinkled skin as well as excessive trans-epidermal
water loss (TEWL) and die within 1 day of birth.Y” Moreover, SC lipid
composition and filaggrin processing are damaged in the SC of these
mice,® indicating that TJs are important for complete SC formation,
including the skin water barrier.

We previously investigated the function of TJs in normal human
epidermal keratinocytes (NHEKSs) using the Transwell system and
revealed that TJ dysfunction causes SC barrier damage through ele-
vated pH and induces metabolic abnormalities in SC lipids and filag-
grin.19 Indeed, TJ dysfunction has been reported in AD.?%2! Further,
we previously reported that external UVB stimulation disrupts TJs,
whereas pathogen-associated molecular patterns, such as bacterial
components that trigger pattern recognition receptor-mediated im-
munity, enhance TJ barrier via a Toll-like receptor.zz'23 Furthermore,
endogenous cytokines, such as IL-17, IL-33 and a mixture of IL-4, IL-
13 and IL-31, have been reported to downregulate the expression of
CLDN1,2%2425 which has also been shown to be downregulated in
the lesional skin of AD patients.?! Therefore, changes in TJ function
caused by external and epidermal-derived endogenous cytokine
stimulation may affect the SC barrier. Thus, it is worth exploring the
action and interaction of individual cytokines on TJs in vitro.

Here, we focussed on the effects of cytokines on epidermal TJ
because endogenous cytokines first act on epidermal cells to affect
TJ function and are thus likely to be involved in SC barrier functions.
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To this end, we performed quantitative analysis of TJ proteins to
identify the effects of cytokines in patients with AD and their influ-
ence on TJ function using a skin equivalent model. Furthermore, we
targeted IL-17A, which is increased in several AD subtypes, to clarify
the regulation mechanism of TJ function under complex cytokine sit-
uations associated with skin lesions in patients with AD.

2 | METHODS

2.1 | Cell cultures and reagents

Normal human epidermal keratinocytes (Lifeline Cell Technology,
Frederick, MD, USA) were maintained on a type | collagen-coated
plate (Corning, Corning, NY, USA) in MCDB 153 HAA medium
(Peptide Institute Inc., Yamagata, Japan) supplemented with
0.07 mM (low) Ca?*, 5 mg L™ insulin, 100 ng L'! epidermal growth
factor, 180 pg L'! hydrocortisone, 6.1 mg L™ monoethanolamine,
14.1 mg L' O-phosphorylethanolamine and 0.4% (v/v) bovine pi-
tuitary extract, as described previously.?® Human recombinant
cytokines (IL-4, IL-17A, IFN-y and TNF-a) were purchased from
FUJIFILM Wako Pure Chemical (Osaka, Japan). One day after the me-
dium was replaced with a high-Ca2+ differentiation medium (1.8 mM
Ca?"), NHEKs were stimulated with cytokines. Ruxolitinib, a specific
inhibitor of JAK1/2, was purchased from ChemScene (Monmouth
Junction, NJ, USA). For RNA interference, cells were cultured with
5 nM negative control siRNA or STAT1 siRNA (Hs-STAT1-6, Qiagen,
Hilden, Germany) using the HiPerFect transfection reagent (Qiagen),
as previously reported.?’

For immunostaining of mature TJ formation, we plated cells
on Transwell membranes with 0.4-um pore size (EMD Millipore,
Burlington, MA, USA) and cultured them in a differentiation me-
dium. After 2 days of incubation, the differentiation medium was
replaced with fresh medium, and the TJ barrier was evaluated.?® At
this point, the cells were treated with cytokines.

The reconstructed human-cultured epidermal model, LabCyte
EPI-MODEL24, is available commercially (Japan Tissue Engineering
Co. Ltd., Aichi, Japan). Reconstruction of the human-cultured epider-
mis was achieved by cultivating and proliferating NHEKs on an inert
filter substrate at the air-liquid interface. The process generated a
multilayer structure comprising the fully differentiated epithelium
with the SC. LabCyte EPI-MODEL24 was maintained following the
manufacturer's instructions. Culture medium was replaced daily

with fresh medium (with or without IFN-y).

2.2 | Immunostaining analysis

Frozen sections of LabCyte EPI-MODEL and NHEKs cultured on
Transwell filters were fixed with ice-cold 90% (v/v) ethanol, in-
cubated with 0.1% Triton X-100 in phosphate-buffered saline
(PBS) for 5 min and blocked with 1% (v/v) bovine serum albumin
in PBS for 1 h. The samples were incubated overnight at 4°C with
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rat anti-occludin (MOC37), mouse anti-ZO-1 (T8-754) (kind gifts
from Prof. Furuse, Physiological Sciences) or rabbit anti-ZO-1 (Cell
Signaling Technology, Danvers, MA, USA) antibody. After washing
with PBS, Alexa Fluor 488- or 546-conjugated secondary antibody
(Life Technologies Japan Ltd., Tokyo, Japan) or Texas Red conjugated
streptavidin (Merck, Darmstadt, Germany) was added, and the sam-
ples were incubated for 1 h. The fluorescence images were captured
using a BZ-9000 fluorescence microscope (KEYENCE Co., Osaka,
Japan).

2.3 | Quantitative real-time PCR (qQRT-PCR)

Total RNA was isolated using a Nucleo Spin RNA kit (TaKaRa Bio Inc.,
Shiga, Japan), and cDNA was synthesized using a PrimeScript RT rea-
gent kit (TaKaRa Bio Inc.). gRT-PCR was performed on a Thermal
Cycler Dice TP800 (TaKaRa Bio Inc.) using a TB green Premix EX Taq
Il (TaKaRa Bio Inc.) with 45 cycles of denaturation for 5 s at 95°C and
annealing and extension for 30 s at 60°C. Relative quantification was
performed by normalization against the level of glucuronidase beta
(GUSB) mRNA as a housekeeping gene.

The specific PCR primer sequences were as follows: CLDN1:
5'-GGGCAGATCCAGTGCAAAG-3' and 5-GGATGCCAACCACCA
TCAAG-3';STAT1:5-GCTGGCACCAGAACGAATGA-3'and5-TACCA
AACCAGGCTGGCACA-3'; GUSB: 5'-CATTATTCAGAGCGAGTAT
GGAGCA-3" and 5-TCTTCAGTGAACATCAGAGGTGGA-3'".

2.4 | TJ permeability assay
Transepithelial electrical resistance (TEER) reflects the water-
soluble ion permeability of the keratinocyte sheet. A higher TEER
value indicates lower ionic permeability. TEER was measured using a
Millicell ERS-2 voltohmmeter (EMD Millipore).

The paracellular trace flux was measured using 4-kDa FITC-
FITC-dextran
(0.5 mg ml™) was added to the culture medium with 1 mM CaCl,

dextran (Sigma-Aldrich Japan, Tokyo, Japan).
from the apical side. Cells were incubated for 1 h. The medium out-
side the cup was collected, and fluorescence was measured using the
GloMax®-Mult+Detection System with Instinct Software (Promega,
Madison, WI, USA).

Additionally, TJ permeability of the skin model was determined
using a biotinylation technique. This was evaluated using 1 mg ml™
EZ-Link Sulfo-NHS-LC-Biotin (Life Technologies Japan Ltd) in PBS
with 1 mM CaCl, added to the basolateral side of LabCyte EPI-
MODEL. After 30 min of incubation, the skin model was removed

and frozen sections were prepared.

2.5 | Western blotting analysis

Total protein was extracted in RIPA buffer (Nacalai Tesque, Kyoto,
Japan) containing a phosphate inhibitor cocktail (Nacalai Tesque)

and separated by electrophoresis on 12.5% SuperSep Ace gels
(FUJIFILM Wako Pure Chemical). The samples were transferred
to Immobilon-P membranes (Merck) and reacted with the follow-
ing primary antibodies: rabbit anti-CLDN1, rabbit anti-ZO-1, rabbit
anti-occludin, rabbit anti-atypical protein kinase C zeta (aPKC-{),
rabbit anti-phospho-aPKC-{ (T410), rabbit anti-STAT1, rabbit anti-
phospho-STAT1 (p-STAT1; Y701) (Cell Signaling Technology Inc)
and mouse anti-GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). The primary antibodies were detected using HRP-conjugated
secondary antibodies (GE Healthcare, Chicago, IL, USA). Bands were
detected with ImmunoStar LD (FUJIFILM Wako Pure Chemical)
using an Amersham Imager 680 (GE Healthcare).

2.6 | Statistical analysis

Data are means * standard deviation (SD) for 23 independent ex-
periments. For standard error (SE) calculations, n > 4. Data were
analysed using SPSS Statistics, version 24 (SPSS Inc., Chicago, IL,
USA). The Dunnett's t test was used to identify the statistically sig-
nificant differences between pairs of treatment group means. The
Tukey's multiple comparisons test was used to identify statistically
significant differences among >3 different treatment group means.
Differences were considered statistically significant at p < 0.05.

3 | RESULTS

3.1 | IFN-y downregulates CLDN1 via the IFN-y
receptor (IFNGR) signalling pathway in NHEKs

To investigate the effects of inflammatory cytokines on TJ func-
tion, we examined TJ protein expression, including Th1/Th2/Th17
and other inflammatory cytokines involved in all stages of AD using
NHEKs. After NHEKs were transferred to a high-Ca?* medium,
cytokines were added for 48 h. Using Western blotting, we found
that IFN-y (30 ng ml™}) significantly reduced CLDN1 expression
(86.7% inhibition, **p < 0.01) more remarkably than other cytokines
(Figure 1A and Figure S1A-C). We then analysed the dose- and
time-dependent regulation of CLDN1 expression in NHEKs. We
detected dose-dependent CLDN1 protein downregulation by IFN-y
(10-100 ng ml™, Figure 1B and Figure S1F). IFN-y showed time-
dependent CLDN1 downregulation, especially after 48 h (Figure 1C
and Figure S1G). We then analysed the quick response of NHEKs
by IFN-y treatment using gRT-PCR. We found that CLDN1 mRNA
expression was downregulated by ~36% after 6 h (30 ng ml™,
*p < 0.05, Figure 1D) in a dose-dependent manner (10-50 ng ml™?,
**p < 0.01, Figure 1E).

To identify the signals regulating IFN-y-mediated CLDN1 down-
regulation, we used the JAK1/2 inhibitor ruxolitinib. NHEKs were
incubated in high—Ca2+ medium with various ruxolitinib concentra-
tions (0.01-1.0 pM) for 1 h, with or without IFN-y for 48 h. IFN-y
upregulated STAT1 and phosphorylated STAT1 (p-STAT1) and
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FIGURE 1 Dose- and time-dependent inhibition of CLDN1 expression by IFN-y in normal human epidermal keratinocytes (NHEKS).

(A) Effects of IL-4, IL-17A, IFN-y and TNF-a (30 ng mi™%) on CLDN1 expression in NHEK cultures incubated with the cytokines in a 24-well
plate for 48 h. Samples were prepared from another three wells (n = 3). (B) Dose-dependent inhibition of CLDN1 expression by IFN-y (3-
100 ng mlI™Y) in NHEKs cultured with or without IFN-y for 48 h (n = 2). (C) Time-dependent inhibition of CLDN1 expression in NHEKs treated
with 30 ng mI™? IFN-y for 0-48 h (n = 1). Western blotting performed with anti-CLDN1 and anti-GAPDH antibodies. Examples of typical
blots in duplicate are illustrated. The expression level of CLDN1 was quantified by densitometry and normalized to GAPDH; the ratio is
shown directly under each blot. Non-treated control (0) is 1.00. The statistical analysis is shown in Figure S1. The results are representative
of more than three independent experiments. (D) Changes in the relative CLDN1 mRNA expression in NHEKSs cultured in a 24-well plate with
or without IFN-y (30 ng ml™) for 3 or 6 h. (E) Changes in the relative CLDN1 mRNA expression in NHEKs treated with 2-50 ng ml™ IFN-y for
6 h. mRNA expression was measured using qRT-PCR. Data are presented as the mean = SD (n = 4). Data were analysed using the Dunnett's

test (*p < 0.05; **p < 0.01 vs. control (0 ng mI™))

downregulated CLDN1 protein (control; Figure 2A). However, rux-
olitinib inhibited STAT1 phosphorylation in a dose-dependent man-
ner and rescued CLDN1 expression, especially at 1.0 uM (right line;
Figure 2A and Figure S2).

We then used siRNA-mediated knockdown to analyse the ef-
fects of STAT1 signalling on CLDN1 protein and mRNA expression
after 48 h and 6 h of IFN-y treatment, respectively. STAT1 siRNA
recovered |IFN-y-induced CLDN1 downregulation, inhibited STAT1
expression and phosphorylation (Figure 2B), and restored CLDN1
mRNA expression (Figure 2C). Thus, in NHEKSs, IFN-y downregulates
CLDNZ1 via the IFNGR/JAK/STAT pathway.

3.2 | IFN-y downregulates TJ function in a human
skin model

Next, we measured TEER to establish whether IFN-y impairs skin
barrier function. Low TEER indicates high ionic permeability and

weak TJ construction. We used a skin equivalent model to measure
TEER and assess the effects of IFN-y on the TJ barrier. The model
was cultured with various IFN-y concentrations for 48 h; 1 ng mi™t
IFN-y was found to lower the TEER and 10-100 ng mi™ IFN-y sig-
nificantly decreased the TEER compared with the control (0 ng mI™
IFN-y) (**p < 0.01, Figure 3A). We also used a fluorescent trace flux
assay to determine whether IFN-y weakens the skin barrier function.
IFN-y (50 ng ml™Y) increased the 4-kDa FITC-dextran flux relative to
the control (**p < 0.01, Figure 3B).

The skin model was then subjected to a TJ tracer assay to evalu-
ate TJ barrier function. The skin models were incubated with sulfo-
NHS-LC-biotin from the basal layer. In a healthy control skin model
(non-treated control), localization of CLDN1 protein was observed
from the basal to granular layers, as reported previously (0 ng ml™
IFN-v; Figure 3C, upper-panel, green).22 However, IFN-y significantly
reduced the CLDN1 signal in the human skin model (Figure S3, right
panel). ZO-1, the general marker for TJs, was localized at the TJ sites
of the granular layer (O ng mi™? IFN-y; Figure 3D, upper-panel, green,
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FIGURE 2 IFN-y receptor/JAK/STAT signalling pathway involvement in CLDN1 downregulation in NHEKSs. (A) Ruxolitinib, a specific
JAK1/2 inhibitor, reverses changes in p-STAT1 and CLDN1 expression levels induced by IFN-y. NHEKs were pretreated for 1 h with 0.01-
1.0 uM ruxolitinib and cultured with or without 30 ng mI™ IFN-y for 48 h (n = 1). (B) Effects of STAT1 siRNA treatment on p-STAT1, total
STAT1 and CLDN1 expression levels in NHEKs stimulated with 50 ng ml™ IFN-y for 48 h (n = 2). Western blotting was performed using
anti-p-STAT1 (Y701), anti-STAT1, anti-CLDN1 and anti-GAPDH antibodies. Protein expression levels were quantified by densitometry

and normalized to the level of GAPDH; the ratio is shown directly under each blot. The non-treated control is set at 1.00. The results

are representative of three independent experiments. (C) Relative STAT1 and CLDN1 mRNA expression levels in NHEKs stimulated with

50 ng mi™? IFN-vy for 6 h in the presence of negative control siRNA or STAT1 siRNA. mRNA expression was measured by qRT-PCR. Data are
presented as the mean = SD (n = 4). Data were analysed using Tukey's HSD test (*p < 0.05, **p < 0.01 vs. left group. #p < 0.05, ###p < 0.001
vs. middle group)

white arrow). The intercellular tracer biotin (red) diffused through the and barrier permeability. Here, we examined this association in a
basal layer, but its diffusion was blocked at the TJ site where ZO-1 human skin equivalent model. We used TEER as a TJ barrier index.
(green) had accumulated (0 ng mi™? IFN-v; Figure 3D, upper-panel, Two days after induction, 30 ng mi™? IFN-v significantly lowered the

white arrow). In the skin model incubated with IFN-y (100 ng ml™), TEER relative to the control (0 ng mI™* IFN-y) (*p < 0.05, Figure 4A).

the intercellular tracer biotin was found to pass through the site IL-17A (100 ng ml™Y) slightly but non-significantly decreased TEER

where ZO-1 was localized (Figure 3D, lower panel). Thus, IFN-y dam- compared with the control (Figure 4A). Cells co-induced with IFN-y

aged the TJ barrier in the skin equivalent model. (30 ng ml™) and IL-17A (100 ng ml™) showed higher TEER than those
treated with IFN-y alone (*p < 0.05, Figure 4A).

We evaluated CLDN1 protein expression to establish the role of

3.3 | IL-17Areversed IFN-y-induced TJ IL-17A in recovery from IFN-y-induced TJ damage. IL-17A injection

barrier damage induced a slight decrease in CLDN1 expression and downregulation

of ZO-1 in NHEKSs (Figure S1B-D). Using the skin equivalent model

Circulating cytokine levels in AD indicate Th1/Th17 activation, a of Figure 4A, Western blotting showed that IL-17A (100 ng ml™)

transition from the acute to the chronic state, and disease severity. or IFN-y (30 ng ml™Y) downregulated CLDN1 and ZO-1 protein ex-

Thus, IFN-y and IL-17A interact in terms of regulating TJ formation pression, which was not recovered by co-treatment with IL-17A
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FIGURE 3 Impairment of TJ barrier by IFN-y in a human skin equivalent model. (a) Dose-dependent suppression of TEER by IFN-y in the
human skin equivalent model incubated with various IFN-y concentrations (1-100 ng ml™) for 48 h. Data are presented as the mean + SE

(n = 4). **p < 0.01 vs. control (0 ng mI™%). (B) Increased FITC-dextran flux in the human skin equivalent model treated with 50 ng ml™* IFN-y for
3 days (56.5% inhibition of TEER vs. control, *p < 0.05). Last 1 h, FITC-dextran was added to the apical side of the skin equivalent model, and
the flux to the basolateral side was measured. Data are presented as the mean £ SE (n = 4). **p < 0.01 vs. control (O ng ml™). (C) The normal

human skin model was incubated with sulfo-NHS-LC-biotin from the dermal side. After 30 min, the skin model was removed and frozen.
Frozen sections were subjected to immunostaining with sulfo-NHS-LC-biotin (red) to show TJ permeability and stained CLDN1 protein
(green). The merged red and green image is shown in yellow. (D) Human skin equivalent models were incubated with or without IFN-y

(100 ng mi™Y) for 48 h and subjected to the TJ permeability assay with sulfo-NHS-LC-biotin (red). Localization of TJs was detected using anti-
Z0-1 (green), which was highly concentrated at the TJs (white arrows) in the skin equivalent models. Scale bars = 40 pm

(100 ng mlI™) and IFN-y (30 ng ml™) (Figure 4B and Figure S4A,B).
Occludin protein expression was unaffected. Thus, IL-17A rescued
the TJ damage caused by IFN-y in a manner independent of the re-
covery of damaged TJ protein expression.

To further examine the mechanism of the IL-17A-mediated TJ
recovery, we focussed on atypical protein kinase C zeta (aPKC-¢),
which is essential for TJ maturation. We examined the expression
level of aPKC-{ and phosphorylated aPKC-¢ in NHEKs subjected to
treatment with IFN-y (30 ng ml™) and/or IL-17A (100 ng ml™) for
12 h. Western blotting revealed that 30 ng ml™ IFN-y downregulated
phosphorylated aPKC-, whereas co-treatment with 100 ng ml™ L
17A reversed the effect of IFN-y (Figure 4C and Figure S4C).

We then explored the influences of IFN-y and IL-17A on TJ
maturation. Continuous TJs were detected in NHEK Transwell
culture after 48-96 h in a high-Caz* medium. We thus measured
TJ distribution in keratinocytes via occludin immunolabeling.z‘"
Occludin was concentrated in the TJ of cell-cell adhesion sites. To
investigate whether IL-17A recovered TJ maturation, we cultured
NHEKSs in a Transwell and exposed them to 30 ng mI™ IFN-y and/
or 100 ng ml™* IL-17A (Figure 4D). We performed immunofluo-
rescence staining for occludin and ZO-1 at 48 h after induction
and examined TJ protein arrangement. We observed a continuous

occludin network in the cell-cell borders of the control. The ex-
pression of occludin was detected as a distinct line, consistent
with the expression of ZO-1. Keratinocytes subjected to IFN-y
exhibited discontinuous membranous pattern. Thus, IFN-y-treated
keratinocytes could not form mature TJ. However, keratinocytes
co-induced with IL-17A recovered their localization of TJ proteins

and TJ maturation.

4 | DISCUSSION

In this study, we found that IFN-y, which is a Th1 cytokine with in-
creased expression in skin lesions of patients with chronic AD, sup-
pressed CLDN1 protein expression in a dose- and time-dependent
manner through IFNGR/JAK/STAT signalling (Figures 1 and 2).
Furthermore, TEER and TJ permeability assays using a skin model in-
dicated that IFN-y impaired TJ function (Figure 3). These results are
consistent with previous reports that elevated TEWL and decreased
TJ function are CLDN1 expression-dependent in a mouse skin model
with stepwise regulated CLDN1 protein expression.28 Collectively,
these data suggested that IFN-y-mediated disruption of TJ function
occurs due to CLDN1 expression downregulation.



MIZUTANI ET AL.

1760 .
AVA B A& Experimental Dermatology

Human skin-equivalent model NHEK cells v
(A) (C) Western blotting \;':\
N
- A \
25000 " # ééo e:\ :(\V' A
20000 - S LY &
N’E‘ ‘} - p-aPKC-{ - JR—
é 15000 1 p-aPKC-{ (ratio) 1.00 0.42 1.16 1.74
e 10000 - aPKC-
u._J 5000 aPKC-( (ratio) 1.00 0.89 1.46 1.65
GAPDH
0
N Y A AV .
o\"o "\ \Qe :(\ NHEK cultured in a Transwell TR
O v \\V (D)
‘\A OCCLUDIN Z0-1
N
(B) Western blotting
v.
<
¥
» \
S ¥ A
& AT AN §
& N X
S <<e &

CLDN1 (ratio) 1.00 0.56 0.44 0.14

Z0-1
Z0-1 (ratio) 1.00 0.53 0.23 0.19

OCCLUDIN m.l

GAPDH | esss s amp

IFN-y/ IL-17A

IFN-y/ IL-17A

FIGURE 4 Recovery of IFN-y-induced TJ barrier damage by IL-17A through phosphorylated atypical protein kinase C (aPKC) reduction.
(A) TEER of skin equivalent models incubated with or without IFN-y (30 ng ml™Y) and/or IL-17A (100 ng mI™?) for 48 h. Data are presented as
the mean + SE (n = 3). Data were analysed using Tukey's HSD test (*p < 0.05 vs. control; #p < 0.05 vs. IFN-y treatment group). (B) Changes
in the relative TJ protein expression levels revealed by Western blotting of models incubated with/without IFN-y (30 ng ml™) and/or IL-17A

(100 ng ml™) for 48 h. Western blotting was performed using anti-CLDN1, anti-ZO-1, anti-occludin and anti-GAPDH antibodies (n = 1).
Protein expression levels were quantified by densitometry and normalized to GAPDH level; the ratio is shown directly under each blot.

The non-treated control was set at 1.00. The statistical analysis is shown in Figure S4. (C) NHEK cultures were incubated with or without
IFN-y (30 ng ml™Y) and/or IL-17A (100 ng mI™?) for 12 h. Western blotting was performed using anti-phospho-aPKC-g, anti-aPKC-¢ and
anti-GAPDH antibodies. The expression levels of phospho-aPKC-{ and aPKC-¢ were quantified by densitometry and normalized to GAPDH
level; the ratio is shown directly under each blot. The non-treated control is set at 1.00. The statistical analysis is shown in Figure S4.

(D) Immunofluorescence staining for occludin and ZO-1 was conducted. NHEKs were cultured in a Transwell for 4 days in the high-Ca%*
differentiation medium. IFN-y (50 ng mI™®) and/or IL-17A (100 ng mI™) were added for the last 48 h. Occludin is visualized in green and ZO-1

is visualized in red. Scale bars = 20 pm

In AD development, IFN-y is thought to suppress Th2 activity.?’
Moreover, circulating Thl (IFN-y) responses in patients with early
AD negatively correlate with clinical severity, and increased Th2/
Th1 ratios have been linked to clinical disease severity.30 Thus, IFN-y
is believed to have a protective role, whereas Th2 responses likely
promote atopic inflammation. However, the roles of IFN-y in AD
skin lesions have not been sufficiently elucidated. We have shown,

for the first time, that IFN-y can disrupt the TJ barrier by reducing
CLDN1 expression via JAK/STAT signalling using a human skin equiv-
alent model. In another study that used NHEKSs, IFN-y was found
to upregulate IL-33 protein and mRNA expression in a dose- and
time-dependent manner.®! I1L-33 acts as an alarmin to enhance Th2
activity and reportedly activates group 2 innate lymphoid cells and
elicits AD-like inflammation in mice.*> Moreover, IFN-y decreases
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ceramides with long-chain fatty acids in three-dimensional corni-
fied epidermal sheets 3 and reduces epidermal barrier function in
a mouse AD model by affecting the fatty acid composition of cer-
amides.?* These findings suggest that IFN-y both exacerbates and
ameliorates pathological conditions and may influence AD patho-
physiology, depending on the balance of T-cell subtypes that pro-
duce Th17.1FN-y is also implicated in vitiligo pathogenesis as IFN-y is
released in the vitiligo epidermis when type 1 innate lymphoid cells
are increased.®®> TEWL recovery after tape-strip stimulation was
significantly slower in vitiligo than in the healthy epidermis,®® sug-
gesting that IFN-y-mediated TJ barrier disruption is likely involved
in vitiligo.

Recently, the novel JAK kinase inhibitor delgocitinib, which ex-
hibits IC., values in the nM range for JAK1/JAK2/JAK3/Tyk2, was
approved as an ointment for AD treatment and was reportedly
effective in Japanese adult patients.37 According to our results,
delgocitinib may exhibit its effect by improving IFN-y-induced TJ
dysfunction.

In this study, the Th17 cytokine IL-17A, which is increased in
atopic lesions, counteracted the strong inhibitory effect of IFN-y
on TJ function (Figure 4). However, this effect was only observed
when IFN-y and IL-17A were co-administered because IL-17 alone
had weak inhibitory effects on TJ function. IL-17A could not recover
the IFN-y-mediated reduction in TJ protein expression, including
CLDN1; however, we showed that its effect on TJ function was due
to the re-activation of aPKC-{ (Figure 4), which is essential in the
early stage of TJ formation and in the maintenance of TJ function.??

Previous studies have reported contrasting effects of IL-17 on TJ
function. Gutowska-Owsiak et al. indicated that IL-17 (200 ng mI™)
downregulated the expression of keratinocyte filaggrin and that
of genes important for cellular adhesion, which could affect epi-
dermal barrier formation.®® Yuki et al. demonstrated that IL-17
(1-100 ng mi™) impaired the TJ barrier and filaggrin monomer deg-
radation (100 ng ml™) in a skin model.?* In contrast, Brewer et al.
reported that IL-17A (10 ng ml™Y) increased the TEER and decreased
paracellular flux (10 ng mI™}) %%; furthermore, the same study showed
that IL-4 inhibited the IL-17A-mediated enhancement of TJ function
via blocking STAT3 phosphorylation. As described before, we ob-
served weak inhibition of TJ function by treatment with IL-17A alone
(100 ng mi™) (Figure 4A), which is consistent with the findings of
Yuki et al.?! On the contrary, we have shown that IL-17A rescued
IFN-y-induced disruption of TJ function via the re-activation of aP-
KC-¢ (Figure 4C). In addition, Floudas et al. proposed a novel role for
IL-17 receptor A signalling in the maintenance of barrier integrity and
immune system homeostasis in the skin because they showed that
IL-17 receptor A deficiency resulted in severe exacerbation of skin
inflammation in the filaggrin mutant mouse model of spontaneous
AD.* The IL-17A-mediated rescue of the IFN-y-induced disruption
of TJ function (Figure 4) in addition to the IFN-y-induced suppres-
sion of Th2 proliferation and differentiation 2’ may be related to im-
proved serum IgE level and epithelial abnormalities in patients with
chronic AD or in older patients with an increase in the Th1 (IFN-y)/
Th17 (IL-17) axis,>® although further studies are required.

Anti-1L-17 and anti-IL-17 receptor A antibodies are effective in

4142 5 well-known IL-17A-dominated auto-

the treatment of psoriasis,
immune disease. In contrast, the efficacy of targeted AD treatment
with the IL-17A antibody secukinumab remains obscure. In a recent
randomized, double-blind study in which IL-17A was targeted with
secukinumab in AD, Ungar et al. concluded that IL-17A is not the
only pathogenic contributor to AD.*® This finding suggests that spe-
cific targeting approaches against other cytokines, such as IL-17A, IL-
22, and IFN-y, in combination with a Th2-targeting strategy may be
needed for the complete resolution of AD in the majority of patients.
Therefore, further studies are required to clarify the mechanism by
which IL-17A rescues TJ function and to elucidate the effects of cy-
tokines other than IFN-y on epidermal barrier function to find new
therapeutic targets.

The limitation of this study is that we used only an in vitro system,
and not a real clinical case. However, our study provides a new per-
spective on clinical findings in patients with Th1- and Th17-dominant
AD. Our results may aid in the planning of theoretical treatments
using anti-cytokine antibodies and JAK inhibitors to improve the

clinical presentation of heterogeneous AD.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Fig S1. Effects of cytokines on TJ protein expression levels in NHEK.
Fig S2. Ruxolitinib, a specific JAK1/2 inhibitor, reverses changes in
CLDNZ1 expression levels induced by IFN-y.

Fig S3. Downregulation of CLDN1 expression by IFN-y in a human
skin-equivalent model.

Fig S4. Relative levels of CLDN1, ZO-1, phospho-aPKC-¢, and total
aPKC-¢ in human skin-equivalent models and NHEKSs incubated with

IFN-v, IL-17A, or their combination.
Tab S1. Details of the cultured cell types and IFN-y lot numbers used

in each figure.
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