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Tapinarof is a non-steroidal, small molecule aryl hydrocarbon receptor (AhR) agonist that is being devel-

oped for the treatment of atopic dermatitis (AD). AD is a chronic inflammatory skin disease mediated by type
2 helper T (Th2) cells, characterized by impaired epidermal differentiation and skin barrier function. Tapin-
arof has been reported to regulate target gene expression through activation of AhR, improve skin barrier func-
tion, and exhibit an antioxidant effect. In this study, we investigated the pharmacological properties of tapinarof
and its efficacy in mice with AD-like skin inflammation induced by 2, 4-dinitrofluorobenzene (DNFB). Tapin-
arof induced the mRNA expression of CYP1A1, an indicator of AhR activation, induced the mRNA expres-
sion of NAD(P)H: quinone oxidoreductase (NQO1), an antioxidant enzyme in human peripheral blood mono-
nuclear cells (PBMCs) stimulated with T-cell activators. It also suppressed the production of interleukin (IL)-4,
a Th2 cytokine. In mice with AD-like dermatitis, topical administration of tapinarof promoted the expression
of Cyplal and Ngol in the skin. It suppressed IL-4 production, the ear swelling, and histopathological changes.
Tapinarof also suppressed an increase in transepidermal water loss (TEWL), an indicator of skin barrier func-
tion. These results indicate that tapinarof suppresses AD-like skin dermatitis and suggest that a variety of phar-
macological actions, including an antioxidant effect, inhibition of Th2 cytokine, and improvement in barrier

function, are involved.
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INTRODUCTION

Atopic dermatitis (AD) is clinically characterized by skin
inflammation, skin barrier dysfunction, and chronic pruritus.'?
Persistent intense itching, leading to sleeplessness, and social
stigma due to the visible symptoms of skin lesions, marked-
ly impact the patients' quality of life.® Immunologic abnor-
malities and abnormal skin barrier function are known to be
involved in the pathogenesis of AD.!» Under physiological
conditions, homeostasis of the skin barrier function is regu-
lated by the coordinated expression of barrier-related proteins
such as filaggrin (FLG), loricrin (LOR), and involucrin (IVL),
intercellular lipids, and corneodesmosomes in the granular
and cornified layers.¥ Loss-of-function mutations or reduced
expression of FLG causes decreased barrier function of the
stratum corneum, which has been shown to be involved in the
pathogenesis of AD.4%0 In terms of immunologic abnormali-
ties, type 2 helper T (Th2) cytokines, interleukin (IL)-4 and
IL-13, are suggested to play a pivotal role in the pathogene-

sis of AD. Dupilumab, a monoclonal antibody that blocks the
shared receptor component for IL-4 and IL-13, is remarka-
bly effective against rashes and pruritus in AD.”® In addition,
dupilumab corrects increased expression of various cytokines
(IL-31, etc.) and chemokines (CCL17, CCL22, etc.) involved
in skin inflammation and pruritus, as well as decreased expres-
sion of various molecules involved in skin barrier function.”
Based on these facts, Th2 cytokines are considered central to
the pathogenesis of AD.

Aryl hydrocarbon receptor (AhR) functions as a chemi-
cal sensor, transducing external and internal stimuli into bio-
logical responses. Once activated by various endogenous and
exogenous ligands, AhR translocates to the nucleus and forms
a heterodimer with the AhR nuclear transporter. This complex
binds to the xenobiotic response element (XRE) and regulates
downstream gene transcription.!® The chemical metaboliz-
ing enzymes, CYP1A1l, CYP1A2, and CYPIBI are upregulat-
ed, leading to rapid degradation of these ligands and mainte-
nance of homeostasis of keratinization.') NAD(P)H: quinone
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oxidoreductase (NQO1), an antioxidant molecule, also has
an XRE motif in the promoter region, and its expression is
enhanced in response to AhR activation.'» This serves as a
mechanism to neutralize reactive oxygen species-induced oxi-
dative stress associated with ligand degradation by CYP1AI.

Tapinarof is a fully synthesized small molecule origi-
nally derived from a natural product of bacterial symbionts
of entomopathogenic nematodes.!>!? Recent studies have
revealed that tapinarof activates the AhR, thereby improving
skin barrier function by increasing the expression of barrier-
related proteins, such as FLG and IVL.'% In addition, tapinarof
has an antioxidant effect through activation of nuclear fac-
tor erythroid 2-related factor 2 (NRF2) and directly increases
the expression of antioxidant enzyme, NQO1.!9 Furthermore,
tapinarof has been reported to suppress the production of the
inflammatory cytokine, IL-17A, and reduce psoriasis (Ps)-like
skin inflammation in mice induced by imiquimod through AhR
agonism.!? Tapinarof has already been approved in the US as a
drug for the treatment of Ps in adults.!® It is also under devel-
opment as a drug for the treatment of AD, and favorable thera-
peutic effects have been reported in clinical studies.!9-20.21)

The therapeutic effects of tapinarof on Ps have primarily
been attributed to its antioxidant effect, enhancement of skin
barrier function, and suppression of Th17 cytokines through
the agonistic action of AhR.'» On the other hand, the mecha-
nisms of action of tapinarof responsible for therapeutic effects
in AD remain unclear. In this study, we investigated the phar-
macological properties and efficacy of tapinarof in AD in vit-
ro and in vivo. While Th2 cytokines are considered crucial for
the pathogenesis of AD, the impact on type 2 cytokines of tap-
inarof has not been reported. Thus, the inhibitory effect of tap-
inarof on Th2 cytokine production was examined using human
peripheral blood mononuclear cells (PBMCs). In addition, the
pharmacological effects of tapinarof have not been investi-
gated in detail in AD-like animal models in vivo. Therefore,
we aimed to evaluate the potential effects of tapinarof on skin
inflammation using mice with AD-like dermatitis, and investi-
gate whether it might have anti-Th2 inflammatory, antioxidant,
and skin barrier improving effects.

MATERIALS AND METHODS

Compounds Tapinarof was obtained from Dermavant
Sciences GmbH (Basel, Switzerland). FK506 monohy-
drate and ethanol (EtOH) were purchased from FUJIFILM
Wako Pure Chemical Co. (Osaka, Japan). Dimethyl sulfox-
ide (DMSO) and 2, 4-dinitrofluorobenzene (DNFB) were pur-
chased from Nacalai Tesque, Inc. (Kyoto, Japan). For the in
vitro experiments, tapinarof was dissolved in DMSO and dilut-
ed with the culture medium used in each experiment. For the
in vivo experiments, both tapinarof and FK506 were dissolved
in ethanol for topical administration.

In Vitro Study in Human PBMCs Cryopreserved PBMCs
(STEMCELL Technologies Inc. Vancouver, BC, Canada) were
thawed and suspended in RPMI-1640 medium (Thermo Fisher
Scientific Inc. Waltham, MA, USA) containing 10% fetal
bovine serum, 100 IU/mL penicillin G, and 100 pg/mL
streptomycin. The cells were plated at 2x105 cells/well in a
96-well plate and stimulated with 2.0x10* beads/well Dyna-
beads Human T-Activator CD3/CD28 (VERITAS Co.,
Tokyo, Japan) for 2 days, followed by culture in the presence
or absence of tapinarof for 1 day at 37°C in 5% CO,. After
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washing the cultured cells with Dulbecco's Phosphate Buff-
ered Saline, they were lysed and the total RNA was puri-
fied using the RNeasy Mini Kit (QIAGEN GmbH, Hilden,
Germany) according to the kit's instructions. For cytokine meas-
urement, PBMCs were seeded in a similar manner and stimu-
lated with 0.5 ng/mL phorbol 12-myristate 13-acetate (PMA)
(Sigma-Aldrich, Co., St. Louis, MO, USA) and 1.0 pg/mL
phytohemagglutinin-L (PHA-L) (Roche Diagnostics GmbH,
Mannheim, Germany) for 2 days in the presence or absence of
tapinarof at 37°C in 5% CO,. The supernatants were collect-
ed, and IL-4 was measured with a Human IL-4 Quantikine HS
ELISA kit (R&D Systems, Inc., Minneapolis, MN, USA). Cell
viability was evaluated by CellTiter-Glo 2.0 Assay (Promega
Co., Madison, WI, USA).

Animals Six-week-old female BALB/c mice were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan) and used for
experiments after a week of acclimation. All mice were main-
tained under specific pathogen-free conditions at a room tem-
perature of 23 +3°C and air humidity of 55% +15% on a
12-h/12-h light/dark cycle. All experiments were conduct-
ed in accordance with ARRIVE (Animal Research: Report-
ing of In Vivo Experiments) guidelines and in compliance
with the Guidelines for Animal Experimentation of the Central
Pharmaceutical Research Institute of Japan Tobacco, Inc. (Pro-
tocol No. 02800, Date: Jan 18, 2022).

In Vivo Study in Mice with AD-like Dermatitis Hap-
ten-induced chronic dermatitis was induced in female BALB/c
mice as described below. The ears of the mice were treat-
ed with 25 pL of 0.15% DNFB dissolved in acetone/olive oil
(3:1) on both sides of the left ears five times at intervals of
3 or 4 days over a period of 15 days. Tapinarof and FK506
were administered topically on both sides of the left ears at a
volume of 20 puL per mouse (10 pL to one side of the ear) once
daily from the day of the first DNFB application, for 15 days
from Days 1 to 15. Ear thickness as an index of ear swell-
ing was measured with a digital thickness gauge (Digimatic
Indicator; Mitutoyo Co., Kawasaki, Japan) on Days 1, 2, 8, 9,
15, and 16 and expressed as the increase in thickness from the
baseline measurement. The measurement of the transepidermal
water loss (TEWL) was performed after the measurement of
the ear thickness on Day 16 with a Tewameter (VAPO SCAN
AS-VTI100RS, Asahi Techno Lab., Ltd., Yokohama, Japan).
After the final measurement, mice were anesthetized and euth-
anized, and their left ears were excised and divided into three
sections for analysis of gene expression, cytokine measure-
ments, and histological evaluation. Ear sections were homog-
enized, and total RNA was prepared using the RNeasy Mini
Kit according to the manufacturer’s instructions. IL-4 levels
were assessed with a Mouse IL-4 Quantikine ELISA kit (R&D
Systems, Inc., Minneapolis, MN, USA). The remaining piec-
es of the ears were fixed in 10% neutral-buffered formalin
(FUJIFILM Wako Pure Chemical, Osaka, Japan). The tissues
were embedded in paraffin wax and stained with hematoxylin
and eosin (HE). Tissue specimens were prepared for patholog-
ical evaluation by the Biopathology Institute (Kokuto, Japan).

Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR) RT-qPCR was performed using the
TagMan™ RNA-to-Ct™ [-Step Kit (Thermo Fisher Scientific
Inc.) and QuantStudio 7 Flex Real-Time PCR System (Thermo
Fisher Scientific). All Tagman probes (CYP1A1: Hs 01054794
ml, NOOI: Hs 00168547 ml, glyceraldehyde 3-aphosphate
dehydrogenase (GAPDH): Hs 99999905 _ml, Cyplal: Mm
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00487218 ml, Ngol: Mm 01253561 _ml, and B-actin (Actb):
Mm 02619580 _m!l) were purchased from Thermo Fisher
Scientific. Comparative cycle time was used to normalize the
transcript levels to those of GAPDH in vitro and to Actb in
vivo, respectively.

Pathological Examinations The central region of the HE-
stained ear sections, which corresponded approximately to
the site where the ear thickness was measured, was examined
under a light microscope. The microscopic findings were grad-
ed based on the following criteria: infiltration of inflammato-
ry cells into dermis (—=negative: no lesion, £=very slight:
infiltration of small numbers of inflammatory cells partially
or sparsely, += slight: infiltration of small numbers of inflam-
matory cells diffusely, 2+=moderate: infiltration of moderate
numbers of inflammatory cells with apparent thickening of the
ear due to the increase in number of inflammatory cells, and
3+=severe: infiltration of large numbers of the inflammato-
ry cells with marked thickening of the ear due to the increase
in number of inflammatory cells), acanthosis (—=negative:
no thickening, £=very slight: very slight or focal thicken-
ing of epidermis: hypertrophy of the epidermal cells is absent,
+ = slight: slight thickening of the epidermis: hypertrophy
of the epidermal cells is very slight or not seen, 2+=moder-
ate: moderate thickening of the epidermis with slight hyper-
trophy of the epidermal cells, and 3+=severe: marked thick-
ening of the epidermis with marked hypertrophy of epidermal
cells), crust (—=negative: no lesion, ==very slight: very slight
or focal crust formation on the epidermis, += slight: slight
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and multifocal crust formation on the epidermis with ero-
sion, 2+=moderate: moderate and multifocal to diffuse crust
formation on the epidermis with erosion and/or ulcers, and
3+=severe: marked and diffuse crust formation on the epider-
mis with erosion and/or ulcers).

Statistical Analyses Data are expressed as the mean and
standard deviation of the indicated number of samples. SAS
System Version 9.4 (SAS Institute Inc., Cary, NC, USA) and
EXSUS Version 10.1 (EPS Co., Tokyo, Japan) were used for
the statistical analyses. For the relative mRNA expression val-
ues or cytokine measurements in vitro, the significance of dif-
ferences between the vehicle group and the tapinarof group
was evaluated using the Shirley-Williams test. A one-tailed
significance level of 2.5% was used. For values in the in vivo
study, the significance of differences between two groups was
assessed by Student #-tests (for homoscedastic data) or Aspin-
Welch t-tests (for heteroscedastic data), after homoscedasticity
analysis by F-tests. Differences among multiple groups were
analyzed by Dunnett tests (for homoscedastic data) or Steel
tests (for heteroscedastic data) after homoscedasticity analysis
by the Bartlett test. A two-tailed significance level of 5% was
used.

RESULTS
Tapinarof Activates AhR Pathway and Upregulates

Antioxidant Gene Expression in Human PBMCs Tap-
inarof has been shown to directly bind to AhR, promote its
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Fig. 1. Mechanism of Action and Effects of Tapinarof on Th2 Cytokine Levels in the Human PBMCs

Effects of tapinarof on the mRNA levels of CYPIA1(A) and NOQO! (B) in human PBMCs, stimulated with anti-CD3/CD28 for T-cell activation. Data are presented as means +
standard deviations (SD) (n = 4). A one-tailed significant difference versus vehicle group; * p < 0.025, ** p < 0.005 (Shirley-Williams test). ELISA kits were used to measure the
IL-4 (C) level in the supernatant of human PBMCs stimulated with PHA-L/PMA, with or without tapinarof. Data are shown as mean + SD (n = 4). One-tailed significant difference
versus vehicle group; *: p < 0.025, **: p < 0.005 (Shirley-Williams test).
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Fig. 2. Effects of Topical Administration of Tapinarof on Skin Inflammation in DNFB-Induced Dermatitis in Mice

(A) Mice received topical application of 0.15% DNFB in acetone/olive oil or vehicle (sham) on the ear at intervals of 3 or 4 days over 15 days. Vehicle (EtOH), tapinarof
(0.01%, 0.1%, or 1%), or FK506 (0.1%) was administered topically once daily for 15 days. (B) Ear thickness was assessed on Days 1, 2, 8, 9, 15 and 16. Data are expressed as the
increase in ear thickness from baseline. The results on day 16 are shown as the mean and SD (n = 10). Significant difference; 1, p < 0.01; sham vs. vehicle (Aspin-Welch #-test),
§§, p < 0.01; vehicle vs. FK506 0.1% (Student #-test), **, p < 0.01; vehicle vs. tapinarof 0.01%, 0.1% and 1% (Dunnett test). (C) TEWL in the ear skin was measured on day 16
with a Tewameter. Data shown are mean + SD (n = 10). Significant difference; 1+, p < 0.01; sham vs. vehicle (Aspin-Welch #-test), **, p < 0.01; vehicle vs. tapinarof 0.01%, 0.1%,

and 1% (Steel test).

nuclear translocation, and to activate CYP1A41 reporter activ-
ity.'® It has also been shown to upregulate the gene expres-
sion of CYPIAI and exhibit antioxidant effects in human
keratinocytes.'” Given these results, we investigated the
effect of tapinarof in human PBMCs on CYPIA1 expression
as a marker for AhR activation and on antioxidant molecule
expression. Human PBMCs, stimulated with anti-CD3/CD28
antibody for 48 h, were treated with tapinarof at 0.01, 0.1, and
1 umol/L. After 24 hours of treatment, the mRNA levels of
CYPIAI and NQOI were significantly upregulated at con-
centrations of 0.01 umol/L or higher compared to the vehicle
group (Fig. 1A, B). These results suggest that tapinarof acti-
vates AhR pathway and antioxidant activity in human PBMCs.

Tapinarof Inhibits Th2 Cell Activation in Human
PBMCs The pathogenesis of AD is primarily driven by Th2
cytokines, and inhibition of their production has shown thera-
peutic effects. Therefore, we investigated the effect of tapin-
arof on the production of Th2 cytokine in vitro. Upon stimu-
lating human PBMCs with PHA-L and PMA, in the presence
of tapinarof at concentrations of 0.1, 0.3, 1, 3, and 10 umol/L
for approximately 48 h, the concentrations of 1L-4 decreased
in a concentration-dependent manner (Fig. 1C). Reduction
of the cell viability signal to less than 50% was observed at
10 pmol/L only (data not shown). These findings suggest that
tapinarof inhibits Th2 cell activation in human PBMCs.
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Tapinarof Inhibits AD-like Skin Inflammation in Mice
Hapten-induced chronic dermatitis model is considered to
involve Th2 cells and is a useful model of human AD.?» To
determine if tapinarof could reduce skin inflammation in der-
matitis, we examined its effect on DNFB-induced dermati-
tis in mice (Fig. 2A). Repeated topical application of DNFB
to mouse ears induced ear swelling at the second application
and thereafter, and ear thickness increased in proportion to the
number of exposures to DNFB (Fig. 2B). Topical administra-
tion of tapinarof at concentrations of 0.01%, 0.1%, and 1%
was well tolerated (data not shown), and significantly inhibit-
ed the ear swelling at the concentrations of 0.01% and above
(Fig. 2B). A 0.1% solution of FK506, used as reference, also
inhibited the ear swelling. In addition, application of tapin-
arof resulted in a significant decrease in TEWL, an indicator
of epidermal barrier function, compared to the vehicle group
(Fig. 20).

Tapinarof Attenuates Histopathological Changes in
AD-like Skin Inflammation We further investigated the
inhibitory effects of tapinarof on AD-like dermatitis in mice
through histopathological examination of the ear skin. Severe
inflammatory cell infiltration in the dermis, along with slight
to moderate acanthosis and crust formation in the epidermis,
were observed in vehicle group. In the FK506 group, the inci-
dence or severity of the inflammatory cell infiltration, acan-
thosis, and crust formation was decreased as expected, where-
as the sham group showed no findings. In the tapinarof group,
the incidence or severity of the inflammatory cell infiltration,
acanthosis, and crust formation was decreased dose-depend-
ently from the lowest concentration (0.01%) (Table 1, Fig. 3,
Figs. S1, S2). Therefore, based on these results, tapinarof was
considered to attenuate AD-like dermatitis.

Tapinarof Activates AhR Pathway and Reduces IL-4
Level in Mice with AD-like Skin Dermatitis We investi-
gated the pharmacological characteristics of tapinarof in this
model. AhR agonism and subsequent antioxidant activation
were assessed by measuring the mRNA expression of Cyplal
and Ngol, respectively. The results revealed a significant ele-
vation from the lowest concentration of 0.01% in the tapinarof
group compared to the vehicle group (Fig. 4A, B). The impact
on inflammatory cell activation was evaluated by measuring
IL-4 levels in ear skin. IL-4 levels were increased in the vehi-
cle group after the final application of DNFB. Tapinarof signif-
icantly inhibited this cytokine elevation (Fig. 4C). Therefore,
we suggest that inhibition of Th2 cytokine through activation
of the AhR pathway is involved in the suppressive effect of
tapinarof on AD-like dermatitis in mice.

DISCUSSION

Tapinarof is being developed for the treatment of AD
and has attracted attention due to its effectiveness in treat-
ing AD in clinical trials.!%:202D) Recent studies have reported
that in normal human epidermal keratinocytes (NHEKSs) and
an immortalized human keratinocyte cell line, tapinarof reg-
ulates the expression of target genes involved in skin barrier
function and antioxidant activity through AhR activation.!?- 23
Coal tar and glyteer, which have been used for the treat-
ment of dermatitis for a long time, are known to activate the
AhR and have skin barrier function-improving and antioxi-
dant effects.2+29 A photo-product of tryptophan and an endog-
enous AhR ligand, 6-formylindolo[3,2-b]carbazole, has also
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been shown to improve skin barrier dysfunction via AhR ago-
nism in AD models.®29 From an immunological aspect, it has
been reported that AhR activation by M50354 suppresses the
differentiation of naive Th cells into Th2 cells and decreases
production of Th2 cytokines such as 1L-4,2? which is known
to play an important role in the pathogenesis of AD. These
previous findings suggested a hypothesis that tapinarof may
ameliorate AD pathophysiology through AhR activation, in
which anti-Th2 inflammatory effects, antioxidant effects, and
improvements in skin barrier function are involved. In this
study, we demonstrated that tapinarof (1) decreased IL-4 pro-
duction in human PBMCs stimulated with T-cell activation
inducers, (2) suppressed the AD-like skin inflammation in
mice, and (3) activated AhR pathway, increased the expression
of antioxidant molecule NQOI1, and decreased IL-4 production
in the ears of mice with AD-like skin inflammation, and (4)
suppressed an increase in TEWL, an indicator of skin barrier
function, in this model.

In the previous study, tapinarof was found to induce
CYPIAI expression and inhibited cytokine (IL-17A) produc-
tion in human T cells.!® In this study, we first examined the in
vitro pharmacological effects of tapinarof on the expression of
AhR-related genes, CYPIAI and NQOI, as well as on the pro-
duction of the Th2 cytokine, IL-4, in human PBMCs. To con-
firm the maximum effects of tapinarof, we used the concentra-
tions of up to 1 pmol/L and 10 pmol/L for AhR-related gene
expression and cytokine production, respectively, based on
the results of the previous study.!” As a result, tapinarof sig-
nificantly induced CYP1A41 and NQOI expression at 0.01 to
1 umol/L, and the effects were almost at their maximum,
which had no obvious dose-dependency, but showed dose-
dependent reduction of IL-4 production at 0.1 to 10 pmol/L.
It is known that the transcription of CYPIA1 and NQOI is
directly regulated by activated AhR.!%!2 On the other hand,
suppression of IL-4 production has been reported to be medi-
ated by an altered Th1/Th2 balance, and there was a shift
reported in the effective concentration range of an AhR agonist
between Cyplal promoter reporter activity and suppression of
IL-4 production.?? The observed discrepancy in the effective
concentration range in this study may be due to differences in
downstream regulation after AhR activation.

Next, we investigated the pharmacological effects of tap-
inarof on AD-like skin inflammation in vivo using mice with
DNFB-induced chronic dermatitis. To our knowledge, there
have been no previous reports examining the pharmacological
properties of tapinarof in this model. Tapinarof significantly
suppressed ear swelling at concentrations of 0.01% or higher
and reduced histopathological inflammatory changes, includ-
ing the incidence and severity of inflammatory cell infiltration
in the dermis, acanthosis, and crust formation. These results
demonstrated that tapinarof could inhibit AD-like skin inflam-
mation in this model. Furthermore, the reduction in TEWL
indicated that tapinarof improved skin barrier function, which
aligns with previous findings that tapinarof increases the
expression of barrier-related molecules. Additionally, tapinarof
dose-dependently induced Cyplal and Ngol mRNA expres-
sion in the ear, starting from 0.01%. Concurrently, tapinarof
significantly decreased IL-4 levels in the ear tissue at concen-
trations of 0.01% or higher. This suggests that its Th2 cytokine
suppressive effects, in addition to its barrier repair and antiox-
idant effects, may be involved in the suppression of AD patho-
genesis by tapinarof.
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Fig. 3. Effect of Tapinarof on Inflammatory Cell Infiltration in the Dermis of the Ear Skin in DNFB-Induced Dermatitis in Mice

Histological analysis of the ear skin samples stained with HE was performed. Representative photomicrographs of sham, normal ear skin (A); vehicle, severe inflammatory cell
infiltration in the dermis (B); 0.01% tapinarof, moderate (C); 0.1% tapinarof, slight (D); 1% tapinarof, very slight (E), and 1% FK506, very slight inflammatory cell infiltration in

the dermis (F) are shown. Bar = 100 pm (inside B enlarged view: Bar = 50 pm).

The expression levels of Cyplal and Ngol in the vehicle
group were notably lower compared to the sham group, con-
sistent with reports of reduced CYP/A1I expression in keratino-
cytes of AD patients.?® Moreover, increased AhR expression
has been reported in the skin of AD patients.2?39 These sug-
gests that a deficiency in physiological ligands for AhR in the
Th2 environment of AD and subsequent inactivation of the
AhR pathway, possibly contributes to the exacerbation of AD

pathology. Tapinarof restored Cyplal and Ngol expression
levels to sham levels at concentrations as low as 0.01%, indi-
cating that even low-dose application of tapinarof could reach
sufficient concentrations in the ear tissue to be effective in sup-
pressing AD symptoms. This restoration at low concentration
may explain why the inhibitory effects on IL-4 production, ear
swelling, and TEWL reduction showed a saturation tendency
at concentrations of 0.01% or higher, diverging from the dose-
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Table 1. Effects of Tapinarof and FK506 on the Histopathological Changes in the Ear Skin (Microscopic Findings)

Group Sham  Vehicle Tapinarof Tapinarof Tapinarof FK506
Organ Concentration (%) 0.01% 0.1% 1% 0.1%
Findings Number of animals 10 10 10 10 10 10
Skin (ear) <10> <10> <10> <10> <10> <10>
Infiltration, inflammatory cells, dermis - 10 0 0 0 1 2
+ 0 0 0 0 2 3
+ 0 0 3 5 2 4
2+ 0 0 6 5 5 1
3+ 0 10 1 0 0 0
Acanthosis - 10 10 0 0 2 3
+ 0 0 3 4 1 4
+ 0 7 6 6 7 3
2+ 0 3 1 0 0 0
3+ 0 0 0 0 0 0
Crust - 10 0 0 0 2 4
+ 0 0 4 2 2 4
+ 0 6 6 8 6 2
2+ 0 4 0 0 0 0
3+ 0 0 0 0 0 0
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Fig. 4. Effects of Topical Administration of Tapinarof on AhR Activity and IL-4 Levels in DNFB-Induced Dermatitis in Mice

The relative mRNA expression of Cyplal (A) and Ngol (B) in the ear tissue on day 16 is shown as fold change relative to vehicle control. Data are expressed as mean + SD
(n = 10). Significant difference; **, p < 0.01 (Dunnett test). (C) ELISA kit was used to measure the IL-4 levels in the ear tissue on day 16. Data are shown as mean + SD (n = 10).
Significant difference; 1, p < 0.01; sham vs. vehicle (Aspin-Welch #-test), *, p < 0.05; vehicle vs. tapinarof 0.1%, **, p < 0.01; vehicle vs. tapinarof 0.01% and 1% (Dunnett test).
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dependent changes in Cyplal and Ngol expression induction.

On the other hand, there were some limitations in the pre-
sent study. In the evaluation of the DNFB-induced chronic
dermatitis model this time, we focused on detecting the IL-4
levels in the ear tissue, and the effect of tapinarof on other
Th2 cytokines such as IL-13 was not evaluated. In the previ-
ous report, IL-13 was measured 4 hours after the last DNFB
application.3) This condition was set based on the data that
IL-13 levels in the ear peak 4 to 6 hours after the last appli-
cation and decrease at 24 hours, whereas 24 hours was opti-
mal for IL-4 measurement. IL-13 is known to be regulated by
a negative feedback mechanism through its high-affinity bind-
ing to IL-13Ra2, a decoy receptor.3233 The difference in time
course between IL-4 and IL-13 may reflect this negative feed-
back mechanism. Furthermore, in this study, we did not inves-
tigate the AhR dependency in the suppression of dermatitis,
improvement of skin barrier function, antioxidant effects, or
IL-4 suppression effects in the DNFB-induced chronic derma-
titis model. Previous studies using AhR knockout mice have
demonstrated that the suppression of imiquimod-induced der-
matitis and other inflammatory cytokines is AhR-dependent.
Therefore, further investigations are required to examine the
AhR dependency using AhR KO mice or knockdown experi-
ments to elucidate the precise mechanisms underlying tapin-
arof’s effects.

AD is a chronic inflammatory skin disease clinically char-
acterized by skin inflammation, skin barrier dysfunction, and
chronic pruritus.!? The current mainstay of treatment is the
use of steroids and FK506, a calcineurin inhibitor, which exert
their therapeutic effects mainly through their anti-inflamma-
tory properties.? As described above, tapinarof has demon-
strated improvements in skin barrier function and antioxidant
effects. Due to its different mechanisms of action compared to
approved drugs, tapinarof may be beneficial for non-respond-
ers or poor-responders to existing drugs. It has been shown
that tapinarof enhanced Janus kinase (JAK) inhibitor-induced
regulation of FLG and LOR expression in NHEKs.?® Further
study of the effects of combination treatment should be con-
ducted. Additionally, recent clinical studies showed that tapin-
arof significantly improves pruritus.2) It is known that lympho-
cytes enhance IgE production via IL-4Ra/yC receptor-JAK1/
JAK3-STAT®6 axis in response to IL-4.!0 It is also reported that
activation of the AhR inhibits IL-4-induced IL-33 expression
in keratinocytes, a cytokine associated with pruritus in AD.3
Recently, tapinarof was reported to upregulate the expression
of semaphorin-3A, a nerve-repellent factor, in human keratino-
cytes.’® These results could potentially explain a portion of the
mechanisms of anti-pruritic effects of tapinarof in the clinical
trials. Further studies should be conducted in the future for a
comprehensive understanding of the mechanisms of tapinarof
on pruritus in AD.

In conclusion, this study indicates that tapinarof not only
improves skin barrier function and has antioxidant effects, but
also suppresses type 2 inflammation, which may contribute to
the amelioration of AD symptoms. These findings provide a
new perspective on the pharmacological actions of tapinarof
and position it as a promising novel topical treatment candi-
date for AD with different pharmacological properties from
existing topical agents.
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