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Abstract

Tapinarof is an aryl hydrocarbon receptor (AHR) ligand which is used to treat plaque
psoriasis in adults. However, the underlying mechanism is not yet fully understood.
In this study, we applied two of the most studied psoriasis mouse models: topical
application of imiquimod (IMQ) and subcutaneous injection of IL-23. Although both
models successfully induced psoriasis-like lesions in mice, tapinarof had a completely
opposite effect on the two models. Tapinarof decreased the expression of multiple
essential cytokines involved in the pathological IL-23/1L-17/1L-22 axis and ameliorated
IMQ-induced psoriatic dermatitis, inhibiting keratinocyte proliferation and abnormal
differentiation. However, in the IL-23-injection-model, tapinarof instead aggravated
the disease. Here, tapinarof increased epidermal thickness and differentiated epider-
mal dysplasia in mice. Our data suggest that tapinarof may have different effects on

varied types of psoriasis.
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1 | BACKGROUND

Psoriasis is a common, chronic, inflammatory, proliferative even
disfiguring condition of the skin. Both genetic and environmental
risk factors contribute to the disease.! T lymphocytes are key play-
ers in the development of psoriasis, specifically interleukin (IL)-17-
producing T helper (Th17) cells drive the disease.? Immunological
and genetic studies identified the IL-23/IL-17-axis as the main
mechanism of psoriasis pathogenesis.3'4 Psoriasis is currently in-
curable, but can be treated with retinoids, methotrexate, cortico-
steroids, cyclosporine, TNF-alpha inhibitors, topical therapy and
phototherapy.®> Tapinarof is a small-molecule aryl hydrocarbon
receptor (AHR) agonist.® It has been shown to ameliorate psoria-
sis,” and in 2022 was approved by the FDA as treatment for adult
plaque psoriasis. The clinical score of tapinarof for plaque psoriasis
in phase Ill, PASI 75, is significantly higher than calcipotriol (50.4%
vs. 38.5%).8 Nevertheless, the exact therapeutic mechanisms of
tapinarof are still unclear. To further investigate the mechanism
of tapinarof, we used the most studied animal models of psoriasis
research, IL-23 and imiquimod (IMQ) induction.” Both models in-
duce psoriasis-like lesions in mice, including acanthosis (thickening
of the epidermis), hyperkeratosis (thickening of the stratum cor-
neum) and hypokeratosis (retention of nucleated keratinocytes in
the stratum corneum).’

2 | QUESTIONS ADDRESSED

Here, we demonstrate that in the IMQ-induced psoriasis mouse
model tapinarof can significantly inhibit the proliferation and regu-
late the abnormal differentiation of keratinocytes, as well as reduce
expression of pro-inflammatory cytokines but does not ameliorate

psoriasis in the IL.-23-induced mouse model.

3 | EXPERIMENTAL DESIGN
3.1 | Psoriasis mouse model

C57BL/6J mice (age 6weeks, female) were purchased from
Shanghai SLAC Laboratory Animal Co. Ltd and housed under SPF
conditions with light-dark cycle. All mice were fed for 2weeks
to adapt to the new environment before any treatment. Mice
were treated with Tapinarof (#HY-109044, MedChemExpress,
USA) or vehicle 3days before induction of psoriaform dermatitis.
Dermatitis was induced by topical application of 62.5mg IMQ/
mouse (Sichuan Med-shine Pharmaceuticals) or subcutaneous in-
jection of 500ng IL-23/mouse (#ab259423, Abcam) into shaved
back skin for 5 consecutive days'® (Figure 1A). Mouse skin was
harvested at Day 5. Animal experiments were performed follow-
ing the general guidelines, and the protocol was approved by the
Animal Care and Use Committee of the School of Life sciences at
Fudan University, China.

3.2 | Real-time PCR

RNA was isolated from whole mouse skin by Trizol (#15596018,
Thermo Fisher Scientific), and cDNA was obtained by reverse tran-
scription (RR047, TAKARA). Real-time PCR was employed to meas-
ure the expression of IlI-17f, Cxcll and II-22. The following primer
sequences were used: II-17f Forward 5'-3' AACCAGGGCATTTCTGT
CCCAC, Reverse 5-3' GGCATTGA.

TGCAGCCTGAGTGT. Cxcl1 Forward 5-3" TCCAGAGCTTGAAG
GTGTTGCC, Reverse 5-3' AACCAAGGGAGCTTCAGGGTCA. II-22
Forward 5'-3' GCTTGAGGTGTCCAACTTCCAG, Reverse 5'-3' ACTCC
TCGGAACAGTTTCTCCC. I-23 Forward 5'-3" TCTCGGAATCTCTG
CATGCT, Reverse 5-3" ACTGGCTGTTGTCCTTGAGT. ll-1a Forward
5'-3" CGAAGACTACA GTTCTGCCATT, Reverse 5-3" GACGTTTC
AGAGGTTCTCAGAG. [I-36a Forward 5-3° GCAGCATCACCTTC
GCTTAGA, Reverse 5-3" CAGATATTGGCATGGGAGCAAG. II-36p
Forward 5-3" AGAGTATTCAAATGTGGGAACCG, Reverse 5-3’
GACCCATACCATCTGTTG TGAG. II-36y Forward 5-3" TCCTGACT
TTGGGGAGGTTTT, Reverse 5-3" TCACGCTGACT GGGGTTACT.
Gapdh Forward 5-3' AACTCCCACTCTTCCACCTTCG, Reverse 5-3’
TCCAC CACCCTGTTGCTGTAG.

3.3 | Immunohistochemical staining

Mouse skin was fixed in 4% paraformaldehyde overnight and em-
bedded in paraffin. Sections were placed in PH 6.0 citrate buffer
for repair, blocked with 5% BSA and incubated at 4°C with primary
antibody overnight. On the next day, samples were incubated with
secondary antibody for 50 min at room temperature, washed three
times in PBS and developed with DAB. Commercially purchased
antibodies include Ki67 (#ab15580, Abcam), KRT10 (#905404,
Biolegend) and LOR (#905104, Biolegend).

4 | RESULTS

IMQ and IL-23 both significantly induced the expression of
psoriasis-associated inflammatory cytokines/chemokines such
as IL-23, IL-17f, IL-22, IL-1a and chemokine (C-X-C motif) li-
gand 1 (CXCL1) (Figure 1B-F) and increased the psoriasis-like
skin thickening in mice (Figure 2A,B). As expected, tapinarof
ameliorated IMQ-induced psoriatic-like dermatitis (Figure 2A)
and significantly decreased expression of IL-23/IL-17/IL-22
(Figure 1B-D). These results are consistent with previous stud-
jes which showed that tapinarof can decrease IL-23 and IL-17.%!
However, tapinarof failed to alleviate these symptoms in the IL-
23-induced model. Unexpectedly, tapinarof further increased
the expression of 11-23, II-17f, 1I-22, lI-1a and Cxcl1. Since IL-36
signalling was found to be important in regulating the patho-
logical IL-23/IL-17/1L-22 axis and disease development, we also
investigated this cytokine family.12 Analysis of the expression
levels of II-36a/p/y showed the same pattern as before: In IMQ,
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FIGURE 1 Expression of inflammatory genes in psoriasis mouse models. (A) Schematic illustrating experimental design, tapinarof was
applied for 3days before IMQ/IL-23 treatment for five consecutive days. IMQ (62.5mg/mouse), IL-23 (500 ng/mouse, dissolved in 0.9%
NaCl), tapinarof (1%, dissolved in 60% ethanol). mRNA expression of 1I-23 (B), II-17f (C), II-22 (D), ll-1a (E), Cxcl1 (F), IL-36a (G), IL-36p (H) and
IL-36y (1) was measured by qRT-PCR in psoriasis mouse skin (n>6). *p <0.05, **p <0.01, ***p<0.001, m*p<0.00.1, the differences between

groups were assessed by t-test.

tapinarof decreases their expression, in IL-23 tapinarof in-
creases the expression (Figure 1G-I). Our data show that tap-
inarof reduces IMQ-induced upregulation of pro-inflammatory
mediators but it clearly increases the same mediators in the
IL-23-model.

Psoriasis is characterized by abnormal differentiation and pro-
liferation of keratinocytes due to hyperproliferation in the basal
and suprabasal levels of the epidermis, manifesting as epidermal
thickening.13 Our results showed that tapinarof could signifi-
cantly inhibit the proliferation and abnormal differentiation of
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FIGURE 2 Immunohistochemical staining in psoriasis mouse models. (A) HE staining in IMQ- and IL-23-induced mouse models of

psoriasis. (B) Quantitative analysis of epidermal thickness. (C) Immunohistochemical staining of Ki67/KRT10 and LOR.

differences between groups were assessed by t-test.

keratinocytes in the IMQ-model (Figure 2C). In the IL-23-model,
tapinarof did not only not ameliorate the epidermal thickening, it
even increased the abnormal proliferation and differentiation of

the mouse epidermis.

5 | CONCLUSIONS AND PERSPECTIVES

Topical application of IMQ daily for 5-7 days on mouse depilated back
or ears can induce significant psoriasis-like skin damage, including
parakeratosis and hyperproliferation.'* Due to its practicality, IMQ

Exkx

p<0.0001, the

has been used as the most common mouse model for psoriasis. IMQ
is a Toll-like receptor (TLR) 7/8 agonist which acts on skin dendritic
cells (DCs), mediating the secretion of IL-23. This polarizes T cells to-
wards Th17 cells, which then secrete IL-17 and 1L-22.1>%¢ Psoriatic
pathogenesis is almost completely blocked in mice deficient for IL-23
or the IL-17 receptor, demonstrating the significance of the IL-23/IL-
17 axis.'®> Abnormal production of pro-inflammatory cytokines is the

17-19 which allows their use

driver of many inflammatory skin diseases,
as direct disease models. Injection of the pro-inflammatory cytokine
IL-23 directly into mouse dermis leads to the activation of Th17 cells

and the development of psoriasis?® and is used as another mouse
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model for psoriasis.'” Consistent with previous results, in our hands
both models could successfully induce psoriatic skin lesions. In most
studies, the two models show the same trend in terms of therapeutic
effects.??? However, our results clearly show that tapinarof has an
opposite effect in the two models. The cause for this paradoxical reac-
tion must lie in the differences between the two models.

Tapinarof can resolve skin inflammation in mice and humans by
acting as an agonist for AHR, although its target cell(s) were not well
characterized.!! In DCs, AHR-signalling can inhibit the secretion of
inflammatory cytokines such as IL-1p, IL-6 and IL-23, alleviating skin
inflammation.2>24 Other studies found that in T cells AHR-signalling
markedly increases the proportion of Th17 cells and promotes their
secretion of inflammatory cytokines, specifically 1L-22.2° Thus, de-
pending on context, AHR-signalling can be both pro-inflammatory
or anti—inflammatory.26 In the IMQ-model, tapinarof activates AHR
on DCs, inhibiting the IMQ-induced secretion of IL-23 and thereby
disrupting the IL-23/IL-17/1L-22 axis of psoriatic pathogenesis at its
beginning.2>?* In the other model, IL-23 is exogenously injected into
the dermis and can directly activate Th17 cells, triggering psoriatic
pathogenesis. It is possible that in this model tapinarof simply has no
pro-inflammatory DCs to block. Instead, tapinarof-induced AHR signal-
ling in Th17 cells could further promote the secretion of inflammatory
cytokines.?’

The unexpected results from this study should raise our atten-
tion of choosing suitable mouse models to study the mechanism of
action (MOA\) in treating psoriasis. IL-23 plays a crucial role in psoria-
sis pathogenesis, and its application can effectively induce psoriasis-
like lesions. However, direct injection of IL-23 into the dermis might
bypass the pathogenesis upstream of IL-23 secretion, misleading the
development of drugs targeting those processes. Topical application
of IMQ might better model the whole process of the disease. Our
data indicate that tapinarof might inhibit inflammatory cytokine se-
cretion by skin DCs. This might also open up further avenues of ex-
ploration into why certain patients do or do not respond to tapinarof.
Finally, increasing evidence showed that many drugs' therapeutic ef-
fects are associated with the differential metabolism by microbiota
when the skin is considered an ecosystem.?”?8 It is therefore possi-
ble that the differences we observed between the models are due
to different effects of the treatments on the microbiome and the
compounding effect on skin immunity.2”°In summary, we believe
that these findings may provide significant hints in understanding
the mechanism of tapinarof in psoriasis.
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