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Topical Application of a PDE4 Inhibitor
Ameliorates Atopic Dermatitis through
Inhibition of Basophil IL-4 Production

Kazufusa Takahashi1,2, Kensuke Miyake1, Junya Ito1, Hinano Shimamura1,3, Tadahiro Suenaga3,
Hajime Karasuyama1 and Kenichi Ohashi2
Phosphodiesterase 4 inhibitors have been approved for the treatment of atopic dermatitis. However, the
cellular and molecular mechanisms underlying their therapeutic effect remain to be fully elucidated. In this
study, we addressed this unsolved issue by analyzing the action of difamilast, a novel phosphodiesterase 4
inhibitor, on an oxazolone-induced skin allergic inflammation commonly used as a mouse model of atopic
dermatitis. Topical application of difamilast ameliorated skin inflammation in association with reduced IL-4
expression even when the treatment commenced 4 days after the initiation of oxazolone challenge, showing
its therapeutic effect on atopic dermatitis. IL-4edeficient mice displayed milder skin inflammation than did
wild-type mice, and the difamilast treatment had little or no further therapeutic effect. This was also the case in
mice depleted of basophils, predominant producers of IL-4 in the skin lesion, suggesting that difamilast may act
on basophils. Notably, basophils accumulating in the skin lesion showed highly upregulated expression of
Pde4b encoding the B subtype of the phosphodiesterase 4 family. Difamilast suppressed IL-4 production from
basophils activated in vitro, at least in part, through inhibition of ERK phosphorylation. Taken together, difa-
milast appeared to ameliorate atopic dermatitis inflammation through the suppression of basophil IL-4 pro-
duction in the skin lesion.
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INTRODUCTION
Atopic dermatitis (AD) is an inflammatory skin disorder
characterized by chronic and recurrent itch and eczema,
which affects 15e30% of children and 2e10% of adults in
developed countries (Weidinger and Novak, 2016). Although
the precise pathogenesis of AD remains to be fully elucidated
(Weidinger et al, 2018), type 2 cytokines including IL-4 and
IL-13 have been considered to contribute to the development
of a certain type of AD as the antieIL-4Ra antibody dupilu-
mab successfully improved the signs and symptoms of
moderate-to-severe AD (Simpson et al, 2016). Currently, the
first-line approach for the treatment of AD is the topical anti-
inflammatory therapy with corticosteroids and calcineurin
inhibitors (Thyssen et al, 2020). Recently, topical therapies
targeting phosphodiesterase (PDE) 4 and JAK have been
shown to be effective in patients with AD (Nakagawa et al,
2020; Saeki et al, 2022a, 2022b), and therefore they are
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beginning to be used as alternative approach in clinical
practice (Guttman-Yassky et al, 2019; Kleinman et al, 2022).

cAMPs function as a key second messenger molecule
regulating signal transduction cascades (Maurice et al, 2014).
PDE4 catalyzes cAMP degradation and is subdivided into
four subfamilies, namely PDE4A, B, C, and D. Inhibition of
PDE4 elevates intracellular levels of cAMP, leading to the
reduced production of proinflammatory molecules in various
cells, including T cells, macrophages, dendritic cells, kera-
tinocytes, and endothelial cells (Li et al, 2018; Schick and
Schlegel, 2022). Recent studies have demonstrated that
PDE4 inhibitors are effective in the treatments of a wide va-
riety of disorders, such as chronic obstructive pulmonary
diseases, psoriasis, and AD (Fabbri et al, 2009; Paller et al,
2016; Papp et al, 2015; Schick and Schlegel, 2022; Tavares
et al, 2020). However, the systemic administration of PDE4
inhibitors often causes nausea and emesis as major adverse
events (Calverley et al, 2007). Studies using knockout mice
have revealed that mice deficient in PDE4D isoform are
protective against anesthesia-induced neurological event
(Robichaud et al, 2002), whereas mice deficient in PDE4B
isoform display alleviated lung allergic inflammation (Jin
et al, 2010). Therefore, PDE4B-selective inhibition would
be a good strategy for treating inflammatory disorders.

Two PDE4 inhibitors, crisaborole and difamilast, have
been approved for the topical treatment of AD in the United
States and Japan, respectively (Paller et al, 2016; Saeki et al,
2022a, 2022b). Nevertheless, the cellular and molecular
mechanisms underlying their therapeutic effect remain to be
s. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology. This is
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fully elucidated. Difamilast inhibits the activity of PDE4,
particularly PDE4B subtype (Hiyama et al, 2023), and has
been reported to improve signs and symptoms of AD in
adult and pediatric patients in the phase 3 clinical trials
(Saeki et al, 2022a, 2022b). In the preclinical study, the
topical application of difamilast ointment ameliorated the
ear thickening and cellular infiltration in a hapten 2,4,6-
trinitro-1-chlorobenzeneeinduced mouse model of AD
(Hiyama et al, 2023). Nevertheless, the main cells targeted
by difamilast remain ill-defined. In this study, we addressed
this issue by investigating the action of difamilast on an
oxazolone (OX)-induced skin allergic inflammation
commonly used as a mouse model of AD.
RESULTS
Difamilast shows a therapeutic effect on skin inflammation
in an OX-induced mouse model of AD

Topical application of 1% difamilast ointment, starting before
the first OX challenge, ameliorated the ear swelling, lichen-
ification, excoriation, and neutrophil infiltration in the skin
lesion, when compared with the treatment with ointment
base alone (Figure 1aed). Notably, even when the difamilast
treatment commenced 4 days after the initiation of OX
challenge (Figure 1e), the skin allergic inflammation was
ameliorated, judging from the reduction in skin thickening
(Figure 1f), lichenification, dermal hyperplasia (Figure 1g),
and infiltration of inflammatory cells, particularly neutrophils
(Figure 1h). In accordance with the reduced neutrophil
accumulation, the production of CXCL1, a neutrophil-
attracting chemokine, was also significantly diminished in
the skin lesion treated with difamilast (Supplementary
Figure S1). Thus, the difamilast treatment showed a thera-
peutic effect on AD-like skin inflammation.

Difamilast shows little or no further therapeutic effect on the
attenuated skin inflammation in IL-4edeficient mice

We found that the level of IL-4 production in the skin lesion
was reduced by the difamilast treatment (Figure 2a). On the
other hand, IL-13 production was w1,000 times lower than
that of IL-4, and the difamilast treatment showed no signifi-
cant effect on the level of IL-13 protein (Figure 2a). As we
reported previously (Yamanishi et al, 2020), IL-4edeficient
(Il4�/�) mice showed much milder skin inflammation than
wild-type mice in the OX-induced AD model, manifested by
the reduction in ear thickening, lichenification, dermal hy-
perplasia, and neutrophil infiltration, compared with wild-
type mice (Figure 2bed). Notably, the difamilast treatment
showed little or no further therapeutic effects in Il4�/� mice
unlike in wild-type mice, judging from no significant change
in ear swelling, histopathology, and neutrophil infiltration
(Figure 2bed). These observations suggested the possibility
that difamilast may ameliorate the skin inflammation through
the suppression of IL-4 production in the skin lesion.

Difamilast shows little or no further therapeutic effect on the
attenuated skin inflammation in basophil-depleted mice and
basophil-specific IL-4edeficient mice

We previously reported that basophils are the predominant
producers of IL-4 in the skin lesion of the OX-induced AD,
and the depletion of basophils ameliorated the skin inflam-
mation (Yamanishi et al, 2020). When difamilast ointment
was topically applied in OX-challenged mice in which ba-
sophils had been depleted by using anti-CD200R3 antibody
(clone: Ba160) (Figure 3aed) or Mcpt8DTR/þ mice treated
with diphtheria toxin to deplete basophils (Supplementary
Figure S2aed), little or no therapeutic effect was observed
as in the case of Il4�/� mice (Figure 2bed). This implied that
difamilast may act on basophils, leading to the amelioration
of skin inflammation.

Given that the number of basophils accumulated in the
skin lesion remained unchanged by difamilast-treatment
(Figure 1d), we assumed that difamilast may ameliorate the
skin inflammation through the suppression of the IL-4 pro-
duction from skin-infiltrating basophils rather than the inhi-
bition of basophil infiltration. Indeed, basophils isolated from
the skin lesion of difamilast-treated mice showed reduced
expression of Il4 compared with basophils from control mice
(Figure 3e). In accordance with this, the difamilast treatment
showed little or no further therapeutic effect on the attenu-
ated skin inflammation in basophil-specific IL-4edeficient
(Mcpt8iCre Il4fl) mice (Figure 3feh). Taken together, difamilast
appeared to ameliorate skin inflammation through inhibition
of IL-4 production from basophils.

Difamilast suppresses the production of IL-4 from activated
basophils in vitro

Difamilast has been shown to inhibit the enzyme activity of
PDE4, preferentially PDE4B (Hiyama et al, 2023). Therefore,
we assessed the expression profile of the PDE4 family in
basophils. The PDE4 family includes four subtypes (PDE4A,
PDE4B, PDE4C, and PDE4D) in both mice and humans (Li
et al, 2018; Maurice et al, 2014; Schick and Schlegel,
2022). Bulk RNA sequencing (RNA-seq) analysis revealed
that the expression of Pde4b was the highest among the
PDE4s in mature basophils isolated from the bone marrow
(GEO accession number: GSE206591 [Miyake et al, 2023])
and also in cultured bone marrowederived basophils
(BMBAs) (Figure 4a and b). Importantly, the Pde4b expression
was upregulated up to 25-fold by the stimulation with cyto-
kines (IL-3 þ IL-33) or 6-fold by antigen/IgE stimulation,
whereas the expression of other three subtypes remained
unchanged or even downregulated (Figure 4c and
Supplementary Figure S3a). Reanalysis of the publicly avail-
able single-cell RNA-seq datasets (GEO accession number:
GSE149121 [Liu et al, 2020]) (Supplementary Figure S4a)
revealed that basophils in the skin lesion of the OX-induced
AD model predominantly expressed Pde4b among the PDE4
family (Figure 4d). Notably, the Pde4b expression was upre-
gulated in basophils isolated from the OX-treated skin, as
compared with those isolated from control (ethanol)-treated
skin (Figure 4d), suggesting that PDE4B may play a key role in
the activation of basophils in the skin lesion.

Indeed, difamilast suppressed the IL-4 production from
BMBAs stimulated with cytokines (IL-3 þ IL-33) or antigen/
IgE in a dose-dependent manner (Figure 4e and
Supplementary Figure S3b). In contrast, the treatment with
GEBR-7b, a PDE4D selective inhibitor, had little or no effects
on IL-4 production from activated BMBAs (Figure 4e and
Supplementary Figure S3b). Moreover, the difamilast
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Figure 1. Difamilast exhibits a therapeutic effect on OX-induced AD-like skin inflammation. C57BL/6J mice sensitized with 3% oxazolone (OX) were

challenged every other day with topical treatment of 0.5% OX and vehicle alone on their right and left ear, respectively. (aed) One percent difamilast ointment

or ointment base (as control) was applied daily to both right and left ears starting from 1 day before the first OX challenge. In a, the experimental protocol is

depicted. In b, the time course of ear thickening is shown (DEar thickness ¼ OXevehicle; mean � SEM, n ¼ 3e4 mice each). In c, the gross appearance of the

affected ear skin on day 8 is shown. In d, the numbers of indicated cell types in the ear skin on day 8 are shown (mean � SEM, n ¼ 3 mice each). (eeh)

Difamilast or control ointment was applied daily to their ear skin starting after the third OX challenge. In e, the experimental protocol is depicted. In f, the time

course of DEar thickness is shown (mean � SEM, n ¼ 3e4 mice each). In g, the gross appearance of the affected ear skin (left panels) and H&E-stained specimens

(right panels; Bars indicate 200 mm) on day 8 are shown. In h, the numbers of indicated cell types in the ear skins on day 8 are shown (mean � SEM, n ¼ 3e4

mice each). Data shown in bed and feh are representative of at least three independent experiments. *P < .05, **P < .01, ***P < .001 measured by two-way

ANOVA with Sidak multiple comparison test (for b and f) or with Tukey multiple comparison test (for d and h). NS, not significant; OX, oxazolone.

K Takahashi et al.
Inhibitory Effect of Difamilast on Basophils

Journal of Investigative Dermatology (2024), Volume 1441050



Figure 2. Difamilast shows little or no therapeutic effect on the attenuated skin inflammation in IL-4-deficient mice. C57BL/6J mice were treated as in Figure 1

to induce AD-like skin inflammation. Difamilast or control ointment was applied daily to their ear skin starting after the third OX challenge. (a) The amounts of

IL-4 and IL-13 in tissue homogenates collected from the OX-induced skin lesions on day 8 are shown (mean � SEM, n ¼ 3e4 mice each). (bed) WT and Il4�/�

mice were treated with OX as in Figure 1. Difamilast or control ointment was applied daily to their ear skin starting after the third OX challenge. In b, the time

course of DEar thickness is shown (mean � SEM, n ¼ 4e5 mice each). In c, H&E-stained specimens (Bars indicate 200 mm) on day 8 are shown. In d, the

numbers of indicated cell types in the ear skin on day 8 are shown (mean � SEM, n ¼ 4e5 mice each). Data shown in bed are representative of at least three

independent experiments. *P < .05, **P < .01, ***P < .001 measured by two-way ANOVA with Tukey multiple comparison test (for a and d) or with Sidak

multiple comparison test (for b). NS, not significant; OX, oxazolone; WT, wild-type.
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treatment suppressed the activation-induced upregulation of
CD63 surface expression which reflects the degranulation
(Supplementary Figure S3c and d). Importantly, the difamilast
treatment had little effects on the surface expression of the
receptors, namely IL-3Ra, IL-33R, and FcεRIa on basophils
(Supplementary Figure S5a and b), or the viability of baso-
phils (Supplementary Figure S5c). These results clearly
demonstrated that difamilast directly acts on basophils to
suppress their activation, including the IL-4 production.

Difamilast interferes with the ERK phosphorylation in
activated basophils, leading to the suppression of IL-4
production

To explore the possible mechanisms by which difamilast in-
hibits the IL-4 production from activated basophils, we con-
ducted bulk RNA-seq analysis of BMBAs treated with
difamilast. Transcriptomic analysis revealed that difamilast
significantly reduced the gene expression of Il4 and basophil
activation marker (Cd69) in IL-3 þ IL-33estimulated BMBAs
(Figure 5a and Supplementary Figure S6a). Enrichment
analysis uncovered that the genes associated with “ERK1 and
ERK2 cascade” and “regulation of ERK1 and ERK2 cascade”
were significantly enriched among the genes downregulated
by the difamilast treatment (Figure 5b). In contrast, the genes
associated with “regulation of inflammatory response” and
“regulation of protein serine/threonine kinase activity” were
significantly enriched among the genes upregulated by the
difamilast treatment (Supplementary Figure S6b). In line with
this, the expression of dual specificity phosphatases (Dusp1,
Dusp5, and Dusp16), which are known to inhibit ERK
phosphorylation (Chen et al, 2019), was significantly upre-
gulated by the difamilast treatment (Supplementary
Figure S6c). The treatment with ERK1/2-specific inhibitor
(SCH772984) suppressed the IL-4 production from IL-3 þ IL-
33estimulated BMBAs (Figure 5c). Given that the difamilast
treatment significantly reduced the extent of ERK1/2 phos-
phorylation in IL-3 þ IL-33estimulated BMBAs (Figure 5d
and e), difamilast appeared to suppress the basophil IL-4
production, at least in part, through inhibition of ERK
phosphorylation.
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Figure 3. Difamilast has little or no therapeutic effect on the attenuated skin inflammation in basophil-depleted mice and basophil-specific IL-4edeficient

mice. (aed) C57BL/6J mice were treated with OX as in Figure 1. Difamilast or control ointment was applied daily to both right and left ears, starting after the

third OX challenge. Basophil-depletion antibody (Ba160; anti-CD200R3 monoclonal antibody), or its isotype-matched control antibody was intravenously

administered to mice three times, namely 1 day before, 4 and 7 days after the first OX challenge (as indicated by blue circles). In a, the experimental protocol is

depicted. In b, the time course of DEar thickness is shown (mean � SEM, n ¼ 3 mice each). In c, the H&E-stained specimens (Bars indicate 200 mm) on day 8 are

shown. In d, the number of indicated cell types in the ear skin on day 8 are shown (mean � SEM, n ¼ 3 mice each). (e) WT mice were treated as in Figure 1. The
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Figure 4. Difamilast inhibits IL-4 production from activated basophils. (a) Bulk RNA-seq data obtained from GSE206591 were reanalyzed. The normalized read

counts of four Pde4 subtypes in purified mature basophils from the bone marrow are shown (mean � SEM, n ¼ 3). (b and c) BMBAs were generated by culturing

bone marrow cells in the presence of IL-3 for 7 days. They were cultured with IL-3 þ IL-33 or control PBS for 4 hours. In b, BMBAs cultured with control PBS

were subjected to bulk RNA-seq analysis. The normalized gene counts of four PDE4 subtypes are shown (mean � SEM, n ¼ 3). In c, the mRNA expression of

indicated genes in BMBAs stimulated for 4 hours with IL-3 þ IL-33 or control PBS is shown. The value of mRNA expression in PBS-treated BMBAs was set as 1.

(d) Single-cell RNA-seq data obtained from ethanol-treated or OX-treated skin lesions were re-analyzed (GEO accession number: GSE149121). The mRNA

expression of four PDE4 subtypes in basophils detected in ethanol-treated and OX-treated skins is shown in dot plot. The size of the dots indicates the frequency

of cells expressing the genes while the color of the dots indicates the average gene expression level. (e) BMBAs were stimulated for 6 hours with IL-3 þ IL-33 or

control PBS in the presence of varying concentration of difamilast, GEBR-7b or vehicle DMSO alone. IL-4 concentration in BMBA supernatants is shown (mean

� SEM, n ¼ 3). Data shown in c and e are representative of at least three independent experiments. *P < .05, **P < .01, ***P < .001 measured by unpaired

Student t test (for c) or one-way ANOVA with Tukey multiple comparison test (for e). BMBA, bone marrowederived basophil; NS, not significant; OX,

oxazolone; RNA-seq, RNA sequencing; scRNA-seq, single-cell RNA-seq.
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DISCUSSION
Clinical studies reported that the topical treatment with PDE4
inhibitors effectively improve the disease severity and pruri-
tus in patients with mild-to-moderate AD (Paller et al, 2016;
Saeki et al, 2022a, 2022b), leading to the approval of crisa-
borole and difamilast for the treatment of AD. Nevertheless,
the cellular and molecular mechanisms underlying their
therapeutic effect on AD remain to be fully elucidated. In this
study, we examined OX-induced skin allergic inflammation
as a mouse model of AD and uncovered that difamilast
=
Il4 expression of in basophils isolated on day 8 from the spleen and the OX-treate

treated mice was set as 1. (mean � SEM, n ¼ 4 mice each). (feh) Mcpt8iCre Il4fl a

treated with difamilast or control ointment as in a. In f, the time course of DEar t
specimens (Bars indicate 200 mm) on day 8 are shown. In h, the numbers of indica

each). Data shown in beh are representative of at least three independent exper

Sidak multiple comparison test (for b and f) or with Tukey multiple comparison
ameliorates skin inflammation through the suppression of IL-
4 production by skin-infiltrating basophils.

PDE4 is the major family of PDE enzymes expressed in
immune and inflammatory cells and composed of 4 sub-
families encoded by Pde4a, Pde4b, Pde4c, and Pde4d,
respectively (Li et al, 2018; Maurice et al, 2014; Schick and
Schlegel, 2022). The expression level of each subfamily var-
ies depending on cell types and is differentially regulated by
various inflammatory stimuli (Maurice et al, 2014). In this
study, we demonstrated that mouse basophils display the
d skin is shown. The value of Il4 expression in spleen basophils from control-

nd control Mcpt8iCre mice were treated with OX as in Figure 1. The mice were

hickness is shown (mean � SEM, n ¼ 3e4 mice each). In g, the H&E-stained

ted cell types in the ear skin on day 8 are shown (mean � SEM, n ¼ 3e4 mice

iments. *P < .05, **P < .01, ***P < .001 measured by two-way ANOVA with

test (for d, e, and h). NS, not significant; OX, oxazolone; WT, wild-type.
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Figure 5. Difamilast blocks the ERK phosphorylation in activated basophils. BMBAs were generated as in Figure 4. (a and b) BMBAs were stimulated by IL-3 þ
IL-33 or control PBS in the presence of difamilast (3 mM) or vehicle DMSO alone for 4 hours and were subjected to bulk RNA-seq analysis (n ¼ 3, each). In a, a

hierarchically clustered heatmap of differentially expressed genes between difamilast- and vehicle-treated BMBAs is shown. In b, the top 10 enriched GO terms

in genes downregulated by difamilast are plotted in order of gene ratio. The size of the dots indicates the number of genes associated with indicated GO terms

while the color of the dots indicates the adjusted P-values (P. adjust) calculated by one-sided Fisher’s exact test with Benjamini-Hochberg correction. BMBAs

were stimulated for 6 hours with IL-3 þ IL-33 or control PBS in the presence of SCH772984 (SCH) or vehicle DMSO alone. IL-4 concentration in BMBA

supernatants is shown (mean � SEM, n ¼ 3). (d and e) BMBAs were stimulated by IL-3 þ IL-33 or control PBS in the presence of difamilast (3 mM) or vehicle

DMSO alone for 10 minutes. In d, the expression of phosphorylated ERK1/2 (p-ERK) in BMBAs is shown in open histograms. Shaded histograms indicate control

staining with isotype-matched control. In e, the frequency p-ERKhi cells is shown (mean � SEM, n ¼ 3). Data shown in cee are representative of at least three

independent experiments. *P < .05, ***P < .001 measured by one-way ANOVA with Tukey multiple comparison test (for c and e). GO, gene ontology.
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highest expression of Pde4b among the PDE4 family at the
resting state. Notably, the expression of Pde4b, but not other
family members, was highly upregulated in basophils when
stimulated in vitro with either cytokines or IgE/allergen,
suggesting that the upregulated expression of Pde4b may be
associated with the activation of basophils. In accordance
with this, the treatment with difamilast, a potent and selective
inhibitor of PDE4 especially the PDE4B, suppressed the IL-4
production by activated basophil in vitro. Transcriptomic
analysis predicted that the difamilast treatment affected the
expression of the genes associated with the ERK signaling
cascade in cytokine-stimulated basophils. Indeed, the difa-
milast treatment decreased the phosphorylation of ERK
Journal of Investigative Dermatology (2024), Volume 144
protein in parallel with the reduced production of IL-4 in
cytokine-stimulated basophils. Thus, difamilast appears to
suppress the IL-4 production from basophils, at least in part,
through inhibition of ERK phosphorylation.

The reanalysis of the publicly available single-cell RNA-seq
data revealed that the Pde4b expression was upregulated in
basophils accumulating in the skin lesion of the OX-induced
AD model even though it remains to be determined what
kind of factors promote the activation of basophils in the skin
lesion. Taken together with the observation that the topical
application of difamilast showed little therapeutic effect on
the skin inflammation attenuated in Il4�/�, basophil-depleted
or Mcpt8iCre Il4fl mice, it is likely that difamilast ameliorated
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skin allergic inflammation by means of the suppression of IL-
4 production through the inactivation of PDE4B in skin-
infiltrating basophils. However, we cannot exclude the pos-
sibility that difamilast also affects cell types other than
basophils.

We demonstrated in this study that the difamilast treatment
decreased the neutrophil infiltration concomitant with the
reduced production of CXCL1 in the skin lesion of the OX-
induced AD model. Mcpt8iCre Il4fl mice showed reduced
CXCL1 expression (Supplementary Figure S7a) and decreased
neutrophil infiltration in the skin lesion, whereas the fre-
quency of neutrophils in the peripheral blood under ho-
meostatic condition was comparable between Mcpt8iCre Il4fl

and control mice (Supplementary Figure S7b). Therefore,
basophil-derived IL-4 appears to stimulate CXCL1 production
in the skin, leading to the enhanced recruitment of neutro-
phils to the skin in this model, despite the previous report
showing that IL-4 rather suppresses the recruitment of
neutrophil to the skin in bacterial infection models
(Woytschak et al, 2016). Providing that neutrophils are re-
ported to promote skin inflammation in OX-induced skin
inflammation models (Lv et al, 2015; Strzepa et al, 2020;
Weber et al, 2015), one may assume that basophil-derived IL-
4 promotes skin inflammation partly through facilitating
neutrophil recruitment to the skin lesion in this model.

Re-analysis of the single-cell RNA-seq datasets (Liu et al,
2020) (Supplementary Figure S4a) revealed that Cxcl1 is
predominantly expressed in fibroblasts in the OX-induced
AD-like skin lesion (Supplementary Figure S4b). Moreover,
ligand-receptor interactome analysis inferred the intimate
interactions between basophils and fibroblasts via IL-4
signaling (Supplementary Figure S4c). Accordingly, it is
assumed that IL-4 secreted by skin-infiltrating basophils may
act on skin fibroblasts to produced CXCL1, promoting
neutrophil recruitment. Alternatively, it can also be assumed
that IL-4 promotes an itch response (Oetjen et al, 2017) that
damages skin to promote CXCL1 production and neutrophil
recruitment to the skin (Walsh et al, 2019). Difamilast might
block these cascades and therefore decreases the infiltration
of neutrophils to the skin lesion. Notably, in an ovalbumin-
induced AD model, the topical application of crisaborole
ointment has been shown to decrease the levels of neutrophil
attracting chemokines in the skin lesion, leading to the
reduced neutrophil infiltration and suppression of itch
sensation (Sakai et al, 2021). Given that skin-infiltrating ba-
sophils are the major producers of IL-4 in the ovalbumin-
induced AD model (Leyva-Castillo et al, 2022), crisaborole
perhaps acts on skin-infiltrating basophils to suppress the
neutrophil infiltration in a way similar to that observed in the
OX-induced AD model mice. Because the treatment of pa-
tients with AD with crisaborole ointment reportedly sup-
presses the expression of neutrophil attracting chemokines
(CXCL1, CXCL2, and CXCL8) in the skin lesion (Bissonnette
et al, 2019), it is possible that the common mechanism is
operative in the AD mouse models and patients with AD,
namely PDE4 inhibitoremediated suppression of neutrophil
accumulation in the skin lesion.

In conclusion, this study demonstrated that difamilast
ameliorates skin inflammation in the OX-induced AD model
by the suppression of basophil IL-4 production, most likely
through inhibition of ERK phosphorylation in basophils.
Providing that the accumulation of basophils can be detected
in more than half of patients with AD (Ito et al, 2011; Kim
et al, 2014; Mashiko et al, 2017), PDE4 inhibitors including
difamilast might show the therapeutic effect on AD inflam-
mation, at least in part, through suppression of basophil
activation, particularly in patients with AD with basophil
infiltration in the skin lesion.

MATERIALS AND METHODS
Mice

C57BL/6J mice were purchased from Sankyo Labo Service Corpo-

ration. Mcpt8DTR/þ knock-in mice (Wada et al, 2010), Il4�/� mice

(Kopf et al, 1993), Mcpt8iCre and Mcpt8iCre Il4fl mice (Shibata et al,

2018) were described previously. All mice were maintained under

specific pathogen-free conditions in our animal facilities. All animal

experiments were approved by the Institutional Animal Care and

Use Committee of Tokyo Medical and Dental University (A2022-

023C).

OX-induced murine skin inflammation model

OX-induced AD-like skin inflammation model was induced as

described previously (Yamanishi et al, 2020). In brief, mice were first

epicutaneously sensitized with 100 ml of 3% OX (MilliporeSigma) on

their abdomen 7 days before the first challenge, and repeatedly

challenged every other day with topical application of 10 ml of 0.5%
OX and vehicle alone on their right and left ear, respectively. For

ointment application, 30 mg per ear of 1% difamilast ointment (Otsuka

Pharmaceuticals) or ointment base alone were applied to both their

right and left ears, 30 minutes after the challenge of 0.5% OX. For the

antibody-mediated basophil depletion, mice were intravenously

injected with 50 mg of anti-CD200R3 monoclonal antibody (clone:

Ba160; prepared from hybridoma in our laboratory) or its isotype-

matched control antibody (clone: RTK4530; BioLegend) 1 day

before and 4 and 7 days after the first OX challenge. For the diphtheria

toxinemediated basophil depletion, Mcpt8DTR/þ mice were intrave-

nously injected with 500 ng of diphtheria toxin (MilliporeSigma) or its

inactive mutant (Glu52)ediphtheria toxin (MilliporeSigma) 1 day

before and 4 and 7 days after the first OX challenge. For H&E staining,

ear specimens were fixed for 18 hours with 4% paraformaldehyde/

PBS solution, embedded in paraffin, cut into 5 mm-thick sections, and

stained with H&E (Muto pure chemicals).

Flow cytometric analysis and cell sorting

The ear was incubated in complete RPMI (RPMI 1640 medium

[Nacalai tesque] supplemented with 10% fetal bovine serum

[MilliporeSigma], 1 mM sodium pyruvate [Nacalai tesque], 0.055

mM 2-mercaptoethanol [Thermo Fisher Scientific], 100 units/ml

penicillin/streptomycin [Nacalai tesque], and 0.1 mM MEM nones-

sential amino acids solution [Nacalai tesque]) containing 150 units/

ml of collagenase (FUJIFILM Wako Pure Chemical) for 2 hours. Cells

were then treated by normal rat serum (MilliporeSigma) and 2.5 mg/
ml of TruStain FcX PLUS antibody (BioLegend), followed by staining

with the indicated antibodies on ice for 20 minutes, and analyzed by

FACSLyric (BD Biosciences) and FlowJo ver.10.8.2 (BD Biosciences)

or sorted by FACSAriaIII (BD Biosciences). Dead cells were excluded

by staining with 1 mg/ml of propidium iodide (MilliporeSigma). Cell

lineages were defined as follows: hematopoietic cell (CD45þ),
neutrophil (CD45þLy6Gþ), macrophage (CD45þSiglecF�Ly6G�

CD11bþF4/80þ), eosinophil (CD45þSiglecFþ), and basophil

(CD45þc-Kit-CD49bþCD200R3þ).
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The generation and stimulation of BMBAs

BMBAs were generated by culturing bone marrow cells in complete

RPMI containing 0.3 ng/ml of recombinant mouse IL-3 (BioLegend)

for 7 days, followed by magnetic sorting of CD49bþ cells by using

biotinylated anti-CD49b antibody (clone: DX5; BioLegend) and

Mojosort streptavidin nanoparticles (BioLegend). For antigen/IgE

stimulation, they were sensitized with 2,4,6-trinitrophenolespecific

IgE (1 mg/ml) for 18 hours and then incubated at 37 �C with 2,4,6-

trinitrophenol-conjugated ovalbumin or control ovalbumin (10 ng/

ml) for 1 hour in the surface CD63 expression assay, for 4 hours in

the transcriptomic analyses or for 6 hours in the IL-4 production

assay. For non-IgE stimulation, nonsensitized BMBAs were incubated

at 37 �C with IL-3 (10 ng/ml) plus IL-33 (10 ng/ml; BioLegend) or PBS

for 4 hours in transcriptomic analyses or for 6 hours in the IL-4

production assay. IL-4 concentration in culture supernatants was

measured by ELISA MAX standard (BioLegend). For PDE inhibition,

difamilast (Otsuka Pharmaceuticals), GEBR-7b (MilliporeSigma), or

DMSO were added to the culture medium just before the addition of

indicated stimulants. For cell viability assay, BMBAs stained by ac-

ridine orange and DAPI (solution 18; ChemoMetec) were analyzed

by NucleoCounter NC-250 (ChemoMetec). For detection of phos-

phorylated ERK, BMBAs stimulated for 10 minutes with IL-3 þ IL-33

were fixed by 4% paraformaldehyde/PBS solution, stained with cell

surface molecules, permeabilized by True-Phos Perm Buffer (Bio-

Legend), and stained with anti-phosphorylated ERK or its isotype-

matched control antibody.

Bulk RNA-seq analysis and other transcriptomic analyses

Bulk RNA-seq analysis of BMBAs were performed as described

previously (Miyake et al, 2023; Ogawa et al, 2022). The detailed

methods for qRT-PCR analysis, bulk RNA-seq analysis, reanalysis of

single-cell RNA-seq data and statistical analysis are described in

Supplementary Materials and Methods.
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SUPPLEMENTARY MATERIALS AND METHODS
Antibodies and reagents

The following antibodies were purchased from BioLegend:
APC-conjugated anti-CD200R3 (Ba13), APC-Cy7-conjugated
anti-Ly6G (1A8), Brilliant Violet 421-conjugated CD11b (M1/
70), FITC-conjugated anti-CD45 (30-F11), Pacific Blue-
conjugated anti-c-Kit (2B8), PE-conjugated anti-CD63
(NVG-2), anti-IL-3Ra (5B11), anti-CD45 (30-F11), anti-
FcεRIa (MAR-1), anti-IL-33R (DIH9), Armenian hamster IgG
isotype control (HTK888) and rat IgG2a k isotype control
(RTK2758), PE-Cy7-conjugated anti-CD49b (HMa2) and
anti-F4/80 (BM8). Alexa Fluor 647-conjugated anti-Siglec-F
(E50-2440), anti-phosphorylated ERK1/2 (20A), and mouse
IgG1 k isotype control (MOPC-21) were purchased from BD
Biosciences. TNP-specific IgE antibody (clone: IGEL-b4;
ATCC) and anti-CD200R3 antibody (clone: Ba160) were
prepared from hybridoma in our laboratory. Oxazolone (4-
Ethoxymethylene-2-phenyl-2-oxazolin-5-one) and GEBR-7b
were purchased from MilliporeSigma. SCH772984 was pur-
chased from Selleck chemicals. Bulk powder of difamilast,
1% difamilast ointment and ointment base were provided
from Otsuka Pharmaceutical Co, Ltd.

Measurement of cytokines and chemokine in the skin lesions

The ear skins suspended in T-PER tissue protein extraction
reagent (Thermo Fisher Scientific) supplemented with Halt
protease and phosphatase inhibitor cocktail (Thermo Fisher
Scientific) were homogenized by using zirconium oxide
beads and Precellys evolution (Bertin Technologies). The
amounts of cytokines and chemokines in ear homogenate
were measured by LEGENDplex Multiplex Assay (Bio-
Legend), according to the manufacturer’s protocol.

qRT-PCR

For qRT-PCR of sort-purified basophils, cDNA was synthe-
sized from 300 cells of basophils by using QuantAccuracy,
RT-RamDA cDNA synthesis kit (TOYOBO), according to the
manufacturer’s protocol. For qRT-PCR of bone
marrowederived basophils, total RNA was extracted by
RNeasy Mini Kit (Qiagen), followed by cDNA synthesis with
SuperScript IV VILO master mix (Thermo Fisher Scientific).
qRT-PCR of cDNAs was performed on StepOnePlus Real-
Time PCR system (Thermo Fisher Scientific) by using Fast
SYBR Green master mix (Thermo Fisher Scientific) and
following primer sets: 50-GGCATTTTGAACGAGGTCAC-30

and 50-AAATATGCGAAGCACCTTGG-30 for Il4, 50-AAAA
GCTGGTACACACCGGAA-30 and 50-TTCAGTAAGTCCCGCT
CCTGG-30 for Pde4a, 50-CTGACCGGATACAGGTTCTTCG-30

and 50-CTCCCACAGTGGATGGACAA-30 for Pde4b, 50-
GGAGTTCTTTAGACAGGGTGACA-30 and 50-CAGTCTGG-
GAGCTTTCGTCA-30 for Pde4c, 50-TGCTCTCTACACCC
GCTTTG-30 and 50-AGAGCGAGTTCCGAGTTTGT-30 for
Pde4d, and 50-GCCCCTGCACTCTCGCTTTC-30 and 50-TGCC
AGGACGCGCTTGT-30 for Rplp0. Relative gene expression
levels were calculated by DDCT method with normalization
using Rplp0 expression.

Bulk RNA sequencing analysis

Bulk RNA sequencing analysis of bone marrowederived
basophils were performed as described previously (Miyake
et al, 2023; Ogawa et al, 2022). Ten thousand cells of bone
Journal of Investigative Dermatology (2024), Volume 144
marrowederived basophils were lysed by using lithium
dodecyl sulfate-based lysis buffer and mRNA was isolated by
using Dynabeads M-270 conjugated with oligo dT. On-beads
reverse transcription was performed by SuperScript IV
reverse transcriptase (Thermo Fisher Scientific), and polyC-
tailing, second strand synthesis, and whole-transcriptome
amplification was performed by TAS-Seq workflow (Shichino
et al, 2022). Whole-transcriptome library was subjected to
fragmentation/end-repair/A-tailing using NEBNext Ultra II FS
DNA Library Prep Kit for Illumina (New England Biolabs).
Pooled libraries were sequenced by Illumina Novaseq 6000
sequencer (Illumina). After adapter trimming by using
Cutadapt-v3.4 (Martin, 2011), the filtered reads were mapped
to reference RNA (GRCm38 release-101) using Bowtie2-2.4.2
(Langmead and Salzberg, 2012) and read number of each gene
were counted. Data normalization and differential expression
analyses were performed by TCC v.1.38.0 (Sun et al, 2013) in
R 4.2.3. GO enrichment analysis and heatmap visualization
were performed by clusterProfiler v4.6.2 and Complex-
Heatmap v2.14.0, respectively (Gu, 2022; Wu et al, 2021).

Re-analysis of single-cell RNA sequencing data

Re-analysis of single-cell RNA sequencing data of the skin
lesion of oxazolone-induced mouse AD model deposited in
NCBI GEO (accession number: GSE149121) (Liu et al, 2020)
was analyzed using R software package Seurat v4.3.0 (Hao
et al, 2021) in R 4.2.3. As quality control, cells with the
mitochondrial gene proportion >25% were filtered out. The
log-normalized gene counts were calculated using Normal-
izeData function and highly variable genes were defined by
FindVariableFeatures function. Principal component analysis
was performed on the variable genes, and principal compo-
nents with their P-value < .05 calculated by the jackstraw
method, were subjected to cell clustering and dimensional
reduction using Uniform Manifold Approximation and Pro-
jection. Then, we re-clustered GSE14921 excluding human
cells and Uniform Manifold Approximation and Projection
dimensional reduction was conducted (resolution ¼ 1.0).
Ligand-receptor interaction network analysis was performed
by CellChat v1.6.1 (Jin et al, 2021).

Statistical analysis

The analysis between two groups was performed with un-
paired Student’s t test. Analysis between more than three
groups was performed with one-way or two-way ANOVA. All
statistical analyses were performed by using GraphPad PRISM
ver.9.5.0 (GraphPad Software). P-value < .05 was considered
statistically significant.
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Supplementary Figure S2. Difamilast shows little or no further therapeutic effect on the attenuated skin inflammation in basophil-depleted Mcpt8DTR/D mice.

Mcpt8DTR/þ knock-in mice were treated with OX as in Figure 1. Difamilast or control ointment was applied daily to their ear skin, starting after the third OX

challenge. Diphtheria toxin (DT) or its inactive mutant (mutant DT; mDT) was intravenously administered to mice on 1 day before, 4 and 7 days after the first OX

challenge (as indicated by blue circles in a). (a) The experimental protocol is depicted. (b) The time course of DEar thickness is shown (mean � SEM, n ¼ 3 mice

each). (c) The H&E-stained specimens (Bars indicate 200 mm) on day 8 are shown. (d) The numbers of indicated cell types in the ear skin on day 8 are shown

(mean � SEM, n ¼ 3e4 mice each). Data shown in bed are representative of at least three independent experiments. **P < .01, ***P < .001 measured by two-

way ANOVA with Sidak multiple comparison test (for b) or with Tukey multiple comparison test (for e). DT, diphtheria toxin; mDT, mutant DT; NS, not

significant; OX, oxazolone.
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Supplementary Figure S3. Difamilast inhibits IL-4 production and degranulation of BMBAs stimulated in vitro with IgE/allergen. (a) BMBAs sensitized with

TNP-IgE were stimulated by TNP-OVA or control OVA for 4 hours. The mRNA expression of indicated genes in stimulated BMBAs is shown. The value of mRNA

expression in OVA-treated BMBAs was set as 1. (b) BMBAs sensitized with TNP-IgE were stimulated by TNP-OVA or control OVA for 6 hours in the presence of

varying concentration of difamilast, GEBR-7b or vehicle DMSO. IL-4 concentration of BMBA supernatants is shown (mean � SEM, n ¼ 3). (ced) BMBAs

sensitized with TNP-IgE were stimulated by TNP-OVA or control OVA for 1 hour in the presence of difamilast (3 mM) or vehicle DMSO alone. In c, the surface

expression of CD63 on BMBAs is shown in open histograms. Shaded histograms indicate control staining with isotype-matched antibodies. In d, the ratio of MFI,

namely MFI of CD63 staining divided by MFI of control staining, is shown in each experimental group (mean � SEM, n ¼ 3). Data shown in aed are

representative of at least three independent experiments. *P < .05, ***P < .001 measured by unpaired Student t test (for a), one-way ANOVA with Tukey

multiple comparison test (for b) or two-way ANOVA with Tukey multiple comparison test (for d). MFI, mean fluorescence intensity; NS, not significant; OVA,

ovalbumin; TNP-OVA, 2,4,6-trinitrophenol-conjugated ovalbumin.
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Supplementary Figure S4. Re-analysis of single-cell RNA-seq data of OX-induced AD-like skin lesion. Publicly available single cell RNA seq data (GEO

accession number: GSE149121) were re-analyzed. (a) UMAP plot of the ethanol-treated and OX-treated skins are shown. Colors indicate different Seurat

clusters. (b) Feature plots showing the expression of Il4 and Cxcl1 in the OX-treated skin are shown. Il4 was predominantly expressed in basophils (cluster 12),

whereas Cxcl1 was predominantly expressed in fibroblasts (cluster 20 and 22). (c) Ligand-receptor interactome analysis was conducted on datasets of the OX-

treated skins. Heatmap showing the relative importance of each cluster based on the computed network centrality measures of IL-4 signaling pathway.

Interactome analysis inferred that the major sender of IL-4 signaling was basophils (cluster 12), whereas the major receiver was monocyte-macrophages (cluster

0), cDCs (cluster 11 and 13) and fibroblasts (cluster 20 and 22). DC, dendritic cell, DETC, dendritic epidermal T cell; ILC, innate lymphoid cell; OX, oxazolone;

UMAP, Uniform Manifold Approximation and Projection.
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Supplementary Figure S5. Difamilast treatment shows little or no effect on the surface expression of IL-3Ra, FcεRIa, and IL-33R as well as the cell viability.

(a and b) BMBAs were treated with difamilast (3 mM) or vehicle DMSO for 6 hours and subjected to flow cytometric analysis. In a, CD200R3þCD49bþ basophils

among the c-Kit- population in the BMBAs were gated (left panels), and surface expression of IL-3Ra, FcεRIa, and IL-33R (right panels) are shown in open

histograms. Shaded histograms in the right panels indicate staining with isotype-matched control antibodies. In b, the ratio of MFI, namely MFI of CD63 staining

divided by MFI of control staining, is shown in each experimental group (mean � SEM, n ¼ 3). (c) BMBAs were stimulated for 6 hours by IL-3 þ IL-33 or control

PBS (left panel), and TNP-OVA or control OVA (right panel) in the presence of difamilast (3 mM) or vehicle DMSO. The frequency of Acridine orangeþ DAPI�

live cells among total Acridine orangeþ cells is shown (mean � SEM, n ¼ 3). Data shown in aec are representative of at least three independent experiments.

NS: not significant measured by unpaired Student t test (for b) or two-way ANOVA with Tukey multiple comparison test (for c). BMBA, bone marrowederived

basophil; NS, not significant; TNP-OVA, 2,4,6-trinitrophenol-conjugated ovalbumin; MFI, mean fluorescence intensity.
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Supplementary Figure S6. Difamilast treatment upregulates the dual specificity phosphatases in IL-3 D IL-33-stimulated BMBAs. Bulk RNA-seq data in

Figure 5a were analyzed. (a) A heatmap of indicated genes is shown. (b) The top 10 enriched GO terms in genes upregulated by difamilast are plotted in order of

gene ratio. The size of the dots indicates the number of genes associated with indicated GO terms while the color of the dots indicates the adjusted P-values (p.

adjust) calculated by one-sided Fisher exact test with Benjamini-Hochberg correction. (c) Normalized counts of the indicated genes are shown (mean � SEM,

n ¼ 3 each). *P < .05, **P < .01, ***P < .001 measured by unpaired Student t test.
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Supplementary Figure S7. Basophil-specific IL-4edeficiency reduces the

amounts of CXCL1 in the OX-treated skin, but not the frequency of

circulating neutrophils. (a) Mcpt8iCre Il4fl and control Mcpt8iCre mice were

treated with OX as in Figure 1. The amounts of CXCL1 in tissue homogenates

collected from OX-treated skin lesion on day 8 are shown (mean � SEM, n ¼
4 mice each). (b) The frequency of neutrophils among CD45þ cells in the

peripheral blood of Mcpt8iCre Il4fl and control Mcpt8iCre mice under

homeostatic condition is shown (mean � SEM, n ¼ 4 mice each). **P < .01,

NS: not significant measured by unpaired Student t test (for a and b). NS, not

significant.
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