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Summary

Atopic dermatitis (AD) is a chronic relapsing skin disease accompanied by recurrent itching. 

Although type 2 inflammation is dominant in allergic skin inflammation, it is not fully understood 

how non-type 2 inflammation co-exists with type 2 inflammation or how type 2 inflammation 

causes itching. We have recently established the FADS mouse, a mouse model of AD. In FADS 

mice, either genetic disruption or pharmacological inhibition of periostin, a downstream molecule 

of type 2 inflammation, inhibits NF-κB activation in keratinocytes, leading to downregulating 

eczema, epidermal hyperplasia, and infiltration of neutrophils, without regulating the enhanced 

type 2 inflammation. Moreover, inhibition of periostin blocks spontaneous firing of superficial 

dorsal horn neurons followed by decrease of scratching behaviors due to itching. Taken together, 

periostin links NF-κB–mediated inflammation with type 2 inflammation and promotes itching in 

allergic skin inflammation, suggesting that periostin is a promising therapeutic target for AD.
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INTRODUCTION

Atopic dermatitis (AD) is a chronic relapsing skin disease with persistent pruritus.1 It is 

widely accepted that type 2 inflammation is dominant in the pathogenesis of AD. Based on 

this notion, several therapeutic agents targeting type 2 cytokines such as dupilumab have 

been or are now being developed.2,3 However, it is also known that high expression of 

other types of inflammatory responses—type 1/type 17/type 22 inflammation as well as 

NF-κB–mediated inflammation—are accompanied by type 2 inflammation in skin lesions 

of patients with AD.4–7 Importantly, patients showing the expression profile combining type 

2 cytokines and non-type 2 cytokines have clinically more severe AD than patients with 

type 2 cytokines alone.7–10 Moreover, it has been reported that in patients with AD, high 

co-expression of type 2 and non-type 2 cytokines is correlated with resistance to topical 

steroid therapy.11 These findings suggest that involvement of non-type 2 inflammation in 

the pathogenesis of AD affects its clinical severity. However, it remains unclear how type 2 

inflammation and non-type 2 inflammation co-exist in the pathogenesis of AD and precisely 

what role is played by non-type 2 inflammation.

Chronic recurrent itching is a hallmark of AD, disturbing quality of life, including sleep 

and social activities, for patients with AD.12 Moreover, itch-mediated scratching behaviors 

worsen the skin barrier disruption, followed by exacerbating type 2 inflammation in the 

pathogenesis of AD.13 Therefore, to better treat patients with AD, it is important to clarify 

the molecular mechanism of itching and to establish a way to control it. The molecular 

mechanism of itch transduction through peripheral responses to pruritogens has been well 

characterized in recent decades.14,15 Pruritogens produced in the skin lesions of patients 

with AD activate peripheral sensory neurons such as dorsal root ganglia (DRG) neurons, 

promoting the opening of calcium-permeable ion channels, such as transit receptor potential 

vanilloid 1 (TRPV1) and ankyrin 1 (TRPA1), leading to itching.16 Itch signals are then 

processed in the superficial dorsal horn neurons of the spinal cord and are conveyed to the 

thalamus and the parabrachial nucleus. They are then projected into various areas in the 

central nervous system. It has recently been revealed that mouse non-peptidergic 2 (NP2) 

and NP3 type neurons express various type 2 cytokine receptors for IL-4, IL-13, IL-31, and 

IL-33, as well as thymic stromal lymphopoietin (TSLP).15 These cytokines produced in the 

skin lesions of patients with AD then activate TRPV1 and/or TRPA1 on these nerve cells via 

their cytokine receptors.17–20 Therefore, we need greater clarification of exactly how type 2 

inflammation is linked to the activation of peripheral nerve cells for itching.

Periostin is a matricellular protein belonging to the fasciclin family, transducing the 

signals in the cells by interacting with cell surface integrins such as αVβ3 or αVβ5.21,22 

We have previously demonstrated that periostin is a downstream molecule of IL-4 and 

IL-13 signals and is highly expressed in the dermis of skin lesions of patients with 

AD.23,24 Moreover, we have shown that serum periostin is high in patients with AD 
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correlated with their clinical severities, suggesting that serum periostin would be a useful 

biomarker for their treatment.25 Genetic deficiency of periostin diminished mite-induced 

allergic skin inflammation in mice.23 Moreover, we have confirmed by the 3-dimensional 

organotypic coculture system using keratinocytes and fibroblasts that periostin derived from 

fibroblasts binds to αVβ3/αVβ5 on keratinocytes, activating NF-κB followed by inducing 

pro-inflammatory mediators including TSLP.23,26 These findings suggest that periostin 

is critical in the pathogenesis of AD, accelerating type 2 inflammation. However, it 

remains elusive whether periostin is important for the onset of non-type 2 inflammation. 

Furthermore, it has recently been demonstrated that injection of periostin triggered scratch 

behaviors in mice, dogs, and monkeys and that periostin directly activated DRG sensory 

neurons via αVβ3 integrin, highlighting a role for periostin in AD pathogenesis as a 

pruritogen.27 The observation in prurigo nodularis, a type 2 inflammation-prone itchy skin, 

that the periostin expression levels are positively correlated with itching intensity supports 

this notion.28 Therefore, the precise role of periostin in the pathogenesis of AD awaits 

clarification, looking at overall inflammation as well as itching, using an appropriate in vivo 
model.

We have recently established a mouse model of AD named FADS (facial atopic dermatitis 

with scratching) mouse by selectively deleting Ikk2, a positive regulator for the NF-κB 

signaling, under the control of nestin expression.29,30 FADS mice exhibit eczema lesions 

limited to the face, probably due to expression of nestin in facial dermal fibroblasts derived 

from neural crest cells. Facial skin lesions of FADS mice show a high expression profile 

of type 2 inflammation-related genes (Il4, Il5, Il9, Il13, and Tslp) and the gene expression 

profile is very similar to that of patients with AD compared to other mouse models of AD. 

It is of note that expression of periostin, a downstream molecule of type 2 inflammation, 

is upregulated in the dermis of the skin lesions and in blood.29 These results demonstrate 

that the pathogenesis of FADS mouse is smilar to that of patients with AD.29 Moreover, 

expression of non-type 2 inflammation–related molecules in addition to type 2 inflammation 

type 17 family gene (Il17a), and the NF-κB–related cytokines (IL-10/20 family genes; 

Il10, Il19, Il20, and Il24, IL-1 family genes; Il1b, Il18, Il36a, Il36b, and Il36g, and pro-

inflammatory genes; Il6, and Tnf) is also upregulated in face skins of FADS mice. These 

results suggest that although it remains unclear how genetic disruption of Ikk2 in dermal 

fibroblasts causes AD-like phenotypes, the FADS mouse model is suitable for analyzing 

the correlation between type 2 and non-type 2 inflammation in the pathogenesis of AD. 

Moreover, FADS mice exhibit spontaneous, severe scratching behaviors due to itching, 

so it is a useful in vivo model for clarifying the molecular mechanism of itching in AD 

pathogenesis and to develop or evaluate therapeutic agents for itching. The finding of high 

periostin expression in FADS mice raises the possibility that periostin is involved in the 

setting of inflammation and itching in these mice.

In this study, we investigated the functional role of periostin in the pathogenesis of AD 

using our FADS mouse, taking both genetic and pharmacological approaches and finding 

that periostin plays a critical role in activating NF-κB in keratinocytes. In other words, 

periostin links NF-κB–mediated inflammation with type 2 inflammation in the FADS 

mouse. Moreover, we confirmed that in FADS mice, periostin causes spontaneous firing 

of itch-related neurons, followed by enhancing scratching behaviors due to itching. These 
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results provide us with a understanding of the mechanism behind the pathogenesis of AD as 

well as a promising strategy for treating patients with AD targeting periostin.

RESULTS

Infiltration of both eosinophils and neutrophils together with high expression of periostin 
in the facial skin of FADS mice

FADS/Postn+/+ mice showed eczema restricted to the face (Figure 1A), histological findings 

similar to patients with AD—acanthosis with spongiosis, hyper- and parakeratosis, and 

accumulation of eosinophils and mast cells in the dermis (Figure 1B)—and high expression 

of periostin dominant in the dermis and slightly in the epidermis (Figures 1C and D), 

as demonstrated earlier.29 We previously demonstrated that in FADS mice, expression of 

non-type 2 cytokines—type 17 inflammation-related gene (Il17a), and the NF-κB–related 

cytokines including the IL-10/20 family of genes (Il10, Il19, Il20, and Il24), IL-1 family 

of genes (Il1b, Il18, Il36a, Il36b, and Il36g), and pro-inflammatory genes (Il6 and Tnf)
—is upregulated in addition to type 2 inflammation-related genes (Il4, Il5, and Il13).29 

We investigated whether skin lesions in FADS mice histologically reflect such combined 

immunological abnormalities. We found that neutrophils, the effector cells of non-type 2 

inflammation, infiltrated dominantly into the dermis in FADS/Postn+/+ mice, and to a lesser 

extent in the epidermis (Figure 1E). Neutrophils as well as eosinophils infiltrated into the 

dermis area with the expression of periostin (Figure 1F). These results demonstrate that 

in the facial skin of FADS mice, both eosinophils and neutrophils are infiltrated together, 

reflecting high expression of type 2 and non-type 2 cytokines with high expression of 

periostin.

Identification of periostin-producing cells in the skin lesions of FADS mice

We have previously demonstrated that fibroblasts are the main periostin-producing 

cells in AD skin lesions,23 and it has been shown that periostin is expressed in 

COL6A5+COL18A1+ fibroblasts.31 In addition to fibroblasts, keratinocytes, vascular 

endothelial cells, and mast cells have been reported to have the potential to express 

periostin.32–34 To identify periostin-producing cells in FADS mice, we generated FADS/

PostnlacZ/+ mice, in which the Postn gene is replaced with the lacZ reporter gene in 

a heterogeneous manner. The β-galactosidase (β-gal) positive cells were increased in 

PDGFRα+ dermal cells and to a lesser extent in EpCAM+ epidermal cells of FADS mice 

compared to those of control mice, but not in either CD31+ endothelial cells or CD45.2+ 

leukocytes (Figure 2A). These results suggest that fibroblasts and keratinocytes are the 

periostin-producing cells in FADS mice.

We have previously demonstrated that facial dermal fibroblasts are heterogeneous and that 

Ikk2 is deleted in the neural crest cell-derived fibroblasts in which nestin is exclusively 

expressed in FADS mice.29 We next examined whether periostin-producing dermal 

fibroblasts overlap with nestin-expressing or Ikk2-deleted dermal fibroblasts in FADS mice 

using FADS/PostnlacZ/+/Rosa26RFP/+ mice. We found that although the cells with high β-gal 

activity (periostin-expressing cells) were increased in FADS mice compared to control mice, 

these cells were distributed in both the RFP+ population (Ikk2–non-expressing cells) and 
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the RFP− population (Ikk2-expressing cells) in PDGFRα+ dermal fibroblasts (Figure 2B). 

Moreover, when we incubated two kinds of primary cultured dermal fibroblasts derived 

from FADS/PostnlacZ/+/Rosa26RFP/+ mice—RFP+ cells and RFP− cells—with IL-13, both 

types of cells showed enhanced β-gal expression (Figure 2C). These results demonstrate 

that distributions of periostin and Ikk2 are not the same in facial dermal fibroblasts and that 

periostin is expressed in both Ikk2+ and Ikk2− dermal fibroblasts.

Improvement of the progression of skin inflammation by genetic disruption of periostin in 
FADS mice

To elucidate the functional roles of periostin in the onset or progression of skin inflammation 

in FADS mice, we applied a genetic approach to disrupt periostin by generating FADS/

PostnlacZ/lacZ mice. We confirmed disruption of the Postn gene and the periostin expression 

in the dermis of the facial skin in FADS/PostnlacZ/lacZ mice (Figure S1). Periostin deficiency 

did not prevent the onset of facial eczema; it appeared around postnatal day 10 (P10) as 

it also did in the control mice (Figures 3A and S2). However, eczema did not develop 

thereafter, and the eczema was significantly improved compared to FADS/Postn+/+ mice at 

both P17 and P28 in FADS/PostnlacZ/lacZ mice (Figure 3A). Histological analysis at P28 

showed reduced epidermal hyperplasia and dermis swelling (Figures 3B and C), decrease 

of neutrophils, mast cells, and F4/80+CD163+ M2 macrophages in FADS/PostnlacZ/lacZ 

mice (Figures 3D–G), whereas the numbers of eosinophils and basophils were not altered 

compared to FADS/Postn+/+ mice (Figures 3D–G). These data suggest that in FADS 

mice, periostin is critical for the progression, but not the onset, of skin inflammation 

including eczema, epidermal/dermal thickness, and infiltration of neutrophils, mast cells, 

M2 macrophages, but not of eosinophils and basophils.

Requirement of periostin for expression of the NF-κB–related cytokines and chemokines 
related to neutrophil migration in FADS mice

To clarify how genetic disruption of periostin improves skin inflammation in FADS mice, 

we compared the expression profiles of inflammatory cytokine and chemokine genes. FADS/

PostnlacZ/lacZ mice showed expression comparable to or higher than FADS/Postn+/+ mice 

in type 2 cytokines Il4, Il5, and Il13; a type 17 cytokine, Il17a; and the type 2 inflammation-

related chemokines Ccl11, Ccl17, and Ccl24 (Figure 3H). In contrast, expression of 

NF-κB–related cytokines—Il1b, Il24, and Il33—and chemokines related to neutrophil 

migration—Ccl3, Ccl4, and Cxcl2—was significantly downregulated in FADS/PostnlacZ/lacZ 

mice. Expression of other NF-κB–related cytokines and chemokines related to neutrophil 

migration—Il1a, Il6, Il19, Il20, Tslp, and Cxcl1—tended to be downregulated in FADS/

PostnlacZ/lacZ mice, although it was not statistically significant. These results demonstrate 

that periostin is required for expression of NF-κB–related cytokines and chemokines related 

to neutrophil migration, but not expression of type 2 cytokines and chemokines related to 

infiltration of eosinophils and basophils.

Inhibition of NF-κB activation by periostin disruption in keratinocytes of FADS mice

It remains undetermined how disruption of Ikk2 in fibroblasts leads to appearance of 

phenotypes similar to patients with AD in FADS mice. To understand the biological 

effects induced by genetic deficiency of Ikk2 in fibroblasts and the inhibitory effects by 
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periostin disruption in vivo, we comprehensively identified the genes that are upregulated 

in facial skins of FADS mice and are downregulated by periostin disruption using the Cap 

Analysis of Gene Expression (CAGE) method (Table S1 and Figure 4). Comparisons of 

either the upregulated or downregulated genes in FADS/Postn+/+ mice compared to control/

Postn+/+ mice and either the upregulated or downregulated genes in FADS/PostnlacZ/lacZ 

mice compared to FADS/Postn+/+ mice are depicted in the vertical and horizontal axes, 

respectively (Figure 4A). The cytokines and chemokines that we found were upregulated 

in FADS/Postn+/+ mice and were downregulated in FADS/PostnlacZ/lacZ mice shown in 

Figure 4—Il1b, Il24, Il33, Ccl3, Ccl4, and Cxcl2 genes—were distributed in the upper left 

quadrant, indicating concordance between the CAGE method and the qPCR method. We 

focused on 365 genes in the black square (Table S2) in the upper left quadrant as the genes 

upregulated in FADS mice and downregulated by periostin disruption, applying these genes 

to pathway enrichment analysis to characterize them.

Gene ontology (GO) analysis showed that genes annotated with keratinization and 

neutrophil chemotaxis were significantly enriched in the 365 genes (Figure 4B and Table 

S3), consistent with the histological findings that epidermal hyperplasia and neutrophil 

infiltration were reduced in FADS/PostnlacZ/lacZ mice, as shown in Figure 3. We next 

examined the transcription factors regulating the genes that are upregulated in FADS 

mice and are downregulated by periostin disruption. Downstream molecules of NF-κB1 

and RelA were enriched in the 365 genes (Figure 4C), and these genes largely involved 

the genes related to neutrophil chemotaxis, immune response, keratinization/keratinocyte 

differentiation, and leukocyte activation (Figure 4D). Moreover, NF-κB1–target genes were 

included in the RelA-target genes (Figure 4E).

These results indicated the possibility that NF-κB molecules are activated in some cells 

other than nestin-expressing fibroblasts in which Ikk2, the critical molecule for the canonical 

pathway of the NF-κB signals, is deleted, and that periostin is critical in activating these NF-

κB molecules. We confirmed that Ikk2 was expressed in keratinocytes because only a small 

population expressing both EpCAM+ and REFP+ existed in FADS/Postn+/+/Rosa26RFP/+ 

mice (Figure 4F). We next examined activation of NF-κB p65/Rel A in inflamed skin in 

FADS/Postn+/+ and FADS/PostnlacZ/lacZ mice. Keratinocytes showed cytosolic expression 

and nuclear localization of p65, which were diminished in FADS/PostnlacZ/lacZ mice 

(Figure 4G). Taking these results together, NF-κB molecules are spontaneously activated 

in keratinocytes of FADS mice, and periostin is critical for activating NF-κB molecules in 

keratinocytes.

Periostin promotes itching by spontaneously firing neurons in FADS mice

We have previously shown that FADS mice spontaneously exhibit severe scratching 

behaviors due to itching.30 Surprisingly, genetic disruption of periostin significantly 

decreased scratching behaviors during all of the observed periods from 4 to 12 weeks 

(Figure 5A and Supplemental movie 1), suggesting the importance of periostin in causing 

itching, although it was unclear whether in FADS mice, the roles of periostin in itching 

are direct or indirect. We excluded the possibility that decreased scratch behavior was due 
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to decreased motor activities because there was no difference in motor activities between 

FADS/Postn+/+ and FADS/PostnlacZ/lacZ mice (Figure S3).

We next performed in vivo extracellular recording, sensing the firing of superficial dorsal 

horn neurons (<100 μm from the surface) that receive itch signals from peripheral sensory 

neurons. We confirmed that recorded neurons were located in dorsal horn at comparable 

depths in FADS/Postn+/+ and FADS/PostnlacZ/lacZ mice (FADS/Postn+/+, 51.2 ± 3.2 μm; 

FADS/PostnlacZ/lacZ 57.3 ± 2.8 μm, Figure S4). The spontaneous firing in the dorsal horn 

neurons was much higher in FADS/Postn+/+ mice than in FADS/PostnlacZ/lacZ mice (Figure 

5B). Scratching bouts and spontaneous firing in FADS/Postn+/+ and FADS/PostnlacZ/lacZ 

mice showed significant correlations (Figure 5C, FADS/Postn+/+, r = 0.88, P < 0.05; FADS/

PostnlacZ/lacZ, r = 0.96, P < 0.01). These data suggest that periostin promotes itching in 

FADS mice and increasing spontaneous firing in the dorsal horn neurons would be one of its 

underlying mechanisms.

Effects of pharmacological inhibition of periostin on skin inflammation and itching in 
FADS mice

We have previously shown that CP4715, an αVβ3 integrin inhibitor, potently inhibits the 

binding of periostin to the receptor and that administration of CP4715 into mice improves 

bleomycin-induced lung fibrosis.35 We examined the effects of CP4715 administration into 

FADS mice on skin inflammation and itching by applying two kinds of administrations: 

continuous administration (Figure 6A) and single shot. Continuous administration of 

CP4715 improved eczema (Figure 6B), epidermal thickness (Figures 6C and D), infiltration 

of neutrophils, mast cells, and M2 macrophages (Figures 6C and E). It also improved 

the expression of NF-κB–related cytokines—Il1a, Il1b, Il6, Il19, Il24 and Tslp—and 

chemokines related to neutrophil migration—Ccl3, Ccl4, Cxcl1, and Cxcl2 (Figure 6F). 

Consistent with these observations, CP4715 treatment decreased cytosolic expression 

and nuclear localization of p65 in keratinocytes in FADS mice (Figure 6G). Moreover, 

scratching bouts on day 8 and day 15 after CP4715 treatment were significantly reduced 

(Figure 6H). We next examined the effects of single-shot administration of CP4715 on 

itching and spontaneous firing of neurons in FADS mice. The single shot immediately 

started to reduce the spontaneous firing of neurons, its inhibitory effect reaching the 

maximum at 40 min after administration (Figure 6I). Scratching bouts were immediately 

reduced after administration, with inhibitory effects continuing for about 40 minutes as 

well (Figure 6J and Supplemental movie 2), indicating that the effects of periostin on 

sensory neuron cells are probably direct. We confirmed that the same treatment with CP4715 

did not reduce motor activity (Figure S5), excluding a possible sedative effect on the anti-

itch actions of CP4715. Furthermore, neutralizing anti-periostin Ab (OC-20) significantly 

decreased scratching bouts in FADS/Postn+/+ mice as well (Figure S6). These data suggest 

that periostin probably directly promotes itching and that in FADS mice, pharmacologically 

inhibiting periostin by continuously administering CP4715 is effective for improving skin 

inflammation and itching.
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DISCUSSION

We previously established FADS mice by selectively deleting Ikk2 under the control of 

nestin expression, finding that soon after birth, FADS mice spontaneously evoke eczema 

similar to patients with AD, suggesting that FADS mice would be a useful mouse model 

of AD. Particularly, since it is suggested that dupilumab sometimes fails to improve 

skin symptoms of the face despite its dramatical effect on the other body parts, 36 this 

model may be useful to discriminate the pathogenesis of skin inflammation in faces and 

in bodies in AD. However, the underlying mechanism of how selective deletion of Ikk2 

causes such phenotypes had remained unclear.29 We have demonstrated that activation 

of STAT3 and STAT6 is pronounced in keratinocytes and in immune cells, respectively, 

reflecting excess production of inflammatory cytokines in FADS mice;29 however, this 

cannot fully explain the pathogenesis of FADS mice. It has been recently reported that 

selective deletion of Ikk2 in Prx1+ fibroblasts causes skin inflammation in mice in which 

infiltration of eosinophils, neutrophils, and macrophages is pronounced.37 The phenotypes 

of these mice are very similar to FADS mice. It was reported that CCL11 is important 

for the pathogenesis of these mice, based on the finding that neutralization of CCL11 

downregulated infiltration of eosinophils and TH2 cells.37 However, in this study, we show 

that disrupting or inhibiting periostin did not downregulate CCL11 expression, while many 

pathological features of FADS mice disappeared following these manipulations (Figure 3H). 

Alternatively, in this study, we showed that NF-κB molecules were spontaneously activated 

in keratinocytes of FADS mice and that inhibiting periostin downregulated activation of 

NF-κB molecules together with decreasing expression of NF-κB–related molecules. These 

results suggest that the pathological pathways via CCL11 and periostin co-exist in these 

two kinds of Ikk2-deleted mice. In contrast, we exclude the possibility that deletion of 

Ikk2 directly programs expression of periostin in fibroblasts because nestin-expressing and 

periostin-producing fibroblasts did not overlap with each other (Figure 2). Considering 

our results together, we have concluded that paradoxical, spontaneous activation of NF-κB 

molecules in keratinocytes is an important underlying mechanism of FADS mouse and that 

periostin is critical for the activation.

We have previously demonstrated that using a 3-dimensional organotypic coculture system 

composed of keratinocytes and fibroblasts, periostin secreted from fibroblasts acts on 

keratinocytes via its receptors, integrins, activating NF-κB molecules in keratinocytes.23,26 

FADS mice spontaneously produce excess amounts of periostin due to enhanced type 2 

inflammation as we previously showed.29 In this study, we showed that fibroblasts, and 

to a lesser extent keratinocytes, were periostin-producing cells in FADS mice (Figure 

2). These results suggest that periostin derived from fibroblasts, and to a lesser extent 

from keratinocytes, acts on keratinocytes in a paracrine or autocrine manner in vivo, as 

we showed in an in vitro system. Subsequent to the previous study, we assumed that 

the amplification of type 2 inflammation would be a main effect of periostin on NF-κB 

activation in keratinocytes, based on the finding that TSLP expression is enhanced in 

keratinocytes of the 3-dimensional organotypic coculture system.23,26 However, it turned out 

in this study that activation of NF-κB–mediated inflammation, a non-type 2 inflammation, 
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rather than the amplification of type 2 inflammation, would be the main effect of NF-κB 

activation in keratinocytes by periostin in vivo.

In this study, we showed that following activation of NF-κB in keratinocytes, periostin 

induced expression of NF-κB–related cytokines—Il19, Il20, and Il24 (IL-20 family 

cytokines), Il1a, Il1b, Il6, Il33, and Tslp (IL-1 and pro-inflammatory cytokines)—and Ccl3, 

Ccl4, Cxcl1, and Cxcl2 (chemokines related to neutrophil migration, Figures 3 and 6), and 

keratinization-related molecules (Figure 4), resulting in infiltration of neutrophils and M2 

macrophages as well as in epidermal hyperplasia (Figures 1 and 3). It is known that IL-4 

and IL-13 potently induce polarization to M2 macrophages.38 On the other hand, it has 

been previously reported that periostin directly promotes polarization to M2 macrophages 

and recruitment of M2 macrophages.39,40 Therefore, periostin may be involved in the 

infiltration of M2 macrophages by either enhancing M2 polarization or recruitment of M2 

macrophages independently of IL-4 and IL-13. Although it is known that neutrophilia is 

correlated with the clinical severity of AD in patients, its precise pathological significance 

remains undetermined.41,42 It has been reported that neutrophils increase colonization 

of Staphylococcus aureus, a potent pathogen for patients with AD, and that neutrophils 

promote chronic itching via CXCL10 production.43,44 In accord with these findings, a recent 

study demonstrated that blockade of neutrophil infiltration by anti-CXCR2 Ab abrogates 

acanthosis with spongiosis, parakeratosis, and itch in allergic skin inflammation.45 Massive 

infiltration of M2 macrophages is a typical feature of chronic AD skin.46,47 Since M2 

macrophages have the potential to produce pro-fibrogenic mediators, M2 macrophages 

are thought to be involved in dermal fibrosis in chronic AD.48 Epidermal hyperplasia 

contributing to formation of hyper- and parakeratosis is also known to be a typical feature 

of AD, correlated with clinical severity.49–51 Although the precise significance of epidermal 

hyperplasia in the pathogenesis of AD remains unclear, it has been reported that epidermal 

hyperplasia decreases sweating in patients with AD, thereby exacerbating skin inflammation 

and itching.52,53 Moreover, we have proposed that epidermal hyperplasia may contribute 

to massive production of pro-inflammatory cytokines from keratinocytes.23 In accordance 

with these presumed functions of neutrophil infiltration, M2 macrophage infiltration, and 

epidermal hyperplasia, it is known that activation of NF-κB molecules in keratinocytes is a 

characteristic of severe AD in patients.54 These results indicate that the FADS mouse is a 

model similar to severe AD in patients and that periostin is involved in exacerbation of skin 

inflammation of AD by linking NF-κB–related inflammation with type 2 inflammation.

Linkage between type 2 inflammation and itching has recently been proposed: type 2 

cytokines—IL-4, IL-13, IL-31, IL-33, and TSLP—acts on mouse NP2 and NP3 type 

neurons followed by activation of TRPV1 and/or TRPA1, evoking itching.15,17–20 But 

expression of IL-4 and IL-13 was not downregulated in periostin-inhibited FADS mice, 

while itching was significantly decreased in these mice (Figures 3H and 5A). Moreover, 

as we previously showed, IL-31 expression was not increased in FADS mice29 and neither 

genetic disruption nor pharamacological inhibition of periostin changed IL-31 expression 

(Figure S7). These results suggest that neither IL-4, IL-13, nor IL-31 might be involved 

in itching in FADS mice. Since either genetic disruption or pharmacological inhibition 

of periostin downregulated recruiment of neutrophils, but not expression of CXCL10 

(Figure S7), it is unlikely in FADS mouse that the neutrophil-CXCL10-CXCR3 pathway 
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is involved in promoting itching as previously suggested.44 In contrast, genetic disruption 

or pharmacological inhibition of periostin significantly reduced itching in FADS mice 

(Figures 5 and 6). Of particular importance is that single-shot administration of CP4715 

immediately started to downregulate spontaneous neuron firing, followed by decreased 

scratching behaviors (Figures 6I and J). These results strongly suggest that periostin directly 

acts on sensory neurons, evoking itching. Mishra et al. have reported that by administering 

periostin into several animals and using a neurophysiological approach, periostin directly 

activates DRG sensory neurons, inducing itching.27 Moreover, they showed that conditional 

disruption of β3 integrin on nerve cells decreased MC903-induced itching. Our present 

findings support their observations. Alternatively, it is known that several epithelial 

cytokines such as IL-33 and TSLP directly activate peripheral sensory neurons followed 

by activation of TRPV1 and/or TRPA1, evoking itching16 and either genetic disruption or 

continuous pharmacological inhibition of periostin reduces expression of IL-33 and/or TSLP 

in the facial skin of FADS mice (Figures 3, 4, and 6). Therefore, it is also possible that 

periostin indirectly promotes itching via production of IL-33 and TSLP. The underlying 

mechanism of how type 2 inflammation causes itching may be heterogenous.12,16 It is of 

note that the effect of genetic disruption on itching is more obvious in four-week-old FADS 

mice than in older ones (Figure 5A), suggesting that the contribution of periostin to itching 

may be different among the stages of skin inflammation. We need to clarify this point for 

patients with AD in the future.

We in this study showed that genetic disruption of periostin did not prevent the onset, 

but the development, of skin inflammation (Figures 3A and S2), suggesting that genetic 

inhibition of periostin would be useful for ameliorating rather than preventing allergic skin 

inflammation. In accordance with this notion, CP4715, an inhibitor against αvβ3 integrin, 

improved skin inflammation together with itching in FADS mice (Figure 6). CP4715 

is a low-molecular compound having a tetrahydropyrimidin-2-yl-amino moiety at the N-

terminus and a benzoyl moiety at the center and was developed as an integrin inhibitor.55–58 

We confirmed that CP4715 has a potent inhibitory effect on the interaction between periostin 

and αvβ3 integrin and that administering CP4715 improved bleomycin-induced lung fibrosis 

in mice by blocking the periostin signals.35 Mishra et al. demonstrated the inhibitory effects 

of cilengitide, another inhibitor against αvβ3/αvβ5, on activation of DRG sensory neurons 

by periostin.27 These results suggest that the interaction between periostin and αvβ3 would 

be a promising therapeutic target for the treating patients with AD, particularly for itching. 

Given that the underlying mechanism of itching is heterogenous among patients with AD, 

it is hoped that a therapeutic agent targeting this interaction will be developed to realize 

precision medicine for AD.

Limitations of the study

It still remains unclear which subtype of patients with AD show the same pathogenesis 

of skin inflammation and itching as that of FADS mouse, because it is thought that the 

pathogenesis of AD is heterogenous.8,12,16 It is awaited to stratify the endotypes of AD more 

clearly and to investigate which endotype of AD corresponds to the pathogenesis of FADS 

mouse. Unfortunately, the present study was not designed to analyze clinical samples from 

patients with AD. Thus, we could not examine the relationship between expression levels of 
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periostin in skin lesions and in blood and the severity of itching in different endotypes of 

AD. Moreover, we examined the effects of periostin deficiency or inhibition mainly on skin 

tissues in this study. It is important to analyze the effects of periostin deficiency or inhibition 

on non-skin tissues such as the nerve system in the future. In this study, we focused on 

periostin as a pruritogen However, it is known that various type 2 cytokines also acts as 

pruritogens. We need to clarify specificity and/or redundancy of these type 2 mediators as 

pruritogens in the future.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Satoshi Nunomura (nunomura@cc.saga-

u.ac.jp).

Materials availability—There are restrictions on the availability of all mouse strains, 

rabbit anti-periostin Ab, and CP4715 used in this study due to potential requirements for 

materials transfer agreements with the host institution where these materials were generated.

Data and code availability

• The CAGE dataset generated in the study has been made available in the NCBI 

GEO (GSE198169).

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available upon request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal experiments were performed following the Guidelines for Care and 

Use of Experimental Animals as required by the Japanese Association for Laboratory 

Animals Science (1987) and approved by the Saga University Animal Care and Use 

Committee (#27-051-2) and the Committee for Animal Experiments at the University of 

Toyama (A2020MED-6). All mice were bred in the animal facility of the Saga Medical 

School or the University of Toyama under specific pathogen-free conditions. Two to five 

mice were housed per cage under a 12-hour light/dark cycle in both facilities and were 

given access to food and water ad libitum. Most of the experiments were performed using 

4-week-old female and male mice. In some experiments for scratching bouts, motor activity, 

and in vivo extracellular recording, we used female and male mice from 4 to 16 weeks 

old. Nestincre, Ikk2f/f, PostnlacZ/lacZ, and Rosa26RFP/RFP mice59–62 were prepared by Dr. 

Gail R. Martin, Dr. Manolis Pasparakis, Dr. Simon J. Conway, and Dr. Hans Joerg Fehling, 

respectively. All mice have been backcrossed at least five generations into C57BL/6J mice 

and maintained on normal chow. FADS mice (Nestincre/Ikk2f/f mice) were generated by 

crossing female Ikk2f/f mice with male Nestincre/Ikk2f/f mice, as described previously.29 

FADS mice with gene manipulation of PostnlacZ allele and/or Rosa26RFP allele were 
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prepared in our laboratory. Genotyping PCR of offspring from all breeding steps was 

performed with allele-specific primer pairs.

Preparation of primary dermal fibroblasts and dermal cells—Mouse dermal 

fibroblasts were isolated from skin removed from the face of the neonatal FADS/PostnlacZ/+/

Rosa26RFP/+ mouse (P0) as previously described.63 Briefly, the face skin was cut, and 

dermal cells were dispersed with 0.14 Wunsch units/mL Liberase TM (Roche Diagnostics, 

Mannheim, Germany) at 37 °C for 90 min. To expand the fibroblast populations, the 

obtained cells were cultured in DMEM/F12 media with 15% FBS for 5 to 7 days. The 

attached cells were collected and further cultured in a new plate with the new media for 5 to 

7 days. Fibroblasts were frozen and stocked for future use when the cells reached 80 to 90% 

confluence. To prepare dermal cell suspensions, face skin tissues were dissected from FADS 

and control mice, both of which had PostnlacZ/+ and/or Rosa26RFP/+ alleles. After removing 

subcutaneous fat, samples were incubated at 37 °C for 60 min in 1000 unit/mL Dispase I 

(GODO SHUSEI, Tokyo, Japan). After enzymatic treatment, the epidermal cell layer was 

removed from the dermal cell layer, which was then minced and further digested at 37 

°C for 45 min in 0.25 mg/mL of Liberase TL (Roche Diagnostics). To obtain single-cell 

suspensions, samples were filtered through a 40-μm cell strainer.

METHOD DETAILS

Flow cytometry—Primary dermal fibroblasts (5 × 104) from a FADS/PostnlacZ/+/

Rosa26RFP/+ mouse were stimulated with or without 50 ng/mL of recombinant mouse 

IL-13 (BioLegend, San Diego, CA) for 24 hours. To detect lacZ expression, these 

dermal fibroblasts and dermal cell suspensions (1 × 105) were incubated with 1 μM 

GlycoGREEN™-βGal (Goryo Chemical, Sapporo, Japan) at 37 °C for 30 min. Fc blocking 

Ab (BioLegend) was added in experiments using dermal cell suspensions to block 

nonspecific binding. Then cells were labeled with the following Abs against CD45.2, 

EpCAM, CD31, or CD140a (BioLegend). After washing with PBS, cells were analyzed 

using FACSVerse and FlowJo software (Becton Dickinson, Franklin Lakes, NJ).

Immunohistochemistry and special stains—Paraffin-embedded tissue sections were 

prepared as described previously.29 To detect eosinophils and mast cells, these sections 

were stained with toluidine blue or hematoxylin & eosin (HE). For immunostaining, tissue 

sections were incubated with 0.67 μg/mL of anti-periostin Ab,64 anti-neutrophil elastase 

Ab (1:1000; Abcam, Cambridge, UK), anti-mast cell protease 8 Ab (1:100; BioLegend), or 

anti-F4/80 Ab (1:100; Abcam). Peroxidase-labeled polymer conjugated to goat anti-rabbit 

IgG Ab (Agilent Technologies, CA) or anti-rat IgG Ab (Vector Laboratories, Newark, 

CA), DAB and H2O2 were used to detect colorimetric signals and then counterstained 

with hematoxylin. The distal data were obtained from stained samples using a whole 

slide scanner Nanozoomer (Hamamatsu Photonics, Shizuoka, Japan). The thickness of 

the epidermis and dermis as well as the number of eosinophils, mast cells, basophils, 

and neutrophils in four high-power fields (×40) were quantitatively measured with image-

viewing software (NDP.view2, Hamamatsu Photonics, Shizuoka, Japan).
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Immunofluorescence detection by confocal microscopy—We prepared paraffin-

embedded or frozen tissue sections. Primary Abs against periostin (1 μg/mL; clone SS19C, 

in-house), CD163 (1:200; Proteintech, Rosemont, IL), F4/80 (1:20; clone BM-8, Santa 

Cruz Biotechnology, Dallas, TX), NF-κB p65 (1:100; GeneTex, Irvine, CA), Neutrophil 

elastase (1:500; Abcam), and Siglec-F (1:100; BD Biosciences, Franklin Lakes, NJ) were 

used for immunofluorescence analysis. Goat anti-rabbit Ab conjugated with Alexa 488 or 

Alexa 633, and goat anti-rat/mouse Ab conjugated with Alexa 488 were used as secondary 

Abs to visualize the signals. Nuclei were labeled with DAPI (Abcam). The sections were 

scanned using an LSM880 microscope, and the digital images were analyzed with ZEN blue 

image-viewing software (Carl Zeiss, Oberkochen, Germany).

Quantitative real-time PCR—Skin tissues were dissected from the face. In some 

experiments, we separated the skin into epidermis and dermis by treating 1000 unit/mL 

Dispase I (GODO SHUSEI) for 60 min. Quantitative RT-PCR was performed as previously 

described.29 Briefly, total RNA (500 ng) was prepared from skin tissues using an RNAiso 

plus reagent (Takara Bio, Otsu, Japan) and reverse-transcribed with the ReverTra Ace qPCR 

RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). Quantitative analyses were 

performed on a StepOnePlus Real-Time PCR System (Life Technologies Japan, Tokyo, 

Japan) using the Thunderbird SYBR qPCR Mix (TOYOBO) or TaqMan Universal PCR 

Master Mix (Thermo Fisher Scientific, Waltham, MA). The primer and probe sequences are 

shown in Table S4.

Cap Analysis of Gene Expression (CAGE)—Facial skin tissues were prepared from 

4-week-old control/Postn+/+, FADS/Postn+/+, and FADS/PostnlacZ/lacZ mice. Total RNA was 

isolated using the RNeasy Mini kit (Qiagen, Hilden, Germany). The quality of total RNA 

was assessed with an Agilent Bioanalyzer to ensure that the RNA integrity number was 

> 7.0 and that the A260/280 and A260/230 ratios were > 1.8. CAGE library preparation, 

sequencing, mapping, and gene expression analysis were performed by DNAFORM (Tokyo, 

Japan). Strand cDNAs were first transcribed to the 5’ end of capped RNAs, attached 

to CAGE “bar code” tags, and then sequenced with an Illumina/Solexa Next-Generation 

sequencer. The sequenced CAGE tags were mapped to the mouse mm9 genomes using BWA 

software (v0.5.9) after discarding ribosomal or non-A/C/G/T base containing RNAs. For tag 

clustering, CAGE-tag 5’ coordinates were input for Reclu clustering, with the maximum 

irreproducible discovery rate IDR at 0.1 Differentially expressed genes were selected using 

classical log fold-change criteria. Pathway enrichment analyses of differentially expressed 

genes were performed using ShinyGO (v0.741).66

Monitoring of scratching behavior—Mice were placed individually in acrylic cages for 

approximately 20 min to acclimate to the conditions and were continuously kept in the same 

cage. Mice were recorded for at least 60 min with a video camera; scratching behaviors to 

the face were checked based on the recorded videos as described previously.30

Drug treatment—In some experiments, FADS mice were treated with drugs such as 

anti-periostin Ab (OC-20) and inhibitor of integrin αvβ3 (CP4715). On day 0, we recorded 

scratching behaviors of 4-week-old FADS/Postn+/+ mice and then intraperitoneally injected 
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OC-20 (200 μg/mouse) or control IgM. After the Abs injection, video recordings of 

scratching behavior were made on days 1, 2, 3, 4, and 7. CP4715,55–58 provided from Meiji 

Seika Pharma, was dissolved in saline containing 50% DMSO and 89.5 mM HCl at 50 or 

100 mg/mL and then diluted in PBS or saline. PBS or saline containing the same amount of 

DMSO and HCl was used as a vehicle. To assess the transient effect of CP4715, CP4715 (30 

mg/kg) or vehicle was intraperitoneally administered into 4- to 8- week-old FADS/Postn+/+ 

mice. For long-term treatment, CP4715 (60 mg/kg) or vehicle was administered into the 

subcutaneous space of the back skin of 3-week-old FADS/Postn+/+ mice twice daily for 14 

days.

Measurement of motor activity—Mice were trained individually in the running wheel 

with a counter (Cat#KN-78-M, Natsume Seisakusho, Tokyo, Japan) for 20 min per day for 

three days to acclimate to the experimental conditions. After the training, motor activity was 

measured for 60 min. To assess the sedative effect of CP4715, CP4715 (30 mg/kg) or vehicle 

was intraperitoneally injected into the trained mice 20 min prior to measuring.

In vivo extracellular recording from superficial dorsal horn neurons—Methods 

for in vivo extracellular recording were similar to those performed previously in the 

superficial spinal dorsal horn.66–68 Briefly, mice were anesthetized with urethane (1.5 

g/kg, i.p.), which produces a long-lasting steady level of anesthesia that does not require 

additional doses. Adequacy of anesthetic depth was judged by suppression of corneal blink 

and hindlimb withdrawal reflexes. A laminectomy was performed exposing the cervical 

(C1–2) bone and the ventral portion of the occipital bone; the animal was then placed in 

a stereotaxic apparatus. After removing the dura and cutting the arachnoid membrane to 

make a window large enough to let in a tungsten microelectrode, the spinal cord surface was 

irrigated with 95% O2–5% CO2-equilibrated Krebs solution (5–10 mL/min) containing the 

following (in mM): 117 NaCl, 3.6 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 11 glucose, 

and 25 NaHCO3, through glass pipettes at 37 ± 1°C. Extracellular single-unit recordings 

of superficial dorsal horn neurons were performed as described previously.68,69 Recordings 

were obtained from superficial dorsal horn neurons at a depth of 10–120 μm from the 

surface. Frequency (Hz) was calculated by the measurements for 30 s in all experiments. 

Unit signals were acquired with an amplifier (EX1; Dagan Corporation, Minneapolis, 

MN USA). The data were digitized with an analog-to-digital converter (Digidata 1400A, 

Molecular Devices, Union City, CA), stored on a personal computer with a data acquisition 

program (Clampex version 10.2; Molecular Devices), and analyzed with a special software 

package (Clampfit version 10.2; Molecular Devices).

QUANTIFICATION AND STATISTICAL ANALYSIS

The data shown are the mean ± standard deviation (SD) or standard error of the mean 

(SEM). The statistical analyses were performed with Prism 6.0 software (GraphPad 

Software, La Jolla, CA, USA) using the two or one-sided, Mann-Whitney U-test for 

non-parametric data, or paired Student t-test for parametric data. Log-rank test was used 

to determine the statistical significance of disease onset between FADS/Postn+/+ mice and 

FADS/PostnlacZ/lacZ mice. Fisher’s Exact test was used to determine statistical significance 

in enrichment analysis. P values less than 0.05 were considered to indicate statistically 
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significant differences. Sample size (the number of animals or cells), the number of technical 

replicates, definitions of center and dispersion, and statistical methods for individual 

experiments were given in the respective figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Infiltration of both eosinophils and neutrophils together with high expression of 
periostin in the facial skin of FADS mice
(A) Macroscopic facial skin lesions of 4-week-old FADS/Postn+/+ and control/Postn+/+ 

mice. (B, C, E) Hematoxylin & eosin (HE, panel B), periostin (C), and neutrophil elastase 

(E) staining of facial skin of FADS/Postn+/+ mice (n = 5) and control/Postn+/+ mice (n 

= 5). Red arrows indicate neutrophils (E). The numbers per high-power field (HPF: ×40) 

of eosinophils and mast cells in the dermis (B) and neutrophils (E) in the epidermis and 

in the dermis are depicted. (D) Quantitative real-time PCR analysis for periostin of 4-week-

old FADS/Postn+/+ mice (n = 4) and control/Postn+/+ mice (n = 4). The relative mRNA 

expression levels of periostin were normalized to Gapdh, and the mean expression levels 

for the dermis of control/Postn+/+ mice are displayed as 1. (F) Double immunostaining for 

neutrophil elastase and periostin (left panel) or siglec-F and periostin (right panel) of facial 

skin of FADS/Postn+/+ mice (n = 3–4) and control/Postn+/+ mice (n = 3–4). The numbers 

per HPF (×40) of neutrophils and eosinophils in the dermis area with or without periostin 

expression are depicted. White arrows indicate neutrophils (left panel) or eosinophils (right 

panel). Scale bars: 50 μm (B, C, E) and 20 μm (F). The data shown are the mean ± SD (D) or 

SEM (B, E, F) of samples obtained from three independent experiments. Statistical analysis 

was performed using a two-sided Student t-test (D) or a one-sided Mann-Whitney U-test (B, 

E, F); *P < 0.05, **P < 0.01.
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Figure 2. Identification of periostin-producing cells in the skin lesions of FADS mice
(A) β-galactosidase (β-gal) positive cells in PDGFRα+ and EpCAM+ facial dermal 

cells of 4-week-old FADS/PostnlacZ/+ mice and control/PostnlacZ/+ mice. PDGFRα+-, 

EpCAM+-, CD31+-, and CD45.2+-gated cells are depicted. (B) β-gal positive cells 

in both RFP+PDGFRα+ and RFP−PDGFRα+ cells derived from 4-week-old FADS/

PostnlacZ/+/Rosa26RFP/+mice and control/PostnlacZ/+/Rosa26RFP/+mice. (C) β-gal expression 

by treatment with or without 50 ng/mL IL-13 for 24 hours in both RFP− (Ikk2+) and RFP+ 

(Ikk2−) primary cultured dermal fibroblasts. The data shown are the mean ± SEM of three 

fibroblast samples prepared separately from three mice. Similar results were obtained from 

three separate experiments. Statistical analysis was performed using a two-sided, paired 

Student t-test; *P < 0.05, **P < 0.01. NS, not significant.
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Figure 3. Improved progression of skin inflammation by genetic disruption of periostin in FADS 
mice
(A) Macroscopic facial skin lesions of FADS/PostnlacZ/lacZ mice and FADS/Postn+/+ mice 

at the indicated periods after birth (See also Figures S1 and S2). Histological analysis of 

the facial skin of 4-week-old FADS/PostnlacZ/lacZ mice and FADS/Postn+/+ mice. (B-F) HE 

staining (B), epidermal and dermal thickness (C), mast cell protease 8 (MCP8) staining 

(D), neutrophil elastase staining (E), and toluidine blue staining (F) of 4-week-old control/

Postn+/+ mice (n = 5), control/PostnlacZ/lacZ mice (n = 4), FADS/PostnlacZ/lacZ mice (n = 

5), and FADS/Postn+/+ mice (n = 7). Red arrows indicate eosinophils (B), basophils (D), 

neutrophils (E) or mast cells (F). Scale bars: 100 μm. (G, H) The number per high-power 

field (HPF: ×40) of eosinophils, basophils, neutrophils, mast cells, and F4/80+CD163+ 

macrophages (G), quantitative real-time PCR analysis for cytokines and chemokines (H) of 

4-week-old control/Postn+/+ mice (n = 8), control/PostnlacZ/lacZ mice (n = 4), FADS/Postn+/+ 

mice (n = 8), and FADS/PostnlacZ/lacZ mice (n = 8). In H, the relative gene expression levels 

were normalized to Gapdh. The mean expression levels for the facial skin of FADS/Postn+/+ 

mice are displayed as 1. The data shown are the mean ± SEM of samples obtained from 

three (G) or four (H) independent experiments. Statistical analysis was performed using a 

one-sided Mann-Whitney U-test; *P < 0.05, **P < 0.01. NS, not significant.
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Figure 4. Inhibiting activated NF-κB pathways in keratinocytes of FADS mice by disrupting 
periostin
(A) A gene plot of either the upregulated or downregulated genes in facial skins of 4-week-

old FADS mice (vertical axis) and either the upregulated or downregulated genes by Postn 
disruption in 4-week-old FADS mice (horizontal axis, See also Table S1). The vertical 

axis represents the average log2 fold-change (FC) of differentially expressed genes between 

FADS/Postn+/+ and Control/Postn+/+ facial skin. The horizontal axis represents the average 

log2FC of differentially expressed genes between FADS/PostnlacZ/lacZ and FADS/Postn+/+ 

facial skin, respectively. The 365 genes including representative genes (Ccl3, Ccl4, Cxcl2, 

Nunomura et al. Page 23

Cell Rep. Author manuscript; available in PMC 2024 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Il1b, Il24, and Il33) are depicted in the black square (See also Table S2). (B, C) Gene 

Ontology (GO) pathway analysis (B, See also Table S3), and transcription factor enrichment 

analysis (C) of the 365 genes. Statistical significance in enrichment was analyzed using 

Fisher’s Exact test in panel B. (D) GO terms of the NF-κB1/RelA-target genes identified 

in (C). (E) Venn diagram of genes shared between NF-κB1– and RelA-target genes. (F) 

Flow cytometric analysis for RFP positive cells in EpCAM− and EpCAM+ facial dermal 

cells of 4-week-old FADS/Postn+/+/Rosa26RFP/+ mice. (G) NF-κB p65 expression in facial 

skin of 4-week-old FADS/Postn+/+ mice and FADS/PostnlacZ/lacZ mice. Similar results 

were obtained from three separate experiments. White arrows indicate epidermal cells with 

nuclear p65 expression. Scale bar: 20 μm.
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Figure 5. Periostin promotes itching and spontaneous neuron firing in FADS mice
(A) Scratching bouts in control/Postn+/+ mice (n = 6), control/PostnlacZ/lacZ mice (n = 5), 

FADS/Postn+/+ mice (n = 12), and FADS/PostnlacZ/lacZ mice (n = 12) at the indicated 

periods after birth. (B, C) Representative traces (left) and quantitative analysis (right) of 

spontaneous neuronal firing (B, See also Figure S4) and correlation between scratching 

bouts and neuronal firing (C) in 8-week-old FADS/Postn+/+ mice (n = 5) and FADS/

PostnlacZ/lacZ mice (n = 5). The data shown are the mean ± SEM of samples obtained 
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from five (A) or seven (B, C) independent experiments. Statistical analysis was performed 

using a one-sided Mann-Whitney U-test (A–C); *P < 0.05, **P < 0.01. NS, not significant.
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Figure 6. Effects of pharmacologically inhibiting periostin on skin inflammation and itching in 
FADS mice
(A) The experimental protocol of continuous CP4715 administration. (B-H) Macroscopic 

facial skin lesions (B), HE staining (C), epidermal and dermal thickness (D), the numbers 

of per high-power field (HPF: ×40) of the indicated inflammatory cells, expression of the 

indicated cytokines and chemokines (F), p65 immunostaining (G), and scratching bouts (H) 

of 3-week-old FADS/Postn+/+ mice treated with continuous administration of vehicle (n = 

5) or CP4715 (60 mg/kg) (n = 5) on day 0, day 8, and day 15 (B), or on day 15 (C-G), 

or on day 8 and day 15 (H). Scale bars: 20 (G) or 100 μm (A). White arrows indicate 

epidermal cells with nuclear p65 expression (G). (I, J) Spontaneous firing of dorsal horn 

neurons (I) and scratching bouts (J) in 60 minutes after 10–14-week-old (I) (n = 5) or 

4-week-old (vehicle, n = 8; CP4715, n = 10) (J) FADS/Postn+/+ mice were treated with 

single-shot administration of vehicle or CP4715 (30 mg/kg, see also Figures S5 and S6). 

The data shown are the mean ± SEM of samples obtained from three (D–G), five (I), 

or four (J) independent experiments. Statistical analysis was performed using a one-sided 

Mann-Whitney U-test; *P < 0.05, **P < 0.01. NS, not significant.
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