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Abstract   

Surfactant-induced cumulative irritant contact dermatitis (ICD) is a common and 

clinically important skin disorder. CCL2 is known to mediate inflammation following 

tissue damage in various organs. Thus, we investigated whether and how CCL2 

contributes to the development of murine cumulative ICD induced by a common 

surfactant, sodium dodecyl sulfate (SDS). Wild-type mice treated topically with SDS 

for 6 consecutive days developed skin inflammation that recapitulated the features of 

human cumulative ICD, including barrier disruption, epidermal thickening, and 

neutrophil accumulation. CCL2 was upregulated in SDS-treated skin, and local CCL2 

blockade attenuated SDS-induced ICD. SDS-induced ICD and neutrophil 

accumulation were also attenuated in mice deficient in CCR2, the receptor for CCL2. 

Neutrophil depletion alleviated SDS-induced ICD, suggesting that impaired neutrophil 

accumulation was responsible for the amelioration of ICD in CCR2-deficient mice. In 

RNA-seq analyses of SDS-treated skin, the expression levels of Il1b in CCR2-deficient 

mice were highly downregulated compared with those in wild-type mice. Furthermore, 

the intradermal administration of IL-1β in the SDS-treated skin of CCR2-deficient 

mice restored the local accumulation of neutrophils and the development of ICD. 

Collectively, our results suggest that CCL2-CCR2 signaling in the skin critically 

promotes the development of SDS-induced ICD by inducing IL-1β expression for 

neutrophil accumulation. 
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Abbreviations 

Ab, Antibody 

BM, Bone marrow 

CCL, CC chemokine ligand  

CCR, CC chemokine receptor 

IL, Interleukin 

PBS, Phosphate buffered saline 

SDS, Sodium dodecyl sulfate 

TNF, Tumor necrosis factor 

WT, Wild-type 

 

Short Title: CCL2 in the skin drives irritant contact dermatitis 
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INTRODUCTION  

Irritant contact dermatitis (ICD) is a common skin disorder caused by exposure to 

chemicals with irritant properties (Gittler et al. 2013). ICD can develop after a single 

overwhelming exposure to an irritant (acute ICD); however, it is often caused by 

multiple subthreshold insults induced by weak irritants, such as surfactants contained 

in soaps, shampoos, and detergents (cumulative ICD) (Slodownik et al. 2008). This 

disorder is characterized by skin inflammation and skin barrier disruption with immune 

cell infiltration and, in the case of the cumulative type, epidermal hyperplasia (Cohen, 

E. 2018). ICD is the most common form of occupational skin disorder and leads to an 

impaired quality of life and reduced productivity (Dickel et al. 2002; Dietz et al. 2020). 

In addition, exposure to irritants could be involved in both the development and 

aggravation of atopic dermatitis (Akdis et al. 2006; Williams et al. 2007). Thus, it is 

essential to manage ICD based on an understanding of its pathogenesis. 

The release of soluble mediators from skin cells (principally keratinocytes) 

damaged by irritants induces an inflammatory cytokine/chemokine milieu with 

immune cell accumulation, leading to the development of ICD (Gittler et al. 2013; 

Slodownik et al. 2008). However, the roles of only limited cytokines (TNF-α, IL-6, 

and IL-10) in ICD have been evaluated in vivo (Berg et al. 1995; Lee et al. 2013; 

Piguet 1991). As for immune cells, accumulation of neutrophils and lymphocytes in 

the lesional skin of human ICD has been described, although patterns of immune cell 

infiltration have not been well investigated (Weedon 2010). In murine ICD, local 
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accumulation of various types of immune cells, including neutrophils, monocytes, 

eosinophils, basophils, and lymphocytes, has been reported (Anderson et al. 1986; 

Calhoun et al. 2019). Previous in vivo studies, including ours, have suggested that 

eosinophils, basophils, and CD4+ cells contribute to the development of croton 

oil-induced acute ICD (Kondo et al. 1996; Nakashima et al. 2014). However, the roles 

of neutrophils and monocytes in the pathogenesis of murine ICD remain unclear, 

although they are the major cell subsets infiltrating the lesional skin. In addition, which 

cytokine/chemokine critically controls the local accumulation of immune cells 

responsible for the development of ICD also remains to be elucidated. 

Among many proinflammatory cytokines/chemokines, CC chemokine ligand 

(CCL) 2 has been implicated as an important mediator of inflammation following 

sterile insults to organs, such as ischemia-induced damage in the brain, liver, and 

kidney (Dimitrijevic et al. 2007; Kashyap et al. 2018; Zhang et al. 2016). CCL2 exerts 

its chemotactic function via CC chemokine receptor (CCR) 2 expressed on 

hematopoietic cells, such as monocytes and certain types of progenitor cells (Andres et 

al. 2011; Ishida et al. 2019; Willenborg et al. 2012). In the skin, CCL2 promotes 

wound healing (Ishida et al. 2019) and skin fibrosis (Arai et al. 2013) by attracting 

immune cells, in particular monocytes. However, the role of CCL2 in the pathogenesis 

of ICD has not been evaluated in vivo, although the chemokine is upregulated in 

surfactant-irritated murine and human skin (Lee et al. 2013; Meller et al. 2007). 

In this study, we evaluated the role of CCL2 in the development of 

surfactant-induced cumulative ICD in mice. We revealed that CCL2 in the skin is 



© <2021>. This manuscript version is made available under the CC-BY-NC-ND 4.0 
license https://creativecommons.org/licenses/by-nc-nd/4.0/ 

6 

essential for the development of murine ICD following repeated exposure to a 

surfactant, sodium dodecyl sulfate (SDS). The development of SDS-induced ICD was 

dependent on CCR2 expression in the radioresistant compartment of the skin. 

Furthermore, neutrophils were responsible for the induction of SDS-induced ICD and 

their accumulation in lesions was mediated by CCR2-dependent IL-1β production.  

RESULTS 

Repeated topical application of SDS-induced cumulative ICD in mice 

We first established a murine model of cumulative ICD induced by repeated exposure 

to surfactant SDS, one of the most common causative agents of human ICD. Ear skin 

of wild-type (WT) mice was treated topically with SDS or phosphate-buffered saline 

(PBS) for 6 consecutive days. The repeated topical application of SDS induced skin 

inflammation characterized by skin roughness and mild erythema with significant ear 

swelling, while PBS-treated skin showed no observable signs of inflammation (Figure 

1a and b). In addition, SDS-treated skin showed a marked increase in transepidermal 

water loss (TEWL) on day 6, indicating skin barrier disruption (Figure 1c). 

Histological analysis revealed significantly greater epidermal thickness and dermal 

infiltration of immune cells in SDS-treated skin than in PBS-treated skin (Figure 1d 

and e). These phenotypic and histological findings were consistent with the previously 

reported features of cumulative ICD in humans (Slodownik et al. 2008). In addition, 

histological examination of a biopsy specimen taken from an individual with human 

cumulative ICD revealed epidermal thickening and the dermal infiltration of immune 
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cells (Figure 1f). Flow cytometric analysis revealed marked infiltration of neutrophils 

in the lesional skin (Figure 1g and Supplementary Figure S1), as reported in human 

ICD (Weedon 2010). Other innate immune cells such as monocytes, eosinophils, 

basophils, and macrophages also accumulated in the SDS-treated skin, while numbers 

of both αβ and γδ T cell subsets were not increased by SDS treatment (Figure 1g and 

Supplementary Figure S1). Collectively, we established a murine model of cumulative 

ICD induced by surfactant SDS. 

 

Locally produced CCL2 was required for the development of SDS-induced ICD 

We hypothesized that CCL2 is produced in SDS-irritated skin, critically contributing to 

the development of ICD. To verify this hypothesis, we first evaluated the mRNA 

expression levels of Ccl2 in SDS-treated skin at different time points (days 0, 2, 4, and 

6) by quantitative reverse transcription polymerase chain reaction. Ccl2 expression was 

significantly upregulated on day 4 compared to day 0 (Figure 2a). In addition, an 

enzyme-linked immunosorbent assay showed that CCL2 protein levels were 

significantly higher in SDS-treated skin than in PBS-treated skin on day 6 (Figure 2b). 

To identify the cell sources of CCL2 in SDS-treated skin, we performed RNA in-situ 

hybridization of Ccl2 in combination with immunofluorescence staining for vimentin 

(a marker for mesenchymal cells) or CD45 (a marker for hematopoietic cells). More 

Ccl2-expressing cells were detected in SDS-treated skin on day 4 than on day 0 (Figure 

2c). Many of Ccl2-positive cells were positive for vimentin, while few Ccl2-positive 

cells expressed CD45 (Figure 2c and Supplementary Figure S2). Moreover, a 
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substantial number of cells expressing CCL2 mRNA were detected in lesional skin of 

human cumulative ICD but not in normal control skin (Figure 2d). In addition, 

CCL2/vimentin double-positive cells were detected (Figure 2d). Thus, in both mice 

and humans, CCL2 is likely to be produced in the lesional skin of cumulative ICD, at 

least in part by mesenchymal cells. 

To evaluate the role of CCL2 in the pathogenesis of SDS-induced ICD, we 

generated CCL2-deficient mice by crossing Ccl2fl/fl mice with E2aCre mice, which 

mediates ubiquitous deletion of loxP-flanked Ccl2 gene segments (denoted as 

Ccl2fl/flE2aCre mice). We observed less ear swelling after repeated SDS application in 

Ccl2fl/flE2aCre mice than in control Ccl2fl/fl mice (Figure 2e). In addition, SDS-induced 

epidermal thickening and increased TEWL were significantly lower in Ccl2fl/flE2aCre 

mice than in Ccl2fl/fl mice (Figure 2f and g). Flow cytometric analysis revealed that 

levels of neutrophil, monocyte, and eosinophil accumulation in SDS-treated skin were 

significantly lower in Ccl2fl/flE2aCre mice than in Ccl2fl/fl mice (Figure 2h). By contrast, 

the accumulation of basophils was comparable in these two groups (Supplementary 

Figure S3), suggesting that basophils are not involved in the mechanisms by which 

CCL2 promotes the development of SDS-induced ICD. 

Next, we examined whether the neutralization of CCL2 in the SDS-treated skin 

inhibits disease development. Ears treated intradermally with an anti-CCL2 antibody 

(Ab) exhibited milder SDS-induced swelling than that of isotype control Ab-treated 

ears (Figure 2i). This attenuation of ear swelling was accompanied by the impaired 

accumulation of neutrophils, monocytes, and eosinophils in the SDS-treated skin 
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(Figure 2j). These results suggest that locally produced CCL2 plays an important role 

in the development of SDS-induced ICD. 

 

CCR2 deficiency ameliorated SDS-induced ICD 

The major receptor for CCL2 is CCR2 (Andres et al. 2011; Willenborg et al. 2012). 

Thus, we examined whether the development of SDS-induced ICD was impaired in 

CCR2-deficient (Ccr2-/-) mice. Ccr2-/- mice exhibited significantly milder ear swelling 

and epidermal thickening with lower TEWL values on day 6 in comparison with WT 

mice (Figure 3a-c). Counts of neutrophils, monocytes, and eosinophils in SDS-treated 

skin were significantly lower in Ccr2-/- mice than in WT mice (Figure 3d). Notably, 

monocyte accumulation in SDS-treated skin was completely abolished in Ccr2-/- mice, 

consistent with a previous finding that the recruitment of monocytes to inflamed 

tissues depends on their CCR2 expression (Willenborg et al. 2012). Taken together, 

these results suggest that the CCL2-CCR2 pathway plays an essential role in the 

development of SDS-induced ICD. 

 

CCR2 deficiency in radiosensitive hematopoietic cells, including monocytes, did 

not affect the development of SDS-induced ICD  

Next, we aimed to determine the CCR2+ target cells on which CCL2 acts to drive the 

development of SDS-induced ICD. CCL2 is a potent chemokine for a variety of 

CCR2+ hematopoietic cells, particularly monocytes (Kurihara et al. 1997; Talbot et al. 

2015; Terwey et al. 2005; Tsou et al. 2007). In fact, the amelioration of SDS-induced 
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ICD by a deficiency in either CCL2 or CCR2 was accompanied by the impaired 

accumulation of monocytes in the SDS-treated skin, as shown in Figure 2g and 3d. 

Thus, we hypothesized that CCL2 promoted the development of SDS-induced ICD by 

promoting the recruitment of monocytes to the lesional skin. To evaluate this 

hypothesis, we examined the consequences of CCR2 deficiency in hematopoietic cells 

using a bone marrow (BM) chimera approach. Lethally irradiated WT mice were 

transplanted with WT or Ccr2-/- BM cells and then treated with SDS to induce ICD 12 

weeks after transplantation (Figure 3e). The cutaneous accumulation of neutrophils and 

eosinophils after SDS application was comparable in WT mice reconstituted with WT 

BM cells and those reconstituted with Ccr2-/- BM cells (Figure 3f). By contrast, 

monocyte accumulation was completely abrogated in Ccr2-/- BM-transplanted mice 

(Figure 3f). However, SDS-induced ear swelling as well as epidermal thickening and 

increased TEWL were comparable between WT BM- and Ccr2-/- BM-transplanted 

mice (Figure 3g-i). These results suggest that the CCR2-dependent chemoattraction of 

radiosensitive hematopoietic cells including monocytes into the SDS-treated skin is not 

required for the development of ICD. 

 

CCR2 signaling in the radioresistant compartment of the skin was required for 

the development of SDS-induced ICD 

Next, we investigated whether CCR2 deficiency in radioresistant cells affects the 

development of SDS-induced ICD. The SDS-induced ear swelling, epidermal 

thickening, and increased TEWL were significantly attenuated in Ccr2-/- mice 
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reconstituted with WT BM cells compared to WT mice reconstituted with WT BM 

cells (Figure 4a-d). The numbers of neutrophils, monocytes, and eosinophils in the 

SDS-treated skin were significantly lower in Ccr2-/- mice reconstituted with WT BM 

cells than in their WT counterparts (Figure 4e). The attenuated accumulation of these 

cell subsets was not due to decreases in the peripheral blood, as evidenced by 

comparable cell counts in the peripheral blood of the two chimera groups 

(Supplementary Figure S4). These results suggest that CCR2 signaling in radioresistant 

cells is required for immune cell accumulation in SDS-treated skin and the 

development of ICD.  

CCL2 produced in the skin can act on radioresistant cells both in the skin and in 

the circulation. Thus, we next asked whether CCR2 in the skin-resident compartment 

was involved in the development of SDS-induced ICD. To this end, we performed 

parabiosis experiments in which WT (CD45.1+) and Ccr2-/- (CD45.2+) mice were 

surgically joined to share blood circulation (Figure 4f). After 2 weeks of parabiosis, we 

confirmed that CD45+ cells in the peripheral blood were composed of about 50% 

CD45.1+ (WT-derived) and about 50% CD45.2+ (Ccr2-/--derived) cells in both WT and 

Ccr2-/- parabionts (Supplementary Figure S5), demonstrating the successful sharing of 

blood circulation between the parabiont pairs. We then treated both WT and Ccr2-/- 

parabionts with SDS to induce ICD (Figure 4f). SDS-induced ear swelling and the 

accumulation of neutrophils and monocytes in the skin were significantly attenuated in 

Ccr2-/- parabionts compared to WT parabionts (Figure 4g and h), suggesting that CCR2 

in the skin-resident compartment was required for the development of SDS-induced 
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ICD. Taken together, it is likely that CCR2 signaling in the radioresistant compartment 

of the skin is essential for inducing innate immune cell accumulation in SDS-treated 

skin and the development of ICD. 

 

Neutrophil deficiency resulted in the amelioration of SDS-induced ICD  

Our results showed that the amelioration of SDS-induced ICD due to inhibition of the 

CCL2-CCR2 pathway was accompanied by attenuated accumulation of innate immune 

cells. However, the contribution of innate immune cell infiltration to the development 

of SDS-induced ICD is unclear, as cutaneous CCL2-CCR2 signaling might induce ICD 

by the activation of skin-resident cells, such as keratinocytes, independently of innate 

immune cell accumulation. In addition, monocytes were not required for the 

development of SDS-induced ICD, despite marked accumulation in the lesional skin. 

We therefore examined whether the in vivo depletion of neutrophils affects the 

development of SDS-induced ICD. The specific and efficient depletion of neutrophils 

in the peripheral blood was achieved by the administration of rat anti-Ly6G Ab in 

combination with mouse anti-rat IgG Ab every other day, as described previously, with 

some modifications (Figure 5a and Supplementary Figure S6a) (Boivin et al. 2020). 

SDS-induced ear swelling, epidermal thickening, and increased TEWL were 

significantly milder in anti-Ly6G Ab-treated mice than in isotype control Ab-treated 

mice (Figure 5b-d), suggesting an important role of neutrophils in this model. Flow 

cytometric analysis revealed that the SDS-induced accumulation of neutrophils, 

monocytes, and eosinophils was significantly reduced by anti-Ly6G-mediated 
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neutrophil depletion (Figure 5e and Supplementary Figure S6b), suggesting that 

neutrophil infiltration in SDS-treated skin promoted the recruitment of monocytes and 

eosinophils. Thus, it is likely that CCL2-CCR2 signaling in the SDS-treated skin 

promoted the development of ICD, at least in part by inducing neutrophil accumulation 

in the lesional skin.  

 

Impaired IL-1β production was responsible for the attenuation of neutrophil 

accumulation and SDS-induced ICD in Ccr2-/- mice 

Lastly, we investigated how neutrophil infiltration in SDS-treated skin was controlled 

by cutaneous CCL2-CCR2 signaling by RNA-seq analysis of SDS-treated skin in WT 

and Ccr2-/- mice. Based on a gene set enrichment analysis, we identified differentially 

expressed pathways, including a neutrophil migration-associated gene set 

(GO:1990266), which was downregulated in Ccr2-/- mice (Figure 6a, Supplementary 

Table S1 and S2). The downregulated genes included Il1b as well as genes encoding 

neutrophil chemo-attractants, such as Cxcl1, Cxcl2, and Cxcl5 (Figure 6b). The Il1b 

gene was strongly downregulated in Ccr2-/- mice (Figure 6c and Supplementary Table 

S3). Similar results were obtained by a comparative RNA-seq analysis of WT mice 

reconstituted with WT BM cells and Ccr2-/- mice reconstituted with WT BM cells 

(Supplementary Figure S7a-c and Supplementary Table S4-6).  

It has been suggested that IL-1β can potently recruit neutrophils by inducing the 

production of various neutrophil chemoattractants (Biondo et al. 2014; Oliveira et al. 

2008). We thus hypothesized that low IL-1β expression in the SDS-treated skin of 
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Ccr2-/- mice might result in impaired neutrophil accumulation, leading to the 

amelioration of ICD. To evaluate this hypothesis, we first examined the consequences 

of IL-1β neutralization on SDS-treated skin. SDS-induced ear swelling and neutrophil 

accumulation were significantly attenuated by the intradermal injection of an 

anti-IL-1β neutralizing Ab (Figure 6d and e). Next, we examined whether the 

amelioration of SDS-induced ICD in Ccr2-/- mice could be reversed by 

supplementation with exogenous IL-1β. Either PBS or recombinant murine IL-1β was 

intradermally injected into the ears of WT and Ccr2-/- mice on day 2 of the 6-day SDS 

application period. We observed that the attenuation of SDS-induced ear swelling in 

Ccr2-/- mice was reversed by the local injection of IL-1β (Figure 6f). The impaired 

accumulation of neutrophils in the SDS-treated skin of Ccr2-/- mice was also reversed 

by IL-1β injection (Figure 6g). These results suggest that CCR2-dependent IL-1β 

expression in the SDS-treated skin was critical for lesional neutrophil accumulation 

and the development of ICD. 

Finally, to identify the cell sources of IL-1β, we examined whether 

IL-1β-expressing cells were co-stained with vimentin or CD45 by 

immunohistochemistry. More IL-1β-expressing cells were detected in SDS-treated skin 

on day 4 than on day 0 (Figure 6h). The majority of IL-1β-expressing cells were 

positive for vimentin while few IL-1β-expressing cells were CD45-positive (Figure 6h 

and Supplementary Figure S8). Moreover, IL-1β/vimentin double-positive cells were 

also detected in lesional skin of human cumulative ICD (Supplementary Figure S9). 
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These results suggest that IL-1β is produced in the lesional skin of cumulative ICD, 

preferentially by mesenchymal cells.  

 

Discussion 

In the present study, we identified a critical cytokine/chemokine signaling pathway in 

the skin for the control of innate skin responses to cumulative irritation by a surfactant, 

SDS. We found that CCL2-CCR2 signaling in the skin is essential for the development 

of SDS-induced ICD. Our results further suggest that CCR2-dependent IL-1β 

production in SDS-treated skin induces the development of ICD, at least in part by 

promoting neutrophil accumulation (see Graphical Abstract). 

CCL2-CCR2 signaling is essential for the recruitment of circulating CCR2+ cells, 

in particular monocytes, to peripheral tissues, including the skin (Kurihara et al. 1997; 

Talbot et al. 2015; Terwey et al. 2005; Tsou et al. 2007; Vanbervliet et al. 2002). 

However, our data suggest that the development of SDS-induced ICD depends on 

CCR2 signaling in the radioresistant compartment of the skin and not in radiosensitive 

circulating hematopoietic cells, including monocytes. Several previous studies have 

suggested that CCL2 has non-chemoattractant functions on radioresistant cells, such as 

mast cell degranulation (Campbell et al. 1999), cell adhesion molecule upregulation in 

fibroblasts (Lin et al. 2012), the modulation of endothelial cell function associated with 

cell extravasation and vascular permeability (Stamatovic et al. 2003), and the 

activation of a subset of dorsal root ganglion neurons associated with itch- and 

pain-related behaviors (Jiang et al. 2019). Thus, although we failed to detect 
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CCR2-expressing radioresistant cells in SDS-treated skin by either 

immunohistochemistry or RNA in situ hybridization in this study (data not shown), it 

is possible that the effects of CCL2 on one or more of these cell types lead to 

neutrophil accumulation and the development of SDS-induced ICD. 

We showed that the development of SDS-induced ICD depends on the lesional 

accumulation of neutrophils but not monocytes, although both cell types were 

abundant in lesions. Our results further suggest that neutrophil accumulation in 

SDS-treated skin is mediated by CCR2-dependent IL-1β production. Accumulating 

evidence suggests that local IL-1β production can promote neutrophil recruitment in 

both humans and mice (Faccioli et al. 1990; Lappalainen et al. 2005; Miller et al. 2007; 

Nakamura et al. 2009). In addition, it has been demonstrated that IL-1β promotes 

neutrophil migration by priming neutrophils and inducing the production of neutrophil 

chemoattractants (Biondo et al. 2014; Oliveira et al. 2008). These mechanisms may 

contribute to IL-1β-mediated neutrophil accumulation in SDS-treated skin. 

We revealed that SDS-induced IL-1β production in the skin depends on CCR2 in 

radioresistant cells, but the underlying mechanism remains to be elucidated. 

Immunohistochemical analyses suggested that IL-1β in SDS-treated skin is produced 

preferentially by mesenchymal cells. Given that mesenchymal cells are radioresistant, 

their IL-1β expression may be upregulated directly via CCR2 on their surface or 

induced by signals emanated from radioresistant cells activated via CCR2.  

Our results also suggest that the development of SDS-induced ICD is independent 

of either basophils or CD4+ T cells, different from previous results showing that these 
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cells contribute to the development of croton oil-induced acute ICD in mice (Kondo et 

al. 1996; Nakashima et al. 2014). This difference among studies can potentially be 

explained by multiple factors, such as the causal irritants and exposure duration 

(Patrick et al. 1987; Watkins and Maibach 2009). Thus, future studies are required to 

reveal whether the findings of this study are generalizable to ICD induced by different 

mechanisms.   

In conclusion, we revealed that CCL2 and IL-1β are the key mediators in the skin 

critical for the development of SDS-induced ICD. Our results suggest that 

CCL2-CCR2 signaling in the skin drives SDS-induced ICD via IL-1β-mediated 

neutrophil accumulation in mice. This study may contribute to the development of 

improved management strategies for ICD and provide insights into the fundamental 

immune responses of the skin to external insults. 

 

MATERIALS AND METHODS 

Detailed experimental procedures are described in Supplementary Materials and 

Methods. 

 

Mice 

C57BL/6J mice were purchased from Charles River Laboratories Japan (Kanagawa, 

Japan). E2aCre, Ccl2fl/fl, and Ccr2-/- mice were from Jackson Laboratory (Bar Harbor, 

ME, USA). 7- to 10-week-old male mice were used for all the experiments under 

specific pathogen-free conditions.  
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Induction of ICD  

Anesthetized mice were treated topically with 20 µL of PBS and 2% (vol/vol) SDS 

(Sigma-Aldrich, St. Louis, MO, USA) on the right and left ear skin, respectively, for 6 

consecutive days, unless otherwise stated.  

 

Human skin samples  

A healthy skin sample was obtained from a non-involved part of the triangular end of 

the surgically removed benign tumor on the forearm. A lesional skin specimen was 

obtained from a skin biopsy sample in the forearm of a patient with cumulative ICD 

caused by the intensive use of an ethanol-based sanitizer. This study was approved by 

the ethics committee of the Kyoto University Graduate School of Medicine (R0743) 

and written informed consent was obtained from individuals. 

 

Generation of BM chimeric mice 

BM chimeric mice were generated as previously described (Otsuka et al. 2010). Briefly, 

recipient mice were lethally X-irradiated (9.5 Gy) and were received BM cells (3 x 106 

cells) intravenously 3 h after irradiation. The chimeric mice were used for the indicated 

experiment 12 weeks after transplantation.  

 

Parabiosis  
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Pairs of parabiotic mice were generated, as described previously (Conboy et al. 2013; 

Duyverman et al. 2012). Topical application of SDS or PBS on the ears of parabionts 

was commenced 2 weeks after the surgical joining. 
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Figure legends 

 

Figure 1. Repeated topical application of SDS induced cumulative ICD in mice. 

(a–e, g) PBS or SDS was topically applied to the ears of WT mice for 6 consecutive 

days (n = 5). (a) Phenotypical appearance. Representative photographs are shown. (b) 

Kinetics of ear swelling. Days on x-axis refer to days after start of the treatment. (c) 

TEWL. (d) Hematoxylin and eosin staining of sections from PBS- and SDS-treated 

skin. Representative photomicrographs are shown. Scale bars = 50 μm. (e) Epidermal 

thickness. (f) Hematoxylin and eosin staining of sections of lesional skin from a patient 

with cumulative ICD and site-matched skin from a healthy subject. Representative 

photomicrographs are shown. Scale bars = 200 μm. (g) Total cell numbers for the 

indicated subsets in PBS- and SDS-treated ear skin were determined by flow cytometry. 

*P < 0.05, **P < 0.01, ****P < 0.0001. Data are shown as values (symbols) and means 

± SDs (bars). ns, Not significant. d, day. 

 

Figure 2. Locally produced CCL2 was required for the development of 

SDS-induced ICD. 

(a) SDS was topically applied to the ears of WT mice for 2 to 6 consecutive days (n = 

5 per group). Ccl2 mRNA expression levels in non-treated (d0) and SDS-treated (d2, 

d4, and d6) ear skin were evaluated by quantitative reverse transcription polymerase 

chain reaction. Data are representative of 2 experiments. A.U., arbitrary unit. (b) PBS 

or SDS was topically applied to the ears of WT mice (n = 5) for 6 consecutive days. 
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Protein levels of CCL2 in PBS- or SDS-treated ear skin were assessed by ELISA. (c) 

SDS was topically applied to the ears of WT mice for 4 consecutive days (n = 5). 

Non-treated (d0) and SDS-treated (d4) ear skin samples were subjected to RNA in situ 

hybridization (RNAscope) of Ccl2 in combination with immunofluorescence staining 

for vimentin. Representative images are shown. Scale bars = 20 μm. DAPI, 

4’,6-diamidino-2-phenylindole. White circles indicate Ccl2/vimentin-double positive 

cells.  (d) Samples from lesional skin of a patient with cumulative ICD and 

site-matched skin of a healthy subject were subjected to RNA in situ hybridization 

(RNAscope) of CCL2 in combination with immunofluorescence staining for vimentin. 

Representative images are shown. Scale bars = 50 μm. White circles indicate 

CCL2/vimentin-double positive cells. (e–h) PBS or SDS was topically applied to the 

ears of Ccl2fl/fl (n = 6) and Ccl2fl/flE2aCre (n = 4) mice for 6 consecutive days. Kinetics 

of ear swelling (e), epidermal thickness (f), TEWL (g), and total cell numbers of the 

indicated subsets in the ear skin (h) are shown. Data are representative of two 

experiments. (i, j) WT mice (n = 4) were treated topically with SDS on both ears for 6 

consecutive days, with the intradermal administration of 20 μg of isotype IgG (left 

ears) and anti-CCL2 Ab (right ears) on d0, d2, and d4. Kinetics of ear swelling (h) and 

total cell numbers of the indicated subsets in the ear skin (i) are shown. Data are 

representative of two experiments and shown as values (symbols) and means ± SDs 

(bars). *P < 0.05, **P < 0.01, ***P < 0.001. ns, Not significant. d, day. 
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Figure 3. CCR2 deficiency in radiosensitive hematopoietic cells did not affect the 

development of SDS-induced ICD. 

(a–d) PBS or SDS was topically applied to the ears of WT (n = 5) and Ccr2-/- (n = 5) 

mice for 6 consecutive days. Kinetics of ear swelling (a), epidermal thickness (b), 

TEWL (c), and total cell numbers of the indicated subsets in the ear skin (d) are shown. 

(e) Schematic representation of BM chimera generation and ICD induction. Lethally 

irradiated WT mice were transplanted with WT or Ccr2-/- BM cells. Twelve weeks 

later, PBS or SDS was topically applied to the ears of WT BM-transplanted (n = 6) and 

Ccr2-/- BM-transplanted (n = 4) mice for 6 consecutive days. (f) Total cell numbers of 

the indicated subsets in the ear skin. (g) Kinetics of ear swelling. Days on x-axis refer 

to days after start of the treatment. (h) Epidermal thickness. (i) TEWL. Data are shown 

as values (symbols) and means ± SDs (bars). **P < 0.01, ****P < 0.0001. ns, Not 

significant. d, day.  

 

Figure 4. CCR2 signaling in the radioresistant compartment of the skin was 

required for the development of SDS-induced ICD. 

(a) Schematic representation of BM chimera generation and ICD induction. Lethally 

irradiated WT (n = 6) or Ccr2-/- (n = 4) mice were transplanted with WT BM cells. 

Twelve weeks later, PBS or SDS was topically applied to the ears of BM-transplanted 

mice for 6 consecutive days. (b) Kinetics of ear swelling. Days on x-axis refer to days 

after start of the treatment. (c) Epidermal thickness. (d) TEWL. (e) Total cell numbers 

of the indicated subsets in the skin. (f) Schematic representation of parabiosis and ICD 
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induction. WT and Ccr2-/- mice were surgically joined to share blood circulation 

(parabiosis) (n = 9). Two weeks later, PBS or SDS was topically applied to the ears of 

both parabionts for 6 consecutive days. (g) Kinetics of ear swelling. Days on x-axis 

refer to days after start of the treatment. (h) Total cell numbers of the indicated subsets 

in the ear skin. Data are shown as values (symbols) and means ± SDs (bars). Results 

from a total of three independent experiments are shown. *P < 0.05, **P < 0.01, ***P 

< 0.001. ns, Not significant. d, day. 

 

Figure 5. Neutrophil deficiency resulted in the amelioration of SDS-induced ICD. 

WT mice were treated topically with PBS and SDS on the right and left ears, 

respectively, for 6 consecutive days, with the intraperitoneal injection of isotype rat 

IgG2a (n = 5) or rat anti-Ly6G Ab (IgG2a) (n = 5), followed by intraperitoneal 

injection of anti-rat IgG2a Ab on d-1, d1, d3, and d5. Cell numbers of the indicated 

subsets in the peripheral blood (a), kinetics of ear swelling (b), epidermal thickness (c), 

TEWL (d), and total cell numbers of the indicated subsets in the ear skin (e) are shown. 

Data are representative of two experiments and shown as values (symbols) and means 

± SDs (bars). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, Not significant. 

d, day. 

 

Figure 6. Impaired IL-1β production was responsible for the attenuation of 

neutrophil accumulation and SDS-induced ICD in Ccr2-/- mice. 
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(a–c) Analyses of RNA-seq data obtained from SDS-treated skin of WT (n = 3) and 

Ccr2-/- (n = 3) mice. Gene set enrichment analysis (a) and a heat map (b) of the 

GO_NEUTROPHIL_MIGRATION gene set (GO:1990266). Volcano plots comparing 

gene expression in WT and Ccr2-/- mice (c). (d, e) WT mice (n = 6) were treated 

topically with SDS on both ears for 6 consecutive days, with the intradermal 

administration of 20 μg of isotype IgG (left ears) and anti-IL-1β Ab (right ears) on d0, 

d2, and d4. Kinetics of ear swelling (d) and total numbers of neutrophils in the ear skin 

(e) are shown. Data are representative of two experiments. (f, g) PBS or SDS was 

topically applied to the ears of WT (n = 10) and Ccr2-/- mice (n = 9) for 6 consecutive 

days, with the intradermal (i.d.) injection of PBS or recombinant murine (rm) IL-1β 

(50 ng) on d2. Ear swelling (f) and total numbers of neutrophils in the ear skin (g) were 

analyzed on d6. Data are representative of two experiments and shown as values 

(symbols) and means ± SDs (bars). *P < 0.05, **P < 0.01, ***P < 0.001. ns, Not 

significant. d, day. (h) SDS was topically applied to the ears of WT mice for 4 

consecutive days (n = 5). Expression of IL-1β and vimentin protein in non-treated (d0) 

and SDS-treated (d4) ear skin were examined by immunofluorescence. Representative 

images are shown. Scale bars = 20 μm. DAPI, 4’,6-diamidino-2-phenylindole. White 

circles indicate IL-1β/vimentin-double positive cells. 

 

 















Graphic abstract 

 

 



Supplementary Figures. 

 

Supplementary Figure S1. Identification of cell infiltrates in SDS-treated skin. 

SDS was topically applied to the ears of WT mice (n = 5) for 6 consecutive days. SDS-

treated ear skin was analyzed by flow cytometry on day 6. Representative flow cytometry 

plots show the gating strategy for the following subsets from CD45+ cells in SDS-treated 

skin: neutrophils (Siglec-F-, Ly6G+), monocytes (Siglec-F-, Ly6G-, Ly6Chigh), eosinophils 

(Siglec-F+), mast cells (Siglec-F-, CD200R3+, c-kit+), basophils (Siglec-F-, CD200R3+, c-

kit-), macrophages (CD64+), dendritic cells (CD64-, CD11c+, MHC class II+, Langerin-), 

Langerhans cells (CD64-, CD11c+, MHC class II+, Langerin+), αβ T cells (CD3+, TCRβ+), 

dermal γδ T cells (CD3+, γδTCRmid), and epidermal γδ T cells (CD3+, γδTCRhigh). 

  



 
Supplementary Figure S2. Few Ccl2-positive cells expressed CD45 in SDS-treated 

ear skin. 

SDS was topically applied to the ears of WT mice for 4 consecutive days (n = 5). Non-

treated (d0) and SDS-treated (d4) ear skin samples were subjected to RNA in situ 

hybridization (RNAscope) of Ccl2 in combination with immunofluorescence staining for 

CD45. Representative images are shown. Scale bars = 20 μm. DAPI, 4’,6-diamidino-2-

phenylindole. White circles indicate Ccl2/CD45-double positive cells. 

  



 

 

Supplementary Figure S3. Accumulation of basophils in SDS-treated skin was 

comparable between Ccl2fl/fl and Ccl2fl/flE2aCre mice. 

PBS or SDS was topically applied to the ears of Ccl2fl/fl (n = 6) and Ccl2fl/flE2aCre (n = 4) 

mice for 6 consecutive days. Cell numbers of basophils in the skin were examined on day 

6. Data are shown as values (symbols) and means ± SDs (bars). ns, Not significant. 

  



 

 

 

Supplementary Figure S4. CCR2 deficiency in radioresistant cells did not affect the 

numbers of neutrophils, monocytes, and eosinophils in the peripheral blood. 

Lethally irradiated WT (n = 5) or Ccr2-/- (n = 5) mice were transplanted with WT BM 

cells. Twelve weeks later, BM-transplanted mice were treated topically with PBS and 

SDS on the right and left ears, respectively, for 6 consecutive days. Cell numbers of the 

indicated subsets in the peripheral blood were examined on day 6. Data are shown as 

values (symbols) and means ± SDs (bars). ns, Not significant. 

  



 

 

Supplementary Figure S5. Blood circulation was shared between the parabiont pairs. 

Flow cytometric analysis of the composition of CD45.1+ (WT-derived) and CD45.2+ 

(Ccr2-/--derived) cells among CD45+ cells in the peripheral blood from parabionts (n = 6) 

2 weeks after surgical pairing. Data are shown as values (symbols) and means ± SDs 

(bars). ns, Not significant. 

  



 
Supplementary Figure S6. Gating strategy for neutrophils, monocytes, and 

eosinophils.   

WT mice (n = 5) were treated topically with PBS and SDS on the right and left ears, 

respectively, for 6 consecutive days, with the intraperitoneal injection of isotype rat IgG2a, 

followed by intraperitoneal injection of anti-rat IgG2a Ab on d-1, d1, d3, and d5. Flow 

cytometric analysis was performed on day 6. (a) Representative flow cytometry plots 

show the gating strategy for the following subsets from peripheral blood leukocytes: 

neutrophils (Siglec-F-, CD200R3-, CD11b+, CD11c-, Ly6Cmid), monocytes (Siglec-F-, 

CD200R3-, CD11b+, CD11c-, Ly6Chigh), and eosinophils (Siglec-F+). (b) Representative 

flow cytometry plots show the gating strategy for the following subsets from CD45+ cells 

in SDS-treated skin: neutrophils (Siglec-F-, CD64-, CD200R3-, CD11b+, CD11c-, 

Ly6Cmid), monocytes (Siglec-F-, CD64/CD200R3+, CD11b+, Ly6Chigh), and eosinophils 

(Siglec-F+).  

  



 
Supplementary Figure S7. CCR2 deficiency in radioresistant cells led to the 

downregulation of Il1b expression in SDS-treated skin. 

Analyses of RNA-seq data obtained from SDS-treated skin of WT mice reconstituted 

with WT BM (n = 4) and Ccr2-/- mice reconstituted with WT BM (n = 5). Gene set 

enrichment analysis (a) and a heat map (b) of the GO_NEUTROPHIL_MIGRATION 

gene set (GO:1990266). (c) Volcano plots comparing gene expression between these two 

chimera groups. 

  



Supplementary Figure S8. Most IL-1β-expressing cells in SDS-treated skin were 

negative for CD45. 

Expressions of IL-1β and CD45 protein in non-treated (d0) and SDS-treated (d4) ear skin 

were examined by immunofluorescence. Representative images are shown. Scale bars = 

20 μm. DAPI, 4’,6-diamidino-2-phenylindole. White circles indicate IL-1β/CD45-double 

positive cells. 

  



 

 

Supplementary Figure S9. Vimentin-positive cells were detected among IL-1β-

expressing cells in lesional skin of human cumulative ICD. 

Expression of IL-1β and vimentin protein in lesional skin of a patient with cumulative 

ICD and site-matched skin of a healthy subject were examined by immunofluorescence. 

Representative images are shown. Scale bars = 50 μm. DAPI, 4’,6-diamidino-2-

phenylindole. White circles indicate IL-1β/vimentin-double positive cells. 

  



 

 

Supplementary Figure S10. Illustrations of the experimental steps for bone marrow 

transplantation. 

Recipient mice were whole-body lethally X-irradiated (9.5 Gy) in an X-irradiator. BM 

cells were collected from femur and tibia of donor mice. Recipient mice received BM 

cells (3 x 106 cells) via the retro-orbital vein 3 h after irradiation. 

  



 

Supplementary Figure S11. Illustrations of procedures for parabiosis. 

(a) Incision lines were designed on the right and left flank of WT and Ccr2-/- mice, 

respectively. (b) The skin was incised along the line using forceps and scissors to dissect 

skin and fat tissue from underlying muscles. Next, a muscle flap was dissected from the 

thoracic cage and the peritoneum. (c) Dissected muscle flaps from WT and Ccr2-/- mice 

are connected with each other by two sutures. (d, e) Ventral and dorsal skin flaps from 

the two mice are connected by sutures and wound clips to generate stable parabionts. 

  



SUPPLEMENTARY MATERIALS AND METHODS 

 

Animal experiments 

All mice were maintained under specific pathogen-free conditions in the Institute of 

Laboratory Animals at Kyoto University Graduate School of Medicine. 7- to 10-week-

old male mice were used for all the experiments. All experimental procedures were 

approved by the Institutional Animal Care and Use Committee of Kyoto University 

Graduate School of Medicine.  

 

Antibodies 

FITC anti-mouse I-A[b] (MHC class II) (AF6-120.1), FITC anti-CD45.2 (104), 

phycoerythrin (PE)-Siglec-F (E50-2440), allophycocyanin (APC) anti-Ly6G (1A8), 

biotin anti-CD117 (c-kit) (2B8), Brilliant Ultraviolet (BUV) 395 anti-CD45 (30-F11), 

and Brilliant Violet (BV) 605 anti-CD11b (M1/70) antibodies and BV605 streptavidin 

were purchased from BD Biosciences (San Jose, CA, USA). FITC anti-Ly6G (1A8), 

FITC anti-TCRβ (H57-597), PE-Cy7 anti-CD45.1 (A20), PE-Cy7 anti-CD11c (N418), 

APC anti-CD64 (X54-5/7.1), APC anti-CD200R3 (Ba13), APC anti-γδTCR (GL3), and 

Pacific Blue anti-Ly6C (HK1.4) were purchased from BioLegend (San Diego, CA, USA). 

PE anti-CD3e (145-2C11) antibody was purchased from Thermo Fisher Scientific 

(Waltham, MA, USA). PE anti-CD207 (Langerin) (caa828H10) antibody was purchased 

from Miltenyi Biotec (Bergisch Gladbach, Germany). 

 

Anesthesia 



Mice were anesthetized by subcutaneous injection of 0.3 mg/kg medetomidine 

(ZENOAQ, Fukushima, Japan), 4.0 mg/kg midazolam (Astellas Pharma, Tokyo, Japan), 

and 5.0 mg/kg butorphanol (Meiji Seika Pharma, Tokyo, Japan).  

 

Assessment of ICD  

Ear thickness was measured every day. Ear swelling was determined by subtracting the 

thickness on day 0 from the values obtained on each day. Ear swelling values obtained 

on day 6 were used for statistical analyses. Assessments of phenotypic appearance, 

histology and TEWL as well as flow cytometric cell counting in the skin were performed 

on day 6. 

 

Processing of murine skin samples 

Murine ears were excised and cut bisymmetrically. One half was used for flow cytometric 

analysis. The other half was used for histological analysis or RNA isolation. All skin 

samples were collected 15 h after the final application of PBS or SDS. For obtaining 

samples for ELISA, murine ear samples were collected as 6-mm skin biopsy specimens. 

 

Preparation of single-cell suspensions 

Ear samples were separated into dorsal and ventral sheets and digested for 105 min at 

37°C in 5% CO2 in RPMI 1640 containing 10% FCS, 1% penicillin- streptomycin, 1% 

sodium pyruvate, 1% MEM NEAA (Thermo Fisher Scientific), 0.25 mg/mL Liberase TL 

(Roche, Basel, Switzerland), and 0.3 mg/mL DNase I (Sigma-Aldrich, St. Louis, MO, 

USA). Digested skin sheets were placed in a Medicon (BD Biosciences) and 

homogenized using a Medimachine (BD Biosciences) for 7 min. Homogenized cells were 



filtered using a 40 µm cell strainer (BD Biosciences) to obtain single-cell suspensions. 

Blood samples were collected from the submandibular vein and immediately transferred 

to EDTA-treated tubes. After hemolysis, blood samples were resuspended in RPMI 1640 

containing 10% FCS, 1% penicillin-streptomycin, 1% sodium pyruvate, 1% MEM NEAA. 

BM cells were obtained by flushing the femurs and tibias with cold sterile RPMI 1640 

medium containing 2% FCS. Collected cells were filtered through a 40 µm cell strainer 

and hemolyzed to obtain single-cell suspensions.  

 

Flow cytometry 

Single-cell suspensions obtained from the skin, peripheral blood, or BM were stained 

with the fixable viability dye eFluor 780 (Thermo Fisher Scientific), according to the 

manufacturer’s instructions, for exclusion of dead cells. Next, nonspecific antibody 

binding was blocked with an anti-CD16/32 antibody (BD Biosciences), and then cells 

were stained for surface antigens. After the surface staining, cells were fixed with 

Cytofix/Cytoperm solution (BD Biosciences). Samples were assessed with the BD 

LSRFortessa cell analyzer (BD Biosciences), and data were analyzed using FlowJo 

software (BD Biosciences). Cell numbers of each cell subset were evaluated by using 

Flow-Count Fluorospheres (Beckman Coulter, Brea, CA, USA) and presented as numbers 

per tissue after exclusion of doublet and dead cells. 

 

Histology  

For murine samples, PBS- or SDS-treated ear skin was fixed in 10% formalin neutral 

buffer solution (Wako, Osaka, Japan) at room temperature overnight and then embedded 

in paraffin. For human samples, healthy skin or lesional skin of cumulative ICD was fixed 



in 10% formalin overnight and then embedded in paraffin. Five-μm-thick sections were 

prepared and subjected to staining. Hematoxylin and eosin–stained sections were imaged 

with a digital microscope (BIOREVO BZ-9000, Keyence, Osaka, Japan). The average 

epidermal thicknesses were calculated from the distances between the stratum corneum 

and the bottom of the basal layer on the dorsal side measured at 5 locations at equal 

intervals in each image using cellSens Standard software (Olympus, Tokyo, Japan).  

 

RNA in situ hybridization 

Formalin-fixed paraffin embedded samples were sliced with a thickness of 5 μm and 

processed for RNA in situ detection by using the RNAscope 2.5 HD Assay-RED kit 

(Advanced Cell Diagnostics, Newark, CA, USA), as previously described (Hanakawa et 

al., 2019). Probes used in this study were as follows: Mm-Ccl2 (NM_011333.3), Hs-

CCL2 (NM_002982.3), and the negative control probe DapB (Advanced Cell 

Diagnostics). Images were captured with a Nikon A1 confocal microscope (Nikon, Tokyo, 

Japan). The captured images were processed with Imaris software (Bitplane, Zurich, 

Switzerland) and were shown in pseudocolors. 

 

Immunofluorescence  

Formalin-fixed paraffin embedded samples were sliced with a thickness of 5 μm. Sections 

were blocked with donkey serum (abcam, Cambridge, MA, USA) at 10 % dilution for 60 

min at room temperature.  

For staining human/mouse vimentin or mouse CD45 following RNA in situ 

hybridization (RNAscope) of Ccl2, sections were incubated with rabbit monoclonal anti-

human/mouse Vimentin (EPR3776) antibody (1:400) (abcam) or goat monoclonal anti-



mouse CD45 (D3F8Q) antibody (1:100) (Cell signaling, Danvers, MA, USA) overnight 

at 4 °C. Samples were washed with PBS and incubated for 30 min with Alexa Fluor 488–

labeled donkey anti-rabbit IgG antibody (1:300) (Thermo Fisher Scientific) or Alexa 

Fluor 594–labeled donkey anti-goat IgG antibody (1:300) (Thermo Fisher Scientific) and 

4’,6-diamidino-2- phenylindole dihydrochloride (1:400) (Sigma-Aldrich).  

For staining both IL-1β and vimentin in human and murine samples, sections 

were incubated with goat polyclonal anti-mouse IL-1β antibody at 10 μg/mL (R&D 

Systems, Minneapolis, MN, USA) or polyclonal anti-human IL-1β antibody at 2 μg/mL 

(abcam), and rabbit monoclonal anti-human/mouse Vimentin antibody (abcam) for 120 

min at room temperature. Samples were washed and incubated for 30 min at room 

temperature with Alexa Fluor 594–labeled donkey anti-goat IgG antibody (1:300) 

(Thermo Fisher Scientific) and Alexa Fluor 488–labeled donkey anti-rabbit IgG antibody 

(Thermo Fisher Scientific).  

For staining both IL-1β and CD45 in murine samples, sections were incubated 

with goat polyclonal anti-mouse IL-1β antibody (R&D Systems) for 120 min at room 

temperature. Samples were washed and incubated for 30 min at room temperature with 

Alexa Fluor 594–labeled donkey anti-goat IgG antibody (Thermo Fisher Scientific). After 

washing, samples were incubated with goat monoclonal anti-mouse CD45 antibody (Cell 

signaling) for 120 min at room temperature. After washing, samples were incubated for 

30 min at room temperature with Alexa Fluor 488–labeled donkey anti-goat IgG antibody 

(Thermo Fisher Scientific) and 4’,6-diamidino-2-phenylindole dihydrochloride (Sigma-

Aldrich).  

Stained sections were embedded with EcoMount (Biocare Medical, Pacheco, CA, 

USA). Images were captured with a Nikon A1 confocal microscope (Nikon). The 



captured images were processed with Imaris software (Bitplane) and were shown in 

pseudocolors. 

 

ELISA 

CCL2 protein levels in PBS- or SDS-treated murine skin samples were measured using a 

Mouse CCL2/JE/MCP-1 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, 

USA), according to the manufacturer's instructions. Skin samples were collected as 6-mm 

skin biopsy specimens and weighed. Samples were frozen with liquid nitrogen and 

homogenized in 400 μL of T-PER Tissue Protein Extraction Reagent (Thermo Fisher 

Scientific) containing Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). The 

concentrations of CCL2 in supernatants were measured and weight-adjusted. 

 

TEWL measurement 

TEWL on PBS- or SDS-treated skin was measured on day 6 using VAPO SCAN AS-

VT100RS (ASCH JAPAN, Tokyo, Japan).  

 

In vivo blocking of cytokines 

Anti-CCL2 Ab (2H5) and polyclonal IgG isotype control were purchased from Bio X 

Cell (West Lebanon, NH, USA). Anti-IL-1β Ab (B122) and purified IgG isotype control 

(HTK888) were purchased from BioLegend. In CCL2 blocking experiments, mice were 

injected intradermally with 20 μg of anti-CCL2 Ab in the right ears and polyclonal IgG 

isotype control in the left ears on days 0, 2, and 4 during the 6-day SDS application period. 

In IL-1β blocking experiments, mice were injected intradermally with 20 μg of anti-IL-



1β Ab in the right ears and isotype IgG in the left ears on days 0, 2, and 4 during the 6-

day SDS application period.  

 

In vivo neutrophil depletion 

For neutrophil depletion, a previously described method was used, with modifications 

(Boivin et al., 2020). In detail, mice were injected intraperitoneally with 250 μg of anti-

Ly6G Ab (1A8, Bio X Cell) or rat IgG2a kappa isotype control (2A3, Bio X Cell) and 

then 2 h later with 250 μg of anti-rat IgG2a Ab (RG7/1.30, Bio X Cell) on days -1, 1, 3, 

and 5 during the 6-day period of SDS or PBS application. 

 

In vivo rescue experiments with IL-1β  

WT or Ccr2-/- mice were treated topically with PBS on the right ears and SDS on the left 

ears for 6 consecutive days, with the intradermal injection of recombinant mouse IL-1β 

(Biolegend) (5 ng) or PBS on day 2.  

 

Generation of BM chimeric mice 

BM chimeric mice were generated as previously described (Otsuka et al., 2010). 

Experimental steps are illustrated in Supplementary Figure S10. Briefly, recipient mice 

were whole-body lethally X-irradiated (9.5 Gy) for BM transplantation in an X-irradiator 

MBR-1520R-4 (Hitachi Medical Corp., Tokyo, Japan). Recipient mice received BM cells 

(3 x 106 cells) via the retro-orbital vein 3 h after irradiation. BM cells were collected as 

described in “Preparation of single-cell suspensions”. The chimeric mice were used for 

the indicated experiment 12 weeks after transplantation. 

 



Parabiosis  

Pairs of parabiotic mice consisting of CD45.1+ WT and CD45.2+ Ccr2-/- mice were 

generated, as described previously (Conboy et al. 2013; Duyverman et al. 2012).  

Surgical procedures are illustrated in Supplementary Figure S11. Briefly, anesthetized 

WT and Ccr2-/- mice were shaved on the right and left flank, respectively. After marking 

the incision lines on the skin, we incised the skin along the line using forceps and scissors 

and dissected skin and fat tissue from underlying muscles. A muscle flap is dissected 

from the thoracic cage and the peritoneum. We connected these dissected muscle flaps 

with each other by two sutures and closed the skin with wound clips (MikRon Precision 

Inc., Gardena, CA). Topical application of SDS or PBS on the ears of parabionts was 

commenced 2 weeks after the surgical joining.  

 

RNA isolation 

Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 

purified with RNeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturers’ 

protocol. 

 

Quantitative reverse transcription polymerase chain reaction (RT-PCR) 

cDNA was reverse transcribed from total RNA samples by using Prime Script RT reagent 

kit (Takara Bio, Otsu, Japan). Quantitative RT-PCR was performed by monitoring the 

synthesis of double-stranded DNA during the various PCR cycles with SYBR Green I 

(Roche, Basel, Switzerland) and the LightCycler real-time PCR apparatus (Roche), 

according to the manufacturer’s instructions. All primers were obtained from Greiner 

Japan (Tokyo, Japan). The primer sequences were as follows: Gapdh, 5’-AGG TCG GTG 



TGA ACG GAT TTG-3’ (forward) and 5’-GGG GTC GTT GAT GGC AAC A-3’ 

(reverse); Ccl2 5’-TAA AAA CCT GGA TCG GAA CCA AA-3’ (forward) and 5’-GCA 

TTA GCT TCA GAT TTA CGG GT-3’ (reverse). The cycling conditions were as 

follows: initial enzyme activation at 95 °C for 10 min, followed by 45 cycles at 95 °C for 

10 sec and 60 °C for 20 sec. Gene-specific fluorescence was measured at 60 °C. For each 

sample, duplicate test reactions were analyzed for gene expression, and results were 

normalized to those of the housekeeping Gapdh gene. 

 

RNA sequencing 

RNA-seq libraries were generated using NEBNext Ultra II RNA Library kit for Illumina 

(New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s protocol and 

sequenced on the HiSeq 2500 or 4000 platform (Illumina, San Diego, CA, USA). 

Sequenced reads were quantified using kallisto quant (version .0.44.0) (Bray et al., 2016) 

against the Mus musculus transcriptome (GRCm38.96). Differential expression analysis 

was conducted using Wald test implemented in the R package, Sleuth (version 0.30.0) 

(Pimentel et al., 2017). Differentially expressed genes were defined as those with adjusted 

P value < 0.05 and log2(fold change) > 1. Gene Set Enrichment Analysis (GSEA) was 

conducted using GSEA software (version 4.1.0) (Daly et al., 2003; Subramanian et al., 

2005) with default parameters. 

 

Statistical analysis 

Unless otherwise indicated, results are presented as values (symbols) and means ± SDs 

and are representative of at least three independent experiments. Comparisons between 

two experimental groups were analyzed for statistical significance by Student’s t-test. For 



multiple pairwise comparisons, P values were adjusted using the Bonferroni correction. 

P < 0.05 were considered to be significantly different. Multiple comparisons to a single 

control group were analyzed for statistical significance by Dunnett’s test. 
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