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Abstract

In this study, we observed that mice lacking the IL-1 receptor (IL-1R) (IL1r−/−) or deficient in IL1-

β developed multiple epidermal cysts after chronic UVB exposure. Cysts that developed in IL1r−/− 

mice were characterized by the presence of the hair follicle marker Sox 9, keratins 10 and 14, and 

normal melanocyte distribution and retinoid X receptor-α expression. The increased incidence of 

cysts in IL1r−/− mice was associated with less skin inflammation as characterized by decreased 

recruitment of macrophages, and their skin also maintained epidermal barrier function compared 

with wild-type mice. Transcriptional analysis of the skin of IL1r−/− mice after UVB exposure 

showed decreased gene expression of proinflammatory cytokines such as tumor necrosis factor-α 
and IL-6. In vitro, primary keratinocytes derived from IL1r−/− mice were more resistant to UVB-

triggered cell death compared with wild-type cells, and tumor necrosis factor-α release was 

completely blocked in the absence of IL-1R. These observations illustrate an unexpected yet 

prominent phenotype associated with the lack of IL-1R signaling in mice and support further 

investigation into the role of IL-1 ligands in epidermal repair and innate immune response after 

damaging UVB exposure.
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INTRODUCTION

The IL-1 superfamily contains 21 proteins including 11 ligands and 10 receptors, co-

receptors, or decoy receptors (Palomo et al., 2015). IL-1 cytokines can act as either agonists 

or antagonists of inflammation when bound to their respective receptor (Sims and Smith, 

2010). IL-1 signaling can potentially affect all cells of the innate immune system because 

they either express or are directly or indirectly affected by IL-1 family members (Garlanda 

et al., 2013a). The balance between controlled immune response and uncontrolled 

inflammation via IL-1 signaling is tightly regulated through several mechanisms. These 

mechanisms include proteolytic activation of ligands by the inflammasome, receptor 

antagonists, decoy receptors, and negative regulators (Garlanda et al., 2013b; Palomo et al., 

2015). Signaling via IL-1 cytokines can induce a secondary cascade of mediators affecting 

multiple cellular processes including chemotaxis, immunosuppression, and apoptosis (Nasti 

and Timares, 2012).

After insults like UVR exposure, the inflammasome complex including NALP3 is activated 

(Feldmeyer et al., 2007). This complex activates caspase 1, which proteolytically cleaves pro

—IL-1β into its active form, IL-1β (Nasti and Timares, 2012), leading to activation of 

downstream proinflammatory signaling via NF-κB transcription factor and mitogen-

activated protein kinases p38 and JNK and penultimately leading to secretion of 

proinflammatory proteins including tumor necrosis factor-α (TNF-α), IL-6, IL-1α, and 

IL-1β (Weber et al., 2010). IL-1 receptor (IL-1R) ligand IL-1β is known to play a key role 

in mediating signaling in autoinflammatory diseases through IL-1R (Dinarello, 2009). IL-1β 
is also well characterized for its role in immune response to infection (Netea et al., 2010). 

IL-1R ligands have more recently been shown to enhance chronic inflammation, leading to 

an increased expression of pro-tumorigenic factors (Apte et al., 2006; Cataisson et al., 2012; 

Kasza, 2013). IL-1R ligands have also been shown to influence hair growth in vitro (Harmon 

and Nevins, 1993; Hoffmann et al., 1997; Philpott et al., 1996) and in vivo (Groves et al., 

1995). Polymorphisms in IL1RA or IL-1β are related to susceptibility and severity of the 

alopecia areata (Alfadhli and Nanda, 2014; Tarlow et al., 1994).

Given the role of UV damage in skin tumor development and the influence of IL-1 in 

inflammation, we sought to characterize the phenotype of mice exposed to UVB in the 

setting of abnormal IL-1 signaling. In this study, we report a striking phenotype in mice 

lacking IL-1R that become predisposed to form epidermal cysts after UVB damage and a 

general immunosuppression in these mice. These data show an unexpected role for IL-1R in 

epidermal homeostasis after injury.

RESULTS

Development of epidermal cysts in IL1R−/− and IL1b−/− mice exposed to chronic UVB

When damaged by UV exposure, keratinocytes produce IL-1 family proteins such as IL-1α 
and IL-1β (Nasti and Timares, 2012). To explore the relevance of this response in a chronic 

UV exposure protocol, we subjected wild-type (WT) and IL1r−/− mice to 200 mJ/cm2 of 

UVB 3 times per week for 4 weeks, then 500 mJ/cm2 of UVB 3 times per week for up to 

150 days. An unexpected phenotype was observed in this experiment as IL1r−/− mice 
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developed multiple subcutaneous pigmented papules (Figure 1a, Supplementary Figure S1 

online). Significantly fewer IL1r−/− mice (23%) were free of these lesions after 120 days of 

repeated UVB exposure compared with WT mice (94%) (see Supplementary Figure S1). No 

lesions were detected in either group in the absence of UVB treatment. To further explore 

the role of IL-1R ligands and inflammasomes, we next examined the response to chronic 

UVB irradiation in mice lacking IL-1β and the inflammasome component NLRP3. IL1b−/− 

mice showed increased papules but at a lower frequency compared with IL1r−/− mice, 

whereas Nlrp3−/− appeared similar to WT mice and did not show papule formation (Figure 

1b, 1c). Next, we investigated the effect of chronic UVB response in mice lacking toll-like 

receptor (TLR) 3. Previous observation from our group showed that Tlr3−/− mice subjected 

to UVB irradiation have less skin inflammation than WT mice (Bernard et al., 

2012);however, the rates of papule formation were similar between Tlr3−/− mice and WT 

mice (Figure 1d, 1e) after chronic UVB exposure.

Hematoxylin and eosin staining of dorsal skin after UVB exposure showed that the papules 

in IL1r−/− mice have a cystic structure (Figure 2a). The rare subcutaneous papules also 

detected in WT mice had a similar morphology to those in IL1r−/− mice (see Supplementary 

Figure S1c). No papillomas or carcinomas were detected under these treatment conditions.

Immunohistochemistry staining with the follicular marker Sox9 showed strong expression 

within the cysts. Most of the cells within the cysts were enucleated as indicated by negative 

staining for nuclear stain DAPI. Intermittent expression of epidermal differentiated cell 

marker keratin (K) 10 was observed, whereas only a few cells stained positive for the 

epidermal basal progenitor cell marker K14 (Figure 2b–d). No significant difference in the 

total melanocytes and retinoic X receptor (RXR)-α staining pattern was observed in the IL1r
−/− mice skin compared with WT mice after chronic UVB irradiation (see Supplementary 

Figure S2a–c online).

IL1r−/− mice show a dampened immune response, less barrier disruption, and an altered 
transcriptional profile after UVB irradiation

IL1r−/− mice showed a decrease in infiltrating monocytes/macrophages (MAC1+ cells) in the 

dermal compartment compared with WT mice after UVB irradiation (Figure 3a, 3b). 

Furthermore, IL1r−/− mice had a significantly diminished increase in transepidermal water 

loss (TEWL) after acute UVB exposure than WT mice, indicating that WT mice had 

enhanced barrier disruption compared with the IL1r−/− mice (Figure 3c). To determine if the 

magnitude of the inflammatory response correlated with the change in barrier disruption, 

mice were pre-treated with cyclophosphamide, a known immunosuppressor (de Jonge et al., 

2005; Huyan et al., 2011), before UVB exposure. Cyclophosphamide treatment alone had no 

effect on skin barrier function, but pretreatment with cyclophosphamide inhibited the 

increase in TEWL in WT mice after UVB (Figure 3d). These observations suggested that the 

lower TEWL in IL1r−/− mice after UVB exposure could be a result of the dampened 

inflammatory response.

To better understand how the lack of IL-1R promoted the development of cysts, we next 

looked at the changes in gene expression profile after an acute dose (up to 6 days) of UVB 

irradiation. RNA sequencing analysis of WT and IL1r−/− mice was performed on whole-skin 
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biopsy samples after an acute dose of UVB exposure. Hierarchical clustering of 

differentially expressed genes (3.8-fold) showed two distinct clusters, one for the WT (WT1 

and WT2) and one for the IL1r−/− mice (IL1R-knockout 1 and IL1R-knockout 2) (Figure 

4a). Analysis of the highly differentially regulated genes (4-fold change) for biological 

function through gene ontology enrichment analysis showed that several pathways related to 

cytoskeletal remodeling (keratin filament, cornified envelope, intermediate filament and 

keratinization) were up-regulated (Figure 4b) and that pathways related to chemotaxis and 

immune response were down-regulated (see Supplementary Figure S3b online). Network 

analysis was performed with the InnateDB database (Breuer et al., 2013) to understand the 

putative protein-protein interaction. The up-regulated protein-protein interaction showed 

interactions among cytoskeletal-associated proteins like Actn2, Ttn, Sptan1, and matrix 

metalloproteinases Mmp10 and Mmp7 (Figure 4c). These cytoskeletal-associated proteins, 

although indirectly, showed interaction with oncogenic pathway-related proteins such Hras 

and EGFR, neurotransmitters such as NOS1, and proteins related to calcium signaling 

(Calm1 and Camk2b). As a whole, this transcriptional profile was considered consistent with 

the phenotype observed in the IL1r−/− mice.

IL1r−/− mice are deficient in inflammatory gene expression after UVB exposure, whereas 
DNA damage response is not affected

Next, we validated changes in inflammatory cytokine/chemokine gene expression and 

compared this to expression of DNA repair genes in WT and IL1r−/− mice that were 

subjected to a short-term exposure protocol of three UVB exposures (200 mJ/cm2 per 

exposure) with 48 hours between exposures (up to 6 days). Consistent with our prior results, 

acute UVB treatment of WT mice enhanced the expression of genes encoding inflammatory 

proteins TNF-α, IL-6, CXCL5, IL-1β and CCL2, whereas the expression of these genes was 

significantly lower in the IL1r−/− after UVB treatment (Figure 5 a–e).

The expression of genes encoding DNA damage repair-related proteins DDB2, ATM, and 

PARP1 was not affected after UVB treatment in either WT and IL1r−/− mice (Figure 5g–i). 

Similarly, immunohistological evaluation of phosphorylated γH2AX, a well-established 

marker for DNA damage, showed no difference in WT and IL1r−/− mice after UVB exposure 

(see Supplementary Figure S4a, S4b online). Normal human epidermal keratinocytes treated 

with IL-1β (2.5 ng/ml) and/or UVB treatment (30 mJ/cm2) also showed no significant 

differences for expression of DNA damage repair-related genes and phosphorylated γH2AX 

(see Supplementary Figure S4c, S4d).

Next, because TNF-α cytokine release can promote a pro-apoptotic response (Barisic et al., 

2008; Poppelmann et al., 2005), we examined whether epidermal keratinocytes (mKCs) 

isolated from IL1r−/− mice had abnormal TNF-α expression after treatment with UVB. 

mKCs were subjected to a single acute UVB dose (25 mJ/cm2 or 30 mJ/cm2) with 

measurements taken at increasing intervals (Figure 6). IL1r−/− mKCs had much less 

production of TNF-α, IP-10, and MIP-2 after UVB treatment (Figure 6a–c). The secretion 

of IL-1β and IL-6 was not affected after UVB treatment in WT and IL1r−/− mKCs (data not 

shown). Protein secretion of RANTES was not detected in mKCs. Next, we examined 

downstream signaling by immunoblotting against mitogen-activated protein kinase-
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phosphorylated p38 and the apoptosis activation marker cleaved caspase 3, respectively 

(Figure 6d). WT mKCs showed a higher expression of phosphorylated p38 in UVB-

irradiated WT cells than IL1r−/− mKCs. Endogenous levels of cleaved caspase 3 were lower 

in IL1r−/− mKCs than WT mKCs in nonirradiated cells, and a similar pattern was observed 

in UVB-treated cells (Figure 6d). Irradiating mKCs with UVB (25 mJ/cm2) for 12 hours or 

24 hours showed lower cell death in IL1r−/− than WT cells, as indicated by lesser rounded 

IL1r−/− mKCs compared with UVB-treated WT mKCs (Figure 6e). Quantification of cell 

viability by the CCK8 assay validated that IL1r−/− mKCs had less UVB-induced cell death 

(Figure 6f). mKCs from both WT and IL1r−/−, treated with TNF-α (10 ng/ml or 40 ng/ml) 

showed significant and similar cell death response (Figure 6g). Taken together, these data 

suggest that UVB-mediated induction of TNF-α and associated secondary cell death is 

decreased in IL1r−/− mKCs.

DISCUSSION

UV exposure alters skin aging, pigmentation, immune responses, disease symptoms (i.e., 

rosacea, photodermatoses), and can lead to genomic instability affecting the likelihood of 

skin cancers (Grossman and Leffell, 1997; Marrot and Meunier, 2008; Wu et al., 2014). In 

this study, we observed that IL-1R–deficient mice (IL1r−/−) form epidermal cysts when 

exposed to chronic UVB irradiation. Multiple cysts were seen in both IL1-β gene–deficient 

(IL1β−/−) and IL1r−/− mice, but not in WT or Nlrp3−/− mice. The cysts observed in IL1r−/− 

mice stained positively for epithelial cell marker Sox9, were low in K14, and were 

enucleated, indicating that most of the cells within the cyst had undergone terminal 

differentiation. Indeed, gene ontology analysis showed that biological pathways related to 

cytoskeletal rearrangement and cornification were increased in IL1r−/− mice after UVB 

treatment. Overall, these observations are consistent with the phenotype that in the absence 

of IL-1R activation, there is a trend toward development of benign epidermal cysts after UV 

damage.

To understand why cysts formed more frequently after UV damage, we first sought to 

evaluate the role of inflammation. We have previously shown that UV-induced injury 

activates Tlr3-mediated proinflammatory responses (Bernard et al., 2012), and it has 

previously been suggested that activation of Tlr3 also enhances processing of pro–IL-1β via 

activation of caspase 8 (Maelfait et al., 2008). However, Tlr3-deficient (Tlr3−/−) mice did not 

develop cysts at the same frequency as IL1r−/− mice, indicating that the specific disruption 

of IL-1R signaling, and not of an alternative proinflammatory pathway, is crucial for cyst 

formation. Indeed, IL1β−/− mice had a lesser extent of cyst formation compared with IL1r−/− 

mice.

Cysts produced by chronic UVB exposure had robust pigmentation. However, dorsal skin 

did not show significant changes in the total number or location of melanocytes between WT 

and IL1r−/− mice. Because RXRα is a key regulator involved in keratinocyte and/or 

melanocyte regulation, and cysts have been observed in mice with RXRα mutations (Li et 

al., 2000), it was also examined to determine if it was associated with cyst development in 

IL1r−/− mice. We observed no difference in RXRα expression pattern in IL1r−/− mice after 

UVB treatment compared with the WT mice.
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Some prior reports have also suggested that IL-1 cytokines induce DNA damage and 

γH2AX phosphorylation (Cetkovic-Cvrlje and Eizirik, 1994; Davies et al., 2008; Oleson et 

al., 2014), although other reports suggest that IL-1 cytokines may be involved in triggering 

DNA damage repair via NF-κB and/or transforming growth factor-β signaling (Deorukhkar 

and Krishnan, 2010; Hubackova et al., 2012). In our study, no significant change was 

observed in DNA damage repair pathway-related gene expression and γH2AX 

phosphorylation between the IL1r−/− and WT mice exposed to UVB.

Finally, IL-1 signaling has been reported to enhance UVB-induced apoptosis through down-

regulation of inhibitor of apoptosis proteins or increasing TNF-α cytokine release (Kothny-

Wilkes et al., 1999) and also shifts TNF receptor 1 and NF-κB signaling to a pro-apoptotic 

pathway state (Barisic et al., 2008; Poppelmann et al., 2005). We therefore investigated 

whether IL-1R had a role in keratinocyte survival and TNF-α production. Keratinocytes 

isolated from IL1r−/− mice showed higher survival than WT cells after UVB treatment and 

also had significantly higher TNF-α production and downstream activation of 

phosphorylated p38 and cleaved caspase 3. These results suggest that under normal 

conditions, UVB injury triggers activation of the IL-1R signaling pathway that drives 

production and release of TNF-α, and this in turn stimulates secondary cell death. This 

response, combined with lesser inflammation, was the most significant association seen with 

the cyst phenotype. It needs to be established whether patients receiving IL-1R inhibitor 

therapy (e.g., anakinra) for treatment of inflammatory skin disorders have an increase in 

survival of DNA-damaged cutaneous cells because of suppressed apoptosis.

This study does not fully decipher the molecular mechanisms behind cyst formation, but it 

provides important new data that suggest biological pathways and candidate genes that are 

relevant for further investigation. To our knowledge there are no specific reports in the 

literature that UVB exposure promotes cyst formation in humans deficient in IL-1R or in 

patients receiving TNF-antagonist therapy, but this may be due to lack of sufficient 

observation. Thus, we present this description of a cyst-promoting environment in IL1r−/− 

mice as a new clue and potential model for further investigation into elements involved in 

epidermal homeostasis.

MATERIALS AND METHODS

Mice

Sex-matched C57BL/6 WT controls, male and female IL1r−/−, IL-1β–deficient, and NLRP3-

deficient and TLR3-deficient mice were all on a C57BL/6 background and were housed at 

the University Research Center at the University of California, San Diego. All animal 

experiments were approved by the University of California, San Diego Institutional Animal 

Care Committee.

UVB treatment

Mice were shaved and chemically depilated 3 days before beginning narrowband UVB 

irradiation (312 nm). UVB irradiation was performed using handheld UVB lamps from 

Spectronics (Westbury, NY) with two 8-W bulbs, as previously described (Borkowski et al., 
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2015). For cyst formation experiments, 12-week-old mice were irradiated with 200 mJ/cm2 

UVB 3 times per week for 4 weeks and then with 500 mJ/cm2 UVB 3 times per week for the 

remainder of the experiment. Dosimetry was performed using a digital UV radiometer from 

Solartech, Inc. (Parsippany, NJ). The 8-mm biopsy samples of the skin containing cysts were 

taken at the end of the experiment and used for histologic study. For measuring barrier 

disruption, mice were exposed to 50 mJ/cm2 UVB. TEWL was measured using a 

TEWAMETER TM300 (C & K, Cologne, Germany). Mice treated with cyclophosphamide 

were given 300 mg/kg of cyclophosphamide intraperitoneally 48 hours before UVB 

exposure (50 mJ/cm2). To measure relative changes in gene expression, mice were exposed 

to 300 mJ/cm2 UVB and subsequently exposed to 200 mJ/cm2 UVB every other day over 

the next 4 days. Punch biopsy samples were taken before initial UVB exposure and 

posttreatment days 1 and 6 after the initial UVB exposure. For RNA sequencing 

experiments, 12-week-old WT and IL1r−/− mice were shaved, and dorsal hair was 

chemically depilated. Twenty-four hours later, mice were exposed to 200 mJ/cm2 

narrowband UVB (312 nm) and subsequently exposed every other day over the next 4 days.

Murine keratinocyte isolation, normal human keratinocyte culture, UVB irradiation, and cell 
viability quantification

Primary adult mKCs were isolated from adult WT or IL1r−/− littermate mice as described 

previously (Zhang et al., 2012). Isolated mKCs and primary human adult keratinocytes 

(American Type Culture Collection) were cultured in EpiLife medium (Life Technologies, 

Waltham, MA) supplemented with 0.06 mmol/L CaCl2 and EpiLife Defined Growth 

Supplement (Life Technologies) and penicillin-streptomycin (Life Technologies). After 

reaching approximately 90%, confluence the cells were treated with an acute dose of 25 

mJ/cm2 or 30 mJ/cm2 UVB, as indicated in the figures. Cell viability was quantified by 

CCK-8 cell viability assay according to manufacturer’s instructions (Dojindo Molecular 

Technologies, Rockville, MD).

Immunohistochemistry, histology, and image quantification

Skin samples for cyst characterization and MAC1 and RXRα staining were paraffinized and 

cut into 5-μm sections. Skin samples subjected to acute UVB irradiation were embedded in 

optimum cutting temperature compound (Tissue-Tek, Torrance, CA) and cut into 8-μm 

sections. Hematoxylin and eosin staining was performed after deparaffinization using 

xylenes and graded ethanol washes. Antigen retrieval for staining K10, Sox9, and K14 was 

performed in 1 mm EDTA (pH 8.0) and in citrate buffer (pH 6.0) for RXRα and MAC1 

stainings for 20 minutes at 95°C in a water bath. After deparaffinization, antigen retrieval, 

and blocking, immunostaining was performed using primary antibodies recognizing K10 

(Thermo Fisher Scientific, Waltham, MA; MS-611-P0; 1:50, mouse), K14 (Thermo Fisher 

Scientific; 1:100, rabbit), Sox-9 (Millipore, Billerica, MA; 1:100, rabbit), RXRα (Santa 

Cruz Biotechnology, Dallas, TX; 1:50, rabbit) and MAC1 (Abcam, Cambridge, UK; 

1:1,000, mouse). γH2A.X-phosphorylated (Ser139) (Biolegend, San Diego, CA; 2F3, 1:200, 

mouse) was stained in optimal cutting temperature compound sections. For staining with 

primary antibodies raised in mice, M.O.M. Immunodetection kit (Vector Laboratories, 

Burlingame, CA) was used according to the manufacturer’s instructions. Secondary 

antibodies used were Avidin-Alexa Fluor 488 (Thermo Fisher; 1:1,000) or Avidin-Alexa 
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Fluor 568 (Thermo Fisher; 1:500). For fluorescent immunohistochemistry, nuclei were 

counterstained with DAPI (200 ng/ml) for 10 minutes at room temperature. For chromogenic 

immunohisto-chemistry, sections were incubated with streptavidin-horseradish peroxidase 

(Vector Laboratories) for 30 minutes at room temperature and developed with DAB 

peroxidase substrate kit (Vector Laboratories). Slides were mounted with DPX mounting 

medium. Melanocytes were stained with the Fontana-Masson staining kit according to the 

manufacturer’s instructions (American Master-Tech, Lodi, CA). Bright-field images were 

captured with a Leica DME light microscope using the Leica Application Suite software, 

version 3.3.1 (Leica, Wetzlar, Germany). Fluorescent images were captured using a Zeiss 

AXIO Imager.Z1 with a digital AxioCam HRm and processed using AxioVision 4.8 (Carl 

Zeiss, Oberkochen, Germany). Immunofluorescence quantification was performed by 

randomly choosing multiple fields and further processing with ImageJ software (National 

Institutes of Health, Bethesda, MD). Significance was determined using a two-tailed Student 

t-test.

RNA sequencing sample preparation and downstream analysis

Skin tissue was collected via punch biopsy, homogenized via beat beating in Trizol 

(Ambion, Waltham, MA) twice for 45 seconds, then RNA was isolated via an RNeasy kit 

(Qiagen, Hilden, Germany). RNA samples were then submitted to the University of 

California, San Diego Institute for Genomic Medicine for analysis by a Tapestation 

bioanalyzer (Agilent, La Jolla, CA). RNA sequencing was performed on a high-output run 

V4 platform (Illumina, San Diego, CA) in a single-read 100-cycle run. Subsequent analysis 

was done on Partek flow software (Partek, St. Louis, MO) using the Tophat2 aligner (version 

2.0.8) quantifying to the transcriptome using the mm10_RefSeq Transcripts 16_08_01_v2. 

Hierarchal clustering used Euclidean distance and average pairwise linkage. Gene ontology 

enrichment analysis was performed on differentially regulated genes (≥2-fold and 4-fold, 

respectively) using Partek flow software. The protein-protein interaction network was 

generated in the InnateDB database (Breuer et al., 2013).

Quantitative real-time PCR

Tissues collected via punch biopsy were homogenized and processed with Direct-zol RNA 

isolation kit with DNase I treatment (Zymo Research, Irvine, CA). Cultured cells were lysed 

in Trizol, and RNA was extracted via Direct-zol kit (Zymoresearch, Irvine, CA). The 

isolated total RNA was quantified via nanodrop 2000/200c spectrophotometer (Thermo 

Fisher), and 1 μg of total RNA was used as a template to reverse-transcribe cDNA through 

an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Pre-developed Taqman Gene 

Expression Assays (Life Technologies) were used to evaluate mRNA transcript levels of 

mouse or human genes. The expression of mouse genes Tnfα, Il6, Cxcl5, Il1b, Ccl2, Ccl5, 
Ddb2, Atm, and Parp1 were evaluated. Mouse Gapdh was used as a reference gene. 

Similarly, human Taqman probes used were OGG1, XPA, ATM, ATR, PARP1, APE1, 
PRKDC, DDB2, and IL6. Human-specific GAPDH Taqman probe was used as a reference 

gene, as used in our previous study (Borkowski et al., 2015). The cDNA samples were 

analyzed in an ABI Prism 7000 Sequence Detection System (Life Technologies) and were 

performed in biological triplicates. The mRNA fold induction was calculated using the ΔΔCt 

Livak method (Livak and Schmittgen, 2001). Results were significant at P less than 0.05. 
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The GraphPad prism software 5.0 (GraphPad, La Jolla, CA) was used for all statistical 

analysis.

Western blotting

The mKCs and normal human epidermal keratinocytes were lysed in 

radioimmunoprecipitation assay (i.e., RIPA) buffer after treatment, and total protein was 

quantified for each sample via bicinchoninic acid assay. Next, 5 μg of total protein was 

loaded onto a 4–20% Mini-PROTEAN TGX gel (Bio-Rad), transferred to a polyvinylidene 

difluoride membrane, and probed with primary antibodies against phosphorylated p38 (Cell 

Signaling, Danvers, MA; 1:100, rabbit), total p38 (Cell Signaling; 1:100, rabbit), cleaved 

caspase 3 (Cell Signaling; 1:500, rabbit), and phosphorylated-γH2AX (Abcam; 1:2,000, 

rabbit). Glyceraldehyde-3-phosphate dehydrogenase antibody (Abcam; 1:10,000, rabbit) was 

used as a loading control. Antirabbit secondary antibody conjugated to an infrared dye 

(IRDye800CW; Licor, Lincoln, NE) was used, and images were acquired on an Odyssey 

CLx imaging station (Licor).

ELISA and Luminex assays

Supernatant from mKCs was collected before RNA isolation, briefly centrifuged to remove 

debris, and stored at −80°C until further use. ELISA analysis was performed using a mouse 

TNF ELISA kit (BD OptEIA, BD Biosciences, San Jose, CA) following the manufacturer’s 

instructions. IP-10, MIP-2, IL-1B, RANTES, and IL-6 were measured with a Milliplex MAP 

immunoassay kit (Millipore). The Milliplex assay was analyzed on MAGPIX platform 

(Luminex Corp., Austin, TX).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL1r−/− and IL1β−/− mice develop papules after chronic exposure to UVB radiation
(a) Papules are shown with arrows on the external view of dorsal skin (left image) and 

dermal view of skin after removal of WT mice compared with IL1r−/− and IL1b−/− mice 

after 150 days of chronic UVB irradiation. (b) Average number of papules (cysts) per mouse 

detected on WT (n =1 0), Nlrp3−/− (n = 8), IL1r−/− (n = 12), and IL1b−/− (n = 8) mice. (c) 

Fraction of mice from b that did not have detectable cysts. (d) Average number of papules 

detected on WT mice (n = 10) or Tlr3−/− mice (n = 12) after 200 days of chronic UVB 

irradiation. (e) Fraction of mice from d that did not have detectable cysts. IL-1R, IL-1 

receptor; TLR, toll-like receptor; WT, wild type.
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Figure 2. UVB radiation promotes cysts in IL1b−/− and IL1r−/− mice
(a) Representative image of WT, IL1b−/−, and IL1r−/− mouse dorsal skin after 180 days of 

UVB exposure stained with hematoxylin and eosin. For 4×, scale bar = 500 μm; 10×, scale 

bar = 200 μm; 20×, scale bar = 100 μm. (b–d) Immunofluorescence staining of cysts found 

in IL1r−/− mice with differentiated dermal cell marker K10, follicular cell marker Sox9, and 

basal cell marker K14. Nuclei are counterstained with DAPI (blue). White dotted line is used 

to demarcate cysts. White arrows indicate positive staining within the cysts. Scale bar = 200 

μm. IL-1R, IL-1 receptor; K, keratin; Mag, magnification on images; WT, wild type.
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Figure 3. IL1r−/− mice show decreased recruitment of macrophages and decreased TEWL 
disruption after UVB exposure
(a) Dorsal skin of WTand IL1r−/− mice were stained for infiltrating monocytes/macrophages 

using the MAC1 primary antibody (red) and counterstained with DAPI (blue). Scale bar = 

50 μm (b) MAC1-positive cells from a were quantified by Image J software and are 

represented as MAC1+ cells/field. P-value represents Student t-test. Marked boxes indicate 

migrated macrophage population. Arrows indicate positive staining for MAC1. (c) TEWL 

measured daily for 7 days after exposure to a single dose of 50 mJ/cm2 UVB, WT (n = 6) or 

IL1r−/− mice (n = 6). (d) WT control (n = 10) or WT mice pre-injected with the immune 

system suppressor drug cyclophosphamide (CTX) (n = 10) were exposed to an acute dose of 

50 mJ/cm2 UVB. TEWL was measured over 7 days. *P< 0.05, **P< 0.01, ***P< 0.001. 

IL-1 R, IL-1 receptor; TEWL, transepidermal water loss; WT, wild type.
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Figure 4. IL1r−/− mice have altered transcriptional profile after UVB exposure
(a) Heatmap and hierarchical clustering of RNA sequencing gene expression profile (3.8-

fold change) from WT (n = 2) and IL1r−/− (n = 2) mice after a 6-day acute UVB exposure 

(200 mJ/cm2 dose, 1 dose every 48 hours, 3 doses in total). (b) Top 10 hits of gene 

ontologies (GO) of the significantly up-regulated (≥4-fold) genes are represented. (c) 

Protein-protein interaction (PPI) networks were derived from network analysis in InnateDB. 

The putative PPIs from the up-regulated (≥2-fold) genes are represented. The color of nodes 

represents their betweenness centrality values. Red and blue colors indicate highest and 

lowest betweenness centralities, respectively.
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Figure 5. Validation of mRNA expression in skin of IL1r−/− mice after UVB exposure
Quantitative real-time reverse transcriptase–PCR quantification of expression of the genes 

encoding (a) TNF-α, (b) IL6, (c) CXCL5, (d) IL1B, (e) CCL2, (f) RANTES (CCL5), (g) 

DDB2, (h) ATM, and (i) PARP1 from dorsal skin tissue punch biopsy samples of WT (n = 

4) or IL1r−/− (n = 4) mice at baseline (day 0), 24 hours after a single dose of UVB irradiation 

(300 mJ/cm2) (day 1), or 24 hours three doses of UVB irradiation (300 mJ/cm2) (day 6). 

IL-1R, IL-1 receptor; TNF, tumor necrosis factor; WT, wild type.
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Figure 6. Keratinocytes from IL1r−/− mice show lower inflammatory protein secretion compared 
with WT mice after acute UVB exposure and are more resistant to UVB-induced cell death
(a) UVB (30 mJ/cm2)-induced release of TNF-α by primary adult mouse keratinocytes 

(mKCs) was measured by a sandwich ELISA at indicated time points. (b, c) Similarly, 

IP-10and MIP-2 secretion was measured after 12 hours UVB (30 mJ/cm2) treatment by 

Milliplex assay. (d) Activation of mitogen- activated protein kinase p38and apoptosis were 

looked at by immunoblotting against phosphorylated p38 (P-p38) and cleaved caspase 3, 

respectively. Total p38 and GAPDH were used as loading controls. (e) mKCs were isolated 
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from WTor IL1r−/− skin and cultured to approximately 90% confluence before exposure to 

UVB (25 mJ/cm2). Phase contrast images were taken at 12 hours and 24 hours after UVB 

exposure. Scale bar = 50 μm. (f) Cell viability of keratinocytes from WT and IL1r−/− was 

quantified by CCK-8 cell viability assay at 6 hours, 12 hours, and 24 hours after UVB 

treatment (30 mJ/cm2). (g)WT and IL1R−/− mice were treated with TNF-α (10 ng/ml or 40 

ng/ml) for 6 hours, 12 hours, and 24 hours, and cell death was measured by CCK8 assay. P-

values were calculated by one-way analysis of variance multiple comparison test. GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase; h, hour; hrs, hours; IL-1R, IL-1 receptor; Nt 

control, nontreated control; TNF, tumor necrosis factor; WT, wild type.
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