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            Abstract
The skin barrier is the bodyâ€™s first line of defence against environmental assaults, and is maintained by epithelial stem cells (EpSCs). Despite the vulnerability of EpSCs to inflammatory pressures, neither the primary response to inflammation nor its enduring consequences are well understood. Here we report a prolonged memory to acute inflammation that enables mouse EpSCs to hasten barrier restoration after subsequent tissue damage. This functional adaptation does not require skin-resident macrophages or T cells. Instead, EpSCs maintain chromosomal accessibility at key stress response genes that are activated by the primary stimulus. Upon a secondary challenge, genes governed by these domains are transcribed rapidly. Fuelling this memory is Aim2, which encodes an activator of the inflammasome. The absence of AIM2 or its downstream effectors, caspase-1 and interleukin-1Î², erases the ability of EpSCs to recollect inflammation. Although EpSCs benefit from inflammatory tuning by heightening their responsiveness to subsequent stressors, this enhanced sensitivity probably increases their susceptibility to autoimmune and hyperproliferative disorders, including cancer.
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                    Figure 1: Enhanced epidermal wound repair after inflammation.


Figure 2: Resident skin macrophages and T cells are dispensable for enhanced wound closure after inflammation.


Figure 3: EpSCs possess memory of inflammation at the chromatin level.


Figure 4: EpSC memory encodes inflammatory sensors that rapidly reactivate to enhance secondary wound responses.


Figure 5: Dissecting the downstream effectors of the AIM2 inflammasome in enhancing wound re-epithelialization of inflammation-experienced skin.
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Extended data figures and tables

Extended Data Figure 1 Lineage tracing of skin stem cells and progeny during and after acute skin inflammation.
a, Epifluorescence images (left) and corresponding quantification (right) of TUNEL+ basal cells at day 6 of IMQ treatment (or vehicle control) and 30 days after treatment (nâ€‰=â€‰7; ***Pâ€‰<â€‰0.0001). b, Schematic, immunofluorescence images and quantification of tamoxifen (TAM)-induced (corn oil control) RosaYFP reporter lineage tracing analysis with Krt14-creER (expressed by K14+ EpSCs) and Krt10-creER (expressed by K10+ terminally differentiating cells) (nâ€‰=â€‰4; all time points Pâ€‰>â€‰0.05). Plots depict percentage of YFP+ cells relative to pre-IMQ (day 0) baselines (corresponding flow cytometric plots shown in c and e). Arrows denote YFP+ cells. c, Lineage tracing of Krt14-creER; RosaYFP at indicated times. Left, flow cytometric analysis of integrin Î±6+Sca1+CD34âˆ’YFP+ epidermal keratinocytes. Right, immunofluorescence of tamoxifen-activated EpSCs, lineage traced by YFP+ to include progeny (nâ€‰=â€‰3). d, Flow cytometry of Krt14-creER;Rosa YFP cells from the skin epidermis of animals that were lineage traced starting from IMQ treatment and analysed at day 180 (nâ€‰=â€‰2). e, Analysis of skin from Krt10-creER;RosaYFP mice that were lineage traced at the beginning of IMQ or control treatment (nâ€‰=â€‰3). Left, flow cytometric analysis of side YFP+ cells. Right, representative immunofluorescence images. Scale bars, 50â€‰Î¼m. Dotted lines demarcate the dermo-epidermal border. Arrows denote YFP+ keratinocytes. Data are meanâ€‰Â±â€‰s.e.m. n denotes the number of biologically independent animals per group. Significance for all plots was determined using two-tailed t-test at 95% confidence interval. All experiments have been replicated at least twice.

                          Source data
                        


Extended Data Figure 2 Enhanced wound repair in post-inflamed epidermis.
a, One-phase decay modelling of wound repair in day 30 inflammation-experienced or vehicle-treated control mice (see Fig. 1b). Note, relative to two- or three-phase decay models (not shown), the data (shown at right) best fit the one-phase decay model, and this was therefore used for all subsequent wound repair data. b, Temporal wound closure analysis overlaid with one-phase decay analysis at day 180 after inflammation (nâ€‰=â€‰3). c, Temporal wound closure analysis overlaid with one-phase decay analysis of skin at day 30 after treatment with a variety of different inflammation-inducing agents: MC903, TPA, epidermal abrasion (wound), or fungal infection (C. albicans) (nâ€‰=â€‰4). See Fig. 1c for rate constants. d, Immunofluorescence images of wound edge labelled with the following antibodies: anti-EdU to mark proliferating cells, anti-K17 to mark wound-sensitized keratinocytes, integrin Î±5 to mark the migrating wound tongue that re-epithelializes the wound bed (w.b.), and K14, which marks the epidermal progenitors, expanded at the wound site. Vertical dotted lines denote the initial wound edge; arrows mark the edge of the extended epithelial tongue (nâ€‰=â€‰3). Scale bars, 100â€‰Î¼m. See Fig. 1e for quantifications. e, Representative images of silicone splinted 3â€‰mm full thickness wounds from day 30 control and post-inflamed animals (nâ€‰=â€‰4). Scale bars, 3â€‰mm. See Fig. 1f for quantifications. f, Migration assays were performed on skin explants (see Fig. 1g), in the presence or absence of mitomycin C for 5 days under conditions that quantitatively abrogate keratinocyte cell proliferation. Note that epidermal migration rates are similar, irrespective of whether cell proliferation was impaired (nâ€‰=â€‰3, 3 technical replicates per animal; Pâ€‰>â€‰0.05, two-tailed t-test). Data are meanâ€‰Â±â€‰s.e.m. For individual data points in b and c, see Source Data. n denotes the number of biologically independent animals per group. All experiments have been replicated at least twice.

                          Source data
                        


Extended Data Figure 3 The wound-healing advantage conferred to EpSCs is confined to the site of inflammation and occurs even when skin RORC+ cells are ablated.
a, Temporal wound closure analysis overlaid with one-phase decay analysis of inflammation-experienced and vehicle control skins, comparing the wound closure rates at sites distal and local to the topical application. Wound healing was initiated at day 30 after IMQ treatment, a time at which morphological signs of epidermal homeostasis were restored (nâ€‰=â€‰3). Plot display data combined from 3 independent experiments; see rate constants in Fig. 2b. b, c, Flow cytometric analysis of total immune cells (CD45+), Î±Î² T cell receptor (TCR) T cells, dermal Î³Î´ T cells (Î³Î´ TCRlow), dendritic epidermal T cells (DETC; Î³Î´ TCRhigh), Langerhans cells (LC), dermal dendritic cells (DDC), macrophages (Mac) and eosinophils (Eos) from control and day 30 post-inflamed skins. Quantification shown at the right (nâ€‰â‰¥â€‰3). d, Immunofluorescence images (left) and quantification (right) of T cells from Rorc-eGFP mice at the peak (day 6) of inflammation (see Fig. 2e for post-inflammation) (nâ€‰=â€‰3; ***Pâ€‰=â€‰0.0056). Arrows denote RORC+CD3Îµ+ cells, thought to be the major drivers of IMQ-induced inflammation. Dotted lines demarcate the dermo-epidermal borders. e, Flow cytometric analysis of frequency and cellular distribution of RORC+ cells at day 30 post-inflammation (nâ€‰=â€‰4; ***Pâ€‰=â€‰0.0005). The proportion of Î±Î² TCR, Î³Î´ TCRlow and double-negative (DN; innate lymphoid) cells within the RORC(GFP)+ gate are shown adjacent to the quantification of total GFP+ cells. f, Depletion of RORC+ T cells does not result in a compensatory increase in other skin T cell populations (nâ€‰=â€‰2). g, Immunofluorescence of skin sections showing effective diphtheria toxin (DT)-mediated ablation of all CD3Îµ+RORC+ cells (yellow) in Rorc-DTR mice (nâ€‰=â€‰3), which activate DTR from the Rosa26 locus only in RORC+ cells. h, Wounds heal faster in post-inflamed skin despite ablation of skin RORC+ cells (nâ€‰=â€‰3). For corresponding rate constants in eâ€“g, see Fig. 2f. i, Despite the absence of T and B cells, Rag2-null mice still mount a response to IMQ and display an accelerated wound-healing response after returning to homeostasis at day 30 post-inflammation (nâ€‰=â€‰3). For rate constants, see Fig. 2h. Scale bars, 100â€‰Î¼m (d) and 50â€‰Î¼m (g). Data are meanâ€‰Â±â€‰s.e.m. For individual data points in a, h and i, see Source Data. n denotes the number of biologically independent animals per group. Significance for all plots was determined using a two-tailed t-test at 95% confidence interval. All experiments have been replicated at least twice.

                          Source data
                        


Extended Data Figure 4 Analysis of accessible chromatin in EpSCs during and after inflammation.
a, Immunofluorescence analysis of basal EpSC-specific markers in inflamed and control skin. Scale bar, 100â€‰Î¼m. b, FACS strategy for isolation of EpSCs (integrin Î±6+Î²1+Sca1+), with exclusion of CD45+, CD31+, CD117+ and CD140Î±+ non-epidermal cells, as well as dead (DAPI+), doublets (side-scatter width (SSC-Whigh) and forward-scatter width (FSC-Whigh)). c, qPCR validation of EpSC purity (left) using total mouse RNA as a control (right). Trp63 and Klf5 are specific for EpSCs; the others are not expressed by EpSCs (nâ€‰=â€‰3 mice pooled per group). d, Density plots depicting enrichment of ATACâ€“seq signals at TSSsâ€‰Â±â€‰3â€‰kb and around CTCF factor-binding sites. The x axis depicts respective distanceâ€‰Â±â€‰1â€‰kb from each of these domains. e, Distribution of ATACâ€“seq peaks within defined genomic regions. UTR, untranslated regions of predicted mRNAs. f, Genomic browser shots of peaks enriched in EpSC-specific genes Klf5 and Krt14 and unaffected by IMQ. Arrows denote direction of transcription. g, Top, absolute numbers of ATACâ€“seq peaks from day 6 inflamed, day 30/180 post-inflamed and control EpSCs. Bottom, numbers and frequencies of ATACâ€“seq peaks that are shared in day 6 inflamed and either day 30 or day 180 post-inflamed EpSCs. h, Transcription factor motif enrichment (cumulative binomial distributions, Pâ€‰<â€‰10âˆ’12) within the ATACâ€“seq peaks of day 6 inflamed EpSCs (nâ€‰â‰¥â€‰3). For further details, see Fig. 3aâ€“e. n denotes the number of biologically independent animals per group. All experiments have been replicated at least twice.

                          Source data
                        


Extended Data Figure 5 Enrichment of inflammasome transcripts in wound-edge EpSCs of skin exposed to inflammation.
a, b, FACS strategy and qPCR verification of wound-edge EpSC purity from skin that was treated with either IMQ or vehicle and then allowed to return to homeostasis before wounding at day 30 (nâ€‰=â€‰3 pooled mice per group). Relevant antibodies and exclusion of dead cells and doublets are described in Extended Data Fig. 4. c, Matched ATACâ€“seq and RNA-seq analysis reveal that 91% of differentially expressed genes in day 6 inflamed versus control EpSCs are associated with newly acquired ATACâ€“seq peaks. For further data, see Fig. 4câ€“e. d, Sustained Aim2 transcription at day 30 post-inflammation in mice depleted of RORC+ cells (nâ€‰=â€‰3). For further data, see Fig. 4f. (Two-tailed t-test with 95% confidence interval, **Pâ€‰=â€‰0.0028). e, Aim2-knockout mice do not show enhanced wound healing after inflammation (nâ€‰=â€‰3). For further data, see Fig. 4g. f, Aim2 induction in EpSCs is sufficient to augment wound healing in naive mice (nâ€‰=â€‰4). For further data, see Fig. 4h. For individual data points in e and f, see Source Data. Data are meanâ€‰Â±â€‰s.e.m. n denotes the number of biologically independent animals per group. Experiments in aâ€“e have been replicated at least twice, experiment in f was performed once.

                          Source data
                        


Extended Data Figure 6 Dissecting the AIM2 downstream effectors.
a, Model depicting possible effectors downstream of AIM2. b, c, AKT(Ser473) expression (b) and TUNEL labelling (c) in control and day 30 post-inflamed wounds (nâ€‰=â€‰3). d, The CASP1 inhibitor Ac-YVAD-cmk reduces re-epithelialization rates of wounded, post-inflamed skin compared with the rates of naive, vehicle control skin (nâ€‰=â€‰3). See 
                            Fig. 5b
                           for schematic and further data. e, The absence of Il18 does not hamper the enhanced injury response of post-inflamed skin (nâ€‰=â€‰3). For further data, see Fig. 5d. f, The absence of IL-1Î² signalling, achieved in Il1r1-null mice, abrogates the enhanced injury response of post-inflamed skin (nâ€‰=â€‰4). For further data, see Fig. 5e. g, Anti-IL-1R1 treatment reverses the wound repair advantage conferred by epidermal Aim2 overexpression in naive mice (nâ€‰=â€‰4). For further data, see Fig. 5g. For individual data points in dâ€“g, see Source Data. Scale bars, 100â€‰Î¼m (b) and 50â€‰Î¼m (c). nâ€‰=â€‰3. Data are meanâ€‰Â±â€‰s.e.m. n denotes the number of biologically independent animals per group. Experiments in aâ€“f have been replicated at least twice, experiment in g was performed once.

                          Source data
                        


Extended Data Table 1  List of qPCR primersFull size table


Extended Data Table 2 List of flow cytometry and immunofluorescence antibodiesFull size table





Supplementary information
Reporting Summary (PDF 129 kb)




PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4

Source data to Fig. 5

Source data to Extended Data Fig. 6

Source data to Extended Data Fig. 7

Source data to Extended Data Fig. 8

Source data to Extended Data Fig. 9

Source data to Extended Data Fig. 10

Source data to Extended Data Fig. 11




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Naik, S., Larsen, S., Gomez, N. et al. Inflammatory memory sensitizes skin epithelial stem cells to tissue damage.
                    Nature 550, 475â€“480 (2017). https://doi.org/10.1038/nature24271
Download citation
	Received: 29 December 2016

	Accepted: 14 September 2017

	Published: 18 October 2017

	Issue Date: 26 October 2017

	DOI: https://doi.org/10.1038/nature24271


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Sexual dimorphism in melanocyte stem cell behavior reveals combinational therapeutic strategies for cutaneous repigmentation
                                    
                                

                            
                                
                                    	Luye An
	Dahihm Kim
	Andrew C. White


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Memory B cell subsets have divergent developmental origins that are coupled to distinct imprinted epigenetic states
                                    
                                

                            
                                
                                    	Derrick Callahan
	Shuchi Smita
	Mark Shlomchik


                                
                                Nature Immunology (2024)

                            
	
                            
                                
                                    
                                        Beyond genetics: driving cancer with the tumour microenvironment behind the wheel
                                    
                                

                            
                                
                                    	Shaopeng Yuan
	Jorge Almagro
	Elaine Fuchs


                                
                                Nature Reviews Cancer (2024)

                            
	
                            
                                
                                    
                                        Reproducible strategy for excisional skin-wound-healing studies in mice
                                    
                                

                            
                                
                                    	Matan Yampolsky
	Ido Bachelet
	Yaron Fuchs


                                
                                Nature Protocols (2024)

                            
	
                            
                                
                                    
                                        Mechanistic Approach on the Pulmonary Oxido-Inflammatory Stress Induced by Cobalt Ferrite Nanoparticles in Rats
                                    
                                

                            
                                
                                    	Eman I. Hassanen
	Rehab E. Abdelrahman
	Mohamed Shaalan


                                
                                Biological Trace Element Research (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Skin cells add insult to injury
In the skin, epithelial stem cells form a barrier against environmental damage. Shruti Naik et al. now show that after acute inflammation, epithelial stem cells retain a memory that hastens barrier restoration during subsequent tissue damage. However, the increased sensitivity to further insults may also increase tissue damage and susceptibility to other disorders such as autoimmune diseases and cancer.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Memory beyond immunity
                

                
	Xing Dai
	Ruslan Medzhitov



                
    
        
            Nature
        
        News & Views
        
        
            18 Oct 2017
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    








