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            Abstract
The C-type lectin receptor–Syk (spleen tyrosine kinase) adaptor CARD9 facilitates protective antifungal immunity within the central nervous system (CNS), as human deficiency in CARD9 causes susceptibility to fungus-specific, CNS-targeted infection. CARD9 promotes the recruitment of neutrophils to the fungus-infected CNS, which mediates fungal clearance. In the present study we investigated host and pathogen factors that promote protective neutrophil recruitment during invasion of the CNS by Candida albicans. The cytokine IL-1β served an essential function in CNS antifungal immunity by driving production of the chemokine CXCL1, which recruited neutrophils expressing the chemokine receptor CXCR2. Neutrophil-recruiting production of IL-1β and CXCL1 was induced in microglia by the fungus-secreted toxin Candidalysin, in a manner dependent on the kinase p38 and the transcription factor c-Fos. Notably, microglia relied on CARD9 for production of IL-1β, via both transcriptional regulation of Il1b and inflammasome activation, and of CXCL1 in the fungus-infected CNS. Microglia-specific Card9 deletion impaired the production of IL-1β and CXCL1 and neutrophil recruitment, and increased fungal proliferation in the CNS. Thus, an intricate network of host–pathogen interactions promotes antifungal immunity in the CNS; this is impaired in human deficiency in CARD9, which leads to fungal disease of the CNS.
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                    Fig. 1: Functional redundancy of CARD9-coupled CLRs for protective neutrophil recruitment to the fungus-infected brain.


Fig. 2: IL-1β and CXCL1 mediate protective neutrophil recruitment to the fungus-infected brain.


Fig. 3: Production of CXCL1 is dependent on IL-1β in the fungus-infected brain.


Fig. 4: Fungus-derived Candidalysin promotes neutrophil recruitment and control of fungal growth in the brain.


Fig. 5: Microglia produce IL-1β and CXCL1 in a Candidalysin-dependent manner.


Fig. 6: Candidalysin activates microglial IL-1β production via p38–c-Fos signaling and promotes microglial CXCL1 production through astrocyte interactions.


Fig. 7: CARD9 is required for microglial pro-IL-1β transcription, inflammasome activation and CXCL1 production in the fungus-infected brain.


Fig. 8: CARD9 is required specifically in microglia for neutrophil recruitment and control of fungal invasion into the CNS.
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Integrated supplementary information

Supplementary Figure 1 Microglia express CARD9-coupled C-type lectin receptors.
Microglia were MACS-sorted from uninfected wild-type brains and analyzed for expression of the indicated C-type lectin receptors (and Card9 as control) by qRT-PCR, relative to Gapdh. Each point represents pooled microglia from an individual mouse (n = 4 animals). Data presented as mean +/− SEM.


Supplementary Figure 2 Gating strategy used to define myeloid cells in the C. albicans-infected brain.
Gates and their associated frequency are outlined in blue. Titles in blue above each plot denote the cell population being defined in that plot.


Supplementary Figure 3 Optimal neutrophil phagocytosis of Candida requires Dectin-1 and Dectin-2 in the C. albicans-infected brain.
Dectin-1 (n = 4 animals) and Dectin-2-deficient (n = 5 animals) mice and their wild-type controls (n = 13 animals) were infected with 5 × 106 green fluorescent protein (GFP)-expressing C. albicans and brain leukocytes analyzed 2 h later by flow cytometry, using the gating strategy shown in Supplementary Fig. 2. The percentage of GFP+ neutrophils was used as a measure of in vivo phagocytosis. Each point represents an individual mouse. Data is pooled from 2-3 experiments and shown as mean +/− SEM. Histograms are gated on live CD45+ Ly6G+ CD11b+ neutrophils. *P = 0.0314 (WT vs Clec7a–/–), *P=0.0192 (WT vs Clec4n–/–) by unpaired two-tailed t-test.


Supplementary Figure 4 Chemoattractant receptors LTB4R1 and FPR1 are not required for protective neutrophil recruitment to the fungus-infected brain.
Animals deficient in chemoattractant receptors were infected and analyzed as described for Fig. 1 for (a) neutrophil recruitment to the brain at 24 h (WT n = 9 animals, Ltb4r1–/– n = 9 animals; WT n = 6 animals, Fpr1–/– n = 8 animals), and (b) fungal burdens at 72 h post-infection (24 h: WT n = 9 animals, Ltb4r1–/– n = 6 animals; WT n = 6 animals, Fpr1–/– n = 8 animals; 72 h: WT n = 8 animals, Ltb4r1–/– n = 5 animals; WT n = 6 animals, Fpr1–/– n = 6 animals). ‘Wild type’ refers to appropriate matched control animals for each knock-out line for gender, age and genetic background. Individual points represent different mice. Data is pooled from 2-3 independent experiments and shown as mean +/− SEM, and analyzed by unpaired two-tailed t-test (panel a) or two-tailed Mann Whitney U-test (panel b).


Supplementary Figure 5 Abundance and activation markers of Card9–/– microglia.
The number of microglia from Card9+/+ and Card9–/– mice were determined at the steady-state and during infection at the indicated time points (left; 0 h: WT n = 7 animals, Card9–/– n = 5 animals; 24 h : WT n = 10 animals, Card9–/– n = 11 animals; 72 h: WT n = 13 animals, Card9–/– n = 12 animals). Expression levels of lineage and activation markers were determined in 8-10-week-old uninfected mice by flow cytometry (right; WT n = 7 animals, Card9–/– n = 7 animals). Data shown is pooled from 2-3 independent experiments and presented as mean +/− SEM. Each point represents an individual animal.


Supplementary Figure 6 Microglia-specific deletion of Card9 in Card9fl/flCx3cr1CreER+/– mice.
Microglia and Ly6Chi monocytes were FACS-sorted from 24 h infected brains from Card9fl/flCx3cr1CreER–/– and Card9fl/flCx3cr1CreER+/– littermates that had been tamoxifen-pulsed 4 weeks earlier. Cells were pooled from 4-5 brains per group, and Card9 expression quantified by qRT-PCR relative to Gapdh. Data is pooled from 2 independent sorting experiments. Bar charts show the mean of the data, points represent the result from each independent sorting experiment (n = 2 independent experiments).


Supplementary Figure 7 CARD9-dependent glial antifungal immunity in the CNS.
Schematic depiction of the Candidalysin–IL-1β–CXCL1 protective immune axis acting via CARD9-expressing microglia to mediate protective neutrophil accumulation to the brain following invasive C. albicans infection of the CNS.





Supplementary information
Supplementary Figs. 1–7

Reporting Summary




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Drummond, R.A., Swamydas, M., Oikonomou, V. et al. CARD9+ microglia promote antifungal immunity via IL-1β- and CXCL1-mediated neutrophil recruitment.
                    Nat Immunol 20, 559–570 (2019). https://doi.org/10.1038/s41590-019-0377-2
Download citation
	Received: 25 May 2018

	Accepted: 12 March 2019

	Published: 17 April 2019

	Issue Date: May 2019

	DOI: https://doi.org/10.1038/s41590-019-0377-2


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

                
                    	
                            
                                
                                    
                                        Secretion of the fungal toxin candidalysin is dependent on conserved precursor peptide sequences
                                    
                                

                            
                                
                                    	Rita Müller
	Annika König
	Bernhard Hube


                                
                                Nature Microbiology (2024)

                            
	
                            
                                
                                    
                                        Global fungal-host interactome mapping identifies host targets of candidalysin
                                    
                                

                            
                                
                                    	Tian-Yi Zhang
	Yao-Qi Chen
	Ning-Ning Liu


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        Noteworthy perspectives on microglia in neuropsychiatric disorders
                                    
                                

                            
                                
                                    	Hongrui Zhu
	Ao Guan
	Sheng Wang


                                
                                Journal of Neuroinflammation (2023)

                            
	
                            
                                
                                    
                                        VEGF-A in serum protects against memory impairment in APP/PS1 transgenic mice by blocking neutrophil infiltration
                                    
                                

                            
                                
                                    	Fangfang Qi
	Zejie Zuo
	Kaihua Guo


                                
                                Molecular Psychiatry (2023)

                            
	
                            
                                
                                    
                                        Microglia are not protective against cryptococcal meningitis
                                    
                                

                            
                                
                                    	Sally H. Mohamed
	Man Shun Fu
	Rebecca A. Drummond


                                
                                Nature Communications (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Immunology (Nat Immunol)
                
                
    
    
        ISSN 1529-2916 (online)
    
    


                
    
    
        ISSN 1529-2908 (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 — 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
            
        


    









    








