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            Abstract
Bacterial dysbiosis accompanies carcinogenesis in malignancies such as colon and liver cancer, and has recently been implicated in the pathogenesis of pancreatic ductal adenocarcinoma (PDA)1. However, the mycobiome has not been clearly implicated in tumorigenesis. Here we show that fungi migrate from the gut lumen to the pancreas, and that this is implicated in the pathogenesis of PDA. PDA tumours in humansÂ and mouse models of this cancerÂ displayed an increase in fungi of about 3,000-fold compared to normal pancreatic tissue. The composition of the mycobiome of PDA tumours was distinct from that of the gut or normal pancreas on the basis of alpha- and beta-diversity indices. Specifically, the fungal community that infiltrated PDA tumours was markedly enriched for Malassezia spp. in both mice and humans. Ablation of the mycobiome was protective against tumour growth in slowly progressive and invasive models of PDA, and repopulation with a Malassezia speciesâ€”but not species in the genera Candida, Saccharomyces or Aspergillusâ€”accelerated oncogenesis. We also discovered that ligation of mannose-binding lectin (MBL), which binds to glycans of the fungal wall to activate the complement cascade, was required for oncogenic progression, whereas deletion of MBL or C3 in the extratumoral compartmentâ€”or knockdown of C3aR in tumour cellsâ€”were both protective against tumour growth. In addition, reprogramming of the mycobiome did not alter the progression of PDA in Mbl- (also known as Mbl2) or C3-deficient mice. Collectively, our work shows that pathogenic fungi promote PDA by driving the complement cascade through the activation of MBL.
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                    Fig. 1: PDA is characterized by a distinctive intratumoral and gut mycobiome.[image: ]


Fig. 2: PDA in humans is associated with a distinct mycobiome.[image: ]


Fig. 3: Fungal dysbiosis promotes pancreatic oncogenesis.[image: ]


Fig. 4: Fungi promote progression of PDA via the MBLâ€“C3 axis.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Fungal infiltration of the pancreas in benign disease.
Fungal DNA content was tested using qPCR in pancreata from control (ctl) mice (nÂ =Â 5) and mice induced to develop caerulein-induced pancreatitis (nÂ =Â 5). ns, not significant. Data are meanÂ Â±Â s.e.m. Two-tailed Studentâ€™s t-test.

Source data



Extended Data Fig. 2 Dysbiosis of the gut mycobiome in a mouse model of PDA.
Hierarchical tree cladogram depicting changes in the taxonomic composition of the mycobiome (assigned to the genus level) in the guts of 30-week-old KC (n = 14) compared toÂ wild-type (nÂ =Â 12) mice, based on the average percentage relative abundance of genera as determined by 18S ITS sequencing.

Source data



Extended Data Fig. 3 Efficacy of antifungal treatments in pancreatic disease.
a, Wild-type mice that bear orthotopic PDA tumours were treated with vehicle (nÂ =Â 7Â mice) or fluconazole (nÂ =Â 8Â mice), and killed three weeks later. Tumours were collected and weighed. Data are representative of experiments that were performed twice. Scale bar, 1Â cm. b, Germ-free wild-type mice were treated with amphotericinÂ B (nÂ =Â 6Â mice) or vehicle (nÂ =Â 10Â mice), and orthotopic tumours from KPC mice were administered to them. Mice were killed three weeks later, and tumours were collected and weighed. Scale bar, 1Â cm. câ€“e, Wild-type mice induced to develop caerulein-induced pancreatitis were serially treated with amphotericinÂ B (nÂ =Â 5Â mice) or vehicle (nÂ =Â 3Â mice). c, Representative H&E-stained sections of pancreata are shown, and pancreatic oedema was quantified by measuring the percentage of the area that was white space. Scale bar, 100Â Î¼m. d, CD45+ inflammatoryÂ cell infiltration was determined by immunohistochemistry. Scale bar, 20Â Î¼m. e, Serum levels ofÂ amylase were measured. nÂ =Â 5Â mice treated with amphotericinÂ B, nÂ =Â 3Â mice treated with vehicle and nÂ =Â 3Â mock-treated (control) mice. f, Wild-type mice treated with amphotericinÂ B were repopulated with C.Â tropicalis (nÂ =Â 4Â mice) or vehicle (nÂ =Â 4Â mice), and killed three weeks later. Tumours were collected and weighed. Scale bar, 1Â cm. Data are meanÂ Â±Â s.e.m. P values determined by two-tailed Studentâ€™s t-testÂ (aâ€“f).

Source data



Extended Data Fig. 4 Fungal dysbiosis drives the progression of PDA via the lectin pathway.
a, Kaplanâ€“Meier survival curve of patients with PDA, stratified by high (nÂ =Â 16Â patients), medium-high (nÂ =Â 24Â patients), medium-low (nÂ =Â 26Â patients) and low (nÂ =Â 17Â patients) expression of MBL on the basis of data from TCGA. b, Orthotopic tumours from KPC mice were administered to MBL-null mice treated with vehicle (nÂ =Â 3Â mice) or amphotericinÂ B (nÂ =Â 4Â mice), and killed three weeks later. Tumours were collected and weighed. Data are representative of three separate experiments. c, MBL-null mice treated with amphotericinÂ B were repopulated with M.Â globosa (nÂ =Â 5Â mice) or sham-repopulated (nÂ =Â 4Â mice), and killed three weeks later. Tumours were collected and weighed. Data are representative of experiments that were repeated twice. d, Kaplanâ€“Meier survival curve of patients with PDA, stratified by high (nÂ =Â 18) versus low (nÂ =Â 15) expression of C3, on the basis of data from TCGA. e, Pancreata from three-month-old wild-type, KC and KC, MBL-null mice were stained using a monoclonal antibody against C3a. Representative images from two experiments are shown. Scale bar, 20Â Î¼m. f, KPC tumour cells were seeded in 96-well plates with vehicle or recombinant mouse C3a. nÂ =Â 5Â cells per group for each time point. Cellular proliferation was measured at serial time points using the XTT assay. Data are representative of experiments that were repeated three times.Â Data are mean Â± s.e.m. P values determined by two-tailed log-rank testÂ (a, d) orÂ two-tailed Studentâ€™s t-test (b,Â c,Â f).

Source data






Supplementary information
Supplementary Data
Sequence match of Malassezia globosa from human samples and ATTC strain used in murine repopulation experiments.


Reporting Summary




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 4




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Aykut, B., Pushalkar, S., Chen, R. et al. The fungal mycobiome promotes pancreatic oncogenesis via activation of MBL.
                    Nature 574, 264â€“267 (2019). https://doi.org/10.1038/s41586-019-1608-2
Download citation
	Received: 13 February 2019

	Accepted: 05 September 2019

	Published: 02 October 2019

	Issue Date: 10 October 2019

	DOI: https://doi.org/10.1038/s41586-019-1608-2


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
                        








            


            

            
                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
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Fungi accelerate pancreatic cancer
                

                
	Ivy M. Dambuza
	Gordon D. Brown



                
    
        
            Nature
        
        News & Views
        
        
            02 Oct 2019
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    Reply to: Revisiting the intrinsic mycobiome in pancreatic cancer
                

                
	Fangxi Xu
	Deepak Saxena
	George Miller



                
    
        
            Nature
        
        Matters Arising
        
        
            02 Aug 2023
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: 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


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing: Cancer]
                    Sign up for the Nature Briefing: Cancer newsletter â€” what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    [image: ]







[image: ]
