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            Abstract
The causative agent of plague, Yersinia pestis, uses a type III secretion system to selectively destroy immune cells in humans, thus enabling Y. pestis to reproduce in the bloodstream and be transmitted to new hosts through fleabites. The host factorsÂ that are responsible for the selective destruction of immune cells by plague bacteria are unknown. Here we show that LcrV, the needle cap protein of the Y. pestis type III secretion system, binds to the N-formylpeptide receptor (FPR1) on human immune cells to promote the translocation of bacterial effectors. Plague infection in mice is characterized by high mortality; however, Fpr1-deficient mice have increased survival and antibody responses that are protective against plague. We identified FPR1R190W as a candidate resistance allele in humans that protects neutrophils from destruction byÂ the Y. pestis type III secretion system. Thus, FPR1 is a plague receptor on immune cells in both humans and mice, and its absence or mutation provides protection against Y. pestis. Furthermore, plague selection of FPR1 alleles appears to have shaped human immune responses towards other infectious diseases and malignant neoplasms.
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                    Fig. 1: FPR1 is essential for theÂ Y. pestis T3SS into U937 macrophages.


Fig. 2: Immune-cell chemotaxis towards Y. pestis is mediated by the T3SS and FPR1.


Fig. 3: Adhesion of Y. pestis to human macrophages involves LcrV binding to FPR1.


Fig. 4: Contribution of mouse N-formylpeptide receptors to plague disease.


Fig. 5: SNPs in human FPR1 associated with neutrophil resistance toÂ the Y. pestis T3SS.
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Extended data figures and tables

Extended Data Fig. 1 Generation of FPR1âˆ’/âˆ’ U937 cells using CRISPRâ€“Cas9 and genetic complementation.
a, Sequencing results for alleles cloned from CRISPRâ€“Cas9-derived FPR1âˆ’/âˆ’ U937 macrophages. b, Immunoblot analysis for the production of FPR1, FPR2 and FPR3 in U937 macrophages, CRISPRâ€“Cas9-derived FPR1âˆ’/âˆ’ cells and FPR1âˆ’/âˆ’ cells transfected with FPR1. Numbers to the left of the blots indicate migration of molecular weight markers. One of three repeats is shown (a, b).


Extended Data Fig. 2 Contribution of CCR5 to Yersinia spp. intoxication and injection by the T3SS.
a, Sequencing results for the alleles of two CCR5âˆ’/âˆ’ U937 isolates obtained using CRISPRâ€“Cas9 mutagenesis. b, Cell survival following incubation with Y. pestis strains KIM D27 and POO1 was measured using the Trypan blue exclusion assay. Data are mean Â± s.e.m. (n = 4 biological replicates, shown as circles). c, d, T3SS injection into U937, FPR1âˆ’/âˆ’ and CCR5âˆ’/âˆ’ cells by Y. pestis KIM D27 (c) and Y. pseudotuberculosis YPIII carrying pMM83 (YopMâ€“Bla) (d). Data are mean Â± s.e.m. (n = 3 biological replicates, shown as circles). One of three repeats is shown (bâ€“d). Statistical analysis was performed using one-way ANOVA with Bonferroni correction. ***P < 0.001; **P < 0.01.


Extended Data Fig. 3 Antibodies and ligands of FPR1 inhibit Y. pestis type III secretion in human neutrophils.
a, b, Human neutrophils were stained with the Î²-lactamase substrate CCF2-AM, infected with wild-type (WT) Y. pestis KIM D27(pMM83) or the KLD29 variant (Î”lcrV, pMM83), which is defective for the T3SS, and analysed for blue fluorescence (a; YopMâ€“Bla translocation into neutrophils and CCF2-AM cleavage) or green fluorescence (b) to derive the percentage of stained cells injected with the T3SS effector. c, Inhibition of the Y. pestis T3SS in human neutrophils by monoclonal and polyclonal antibodies against FPR1, bacterial LcrV, fMLF, annexin A1 peptide, staphylococcal CHIPS and cyclosporin H. d, Differential interference contrast (DIC) and fluorescence microscopy of mock or fMLF-treated differentiated U937 cells infected with green-fluorescent Y. pestis KIM D27(eGFP) and stained with F1-specific antibody (red) to reveal extracellular bacteria in merged images of mock, but not in merged images of fMLF-treated cells. Orange and green arrows indicate extracellular and intracellular bacteria, respectively. e, Antibodies and ligands of FPR1 inhibit the Y. pestis T3SS of YopMâ€“Bla in U937 macrophages. One of three repeats is shown (aâ€“e). Data are mean + s.e.m. (n = 3 biological replicates, shown as circles) (c, e).One-way ANOVA with Bonferroni correction was used to identify significant differences (c, e). ***P < 0.001; **P < 0.01.


Extended Data Fig. 4 Screening 45 monoclonal antibodies for inhibition of the Y. pestis T3SS in human neutrophils.
Human neutrophils were stained with the Î²-lactamase substrate CCF2-AM (green fluorescence), and infected with wild-type Y. pestis KIM D27(pMM83). Translocation of YopMâ€“Bla into neutrophils results in CCF2-AM cleavage (blue fluorescence) allowing for quantification of the percentage of stained cells injected with the T3SS effector in the absence (mock) or presence of specific monoclonal antibodies. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles). A representative experiment of three independent experiments is shown.


Extended Data Fig. 5 FPR1âˆ’/âˆ’ cells migrate towards chemoattractants other than formylated peptides and differentiated HL-60 cells migrate towards Y. pestis.
a, Numbers of migrating immune cells were quantified in a Transwell assay primed with mock, 10 nM fMLF, 10 nM LTB4 or 100 ng mlâˆ’1 KC (CXCL1) for U937, FPR1âˆ’/âˆ’ and FPR1âˆ’/âˆ’(FPR1) cells. b, Numbers of migrating HL-60 cells were quantified in a Transwell assay primed with mock, Y. pestis KIM D27(WT) or KLD29(Î”lcrV) (107 CFU mlâˆ’1). Chemotaxis towards fMLF is shown as a control. c, Increasing concentrations of LcrVS228 (10âˆ’1â€“103 ng mlâˆ’1) were added to the Transwell assay and number of migrating HL-60 cells recorded. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles); one-way ANOVA with Bonferroni correction was used to identify significant differences. ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant. A representative of three independent experiments is shown.


Extended Data Fig. 6 Adhesion of Y. pestis to human macrophages does not require effector Yops and loss of FPR1 in human macrophages can be complemented with FPR1STREP.
a, Y. pestis KIM 8 and its variant KIM 8(Î”1234) (Yop-less) were grown at 37â€‰Â°C in thoroughly modified Higuchiâ€™s medium to induce the T3SS. Cultures were centrifuged to separate the supernatant from the bacterial pellet, and extracts were analysed by immunoblotting with antibodies specific to YopB (Î±YopB), YopD (Î±YopD), YopE (Î±YopE), LcrV (Î±LcrV), YscF (Î±YscF), YopH (Î±YopH), YopM (Î±YopM) and YopJ (Î±YopJ). One of three repeats is shown. b, Wild-type Y. pestis KIM 8 or its Yop-less variant, KIM 8(Î”1234) were added to U937 and FPR1âˆ’/âˆ’ cells (MOI of 10) and adherence was quantified as the percentage inoculum. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles). One-way ANOVA with Bonferroni correction was used to identify significant differences. âˆ—âˆ—P < 0.01. A representative experiment of three independent experiments is shown. c, d, Genetic complementation in FPR1âˆ’/âˆ’ cells using FPR1STREP. c, Cell lysis induced by Y. pestis POO1 (yopE-dtx) but not POO2 (Î”lcrV, yopE-dtx) is restored in FPR1âˆ’/âˆ’ cells transfected with a plasmid expressing C-terminal Strep-tag II FPR1 (FPR1STREP). d, Y. pestis KIM D27(pMM83) mediated YopMâ€“Bla translocation into U937, FPR1âˆ’/âˆ’ and FPR1âˆ’/âˆ’(FPR1STREP) cells. One of three repeats is shown. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles) (c, d). Significant differences were measured with one-way ANOVA with Bonferroni post hoc analysis. ***P < 0.001.


Extended Data Fig. 7 T3SS injection of Fpr1âˆ’/âˆ’ neutrophils in vitro and in vivo.
a, b, Mouse plasma does not affect Fpr1âˆ’/âˆ’ neutrophil resistance to T3SS injection. Y. pestis KIM D27(pMM83) translocation of YopMâ€“Bla in mouse neutrophils, incubated in mouse plasma with (a) or without (b) prior heat inactivation (HI). One of three repeats is shown. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles). One-way ANOVA with Bonferroni correction was used to identify significant differences. ***P < 0.001; **P < 0.01. câ€“e, The Fpr1âˆ’/âˆ’ mutation does not abolish the influx of neutrophils into Y.-pestis-infected tissues. Age- and sex-matched C57BL/6J and Fpr1âˆ’/âˆ’ mice (4 groups, n = 5 per group, 6â€“8 weeks old, 5 males and 5 females, 2 experimental replicates) were anaesthetized and infected by injection of 1,000 CFU Y. pestis CO92 into the inguinal region. Then, 4 h after the challenge, euthanized mice were necropsied, the dermis surrounding the injection site was removed and fixed in formalin for histopathological analysis. Consecutive thin-sectioned slides were stained with haematoxylin and eosin (H&E) or stained by immunohistochemistry with the neutrophil marker anti-Ly6G (Î±-Ly6G). c, Slides were analysed by a blinded investigator and assigned one of four pathology scores: 0, no neutrophil influx; 1, local infiltration; 2, moderate local infiltration; 3, widespread infiltration. d, e, Analysis of neutrophil influx was performed in male (n = 8) and in female (n = 10) mice (d) or in all mice (e; male and female, n = 18; 2 mice were excluded from the analysis owing to unclear histology). One-way ANOVA with Bonferroni correction was used to analyse differences. ns, not significant (d, e).
Source data.


Extended Data Fig. 8 Contribution of mouse FRP1 to plague disease.
a, Serum derived from naive or Y.-pestis-infected Fpr1âˆ’/âˆ’ mice (experiment shown in Fig. 4e) was analysed for IgG specific to capsular fraction 1 antigen (Î±F1) using ELISA. One of three repeats is shown. Data are mean + s.e.m. (n = 3 biological replicates, shown as circles). b, Representative spleen sections stained with haematoxylin and eosin from naive or Y.-pestis-infected mice shown in Fig. 4e. c, Measurements of white pulp areas in spleens. Each dot represents the average white pulp surface area in each mouse (n = 19â€“101 per mouse, data quantified using ImageJ). Horizontal bars denote the mean, circles indicate individual values. Significant differences were determined using one-way ANOVA and Bonferroni post hoc analysis (a) and Mannâ€“Whitney and Kruskalâ€“Wallis tests (c). **P < 0.01; *P < 0.05; ns, not significant
Source data.


Extended Data Fig. 9 Genetic and functional analyses of FPR1 and CCR5 genes from five human donors.
a, Serum derived from the blood of naive or Y.-pestis-infected non-human primates (NHP, cynomolgus macaque) or human blood donors described in Fig. 5a (donors 1â€“5) was analysed for IgG specific to F1 antigen using ELISA. b, List of amino acids changes deduced following cloning and sequencing of FPR1 and CCR5 alleles from human blood neutrophils (donors 1â€“5). c, Quantification of Y. pestis KIM D27(pMM83) translocation of YopMâ€“Bla into U937 or FPR1âˆ’/âˆ’ macrophages transfected with plasmids FPR1 and FPR1(R190W). d, Immunoblot analysis for the production of FPR1, FPR2, FPR3 and actin in U937 macrophages, and derived FPR1âˆ’/âˆ’ cells untransfected or transfected with FPR1 and FPR1(R190W). One of three repeats is shown (a, c). Data are mean + s.e.m. (n = 3 biological replicates, shown as circles) (a, c). One-way ANOVA and Bonferroni post hoc analyses (c) were used to identify significant differences. ***P < 0.001.


Extended Data Fig. 10 Model summarizing Y. pestis interactions with the plague receptor on human immune cells.
a, Y. pestis releases N-formylpeptides via its T3SS to attract human neutrophils by activating FPR1 signalling and chemotaxis. b, The Y. pestis T3SS docks on the plague receptor (FPR1) via the LcrV needle cap protein. c, Docking promotes assembly of the membrane translocon (including LcrV, YopD and YopB), which provides a conduit for low-calcium signalling to the bacterial T3SS. d, Low-calcium signalling activates T3SS transport of Yop effectors into the cytoplasm, thereby killing host immune cells. e, LcrV shares homology with the annexin A1 peptide. Alignment performed using Clustal Omega66.





Supplementary information
Supplementary Table
This file contains Supplementary Table 1


Reporting Summary

Supplementary Figures
This file contains source data for blots.


Supplementary Data
This file contains Supplementary Data Set 1: CRISPR-Cas9 screen 1 for Y. pestis POO1-resistant U937 cells.


Supplementary Data
This file contains Supplementary Data Set 2: CRISPR-Cas9 screen 2 for Y. pestis POO1-resistant U937 cells.


Supplementary Data
This file contains Supplementary Data Set 3: CRISPR-Cas9 screen 3 for Y. pestis POO1-resistant U937 cells.





Source data
Source Data Fig. 4

Source Data Extended Fig. 7

Source Data Extended Fig. 8




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Osei-Owusu, P., Charlton, T.M., Kim, H.K. et al. FPR1 is the plague receptor on host immune cells.
                    Nature 574, 57â€“62 (2019). https://doi.org/10.1038/s41586-019-1570-z
Download citation
	Received: 12 October 2018

	Accepted: 14 August 2019

	Published: 18 September 2019

	Issue Date: 03 October 2019

	DOI: https://doi.org/10.1038/s41586-019-1570-z


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

                
                    	
                            
                                
                                    
                                        Annexinsâ€”a family of proteins with distinctive tastes for cell signaling and membrane dynamics
                                    
                                

                            
                                
                                    	Volker Gerke
	Felicity N. E. Gavins
	Ursula Rescher


                                
                                Nature Communications (2024)

                            
	
                            
                                
                                    
                                        SNCA correlates with immune infiltration and serves as a prognostic biomarker in lung adenocarcinoma
                                    
                                

                            
                                
                                    	Xiuao Zhang
	Zhengcun Wu
	Kaili Ma


                                
                                BMC Cancer (2022)

                            
	
                            
                                
                                    
                                        Minimal gene set discovery in single-cell mRNA-seq datasets with ActiveSVM
                                    
                                

                            
                                
                                    	Xiaoqiao Chen
	Sisi Chen
	Matt Thomson


                                
                                Nature Computational Science (2022)

                            
	
                            
                                
                                    
                                        Immunogenic cell stress and death
                                    
                                

                            
                                
                                    	Guido Kroemer
	Claudia Galassi
	Lorenzo Galluzzi


                                
                                Nature Immunology (2022)

                            
	
                            
                                
                                    
                                        Molecular recognition of formylpeptides and diverse agonists by the formylpeptide receptors FPR1 and FPR2
                                    
                                

                            
                                
                                    	Youwen Zhuang
	Lei Wang
	Cheng Zhang


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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
            
        


    









    








