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            Abstract
Immunologists and evolutionary biologists have been debating the nature of the immune system of jawless vertebratesâ€”lampreys and hagfishâ€”since the nineteenth century. In the past 50 years, these fish were shown to have antibody-like responses and the capacity to reject allografts1 but were found to lack the immunoglobulin-based adaptive immune system of jawed vertebrates2. Recent work has shown that lampreys have lymphocytes that instead express somatically diversified antigen receptors that contain leucine-rich-repeats, termed variable lymphocyte receptors (VLRs)3,4, and that the type of VLR expressed is specific to the lymphocyte lineage: T-like lymphocytes express type A VLR (VLRA) genes, and B-like lymphocytes express VLRB genes5. These clonally diverse anticipatory antigen receptors are assembled from incomplete genomic fragments by gene conversion6,7,8,9, which is thought to be initiated by either of two genes encoding cytosine deaminase9, cytosine deaminase 1 (CDA1) in T-like cells and CDA2 in B-like cells5. It is unknown whether jawless fish, like jawed vertebrates, have dedicated primary lymphoid organs, such as the thymus, where the development and selection of lymphocytes takes place10,11. Here we identify discrete thymus-like lympho-epithelial structures, termed thymoids, in the tips of the gill filaments and the neighbouring secondary lamellae (both within the gill basket) of lamprey larvae. Only in the thymoids was expression of the orthologue of the gene encoding forkhead box N1 (FOXN1)10, a marker of the thymopoietic microenvironment in jawed vertebrates12, accompanied by expression of CDA1 and VLRA. This expression pattern was unaffected by immunization of lampreys or by stimulation with a T-cell mitogen. Non-functional VLRA gene assemblies were found frequently in the thymoids but not elsewhere, further implicating the thymoid as the site of development of T-like cells in lampreys. These findings suggest that the similarities underlying the dual nature of the adaptive immune systems in the two sister groups of vertebrates extend to primary lymphoid organs.
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                    Figure 1: 
                        Tissue-specific expression of 
                        VLR
                         and 
                        CDA
                         genes in 
                        L. planeri
                         larvae.
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Figure 2: 
                        Characterization of the lamprey thymoid.
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Figure 3: Stimulation does not affect cell proliferation and gene expression in the thymoid of  P. marinus. [image: ]


Figure 4: 
                        Selection of 
                        VLRA
                        -expressing lymphocytes in the thymoid.
                      [image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Depleting myeloid-biased haematopoietic stem cells rejuvenates aged immunity
                                        
                                    

                                    
                                        Article
                                        
                                         27 March 2024
                                    

                                

                                Jason B. Ross, Lara M. Myers, â€¦ Irving L. Weissman

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Complexity of avian evolution revealed by family-level genomes
                                        
                                    

                                    
                                        Article
                                        
                                         01 April 2024
                                    

                                

                                Josefin Stiller, Shaohong Feng, â€¦ Guojie Zhang

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Tgfbr1 controls developmental plasticity between the hindlimb and external genitalia by remodeling their regulatory landscape
                                        
                                    

                                    
                                        Article
                                         Open access
                                         20 March 2024
                                    

                                

                                Anastasiia Lozovska, Artemis G. Korovesi, â€¦ MoisÃ©s Mallo

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                References
	Finstad, J. & Good, R. A. The evolution of the immune response. III. Immunologic responses in the lamprey. J. Exp. Med. 120, 1151â€“1168 (1964)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Mayer, W. E. et al. Isolation and characterization of lymphocyte-like cells from a lamprey. Proc. Natl Acad. Sci. USA 99, 14350â€“14355 (2002)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pancer, Z. et al. Somatic diversification of variable lymphocyte receptors in the agnathan sea lamprey. Nature 430, 174â€“180 (2004)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Pancer, Z. et al. Variable lymphocyte receptors in hagfish. Proc. Natl Acad. Sci. USA 102, 9224â€“9229 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Guo, P. et al. Dual nature of the adaptive immune system in lampreys. Nature 459, 796â€“801 (2009)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Alder, M. N. et al. Diversity and function of adaptive immune receptors in a jawless vertebrate. Science 310, 1970â€“1973 (2005)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Cooper, M. D. & Alder, M. N. The evolution of adaptive immune systems. Cell 124, 815â€“822 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nagawa, F. et al. Antigen-receptor genes of the agnathan lamprey are assembled by a process involving copy choice. Nature Immunol. 8, 206â€“213 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Rogozin, I. B. et al. Evolution and diversification of lamprey antigen receptors: evidence for involvement of an AID-APOBEC family cytosine deaminase. Nature Immunol. 8, 647â€“656 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bajoghli, B. et al. Evolution of genetic networks underlying the emergence of thymopoiesis in vertebrates. Cell 138, 186â€“197 (2009)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Boehm, T. & Bleul, C. C. The evolutionary history of lymphoid organs. Nature Immunol. 8, 131â€“135 (2007)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Nehls, M. et al. Two genetically separable steps in the differentiation of thymic epithelium. Science 272, 886â€“889 (1996)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Schaffer, J. Ãœber die Thymusanlage bei Petromyzon planeri. Zweite vorlÃ¤ufige Mittheilung Ã¼ber den feineren Bau des Thymus. Sber. K. Akad. Wiss. 103, 149â€“156 (1894)

                    Google ScholarÂ 
                

	Wallin, I. E. The relationships and histogenesis of thymus-like structures in ammocoetes. Am. J. Anat. 22, 127â€“167 (1917)
ArticleÂ 
    
                    Google ScholarÂ 
                

	Alder, M. N. et al. Antibody responses of variable lymphocyte receptors in the lamprey. Nature Immunol. 9, 319â€“327 (2008)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kishishita, N. et al. Regulation of antigen-receptor gene assembly in hagfish. EMBO Rep. 11, 126â€“132 (2010)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Kasamatsu, J. et al. Identification of a third variable lymphocyte receptor in the lamprey. Proc. Natl Acad. Sci. USA 107, 14304â€“14308 (2010)
ArticleÂ 
    ADSÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Espina, V. et al. Laser-capture microdissection. Nature Protocols 1, 586â€“603 (2006)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                

	Bockman, D. E. & Cooper, M. D. Pinocytosis by epithelium associated with lymphoid follicles in the bursa of Fabricius, appendix, and Peyer's patches. An electron microscopic study. Am. J. Anat. 136, 455â€“477 (1973)
ArticleÂ 
    CASÂ 
    
                    Google ScholarÂ 
                


Download references




Acknowledgements
We thank C. Happe and M. Held for technical help, C. L. Turnbough Jr for providing B. anthracis spores and exosporia, and the Emory University School of Medicine core facility for flow cytometry for cell-sorting services. This work was supported by the Max Planck Society, the Deutsche Forschungsgemeinschaft, the National Institutes of Health and the Georgia Research Alliance.


Author information
Authors and Affiliations
	Department of Developmental Immunology, Max Planck Institute of Immunobiology and Epigenetics, Stuebeweg 51, D-79108 Freiburg, Germany, 
Baubak Bajoghli,Â Narges Aghaallaei,Â Christine Strohmeier,Â Michael SchorppÂ &Â Thomas Boehm

	Emory Vaccine Center, 954 Gatewood Road, Atlanta, 30329, Georgia, USA
Peng Guo,Â Masayuki Hirano,Â Nathanael McCurleyÂ &Â Max D. Cooper

	Department of Pathology and Laboratory Medicine, Emory University, 1462 Clifton Road North-East, Atlanta, Georgia 30322, USA, 
Peng Guo,Â Masayuki Hirano,Â Nathanael McCurleyÂ &Â Max D. Cooper

	Department of Cellular Biology and Anatomy, Medical College of Georgia, Augusta, 30912, Georgia, USA
Dale E. Bockman


Authors	Baubak BajoghliView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Peng GuoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Narges AghaallaeiView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Masayuki HiranoView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Christine StrohmeierView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Nathanael McCurleyView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Dale E. BockmanView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Michael SchorppView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Max D. CooperView author publications
You can also search for this author in
                        PubMedÂ Google Scholar



	Thomas BoehmView author publications
You can also search for this author in
                        PubMedÂ Google Scholar





Contributions
B.B., P.G., N.A., M.H., C.S., N.M., D.E.B., M.S., M.D.C. and T.B. designed the experiments, performed the research, analysed the data and wrote the manuscript.
Corresponding author
Correspondence to
                Thomas Boehm.


Ethics declarations

              
                Competing interests

                The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Information
The file contains Supplementary Text, Supplementary References, Supplementary Figures 1-9 with legends and Supplementary Tables 1-2. (PDF 20422 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


About this article
Cite this article
Bajoghli, B., Guo, P., Aghaallaei, N. et al. A thymus candidate in lampreys.
                    Nature 470, 90â€“94 (2011). https://doi.org/10.1038/nature09655
Download citation
	Received: 02 May 2010

	Accepted: 08 November 2010

	Published: 02 February 2011

	Issue Date: 03 February 2011

	DOI: https://doi.org/10.1038/nature09655


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

                
                    	
                            
                                
                                    
                                        FEZF2 and AIRE1: An Evolutionary Trade-off in the Elimination of Auto-reactive T Cells in the Thymus
                                    
                                

                            
                                
                                    	Michel Mickael
	Marzena Å�azarczyk
	Piotr Religa


                                
                                Journal of Molecular Evolution (2024)

                            
	
                            
                                
                                    
                                        Which came first, T cells or B cells?
                                    
                                

                            
                                
                                    	Max Cooper


                                
                                Nature Reviews Immunology (2021)

                            
	
                            
                                
                                    
                                        The thymus and the science of self
                                    
                                

                            
                                
                                    	Vincent Geenen


                                
                                Seminars in Immunopathology (2021)

                            
	
                            
                                
                                    
                                        Proteomic Analysis of the Responses to Co-Stimulation of Intestinal Aeromonas and Shewanella in Lamprey Leukocytes
                                    
                                

                            
                                
                                    	Jingrui Zhang
	Jiexin Song
	Yingying Li


                                
                                Current Microbiology (2021)

                            
	
                            
                                
                                    
                                        The immune system of jawless vertebrates: insights into the prototype of the adaptive immune system
                                    
                                

                            
                                
                                    	Yoichi Sutoh
	Masanori Kasahara


                                
                                Immunogenetics (2021)

                            


                

            

        
    

            
                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
The lamprey's thymoid and vertebrate immunity
The immune system of lampreys â€” jawless fish with roots in the early separation of the vertebrates into jawed and jawless lines â€” is of particular interest to evolutionary biologists. Much has been made of the differences between the 'alternative' immune system in the lamprey and that of today's jawed vertebrates, but the recent discovery that lampreys have lymphocytes resembling B and T cells, which are central to the adaptive immune response of the jawed vertebrates, puts more emphasis on the search for similarities. Histological surveys of lampreys have failed to reveal an organ equivalent to the mammalian thymus, the organ that generates the development of T lymphocytes. Now, gene expression analysis reveals previously unrecognized thymus-like structures â€” termed thymoids â€” at the tips of gill filaments of lamprey larvae. This suggests that the common ancestor of the jawed and jawless vertebrates may have had not only T- and B-like lymphocytes, but also anatomically distinct tissues for their development.
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