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            Abstract
Bacillus anthracis, the causative agent of anthrax disease, is lethal owing to the actions of two exotoxins: anthrax lethal toxin (LT) and oedema toxin (ET). The key tissue targets responsible for the lethal effects of these toxins are unknown. Here we generated cell-type-specific anthrax toxin receptor capillary morphogenesis protein-2 (CMG2)-null mice and cell-type-specific CMG2-expressing mice and challenged them with the toxins. Our results show that lethality induced by LT and ET occurs through damage to distinct cell types; whereas targeting cardiomyocytes and vascular smooth muscle cells is required for LT-induced mortality, ET-induced lethality occurs mainly through its action in hepatocytes. Notably, and in contradiction to what has been previously postulated, targeting of endothelial cells by either toxin does not seem to contribute significantly to lethality. Our findings demonstrate that B. anthracis has evolved to use LT and ET to induce host lethality by coordinately damaging two distinct vital systems.
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                    Figure 1: LT targeting of endothelial cells is not lethal to mice.


Figure 2: Targeting of cardiomyocytes and smooth muscle cells by LT is sufficient for lethality.


Figure 3: Mice lacking CMG2 receptor in the three major cell types of the cardiovascular system are highly resistant to LT and B. anthracis infection.


Figure 4: ET directly targets intestinal epithelial cells and hepatocytes.


Figure 5: Hepatocytes are a major target of ET-induced lethality.
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Extended data figures and tables

Extended Data Figure 1 Generation of endothelial-cell-specific CMG2-null mice.
a, Strategy for generation of endothelial-cell-specific CMG2-null mice. Diagram shows CMG2fl allele having exon 12 (encoding transmembrane domain, TM) flanked by loxP sites and the endothelial-cell-specific CMG2-null allele (CMG2(EC)âˆ’). The red arrowheads indicate loxP sites. The homozygous endothelial-cell-specific CMG2-null mice (CMG2(EC)âˆ’/âˆ’) were obtained by intercrossing of CMG2(EC)+/âˆ’mice. Other cell-type-specific CMG2-null mice were made similarly by using the corresponding cell-type-specific Cre transgenic mice. b, RTâ€“PCR analyses of CMG2 transmembrane (TM) domain deletion in various tissues of CMG2(EC)âˆ’/âˆ’ mice. Primers flanking the CMG2 transmembrane domain were used to amplify a CMG2 cDNA fragment. Endothelial cells and non-endothelial cells were isolated simultaneously from lungs pooled from three CMG2(EC)âˆ’/âˆ’ mice and three CMG2fl/fl control mice. Representative of two independent experiments is shown. Expression of TEM8 and GAPDH in these samples is also shown. c, Sensitivity of endothelial cells and non-endothelial cells from CMG2fl/fl and CMG2(EC)âˆ’/âˆ’ mice to PA plus FP59. Cells were treated with various concentrations of PA and FP59 (100â€‰ngâ€‰mlâˆ’1) for 48â€‰h. Cell viability was evaluated by MTT assay, expressed as relative MTT signals to untreated cells. Error bars indicate s.d. d, Resistance of endothelial cells from CMG2(EC)âˆ’/âˆ’ mice to LT. Endothelial cells from CMG2(EC)âˆ’/âˆ’ and wild-type mice were treated with various concentrations of LF and PA (500â€‰ngâ€‰mlâˆ’1) for 48â€‰h. e, PA(L687A) preferentially kills CMG2-expressing cells. Cells were treated with various concentrations of PA or PA(L687A) and 100â€‰ngâ€‰mlâˆ’1 FP59 for 48â€‰h. PR230(TEM8) and PR230(CMG2) are engineered CHO cells expressing only TEM8 or CMG2. Note that PR230(TEM8) cells are 100-fold more resistant than PR230(CMG2) cells to PA(L687A) plus FP59. f, Sensitivity of endothelial cells and non-endothelial cells from CMG2fl/fl and CMG2(EC)âˆ’/âˆ’ mice to PA(L687A) plus FP59. Cells were incubated for 48â€‰h with various concentrations of PA(L687A) and 100â€‰ngâ€‰mlâˆ’1 FP59. Error bars indicate s.d. g, Susceptibility of CMG2(EC)âˆ’/âˆ’ mice to LT. CMG2(EC)âˆ’/âˆ’ mice and their littermate controls were injected intravenously with 50â€‰Î¼g LT (50 Î¼g PA plus 50â€‰Î¼g LF), and monitored for survival. Whole-body CMG2âˆ’/âˆ’ mice were included as additional controls. h, Disease progression of the LT-challenged mice in panel g. Please see Methods for disease progression scoring criteria.


Extended Data Figure 2 Generation of endothelial-cell-specific CMG2-expressing mice.
a, Strategy for generation of endothelial-cell-specific CMG2-expressing mice. In the CMG2 transgenic vector (LSL-CMG2), a loxP-stop-loxP cassette containing a promoterless eGFP and a poly(A) stop signal flanked by loxP sites was placed between the CAG promoter and CMG2 cDNA. Activation of CMG2 transgene in endothelial cells (CMG2EC) was achieved by breeding LSL-CMG2 mice with Cdh-cre mice to specifically remove the loxP-stop-loxP cassette in endothelial cells. Other cell-type-specific CMG2-expressing mice were made similarly by using the corresponding cell-type-specific Cre transgenic mice. b, c, Regained toxin sensitivity of endothelial cells from CMG2EC mice. Endothelial cells and non-endothelial cells from CMG2EC and whole-body CMG2âˆ’/âˆ’ mice were incubated for 48â€‰h with various concentrations of PA (b) or PA(L687A) (c) and 100â€‰ngâ€‰mlâˆ’1 FP59. Error bars indicate s.d.


Extended Data Figure 3 Tissue-specific deletion of CMG2 in CMG2(CM)âˆ’/âˆ’ and CMG2(SM/CM)âˆ’/âˆ’ mice.
a, RTâ€“PCR analyses of CMG2 deletion in tissues of CMG2(CM )âˆ’/âˆ’ and CMG2(SM/CM)âˆ’/âˆ’ mice. CMG2 deletion was detected in the hearts of CMG2(CM)âˆ’/âˆ’ mice and in the hearts and aorta of CMG2(SM/CM)âˆ’/âˆ’ mice. The small fraction of CMG2 deletion that occurred in other tissues of the CMG2(SM/CM)âˆ’/âˆ’ mice was due to the existence of varying amounts of vascular smooth muscle cells in those tissues. Representative of two independent experiments is shown. b, Resistance of smooth-muscle/cardiomyocyte-specific CMG2-null mice to LT. CMG2(SM/CM)âˆ’/âˆ’ mice and their littermate CMG2(SM/CM)+/âˆ’ controls were injected intravenously with 50â€‰Î¼g LT, and monitored for survival. Whole-body CMG2âˆ’/âˆ’ mice were included as additional controls. Right panel shows the disease progression of the challenged mice. CMG2(SM/CM)âˆ’/âˆ’ versus CMG2+/+ mice, P = 0.0002. Log-rank test.


Extended Data Figure 4 Fluorescence microscopic analyses of GFP expression in mouse tissues.
a, Representative fluorescence microscopy of skeletal muscle (1), aorta (vascular smooth muscle) (2), small intestine (smooth muscle) (3), liver (4), lung (5), spleen (6) and kidney (cortex) (7) from CMG2CM mice (n = 2). Scale bar, 100â€‰Î¼m. b, Representative fluorescence microscopy of skeletal muscle (1), liver (2), kidney (cortex) (3), spleen (4) and uterus (5) from CMG2SM/CM mice (n = 3), and uterus (6) from LSL-CMG2 mice (n = 2). Scale bar, 100â€‰Î¼m.


Extended Data Figure 5 Histology of heart and liver of LT- and ET-treated mice.
a, Haematoxylin and eosin staining of heart and liver from wild-type (n = 3) and CMG2âˆ’/âˆ’ (n = 3) mice challenged intraperitoneally with 100â€‰Î¼g LT for 48â€‰h. In heart, regions with cardiomyocyte degeneration were found in LT-treated wild-type but not CMG2âˆ’/âˆ’ mice. Arrows show examples of degenerated cardiomyocytes. In liver, regions with mild to modest hepatocyte degeneration were identified in LT-treated wild-type but not CMG2âˆ’/âˆ’ mice. Arrows show examples of degenerated hepatocytes with cytosol vacuolization changes. Scale bar, 50â€‰Î¼m. b, Haematoxylin and eosin staining of heart and liver from wild-type (n = 4) and CMG2âˆ’/âˆ’ (n = 3) mice 18â€‰h after 50â€‰Î¼g ET injection (intravenously). In liver, regions with hepatocyte necrotic changes were identified in ET-treated wild-type mice but not CMG2âˆ’/âˆ’ mice. Arrows show necrotic regions, arrowheads indicate examples of intact hepatocytes remaining in the necrotic regions. In heart, only scattered degenerated cardiomyocytes (arrow) were found in ET-treated wild-type but not CMG2âˆ’/âˆ’ mice. Scale bar, 50â€‰Î¼m.


Extended Data Figure 6 Endothelial-cell-specific CMG2-null mice are sensitive to B. anthracis infection.
CMG2(EC)âˆ’/âˆ’ mice and their littermate heterozygous mice were subcutaneously infected with 4 Ã—â€‰108 Sterne spores and monitored for survival. The right panel shows the disease progression of the challenged mice. Log-rank test.


Extended Data Figure 7 LT targeting of liver does not contribute to lethality.
a, Susceptibility of the hepatocyte-specific CMG2-null mice to LT. CMG2(Hep)âˆ’/âˆ’ mice and their littermate CMG2+/+ control mice were challenged intraperitoneally with 100 Î¼g LT and monitored for survival. Whole-body CMG2âˆ’/âˆ’ mice were included as additional controls. b, Selective activation of CMG2 transgene in liver of CMG2Hep mice. Representative fluorescence microscopy of the liver (1), heart (3), skeletal muscles (4), lung (5), small intestines (smooth muscle) (6), aorta (7), spleen (8) and kidney (cortex) (9) from CMG2Hep mice (n = 2), and liver (2) from LSL-CMG2 mice (n = 2). Selective loss of GFP expression in liver from CMG2Hep mice but not LSL-CMG2 mice (1 and 2) is shown. Scale bar, 100â€‰Î¼m. c, Susceptibility of the hepatocyte-specific CMG2-expressing mice to LT. CMG2Hep mice and various control mice as indicated were intraperitoneally challenged with two doses of 100â€‰Î¼g LT and monitored for survival or signs of malaise. Right panel: disease progression of the challenged mice.


Extended Data Figure 8 Oedema in ET-treated mice.
a, ET-induced footpad skin oedema in mice. Mice with various genotypes were injected with 0.25â€‰Î¼g ET (in 20â€‰Î¼l PBS) and the thicknesses of footpads were measured at 0, 8 and 20â€‰h after injection. ET only induced modest oedema in CMG2âˆ’/âˆ’ mice, but caused much higher levels of oedema in CMG2+/âˆ’, CMG2(EC)âˆ’/âˆ’, CMG2(SM/CM)âˆ’/âˆ’ and CMG2(SM/CM/EC)âˆ’/âˆ’ mice. The P values of the indicated groups versus CMG2+/âˆ’ control group are shown. Each symbol represents one mouse. bâ€“f, ET does not cause oedema in heart, spleen, kidney, lung and brain. Mice were challenged intravenously with 30â€‰Î¼g ET or PBS, and hearts (b), spleens (c), kidneys (d), brains (e) and lungs (f) were collected at 6â€‰h or 18â€‰h for tissue wet/dry ratio measurements. The P values of the indicated groups versus the PBS control group are shown. No significant differences were detected among the groups in bâ€“e. In f, decreases in wet/dry ratio of lungs (dehydration) from ET-treated mice were observed. Each symbol represents one mouse. In aâ€“e, error bars indicate s.e.; two-tailed unpaired t-test.


Extended Data Figure 9 Mice with CMG2 deletion in cardiovascular system and intestines remain sensitive to ET.
a, b, Sensitivity of CMG2(CM)âˆ’/âˆ’, CMG2(SM/CM/EC)âˆ’/âˆ’, CMG2(SM/CM/EC/IE)âˆ’/âˆ’ and their littermate control mice to ET. Mice were challenged intravenously with 25â€‰Î¼g ET (a) or intraperitoneally with 50â€‰Î¼g ET (b) and survival monitored after challenge.


Extended Data Table 1 Primers used for PCR genotyping and cloningFull size table





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




Rights and permissions
Reprints and permissions


About this article
Cite this article
Liu, S., Zhang, Y., Moayeri, M. et al. Key tissue targets responsible for anthrax-toxin-induced lethality.
                    Nature 501, 63â€“68 (2013). https://doi.org/10.1038/nature12510
Download citation
	Received: 18 April 2013

	Accepted: 31 July 2013

	Published: 28 August 2013

	Issue Date: 05 September 2013

	DOI: https://doi.org/10.1038/nature12510


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

                
                    	
                            
                                
                                    
                                        Anthrax toxins regulate pain signaling and can deliver molecular cargoes into ANTXR2+ DRG sensory neurons
                                    
                                

                            
                                
                                    	Nicole J. Yang
	JÃ¶rg Isensee
	Isaac M. Chiu


                                
                                Nature Neuroscience (2022)

                            
	
                            
                                
                                    
                                        Multiple stages of evolutionary change in anthrax toxin receptor expression in humans
                                    
                                

                            
                                
                                    	Lauren A. Choate
	Gilad Barshad
	Charles G. Danko


                                
                                Nature Communications (2021)

                            
	
                            
                                
                                    
                                        A luminous off-on probe for the determination of 2,6-pyridinedicarboxylic acid as an anthrax biomarker based on water-soluble cadmium sulfide quantum dots
                                    
                                

                            
                                
                                    	Xiaoqing Li
	Lei Deng
	Minghui Yang


                                
                                Microchimica Acta (2020)

                            
	
                            
                                
                                    
                                        TEM8 functions as a receptor for uPA and mediates uPA-stimulated EGFR phosphorylation
                                    
                                

                            
                                
                                    	Lian-Cheng Zhang
	Yong Shao
	Xian-Wen Hu


                                
                                Cell Communication and Signaling (2018)

                            
	
                            
                                
                                    
                                        Whole-organism phenotypic screening for anti-infectives promoting host health
                                    
                                

                            
                                
                                    	Anne E. Clatworthy
	Keith P. Romano
	Deborah T. Hung


                                
                                Nature Chemical Biology (2018)

                            


                

            

        
    

            
                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
Twin targets for anthrax toxins
Bacillus anthracis produces two toxins â€” anthrax lethal toxin and oedema toxin â€” which are targeted to tissues by captor-associated protective antigen. The two toxins have essential but little understood roles in pathogenesis. Here, Shihui Liu and colleagues generate mice lacking cell-type-specific anthrax toxin receptor capillary morphogenesis protein-2 (CMG2) and use them to show that the two toxins target distinct cell types. Contrary to previous suggestions, endothelial cells are not key targets for either toxin. Rather, lethal toxin targets cardiomyocytes and vascular smooth muscle cells, and oedema toxin targets hepatocytes. Recognition that the anthrax toxins are specifically targeting the cardiovascular system and liver may suggest supportive therapies that would limit tissue damage and increase survival in human anthrax infections.
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