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            Abstract
The integrated stress response (ISR) is a homeostatic mechanism by which eukaryotic cells sense and respond to stress-inducing signals, such as amino acid starvation. General controlled non-repressed (GCN2) kinase is a key orchestrator of the ISR, and modulates protein synthesis in response to amino acid starvation. Here we demonstrate in mice that GCN2 controls intestinal inflammation by suppressing inflammasome activation. Enhanced activation of ISR was observed in intestinal antigen presenting cells (APCs) and epithelial cells during amino acid starvation, or intestinal inflammation. Genetic deletion of Gcn2 (also known as Eif2ka4) in CD11c+ APCs or intestinal epithelial cells resulted in enhanced intestinal inflammation and T helper 17 cell (TH17) responses, owing to enhanced inflammasome activation and interleukin (IL)-1Î² production. This was caused by reduced autophagy in Gcn2âˆ’/âˆ’ intestinal APCs and epithelial cells, leading to increased reactive oxygen species (ROS), a potent activator of inflammasomes1. Thus, conditional ablation of Atg5 or Atg7 in intestinal APCs resulted in enhanced ROS and TH17 responses. Furthermore, in vivo blockade of ROS and IL-1Î² resulted in inhibition of TH17 responses and reduced inflammation in Gcn2âˆ’/âˆ’ mice. Importantly, acute amino acid starvation suppressed intestinal inflammation via a mechanism dependent on GCN2. These results reveal a mechanism that couples amino acid sensing with control of intestinal inflammation via GCN2.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: GCN2 activation in APCs and epithelial cells suppresses intestinal inflammation by a mechanism dependent on autophagy.[image: ]


Figure 2: GCN2 suppresses ROS activity and intestinal inflammation.[image: ]


Figure 3: Enhanced intestinal inflammation in Gcn2âˆ’/âˆ’ mice is dependent on inflammasome activation.[image: ]


Figure 4: Dietary restriction of amino acids can partially protect against DSS-induced colitis.[image: ]
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Extended data figures and tables

Extended Data Figure 1 eIF2Î± kinases are expressed in human and murine gut cells.
a, Analysis of p-eIF2Î± expression in APCs and epithelial cells in large intestine of naive and 2% DSS-treated mice by flow cytometry. DCs, dendritic cells; LI, large intestine. b, Comparison of immunohistological analysis of phosphorylated PKR, PERK, eIF2Î± and GNC2 in healthy and inflamed human colon tissue (nâ€‰=â€‰1). c, Expression levels of HRI, PKR, PERK and GCN2 in human organs quantified based on information from a public database (http://www.ebi.ac.uk). d, Expression intensity of various eIF2Î± kinases plotted from known published microarray data from colonic biopsies of patients with either ulcerative colitis or Crohnâ€™s disease compared to healthy controls. Data are from one experiment that is representative of three separate experiments. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 2 GCN2 deficiency does not affect the proliferation or differentiation of intestinal epithelial cells.
aâ€“d, Immunohistology analysis (aâ€“c) and quantification (d) of colons and jejenums from Gcn2âˆ’/âˆ’ and wild-type (littermate) mice for chromagranin A (a), Ki67 (b) and lysozyme (c). KO, knockout; WT, wild type. Data are from one experiment that is representative of three separate experiments (nâ€‰=â€‰3). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 3 GCN2 expression protects mice from DSS-induced colitis.
a, H&E staining of colon sections before and after DSS in wild-type versus Gcn2âˆ’/âˆ’ mice, Gcn2fl/fl versus Gcn2Î”villin and Gcn2fl/fl versus Gcn2Î”APC. bâ€“d, IL-17 levels in large intestinal (b) and small intestinal (c) CD4+ T cells measured by flow cytometry; Gcn2âˆ’/âˆ’ mice show increased intestinal permeability after DSS treatment as evidenced by higher levels of fluorescein isothiocyanate (FITC)-conjugated dextran in the serum (d). SI, small intestine. e, Expression of antimicrobial defensins in wild-type and Gcn2âˆ’/âˆ’ mice via quantitative polymerase chain reaction (qPCR). f, IL-17 production by flow cytometry and enzyme-linked immunosorbent assay (ELISA) of OTII-CD4 T cells after culturing with different large intestinal APC subsets. Data are from one experiment that is representative of three separate experiments (nâ€‰=â€‰4â€“5). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 4 PERK expression in epithelial cells has only a minor role in controlling mucosal homeostasis after DSS challenge.
aâ€“d, The body weight (a), colon length (b), histology by H&E (c) and TH17 responses (d) both in the colon (large intestine; LI) and small intestine (SI) of PerkÎ”villin and control wild-type littermates treated with DSS. eâ€“h, The body weight (e), colon length (f), histology by H&E and histology score (g), and TH17 responses (h) both in the colon (LI) and small intestine (SI) of PerkÎ”APC and control wild-type littermates treated with DSS. Data are representative of two separate experiments (nâ€‰=â€‰5). *Pâ€‰<â€‰0.05; **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 5 eIF2Î± expression in epithelial cells and APCs control weight loss and partially control TH17 responses after DSS challenge.
aâ€“e, The body weight (a), colon length (b), histology by H&E and histology score (c), and TH17 responses in both the colon (LI) (d) and small intestine (SI) (e) of Eif2aÎ”villin and control wild-type littermates treated with DSS. fâ€“j, The body weight (f), colon length (g), histology by H&E and histology score (h), and TH17 responses in both the colon (LI) (i) and small intestine (SI) (j) of Eif2aÎ”APC and control wild-type littermates treated with DSS. Data are representative of three separate experiments (nâ€‰=â€‰5). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 6 Intestinal APCs and epithelial cells reveal high expression of LC3.
a, Expression of LC3â€“GFP in APC subsets and epithelial cells of naive LC3â€“GFP mice by flow cytometry (nâ€‰=â€‰3). Data are from a single experiment. b, Kinetic MFI comparison of LC3B and p62 expression with and without chloroquine on individual APC subsets and epithelial cells by flow cytometry after 12 and 24â€‰h of single DSS administration. c, Western blot detection of LC3-I and II on lamina propria APCs before and after digitonin. d, LC3B staining of individual APCs and epithelial cells 12â€‰h after they were treated with DSS. The portion of the lamina propria cells were subjected to digitonin before intracellular staining with the LC3B antibody. Data are representative of two separate experiments (nâ€‰=â€‰4â€“5). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 7 Atg5 and Atg7 expression in APCs partially protects mice from DSS challenge.
aâ€“c, Colon length (a), histology by H&E and histology score (b), and TH17 responses (c) in both the colon (LI) and small intestine (SI) of Atg5Î”APC and control wild-type littermates treated with DSS. dâ€“f, Colon length (d), histology by H&E and histology score (e), and TH17 responses (f) in both the colon (LI) and small intestine (SI) of Atg7Î”APC and control wild-type littermates treated with DSS. Data are representative of three separate experiments (nâ€‰=â€‰5). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 8 GCN2-induced autophagy protects the intestinal tissue from the effects of excess oxidation and inflammation.
aâ€“f, Gcn2âˆ’/âˆ’ and littermate wild-type mice were treated with 2% DSS in the drinking water for 5 days. a, MFIs of ROS and mitochondrial ROS (MitoSOX) in individual APC subsets and epithelial cells of the small intestine isolated from wild-type and Gcn2âˆ’/âˆ’ mice were analysed by flow cytometry (nâ€‰=â€‰5). b, MFIs of pro-IL-1Î² in individual APC subsets and epithelial cells of the small intestine isolated from wild-type or Gcn2âˆ’/âˆ’ mice (day 5 after DSS) were analysed by flow cytometry (nâ€‰=â€‰3). c, Histology analysis of Gcn2âˆ’/âˆ’ mice that were treated with neutralizing antibody. d, Effects of low protein diet on DSS-induced colitis. e, Colon length. f, Frequencies of CD4+, CD4+IFNÎ³+ and CD4+Foxp3+ T cells. Data are from one experiment that is representative of two or three separate experiments. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.005, ***Pâ€‰<â€‰0.0005. Error bars indicate meanâ€‰Â±â€‰s.e.m.


Extended Data Figure 9 Mechanisms by which GCN2 contributes to protection in the gut against acute colitis.
a, Amino acid starvation induced by an inflamed colon activates GCN2, which triggers autophagy, which is important in inhibiting oxidative stress and pro-IL-1Î². Furthermore, levels of IL-1Î² dictate the magnitude of IL-17A-producing CD4 T cells in the colon. b, A hypothetical model for the evolutionary significance of coupling amino acid starvation with control of inflammation.


Extended Data Figure 10 Mouse phenotyping by flow cytometry and western blot.
a, b, In addition to molecular genotyping via tail DNA, we analysed the protein levels in various mucosal subsets by flow cytometry in various APC-specific (a) and epithelial-specific (b) conditional knockouts. c, Western blot to show selective depletion in APC populations in Atg5Î”APC and Atg7Î”APC mice. DC, dendritic cell; Ep, epithelial cell.
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