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            Abstract
The impact of nutritional status during fetal life on the overall health of adults has been recognized1; however, dietary effects on the developing immune system are largely unknown. Development of secondary lymphoid organs occurs during embryogenesis and is considered to be developmentally programmed2,3. Secondary lymphoid organ formation depends on a subset of type 3 innate lymphoid cells (ILC3) named lymphoid tissue inducer (LTi) cells2,3,4,5. Here we show that mouse fetal ILC3s are controlled by cell-autonomous retinoic acid (RA) signalling in utero, which pre-sets the immune fitness in adulthood. We found that embryonic lymphoid organs contain ILC progenitors that differentiate locally into mature LTi cells. Local LTi cell differentiation was controlled by maternal retinoid intake and fetal RA signalling acting in a haematopoietic cell-autonomous manner. RA controlled LTi cell maturation upstream of the transcription factor RORγt. Accordingly, enforced expression of Rorgt restored maturation of LTi cells with impaired RA signalling, whereas RA receptors directly regulated the Rorgt locus. Finally, we established that maternal levels of dietary retinoids control the size of secondary lymphoid organs and the efficiency of immune responses in the adult offspring. Our results reveal a molecular link between maternal nutrients and the formation of immune structures required for resistance to infection in the offspring.




            
                
                    

    
        
            
                
                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: Maternal RA controls LTi differentiation.[image: ]


Figure 2: Cell-autonomous RA controls LTi cells and SLO development.[image: ]


Figure 3: RA controls LTi cells via RORγt.[image: ]


Figure 4: Retinoid levels in utero determine the offspring resistance to infection.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Fetal ILCs.
a, ILC subsets in fetal gut and lymph nodes (LNs). b, E15.5 intestines and lymph node cells were purified from Id2GFP and wild-type mice. Id2GFP and RORγt expression are shown in ILC4neg (CD3−IL-7Rα+α4β7+ID2+c-Kit+CD11c−CD4−) and LTi4 (CD3−IL-7Rα+α4β7+ID2+c-Kit+CD11c−RORγt+CD4+) cells. c, E13.5 and E14.5 Ly6A-GFP anlagen lymph nodes were stained with GFP, IL-7Rα and Ki67 antibodies and analysed by confocal microscopy. d, E14.5 Rorgt−/− mesenteric lymph nodes were stained with podoplanin, IL-7Rα and CD45 antibodies and analysed by confocal microscopy. e, Percentage of E16.5 ILC4neg and LTi4 cells gated in CD45+CD3−CD11c− determined by flow cytometry in Rorgt+/+ and Rorgt−/− intestines. Data are representative of three independent experiments. f, Left: pregnant mice received RAR antagonist BMS493 or the vehicle DMSO from E10.5 until E13.5. The ratio LTi4/ILC4neg cells in the fetal liver was determined at E13.5; n = 8. Right: pregnant mice received BMS493 or the vehicle DMSO. Frequency of colonizing haematopoietic cells was determined in E17.5 intestines by flow cytometry; n = 4. g, Pregnant hCD2-GFP mice were administered BMS493 or DMSO from E10.5 until E13.5. Embryos were analysed at E17.5; n = 13. Arrowheads show anlagen lymph nodes. Scale bars: 50 μm (c, d); 500 μm (g). Error bars show s.e. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 2 Analysis of mouse haematopoietic-cell-specific Cre lines.
a, Vav-iCre and hCD2-Cre mice were crossed with ROSA26-Tomato-mGFP mice. Rorgt-Cre and Id2-CreERT2 mice were crossed with ROSA26-eYFP mice. E15.5 intestines were analysed by flow cytometry. Left: results show the percentage of mGFP or eYFP positive cells in gut cell suspensions. Right: percentage of mGFP or eYFP positive cells in non-haematopoietic (CD45−), haematopoietic (CD45+), LTi and LTin cells. Results are representative of three independent experiments. b, Percentage of enteric E15.5 ILC4neg and LTi4 cells determined by flow cytometry in wild-type, Rorgt-Cre RarHet and Rorgt-Cre RarHom littermates. c, Frequencies of enteric ILC4neg and LTi4 cells in wild-type, Rorgt-Cre RarHet and Rorgt-Cre RarHom littermates. WT, n = 5; Rorgt-Cre RarHet, n = 5; Rorgt-Cre RarHom, n = 4. d, Peyer’s patch area at 6–7 weeks of age. WT, n = 3; Rorgt-Cre RarHet, n = 4. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 3 Analysis of Vav-iCre/ROSA26-RARα403 mice.
a, E15.5 intestines from wild-type, Vav-iCre RarHet and RarHom mice were analysed by flow cytometry. Representative analysis of six independent experiments is shown. b, E15.5 regions of cervical, brachial and inguinal lymph node from wild-type, Vav-iCre RarHet and RarHom mice were analysed by flow cytometry. Representative analysis of two independent experiments. c, LTin cell percentage and LTi4/ILC4neg cell ratios are shown in E15.5 lymph nodes; n = 4. d, E15.5 fetal livers from wild-type and Vav-iCre RarHet mice were analysed by flow cytometry. Results show number of CD45+Lin− (n = 4) and CD45−Lin−IL-7Rα+α4β7+ progenitors (n = 3). e, Percentage of CD45+CD3−CD11c−IL-7Rα+RORγt+CD4− (RORγt+CD4−) and CD45+CD3−CD11c−IL-7Rα+RORγt+CD4+ (RORγt+CD4+) cells determined by flow cytometry in RARHet and wild-type littermate controls in E15.5 guts and lymph nodes. f, Frequencies of RORγt+CD4− and RORγt+CD4+ cells in mice described in e; WT, n = 9; RarHet, n = 3. g, ILC4neg cells were purified from E15.5 wild-type intestines by flow cytometry and cultured for 6 days. LTi4 cells raised in vitro were purified by flow cytometry and quantitative RT–PCR analysis performed. Results show log2 fold increase in comparison to their cultured ILC4neg cell counterparts. Results were normalized to Hprt1 and Gapdh. h, Left: E15.5 embryos were whole-mount stained for CD4 (red) and imaged by confocal microscopy. Cervical (Cer) lymph nodes are shown. Right: cervical lymph node dimensions are shown. WT, n = 5; RarHet, n = 7; RarHom, n = 6. Scale bar: 50 μm. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant. ND, not detected.


Extended Data Figure 4 Gene expression patterns in ILC4neg and LTi4 cells.
a, E15.5 intestines from RarHom and wild-type littermate controls were brought to suspension and analysed by flow cytometry. Upper panel: RORγt expression. Lower panel: mean fluorescence intensity of RORγt expression in ILC4neg cells; n = 3. b, ILC4neg cells were purified from E15.5 RarHet and wild-type littermate control intestines and lymph nodes. Quantitative RT–PCR analysis was performed. Results show log2 fold increase to wild type. Results were normalized to Hprt1 and Gapdh. Results from three independent measurements are shown. c, d, LTi4 cells were purified from E15.5 RarHet (c), RarHom (d) and wild-type littermate control intestines and lymph nodes. Quantitative RT–PCR analysis was performed. Results show log2 fold increase to wild type. Results were normalized to Hprt1 and Gapdh. Data from three independent measurements are shown. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. ND, not detected.


Extended Data Figure 5 Treatment of ILC4neg and LTi4 cells with digoxin.
a, Wild-type ILC4neg cells were FACS purified, starved overnight and stimulated with DMSO, BMS493 (100 nM), RA (100 nM) and RA plus BMS493 (100 nM each) for 16 h. Results show quantitative RT–PCR analysis normalized to Gapdh; n = 3. b, E13.5 lymph node cell suspensions were cultured with vehicle (ethanol), digoxin, digoxin + RA and RA alone for 24 h. Alive/dead cell ratios were determined by flow cytometry and DAPI staining; n = 4. c, ILC4neg cells were isolated from wild-type E15.5 embryos starved overnight and stimulated for 6 h in the presence of RA (100 nM) or DIG (10 µM) + RA (100 nM). Results show quantitative RT–PCR analysis of Rorgt and RORγt downstream targets normalized to Gapdh. Representative of three independent experiments. Error bars show s.e. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 6 Analysis of SLOs from adult mice with variable RA signalling levels.
a, Axillary (Axi), brachial (Bra) and inguinal (Ing) lymph nodes from adult RarHet and wild-type littermate controls were analysed. Results show lymph node cell numbers; n = 6. b, Results show Peyer’s patch number per intestine from adult RarHet and wild-type littermate controls; n = 6. c, Six-week-old wild-type females received VAC, VAH or VAD (n = 3) diet for 7 weeks. Axillary (Axi), brachial (Bra), inguinal (Ing), intrathoracic (IntraT) lymph nodes and Peyer’s patches (PP) dimensions were analysed; n = 3. d, Percentage of CD45+CD19+ B cells; CD4+ and CD8+ T cells in inguinal lymph nodes; n = 3. e, f, Two-week-old CD45.2 RarHet and wild-type littermate controls were lethally irradiated and transplanted with wild-type CD45.1 bone marrow cells. Chimaeric mice were analysed 8 weeks after reconstitution. e, Results show Peyer’s patch dimensions and follicle number/Peyer’s patch; n = 6. f, Results show number of cells in axillary (Axi), brachial (Bra) inguinal (Ing) and intrathoracic (IntraT) lymph nodes; n = 6. Scale bar: 1 mm. Error bars show s.e. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 7 Analysis of WT→WT and WT→RarHet bone marrow chimaeras.
Two-week-old CD45.2 RarHet and wild-type littermate controls were lethally irradiated and transplanted with wild-type CD45.1 bone marrow cells. Chimaeric mice were analysed 8 weeks after reconstitution. a, Reconstitution of donor CD45.1 cells in WT→WT and WT→RarHet chimaeras in the spleen (n = 4). b, Reconstitution of donor CD45.1 CD4 and CD8 T cells in WT→WT and WT→RarHet chimaeras in the spleen. WT→WT, n = 4; WT→RarHet, n = 11. c, Reconstitution of donor CD45.1 CD11c+MHCII+ and CD11b+Gr1+ myeloid cells in WT→WT and WT→RarHet chimaeras in the spleen; n = 3. d, Reconstitution of donor CD45.1 CD11c+MHCII+ and CD11b+Gr1+ cells in WT→WT and WT→RarHet chimaeras in intrathoracic lymph nodes; n = 3. e, Dendritic cells (DCs) were purified from WT→WT and WT→RarHet chimaeras. Dendritic cells were loaded with OVA peptide (10−5 μM) and co-cultured for 3 days with CFSE-labelled monoclonal OT1 CD8 T cells. OT1 CD8 T-cell proliferation was analysed by CFSE dilution. Proliferation index is shown. WT, n = 4; RarHet, n = 6. f, Dendritic cells were purified from WT→WT and WT→RarHet chimaeras. Dendritic cells were loaded with OVA peptide (10−5 μM) and co-cultured for 3 days with OT1 CD8 T cells. Percentage of IFN-γ-producing OT1 CD8 T cells is shown; n = 4. Error bars show s.e. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 8 Infection of WT→RarHet or WT→WT chimaeras with murid herpesvirus-4.
a, Intrathoracic lymph node cellularity in WT→WT and WT→RarHet chimaeras at different days post-infection (d.p.i.). WT, n = 5; RarHet, n = 3. b, Percentage of CD8+ORF61+ (left) and ORF75c+ (right) T cells in intrathoracic lymph nodes at different days post-infection (d.p.i.). WT, n = 5; RarHet, n = 3. c, Percentage of donor CD45.1 CD8+ORF61+ (left) and CD8+ORF75c+ (right) T cells in WT→WT and WT→RarHet chimaeras after infection with murid herpesvirus-4. WT, n = 6; RarHet, n = 12. Error bars show s.e. Two-tailed t-test P values are indicated. *P < 0.05; **P < 0.01; ***P < 0.001. NS, not significant.


Extended Data Figure 9 Impact of maternal retinoids in ILC3s.
Maternal dietary intake of vitamin A is catabolized into bioactive retinoic acid (RA). RA signals control type 3 innate lymphoid cells (ILC3) in the embryo. Fetal ILC3s include ILC4neg and LTi4 cells. LTi4 cells are Id2+RORγt+, whereas enteric ILC4neg cells contain a minor subset of Id2+RORγt− cells (pre-ILCs). RA signalling operates in a cell-autonomous fashion, via direct regulation of Rorgt, programming innate pro-inflammatory cytokines and chemokines and differentiation of LTi4 cells.


Extended Data Table 1 Computational analysis of putative RARE sites in the Rorc locusFull size table
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