







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 10 February 2016



                    Effector T-cell trafficking between the leptomeninges and the cerebrospinal fluid

                    	Christian Schläger1 na1, 
	Henrike Körner1 na1, 
	Martin Krueger3, 
	Stefano Vidoli4, 
	Michael Haberl1, 
	Dorothee Mielke5, 
	Elke Brylla3, 
	Thomas Issekutz6, 
	Carlos Cabañas7, 
	Peter J. Nelson8, 
	Tjalf Ziemssen9, 
	Veit Rohde5, 
	Ingo Bechmann3, 
	Dmitri Lodygin1, 
	Francesca Odoardi1 na1 & 
	…
	Alexander Flügel1,2 na1 

Show authors

                    

                    
                        
    Nature

                        volume 530, pages 349–353 (2016)Cite this article
                    

                    
        
            	
                        20k Accesses

                    
	
                        253 Citations

                    
	
                            93 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Autoimmunity
	Neuroimmunology


    


                
    
    

    
    

                
            


        
            Abstract
In multiple sclerosis, brain-reactive T cells invade the central nervous system (CNS) and induce a self-destructive inflammatory process. T-cell infiltrates are not only found within the parenchyma and the meninges, but also in the cerebrospinal fluid (CSF) that bathes the entire CNS tissue1,2. How the T cells reach the CSF, their functionality, and whether they traffic between the CSF and other CNS compartments remains hypothetical3,4,5,6. Here we show that effector T cells enter the CSF from the leptomeninges during Lewis rat experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis. While moving through the three-dimensional leptomeningeal network of collagen fibres in a random Brownian walk, T cells were flushed from the surface by the flow of the CSF. The detached cells displayed significantly lower activation levels compared to T cells from the leptomeninges and CNS parenchyma. However, they did not represent a specialized non-pathogenic cellular sub-fraction, as their gene expression profile strongly resembled that of tissue-derived T cells and they fully retained their encephalitogenic potential. T-cell detachment from the leptomeninges was counteracted by integrins VLA-4 and LFA-1 binding to their respective ligands produced by resident macrophages. Chemokine signalling via CCR5/CXCR3 and antigenic stimulation of T cells in contact with the leptomeningeal macrophages enforced their adhesiveness. T cells floating in the CSF were able to reattach to the leptomeninges through steps reminiscent of vascular adhesion in CNS blood vessels, and invade the parenchyma. The molecular/cellular conditions for T-cell reattachment were the same as the requirements for detachment from the leptomeningeal milieu. Our data indicate that the leptomeninges represent a checkpoint at which activated T cells are licensed to enter the CNS parenchyma and non-activated T cells are preferentially released into the CSF, from where they can reach areas of antigen availability and tissue damage.
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                    Figure 1: TMBP cells enter the CSF from the leptomeninges.[image: ]


Figure 2: Characterization of TMBP cells in the CSF.[image: ]


Figure 3: Integrins and chemokines mediate TMBP cell adhesion to leptomeningeal structures.[image: ]


Figure 4: Reattachment of effector T cells from the CSF to the leptomeninges and entry into the CNS parenchyma.[image: ]
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Extended data figures and tables

Extended Data Figure 1 TMBP cells enter the CSF from the leptomeninges.
a, TMBP cell entry into the CNS compartments. TMBP–GFP cells were quantified by histological analysis in the choroid plexus of all four ventricles (1st–4th vent) and spinal cord (meninges, white matter (WM) and grey matter (GM)) and by flow cytometry in the CSF. Histology of 6–27 consecutive slices per compartment. n.d., not detectable. Representative experiment ± s.e.m. from 2 independent experiments (n = 12) from days 1.5–5 after transfer. b, Accumulation of TMBP–GFP cells in the CSF and leptomeninges occurs simultaneously. Numbers of TMBP–GFP cells (flow cytometry) in meninges and CSF. Results of 3 independent experiments. Data are mean ± s.d. of 2–4 animals per time point (n = 61). c, TMBP cells accumulate in the leptomeninges but not in the choroid plexus. Confocal laser scanning microscopy of fixed tissue sections of the lateral, third and fourth ventricles and fluorescence microscopy images of lumbar spinal cord sections. Images were recorded from the same animal for each time point. Br. st., brain stem; green, TMBP–GFP cells; blue, DAPI counterstain of nuclei. Right (I–XII), magnifications of areas of interest. Representative images of 14 different time points from days 1.5–5 after T-cell transfer. d, Localization of TMBP cells in choroid plexus explants compared to spinal cord leptomeninges. Original TPLSM images and 3D reconstructions of explanted choroid plexus of the fourth ventricle. The corresponding lumbar spinal cord leptomeninges (lumbar SC) was acquired before explantation of the choroid plexus. Green, TMBP–GFP cells; red, meningeal blood vessels; blue, collagen. Few TMBP–GFP cells can be detected within the choroid plexus tissues compared to the leptomeninges of the spinal cord. Red arrows, TMBP–GFP cells within the choroid plexus stroma; white arrows, TMBP–GFP cells outside of the choroid plexus tissue. Representative pictures of 2 independent experiments (n = 10). Scale bars, 100 μm (c, d). e, TMBP cells accumulate in the CSF before appearing in the choroid plexus. Quantification of TMBP–GFP cells from the choroid plexus of the fourth and lateral ventricles and from the CSF (flow cytometry). Means ± s.d. Representative data of 3 independent experiments including 2–4 animals per time point. f, Anti-GFP immuno-electron microscopy confirms the scarcity of TMBP cells in the choroid plexus. Upper left, choroid plexus of the fourth ventricle. The choroid plexus epithelial cells are colour-coded in yellow. The lamina propria between epithelial basal lamina (blue) and vascular basal lamina (red) is filled with loose connective tissue and meningeal fibroblasts. Arrow heads, endothelial nuclei of cross sectioned vessels (V). Top right, ependyma. The surface of the ventricular ependyma (arrows) appears smooth and continuous with numerous ciliary processes. No TMBP cells could be detected for any of the observed time points after T-cell transfer. Lower panel, leptomeninges. TMBP–GFP cells (T) are marked by typical black grains of DAB. Yellow, resident leptomeningeal cells; blue, bundles of collagen fibres; red, vascular endothelial basal laminas. MΦ, macrophages; L, vascular lumen.


Extended Data Figure 2 Interference with TMBP cell transport within the CSF does not inhibit their accumulation in the spinal cord and clinical EAE.
a, TMBP cell transport from the cisterna magna to the subarachnoidal space of the spinal cord is effectively blocked by Matrigel. Left, macroscopic image of the cisterna magna and the adjacent parts of the CNS after injection of Matrigel mixed with Evans blue dye. Cb, cerebellum; Ce, cerebrum; SC, spinal cord. Arrow, cisterna magna filled with blue-stained Matrigel. Right, PBS or Matrigel was injected in the cisterna magna of naive animals. TMBP–GFP cells were injected 24 h later intra-cisternally. TPLSM of the medulla oblongata and the cervical spinal cord was performed 6 h after the TMBP–GFP cell injection. Shown are 3D reconstructions of the TPLSM recordings. Notably, in Matrigel-injected animals the TMBP cells remained localized in the cisterna magna but did not reach the cervical spinal cord, indicating that the Matrigel efficiently blocked the migration of cells from the cisterna to the subjacent leptomeninges. In controls (PBS-injected animals), TMBP cells readily reached the leptomeninges of the cervical spinal cord. Green, TMBP–GFP cells; blue, collagen. Scale bars, 50 μm. b, Leptomeningeal T-cell infiltration and clinical disease are not impaired after Matrigel blockage. Matrigel was injected into the cisterna magna 2 days after i.v. transfer of TMBP–GFP cells. PBS i.t.-injected animals were used as control. Left, TPLSM recordings of thoracic leptomeninges 3.5 days after transfer. Representative data of 2 independent experiments. Scale bar, 200 μm. Right, clinical score assessment. Representative data of 2 independent experiments including 4 animals per treatment (n = 16). Mean ± s.e.m. c, TMBP cell transport from the cisterna magna to the subarachnoidal space of the spinal cord is effectively blocked by interrupting the CSF flow. Resting T cells (5 × 106) were injected into the cisterna magna either in control animals (upper panel) or in animals where the CSF flow was interrupted by introducing a CSF leakage at the level of the cervical spinal cord (lower panel). The efflux of the CSF induced a collapse of the subjacent thoracic subarachnoidal space (SAS) and thereby abolished the CSF flow in this area. TPLSM recordings of the thoracic spinal cord and of the medulla oblongata 6 h after i.t. injection. Depicted are 3D reconstructions of TPLSM recordings of the thoracic spinal cord leptomeninges, overviews of the same area with magnifications of areas of interest (I, II) and overviews of the medulla oblongata. Green, TMBP–GFP cells; red, blood vessels; blue, collagen. Arrows, representative TMBP–GFP cells. Scale bars, 300 μm for thoracic spinal cord and 50 μm for medulla oblongata. Note that in the animals with disrupted CSF flow, no TMBP cells were detectable at the level of the spinal cord despite the high number of TMBP cells in the medulla oblongata indicating that the leakage completely blocked the transport of cells from the cisterna magna to the subjacent spinal cord leptomeninges. d, e, Interrupting the CSF flow does not impair TMBP cell accumulation in the spinal cord leptomeninges. d, Shown are 3D reconstructions of TPLSM recordings of the thoracic spinal cord leptomeninges after i.v. transfer of TMBP–GFP cells. Images before (70 h after transfer) and after introducing a CSF leakage at the level of the cervical spinal cord (82 h after transfer). Animals with intact flow were used as control. Green, TMBP–GFP cells; red, meningeal blood vessels; blue, collagen. Scale bars, 300 μm. e, Left, TPLSM overviews of the thoracic spinal cord leptomeninges. The numbers of TMBP–GFP cells that had emigrated from the local vessels into the leptomeningeal milieu (red false colours) within the 12 h interval did not differ between controls and ‘CSF flow interrupted’ animals. Green and red marks (overlaid red dots), TMBP cells located inside or outside the vessels, respectively; blue (false colour), meningeal blood vessels. Scale bars, 200 μm. Right, relative increase of TMBP–GFP cells located in the extravascular compartment at the indicated time points during imaging either in control animals or in animals where the CSF was interrupted (leakage). Representative data of 3 independent experiments (Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison test, *P < 0.05). Mean ± s.d.


Extended Data Figure 3 TMBP cells entering the leptomeningeal milieu from local vessels become detached and float within the CSF.
a, TMBP cell extravasation from the leptomeningeal vessels. Left, TPLSM during the pre-invasion phase. Representative TMBP cell diapedesis. Depicted is a very early transmigration event, that is, the majority of both TMBP cells and CD11b+myeloid cells are located inside the vascular lumina. Red, meningeal blood vessels; blue, TMBP–Lifeact–Turquoise2 cells; white, CD11b+myeloid cells labelled by i.v. administration of fluorescently conjugated anti-CD11b monoclonal antibody during imaging. Scale bars, 10 μm. Right, immuno-electron microscopy of TMBP cell extravasations observed at the indicated time points after transfer. Yellow, endothelial layer of leptomeningeal vessels; red, endothelial basal lamina. TMBP–GFP cells are marked by cytoplasmic DAB. Extravasating TMBP cells were often found to be surrounded by endothelial processes. Thereby, notable abluminal or luminal gaps (arrow heads) of the endothelial layer were frequently observed. Representative electron micrographs at the indicated time points. L, vascular lumen; T, T cells. b, Surface-rendered 3D reconstruction of the meningeal compartment. TPLSM recording in the early phase of leptomeningeal TMBP cell infiltration. Red, meningeal blood vessels; green, TMBP–GFP cells; blue, collagen. Scale bar, 300 μm. c, Visualization of a TMBP cell detaching from the leptomeninges into the CSF. Intravital video-microscopy during the established phase of leptomeningeal TMBP cell infiltration depicts a TMBP–GFP cell (false colour yellow, indicated by the white arrow) in the process of detachment from the pial surface. Yellow and blue lines, crawling and rolling steps, respectively; dotted grey arrows, direction of the CSF flow. Scale bars, 50 μm. d, In situ light exposure induces efficient and high contrast photoconversion of TMBP–Dendra2 cells without influencing T-cell motility. Images show representative TPLSM leptomeningeal overviews during established leptomeningeal TMBP cell infiltration before (0 min), 5 min, and 120 min after photoconversion. Red, meningeal blood vessels; green, non-photoconverted TMBP–Dendra2 cells; yellow, photoconverted TMBP–Dendra2 cells; blue and white circles, representative non-photoconverted or photoconverted TMBP–Dendra2 cells, respectively. Plotted are mean velocities of individual TMBP–Dendra2 cells before and 2 h after photoconversion. Data refer to 30 min time-lapse recordings. Mean values from 239 cells from at least 3 independent experiments (two-tailed Mann–Whitney U-test). e, Rapid turnover of effector T cells in the leptomeninges. Intravital TPLSM recordings on leptomeninges during the established phase of leptomeningeal TMBP cell infiltration. Images show distribution of TMBP–Dendra2 cells before or 4 h after photoconversion. For better visualization, red and green dots were overlaid onto photoconverted and non-photoconverted T cells, respectively. Grey (false colour), vessel lumen. Scale bar, 100 μm. Right, relative changes of photoconverted versus non-photoconverted TMBP–Dendra2 cells over time obtained from intravital recordings. Representative data of at least 3 independent experiments.


Extended Data Figure 4 CSF-derived TMBP cells do not represent a specialized sub-population compared to TMBP cells in the meninges and CNS parenchyma but they display a lower activation profile.
a, Similarities in transcriptome profiles between TMBP cells in blood, CSF, leptomeninges and CNS parenchyma. RNA-seq of TMBP–GFP cells sorted from blood, meninges (Men), CSF and CNS parenchyma (Par) 3 days after transfer and on in vitro cultured TMBP–GFP cells sorted 20 h and 6 days after antigenic stimulation (blast and resting T cells, respectively). Principal component analysis of the transcriptomes for all six T cell populations (left) and for the four ex vivo populations (right) show similar profiles of TMBP–GFP cells in the CSF and the other CNS compartments compared to blood and culture. Numbers in parentheses, proportion of total variability calculated for each principal component. Each data point represents a biological replicate. b, TMBP cells display similar TCR repertoires in the CNS compartments. Top, RNA-seq as in a. Normalized expression of invariant TCR complex components (left) and mean frequencies of the TCR Vβ genes (right) determined as the proportion of RNA-seq reads that map to certain Vβ segments among all reads mapping to the entire set of 24 rat Vβ segments. Shown are the 6 most abundant Vβ segments. Bottom, TMBP–GFP cells from culture (4 days after antigen stimulation), blood, or from the indicated CNS compartments on day 4 after T-cell transfer. Expression (flow cytometry) of different TCR Vβ chains. Percentages of the different Vβ chains for three different TMBP cell lines. Ex vivo cell staining containing pooled cells from the respective organs of 3–4 animals (n = 10). c–e, TMBP cells within blood and CSF are not activated in contrast to TMBP cells in meninges and CNS parenchyma. c, Amounts of IFNγ and IL-17 (quantitative PCR) in TMBP cells from blood or the indicated CNS compartments at the indicated time points after transfer. Data are mean ± s.d. of duplicate measurements. Representative data of 4 independent experiments including at least 2 animals per group per time point. n.d., not determined owing to lack of cells within the CNS parenchyma at the early leptomeningeal TMBP cell infiltration phase. d, Cell surface expression of activation markers CD25 and CD134 (flow cytometry) of TMBP–GFP cells at day 4 after transfer. Black, isotype control; red, CD25 or CD134. Representative data of 4 independent experiments each combining cells from 4 or 5 animals for each compartment. e, Intracellular IFNγ and IL-17 production in TMBP cells isolated during the indicated phases of EAE. Representative data of 4 independent experiments each combining cells from 4 or 5 animals for each compartment (n = 17). f, CSF-derived TMBP cells produce cytokines upon antigenic stimulation in CSF. TMBP–GFP cells isolated at day 3 after transfer from CSF or cultured resting TMBP–GFP cells were stimulated in vitro with MBP in CSF from naive rats. IFNγ and IL-17 production (quantitative PCR). Data are mean ± s.d. of duplicate measurements representative of 2 independent experiments (n = 8). House-keeping gene, β-actin (Actb) (c, f).


Extended Data Figure 5 The trafficking of effector T cells in the CNS compartments depends on their reactivation levels and the inflammatory state in the CNS.
a, TMOG cells have a low encephalitogenic potential and display low reactivation levels in the CNS. Left, IL-17 and IFNγ expression measured by quantitative PCR in TMOG–GFP cells. House-keeping gene, β-actin (Actb) (a, c, d). Representative data of 3 independent experiments (data are mean ± s.d. of duplicate measurements). Note, TMOG cells in meninges and CNS parenchyma produce less cytokines than the highly pathogenic TMBP cells (Extended Data Fig. 4c), but more than non-pathogenic TOVA cells (Extended Data Fig. 4d). Right, clinical course after TMOG–GFP cell i.v. transfer. Cumulative data of 3 independent experiments including at least 4 animals per group. TMOG cell CNS infiltration in this model considerably precedes disease onset (Fig. 2e). b, Morphological analysis of the distribution of effector T cells with different antigen specificities and reactivation/pathogenic potentials in the CNS. Fluorescence-microscopy-derived overviews and magnified subsets (I–IV) of thoracic spinal cord sections showing distribution of fluorescently labelled T cells with the indicated antigen specificity 4 days after T-cell transfer. Open white and closed yellow arrows, representative T cells located in the meningeal compartment or in the CNS parenchyma, respectively. Scale bars: overviews, 200 μm; magnification, 100 μm. The infiltration behaviour of brain-non-reactive TOVA cells is similar to that of pathogenic TMBP cells when the CNS tissue is inflamed (after co-transfer of the TOVA cells with TMBP cells). c, TOVA cells encounter an inflammatory milieu in the meninges when co-transferred with TMBP cells. Quantitative PCR for the indicated chemokines, integrin ligands and cytokines was performed on meninges and CNS parenchyma isolated from naive animals (white columns) or from animals that 4 days previously had received either TOVA–Cherry cells (grey columns) or TOVA–Cherry cells together with TMBP–GFP cells (black columns). d, When co-transferred with TMBP cells, TOVA cells do not show signs of activation in the CNS. IFNγ and IL-17 expression (quantitative PCR) in TMBP–GFP or TOVA–Cherry cells sorted from the indicated compartments in animals transferred 4 days previously with these cells. Representative data of 3 independent experiments; data are mean ± s.d. of duplicate measurements (c, d). e, TOVA cells are released from the meningeal compartment into the CSF in higher numbers than TMBP cells. Quantification of TOVA–Cherry cells and co-injected TMBP–GFP cells during established leptomeningeal TMBP cell infiltration (flow cytometry). Representative data of 3 independent experiments including 3 animals per group. Data are mean ± s.e.m. (two-tailed Mann–Whitney U-test).


Extended Data Figure 6 TMBP cells in the leptomeningeal milieu closely interact with resident macrophages.
a, Composition of the leptomeningeal milieu and interactions of TMBP cells with resident macrophages. Upper left, representative still and time-encoded projection illustrating, via a time colour-code scale, the area that single leptomeningeal macrophages scan with their processes over a recording period of 10 min (32 s time intervals). Green, GFP+meningeal macrophages in GFP+bone marrow chimaeras7; red, blood vessels. Upper right, original TPLSM picture and surface-rendered 3D reconstructions of a representative spot within the meningeal milieu during established leptomeningeal TMBP cell infiltration. Green, extravasated motile TMBP–GFP cells; red, meningeal phagocytes (MΦ); yellow trajectories, migration paths of individual TMBP–GFP cells; blue, collagen fibres. Magnification of an individual region (white dotted rectangle) indicates contacts (yellow arrows) between TMBP–GFP cells and meningeal phagocytes. Lower left, TMBP cells in direct contact (yellow) or not in contact (green) with meningeal macrophages (red). Surface-rendered 3D reconstruction of a representative still from a 30 min TPLSM recording. Lower right, a representative TMBP–GFP effector cell (red, false colour) migrating within the leptomeningeal compartment contacting several resident meningeal macrophages (1–5, yellow contours). Orange line, migration path of the T cell; green, TMBP–GFP cells; grey, vessel lumen (false colour). Scale bars, 50 μm. b, Ultrastructural analysis confirms direct and intense contacts between T cells and meningeal macrophages. Representative overview of cells within the spinal cord leptomeninges illustrating the organization of the leptomeningeal milieu at the ultrastructural level. Lymphocytes (L) in the subarachnoidal space are located between or adjacent to collagen fibrils (arrow heads) and in direct vicinity of phagocytes (MΦ) or local resident cells (M). Right, higher magnification of a lymphocyte in close contact with a macrophage. c, TMBP cells do not follow chemotactic gradients towards meningeal phagocytes. Vector analysis of the migration steps of TMBP–GFP cells in relation to a fixed macrophage in areas with a radius (ρ) of 25, 50 or 100 μm. The cosine of the angle between the macrophage–T-cell axes (AC) and the migration vector (AB) was calculated for each step. The values 1 or −1 correspond to a TMBP–GFP cell moving towards the meningeal phagocyte or in the opposite direction, respectively. Numbers indicate average direction ± s.d. of the steps examined for each radius. The average is always close to zero and the standard deviation is very broad, excluding the presence of targeted migration. Representative data of 4 independent experiments for each radius including 4396, 15870 and 57535 steps for ρ = 25, ρ = 50 and ρ = 100 μm, respectively. d, Integrin ligands are highly expressed in meningeal phagocytes. Bar plots show quantitative PCR data for the indicated integrin ligands on meningeal phagocytes labelled with Texas Red sorted from naive animals or during the early or established phases of leptomeningeal TMBP cell infiltration. House-keeping gene, β-actin (Actb). Mean ± s.d. of duplicate measurements. Histogram plots show corresponding protein expression (flow cytometry) during the established phase of leptomeningeal TMBP cell infiltration. Bottom, representative confocal images of leptomeningeal spots acquired in naive GFP+animals or in GFP+animals with established leptomeningeal TMBP cell infiltration after in vivo staining with the indicated antibodies. Single fluorescent channels and merged pictures. The expression of the tested integrin ligands is enriched in the vicinity of the leptomeningeal blood vessels in naive tissue (left) but widely distributed during the established phase of leptomeningeal TMBP cell infiltration (right).


Extended Data Figure 7 Locomotion behaviour of TMBP cells in the leptomeningeal milieu and its regulation by VLA-4/LFA-1 integrins.
a, TMBP cells express high level of integrins. VLA-4 (Itga4) and LFA-1 (Itgal) expression (quantitative PCR) on TMBP–GFP cells from meninges or CNS parenchyma at the indicated time points of leptomeningeal T-cell infiltration. Representative data of 3 independent experiments. Data are mean ± s.d. b, VLA-4 is expressed in the active conformation on TMBP cells in the leptomeninges but not in the CSF. HUTS-4 antibody (directed against the activated conformation of β1-integrins), activation-independent anti-VLA-4 antibody or control antibody were injected i.t. into Lewis rats during the established phase of leptomeningeal T-cell infiltration. TMBP–GFP cells were isolated from meninges and CSF 4 h later; protein expression was measured by flow cytometry. Percentages of positive T cells are indicated. Representative data of 3 independent experiments. c, Integrin blockade accelerates T-cell migration. Dot plots show TMBP–GFP cell velocity before (control) and 4 h after i.t. treatment with the indicated anti-integrin monoclonal antibodies. Data from 30 min TPLSM recordings on leptomeninges during the early phase of TMBP cell leptomeningeal infiltration. Data are mean values of individual T cells from at least 3 independent experiments including 674 cells (Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison). d, TMBP cell velocity is not influenced by integrins in the absence of CSF flow. Velocities of TMBP–GFP cells in the leptomeningeal milieu analysed during the established phase of leptomeningeal TMBP cell infiltration after interruption of the CSF flow in the presence or absence (control) of anti-integrin monoclonal antibodies. The interruption of the CSF flow was achieved by removal of the arachnoidea causing the efflux of the CSF from the subarachnoidal space. 30 min TPLSM recordings. Data are mean values of individual T cells from 3 independent experiments including 166 cells (two-tailed Mann–Whitney U-test). e, Integrin blockade does not change the motility pattern of TMBP cells. Mathematical analyses of at least 10 TPLSM recordings for each treatment (as in Fig. 3a, b). The Brownian walk of effector TMBP–GFP cells was not changed after i.t. application of anti-LFA-1/VLA-4 monoclonal antibodies. f, Effects of integrins on TMBP cell adhesion to the leptomeninges during the early phase of meningeal infiltration resemble those during the established phase. 30 min intravital TPLSM recordings on leptomeninges during the early phase of leptomeningeal TMBP cell infiltration. Animals were treated i.t. with PBS (control) or with the indicated anti-integrin monoclonal antibodies. Bar plots show number of TMBP–GFP cells 4 h after treatment in CSF and meninges (flow cytometry). At this time point no TMBP–GFP cells were detectable in the CNS parenchyma (Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison test). Images show representative stills from 30 min TPLSM recordings and corresponding time projections of T-cell tracks before and 4 h after the indicated treatment. T-cell detachment is indicated by the reduction of TMBP cell trajectories after i.t. monoclonal antibody treatment. Blue, TMBP–Lifeact–Turquoise2 cells. Scale bar, 50 μm. Representative data of 2 independent experiments. g, Integrin blockade increases the turnover of TMBP cells in the leptomeninges. Quantification of photoconverted TMBP–Dendra2 cells after i.t. application of anti-LFA-1/VLA-4 monoclonal antibodies or control IgG (control) during TPLSM of the established phase of leptomeningeal TMBP–Dendra2 cell infiltration. Representative kinetic of at least 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (c, f).


Extended Data Figure 8 Role of chemokines in TMBP cell motility in the leptomeningeal milieu.
a, Chemokine receptor expression profile of TMBP cells during EAE. Quantitative PCR data for the indicated chemokine receptors from TMBP–GFP cells isolated from spinal cord meninges and parenchyma during the early and established phases of leptomeningeal TMBP cell infiltration. Representative data of 3 independent experiments. Data are mean ± s.d. of replicate measurements. b, c, Inflammatory chemokines are upregulated in the CNS milieus and in meningeal macrophages during EAE. Quantitative PCR in naive animals or in animals during the early and established phases of leptomeningeal TMBP cell infiltration. Chemokine ligand expression either on meninges and CNS parenchyma (b) or on Texas-Red-labelled meningeal phagocytes isolated by flow cytometry (c). House-keeping gene, β-actin (Actb) (a–c). Representative data of 3 different experiments. Data are mean ± s.d. d, TMBP cells establish direct contact with CXCL11+, MHC-II+meningeal phagocytes. Leptomeninges during early leptomeningeal TMBP cell infiltration stained for CXCL11, Iba-1 and DAPI (upper row) or CXCL11, MHC-II and DAPI (lower row). Green, TMBP–GFP cells. Scale bars, 50 μm. In the magnifications (right) yellow arrows indicate direct contacts between TMBP–GFP cells and CXCL11+meningeal phagocytes. Scale bars, 20 μm. e, Gαi signalling blockade induces a release of TMBP cells from the leptomeninges into the CSF. Left, plots show flow cytometry quantification of TMBP–GFP cells during established leptomeningeal TMBP cell infiltration in the indicated compartments 4 h after i.t. treatment with PBS (control) or PTX. Right, intravital image of spinal cord leptomeninges recorded 4 h after i.t. injection of PTX during the established phase of leptomeningeal TMBP cell infiltration. During the recording time, two TMBP–GFP cells highlighted in orange were released into the CSF. Grey (false colour), leptomeningeal blood vessels, phagocytes; green, TMBP–GFP cells; orange dotted lines, tracks of individual TMBP–GFP cells before being washed away into the CSF; blue dotted lines, contour of individual resident phagocytes; white arrows, direction of CSF flow. Scale bars, 50 μm. f, Interference with chemokine signalling affects TMBP cell contacts with leptomeningeal phagocytes but not TMBP cell velocity and meandering index. 30 min time-lapse recordings during the early (upper plots) and established phases (lower plots) of leptomeningeal TMBP cell infiltration. Bar plots show mean contact duration and contact frequencies (early and established phases: 968 and 498 motile cells, respectively) between TMBP–GFP cells and Texas-Red-labelled meningeal phagocytes before (control) and 4 h after the indicated i.t. treatments. Data are mean ± s.e.m. of 3 independent experiments. Dot plots show TMBP–GFP cell velocity and meandering index before (control) and 4 h after the indicated i.t. treatment. Data are mean values of individual T cells from at least 3 independent experiments per treatment and time point (early phase 1506 cells and established phase 860 cells; Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison test). g, Gαi blockade does not change the migratory pattern of TMBP cells. Motility pattern of TMBP–GFP cells in the leptomeninges during the established phase of leptomeningeal TMBP cell infiltration before and 4 h after PTX treatment (as in Fig. 3a,b). Directional analysis and probability plots of T cell displacement for the Lévy (red), Weibull (blue) and normal (Gauss, green) distributions. The TMBP–GFP cells maintained their Brownian walk after PTX treatment. Analysis of at least eight TPLSM recordings. h, CXCR3 blockade alone recapitulates the effect of Gαi inhibition on TMBP–GFP cells released from the meninges into the CSF. Representative TPLSM overviews of spinal cord leptomeninges before and 8 h after i.v. injection of isotype control antibodies (control IgG) or anti-CXCR3 monoclonal antibody during established leptomeningeal TMBP cell infiltration. Magnification of individual regions originating from the overviews illustrate the position of the effector T cells in the z-axis in the leptomeningeal space via a colour-code scale. Note, TMBP–GFP cells are preferentially detached from the surface of the pia mater. Green, leptomeningeal blood vessels; red, phagocytes; blue, TMBP–Lifeact–Turquoise2 cells. Scale bars, 50 μm. *P < 0.05, ***P < 0.001 (e, f).


Extended Data Figure 9 Motility pattern of brain-non-reactive TOVA cells in the leptomeninges and their detachment into the CSF.
a, b, The motility pattern of TOVA cells in the leptomeninges resembles that of TMBP cells. TOVA–GFP cell motility in the leptomeninges during established inflammation (TPLSM 3.5 days after co-transfer with non-labelled TMBP cells). a, TOVA cells do not follow a preferential direction. Directional analyses of the TOVA–GFP cell tracks (as in Fig. 3a). Directions of in-plane movement (left) and associated probability for an angle varying within [0; 360] degrees in the fitting plane (right). b, TOVA cells move in a Brownian random walk. Motility pattern of TOVA–GFP cells (as in Fig. 3b). Analysis of at least 6 TPLSM recordings. c, TOVA–GFP cells are less adhesive to meningeal structures in comparison to their myelin-reactive counterparts. Mean contact duration (417 contacts per 127 cells); contact frequencies (127 cells) between MBP- or OVA-reactive T cells and meningeal phagocytes; mean velocities (304 cells) and meandering indices (236 cells) of MBP- or OVA-reactive T cells; percentage of time spent by these T cells in contact with meningeal phagocytes during the 30 min recording. Results from intravital TPLSM recordings during established meningeal inflammation on spinal cord leptomeninges, after transfer of TMBP–GFP cells or of TOVA–GFP cells together with non-labelled TMBP cells. Data are mean values ± s.e.m. of 3 independent experiments per transfer (two-tailed Mann–Whitney U-test). d, Chemokine receptors and integrin expression in TOVA–GFP cells. TOVA–GFP cells transferred into Lewis rats together with non-labelled TMBP cells were sorted from meninges and CNS parenchyma during established meningeal inflammation. Quantitative PCR. House-keeping gene, β-actin (Actb). Representative data of 3 independent experiments. Data are mean ± s.d. of duplicate measurements. e, Integrin or Gαi signalling interference induces a release of TOVA–GFP cells from the leptomeninges into the CSF. TOVA–GFP cells were co-injected with non-labelled TMBP cells. During established meningeal inflammation (3.5 days after transfer) animals were treated i.t. with PBS (control), anti-LFA-1/VLA-4 monoclonal antibodies (left) or PTX (right). Absolute numbers of TOVA–GFP cells in CSF, spinal cord meninges and parenchyma 4 h after treatment. Data are mean ± s.e.m. of representative data from at least 3 independent experiments per treatment including 3 animals per group (two-tailed Mann–Whitney U-test). f–h, Gαi signalling interference does not change the motility pattern of TOVA cells. f, g, The Brownian walk of TOVA cells was not changed after PTX treatment. Directional analyses and motility pattern of TOVA–GFP cells 4 h after i.t. injection of PTX. Mathematical analyses of at least 6 TPLSM recordings (as in Fig. 3a, b) 4 days after co-transfer with TMBP cells. h, Interference with chemokine signalling does not affect TOVA cell straightness and velocity. Mean velocities (498 cells) and meandering indices (428 cells) of TOVA–GFP cells at the depicted time points of leptomeningeal T-cell inflammation. 30 min TPLSM recordings were acquired before and 4 h after i.t. treatment with PTX. *P < 0.05, **P < 0.01, ***P < 0.001 (c–e).


Extended Data Figure 10 Reattachment of TMBP cells from the CSF to the leptomeninges and its regulation by integrins, chemokines and T-cell activation/CNS inflammation.
a, Distribution of reattached TMBP cells resembles that of early EAE lesions. TMBP–GFP cells are located diffusely in the meninges and the adjacent spinal cord parenchyma after reattachment from the CSF. TMBP–GFP cells retrieved from CNS tissue on day 3 after transfer were injected i.t. into naive animals. Fluorescence microscopy images of the fixed cervical spinal cord 20 h later. Insets, magnifications of areas of interest (right; I, II). Arrows, TMBP–GFP cells in the leptomeninges (white) and CNS parenchyma (yellow). Green, TMBP–GFP cells. Scale bars, 100 μm. b, Increased TMBP cell rolling and floating after forced ventilation indicate that respiration is a major driving force for the spinal cord CSF flow. Time-lapse video microscopy of TMBP–GFP cells during the established phase of leptomeningeal TMBP cell infiltration performed under 3 different conditions: (1) during standard conditions (control; respiration rate: 81 bpm; cardiac rate: 230 bpm); (2) during hyperventilation (hypervent; respiration rate: 100 bpm; cardiac rate: 200 bpm); and (3) during hyperventilation following administration of methylscopolamine (0.05 mg kg−1) to block the hyperventilation-induced vagal influence on the heart (Scopolamine/hypervent; respiration rate: 100 bpm; cardiac rate: 230 bpm). Hyperventilation induced a strong increase in rolling/floating TMBP–GFP cells that was not changed after methylscopolamine. 185 s time projections. Green, TMBP–GFP cells; white arrows, representative T cells rolling/floating in the CSF. Scale bars, 50 μm. Representative data of 3 independent experiments. c, TMBP cell transport in the CSF after i.t. injection. Distribution of TMBP–GFP cells in different levels of the spinal cord tissues after localized injection of the cells into the cisterna magna or the subarachnoidal space of the lumbar spinal cord. Flow cytometry analyses. Relative numbers of TMBP–GFP cells 6 and 24 h after i.t. transfer in the indicated CNS compartments. Combined results of 2 independent experiments for each i.t. injected site (n = 14). d, TMBP cell infiltration in the different levels of the spinal cord during transfer EAE. Quantification (flow cytometry) of TMBP–GFP cells in the meninges or parenchyma of the indicated parts of the spinal cord. Data are mean ± s.e.m. of representative data from 2 independent experiments per treatment including 2 or 3 animals per group (n = 41). e, Activated but not resting TMBP cells induce EAE after i.t. transfer. TMBP–GFP cells activated by antigenic stimulation or resting cells were i.t. transferred into naive animals. Clinical scores at the indicated time points. Representative results of 3 independent experiments with 4–6 animals per group. Data are mean ± s.d. (n = 28). f, Interference with integrin binding reduces the encephalitogenic potential of i.t. transferred TMBP–GFP cells. TMBP–GFP cell blasts were pre-treated with either an IgG control antibody or a combination of anti-LFA-1/VLA-4 monoclonal antibodies before i.t. transfer into naive animals. Clinical scores. Representative results of 3 independent experiments with 2 or 3 animals per group. Data are mean ± s.e.m. (n = 16, two-tailed Mann–Whitney U-test). g, TMBP cells invade the inflamed CNS tissue more efficiently than TOVA cells. Left, the same number of non-activated TMBP–GFP and TOVA–Cherry cells were co-injected i.t. into animals at the onset of clinical EAE, that is, 3 days after i.v. transfer with unlabelled TMBP–GFP cells. 20 h after i.t. injection, the entry of TMBP–GFP and TOVA–Cherry cells into the CNS tissue (including spinal cord meninges and parenchyma) was quantified by flow cytometry. Representative results of 2 independent experiments with 4 animals per group. Data are mean ± s.d. (n = 8). Right, resting or in vitro activated TOVA–GFP cells were i.t. injected into naive animals. In addition, a group of animals receiving resting TOVA–GFP cells were co-injected intrathecally with 25 μg of OVA antigen. 20 h after i.t. injection, TOVA–GFP cells in the spinal cord tissue were quantified. Representative of 2 independent experiments with 2 animals per group. Data are mean ± s.d. (n = 12, two-tailed Mann–Whitney U-test (left) or Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison test (right)). h, Inflammation of the CNS tissue increases TMBP cell entry from the CSF. CSF-derived TMBP–GFP cells were injected i.t. either into naive animals or into animals at the onset of clinical EAE, that is, 3 days after i.v. transfer of non-labelled TMBP cells (that is, inflamed condition). Cell quantifications of TMBP–GFP cells in the CNS tissue and CSF by flow cytometry 20 h later when the re-transferred T cells had maximally infiltrated the inflamed CNS of the recipient animals. Data are mean ± s.d. of representative results of 3 independent experiments (n = 12, two-tailed Mann–Whitney U-test). i, Blocking of integrin or Gαi-signalling reduces TMBP cell migration from the CSF into the inflamed CNS tissue. CNS-derived TMBP–GFP cells were pre-treated with anti-VLA-4 or anti-LFA-1 monoclonal antibodies or with isotype control IgG antibody (control) (left) or PTX or PBS as control (right). Cells were then injected i.t. in animals at the onset of EAE and quantified as in h. Data are mean ± s.d. of representative results of 3 independent experiments (n = 18, Kruskal–Wallis ANOVA followed by Dunn’s multiple comparison test (left) or two-tailed Mann–Whitney U-test, right). j–l, In active EAE induced by reactivated memory TMBP cells , trafficking of the memory TMBP cells between the distinct CNS compartments follows the same rules as the trafficking of TMBP cells during transfer EAE. j, Memory TMBP cells accumulate simultaneously in the meninges and the CSF before they occur in the choroid plexus. Quantification (flow cytometry) of GFP+TMBP-Memory cells in CSF, spinal cord meninges and parenchyma (left), or in CSF and choroid plexus of the fourth ventricle (right) at the indicated time points after immunization of 10-week-old memory animals. Data are mean ± s.d. of 3 independent experiments (n = 13). k, CSF-derived memory TMBP cells present a low activation profile. IFNγ and IL-17 expression (quantitative PCR) in GFP+memory TMBP cells 5 days after immunization. House-keeping gene, β-actin (Actb). Representative data of 3 independent experiments. Data are mean ± s.d. of duplicate measurements. l, Integrin and chemokine blockade reduces the number of TMBP-Memory cells in the leptomeninges during active EAE. Intravital TPLSM recordings of spinal cord leptomeninges from 10-week-old memory animals 5 days after immunization. Quantification of GFP+memory TMBP cells in the acquired images before (control) and 4 h after i.t. treatment of either anti-LFA-1/VLA-4 or anti-CXCR3 blocking monoclonal antibodies. Data are mean values ± s.e.m. from 3 independent experiments including 5,947 cells (two-tailed Mann–Whitney U-test). *P < 0.05, **P < 0.01, ***P < 0.001 (g–i, l). m, Schematic representation of the migratory behaviour of effector T cells in the leptomeningeal milieu and the roles of chemokines, integrins and activation in controlling the T-cell migration steps. Question marks indicate unresolved points.





Supplementary information
Supplementary Table 1
T-cell activation, but not differentiation, adhesion or cell motility-related genes are differentially regulated in TMBP cells in the CSF - RNA-Seq data depicting groups of genes categorized according to their function. Red: genes differentially regulated (≥2.5-fold) in TMBP cells in the CSF compared to CNS parenchyma. Gene names in blue: master transcription factors that determine the differentiation of CD4+ T-helper cell subsets. Mean ±s.d. (XLSX 37 kb)


Supplementary Table 2
Genes differentially regulated between the CSF and the CNS parenchyma cluster in pathways related to T-cell activation - Pathway enrichment analysis using the KEGG database on the genes significantly regulated between CSF and CNS parenchyma in TMBP cells. (XLSX 16 kb)


Supplementary Table 3
Genes differentially regulated between the CSF and the leptomeninges cluster in pathways related to T-cell activation - KEGG pathway analysis on genes significantly regulated between CSF and leptomeninges in TMBP cells. (XLSX 14 kb)


TMBP cell extravasation from leptomeningeal blood vessels
Intravital TPLSM recording was performed on the thoracic SC during the pre-invasion phase of leptomeningeal TMBP cell infiltration, where the vast majority of both TMBP cells (blue) and CD11b+ myeloid cells (magenta) were located within the vascular compartment. Depicted is an example of a TMBP cell (white arrowhead) transgressing the vascular wall after having crawled within the lumen of a leptomeningeal blood vessel. Blue: TMBP-LifeAct-Turquoise2 cells. Red: blood vessels. Magenta: CD11b+ myeloid cells. Scale bars: 25 µm. Time interval: 32 sec. (AVI 7472 kb)


Detachment of TMBP cells from the leptomeninges into the CSF
Intravital TPLSM recording of the thoracic SC was performed during established leptomeningeal TMBP cell infiltration. 1st half: Representative TMBP-GFP cells (white circles) detaching from the pial surface and subsequently being dragged away within the CSF. 2nd half: Examples of TMBP-GFP cells rolling along the pial surface (white arrows). Green: TMBP-GFP cells. Red: blood vessels, meningeal phagocytes. Blue: collagen fibers. Scale bar: 50 µm. Time interval: 32 sec. Representative recording of five independent experiments. (AVI 9838 kb)


T-cell detachment from the leptomeninges verified by fast-acquisition fluorescence video microscopy 
Intravital fluorescence video microscopy of the thoracic SC was performed during established leptomeningeal TMBP cell infiltration. Example of a TMBP-GFP cell detaching from the pial surface (false color: orange) and subsequently being dragged away with the CSF is depicted. Green: TMBP-GFP cells. Scale bar: 50 µm. Time interval: 5.8 sec. Representative recording of 5 independent experiments. (AVI 5504 kb)


Detachment of photoconverted TMBP-Dendra2 cells from the leptomeninges into the CSF
Intravital TPLSM recording of the thoracic SC was performed 30 min after photoconversion of TMBP-Dendra2 cells during established leptomeningeal TMBP cell infiltration. Depicted are examples of photoconverted TMBP cells (white circles) detaching from the pial surface and subsequently being dragged away with the CSF. White circle (dotted line): example of a T cell re-attaching from the CSF to the pial surface. Red (auto-fluorescence): leptomeningeal blood vessels, meningeal phagocytes. Yellow: photoconverted TMBP-Dendra2 cells. Green: non-photoconverted TMBP-Dendra2 cells. Scale bar: 50 µm. Time interval: 52 sec. Representative recording of three independent TPLSM recordings. (AVI 2062 kb)


TMBP cells are, for the majority of their crawling time, in direct contact with meningeal macrophages
Surface-rendered 3D reconstruction of an intravital TPLSM recording performed on the thoracic SC during established leptomeningeal TMBP cell infiltration. TMBP-GFP cells in contact with meningeal macrophages are depicted in yellow (magenta-colored circles), when not in contact in green (white-colored circles). Red: meningeal macrophages. Scale bar: 50 µm. Time interval: 32 sec. Representative recordings of three independent experiments. (AVI 2502 kb)


Integrin blockade results in a massive release of TMBP cells from the leptomeninges into the CSF 
Intravital TPLSM recordings during established leptomeningeal TMBP cell infiltration were performed before (top) and 4 h after combined infusion of anti-VLA-4/LFA-1 mAbs (bottom). Note that after infusion of blocking antibodies a substantial fraction of TMBP-GFP cells is floating within the CSF appearing as green streaks (white circles) or rolling along the pial surface looking like pearl-strings (white arrows). Blue: collagen fibers. Scale bars: 100 µm. Time interval: 48 sec. Representative recordings of three independent experiments. (AVI 11244 kb)


Chemokine blockade via PTX induces TMBP cell detachment from the leptomeninges. 
Intravital TPLSM recordings of the thoracic SC were performed during established leptomeningeal TMBP cell infiltration before (left) or 4 h after infusion of PTX (right). Orange (false color): examples of TMBP cells being released from meningeal phagocytes (Mɸ, dotted lines) into the CSF. Green: TMBP-GFP cells. Gray (false color): vessel lumen, meningeal phagocytes. Scale bars: 50 µm. Time interval: 32 sec. Representative recordings of five independent experiments. (AVI 3752 kb)


Hyperventilation induces an increase of rolling/floating TMBP cells in the CSF
Fluorescence video microscopy recordings were performed during established leptomeningeal TMBP cell infiltration under steady state conditions (control, respiratory rate: 81 bpm) and during hyperventilation (respiratory rate: 100 bpm). Green: TMBP-GFP cells. Arrows point to representative rolling/floating TMBP-GFP cells. Time interval: 8.4 sec. Scale bar: 50 µm. Representative recordings of three independent experiments. (AVI 4000 kb)


Re-attachment of TMBP cells from the CSF to the leptomeninges
Intravital TPLSM recordings on thoracic SC were performed during established leptomeningeal TMBP cell infiltration. Depicted are examples of TMBP-GFP cells re-attaching from the CSF to the pial surface (yellow circles). Note that after re-attachment T cells show either short, intermittent adhesive interactions with the pial surface (rolling; pattern 1, 1st half), or they stably adhere to the leptomeningeal structures (capture) followed by subsequent crawling (pattern 2, 2nd half). Green: TMBP-GFP cells. Red: blood vessels, meningeal phagocytes. Blue: collagen fibers. Scale bars: 50 µm. Time interval: 32 sec. Representative recordings of 5 independent experiments. (AVI 9926 kb)


Re-attachment of TMBP cells from the CSF to the leptomeninges visualized by fast-acquisition fluorescence video microscopy
Intravital fluorescence video microscopy was performed on the thoracic SC during established leptomeningeal TMBP cell infiltration. Depicted is an example of a TMBP-GFP cell (false color: orange) that after a brief period of rolling arrests (capture). Subsequently, the cell continues its way by further rolling along the pial surface. Green: TMBP-GFP cells. Scale bar: 50 µm. Time interval: 9.8 sec. Representative recording of three independent experiments. (AVI 2102 kb)
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