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            Abstract
Acute lymphoblastic leukaemia (ALL) has a marked propensity to metastasize to the central nervous system (CNS). In contrast to brain metastases from solid tumours, metastases of ALL seldom involve the parenchyma but are isolated to the leptomeninges, which is an infrequent site for carcinomatous invasion. Although metastasis to the CNS occurs across all subtypes of ALL, a unifying mechanism for invasion has not yet been determined. Here we show that ALL cells in the circulation are unable to breach the bloodâ€“brain barrier in mice; instead, they migrate into the CNS along vessels that pass directly between vertebral or calvarial bone marrow and the subarachnoid space. The basement membrane of these bridging vessels is enriched in laminin, which is known to coordinate pathfinding of neuronal progenitor cells in the CNS. The laminin receptor Î±6 integrin is expressed in most cases of ALL. We found that Î±6 integrinâ€“laminin interactions mediated the migration of ALL cells towards the cerebrospinal fluid in vitro. Mice with ALL xenografts were treated with either a PI3KÎ´ inhibitor, which decreased Î±6 integrin expression on ALL cells, or specific Î±6 integrin-neutralizing antibodies and showed significant reductions in ALL transit along bridging vessels, blast counts in the cerebrospinal fluid and CNS disease symptoms despite minimally decreased bone marrow disease burden. Our data suggest that Î±6 integrin expression, which is common in ALL, allows cells to use neural migratory pathways to invade the CNS.
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                    Fig. 1: PI3KÎ´ inhibition blocks progression of ALL in the CNS in vivo.[image: ]


Fig. 2: PI3KÎ´ regulates aspects of ALL cell motility and expression of the laminin receptor Î±6 integrin.[image: ]


Fig. 3: ALL cells fail to breach the bloodâ€“brain barrier.[image: ]


Fig. 4: ALL cells passage to the CNS subarachnoid space along the abluminal surface of laminin+ bone marrow emissary vessels.[image: ]


Fig. 5: ALL cells use Î±6 integrinâ€“laminin-dependent interactions to invade the CNS.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 PI3KÎ´ inhibition minimally decreases ALL peripheral disease burden.
a, Representative haematoxylin and eosin (H&E)-stained histologic sections showing Nalm-6 disease burden in the femoral bone marrow and spleen of mice treated with vehicle or GS-649443, at matched time points. nâ€‰=â€‰6 mice per treatment group. b, Complete blood counts of vehicle- and GS-649443-treated mice, at matched time points. Paired two-tailed Studentâ€™s t-test, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.2158; ns, not significant. c, Fold changes in CNS versus systemic disease burden in vehicle- and GS-649443-treated Nalm-6-engrafted mice. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukeyâ€™s multiple comparison test, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.0314. d, Representative histologic sections showing primary ALL disease burden in the femoral bone marrow and spleen of mice treated with vehicle or GS-649443 at matched time points. nâ€‰=â€‰5 mice per treatment group. e, Experimental plan for mice with primary ALL. f, Fold changes in CNS versus systemic disease burden in vehicle- and GS-649443-treated mice with primary ALL. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukey, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.00128 (CNS versus bone marrow), Pâ€‰=â€‰0.0098 (CNS versus spleen). g, Representative histologic sections showing RCH-ACV disease burden in the femoral bone marrow and spleen of mice treated with vehicle or GS-649443. nâ€‰=â€‰4 mice per treatment group. Arrowheads indicate RCH-ACV blasts. h, Kaplanâ€“Meier survival curve for mice injected with RCH-ACV cells. Two-sided log rank Mantel-Cox, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.0067. i, Fold changes in CNS versus systemic disease burden in vehicle- and GS-649443-treated mice injected with RCH-ACV cells. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukey, nâ€‰=â€‰4 mice per treatment group, Pâ€‰=â€‰0.0244. Scale bars, 100â€‰Î¼m.

                          Source Data
                        


Extended Data Fig. 2 PI3KÎ´ inhibition at levels achievable in mouse CSF does not affect the apoptotic or cell cycle index of Nalm-6 cells; ROCK inhibition does not alter survival or disease burden in Nalm-6 leukaemic mice.
a, Serum and brain tissue concentrations of GS-649443 in healthy SCID mice. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰5 mice per group. b, Effect of PI3KÎ´ and Akt inhibition on transwell migration of primary ALL cells. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukey, nâ€‰=â€‰3 technical replicates per group, Pâ€‰=â€‰0.5228 (vehicle versus AZD5363), Pâ€‰=â€‰0.0549 (vehicle versus idelalisib), Pâ€‰=â€‰0.0245 (vehicle versus GS-649443). c, Percentage of annexin-V+ Nalm-6 cells following in vitro treatment (72â€‰h) with vehicle or GS-649443. Data are meanâ€‰Â±â€‰s.e.m.; unpaired two-sided Studentâ€™s t-test, nâ€‰=â€‰3 biological replicates, Pâ€‰=â€‰0.2038. d, Proportion of Nalm-6 cells in the G1, S or G2/M phase of the cell cycle following in vitro treatment (72â€‰h) with vehicle or GS-649443. Data are meanâ€‰Â±â€‰s.e.m.; unpaired two-sided Studentâ€™s t-test, nâ€‰=â€‰3 biological replicates, Pâ€‰=â€‰0.2216 (G1), Pâ€‰=â€‰0.1405 (S), Pâ€‰=â€‰0.0661 (G2/M). e, Percentage of annexin-V+ cells in the CD10+ fraction of the CSF in vehicle- or GS-649443-treated mice. Paired two-sided Studentâ€™s t-test, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.6672. f, Percentage of cells in G1 in the CD10+ fraction of the CSF in vehicle- or GS-649443 treated mice. Paired two-sided Studentâ€™s t-test, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.1477. g, Percentage cells in S or G2/M phase in the CD10+ fraction of the CSF in vehicle- or GS-649443-treated mice. Paired two-sided Studentâ€™s t-test, nâ€‰=â€‰5 mice per treatment group, Pâ€‰=â€‰0.5687. h, Kaplanâ€“Meier survival curves for Nalm-6-engrafted mice treated with or without the Rho-kinase (ROCK) inhibitor fasudil. Two-sided log rank Mantelâ€“Cox, Pâ€‰=â€‰0.2843; nâ€‰=â€‰6 per treatment group. i, Disease burden (CD10+ cells) at end point in the bone marrow, spleen and CSF of vehicle- and fasudil-treated SCID mice engrafted with Nalm-6 cells. Data are meanâ€‰Â±â€‰s.e.m.; paired two-sided Studentâ€™s t-test, nâ€‰=â€‰4 mice per treatment group, Pâ€‰=â€‰0.4534 (bone marrow), Pâ€‰=â€‰0.3119 (spleen), Pâ€‰=â€‰0.8026 (CSF).

                          Source Data
                        


Extended Data Fig. 3 PI3KÎ´ inhibition reduces myosin light chain activity but does not affect intra-bone marrow migration of Nalm-6 cells.
a, Western blot of MLC2 levels in ALL cells following GS-649443 treatment. For gel source data, see Supplementary Fig.Â 1. Nalm-6 cells: nâ€‰=â€‰3 independent experiments; primary ALL cells: nâ€‰=â€‰2 independent experiments; RCH-ACV cells: nâ€‰=â€‰3 independent experiments. b, Representative intravital microscopy images of ALL-cell intra-bone marrow migration over time in vehicle- versus GS-649443-treated mice. nâ€‰=â€‰3 mice per treatment group. Scale bars, 250â€‰Î¼m.


Extended Data Fig. 4 Microarray analysis of focal adhesion and motility pathway genes in blasts from vehicle- versus GS-649443-treated mice and validation of key candidates.
a, b, Differentially expressed focal adhesion and motility pathway genes identified by microarray analysis of blasts from vehicle- versus GS-649443-treated mice. nâ€‰=â€‰6 mice per treatment group. c, Microarray negative control validation. Representative flow cytometry analysis of Nalm-6 expression of CXCR4, CXCR3, CD44 and CD24 following treatment with vehicle or GS-649443. nâ€‰=â€‰3 independent experiments. d, ALL Î±6 integrin expression in vivo by flow cytometry. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰4 mice.

                          Source Data
                        


Extended Data Fig. 5 Cell surface expression of Î±6 integrin is variable across a panel of ALL cell lines and primary human ALL cells in vitro and in vivo.
a, Flow cytometry analysis of the percentage of Î±6 integrin+ populations in ALL cell lines and primary ALL cells. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3 independent experiments per cell line. b, Representative flow cytometry histograms of Î±6 integrin expression in ALL cell lines and primary ALL cells. nâ€‰=â€‰3 independent experiments. c, Representative Î±6 integrin immunohistochemistry of femoral bone marrow from mice engrafted with low Î±6 integrin-expressing versus high Î±6 integrin-expressing ALL cells. Î±6 integrin low primary human ALL: nâ€‰=â€‰6 mice; REH: nâ€‰=â€‰6 mice; SUP-B15: nâ€‰=â€‰3 mice; RCH-ACV: nâ€‰=â€‰6 mice; Nalm-6: nâ€‰=â€‰10 mice.

                          Source Data
                        


Extended Data Fig. 6 ALL cells do not invade through brain microvasculature.
a, Representative confocal microscopy images of ALL cells located within brain microvessels at various time points after intravenous engraftment. nâ€‰=â€‰3 mice per cell line and time point, 12 micrographs per mouse. White boxes outline areas shown at higher magnification in Fig.Â 3a. b, c, Quantification of the number of ALL cells located in brain parenchymal tissue or within brain parenchymal microvessels at various time points after intravenous engraftment of RCH-ACV (b) and REH (c) ALL cells. Data are meanâ€‰Â±â€‰s.e.m.; nâ€‰=â€‰3 biological replicates per time point. d, Cartoon showing vasculature within the choroid plexus, leptomeninges and brain parenchyma in humans. e, Representative GFP immunohistochemistry staining of brain parenchyma of Nalm-6â€“GFP-engrafted mice on day 0 after intravenous engraftment (nâ€‰=â€‰3 mice) or at end stage disease (nâ€‰=â€‰5 mice). Images show close-ups of the ALL cells that are highlighted by arrowheads in Fig.Â 3f. Scale bars, 100â€‰Î¼m.

                          Source Data
                        


Extended Data Fig. 7 Nalm-6 cells do not invade via diapedesis through the leptomeningeal bloodâ€“brain barrier.
a, Graphic of thinned skull window and video-rate intravital confocal microscopy approach used to image the leptomeningeal vasculature at various time points after engraftment with ALL cells. b, Representative still images from video-rate intravital microscopy analysis of leptomeningeal and superficial cerebral vasculature (red) at 10â€‰min after intravenous Nalm-6 engraftment (full video presented in Supplementary VideosÂ 1, 2). Nalm-6 cells (green) are observed in circulation. nâ€‰=â€‰12 mice imaged on day 0 after engraftment. c, Series of still images of leptomeningeal and superficial cerebral vasculature at 45â€‰min after intravenous Nalm-6 engraftment. A Nalm-6 cell is observed adherent to the luminal side of a leptomeningeal vessel (white arrowhead). A second Nalm-6 cell is observed rolling along the luminal wall of a leptomeningeal vessel (blue arrowhead) (see Supplementary VideoÂ 3). No invasion via diapedesis was observed during the entirety of each 2â€“4-h long imaging session on the day of engraftment. nâ€‰=â€‰12 mice imaged on day 0 after engraftment. d, Still images of the leptomeningeal and superficial cerebral vasculature 12Â days after Nalm-6 engraftment. No Nalm-6 cells were observed in circulation or within the leptomeningeal tissue (see Supplementary VideoÂ 4; nâ€‰=â€‰4 mice, days 2, 4, 7 and 12 after engraftment). e, Representative images from intravital confocal microscopy of the calvarial bone marrow at 2â€‰h after Nalm-6 engraftment. Numerous Nalm-6 cells (white arrowheads) are seen to have invaded through the bone marrow vasculature soon after intravenous engraftment. nâ€‰=â€‰15 mice. f, Series of still images of the z plane of the leptomeningeal and superficial cerebral vasculature of a leukaemic mouse engrafted with Nalm-6 cells at disease end point. nâ€‰=â€‰7 mice, days 37â€“39 after engraftment. Nalm-6 cells are observed in circulation (white arrowheads), but no cells are observed to invade (see Supplementary VideoÂ 5).


Extended Data Fig. 8 ALL cell invasion along laminin matrices is regulated by PI3K signalling and Î±6 integrin.
a, Primarly ALL and Nalm-6 in vitro invasion towards human CSF along collagen, collagen and laminin, or collagen and fibronectin matrices. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukey, nâ€‰=â€‰3 biologically independent experiments; primary ALL: Pâ€‰=â€‰0.8937 (collagen versus 0.001â€‰mgÂ mlâˆ’1 laminin), Pâ€‰=â€‰0.0020 (collagen versus 0.005â€‰mgÂ mlâˆ’1 laminin), Pâ€‰<â€‰0.0001 (collagen versus 0.01â€‰mgÂ mlâˆ’1 laminin), Pâ€‰=â€‰0.0604 (0.01â€‰mgÂ mlâˆ’4 laminin versus fibronectin); Nalm-6: Pâ€‰=â€‰0.0012 (collagen versus 0.01â€‰mgÂ mlâˆ’1 laminin), Pâ€‰=â€‰0.0150 (0.01â€‰mgÂ mlâˆ’1 laminin versus fibronectin). b, Comparative in vitro invasion of low Î±6 integrin-expressing ALL cells versus high Î±6 integrin-expressing ALL cells towards human CSF along laminin matrices and effects of PI3KÎ´ inhibition or Î±6 integrin blockade. Data are meanâ€‰Â±â€‰s.e.m.; ANOVA with Tukey, nâ€‰=â€‰3 biologically independent experiments; REH: Pâ€‰>â€‰0.9999 (collagen versus laminin), Pâ€‰=â€‰0.6967 (collagen and laminin versus collagen and laminin and GS-649443), Pâ€‰>â€‰0.9999 (collagen and laminin versus collagen and laminin and anti-integrin-Î±6); primary ALL: Pâ€‰=â€‰0.9758 (collagen versus laminin), Pâ€‰=â€‰0.9974 (collagen and laminin versus collagen and laminin and GS-649443), Pâ€‰=â€‰0.9993 (collagen and laminin versus collagen and laminin and anti-integrin-Î±6); RCH: Pâ€‰=â€‰0.2446 (collagen versus laminin), Pâ€‰=â€‰0.0079 (collagen and laminin versus collagen and laminin and GS-649443), Pâ€‰=â€‰0.2549 (collagen and laminin versus collagen and laminin and anti-integrin-Î±6); SUP-B15: Pâ€‰=â€‰0.0122 (collagen versus laminin), Pâ€‰=â€‰0.0080 (collagen and laminin versus collagen and laminin and GS-649443), Pâ€‰=â€‰0.0112 (collagen and laminin versus collagen and laminin and anti-integrin-Î±6). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001.

                          Source Data
                        


Extended Data Fig. 9 Anti-Î±6 integrin-blocking antibody treatment prolongs survival, but does not alter disease burden in the bone marrow or spleen of Nalm-6-engrafted leukaemic mice.
a, Schematic for the treatment of mice with the Î±6 integrin-neutralizing antibody. b, Kaplanâ€“Meier survival curves for Nalm-6-engrafted mice treated with or without anti-integrin-Î±6 blocking antibodies. Two-sided log rank Mantelâ€“Cox, nâ€‰=â€‰3 mice per treatment group, Pâ€‰=â€‰0.0224. c, d, Disease burden at end point in the bone marrow and spleen of vehicle and anti-integrin-Î±6 antibody-treated Nalm-6-engrafted leukaemic mice. Data are meanâ€‰Â±â€‰s.e.m.; paired two-sided Studentâ€™s t-test, nâ€‰=â€‰3 mice per treatment group, Pâ€‰=â€‰0.7874 (bone marrow), Pâ€‰=â€‰0.1595 (spleen).

                          Source Data
                        


Extended Data Table 1 Î±6 integrin expression is associated with CNS relapse independently of other known risk factors for CNS disease recurrenceFull size table





Supplementary information
Supplementary Fig. 1
This file contains Supplementary Figure 1: original source images for all data obtained by electrophoretic separation (Western Blot).


Reporting Summary

Supplementary Fig. 2
This file contains Supplementary Figure 2: gating strategy for flow cytometry data.


Video 1: Real-time in vivo imaging of leptomeninges in Nalm6-GFP leukemic mice 10 minutes post-engraftment (merged channels).
Intravital confocal microscopy performed through a thinned-skull window in a mouse approximately 10 minutes post-intravenous engraftment of Nalm6-GFP ALL cells. Circulating Nalm6-GFP cells (green) are visible in the lumen of the leptomeningeal and superficial cerebral vasculature (red), but do not extravasate. Examples of cells in circulation are best seen at time marks 00.33, 00.58, 01.03, 01.21 (mm.ss). See Supplementary Video 2 for green channel only (nâ€‰=â€‰12 mice imaged on day 0 post-engraftment).


Video 2: Real-time in vivo imaging of leptomeninges in Nalm6-GFP leukemic mice 10 minutes post-engraftment (green channel).
Intravital confocal microscopy performed through a thinned-skull window in a mouse approximately 10 minutes post-intravenous engraftment of Nalm6-GFP ALL cells. Circulating Nalm6-GFP cells (green) are visible in the lumen of the leptomeningeal and superficial vasculature (red), but do not extravasate. Examples of cells in circulation are best seen at time marks 00.33, 00.58, 01.03 and 01.21 (mm.ss). See Supplementary Video 1 for merged red and green channels (nâ€‰=â€‰12 mice imaged on day 0 post-engraftment).


Video 3: Real-time in vivo imaging of leptomeninges in Nalm6-GFP leukemic mice 45 minutes post-engraftment.
Intravital confocal microscopy performed through a thinned-skull window in a mouse approximately 45 minutes post-intravenous engraftment of Nalm6-GFP ALL cells. Nalm6-GFP cells (green) are visible attached within or circulating through the lumen of the leptomeningeal and superficial cerebral vasculature (red), but they do not extravasate. Examples of cells in circulation are best seen at time marks 00.01, 00.03 and 00.07 (mm.ss). Video play rate is slowed to facilitate viewing of cells in circulation (nâ€‰=â€‰12 mice imaged on day 0 post-engraftment).


Video 4: In vivo imaging of leptomeninges in Nalm6-GFP leukemic mice 12 days post-engraftment.
Z-stack video (10X magnification) of intravital confocal microscopy images obtained through a thinned-skull window in a mouse 12 days post-intravenous engraftment of Nalm6-GFP ALL cells. No Nalm6-GFP ALL cells (green) are detected in or around the leptomeningeal or superficial cerebral vasculature (red) (nâ€‰=â€‰4 mice imaged at intermediate time points post-engraftment).


Video 5: In vivo imaging of leptomeninges in Nalm6-GFP leukemic mice 37 days post-engraftment.
Z-stack video (20X magnification) of intravital confocal microscopy images obtained through a thinned-skull window in a mouse 37 days post-engraftment of Nalm6-GFP ALL cells. At the beginning of the Z-stack, Nalm-6-GFP+ cells (green) are visible within the BM at the edge of the skull window. In subsequent images, leptomeningeal vasculature (red) comes into focus and Nalm6-GFP ALL cells can be seen within the leptomeningeal tissue. A Nalm6-GFP cell is visible in the lumen of the CNS vasculature, but does not extravasate (timemark: 00.05 mm.ss) (nâ€‰=â€‰7 mice imaged at end stage disease).


Video 6: 3D reconstruction videos of emissary vessels within control SCID vertebral sections (example 1).
3D reconstruction video of H&E stained histologic specimens shows emissary vessels bridging the bone marrow (BM) and subarachnoid space (SA). Arrows indicate emissary vessel (nâ€‰=â€‰3 mice).


Video 7: 3D reconstruction videos of emissary vessels within control SCID vertebral sections (example 2).
3D reconstruction video of H&E stained histologic specimens shows emissary vessels bridging the bone marrow (BM) and subarachnoid space (SA). Arrows indicate emissary vessel (nâ€‰=â€‰3 mice).


Video 8: 3D reconstruction videos of Nalm-6 migration into the CNS along bone channels within vertebral sections (example 1).
3D reconstruction video of H&E stained histologic specimens from endpoint mice shows leukemic cells in transit through bony channels (arrows) bridging the BM and SA space (nâ€‰=â€‰3 mice).


Video 9: 3D reconstruction videos of Nalm-6 migration into the CNS along bone channels within vertebral sections (example 2).
3D reconstruction video of H&E stained histologic specimens from endpoint mice shows leukemic cells in transit through bony channels (arrows) bridging the BM and SA space (nâ€‰=â€‰3 mice).


Video 10: 3D reconstruction videos of RCH-ACV migration into the CNS along bone channels within vertebral sections (example 1).
3D reconstruction video of H&E stained histologic specimens from endpoint mice shows leukemic cells in transit through bony channels (arrows) bridging the BM and SA space (nâ€‰=â€‰3 mice).


Video 11: 3D reconstruction videos of RCH-ACV migration into the CNS along bone channels within vertebral sections (example 2).
3D reconstruction video of H&E stained histologic specimens from endpoint mice shows leukemic cells in transit through bony channels (arrows) bridging the BM and SA space (nâ€‰=â€‰3 mice).
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