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            Abstract
Lipid mediators influence immunity in myriad ways. For example, circulating sphingosine-1-phosphate (S1P) is a key regulator of lymphocyte egress1,2. Although the majority of plasma S1P is bound to apolipoprotein M (ApoM) in the high-density lipoprotein (HDL) particle3, the immunological functions of the ApoMâ€“S1P complex are unknown. Here we show that ApoMâ€“S1P is dispensable for lymphocyte trafficking yet restrains lymphopoiesis by activating the S1P1 receptor on bone marrow lymphocyte progenitors. Mice that lacked ApoM (Apomâˆ’/âˆ’) had increased proliferation of Linâˆ’Sca-1+cKit+ haematopoietic progenitor cells (LSKs) and common lymphoid progenitors (CLPs) in bone marrow. Pharmacological activation or genetic overexpression of S1P1 suppressed LSK and CLP cell proliferation in vivo. ApoM was stably associated with bone marrow CLPs, which showed active S1P1 signalling in vivo4. Moreover, ApoM-bound S1P, but not albumin-bound S1P, inhibited lymphopoiesis in vitro. Upon immune stimulation, Apomâˆ’/âˆ’ mice developed more severe experimental autoimmune encephalomyelitis5, characterized by increased lymphocytes in the central nervous system and breakdown of the bloodâ€“brain barrier. Thus, the ApoMâ€“S1Pâ€“S1P1 signalling axis restrains the lymphocyte compartment and, subsequently, adaptive immune responses. Unique biological functions imparted by specific S1P chaperones could be exploited for novel therapeutic opportunities.
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                    Figure 1: Increased lymphocytes and their progenitors in Apomâˆ’/âˆ’ mice.[image: ]


Figure 2: ApoMâ€“S1Pâ€“S1P1 signalling suppresses LSK- and CLP-cell-subset expansion.[image: ]


Figure 3: ApoMâ€“S1P activation of S1P1 suppresses lymphocyte progenitor generation in vitro.[image: ]


Figure 4: ApoM expression affects EAE disease onset and severity.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Blood and lymph ApoM and albumin in wild-type and Apomâˆ’/âˆ’ mice and blood cell numbers in S1pr1 global and ECKO mice.
a, Concentrations of blood and lymph S1P were determined by liquid chromatography tandem mass spectrometry (LC-MS/MS). Bars represent means Â± s.d. n = 4 as described in Methods. WT, wild type. b, Western blots of ApoA1 and ApoM in lymph of wild-type mice. One microlitre of wild-type blood plasma was serially diluted 1:1, and 1 Âµl of diluted lymph plasma from 5 animals was analysed for ApoA1 and ApoM protein levels. c, Determination by enzyme-linked immunosorbent assay (ELISA) of albumin concentrations in the blood and lymph of wild-type or Apomâˆ’/âˆ’ (KO) mice. Bars are mean Â± s.d. Wild type, n = 5; Apomâˆ’/âˆ’, n = 7. d, Quantification of CD4+, CD8+ and CD19+ cells in the blood of wild-type, S1pr1fl/fl Rosa26-Cre-ERT2 (global) or S1pr1fl/fl Cdh5-Cre-ERT2 (ECKO) mice. Bars are mean Â± s.d. Wild type, n = 5; global or ECKO, n = 6. *P < 0.05, **P < 0.005, as compared to wild-type values.


Extended Data Figure 2 Cell populations of the lymph node, thymus and spleen in Apomâˆ’/âˆ’ and wild-type mice.
a, Quantification of CD4+, CD8+ and CD19+ cells in two brachial and two inguinal lymph nodes combined. Data are compiled from five experiments. b, Quantitation of CD4+ single-positive (SP), CD8+ single-positive, CD4+CD8+ double-positive (DP), and total CD4âˆ’CD8âˆ’ double-negative (DN) cells in thymuses of wild-type or Apomâˆ’/âˆ’ mice. Data are compiled from three experiments. c, Quantitation of CD4+, CD8+ and CD19+ cells in spleens of wild-type or Apomâˆ’/âˆ’ mice. Data are compiled from three experiments. aâ€“c, Bars represent means and circles represent values obtained from individual mice. *P < 0.05. d, Total spleen weights (grams of wet weight) from wild-type or Apomâˆ’/âˆ’ mice. n = 6. Bars represent means Â± s.d.


Extended Data Figure 3 Surface expression of the maturation markers CD62L and CD69 and lymph node egress are unchanged in Apomâˆ’/âˆ’ mice.
aâ€“c, Surface expression of the lymphocyte maturation markers CD62L and CD69 was determined by flow cytometry and representative histograms are shown of staining by lymph node cells (a), thymocytes (b) or splenocytes (c) quantified in Extended Data Fig. 2 from wild-type (WT; red) and Apomâˆ’/âˆ’ (blue) mice. d, Percentage of CD4+, CD8+ and CD19+ cells remaining in brachial and inguinal lymph nodes 14 h after administration of alpha-4 and alpha-L integrin-blocking antibodies. Circles represent mean value acquired from three mice in independent experiments; bars represent means.


Extended Data Figure 4 ApoM expression is not required for the lymphopenia response to treatment with FTY720 or the S1P1-specific agonists AUY954 and SEW2871.
aâ€“e, Wild-type (WT; red) and Apomâˆ’/âˆ’ (blue) mice were treated with a single dose of FTY720 (0.5 mg kgâˆ’1 orally), and samples were collected at 0, 2 or 24 h post-treatment. CD4+, CD8+ and CD19+ cells from blood (a), lymph (b), lymph node (c) and spleen (d), and CD4+ single-positive, CD8+ single-positive, CD4+CD8+ double-positive and CD4âˆ’CD8âˆ’ double-negative cells from the thymus (e) were quantitated by flow cytometry. Symbols represent means Â± s.d. and graphs are of data compiled from two experiments. 0 h, n = 5; 2 h, n = 6; 24 h, n = 4. f, g, Wild-type and Apomâˆ’/âˆ’ (KO) mice were treated with AUY954 (AUY; 1 mg kgâˆ’1) (f), SEW2871 (SEW; 20 mg kgâˆ’1) (g), or respective vehicle controls. Twenty-four hours after treatment, CD4+, CD8+ and CD19+ cells in the blood were quantitated by flow cytometry. Bars represent means Â± s.d. n = 4 for all treatment groups and data are representative of two experiments.


Extended Data Figure 5 Multiparameter flow cytometry gating scheme for determination of CLPs and other bone marrow populations.
a, Cells are first gated as Linâˆ’ and IL-7RÎ±+. Cells are then gated by Flt3 (Flk2/CD135) versus IL-7RÎ± expression, then further gated by cKit versus Sca-1 expression to define CLPs. Representative staining examples of wild-type (WT; top) or Apomâˆ’/âˆ’ (bottom) bone marrow cells are shown. b, c, Representative flow cytometric plot (b) and quantitation (c) of B220+CD11bâˆ’ and CD11b+B220âˆ’ cells generated from CLPs in vitro. CLPs, gated according to the gating hierarchy shown in a, were sorted from the bone marrow of wild-type mice and incubated in methylcellulose medium containing growth factors to support both lymphoid and myeloid lineage development. Cells were analysed for B220 and CD11b expression after 12 days of culture. n = 6. d, Per cent BrdU incorporation by LSK cells (left) or CLPs (right) in bone marrow of wild-type (red) or Apomâˆ’/âˆ’ (blue) mice in two independent experiments (A and B). *P < 0.05, **P = 0.006, ***P = 0.0009 versus wild type. Equality of variance was determined by an F test. Bars represent means and circles represent values obtained from individual mice. e, IL-7 protein in bone marrow supernatants from wild-type and Apomâˆ’/âˆ’ mice was quantified by ELISA. n = 6 combined from two studies. Bars represent mean Â± s.d. f, Representative histogram of IL-7RÎ± (CD127) expression on the surface of wild-type (red) or Apomâˆ’/âˆ’ (blue) CLPs. The fluorescence minus one (FMO) control is represented by the grey shaded histogram.


Extended Data Figure 6 Treatment with the S1P1 modulator FTY720 or the S1P1-specific agonist AUY954 suppresses BrdU incorporation by LSK and CLP cells in Apomâˆ’/âˆ’ bone marrow.
a, b, Per cent BrdU incorporation 24 h after treatment with 0.5 mg kgâˆ’1 FTY720 (a) or 1.0 mg kgâˆ’1 AUY954 (b). a, Wild type, n = 4; Apomâˆ’/âˆ’, n = 5 for vehicle-treated and wild type, n = 7; Apomâˆ’/âˆ’, n = 8 for FTY720-treated groups. b, Vehicle-treated, n = 3; AUY954-treated, n = 6. Bars represent means Â± s.d. and data are compiled from two experiments. *P < 0.05 versus wild type; â€ P < 0.05 versus vehicle-treated control.


Extended Data Figure 7 Overexpression of S1P1 results in marked decreases in lymphocyte populations in the thymus and secondary lymphoid organs.
a, Representative flow cytometry plots and quantitative MFI of S1P1 expression by Linâˆ’ cells from S1pr1 OE and wild-type (WT) littermates. n = 3. b, Relative expression levels of S1pr1 mRNA in bone marrow cells of S1pr1 OE mice relative to wild-type mice, as determined by multiplex qRTâ€“PCR. c, Representative agarose gel of Cre activation and excision of the floxed stop cassette as assessed by PCR of genomic DNA from bone marrow cells of S1pr1 OE mice, lox/stop/lox littermate, or wild-type littermate. Arrows indicate amplified DNA fragments corresponding to undeleted or deleted segments dâ€“f, Four days after the final dose of tamoxifen, CD4+, CD8+ and CD19+ cells in brachial and inguinal lymph nodes (d) and spleen (e), and thymic CD4+CD8+ double-positive (DP), CD4+ and CD8+ single-positive (CD4 or CD8 SP), total double-negative (DN), and double-negative subpopulations DN2, DN3 and DN4 (f) were quantified by flow cytometry in S1pr1 OE mice and wild-type littermates. Bars represent means Â± s.d.; S1pr1 OE, n = 6; wild type, n = 7 and data are compiled from two experiments.


Extended Data Figure 8 GFP expression by bone marrow cells and splenocytes of S1P1 GFP signalling mice and stimulation of Stat5 or Erk1/2 phosphorylation in splenocytes.
a, Relative expression levels of S1pr1 mRNA in LSK and CLP cells from bone marrow, or splenic B or T cells of wild-type mice relative to mouse endothelial cells, as determined by multiplex qRTâ€“PCR. Bars represent means and circles represent values obtained from individual mice. b, Representative histograms of GFP expression by LSK cells from bone marrow of S1P1 GFP signalling mice (S1P1GS; green) or control (black) mice. c, Representative histogram of GFP expression by splenic B cells (CD19+) from S1P1 GFP signalling mice (green) or control (black) mice, demonstrating high in vivo GFP expression. d, Representative immunofluorescence image of IL-7RÎ±+ cell with CLP morphology from bone marrow of littermate control of S1P1 GFP signalling mice. Cells were subjected to the same selection process before immunofluorescence staining. dâ€“f, IL-7RÎ±, red; blue, DAPI. e, f, Staining of bone marrow cells from S1P1 GFP signalling mouse littermate controls demonstrates IL-7RÎ± staining specificity: cells with CLP morphology stained with secondary alone (e) or myeloid cell morphology from bone marrow stained with anti-IL-7RÎ± (f) exhibit no IL-7RÎ± positivity. g, p-Stat5 staining after in vitro stimulation of wild-type splenocytes with IL-7 (10 ng mlâˆ’1) for 15 min. CD19+ cells serve as positive controls for p-Stat5 staining. CD11b+ cells serve as negative controls, since they do not have IL-7R and therefore do not respond to IL-7 stimulation with Stat5 phosphorylation. h, p-Erk1/2 staining after in vitro stimulation of wild-type splenocytes with PMA (5 ng mlâˆ’1) for 15 min. CD19+ cells serve as positive controls for p-Erk1/2 staining.


Extended Data Figure 9 In vitro lymphopoiesis in the presence of ApoM+HDL generates B cells at different stages of development.
a, Phenotyping of B220+ cell populations generated from wild-type (WT) Linâˆ’ bone marrow after 8 days of culture in methylcellulose medium. Initially, cells were gated as B220âˆ’, B220+, or B220hi. From populations expressing B220, pro-B cell (Hardy fractions B/C) and pre-B cell (Hardy fraction D) equivalents were identified. Pro-B cells were defined as IL-7Rhi, CD19+, cKit+, CD43+ and IgMâˆ’. Pre-B cells were defined as IL-7R+, CD19+, cKitâˆ’, CD43âˆ’ and IgMâˆ’/lo. b, Western blot analysis of two batches of mouse HDL (batches n1 and n2) isolated from wild-type or Apomâˆ’/âˆ’ mice showing the absence of contaminating albumin. c, LC-MS/MS analysis of HDL isolated from pooled plasmas of wild-type or Apomâˆ’/âˆ’ mice. *P < 0.05, **P < 0.005. n = 3. dhSph, dihydrosphingosine; dhS1P, dihydro-sphingosine-1-phosphate; Sph, sphingosine.


Extended Data Figure 10 Background fluorescence and vascular permeability analysis in brain, spinal cord, and lung.
a, Representative photographs of auto-fluorescence in whole brains or spinal cord in wild-type mice at day (d)0 or day 8 after MOG35â€“55 immunization. â€˜No rhodamineâ€™ denotes tissues from animals that were not injected with TMRâ€“dextran. b, Representative photograph of whole brain 16 h after TMR injection of a mouse injected with pertussis toxin (PTX) alone, without accompanying MOG35â€“55 immunization. c, Pulmonary vascular permeability as determined by Evans blue dye extravasation in wild-type (WT), Apomâˆ’/âˆ’ and S1P1 ECKO mice. Bars represent means and circles represent values from individual animals. **P < 0.005, ****P < 0.0001, as compared to wild-type controls.
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