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            Abstract
Myeloproliferative neoplasms (MPNs) are diseases caused by mutations in the haematopoietic stem cell (HSC) compartment. Most MPN patients have a common acquired mutation of Janus kinase 2 (JAK2) gene in HSCs1,2,3,4 that renders this kinase constitutively active, leading to uncontrolled cell expansion. The bone marrow microenvironment might contribute to the clinical outcomes of this common event. We previously showed that bone marrow nestin+ mesenchymal stem cells (MSCs) innervated by sympathetic nerve fibres regulate normal HSCs5,6. Here we demonstrate that abrogation of this regulatory circuit is essential for MPN pathogenesis. Sympathetic nerve fibres, supporting Schwann cells and nestin+ MSCs are consistently reduced in the bone marrow of MPN patients and mice expressing the human JAK2(V617F) mutation in HSCs. Unexpectedly, MSC reduction is not due to differentiation but is caused by bone marrow neural damage and Schwann cell death triggered by interleukin-1β produced by mutant HSCs. In turn, in vivo depletion of nestin+ cells or their production of CXCL12 expanded mutant HSC number and accelerated MPN progression. In contrast, administration of neuroprotective or sympathomimetic drugs prevented mutant HSC expansion. Treatment with β3-adrenergic agonists that restored the sympathetic regulation of nestin+ MSCs5,6 prevented the loss of these cells and blocked MPN progression by indirectly reducing the number of leukaemic stem cells. Our results demonstrate that mutant-HSC-driven niche damage critically contributes to disease manifestation in MPN and identify niche-forming MSCs and their neural regulation as promising therapeutic targets.
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                    Figure 1: Apoptosis of BM nestin+ HSC niche cells contributes to MPN progression.[image: ]


Figure 2: BM Schwann cell death triggered by HSPC-derived interleukin-1β precedes nestin+ MSC apoptosis in MPN.[image: ]


Figure 3: Treatment with β3-adrenergic agonist or neuroprotective drug blocks MPN progression.[image: ]


Figure 4: Compensation of BM neuropathy rescues MSCs and prevents mutant HSC expansion in MPN.[image: ]
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Extended data figures and tables

Extended Data Figure 1 BM MSC reduction in compound mutant mice and recipients of mutant haematopoietic cells is not due to cell differentiation.
a, b, Blood counts of Nes-gfp;Mx1-cre;JAK2(V617F) and control mice 4-8 weeks after pIpC treatment (a) and Nes-gfp mice 10-12 weeks after transplantation with BM cells from MPN and control mice (b). Note the similar erythrocytosis, neutrophilia and thrombocytosis in compound mutant mice and Nes-gfp mice transplanted with mutant cells. Each dot represents a mouse. c, GFP fluorescence in skull BM of Nes-gfp mice 6–8 weeks after transplantation with MPN and control BM cells (n = 8; scale bar, 100 µm). d, Frequency of CD45−CD31−Ter119−Nes-GFP+ BM cells in MPN (n = 9) and control (n = 7) mice 6–8 weeks after pIpC induction. e, Giemsa-stained fibroblastic colony-forming units (CFU-F) from immunomagnetically-enriched BM CD45−Ter119− cells 30 weeks after transplantation with MPN and control BM cells. f, FACS analyses of BM CD45−CD31−Ter119− cells from MPN and control mice 8 weeks after pIpC treatment (n = 3). The specified MSC markers were used. Mean ± s.e.m. g, BM reticulin staining; MPN mice showed incipient fibrosis (arrow) 6 weeks after pIpC treatment (magnification, ×200). h, i, Lineage-tracing studies of BM nestin+ cells in MPN. h, Experimental design. Nes-creERT2;RCE:loxP mice were transplanted with MPN and control BM cells and fed with tamoxifen diet. Disease development was monitored over 28 weeks. i, Blood counts showing progressive neutrophilia and thrombocytosis in recipients of MPN BM cells (n = 3). j, Femoral haematoxylin and eosin stainings showing abnormal bone formation in recipients of MPN BM cells (magnification, ×100). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).


Extended Data Figure 2 Treatment with the JAK1/2 inhibitor ruxolitinib reduces haematopoietic cell expansion in MPN but it does not rescue BM MSCs.
Nes-gfp mice were transplanted with BM cells from pIpC-induced Mx1-cre;JAK2(V617F) mice and treated with ruxolitinib (n = 4) or vehicle (n = 6) over 8 weeks, starting 2 weeks after transplantation. a, Peripheral blood counts. b, Frequency of immunophenotypically-defined BM CD45−CD31−Ter119− cells. Mean ± s.e.m. *P < 0.05 (unpaired two-tailed t test).


Extended Data Figure 3 Depletion of nestin+ cells or their Cxcl12 production accelerates MPN.
a, Experimental design for in vivo nestin+ cell depletion. Nes-creERT2;iDTA and control iDTA mice were transplanted with BM cells from pIpC-treated Mx1-cre;JAK2(V617F) and control mice and treated with tamoxifen (n = 3). b–e, Unlike Schwann cells, MSCs are reduced in Nes-creERT2;iDTA BM. b, c, Frequency of BM CD45−CD31−Ter119−CD90+ cells (b) and fibroblastic colony-forming units (CFU-F, c) in BM CD45−Ter119− cells from Nes-creERT2;iDTA and control mice after 4-week tamoxifen treatment. d, Expression of glial fibrillary acidic protein (Gfap) mRNA (normalized to Gapdh) in the BM of mice in a. e, Quantification of Gfap immunostaining of femoral BM from mice in b, c. f–k, Early mutant HSC expansion and mobilisation correlates with reduced Cxcl12 expression in BM nestin+ cells. f, g, BM lin−sca-1+c-kit+ (f) CD34−Flt3− long-term (LT) and CD34+Flt3− short-term (ST) HSCs, and CD34−Flt3− multipotent progenitors (MPP) and (g) frequency of haematopoietic colony-forming units in culture (CFU-C) from BM nucleated cells, spleen or peripheral blood from Nes-Gfp;Mx1-cre;JAK2(V617F) (n = 6) and control (n = 11) mice 6 weeks after pIpC treatment. h, Appearance (inset; scale bar, 1 cm) and haematoxylin and eosin stainings of spleens (magnification, ×100). i–k, Cxcl12 protein (i) and mRNA levels (j, k) in BM extracellular fluid (i), nucleated cells (j) and stromal Nes-GFP+ cells (k) of Mx1-cre;JAK2(V617F) and control mice 6 weeks after pIpC treatment (i, j) or Nes-gfp mice 10 weeks after transplantation with mutant BM (n = 4) or control cells (n = 7) (k). l, Circulating platelets in Nes-creERT2;Cxcl12fl/fl (n = 11) and control Cxcl12fl/fl littermates (n = 14) 18 weeks after transplantation with BM cells from MPN mice and 12 weeks after tamoxifen treatment. Mean ± s.e.m. *P < 0.05, **P < 0.01 (unpaired two-tailed t test).


Extended Data Figure 4 Neuroglial damage in MPN-affected BM stroma.
a–d, Expression of neuroglial gene sets in MPN BM Nes-GFP+ cells. a–c, Selected transcript expression in fragments per kilobase of exon per million fragments mapped (FPKM) of mesenchymal genes (a), HSC-niche related genes (b) and neural-related genes (c). RNA-Seq in CD45−CD31−Ter119−GFP+ cells isolated from compound MPN and control mice 6 weeks after pIpC treatment (samples pooled from 3 mice). d, Gene set enrichment analyses (GSEA) of RNA-Seq data. e, f, Enrichment plot of coordinated changes in neuroactive ligand-receptor interactions (e) and the transcriptome of neurons, astrocytes and oligodendrocytes (f). g, h, BM Nes-GFP+ cells are different from sympathetic nerve fibres and mature Schwann cells. Immunostaining of tyrosine hydroxylase (TH) to visualize sympathetic nerve fibres (g) and glial fibrillary acidic protein (GFAP) for mature Schwann cells (h) in Nes-gfp BM. Note the close association of Nes-GFP+ (green) cells to distinctive TH+ or GFAP+ (red) cells. i, BM biopsies from (left and middle) control or (right) MPN patients immunostained with (left) secondary Ab as negative control or (middle and right) anti-TH antibodies. Nuclei were counterstained with DAPI (blue). Scale bars, 75 µm (g), 50 µm (h), 100 µm (i).


Extended Data Figure 5 Contribution of IL-1β to early MPN pathogenesis.
a, Increased BM IL-1β levels early in MPN. Multiplex ELISA analysis of pro-inflammatory (IL-1β, TNF-α, IFN-γ, IL-6), regulatory (IL-17) and anti-inflammatory (IL-10) mediators in plasma (control, n = 16; MPN, n = 13) and BM extracellular fluid samples (control, n = 11; MPN, n = 6; only IL-1β and TNF-α were detectable) from control and Mx1-cre;JAK2(V617F) mice 4–8 weeks after pIpC treatment. b–f, Nes-gfp mice were transplanted with BM cells from MPN (n = 6) and control (n = 3) mice and analysed 2 weeks later. b–d, mRNA expression of IL-1β (b) and its activating enzyme caspase-1 (Casp1, c), and BM frequencies of lin−sca-1+c-kit+ haematopoietic progenitors and CD11b+Ly-6G(1A8)− monocytes (d). e, f, mRNA expression of IL-1 receptor (IL1r) (e) and its antagonist (IL1ra) (f) in BM CD45−CD31−Ter119−Nes-GFP+/− cells. g, Number of circulating platelets in WT mice transplanted with MPN and control BM cells and treated over 18 weeks with IL1ra, starting 2 weeks after transplant. h, Frequency of BM CD45−CD31−Ter119−CD90+ cells in mice in g. i, j, qPCR analyses of IL-1β (i) and Casp1 (j) mRNA expression in haematopoietic progenitors and monocytes isolated from the BM of mice in g. Gapdh was used as housekeeping gene (n = 5). Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).


Extended Data Figure 6 Compensatory treatment with β3-adrenergic agonist BRL37344 blocks MPN progression.
a, Expression of β2- and β3-adrenergic receptors in immunomagnetically-enriched CD45+ and CD45− BM cells from control and pIpC-induced Mx1-cre;JAK2(V617F) mice (n = 3). b-c, Blood counts of WT mice (b) 4 weeks after transplantation with MPN or control BM cells, before (control, n = 11; MPN, n = 13) and (c) 4-12 weeks after chronic BRL37344 (2 mg kg−1) or vehicle treatment (i.p., twice a day; n = 5). CD11b+ monocytes and granulocytes, B220+ B cells and CD3+ T cells were determined by flow cytometry. d, Blood counts of WT mice transplanted with control BM cells and treated with BRL37344 (n = 6) or vehicle (n = 4) as described above. Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).


Extended Data Figure 7 β3-adrenergic agonists or neuroprotective drugs prevent neuroglial gene induction in nestin+ cells and indirectly affect mutant haematopoietic cells.
a, Inhibition of mutant HSC expansion by β3-adrenergic agonists or neuroprotective drugs is HSC-niche dependent. Immunomagnetically-enriched CD45+ haematopoietic cells were obtained from the BM of Nes-gfp;Mx1-cre;JAK2(V617F) mice and control littermates 16 weeks after pIpC treatment (n = 3). BRL37344 (BRL) and 4-methylcatechol (4MC) were added in vitro at the indicated concentrations and the frequency of colony-forming units in culture (CFU-C) was scored after one week in culture. b, Compensatory treatment with the human β3-adrenergic agonist Mirabegron delays MPN in mice. Blood counts of WT mice 8 weeks after transplantation with MPN or control (n = 5) BM cells. Mirabegron (2 mg kg−1, n = 8) or vehicle (n = 7) treatment (i.p., twice a day) was administered the last two weeks. c, BM Nes-GFP+ cells from MPN mice treated with BRL37344 do not express neuroglial genes; mRNA expression of the Schwann cell markers myelin basic protein (Mbp), myelin-associated oligodendrocyte basic protein (Mobp) and pleckstrin homology domain containing, family B (evectins) member 1 (Pleckhb1) in BM CD45−CD31−Ter119−GFP+ cells sorted from Nes-gfp mice treated over 8 weeks with BRL37344 or vehicle, starting 4 weeks after transplantation with MPN or control BM cells (n = 4). Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).


Extended Data Figure 8 Incipient MPN signs are improved by BRL37344 or 4-methylcatechol.
a, b, Haematological parameters of WT mice 8 weeks after transplantation with BM cells from pIpC-treated control and Mx1-cre;JAK2(V617F) mice. The latter received the neuroprotective drug 4-methylcatechol (10 µg kg−1, once daily), BRL37344 (2 mg kg−1) or vehicle injections (twice a day) for the last 4 weeks (i.p.; n = 5). MPN progression was monitored in peripheral blood and mice were killed when they showed only incipient symptoms. a, Blood counts, spleen size, weight and nucleated cell number, BM nucleated cells (limbs and sternum), CD11b+ myeloid, B220+ B-lymphoid and CD3+ T cells. b, BM lin−sca-1+c-kit+ (LSK) haematopoietic progenitors, Ter119+CD71− mature erythroblasts and CD41+/CD42+ megakaryocyte progenitors. Mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed t test).


Extended Data Figure 9 Long-term BRL37344 treatment inhibits JAK2(V617F)+ HSC expansion but it does not compromise normal haematopoiesis.
a, b, Haematopoietic progenitors quantitated by FACS (a) or colony-forming units (CFU-C) (b) in BM and blood of WT mice 12-16 weeks after transplantation with MPN (a) and WT BM cells (b), 16 weeks after BRL37344 (2 mg kg−1) or vehicle injections (twice a day, i.p.; n = 3). Mean ± s.e.m. *P < 0.05 (unpaired two-tailed t test). c, BRL37344 treatment does not change normal HSC BM number. CD45.2 WT mice were transplanted with BM cells from congenic CD45.1 WT mice, together with limiting numbers of BM cells from CD45.2 control mice treated with vehicle/BRL37344 over 4 weeks, starting 11 weeks after the transplant (n = 5). The frequency of mice that failed reconstitution 16 weeks after transplantation is plotted against the number of tested cells. HSC frequencies are indicated; n.s., non-significant; Pearson chi-squared t test.


Extended Data Figure 10 Differentially expressed genes in BM CD45−CD31−Ter119− GFP+ cells from Nes-gfp;Mx1-cre;JAK2(V617F) mice.
a, b, Top most upregulated (a) and downregulated (b) genes in RNaseq analyses of BM CD45−CD31−Ter119− GFP+ cells from Nes-gfp;Mx1-cre;JAK2(V617F) mice (red) versus control mice (blue). Plots represent differentially expressed genes in fragments per kilobase of exon per million fragments mapped (FPKM).
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