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            Abstract
Haematopoietic stresses mobilize haematopoietic stem cells (HSCs) from the bone marrow to the spleen and induce extramedullary haematopoiesis (EMH). However, the cellular nature of the EMH niche is unknown. Here we assessed the sources of the key niche factors, SCF (also known as KITL) and CXCL12, in the mouse spleen after EMH induction by myeloablation, blood loss, or pregnancy. In each case, Scf was expressed by endothelial cells and Tcf21+ stromal cells, primarily around sinusoids in the red pulp, while Cxcl12 was expressed by a subset of Tcf21+ stromal cells. EMH induction markedly expanded the Scf-expressing endothelial cells and stromal cells by inducing proliferation. Most splenic HSCs were adjacent to Tcf21+ stromal cells in red pulp. Conditional deletion of Scf from spleen endothelial cells, or of Scf or Cxcl12 from Tcf21+ stromal cells, severely reduced spleen EMH and reduced blood cell counts without affecting bone marrow haematopoiesis. Endothelial cells and Tcf21+ stromal cells thus create a perisinusoidal EMH niche in the spleen, which is necessary for the physiological response to diverse haematopoietic stresses.
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                    Figure 1: Endothelial cells and perivascular stromal cells in the red pulp express Scf and Cxcl12 and proliferate upon induction of EMH.[image: ]


Figure 2: During EMH most HSCs localize adjacent to Tcf21+ stromal cells in the red pulp.[image: ]


Figure 3: Tcf21-expressing stromal cells are an important source of SCF and CXCL12 for EMH in the spleen.[image: ]


Figure 4: Endothelial cells are an important source of SCF for EMH in the spleen.[image: ]


Figure 5: SCF from endothelial cells and Tcf21+ stromal cells is necessary for splenic EMH and adequate erythropoiesis after bleeding or during pregnancy.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cy+21 d G-CSF treatment induces EMH in the spleen and deletion of Scf from LepR+ cells significantly reduces the number of HSCs in the bone marrow and the spleen after induction of EMH.
a,b, Staining with anti-laminin antibody distinguished the vasculature of red pulp (RP) from white pulp (WP). The red pulp and white pulp were marked by clusters of Ter119+ cells (red) and CD3+ cells (blue), respectively30. Dashed line depicts the boundary between red pulp and white pulp (representative images from 3 mice in 3 independent experiments). c, Spleen sections of the same magnification show the enlargement of the spleen after induction of EMH by Cy+21 d G-CSF. These are the same images as in Fig. 1a,d, adjusted to reflect the same magnification. d, e, Imaging of thick spleen sections from ScfGFP; Cxcl12DsRed mice after the induction of EMH by Cy+21 d G-CSF. e, High-magnification view of the boxed area in d. Dashed lines depict the boundaries between white pulp and red pulp. Arrow indicates the central arteriole in the white pulp around which stromal cells expressed Cxcl12-DsRed (representative images from 3 mice from 3 independent experiments). f, g, Haematoxylin and eosin (H&E) staining showing the increase in haematopoiesis in the spleen after induction of EMH using Cy+G-CSF (+EMH, g) as evidenced by the presence of megakaryocytes (arrows; nâ€‰=â€‰3 mice per condition from 3 independent experiments). hâ€“n, Cy+G-CSF treatment significantly increased spleen cellularity (h), as well as the numbers of HSCs (i), MEPs (j), frequencies of colony-forming progenitors (k), numbers of Ter119+ erythroid cells (l) and Gr-1+Mac-1+ myeloid cells (m) in the spleen but not the number of B220+ or CD3+ lymphoid cells (n). The numbers of mice per treatment are shown in each bar of each panel. Each panel shows meanâ€‰Â±â€‰s.d. from five independent experiments. o, p, Scf-GFP (o) and Cxcl12-DsRed (p) fluorescence by spleen stromal cells before (âˆ’EMH) and after induction of EMH (+EMH) using Cy+G-CSF. q, r, The frequencies (q) and absolute numbers (r) of Scf-GFP+VE-cadherin+ endothelial cells and Scf-GFP+VE-cadherinâˆ’ stromal cells significantly increased upon induction of EMH by Cy+21 d G-CSF (+EMH). s, Spleens from Leprcre; R26tdTomato; ScfGFP mice showed Tomato expression was primarily in the stromal cells of the white pulp. Although most Scf-GFP expression was in endothelial cells and perivascular stromal cells of the red pulp (Fig. 1aâ€“d), some Scf-GFP+ stromal cells were in the white pulp, most of which appeared to express LepR. Dashed line depicts the boundary between red pulp and white pulp (representative images of 6 mice from 4 independent experiments). t, Flow cytometric analysis of enzymatically dissociated spleen cells from Leprcre; R26tdTomato; ScfGFP mice showed that only a small minority of non-endothelial Scf-GFP+ cells were positive for Tomato (nâ€‰=â€‰3 mice from 3 independent experiments). u, Tomato+CD45âˆ’Ter119âˆ’ stromal cells in the spleens of Lepr-cre; R26tdTomato mice expressed PDGFR-Î±, PDGFR-Î², Sca-1 and LepR (nâ€‰=â€‰3 mice from 3 independent experiments). v, Percentage of all CFU-F colonies formed by enzymatically dissociated spleen cells from Leprcre; R26tdTomato mice that expressed Tomato. Macrophage colonies were excluded by staining with anti-CD45 antibody (nâ€‰=â€‰4 mice from 3 independent experiments). w, Leprcre; Scffl/âˆ’ mice had significantly fewer HSCs in the bone marrow than wild-type and Scffl/âˆ’ controls before induction of EMH (nâ€‰=â€‰4 mice per genotype per time point mice from 4 independent experiments). NT, not treated. x, y, Leprcre; Scffl/âˆ’ mice displayed significantly lower spleen cellularity (x) and HSC number (y) in the spleen than wild-type and Scffl/âˆ’ controls after induction of EMH with cyclophosphamide plus 4 days of G-CSF. The numbers of mice per treatment are shown in each bar. Data represent meanâ€‰Â±â€‰s.d. from 4 independent experiments. hâ€“n, q, r, The statistical significance of differences was assessed using two-tailed Studentâ€™s t-tests (***Pâ€‰<â€‰0.001). wâ€“y, The statistical significance of differences between genotypes was assessed using repeated measures one-way ANOVAs with Greenhouseâ€“Geisser correction and Tukeyâ€™s multiple comparison tests with individual variances computed for each comparison. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, statistical significance relative to wild-type (Scf+/+). â€ Pâ€‰<â€‰0.05, â€ â€ Pâ€‰<â€‰0.01, statistical significance between Scf+/âˆ’ and Leprcre; Scffl/âˆ’.


Extended Data Figure 2 Scf is expressed by most endothelial cells but not by Tcf21+ perivascular cells in the liver; Cy+21 d G-CSF does not significantly change the recombination pattern of Tcf21-Cre/ER in the spleen, bone marrow or liver.
aâ€“i, To identify Cre alleles that recombine in spleen, but not bone marrow, stromal cells we assessed the gene expression profile of spleen Scf-GFP+VE-cadherinâˆ’ stromal cells (Extended Data Table 1). Nestin, NG2 (also known as Cspg4) and Prx1 were low or undetectable (data not shown). Nestin-Cre31, NG2-Cre32, NG2-Cre/ER33, and Prx1-Cre34 did not recombine widely or specifically in Scf-GFP+ stromal cells in the spleen (data not shown). Pdgfra and Pdgfrb were expressed by spleen Scf-GFP+ stromal cells but neither Pdgfra-Cre/ER (ref. 35) nor Pdgfrb-Cre (ref. 36) recombined efficiently (data not shown). Sm22 (also known as Tagln), Myh11, Sma (also known as Acta2) and Tcf21 were significantly more highly expressed by spleen than bone marrow Scf-GFP+ stromal cells (Extended Data Table 1). Sm22-Cre (ref. 37), Myh11-Cre (ref. 38) and Sma-Cre/ER (ref. 39) recombined in few spleen Scf-GFP+ stromal cells (data not shown). However, Tcf21-Cre/ER recombined in perivascular stromal cells in the spleen but not bone marrow (Fig. 2). aâ€“c, Under normal conditions, Scf-GFP was expressed by most VE-cadherin+ endothelial cells (arrowheads in a) but not by Tcf21+ stromal cells (arrows in a) in the liver (nâ€‰=3 mice from 3 independent experiments). d, e, EMH induced by Cy+21 d G-CSF did not alter the general distribution (d) or perivascular localization (e) of Tomato+ cells in the spleens of Tcf21cre/ER; R26tdTomato mice as compared to normal mice (Fig. 2a, d). f, g, Tomato expression was undetectable in the bone marrow of Tcf21cre/ER; R26tdTomato mice after Cy+G-CSF treatment irrespective of whether the bone marrow was analysed by whole-mount imaging (f) or flow cytometry (g). h, i, EMH induced by Cy+G-CSF did not significantly change the frequency (h) or perivascular localization (i, arrows) of Tomato+ cells in the livers of Tcf21cre/ER; R26tdTomato mice. dâ€“i, nâ€‰=3 mice from 3 independent experiments.


Extended Data Figure 3 Deep imaging of HSCs in the spleen; deletion of Scf or Cxcl12 from Tcf21-expressing stromal cells in the spleen reduced peripheral blood cell counts but did not affect bone marrow haematopoiesis.
a, b, The vast majority of c-Kit+ haematopoietic progenitors localized adjacent to Tcf21-expressing stromal cells in the red pulp of the normal spleen (nâ€‰=â€‰3 mice from 3 independent experiments). c, d, Three-hundred-micrometre-thick sections of spleen before (c) and after optical clearing (d). e, f, Deep imaging of Î±-catulin-GFP+c-Kit+ HSCs in cleared spleen segments from Tcf21cre/ER; R26tdTomato; Î±-catulinGFP mice. A representative high-magnification image of an Î±-catulin-GFP+c-Kit+ HSC surrounded by Tomato+ stromal cells (e). f, Low-magnification view of a digitally reconstructed 300-Î¼m-thick spleen fragment with Î±-catulin-GFP+c-Kit+ HSCs identified by large yellow spheres. Note that actual HSCs would be smaller than the yellow spheres but would not be visible at this magnification (nâ€‰=â€‰3 mice from 3 independent experiments). gâ€“m, Tcf21cre/ER; Scffl/fl and Scffl/fl control mice were treated with tamoxifen then examined 1 month later without further treatment (not treated (NT)) or after treatment with cyclophosphamide plus 4, 8, or 21 days of G-CSF to induce EMH. Data show WBC (g), RBC (h) and PLT counts (i), numbers of CMPs (j), GMPs (k) and MEPs (l) in the bone marrow and numbers of GMPs in the spleen (m). n, Platelet counts of sham-operated and splenectomized mice that were treated with Cy+21 d G-CSF 1 month after surgery. oâ€“u, Tcf21cre/ER; Cxcl12fllâˆ’ mice and littermate controls (Cxcl12fl/âˆ’ or Cxcl12+lâˆ’) were treated with tamoxifen then examined 1 month later without further treatment (NT) or after treatment with cyclophosphamide plus 4, 8, or 21 days of G-CSF to induce EMH. Data show WBC (o), RBC (p) and PLT counts (q), numbers of CMPs (r), GMPs (s) and MEPs (t) in the bone marrow and numbers of GMPs in the spleen (u). The numbers of mice per treatment are shown in each panel. All data reflect meanâ€‰Â±â€‰s.d. from 3 independent experiments. Two-tailed Studentâ€™s t-tests were used to assess statistical significance (*Pâ€‰<â€‰0.05, ***Pâ€‰<â€‰0.001).


Extended Data Figure 4 Conditional deletion of Scf or Cxcl12 with Tcf21-Cre/ER, or Scf with Vav1-Cre, does not significantly affect the frequency or morphology of stromal cells in the spleen, irrespective of EMH induction.
aâ€“g, Irrespective of whether the mice were treated with Cy+21 d G-CSF, conditional deletion of Scf from Tcf21+ cells did not significantly change the frequency of VE-cadherin+ endothelial cells (a) or PDGFR-Î²+ perivascular stromal cells (b), Scf transcript levels in endothelial cells (c), or the morphology or density of blood vessels in the spleen (dâ€“g). hâ€“n, Irrespective of whether the mice were treated with Cy+G-CSF, conditional deletion of Cxcl12 from Tcf21+ cells did not significantly change the frequency of VE-cadherin+ endothelial cells (h) or PDGFR-Î²+ perivascular stromal cells (i), Scf transcript levels in endothelial cells or perivascular stromal cells (j), or the morphology or density of blood vessels in the spleen (kâ€“n). oâ€“u, Irrespective of whether the mice were treated with Cy+G-CSF, conditional deletion of Scf using Vav1-Cre did not significantly change the frequency of VE-cadherin+ endothelial cells (o) or PDGFR-Î²+ perivascular stromal cells (p), Scf transcript levels in perivascular stromal cells (q), or the morphology or density of blood vessels in the spleen (râ€“u). Scf transcript levels in flow cytometrically isolated cells were normalized to Î²-actin and then compared to whole spleen cells (c, j and q). The data reflect meanâ€‰Â±â€‰s.d. from 3 mice per genotype per condition in 3 independent experiments. Two-tailed Studentâ€™s t-tests were used to assess statistical significance.


Extended Data Figure 5 Vav1-Cre recombines efficiently and specifically in spleen endothelial cells but poorly in bone marrow or liver endothelial cells.
a, TomatohighCD45âˆ’Ter119âˆ’ cells in Vav1-cre; tdTomato mice were uniformly positive for VE-cadherin and negative for PDGFR-Î² (nâ€‰=â€‰3 mice from 3 independent experiments). b, Vav1-Cre recombined in most spleen endothelial cells but in few bone marrow endothelial cells, irrespective of Cy+G-CSF treatment (+EMH). c, Scf transcript levels were significantly reduced in endothelial cells from the spleen but not from bone marrow or liver in Vav1-cre; Scffl/âˆ’ mice as compared to Scffl/âˆ’ mice. The Scf transcript level was normalized to Î²-actin. d, Western blot showed lower SCF protein levels in splenic endothelial cells from Vav1-cre; Scffl/âˆ’ mice as compared to Scffl/âˆ’ mice. SCF abundance was assessed relative to actin by Image J software (nâ€‰=â€‰3 mice per genotype from 3 independent experiments). eâ€“h, In the bone marrow Vav1-Cre recombined in a minority of endothelial cells, including some sinusoidal (arrows in h) and some arteriolar (arrowheads in h) endothelial cells, that expressed little Scf-GFP by flow cytometry (f, g). The data reflect meanâ€‰Â±â€‰s.d. from 3 mice per genotype in 3 independent experiments. iâ€“k, Vav1-Cre recombined inefficiently in liver endothelial cells. Most Tomato+ cells in the liver of Vav1-cre; R26tdTomato; ScfGFP mice were VE-cadherin+ and Scf-GFP+ (i; arrows in k) but these cells accounted for only 26â€‰Â±â€‰4.2% of Scf-GFP+ cells by flow cytometry (i, j) and confocal microscopy (k, n =â€‰3 mice from 3 independent experiments). Two-tailed Studentâ€™s t-tests were used to assess statistical significance.


Extended Data Figure 6 EMH induced by Cy+G-CSF does not significantly change the recombination pattern of Vav1-Cre in the spleen, bone marrow, or liver but deletion of Scf from endothelial cells in spleens with EMH reduces blood cell counts without affecting bone marrow haematopoiesis.
a, b, After EMH induced by Cy+21 d G-CSF, Vav1-Cre-recombined cells were predominantly in the red pulp (a) and co-localized with VE-cadherin+ cells (b) in the spleen. câ€“f, After EMH induced by Cy+21 d G-CSF, Vav1-Cre-recombined cells remained rare in the bone marrow (c, d) and liver (e, f; nâ€‰=â€‰3 mice from 3 independent experiments). gâ€“s, Vav1-cre; Cxcl12fl/âˆ’ mice and Cxcl12fllâˆ’ controls were treated with Cy+4â€“21 d G-CSF to induce EMH. Data show WBC (g), RBC (h), and platelet (i) counts, spleen cellularity (j) and numbers of HSCs (k), CMPs (l), GMPs (m) and MEPs (n) in the spleen as well as bone marrow cellularity (o), and numbers of HSCs (p), CMPs (q), GMPs (r) and MEPs (s) in one femur and one tibia. The data represent mean mean Â± s.d. from 3 (Cy+4 d G-CSF treatment) and 5 (Cy+21 d G-CSF treatment) independent experiments. The number of mice per treatment is indicated on each bar. Two-tailed Studentâ€™s t-tests were used to assess statistical significance. tâ€“z, Vav1-cre; Scffl/âˆ’ mice and Scffl/+, Scffl/âˆ’ controls were treated with Cy+4â€“21 d G-CSF to induce EMH. Data show WBC (t), RBC (u), and platelet (PLT) (v) counts, numbers of CMPs (w), GMPs (x) and MEPs (y) in the bone marrow as well as numbers of GMPs in the spleen (z). Note that after 21 days of G-CSF both Scffl/âˆ’ and Vav1-cre; Scffl/âˆ’ mice showed significantly lower CMP numbers relative to Scffl/+ mice but their CMP numbers were not significantly different from each other (w), indicating that CMP numbers in the bone marrow were not influenced by Scf deletion from spleen endothelial cells. The data represent mean Â± s.d. from 3 (no treatment (NT)), 3 (4 days), 3 (8 days), and 8 (21 days) independent experiments. The number of mice per treatment is indicated on each bar. The statistical significance of differences among genotypes was assessed using repeated measures one-way ANOVAs with Greenhouseâ€“Geisser correction and Tukeyâ€™s multiple comparison tests with individual variances computed for each comparison. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, statistical significance relative to Scffl/+ controls. â€ Pâ€‰<â€‰0.05, â€ â€ Pâ€‰<â€‰0.01, statistical significance between Scffl/âˆ’ and Vav1-cre; Scffl/âˆ’.


Extended Data Figure 7 Pregnancy induces EMH and the proliferation of endothelial cells and stromal cells in the spleen without significantly changing the recombination pattern of Tcf21-Cre/ER in the spleen, bone marrow or liver.
aâ€“v, Pregnant female mice were at gestation day 18.5. a, b, H&E staining showed increased haematopoiesis in the spleens of pregnant mice (b) as evidenced by the presence of megakaryocytes (arrows; nâ€‰=â€‰3 mice per condition from 3 independent experiments). câ€“i, Pregnancy significantly increased spleen cellularity (c), as well as the numbers of HSCs (d), MEPs (e, f), Ter119+ erythroid cells (g) and Gr-1+Mac-1+ myeloid cells (h) in the spleen but not the number of B220+ or CD3+ lymphoid cells (i). j, k, During pregnancy, Scf-GFP was expressed by VE-cadherin+ endothelial cells and VE-cadherinâˆ’ stromal cells (j) while Cxcl12-DsRed was expressed by a subset of the VE-cadherinâˆ’Scf-GFP+ stromal cells (j, k). l, Whole-mount imaging of a thick spleen section from a pregnant ScfGFP; Cxcl12DsRed mouse (representative images from 3 mice in 3 independent experiments). m, n, In the spleen, the numbers of Scf-GFP+ cells (m) and Cxcl12-DsRed+ cells (n) significantly increased upon bleeding. o, Endothelial and stromal cells in the spleen proliferated after bleeding. BrdU was administered to ScfGFP mice or Cxcl12DsRed mice for 18 days, beginning in pregnant mice after the plug was observed. The number of mice per treatment is indicated on each bar. Each panel shows meanâ€‰Â±â€‰s.d. from 3 independent experiments. Two-tailed Studentâ€™s t-tests were used to assess statistical significance (**Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001). pâ€“r, Pregnancy did not alter the general distribution (p), perivascular localization (q) or surface marker expression (r; PDGFR-Î²+ and LepRâˆ’) of Tomato+ cells in the spleens of Tcf21cre/ER; R26tdTomato mice. s, t, Tomato expression remained undetectable in the bone marrow of pregnant Tcf21cre/ER; R26tdTomato mice. u, v, During pregnancy, Tcf21-Cre/ER recombined in rare perivascular cells in the liver. pâ€“v, nâ€‰=â€‰3 mice per genotype from 3 independent experiments.


Extended Data Figure 8 Conditional deletion of Cxcl12 from Tcf21+ stromal cells impairs EMH in the spleens of pregnant mice without significantly affecting bone marrow haematopoiesis.
aâ€“x, Four-to-six-month-old female mice that had been treated with tamoxifen at least 2 months before were mated with normal wild-type males. Normal females and pregnant females at gestation day 18.5 were analysed. aâ€“d, Conditional deletion of Scf from Tcf21+ cells did not significantly affect the numbers of GMPs (a), CMPs (b), MEPs (c), Ter119+ (erythroid), Gr-1+Mac-1+ (myeloid), CD3+ (T) and B220+ (B) cells (d) in one femur or one tibia. e, f, Conditional deletion of Scf from Tcf21+ cells significantly reduced GMPs (e), Ter119+ erythrocytes and Gr-1+Mac-1+ myeloid cells (f) in the spleen. g, h, Conditional deletion of Scf from Tcf21+ cells did not significantly affect WBC (g) or platelet counts (h). iâ€“n, Conditional deletion of Cxcl12 from Tcf21+ cells did not significantly affect bone marrow cellularity (i), or the numbers of HSCs (j), GMPs (k) CMPs (l), MEPs (m), Ter119+ (erythroid), Gr-1+Mac-1+ (myeloid), CD3+ (T) and B220+ (B) cells (n) in the bone marrow. oâ€“w, Spleen cellularity (o) and numbers of HSCs (p), GMPs (q), CMPs (r), MEPs (s), Ter119+ (erythroid), Gr-1+Mac-1+ (myeloid), CD3+ (T) and B220+ (B) cells (t) in the spleen and WBC (u), platelet (v) and RBC counts (w) in the blood. x, Conditional deletion of Cxcl12 from Tcf21+ cells in the spleens of pregnant mothers did not significantly affect fetal mass. The numbers of mice per treatment are shown in each bar within each panel. Each panel shows meanâ€‰Â±â€‰s.d. from 3 independent experiments. aâ€“w, The statistical significance of differences among genotypes was assessed using a repeated measures one-way ANOVA with Greenhouseâ€“Geisser correction along with Tukeyâ€™s multiple comparison tests with individual variances x, The statistical significance of differences was assessed using a two-way ANOVA. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, statistical significance relative to normal mice. â€ Pâ€‰<â€‰0.05, â€ â€ Pâ€‰<â€‰0.01, â€ â€ â€ Pâ€‰<â€‰0.001, statistical significance between Scf mutant mice and control mice after bleeding.


Extended Data Figure 9 Bleeding induces EMH and the proliferation of endothelial cells and stromal cells in the spleen without significantly changing the recombination pattern of Tcf21-Cre/ER in the spleen, bone marrow, or liver.
a, b, H&E staining showed an increase in haematopoiesis in the spleen after repeated bleeding (b; bled) as evidenced by the presence of megakaryocytes (arrows; nâ€‰=â€‰3 mice per condition from 3 independent experiments). câ€“i, Bleeding significantly increased spleen cellularity (c), as well as the numbers of HSCs (d), MEPs (e, f), and the numbers of Ter119+ erythroid cells (g) and Gr-1+Mac-1+ myeloid cells (h) in the spleen but not the number of B220+ or CD3+ lymphoid cells (i). j, k, After EMH induced by bleeding, Scf-GFP was expressed by VE-cadherin+ endothelial cells and VE-cadherinâˆ’ stromal cells (j) while Cxcl12-DsRed was expressed by a subset of the VE-cadherinâˆ’Scf-GFP+ stromal cells (j, k). l, Whole-mount imaging of a thick spleen section from a ScfGFP; Cxcl12DsRed mouse after bleeding (representative images from 3 mice in 3 independent experiments). m, n, The numbers of Scf-GFP+ cells (m) and Cxcl12-DsRed+ cells (n) significantly increased upon bleeding. o, Endothelial and stromal cells in the spleen proliferated after bleeding. BrdU was administered to ScfGFP mice or Cxcl12DsRed mice for 15 days beginning after the first bleeding. The numbers of mice per treatment are shown in each bar in each panel. Each panel shows meanâ€‰Â±â€‰s.d. from three independent experiments. Two-tailed Studentâ€™s t-tests were used to assess statistical significance (**Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001). pâ€“r, Bleeding did not alter the general distribution (p), perivascular localization (q) or surface marker expression (r; PDGFR-Î²+ and LepRâˆ’) of Tomato+ cells in the spleens of Tcf21cre/ER; R26tdTomato mice. s, t, Tomato expression remained undetectable in bone marrow from Tcf21cre/ER; R26tdTomato mice after bleeding. u, v, After bleeding, Tcf21-Cre/ER recombined only in rare perivascular cells in the liver (pâ€“v; nâ€‰=â€‰3 mice per genotype from 3 independent experiments).


Extended Data Figure 10 Blood loss does not significantly change the recombination pattern of Vav1-Cre in the spleen, bone marrow, or liver; conditional deletion of Cxcl12 from Tcf21+ spleen stromal cells in bled mice impairs EMH in the spleen without significantly affecting bone marrow haematopoiesis.
aâ€“eâ€²,Four-to-six-month-old mice with the indicated genetic backgrounds were repeatedly bled over a 2-week period. aâ€“h, After EMH induced by blood loss, Vav1-Cre recombined efficiently in VE-cadherin+ endothelial cells in the red pulp of the spleen (aâ€“c) but poorly in the bone marrow (dâ€“f) and liver (g, h), similar to what we observed under normal conditions (see Fig. 4aâ€“c and Extended Data Fig. 5b) (aâ€“h; nâ€‰=â€‰3 mice from 3 independent experiments). iâ€“n, Conditional deletion of Scf using Tcf21-Cre/ER and/or Vav1-Cre did not significantly affect the numbers of GMPs (i), CMPs (j), MEPs (k), Ter119+ (erythroid), Gr-1+Mac-1+ (myeloid), CD3+ (T) and B220+ (B) cells (l) in the bone marrow or WBC (m) or platelet counts in the blood (n). o, p, Conditional deletion of Scf using Tcf21-Cre/ER and/or Vav1-Cre significantly reduced GMPs (o), Ter119+ erythrocytes and Gr-1+Mac-1+ myeloid cells (p) in the spleen. iâ€“p, Data represent meanâ€‰Â±â€‰s.d. from 3 independent experiments. qâ€“v, Conditional deletion of Cxcl12 from Tcf21+ spleen cells did not significantly affect bone marrow cellularity (q), or the numbers of HSCs (r), GMPs (s) CMPs (t), MEPs (u), Ter119+ (erythroid), Gr-1+Mac-1+ (myeloid), CD3+ (T) and B220+ (B) cells (v) in one femur and one tibia from bled mice. wâ€“bâ€², Conditional deletion of Cxcl12 from Tcf21+ spleen cells significantly reduced spleen cellularity (w), and the numbers of MEPs (aâ€²) and erythroid cells (bâ€²) in the spleens of bled mice. Conditional deletion of Cxcl12 from Tcf21+ spleen cells did not significantly affect the numbers of HSCs (x), GMPs (y), or CMPs (z) in the spleens of bled mice. câ€²â€“eâ€², Conditional deletion of Cxcl12 from Tcf21+ spleen cells significantly reduced RBC (câ€²) but not WBC (dâ€²) or platelet counts (eâ€²) in the blood of mice that had been repeatedly bled. qâ€“eâ€², Data represent meanâ€‰Â±â€‰s.d. from 3 independent experiments. The numbers of mice per treatment are shown in each bar in each panel. Statistical significance of differences among genotypes was assessed using a repeated measures one-way ANOVA with Greenhouseâ€“Geisser correction along with Tukeyâ€™s multiple comparison tests with individual variances. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, statistical significance relative to normal mice. â€ Pâ€‰<â€‰0.05, â€ â€ Pâ€‰<â€‰0.01, â€ â€ â€ Pâ€‰<â€‰0.001, statistical significance between Scf mutant mice and control mice after bleeding.


Extended Data Table 1 Genes that are significantly more highly expressed by Scf-GFP+ stromal cells in spleen as compared to bone marrowFull size table





Supplementary information
HSCs are closely associated with Tcf21-Cre/ER-expressing stromal cells in the red pulp of the spleen
The video shows a 300 Âµm thick section of spleen from a Tcf21cre/ER ; R26tdTomato ; Î±-catulin-GFP mouse in which EMH was induced by treatment with Cy+21d G-CSF. The spleen section was stained with antibodies against c-kit (white), Î±-catulin-GFP (green), and DsRed (red), then cleared, imaged, and digitally reconstructed. HSCs are Î±-catulin-GFP+c-kit+. To show the spatial relationship between Î±-catulin-GFP+c-kit+ HSCs and Tomato+ cells all channels 20-30 Âµm beyond the spot of interest were occasionally masked. Note that the capsule on the margin of the spleen section is highly autofluorescent. (MP4 25025 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Inra, C., Zhou, B., Acar, M. et al. A perisinusoidal niche for extramedullary haematopoiesis in the spleen.
                    Nature 527, 466â€“471 (2015). https://doi.org/10.1038/nature15530
Download citation
	Received: 05 July 2015

	Accepted: 01 September 2015

	Published: 16 November 2015

	Issue Date: 26 November 2015

	DOI: https://doi.org/10.1038/nature15530


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Extramedullary hematopoiesis in cancer
                                    
                                

                            
                                
                                    	Derek A. G. Barisas
	Kyunghee Choi


                                
                                Experimental & Molecular Medicine (2024)

                            
	
                            
                                
                                    
                                        Skull bone marrow channels as immune gateways to the central nervous system
                                    
                                

                            
                                
                                    	Jose A. Mazzitelli
	Fadi E. Pulous
	Matthias Nahrendorf


                                
                                Nature Neuroscience (2023)

                            
	
                            
                                
                                    
                                        Splenic stromal niches in homeostasis and immunity
                                    
                                

                            
                                
                                    	Yannick O. Alexandre
	Scott N. Mueller


                                
                                Nature Reviews Immunology (2023)

                            
	
                            
                                
                                    
                                        Hematopoiesis in the spleen after engraftment in unrelated cord blood transplantation evaluated by 18F-FLT PET imaging
                                    
                                

                            
                                
                                    	Hiroaki Araie
	Naoko Hosono
	Takahiro Yamauchi


                                
                                International Journal of Hematology (2023)

                            
	
                            
                                
                                    
                                        Splenic red pulp macrophages provide a niche for CML stem cells and induce therapy resistance
                                    
                                

                            
                                
                                    	Elias D. BÃ¼hrer
	Michael A. Amrein
	Adrian F. Ochsenbein


                                
                                Leukemia (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Spleen haematopoetic niche characterized
In normal conditions, most haematopoietic stem cells (HSCs) are found in a bone marrow niche where haematopoesis occurs, but during physiological stress they are recruited to the spleen to engage in extramedullary haematopoiesis. This study demonstrates that the extramedullary hematopoiesis niche in the mouse spleen is created by endothelial cells and supported by key niche factors secreted by stromal cells around sinusoidal blood vessels of the spleen.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
