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            Abstract
Haematopoietic stem cells (HSCs) are arguably the most extensively characterized tissue stem cells. Since the identification of HSCs by prospective isolation1, complex multi-parameter flow cytometric isolation of phenotypic subsets has facilitated studies on many aspects of HSC biology, including self-renewal2,3,4, differentiation, ageing, niche5, and diversity6,7,8. Here we demonstrate by unbiased multi-step screening, identification of a single gene, homeobox B5 (Hoxb5, also known as Hox-2.1), with expression in the bone marrow that is limited to long-term (LT)-HSCs in mice. Using a mouse single-colour tri-mCherry reporter driven by endogenous Hoxb5 regulation, we show that only the Hoxb5+ HSCs exhibit long-term reconstitution capacity after transplantation in primary transplant recipients and, notably, in secondary recipients. Only 7â€“35% of various previously defined immunophenotypic HSCs are LT-HSCs. Finally, by in situ imaging of mouse bone marrow, we show that >94% of LT-HSCs (Hoxb5+) are directly attached to VE-cadherin+ cells, implicating the perivascular space as a near-homogenous location of LT-HSCs.
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                    Figure 1: Multi-step unbiased screening identifies Hoxb5 as a candidate LT-HSC marker.[image: ]


Figure 2: Hoxb5 distinguishes between LT-HSC and non-LT-HSC.[image: ]


Figure 3: Previously defined HSC immunophenotypes contain Hoxb5âˆ’ cells.[image: ]


Figure 4: LT-HSCs exhibit near-homogenous attachment to VE-cadherin+ cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 GEXC expression of previously reported HSC markers in mouse bone marrow.
a, Ideal expression pattern of HSC-specific genes (pink represents increased expression, blue represents decreased expression). b, Relative expression of Hoxb5 (top left), Î±-catulin/Ctnnal1 (top middle), Fgd5 (top right), CD150/Slamf1 (bottom left), Hoxb4 (bottom middle), Gfi-1 (bottom right) in haematopoietic and stromal populations as determined by microarray analysis.


Extended Data Figure 2 Gating scheme for HSC and progenitors.
a, Representative flow cytometry gating to isolate pHSCs, MPPs, and oligopotent progenitors from mouse bone marrow. Panels gated as shown after exclusion of doublets and dead cells. b, Hoxb5 reporter expression (red) in Flk2+ MPPs, megakaryocyte erythrocyte progenitor (MEP), granulocyte monocyte progenitor (GMP), common myeloid progenitor (CMP), and common lymphoid progenitor (CLP) populations compared to wild-type controls (blue). Values indicate the percentage of mCherry+ cellsâ€‰Â±â€‰s.d. in each fraction for nâ€‰=â€‰3 mice.


Extended Data Figure 3 Hoxb5 is not expressed in CD45âˆ’ bone marrow.
Hoxb5 reporter expression in the CD45âˆ’ compartment within bone marrow of wild-type (red) and three Hoxb5â€“tri-mCherry mice (blue, orange, and green, nâ€‰=â€‰3 mice).


Extended Data Figure 4 FMO gating for Hoxb5+ signal.
Representative flow cytometry gating to separate mCherry (Hoxb5)-high, -low, and -negative populations in both wild-type and Hoxb5â€“tri-mCherry mice.


Extended Data Figure 5 Hoxb5 distinguishes between LT-HSCs and non-LT-HSCs.
a, Reconstitution kinetics in primary recipients 4, 8, and 12 weeks after receiving ten Hoxb5neg (nâ€‰=â€‰9 mice), Hoxb5lo (nâ€‰=â€‰13 mice), or Hoxb5hi (nâ€‰=â€‰18 mice) pHSCs. Each column represents an individual mouse. b, Reconstitution kinetics 4, 8, and 12 weeks after whole bone marrow secondary transplant. c, Reconstitution kinetics in primary recipients receiving three Hoxb5neg (nâ€‰=â€‰11 mice), Hoxb5lo (nâ€‰=â€‰12 mice), or Hoxb5hi (nâ€‰=â€‰14 mice) pHSCs. Each column represents an individual mouse. d, Reconstitution kinetics following secondary transplant of 100 sorted LSK Hoxb5âˆ’ (nâ€‰=â€‰14 mice) or Hoxb5+ (nâ€‰=â€‰9 mice) cells and 2â€‰Ã—â€‰105 supporting cells.


Extended Data Figure 6 Limiting dilution analysis of Hoxb5+ and Hoxb5âˆ’ pHSCs.
Limiting dilution results of ten- and three-cell transplants of Hoxb5hi (red, nâ€‰=â€‰18 mice for ten-cell and nâ€‰=â€‰14 mice for three-cell), Hoxb5lo (green, nâ€‰=â€‰13 mice for ten-cell and nâ€‰=â€‰12 mice for three-cell), and Hoxb5neg (blue, nâ€‰=â€‰9 mice for ten-cell and nâ€‰=â€‰11 mice for three-cell). Frequency of LT/ST-HSCs by limiting dilution analysis is 1 in 2.1 for Hoxb5hi, 1 in 2.4 for Hoxb5lo, and 1 in 16.1 for Hoxb5neg cells.


Extended Data Figure 7 Previously defined HSC immunophenotypes contain Hoxb5âˆ’ cells.
Representative HSC gating strategy for various HSC definitions after exclusion of doublets and dead cells. a, CD11aâˆ’ (LSK CD150+CD34âˆ’/loCD11aâˆ’)21. b, HSC-1 (LSK CD150+CD48âˆ’/loCD229âˆ’/loCD244âˆ’)20. c, Fraction I (LSK CD150+CD34âˆ’/loCD41âˆ’)18. d, CD150+CD48âˆ’CD41âˆ’ cells22 (nâ€‰=â€‰5 mice).


Extended Data Figure 8 Specificity of Hoxb5 as a single marker for LT-HSCs.
a, Flow cytometry plots of wild type (top row) and Hoxb5â€“tri-mCherry (bottom row) after excluding doublets, dead cells, autofluorescence, and gating on Hoxb5+ events. Frequencies shown are percentage in gateâ€‰Â±â€‰s.d. in each fraction (nâ€‰=â€‰3 mice).


Extended Data Figure 9 Comparison of processing methods on pHSC and Hoxb5+ LT-HSC yield.
a, b, Relative frequency of pHSCs (a) and Hoxb5+ LT-HSCs (b) in tibial plugs (flushed) (nâ€‰=â€‰6 mice) compared to tibial plugs plus bones (crushed) (nâ€‰=â€‰6 mice).


Extended Data Figure 10 Hoxb5+ HSCs are evenly distributed in the tibia.
a, Distribution of Hoxb5+ cells (red and arrows) in bone marrow in 3D-reconstructed images. Nuclei are counterstained with DAPI (blue) wild-type (top panel) Hoxb5â€“tri-mCherry (middle and bottom panel). Scale bar, 100â€‰Î¼m. b, Cartoon representing the location of the proximal, medial, and distal sampling. c, Representative 3D-reconstructed images of Hoxb5+ cells (red) in proximal (left column), medial (middle column), and distal (right column) regions of the tibia. Scale bar, 150â€‰Î¼m. Nuclei are counterstained with DAPI (blue); nâ€‰=â€‰3 mice.
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        Editorial Summary
Haematopoietic stem cell niche characterized
Until recently, the isolation and recognition of haematopoietic stem cells (HSCs) has been a complex process involving the manipulation of multiple parameters, and this complicates the study of HSC biology in situ. In particular, it has been difficult to establish their relationship to the HSC niche, and how their self-renewal and differentiation properties are modulated by their environment. Here Irving Weissman and colleagues demonstrate that expression of a single gene, Hoxb5, defines cells with long-term reconstitution capacity, and show that these cells are mainly found directly in contact with endothelial cells.
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