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In bone marrow, the niche which supports hematopoiesis and nurtures hematopoietic stem cells (HSCs) contains perivascular reticular cells representing a subset of skeletal stem/progenitor cells (SSPCs). These stromal cells which provide the niche are lost or become inadequate during stress, disease or ageing, such that HSCs leave bone marrow and enter spleen and other peripheral sites to initiate extramedullary hematopoiesis and particularly myelopoiesis. Spleen also maintains niches for HSCs under steady-state conditions, evident since neonatal and adult spleen contain HSCs in low number and provide low-level hematopoiesis. In spleen, HSCs are found in the sinusoidal-rich red pulp region also in the vicinity of perivascular reticular cells. These cells resemble to some extent the known stromal elements reflecting HSC niches in bone marrow, and are investigated here for their characteristics as a subset of SSPCs. The isolation of spleen stromal subsets and the generation of cell lines which support HSCs and myelopoiesis in vitro has led to the identification of perivascular reticular cells which are unique to spleen. Analysis of gene and marker expression, as well as differentiative potential, identifies an osteoprogenitor cell type, reflective of one of several subsets of SSPCs described previously in bone, bone marrow and adipose tissue. The combined information supports a model for HSC niches in spleen involving perivascular reticular cells as SSPCs having osteogenic, stroma-forming capacity. These associate with sinusoids in red pulp to form niches for HSCs and to support the differentiation of hematopoietic progenitors during extramedullary hematopoiesis.
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INTRODUCTION
Mesenchymal or skeletal stem and progenitor cells have now been described in many tissue sites including bone and bone marrow (Chan et al., 2009; Lv et al., 2014), and also within the vasculature of many tissues including kidney, heart and adipose tissue (Craig et al., 2022). The definitive skeletal stem cell was recently isolated from growth plates of adult and fetal bone of humans and mice, and has osteogenic, chondrogenic and stroma forming capacity (Chan et al., 2015; Chan et al., 2018). The classification of skeletal stem/progenitor cells (SSPCs) now replaces the spurious ‘mesenchymal stem cells’ commonly isolated as fibroblast-like cells which grow out of cultures of bone marrow (Pittenger et al., 1999; Pittenger et al., 2019). While early studies showed that culture-derived mesenchymal precursors could form stroma which support hematopoietic stem cell (HSC) maintenance (Calvi et al., 2003; Zhang et al., 2003), more recent studies confirm an important role for these cells in the formation and regulation of HSC niches and hematopoiesis in bone marrow (Comazzetto et al., 2021). Distinct subsets of perivascular reticular cells in bone marrow have now been described as important stromal elements of the HSC niche which supports hematopoiesis (Sacchetti et al., 2007; Corselli et al., 2013; Crane et al., 2017). More recent identification of subsets of SSPCs now confirms a heterogeneity of subsets isolatable from either the skeletal growth plate (Chan et al., 2015; Chan et al., 2018), or as bone marrow subsets of skeletal progenitors (Zhou et al., 2014; Baccin et al., 2020; Tournaire et al., 2020; Matsushita et al., 2021; Shen et al., 2021), and also within the pericyte and adventitial cell populations that surround blood vessels in vascularised tissues (Sacchetti et al., 2016; Wang et al., 2020; Xu et al., 2021; Craig et al., 2022). It is therefore of interest to determine whether the same SSPCs reside in bone and bone marrow as in other tissue sites, and whether their role in supporting hematopoiesis is restricted to bone marrow or is a feature of many tissue sites. A recent study has identified distinct bone-forming capacity of SSPCs located in bone marrow as opposed to periosteum (Jeffery et al., 2022). Periosteal SSPCs contribute to only transient formation of trabecular bone at fracture sites, but regenerate stromal cells expressing hematopoietic niche factors (Jeffery et al., 2022). Their important role in HSC niche formation, suggests a tight linkage between the mesenchymal and hematopoietic systems at the level of stem cell maintenance.
While bone marrow is the main site for hematopoiesis in adults, increasing evidence points to a role for spleen in the maintenance and differentiation of HSCs. Analysis of HSC niches in spleen and delineation of the mechanisms by which they regulate hematopoiesis, is important in terms of utilisation of spleen as an alternate site for hematopoiesis when bone marrow is compromised by disease or ageing. A history of work from this lab has considered the potential for re-engineering HSC niches in spleen in order to increase hematopoietic cell production (Tan and Watanabe, 2017; O'Neill et al., 2019). If unique stromal cells can be isolated and used to expand HSCs in vitro, or provided as an ectopic niche for the same purpose in vivo, then the potential exists to enhance hematopoiesis. This article investigates the stromal cells which support hematopoiesis in spleen, and the evidence that perivascular reticular cells which provide the niche for HSCs are reflective of a subset of mesenchymal SSPCs. Regeneration or expansion of HSC niches could represent future therapy for patients undergoing HSC transplantation, myeloablative treatment or involution of lymphoid tissue with ageing. It is therefore important to fully characterise SSPCs in spleen, their growth and differentiative capacity, and the mechanisms by which they support the maintenance of HSCs.
The hematopoietic stem cell niche
Schofield introduced the concept of the hematopoietic ‘niche’ in the 1970s after observing that once HSCs were removed from the bone marrow microenvironment they quickly lost capacity to self-renew and to reconstitute the hematopoietic system (Schofield, 1978). The ‘niche’ is now described as a microenvironment comprising non-hematopoietic stromal cells, extracellular matrix and soluble regulatory factors that contribute to stem cell dormancy, quiescence, self-renewal and differentiation, so regulating the fate of HSCs (Crane et al., 2017; Comazzetto et al., 2021; Sánchez-Lanzas et al., 2022). Over time, three main stromal cell types were found to contribute to the HSC niche in bone marrow, namely, endosteal, vascular and perivascular cells (Kiel and Morrison, 2008; Bianco, 2011; Nagasawa et al., 2011; Corselli et al., 2013). It is now clear that interconnected cellular microenvironments provide the niche for HSCs in adult tissue. HSC in bone marrow have been associated most commonly with sinusoidal blood vessels, less commonly with arterioles, with only small numbers of primitive HSCs associated with the endosteum of bone (Crane et al., 2017). HSCs in the vicinity of the vasculature associate with reticular stromal cells which provide CXCL12 for HSC maintenance (Sugiyama et al., 2006a; Ding et al., 2012; Greenbaum et al., 2013). A dichotomy of periarteriolar and perisinusoidal reticular cells (Kunisaki et al., 2013; Acar et al., 2015) along with endothelial cells provide a source of stem cell factor (SCF) for HSC proliferation (Ding et al., 2012; Greenbaum et al., 2013). Current data no longer supports a periarteriolar niche for quiescent HSC (Kokkaliaris et al., 2020), although HSC dependent on periarteriolar niches have been reported during postnatal development (Isern et al., 2014; Asada et al., 2017a). Recent modelling identifies the motility of HSC within the bone marrow niche (Upadhaya et al., 2020), and the close proximity of HSC to a multitude of cell types (Gomariz et al., 2018).
A role for osteoblastic cells in HSC maintenance in bone marrow was first demonstrated in studies varying the number of these cells experimentally (Calvi et al., 2003). Constitutive expression of an active form of parathyroid hormone (PTH) or the PTH-related protein receptor (PPR) gave a marked increase in both the number of osteoblastic cells and the number of HSCs (Calvi et al., 2003). Osteoblasts maintain HSCs through secretion of cytokines like angiopoietin-1 (ANGPT1), thrombopoietin (THPO) and osteopontin (SPP1) which bind to cell surface receptors on HSCs (Nilsson et al., 2005; Qian et al., 2007; Lilly et al., 2011). They also express Jagged 1 which engages with Notch receptors on HSCs, so inhibiting differentiation and enhancing HSC self-renewal (Calvi et al., 2003; Qian et al., 2007; Lilly et al., 2011). Similarly, Spp1−/− mice showed a marked increase in the number of HSCs cycling, consistent with osteopontin (SPP1) as an inhibitor of HSC proliferation (Nilsson et al., 2005). However, the direct involvement of osteoblastic cells was challenged when researchers failed to observe a change in HSC numbers after depletion of osteoblasts using ganciclovir treatment or biglycan deficiency (Visnjic et al., 2004; Kiel et al., 2007). In vivo imaging studies also revealed few HSCs in direct contact with bone cells (Lo Celso et al., 2009). A vascular niche was also described in the vicinity of blood vessels in bone marrow. This is associated with rapid mobilisation of HSCs into the bloodstream after administration of granulocyte colony stimulating factor (G-CSF) as a mobilising agent (Kiel et al., 2005). Vascular niches also function to support hematopoiesis during embryogenesis since HSCs self-renew and differentiate at a stage of foetal development when bone marrow cavities are not yet formed (Huber et al., 2004). The role of vascular endothelial cells as regulators of hematopoietic integrity was demonstrated by conditionally deleting the signalling molecule vascular endothelial growth factor receptor 2 (VEGFR2) in adult Vegfr2−/− mice. This impeded development of sinusoidal endothelial cells after irradiation and prevented reconstitution of the hematopoietic system (Hooper et al., 2009).
Mesenchymal perivascular reticular cells expressing high levels of the chemokine CXCL12 have now been identified as probably the most important element of the HSC niche in bone marrow. Several subsets were first characterised and described variably as CXCL12-abundant reticular (CAR) cells (Sugiyama et al., 2006b), nestin+ mesenchymal stem cells (Mendez-Ferrer et al., 2010) and leptin receptor+ stromal cells (Ding et al., 2012). CAR cells in bone marrow were characterised as bipotent adipo-osteogenic progenitors, developing around sinusoids and maintaining HSCs in an undifferentiated state (Sugiyama et al., 2006b; Omatsu et al., 2010). Conditional ablation of CAR cells using transgenic mice with the diphtheria toxin receptor gene inserted into Cxcl12 led to a reduction in both HSCs and myeloid differentiation (Omatsu et al., 2010). HSCs have also been localised to nestin+ mesenchymal stem cells situated near arterioles in bone marrow (Mendez-Ferrer et al., 2010). On conditional ablation of these cells from mice, HSC numbers decreased so indicating their importance in forming a perivascular niche in bone marrow (Mendez-Ferrer et al., 2010). Leptin receptor+ stromal cells expressing high levels of CXCL12 were identified as perivascular cells surrounding sinusoids. All three described subsets reflect an important source of SCF (Ding et al., 2012), a cytokine that signals the c-Kit tyrosine kinase receptor on hematopoietic stem/progenitor cells (McNiece and Briddell, 1995). Loss of the HSC pool in Scf−/− mice, highlights the importance of SCF produced by perivascular reticular cells in HSC maintenance (Ding et al., 2012). It is now however very clear that this population is heterogeneous and that several distinct cell types may exist each with distinct roles in hematopoiesis.
Many studies now support the identification of bone marrow stromal cells as subsets of perisinusoidal and periarteriolar stroma. The former commonly have adipogenic differentiative potential and form perisinusoidal niches for HSC, while periarteriolar stromal cells show osteogenic differentiative potential and increase in number upon mechanical stimulation or fracture of bone (Zhou et al., 2014; Baccin et al., 2020; Shen et al., 2021). Transcriptional profiling of bone marrow stromal cells has revealed considerable remodelling under stress which impacts hematopoietic output (Tikhonova et al., 2019), in particular skewing of cells towards adipogenesis. Recently a cell-based protein expression analysis of stromal cells in homeostatic bone marrow revealed 28 distinct subsets of cells of which 14 expressed regulators of hematopoiesis (Severe). Most subsets were sensitive to irradiation conditioning used for HSC transplantation, except some CD73-expressing stromal cells which express factors which enable HSC engraftment (Severe et al. (2019).
The spleen in hematopoiesis
A hematopoietic role for spleen was first indicated by early evidence documenting survival of lethally irradiated mice where the spleen had been shielded with lead (Rugh and Grupp, 1960). We now understand that during adult life, spleen undergoes extramedullary hematopoiesis at times of physiological stress or infection (Kim, 2010), or when bone marrow is compromised through disease or damage (Yamamoto et al., 2013). Movement of HSCs and hematopoietic progenitors between bone marrow, blood and spleen occurs with induction of pregnancy (Nakada et al., 2014), such that spleens of pregnant mice contain higher numbers of HSCs and also expanded HSC niches (Nakada et al., 2014; Inra et al., 2015). The peripheral blood of pregnant mice also contains increased numbers of HSCs, multipotential progenitors, and myeloid progenitors (He et al., 2009; Oguro et al., 2017). When G-CSF is used to mobilize HSCs out of bone marrow, into blood and then spleen (Morrison et al., 1997), migrating HSCs localise around the sinusoids in the splenic red pulp region (Kiel et al., 2005). This is also seen with blood loss and pregnancy (Inra et al., 2015).
Extramedullary hematopoiesis also occurs as a natural process during fetal development which is later activated during pregnancy, stress and infection (Kim, 2010). The active nature of the process is evident since the low number of HSCs present in murine spleen in the steady-state increases quickly following inflammation (Wolber et al., 2002; Massberg et al., 2007). Passive hematopoiesis also occurs in steady-state adult spleen or following bone marrow failure with ageing (Kim, 2010), and several species, including pigs, baboons and humans retain a low number of HSCs in spleen under resting or steady-state conditions (Dor et al., 2006; Tan and O'Neill, 2010). Moreover, in cell tracing experiments, spleen cells from resting neonatal and resting adult mice can provide hematopoietic reconstitution of lethally irradiated host mice following adoptive transfer (Tan and O'Neill, 2010). Evidence of a role for spleen in steady-state hematopoiesis raises question about splenic niches for HSCs and whether the same niche elements support the maintenance of HSCs in both the resting and inflammatory states.
The dynamic role of spleen in provisioning extramedullary hematopoiesis during stress relies on the rapid expansion of the stromal cells forming the niche (Kiel et al., 2005; Inra et al., 2015; Oda et al., 2018). HSC in spleen have been located in the red pulp region in the vicinity of sinusoids (Inra et al., 2015). Mesenchymal progenitor-like cells expressing Tlx1, a transcription factor for spleen organogenesis, have been described as essential elements of the HSC niche located in the red pulp region (Dear et al., 1995; Oda et al., 2018). Further studies by Inra et al. (2015) identified stromal cells which produce CXCL12 and SCF upon induction of extramedullary hematopoiesis. Tcf21, a marker unique to splenic stromal cells, was used to identify perisinusoidal reticular cells in red pulp proximal to HSC and producing SCF and CXCL12 (Oda et al., 2018). Conditional deletion of Scf from endothelial cells and of Scf and Cxcl12 from Tcf21-expressing stroma, reduced extramedullary hematopoiesis in spleen without affecting hematopoiesis in bone marrow. Perisinusoidal reticular cells in spleen resemble bone marrow HSC niche elements through their expression of PDGFRα/β and the production of CXCL12 and SCF (Oda et al., 2018), but remain distinct through expression of Tlx1 and Tcf21.
Hematopoietic support capacity of splenic stroma cells
A history of work in this lab has identified the capacity of specific splenic stromal cells to support hematopoiesis and particularly myelopoiesis in vitro (O'Neill et al., 2014). Despite the limitations of in vitro analyses using cell lines, the findings of those studies have been highly reproducible over many years and reinforced by different experimental approaches. Long-term cultures of spleen were first shown to support continuous production of myeloid cells arising from progenitors maintained within culture (Ni and O'Neill, 1997; O'Neill et al., 2004). Cell production in cultures depended on a mesenchymal stromal cell layer which proliferated slowly and could be readily maintained (Despars et al., 2004; Despars and O'Neill, 2006a). In particular, stroma-dependent cultures of 6-day old murine spleen support the maintenance of small hematopoietic progenitors, and the continuous production of a distinct class of large, dendritic-like cells which have antigen presenting capacity (O'Neill et al., 2011; Periasamy et al., 2009; Ni and O'Neill, 1999; Periasamy et al., 2013). An original STX3 stromal line was isolated from one culture which had ceased support of myelopoiesis after multiple passages in vitro due to loss of progenitors (Ni and O'Neill, 1998). Interestingly, myelopoiesis was again supported when STX3 stroma was overlaid with lineage-depleted (Lin−) cells derived from bone marrow which are highly enriched for HSCs and hematopoietic progenitors (Despars and O'Neill, 2006a). A series of studies on cell production identified production of a majority population of myeloid cells as large MHC-II- dendritic-like cells (Periasamy and O'Neill, 2013; Tan et al., 2011). These cells are highly efficient in endocytosis and cross-presentation of antigen for CD8+ T cell activation, but do not activate CD4+ T cells as do cells of the common dendritic lineage (Periasamy and O'Neill, 2013; Tan et al., 2011). They represent a population of antigen presenting cells unique to spleen. The highly reproducible nature of cell production in long-term cultures and in co-cultures over splenic stroma, is supported by evidence for an in vivo equivalent antigen presenting cell subset in murine and human spleen (Hey and O'Neill, 2016).
In order to better characterise spleen stroma and how it supports myelopoiesis in vitro, STX3 was cloned to form multiple cloned cell lines (Despars and O'Neill, 2006a; Despars and O'Neill, 2006b). These included the 5G3 clone, as a supporter of in vitro hematopoiesis, and 3B5 as a non-supporter. The 5G3 clone supports production of MHCII− dendritic-like cells in a highly reproducible, contact-dependent manner similar to the parent line (Periasamy et al., 2009; Periasamy and O'Neill, 2013). Since co-cultures maintained long-term myelopoiesis, the possibility that they maintain self-renewing HSCs or hematopoietic progenitor cells, was investigated. Various progenitor subsets from bone marrow and spleen were sorted and tested for capacity to seed 5G3 stroma for myelopoiesis. When the Flt3−c-Kit+Lin−Sca-1+ subset of long-term HSC from bone marrow, and the Flt3+c-Kit+Lin−Sca-1+ subset of short-term HSC were overlaid on 5G3 stroma, production of MHCII− dendritic-like cells was supported (Petvises and O'Neill, 2014a). However, no production was observed in co-cultures overlaid with myeloid dendritic progenitors (MDPs) or common dendritic progenitors (CDPs). These unique spleen-derived dendritic-like cells must therefore derive from a lineage distinct from that of common dendritic cells, plasmacytoid dendritic cells or monocytes (Petvises and O'Neill, 2014b).
It is now clear that the progenitors which seed 5G3 splenic stroma for in vitro myelopoiesis reflect HSCs endogenous to spleen, and that the process of myelopoiesis reflects extramedullary hematopoiesis. During development, HSCs and hematopoietic progenitors first appear in murine spleen at embryonic day 18.5, while progenitors of common DC appear at 4 days after birth (Petvises and O'Neill, 2014c). This raises the possibility that hematopoietic progenitors in spleen are laid down during ontogeny, and that myelopoiesis in steady-state adult spleen can occur as an active process not dependent on inflammatory signalling. Hence, we tested whether in vitro hematopoiesis in 5G3 co-cultures was dependent on inflammation by assessing the importance of Toll-like receptor signalling to cell production (Periasamy et al., 2013). Co-cultures established with bone marrow progenitors derived from mutant MyD88−/− and Trif−/− mice, which lack the adapter proteins MyD88 and TRIF crucial for Toll-like receptor signalling, were found to be equivalent supporters of myelopoiesis with production of MHCII− dendritic-like cells. Myelopoiesis in vitro occurs independently of Toll-like receptor signalling and inflammation (Periasamy et al., 2013).
One model is that the splenic stromal microenvironment supports restricted and directed differentiation of endogenous hematopoietic progenitors to give antigen presenting cells unique to the spleen microenvironment. Indeed, studies to date on the in vivo tissue distribution of these cells confirms them to be a novel subset limited to spleen (Tan et al., 2011). Indeed, such an MHCII− antigen presenting cell type could be positioned to receive antigen entering spleen from blood for rapid induction of a CD8 T cell response to manage blood-borne infections or cancers. Antigen presentation by MHCII to CD4 T cells would not be desirable in this location due to high cytokines levels directly entering blood.
Characterisation of spleen stromal cell lines
Most information on the stromal cell contribution to spleen development and hematopoiesis comes from conditional deletion studies using mutant mice, combined with immunocytochemical identification of changes in cell and tissue composition. These indirect studies are highly informative, but the definition of stromal cell function needs to be supported by studies on isolated cells. The purification of stromal cells through cell dissociation is however fraught with difficulty and is limited by known marker expression. Early studies to isolate mesenchymal stem cells showed that culturing bone marrow stroma was sufficient to capture these rare cells amongst stroma which grew in vitro (Muraglia et al., 2000). Such stromal cell studies are rare for bone marrow and almost non-existent for spleen.
As a prelude to ex vivo characterisation of splenic stromal cells which support hematopoiesis, stromal cells lines were analysed for characteristics indicating their lineage origin. Cell surface phenotyping of several cloned lines including 5G3 and 3B5 showed expression of the CD105, CD29, CD90 and PDPN (gp38) markers of SSPCs, and the PDGFRA, CD106 and CD51 markers of perivascular reticular cells (O'Neill et al., 2019; Lim et al., 2018). Absence of CD31, CD54 and CD45 expression ruled out an endothelial or hematopoietic lineage origin. Transcriptome analysis of stromal lines confirmed the mesenchymal origin of cells and their resemblance to mesenchymal stem cells through expression of Col1a1, Sca1, Pdpn, Cd164, Cd90, Cd29 and Cd106 (O'Neill et al., 2019). High expression of genes like Mmp3, Cxcl12, Pdgfrb, Pdgfra, Nkx2-5, Itgav and Scf reflected perivascular reticular cells described in bone marrow (Ding et al., 2012), although absence of Nes, Mcam, Lepr and Nte5 expression distinguished them from their bone marrow counterparts (Ding et al., 2012; Asada et al., 2017b).
Production of CXCL12 and SCF by 5G3 stromal cells is consistent with their capacity to support hematopoiesis (Lim et al., 2018). Their important role in hematopoiesis was confirmed through addition of inhibitors of HSC signalling to co-cultures. Inhibitors for Notch and Wnt signalling pathways or inhibitors of SCF and CXCL12 receptor uptake, block in vitro cell differentiation of HSCs over 5G3 stroma (Lim et al., 2018). Expression of adhesion molecules like VCAM1 by stroma is also consistent with their interaction with HSCs expressing VLA-4, a signalling pathway which supports HSC maintenance and differentiation (Ulyanova et al., 2005; Martinez-Agosto et al., 2007; Castagnaro et al., 2013). Stroma also express SPP1 consistent with their role in hematopoiesis since SPP1 binding to CD44 on HSC maintains their quiescent state (Nilsson et al., 2005; Stier et al., 2005). In sum, our work shows that spleen contains stromal cells reflecting perivascular reticular cells and SSPCs which express receptors for signalling HSCs.
Identification of splenic stromal cells as osteoprogenitors
A collection of recent studies now identifies SSPCs as a heterogeneous population of multi-lineage progenitors with distinct differentiative capacity. The skeletal stem cell isolated from both fetal bone of mice and humans is multipotent with capacity to form osteoblasts, chondrocytes and stromal cells, but not adipocytes (Chan et al., 2013; Chan et al., 2015; Chan et al., 2018). Mesenchymal stem cells have been isolated from mouse bone marrow which also have osteo-chondrogenic differentiative capacity and these cells were also shown to support maintenance of cord blood-derived primitive HSC when stroma was grown in vitro (Matsuoka et al., 2015). A multitude of studies on bone marrow stromal cells which support hematopoiesis favour the existence of mesenchymal cells which are adipogenic and retain some osteogenic differentiative potential (Shen et al., 2008). In organs outside of bone and bone marrow such as adipose tissue, microvascular pericytes and adventitial perivascular cells are observed to include multi-lineage progenitors which are active in tissue turnover in response to pathological remodelling. SSPC subsets have been isolated as perivascular cells which exist in the tunica adventitia of arteries and veins (Xu et al., 2021), and several distinct populations were identified through marker expression. Of interest here are the PDGFRA-expressing cells which are distinct as SSPCs in that they have restricted osteogenic capacity (Wang et al., 2020), and thus differ from the SSPC subset dominant in bone which reflects a progenitor with osteogenic, chondrogenic and stroma-forming differentiative capacity (Chan et al., 2015; Chan et al., 2018).
Very few studies have been performed on spleen to identify any inherent SSPC subsets. However, the isolated spleen stromal lines 5G3 and 3B5 were found to resemble skeletal progenitors since they have osteogenic differentiative capacity when cultured under mineralisation conditions, but lacked capacity for chondrogenesis or adipogenesis (O'Neill et al., 2019). These stromal lines were also shown to express genes reflecting early osteogenic precursors like Spp1, Col1a2, Mmp2, Bmp2, Cdh11 and Fn, although not genes of mature osteoblasts including Sp7, Cbfa1, Alpl, Bglap2 and Ibsp (O'Neill et al., 2019). This evidence raises the hypothesis that spleen contains a unique perisinusoidal niche comprising stromal cells resembling osteoprogenitors that support extramedullary hematopoiesis. The unexpected finding of an osteoblastic progenitor cell in spleen suggests a specific subset of SSPCs with an important function in supporting HSCs and their differentiation in proximity to sinusoids in the red pulp.
Using information on the phenotype of splenic stromal cell lines which support hematopoiesis, we undertook a large project to identify and isolate multiple stromal fractions ex vivo, assess their phenotype, and to test their growth and hematopoietic support capacity. These same subsets were also tested for capacity to form a spleen stromal graft when transplanted under the kidney capsule. Since long-term stromal cultures were best established with neonatal 6-day spleens, neonatal tissues were used for cell isolation. Spleens were fractionated to remove red blood cells and hematopoietic cells, and then sorted on the basis of expression of markers for mesenchymal stem cells (CD29, PDPN, CD105, PDGFRA, CD90), endothelial cells (CD31, VCAM1), perivascular reticular cells (CD146, MAdCAM1) and mature spleen stromal cells (SCA1, CD51, ER-TR7) (Lim and O'Neill, 2019). On the basis of capacity to form a confluent monolayer of stromal cells by 28 days, only subsets expressing the CD29, PDPN, CD105, PDGFRA and CD90 markers of mesenchymal stem cells, or lacking the endothelial markers CD31 and VCAM1, formed confluent monolayers (Lim and O'Neill, 2019). Other fractionations based on mature stromal markers (SCA1, CD51, ER-TR7) or perivascular reticular cell markers (CD146, MAdCAM1) were less informative. Each of the cell lines which grew acquired the same phenotype after 28 days of culture, reflecting mesenchymal stem/progenitor cells as SCA1+ PDPN+ CD51+ CD105+ PDGFRA+ CD90+ ER-TR7- (Lim and O'Neill, 2019). Indeed, this outgrowth of a common mesenchymal cell type was demonstrated previously in culture of bone marrow stroma, with outgrowth of a common similar mesenchymal stem cell type (Muraglia et al., 2000).
Cell lines derived in vitro from 28-day cultures of spleen stromal fractions were also shown to support hematopoiesis when overlaid with hematopoietic stem/progenitor cells (Lim and O'Neill, 2019). Most established stroma supported the production of myeloid cells equivalent to those produced in control 5G3 stromal cultures, although cell production levels were lower and more variable. Several stromal subsets, including the SCA1loCD90loCD105+CD51+CD140A+ and SCA1loCD90−CD105+CD51loCD140Alo cells, were identified to grow well and to produce monolayers which were strong supporters of myelopoiesis (Lim and O'Neill, 2019).
These same fractionated stromal subsets were also tested in vivo for capacity to form stromal grafts when transplanted under the kidney capsule. Previously it had been shown that spleen capsular tissue could engraft to form a spleen graft which became filled with hematopoietic cells from the host (Tan and Watanabe, 2014). Extensive experiments were performed using dissociated capsular tissue and fractionation of specific subsets based on marker expression. However, engraftment was found to be universally unsuccessful using dissociated and fractionated splenic stromal cells. Subsequent experiments involving engraftment of several long-term stromal lines into NOD/SCID host kidney were found to be successful (O'Neill et al., 2019). These stromal lines formed ectopic niches for hematopoiesis, evident specifically by the presence of myeloid cells similar to those produced in in vitro co-cultures of hematopoietic progenitors above stroma, and because HSC could be detected within ectopic grafts (Adolfsson et al., 2005).
CONCLUSION AND OUTLOOK
This report describes an SSPC subset in spleen which presents as perivascular reticular cells which support extramedullary hematopoiesis and specifically myelopoiesis. Extramedullary hematopoiesis is an important alternative pathway for hematopoiesis which occurs following stress, infection and bone marrow compromise. This perivascular stromal cell type plays an important role in remodelling of spleen and HSC niches after stress and with ageing and disease. It remains an important cell target for regenerative medicine to replace or amplify damaged niches. Indeed, ageing of SSPCs and the niche they provide for HSCs in bone marrow has been identified as a cause for decline or skewing of blood and bone lineages (Ambrosi et al., 2021).
Mesenchymal stromal cells which form HSC niches in spleen are distinct from those which form niches in bone marrow, raising questions around the equivalence of HSC subsets maintained in those organs and their hematopoietic contribution. Splenic stromal cells which form HSC niches reflect SSPC with osteogenic capacity and are associated with sinusoids in the red pulp region. They differ from the most common stromal subset of perisinusoidal stroma which supports HSC quiescence in bone marrow and which has adipogenic differentiative capacity. Splenic perisinusoidal reticular cells do not express the LepR and Nestin markers of stroma which form the HSC niche in bone marrow, and are distinct through expression of Tlx1 and Tcf21. Stromal niche elements in bone marrow and spleen express markers of mesenchymal progenitors and produce high levels of SCF and CXCL12.
As a secondary lymphoid organ, the spleen has remarkable capacity to undergo continuous remodelling of the stromal microenvironment to facilitate immune responses (Golub et al., 2018). Spleen also has remarkable regenerative capacity (Tan and Watanabe, 2014; Tan and Watanabe, 2017), such that spleen tissue fragments can be successfully grafted under murine kidney capsule for development of ectopic spleen tissue showing both red and white pulp formation and full hematopoietic reconstitution (Tan and Watanabe, 2014). Engraftment of stromal fractions isolated by enrichment based on cell surface markers has also led to identification of two cell types necessary for spleen regeneration. A spleen organiser cell was identified as an endothelial-like CD31+MAdCAM-1+ cell, and a second cell type was found to be a mesenchymal PDGFRβ+ cell, consistent with the requirement of a mesenchymal stromal cell in formation of niches for HSCs (Tan and Watanabe, 2014; Tan and Watanabe, 2017; Deng et al., 2018). Indeed, the remarkable regenerative capacity of spleen could contribute to recovery of HSC niches following myeloablative damage. The effect of myeloablation or irradiation on splenic niches for HSCs is not well documented, despite common use of these procedures.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by project grants to HO from the Australian Research Council (#DP13010307) and the National Health and Medical Research Foundation of Australia (#585443). HL was supported by an Australian National University Postgraduate Scholarship.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Acar, M., Kocherlakota, K. S., Murphy, M. M., Peyer, J. G., Oguro, H., Inra, C. N., et al. (2015). Deep imaging of bone marrow shows non-dividing stem cells are mainly perisinusoidal. Nature 526 (7571), 126–130. doi:10.1038/nature15250
 Adolfsson, J., Mansson, R., Buza-Vidas, N., Hultquist, A., Liuba, K., Jensen, C. T., et al. (2005). Identification of Flt3+ lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road map for adult blood lineage commitment. Cell 121 (2), 295–306. doi:10.1016/j.cell.2005.02.013
 Ambrosi, T. H., Marecic, O., McArdle, A., Sinha, R., Gulati, G. S., Tong, X., et al. (2021). Aged skeletal stem cells generate an inflammatory degenerative niche. Nature 597 (7875), 256–262. doi:10.1038/s41586-021-03795-7
 Asada, N., Kunisaki, Y., Pierce, H., Wang, Z., Fernandez, N. F., Birbrair, A., et al. (2017). Differential cytokine contributions of perivascular haematopoietic stem cell niches. Nat. Cell Biol. 19 (3), 214–223. doi:10.1038/ncb3475
 Asada, N., Takeishi, S., and Frenette, P. S. (2017). Complexity of bone marrow hematopoietic stem cell niche. Int. J. Hematol. 106 (1), 45–54. doi:10.1007/s12185-017-2262-9
 Baccin, C., Al-Sabah, J., Velten, L., Helbling, P. M., Grünschläger, F., Hernández-Malmierca, P., et al. (2020). Combined single-cell and spatial transcriptomics reveal the molecular, cellular and spatial bone marrow niche organization. Nat. Cell Biol. 22 (1), 38–48. doi:10.1038/s41556-019-0439-6
 Bianco, P. (2011). Bone and the hematopoietic niche: A tale of two stem cells. Blood 117 (20), 5281–5288. doi:10.1182/blood-2011-01-315069
 Calvi, L. M., Adams, G. B., Weibrecht, K. W., Weber, J. M., Olson, D. P., Knight, M. C., et al. (2003). Osteoblastic cells regulate the haematopoietic stem cell niche. Nature 425 (6960), 841–846. doi:10.1038/nature02040
 Castagnaro, L., Lenti, E., Maruzzelli, S., Spinardi, L., Migliori, E., Farinello, D., et al. (2013). Nkx2-5(+)islet1(+) mesenchymal precursors generate distinct spleen stromal cell subsets and participate in restoring stromal network integrity. Immunity 38 (4), 782–791. doi:10.1016/j.immuni.2012.12.005
 Chan, C. K., Chen, C. C., Luppen, C. A., Kim, J. B., DeBoer, A. T., Wei, K., et al. (2009). Endochondral ossification is required for haematopoietic stem-cell niche formation. Nature 457 (7228), 490–494. doi:10.1038/nature07547
 Chan, C. K. F., Gulati, G. S., Sinha, R., Tompkins, J. V., Lopez, M., Carter, A. C., et al. (2018). Identification of the human skeletal stem cell. Cell 175 (1), 43–56. doi:10.1016/j.cell.2018.07.029
 Chan, C. K., Lindau, P., Jiang, W., Chen, J. Y., Zhang, L. F., Chen, C. C., et al. (2013). Clonal precursor of bone, cartilage, and hematopoietic niche stromal cells. Proc. Natl. Acad. Sci. U. S. A. 110 (31), 12643–12648. doi:10.1073/pnas.1310212110
 Chan, C. K., Seo, E. Y., Chen, J. Y., Lo, D., McArdle, A., Sinha, R., et al. (2015). Identification and specification of the mouse skeletal stem cell. Cell 160 (1-2), 285–298. doi:10.1016/j.cell.2014.12.002
 Comazzetto, S., Shen, B., and Morrison, S. J. (2021). Niches that regulate stem cells and hematopoiesis in adult bone marrow. Dev. Cell 56 (13), 1848–1860. doi:10.1016/j.devcel.2021.05.018
 Corselli, M., Chin, C. J., Parekh, C., Sahaghian, A., Wang, W., Ge, S., et al. (2013). Perivascular support of human hematopoietic stem/progenitor cells. Blood 121 (15), 2891–2901. doi:10.1182/blood-2012-08-451864
 Craig, D. J., James, A. W., Wang, Y., Tavian, M., Crisan, M., and Péault, B. M. (2022). Blood vessel resident human stem cells in Health and disease. Stem Cells Transl. Med. 11 (1), 35–43. doi:10.1093/stcltm/szab001
 Crane, G. M., Jeffery, E., and Morrison, S. J. (2017). Adult haematopoietic stem cell niches. Nat. Rev. Immunol. 17 (9), 573–590. doi:10.1038/nri.2017.53
 Dear, T. N., Colledge, W. H., Carlton, M. B., Lavenir, I., Larson, T., Smith, A. J., et al. (1995). The Hox11 gene is essential for cell survival during spleen development. Development 121 (9), 2909–2915. doi:10.1242/dev.121.9.2909
 Deng, M., Luo, K., Hou, T., Luo, F., Xie, Z., Zhang, Z., et al. (2018). IGFBP3 deposited in the human umbilical cord mesenchymal stem cell-secreted extracellular matrix promotes bone formation. J. Cell Physiol. 233 (8), 5792–5804. doi:10.1002/jcp.26342
 Despars, G., Ni, K., Bouchard, A., O'Neill, T. J., and O'Neill, H. C. (2004). Molecular definition of an in vitro niche for dendritic cell development. Exp. Hematol. 32 (12), 1182–1193. doi:10.1016/j.exphem.2004.08.013
 Despars, G., and O'Neill, H. C. (2006). Heterogeneity amongst splenic stromal cell lines which support dendritic cell hematopoiesis. vitro Cell. Dev. Biol. Animal 42 (7), 208–215. doi:10.1290/0602016.1
 Despars, G., and O'Neill, H. C. (2006). Splenic endothelial cell lines support development of dendritic cells from bone marrow. Stem Cells 24 (6), 1496–1504. doi:10.1634/stemcells.2005-0530
 Ding, L., Saunders, T. L., Enikolopov, G., and Morrison, S. J. (2012). Endothelial and perivascular cells maintain haematopoietic stem cells. Nature 481 (7382), 457–462. doi:10.1038/nature10783
 Dor, F. J., Ramirez, M. L., Parmar, K., Altman, E. L., Huang, C. A., Down, J. D., et al. (2006). Primitive hematopoietic cell populations reside in the spleen: Studies in the pig, baboon, and human. Exp. Hematol. 34 (11), 1573–1582. doi:10.1016/j.exphem.2006.06.016
 Golub, R., Tan, J., Watanabe, T., and Brendolan, A. (2018). Origin and immunological functions of spleen stromal cells. Trends Immunol. 39 (6), 503–514. doi:10.1016/j.it.2018.02.007
 Gomariz, A., Helbling, P. M., Isringhausen, S., Suessbier, U., Becker, A., Boss, A., et al. (2018). Quantitative spatial analysis of haematopoiesis-regulating stromal cells in the bone marrow microenvironment by 3D microscopy. Nat. Commun. 9 (1), 2532. doi:10.1038/s41467-018-04770-z
 Greenbaum, A., Hsu, Y. M., Day, R. B., Schuettpelz, L. G., Christopher, M. J., Borgerding, J. N., et al. (2013). CXCL12 in early mesenchymal progenitors is required for haematopoietic stem-cell maintenance. Nature 495 (7440), 227–230. doi:10.1038/nature11926
 O'Neill, H. C., Griffiths, K. L., Periasamy, P., Hinton, R. A., Hey, Y. Y., Tan, J. K. H., et al. (2011). Spleen as a site for hematopoiesis of a distinct antigen presenting cell type. Stem Cells Int. , 2011, 954275. doi:10.4061/2011/954275
 He, S., Nakada, D., and Morrison, S. J. (2009). Mechanisms of stem cell self-renewal. Annu. Rev. Cell Dev. Biol. 25, 377–406. doi:10.1146/annurev.cellbio.042308.113248
 Hey, Y. Y., and O'Neill, H. C. (2016). Antigen presenting properties of a myeloid dendritic-like cell in murine spleen. PLOS ONE 11 (9), e0162358. doi:10.1371/journal.pone.0162358
 Hooper, A. T., Butler, J. M., Nolan, D. J., Kranz, A., Iida, K., Kobayashi, M., et al. (2009). Engraftment and reconstitution of hematopoiesis is dependent on VEGFR2-mediated regeneration of sinusoidal endothelial cells. Cell Stem Cell 4 (3), 263–274. doi:10.1016/j.stem.2009.01.006
 Huber, T. L., Kouskoff, V., Joerg Fehling, H., Palis, J., and Keller, G. (2004). Haemangioblast commitment is initiated in the primitive streak of the mouse embryo. Nature 432 (7017), 625–630. doi:10.1038/nature03122
 Inra, C. N., Zhou, B. O., Acar, M., Murphy, M. M., Richardson, J., Zhao, Z., et al. (2015). A perisinusoidal niche for extramedullary haematopoiesis in the spleen. Nature 527 (7579), 466–471. doi:10.1038/nature15530
 Isern, J., García-García, A., Martín, A. M., Arranz, L., Martín-Pérez, D., Torroja, C., et al. (2014). The neural crest is a source of mesenchymal stem cells with specialized hematopoietic stem cell niche function. Elife 3, e03696. doi:10.7554/eLife.03696
 Jeffery, E. C., Mann, T. L. A., Pool, J. A., Zhao, Z., and Morrison, S. J. (2022). Bone marrow and periosteal skeletal stem/progenitor cells make distinct contributions to bone maintenance and repair. Cell Stem Cell 29 (11), 1547–1561.e6. doi:10.1016/j.stem.2022.10.002
 Kiel, M. J., and Morrison, S. J. (2008). Uncertainty in the niches that maintain haematopoietic stem cells. Nat. Rev. Immunol. 8 (4), 290–301. doi:10.1038/nri2279
 Kiel, M. J., Radice, G. L., and Morrison, S. J. (2007). Lack of evidence that hematopoietic stem cells depend on N-cadherin-mediated adhesion to osteoblasts for their maintenance. Cell Stem Cell 1 (2), 204–217. doi:10.1016/j.stem.2007.06.001
 Kiel, M. J., Yilmaz, O. H., Iwashita, T., Yilmaz, O. H., Terhorst, C., and Morrison, S. J. (2005). SLAM family receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for stem cells. Cell 121 (7), 1109–1121. doi:10.1016/j.cell.2005.05.026
 Kim, C. H. (2010). Homeostatic and pathogenic extramedullary hematopoiesis. J. Blood Med. 1, 13–19. doi:10.2147/JBM.S7224
 Kokkaliaris, K. D., Kunz, L., Cabezas-Wallscheid, N., Christodoulou, C., Renders, S., Camargo, F., et al. (2020). Adult blood stem cell localization reflects the abundance of reported bone marrow niche cell types and their combinations. Blood 136 (20), 2296–2307. doi:10.1182/blood.2020006574
 Kunisaki, Y., Bruns, I., Scheiermann, C., Ahmed, J., Pinho, S., Zhang, D., et al. (2013). Arteriolar niches maintain haematopoietic stem cell quiescence. Nature 502 (7473), 637–643. doi:10.1038/nature12612
 Lilly, A. J., Johnson, W. E., and Bunce, C. M. (2011). The haematopoietic stem cell niche: New insights into the mechanisms regulating haematopoietic stem cell behaviour. Stem Cells Int. 2011, 274564. doi:10.4061/2011/274564
 Lim, H. K., and O'Neill, H. C. (2019). Identification of stromal cells in spleen which support myelopoiesis. Front. Cell Dev. Biol. 7, 1. doi:10.3389/fcell.2019.00001
 Lim, H. K., Periasamy, P., and O'Neill, H. C. (2018). In vitro murine hematopoiesis supported by signaling from a splenic stromal cell line. Stem Cells Int. , 2018, 9896142. doi:10.1155/2018/9896142
 Lo Celso, C., Fleming, H. E., Wu, J. W., Zhao, C. X., Miake-Lye, S., Fujisaki, J., et al. (2009). Live-animal tracking of individual haematopoietic stem/progenitor cells in their niche. Nature 457 (7225), 92–96. doi:10.1038/nature07434
 Lv, F. J., Tuan, R. S., Cheung, K. M., and Leung, V. Y. (2014). Concise review: The surface markers and identity of human mesenchymal stem cells. Stem Cells 32 (6), 1408–1419. doi:10.1002/stem.1681
 Martinez-Agosto, J. A., Mikkola, H. K. A., Hartenstein, V., and Banerjee, U. (2007). The hematopoietic stem cell and its niche: A comparative view. Genes Dev. 21, 3044–3060. doi:10.1101/gad.1602607
 Massberg, S., Schaerli, P., Knezevic-Maramica, I., Köllnberger, M., Tubo, N., Moseman, E. A., et al. (2007). Immunosurveillance by hematopoietic progenitor cells trafficking through blood, lymph, and peripheral tissues. Cell 131 (5), 994–1008. doi:10.1016/j.cell.2007.09.047
 Matsuoka, Y., Nakatsuka, R., Sumide, K., Kawamura, H., Takahashi, M., Fujioka, T., et al. (2015). Prospectively isolated human bone marrow cell-derived MSCs support primitive human CD34-negative hematopoietic stem cells. Stem Cells 33 (5), 1554–1565. doi:10.1002/stem.1941
 Matsushita, Y., Ono, W., and Ono, N. (2021). Bone regeneration via skeletal cell lineage plasticity: All hands mobilized for emergencies: Quiescent mature skeletal cells can be activated in response to injury and robustly participate in bone regeneration through cellular plasticity. Bioessays 43 (1), e2000202. doi:10.1002/bies.202000202
 McNiece, I. K., and Briddell, R. A. (1995). Stem cell factor. J. Leukoc. Biol. 58 (1), 14–22. doi:10.1002/jlb.58.1.14
 Mendez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R., MacArthur, B. D., Lira, S. A., et al. (2010). Mesenchymal and haematopoietic stem cells form a unique bone marrow niche. Nature 466 (7308), 829–834. doi:10.1038/nature09262
 Morrison, S. J., Wright, D. E., and Weissman, I. L. (1997). Cyclophosphamide/granulocyte colony-stimulating factor induces hematopoietic stem cells to proliferate prior to mobilization. Proc. Natl. Acad. Sci. 94 (5), 1908–1913. doi:10.1073/pnas.94.5.1908
 Muraglia, A., Cancedda, R., and Quarto, R. (2000). Clonal mesenchymal progenitors from human bone marrow differentiate in vitro according to a hierarchical model. J. Cell Sci. 113 (7), 1161–1166. doi:10.1242/jcs.113.7.1161
 Nagasawa, T., Omatsu, Y., and Sugiyama, T. (2011). Control of hematopoietic stem cells by the bone marrow stromal niche: The role of reticular cells. Trends Immunol. 32 (7), 315–320. doi:10.1016/j.it.2011.03.009
 Nakada, D., Oguro, H., Levi, B. P., Ryan, N., Kitano, A., Saitoh, Y., et al. (2014). Oestrogen increases haematopoietic stem-cell self-renewal in females and during pregnancy. Nature 505 (7484), 555–558. doi:10.1038/nature12932
 Ni, K., and O'Neill, H. C. (1998). Hemopoiesis in long-term stroma-dependent cultures from lymphoid tissue: Production of cells with myeloid/dendritic characteristics. Vitro Cell Dev. Biol. Anim. 34 (4), 298–307. doi:10.1007/s11626-998-0006-0
 Ni, K., and O'Neill, H. C. (1997). Long-term stromal cultures produce dendritic-like cells. Br. J. Haematol. 97 (4), 710–725. doi:10.1046/j.1365-2141.1997.00135.x
 Ni, K., and O'Neill, H. (1999). Spleen stromal cells support haemopoiesis and in vitro growth of dendritic cells from bone marrow. Br. J. Haematol. 105 (1), 58–67. doi:10.1111/j.1365-2141.1999.01294.x
 Nilsson, S. K., Johnston, H. M., Whitty, G. A., Williams, B., Webb, R. J., Denhardt, D. T., et al. (2005). Osteopontin, a key component of the hematopoietic stem cell niche and regulator of primitive hematopoietic progenitor cells. Blood 106 (4), 1232–1239. doi:10.1182/blood-2004-11-4422
 O'Neill, H. C., Griffiths, K. L., Periasamy, P., Hinton, R. A., Petvises, S., Hey, Y. Y., et al. (2014). Spleen stroma maintains progenitors and supports long-term hematopoiesis. Curr. Stem Cell Res. Ther. 9 (4), 354–363. doi:10.2174/1574888x09666140421115836
 O'Neill, H. C., Lim, H. K., Periasamy, P., Kumarappan, L., Tan, J. K. H., and O'Neill, T. J. (2019). Transplanted spleen stromal cells with osteogenic potential support ectopic myelopoiesis. PLoS One 14 (10), e0223416. doi:10.1371/journal.pone.0223416
 O'Neill, H. C., Wilson, H. L., Quah, B., Abbey, J. L., Despars, G., and Ni, K. (2004). Dendritic cell development in long-term spleen stromal cultures. Stem Cells 22 (4), 475–486. [pii]. doi:10.1634/stemcells.22-4-475
 Oda, A., Tezuka, T., Ueno, Y., Hosoda, S., Amemiya, Y., Notsu, C., et al. (2018). Niche-induced extramedullary hematopoiesis in the spleen is regulated by the transcription factor Tlx1. Sci. Rep. 8 (1), 8308. doi:10.1038/s41598-018-26693-x
 Oguro, H., McDonald, J. G., Zhao, Z., Umetani, M., Shaul, P. W., and Morrison, S. J. (2017). 27-Hydroxycholesterol induces hematopoietic stem cell mobilization and extramedullary hematopoiesis during pregnancy. J. Clin. Invest. 127 (9), 3392–3401. doi:10.1172/JCI94027
 Omatsu, Y., Sugiyama, T., Kohara, H., Kondoh, G., Fujii, N., Kohno, K., et al. (2010). The essential functions of adipo-osteogenic progenitors as the hematopoietic stem and progenitor cell niche. Immunity 33 (3), 387–399. doi:10.1016/j.immuni.2010.08.017
 Periasamy, P., and O'Neill, H. C. (2013). Stroma-dependent development of two dendritic-like cell types with distinct antigen presenting capability. Exp. Hematol. 41 (3), 281–292. doi:10.1016/j.exphem.2012.11.003
 Periasamy, P., Petvises, S., and O'Neill, H. C. (2013). Development of two distinct dendritic-like APCs in the context of splenic stroma. Front. Immunol. 4, 73. doi:10.3389/fimmu.2013.00073
 Periasamy, P., Tan, J. K. H., Griffiths, K. L., and O' Neill, H. C. (2009). Splenic stromal niches support hematopoiesis of dendritic-like cells from precursors in bone marrow and spleen. Exp. Hematol. 37 (9), 1060–1071. doi:10.1016/j.exphem.2009.06.001
 Petvises, S., and O'Neill, H. C. (2014). Characterisation of dendritic cells arising from progenitors endogenous to murine spleen. PLoS One 9 (2), e88311. doi:10.1371/journal.pone.0088311
 Petvises, S., and O'Neill, H. C. (2014). Distinct progenitor origin distinguishes a lineage of dendritic-like cells in spleen. Front. Immunol. 4, 501. doi:10.3389/fimmu.2013.00501
 Petvises, S., and O'Neill, H. C. (2014). Distinct progenitor origin distinguishes a lineage of dendritic-like cells in spleen. Front. Immunol. 4, 501. doi:10.3389/fimmu.2013.00501
 Pittenger, M. F., Discher, D. E., Péault, B. M., Phinney, D. G., Hare, J. M., and Caplan, A. I. (2019). Mesenchymal stem cell perspective: Cell biology to clinical progress. NPJ Regen. Med. 4, 22. doi:10.1038/s41536-019-0083-6
 Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147. doi:10.1126/science.284.5411.143
 Qian, H., Buza-Vidas, N., Hyland, C. D., Jensen, C. T., Antonchuk, J., Mansson, R., et al. (2007). Critical role of thrombopoietin in maintaining adult quiescent hematopoietic stem cells. Cell Stem Cell 1 (6), 671–684. doi:10.1016/j.stem.2007.10.008
 Rugh, R., and Grupp, E. (1960). Splenic radioprotective agent: Particulate or diffusible?Radiat. Res. 13 (5), 657–660. doi:10.2307/3571028
 Sacchetti, B., Funari, A., Michienzi, S., Di Cesare, S., Piersanti, S., Saggio, I., et al. (2007). Self-renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment. Cell 131 (2), 324–336. doi:10.1016/j.cell.2007.08.025
 Sacchetti, B., Funari, A., Remoli, C., Giannicola, G., Kogler, G., Liedtke, S., et al. (2016). No identical "mesenchymal stem cells" at different times and sites: Human committed progenitors of distinct origin and differentiation potential are incorporated as adventitial cells in microvessels. Stem Cell Rep. 6 (6), 897–913. doi:10.1016/j.stemcr.2016.05.011
 Sánchez-Lanzas, R., Kalampalika, F., and Ganuza, M. (2022). Diversity in the bone marrow niche: Classic and novel strategies to uncover niche composition. Br. J. Haematol. 199 (5), 647–664. doi:10.1111/bjh.18355
 Schofield, R. (1978). The relationship between the spleen colony-forming cell and the haemopoietic stem cell. Blood Cells 4 (1-2), 7–25.
 Severe, N., Karabacak, N. M., Gustafsson, K., Baryawno, N., Courties, G., Kfoury, Y., et al. (2019). Stress-Induced changes in bone marrow stromal cell populations revealed through single-cell protein expression mapping. Cell Stem Cell 25 (4), 570–583. doi:10.1016/j.stem.2019.06.003
 Shen, B., Tasdogan, A., Ubellacker, J. M., Zhang, J., Nosyreva, E. D., Du, L., et al. (2021). A mechanosensitive peri-arteriolar niche for osteogenesis and lymphopoiesis. Nature 591 (7850), 438–444. doi:10.1038/s41586-021-03298-5
 Shen, H., Tesar, B. M., Walker, W. E., and Goldstein, D. R. (2008). Dual signaling of MyD88 and TRIF is critical for maximal TLR4-induced dendritic cell maturation. J. Immunol. 181 (3), 1849–1858. doi:10.4049/jimmunol.181.3.1849
 Stier, S., Ko, Y., Forkert, F., Lutz, C., Neuhaus, T., Grunewald, E., et al. (2005). Osteopontin is a hematopoietic stem cell niche component that negatively regulates stem cell pool size. J. Exp. Med. , 201(11), 1781–1791. doi:10.1084/Jem.20041992
 Sugiyama, T., Kohara, H., Noda, M., and Nagasawa, T. (2006). Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. Immunity 25, 977–988. doi:10.1016/j.immuni.2006.10.016
 Sugiyama, T., Kohara, H., Noda, M., and Nagasawa, T. (2006). Maintenance of the hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. Immunity 25 (6), 977–988. doi:10.1016/j.immuni.2006.10.016
 Tan, J. K., and O'Neill, H. C. (2010). Investigation of murine spleen as a niche for hematopoiesis. Transplantation 89 (2), 140–145. doi:10.1097/TP.0b013e3181c42f70
 Tan, J. K., Quah, B. J., Griffiths, K. L., Periasamy, P., Hey, Y. Y., and O'Neill, H. C. (2011). Identification of a novel antigen cross-presenting cell type in spleen. J. Cell Mol. Med. 15 (5), 1189–1199. doi:10.1111/j.1582-4934.2010.01089.x
 Tan, J. K., and Watanabe, T. (2014). Murine spleen tissue regeneration from neonatal spleen capsule requires lymphotoxin priming of stromal cells. J. Immunol. 193 (3), 1194–1203. doi:10.4049/jimmunol.1302115
 Tan, J. K., and Watanabe, T. (2017). Stromal cell subsets directing neonatal spleen regeneration. Sci. Rep. 7, 40401. doi:10.1038/srep40401
 Tikhonova, A. N., Dolgalev, I., Hu, H., Sivaraj, K. K., Hoxha, E., Cuesta-Domínguez, Á., et al. (2019). The bone marrow microenvironment at single-cell resolution. Nature 569 (7755), 222–228. doi:10.1038/s41586-019-1104-8
 Tournaire, G., Stegen, S., Giacomini, G., Stockmans, I., Moermans, K., Carmeliet, G., et al. (2020). Nestin-GFP transgene labels skeletal progenitors in the periosteum. Bone 133, 115259. doi:10.1016/j.bone.2020.115259
 Ulyanova, T., Scott, L. M., Priestley, G. V., Jiang, Y., Nakamoto, B., Koni, P. A., et al. (2005). VCAM-1 expression in adult hematopoietic and nonhematopoietic cells is controlled by tissue-inductive signals and reflects their developmental origin. Blood 106 (1), 86–94. doi:10.1182/blood-2004-09-3417
 Upadhaya, S., Krichevsky, O., Akhmetzyanova, I., Sawai, C. M., Fooksman, D. R., and Reizis, B. (2020). Intravital imaging reveals motility of adult hematopoietic stem cells in the bone marrow niche. Cell Stem Cell 27 (2), 336–345. doi:10.1016/j.stem.2020.06.003
 Visnjic, D., Kalajzic, Z., Rowe, D. W., Katavic, V., Lorenzo, J., and Aguila, H. L. (2004). Hematopoiesis is severely altered in mice with an induced osteoblast deficiency. Blood 103 (9), 3258–3264. doi:10.1182/blood-2003-11-4011
 Wang, Y., Xu, J., Meyers, C. A., Gao, Y., Tian, Y., Broderick, K., et al. (2020). PDGFRα marks distinct perivascular populations with different osteogenic potential within adipose tissue. Stem Cells 38 (2), 276–290. doi:10.1002/stem.3108
 Wolber, F. M., Leonard, E., Michael, S., Orschell-Traycoff, C. M., Yoder, M. C., and Srour, E. F. (2002). Roles of spleen and liver in development of the murine hematopoietic system. Exp. Hematol. 30 (9), 1010–1019. S0301472X02008810 [pii]. doi:10.1016/s0301-472x(02)00881-0
 Xu, J., Wang, Y., Gomez-Salazar, M. A., Hsu, G. C., Negri, S., Li, Z., et al. (2021). Bone-forming perivascular cells: Cellular heterogeneity and use for tissue repair. Stem Cells 39 (11), 1427–1434. doi:10.1002/stem.3436
 Yamamoto, R., Morita, Y., Ooehara, J., Hamanaka, S., Onodera, M., Rudolph, K. L., et al. (2013). Clonal analysis unveils self-renewing lineage-restricted progenitors generated directly from hematopoietic stem cells. Cell 154 (5), 1112–1126. doi:10.1016/j.cell.2013.08.007
 Zhang, J., Niu, C., Ye, L., Huang, H., He, X., Tong, W. G., et al. (2003). Identification of the haematopoietic stem cell niche and control of the niche size. Nature 425 (6960), 836–841. doi:10.1038/nature02041
 Zhou, B. O., Yue, R., Murphy, M. M., Peyer, J. G., and Morrison, S. J. (2014). Leptin-receptor-expressing mesenchymal stromal cells represent the main source of bone formed by adult bone marrow. Cell Stem Cell 15 (2), 154–168. doi:10.1016/j.stem.2014.06.008
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 O’Neill and Lim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




OPS/images/crossmark.jpg
©

|





OPS/xhtml/nav.xhtml
Contents

		Cover

		Skeletal stem/progenitor cells provide the niche for extramedullary hematopoiesis in spleen		Introduction		The hematopoietic stem cell niche

		The spleen in hematopoiesis

		Hematopoietic support capacity of splenic stroma cells

		Characterisation of spleen stromal cell lines

		Identification of splenic stromal cells as osteoprogenitors





		Conclusion and outlook

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





