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An appropriate production of mature blood cells, or hematopoiesis, is essential for organismal health and homeostasis. In this developmental cascade, hematopoietic stem cells (HSCs) differentiate into intermediate progenitor types, that subsequently give rise to the many distinct blood cell lineages. Here, we describe tools and methods that permit for temporal and native clonal-level HSC lineage tracing in the mouse, and that can now be combined with emerging single-cell molecular analyses. We integrate new insights derived from such experimental paradigms with past knowledge, which has predominantly been derived from transplantation-based approaches. Finally, we outline current knowledge and novel strategies derived from studies aimed to trace human HSC-derived hematopoiesis.
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INTRODUCTION
Hematopoiesis refers to the highly regulated processes in which individual blood cells are formed. In steady state, the different blood cell lineages vary considerably in terms of both lifespans and numbers. For instance, in murine peripheral blood (PB), erythrocytes have a lifespan of approximately 40 days (Van Putten and Croon, 1958) and a frequency of approximately 8 × 109 cells/ml, while most circulating mature neutrophils have an estimated lifespan of less than a day (Pillay et al., 2010) but are >5,000-fold less abundant than erythrocytes. B cells, by contrast, are slightly more numerous than neutrophils but with considerably longer average lifespans; naive B cells have an estimated half-life of 13–22 weeks, while memory B cells can persist for >2 years (Jones et al., 2015).
Despite the fundamental differences in generation rates of different blood cell lineages, most hematopoiesis originates from rare bone marrow (BM) hematopoietic stem cells (HSCs). Disruption of hematopoiesis in response to molecular insults or due to environmental stressors can result in benign or malignant hematologic disorders. Therefore, considerable efforts have been devoted to reveal the cellular differentiation pathways of HSCs, which along with self-renewal represents the primary functional traits of HSCs. While HSC biology today represents a well-established research field, recent technological advances have begun to challenge concepts traditionally linked to HSC function. Here, we have tried to describe the key features of such emerging data, and to place it in the context of prior paradigms.
ASSAYING HEMATOPOIETIC STEM CELL FUNCTION: TRANSPLANTATION
Transplantation allows for tracking multilineage cell differentiation in vivo and in some embodiments also to assess HSC self-renewal and has for long been the prevailing method to assess HSC function. This typically involves injection of candidate HSCs into conditioned recipients, followed by monitoring the fate of the transplanted cells. Because a continuous long-term production of mature blood cells is a key property of HSCs, transplantation in its simplest form provides qualitative information on HSC function over time. Furthermore, self-renewal and/or exhaustion can be assessed by serial transplantation. When performed in a competitive setting, transplantation allows quantification of the repopulating activity of the cells evaluated (Busch and Rodewald, 2016).
The differentiation potential and frequency of candidate HSCs can be measured using “bulk” transplantations (e.g., the transplantation of several cells) (Spangrude et al., 1988; Smith et al., 1991; Hu and Smyth, 2009). Bulk approaches typically do not require advanced cell purification strategies and can be performed using relatively few animals. However, these procedures only provide information on the average function and behavior of the population of transplanted HSCs. For the purpose of assessing clonal HSC behavior, the single-cell transplantation assay was developed (Smith et al., 1991; Osawa et al., 1996) (Figure 1A). This was made possible via advances in HSC isolation strategies, a necessity due to the rarity of HSCs (estimated to only 0.005% of all BM cells). Based on differential expression of surface markers, long-term (LT) HSCs were identified as a minor fraction of Lineage- Sca1+ cKit+ (LSK) BM cells, that can be further enriched using additional markers such as CD48 (Kiel et al., 2005), CD150 (Slamf1) (Kiel et al., 2005), CD34 (Osawa et al., 1996), CD135 (Flt3) (Adolfsson et al., 2001; Christensen and Weissman, 2001), CD105 (Endoglin) (Chen et al., 2002) and CD201 (Epcr) (Balazs et al., 2006). While transplantable HSC activity can be further enriched using additional markers, a current consensus is that HSC are phenotypically defined as LSK CD135- CD48- CD150+ (Challen et al., 2021), with hematopoietic stem and progenitor cells (HSPCs) downstream of HSCs presenting with alternative marker combinations.
[image: Figure 1]FIGURE 1 | HSC lineage tracing techniques in the mouse. (A) Transplantation-based approaches. Left: Transplantation of prospectively isolated candidate HSCs permits for assaying HSC activity at the single cell level. Here, all donor progeny in the mouse is derived from one cell. Right: Transplantation of ex vivo barcoded HSCs allows for monitoring the frequency of individual barcodes/clones from a population of HSCs. Here, donor progeny is derived from multiple HSCs, with the clonality assigned retrospectively by the identity and frequency of individual barcodes in defined cell subsets. (B) Approaches to assess native HSC activity. Left: Using genetic drivers, irreversible recombination events are induced that permit the tracing of a heritable donor marker. Here, the contribution from a pool of HSCs is measured in defined progenitors based on the induced donor marker. Right: Endogenous clonal HSC lineage tracing. Here, the ability to induce unique donor markers in each cell permits for the clonal assessments similar to as in (A).
A prevailing method to track HSC-derived hematopoiesis in the transplantation setting employs congenic C57BL/6 mouse strains with different Ptprc alleles (commonly known as CD45.1 or CD45.2), where one strain is used as the host (recipient) and the other for the cells to be functionally assessed. This allows evaluation of donor reconstitution in PB leukocyte populations, but precludes determination of chimerism in mature platelets and erythrocytes, which lack expression of CD45. Tracking HSC contribution to these latter lineages was later made possible by the development and implementation of transgenic mouse strains in which HSCs and their progeny ubiquitously express a fluorescent protein (Sanjuan-Pla et al., 2013; Yamamoto et al., 2013). A fundamental insight from large-scale single HSC transplantation studies is that single HSC can regenerate the full spectra of PB cells as well as new HSCs (Osawa et al., 1996; Dykstra et al., 2007). Single-cell transplantation data have also revealed that individual HSC clones can contribute to hematopoiesis for different time periods (Osawa et al., 1996; Morrison et al., 1997; Yang et al., 2005), suggesting variable self-renewal potential (Ema et al., 2005). Importantly, even within the phenotypically most primitive HSC pool, individual HSCs display vastly heterogenous kinetics and magnitudes of reconstitution that have been reported to range from 0.1% from some candidate HSCs up to 80–90% chimerism from others (Müller-Sieburg et al., 2002; Muller-Sieburg et al., 2004; Dykstra et al., 2007; Morita et al., 2010; Yamamoto et al., 2013). This knowledge has strong implications also for the design and interpretation of bulk transplantation experiments.
Another key observation from transplantation studies has been that not all phenotypic HSCs contribute equally to the different blood cell lineages. In fact, only a small fraction of candidate HSCs is capable of robust multilineage hematopoiesis. Instead, the majority of HSCs display preferential (biased) differentiation towards certain lineages. This was first demonstrated for the myeloid and lymphoid lineages (Müller-Sieburg et al., 2002; Muller-Sieburg et al., 2004; Dykstra et al., 2007), and later for the platelet lineage (Sanjuan-Pla et al., 2013; Yamamoto et al., 2013; Carrelha et al., 2018). Prospective enrichment of different lineage-biased HSCs were reported based on the surface expression of CD150 (Beerman et al., 2010), CD41 (Gekas and Graf, 2013), CD61 (Mann et al., 2018) or Neogenin-1 (Gulati et al., 2019), using genetic reporter models (Sanjuan-Pla et al., 2013), or by differential dye efflux activities (Challen et al., 2010). In addition, lineage-biased HSCs were suggested to possess distinct regulatory programs, as evidenced by their differential responses to cytokines [such as interleukin-7 (Muller-Sieburg et al., 2004) or transforming growth factor b (Challen et al., 2010)] and inflammatory signals (Matatall et al., 2014; Chavez et al., 2022), distinct transcriptomic signatures (Mann et al., 2018; Gulati et al., 2019) and/or preferential occupancy of specific BM niches (Pinho et al., 2018). HSC heterogeneity should have direct implications for blood cell production during homeostasis or in response to stress, and has also been reported to be altered during ontogeny. Accordingly, while multipotent and lineage-biased HSCs are present throughout fetal and adult life, their relative abundance shifts during development, with a steadily declining representation of HSC clones with robust lymphoid differentiation capacity (Benz et al., 2012). This redistribution of compartments further exacerbates during physiological aging and results in relative dominance of myeloid-biased clones (Muller-Sieburg et al., 2004; Cho et al., 2008; Beerman et al., 2010; Dykstra et al., 2011; Benz et al., 2012). Additional studies have emphasized an age-associated increase in platelet-biased HSCs (Grover et al., 2016) and myeloid-restricted progenitors within the phenotypic HSC compartment (Yamamoto et al., 2018).
Altogether, (single cell) transplantation studies have suggested that individual HSCs are heterogenous as for their lineage output, durability of engraftment, self-renewal potential and responses to external stimuli. Clonal HSC diversity might represent a mechanism that ensures appropriate responses during emergency hematopoiesis. At the same time, heterogeneity of stemness phenotypes is likely relevant also to malignant transformation, in which selective expansion of clones with the most competitive attributes is observed (Jaiswal and Ebert, 2019).
ASSAYING HEMATOPOIETIC STEM CELL FUNCTION: CELLULAR BARCODING AND GENE EXPRESSION PROFILING
Although single cell transplantations assay the function of individual HSCs, the methodology associates with several caveats, including laborious and time-consuming analyses and limited data output (e.g., information from few cells). This associates with high costs and ethical considerations. Moreover, because of detection limits, somewhat arbitrary reconstitution cutoff values are often applied to define the reconstituted animals. Therefore, alternative lineage tracing techniques based on genetic barcoding have emerged and undergo continuous refinement.
In its simplest form, genetic barcoding involves the labeling of individual HSPCs with unique and heritable DNA tags (barcodes), typically delivered by stable-integrating recombinant viral approaches. Next, the barcoded cells are transplanted, which enable the analysis of overlap and the unique distribution of barcodes across different hematopoietic lineages and over time. Given the complexity of these barcoding libraries, they allow for simultaneous analysis of multiple individual clones in a single recipient (Figure 1A).
Pioneering attempts to genetically barcode HSCs involved transplantation of retroviral-marked candidate HSCs, followed by Southern blot analyses (Lemischka et al., 1986; Jordan and Lemischka, 1990). These studies revealed hematopoietic progenitor classes with biased differentiation output (Lemischka et al., 1986) and suggested that long-term reconstitution associates with relatively few HSC clones (Jordan and Lemischka, 1990). Subsequent technological advances (e.g., readout via high-throughput sequencing) have allowed for more sensitive detection. While initially used to study T cell biology (Schepers et al., 2008; van Heijst et al., 2009), sequencing-based barcoding methods were rapidly adapted to HSC biology (Gerrits et al., 2010; Lu et al., 2011) to precisely quantify HSC contribution to post-transplantation hematopoiesis, to assess functional HSC heterogeneity and to establish clonal relationships between HSPCs and their mature progeny (Lu et al., 2011). Later studies have demonstrated that the behavior of single HSCs can be influenced by the number of injected cells (Brewer et al., 2016), the presence of HSPCs with defective differentiation (Nguyen et al., 2018) and also by the conditioning regimen (Lu et al., 2019).
Cellular barcoding has also been applied to reveal functional changes of HSCs during aging (Verovskaya et al., 2013; Wahlestedt et al., 2017). It has been shown that aging shifts the clonal composition of the HSC pool, wherein myeloid-restricted clones appear more abundant at the expense of clones contributing to T-cell production. At the same time, the magnitude of differentiation of individual aged HSCs was lower than their younger counterparts (Wahlestedt et al., 2017). This suggests that aging not only drives changes in clonal diversity of the HSC compartment, but also differentially affects the function of individual HSCs. Similar observations were reported in rhesus macaques after autologous transplantation of ex vivo barcoded HSPCs; lineage restricted HSPCs increased, but the total number of actively contributing HSC clones progressively declined with age (Yu et al., 2018). Other lineage tracing studies using primate transplantation models have supported that HSPC differentiation is heterogenous at the single cell level (Kim et al., 2014; Wu et al., 2014; Koelle et al., 2017). Importantly, these studies have also described a common pattern of post-transplantation hematopoiesis, in which an early reconstitution phase associates with a robust contribution from short-term progenitors. This is followed by a gradual switch towards more stable hematopoiesis from multipotent HSCs in the long-term (Kim et al., 2014; Wu et al., 2014; Koelle et al., 2017).
Most recently, cellular barcoding and high-throughput mRNA profiling have been combined, with the objective to simultaneously try to relate HSC differentiation histories (fates) to transcriptional signatures (states) (Rodriguez-Fraticelli et al., 2020; Weinreb et al., 2020). The principal assumption here is that daughter cells are alike and thus, that the transcriptomic information acquired from one cell can serve as a proxy for its’ sister, for which the fate is independently determined. In its’ initial implementation, it was observed that transcriptomic information alone was insufficient to predict cell potential and suggested that additional regulatory circuits (i.e., epigenetic states) likely play a contributiong role in fate determination of HSCs (Weinreb et al., 2020). In other work, two fractions of “low-” and “high-output” HSCs were identified that presented with differences in their differentiation activity, long-term repopulation, and transcriptomic signatures. Interestingly, the most potent HSC clones were found to generate low progeny output and their molecular signature highly overlapped with megakaryocyte-lineage priming (Rodriguez-Fraticelli et al., 2020).
ASSAYING HEMATOPOIETIC STEM CELL FUNCTION: IN VIVO LINEAGE TRACING
While HSCs can regenerate an entire hematopoietic system following transplantation, it is now well recognized that this might reflect poorly of the dynamics and physiology of native hematopoiesis. For instance, the requirement for harsh cytotoxic conditioning (total body irradiation)—needed to promote HSC engraftment—has a range of systemic effects that are likely to influence the fate of transplanted cells. Specifically, damage to the BM microenvironment/niches may have a non-physiologic impact on the behavior of transplanted HSCs that occupy such a niche. For this reason, alternative conditioning protocols that exploit monoclonal antibodies to specifically deplete cell populations of interest have emerged, and which as such may present a more physiologic setting with less undesired side effects. Using purified antibodies or antibody-drug conjugates, Czechowicz and others demonstrated that antibody-mediated conditioning efficiently depletes endogenous HSPCs and allows for robust and long-term engraftment of transplanted HSCs (Czechowicz et al., 2007; Palchaudhuri et al., 2016; Czechowicz et al., 2019). Some evidence indicates differential clonal dynamics and donor HSPC reconstitution patterns in mice subjected to irradiation and less invasive antibody-based conditioning (Säwen et al., 2018; Lu et al., 2019). Apart from the conditioning regimen, the dose of transplanted cells may also impact on the clonal dynamics of hematopoietic regeneration (Brewer et al., 2016). Finally, in vitro manipulations prior to transplantation might select for specific HSC clones or introduce bias in their lineage output. Therefore, methods to label HSCs in situ and to track their progeny in more native contexts have been developed.
In vivo genetic lineage tracing allows for prospective tracking and quantification of HSC differentiation. They typically involve the use of transgenic or knock-in reporter mouse strains that exploit the activity of enzymes, such as Cre recombinase or Sleeping Beauty transposase, to induce irreversible HSC labeling with fluorescent proteins or DNA barcodes. As these labels are inherited by all progeny of HSCs, they allow for determination of the magnitude and kinetics of HSC differentiation and to infer cellular relationships. Moreover, if the systems are under the control of an inducible element, such as estrogen receptor ERT fused to Cre recombinase or the Tet-ON system, they enable the study of temporal events (Figure 1B).
Clonal analysis using an inducible transposon mobilization system suggested that HSCs contribute minimally to ongoing hematopoiesis, and rather that native hematopoiesis is supported by a highly polyclonal output from multipotent progenitors (MPPs) (Sun et al., 2014). This output was suggested to reflect the activity of distinct lineage restricted precursors that reside within the MPP compartment (Rodriguez-Fraticelli et al., 2018)—an interpretation in line with previous transplantation and gene expression studies (Paul et al., 2015; Pietras et al., 2015; Velten et al., 2017). Using an alternative lineage tracing model, Busch and others similarly observed a low contribution of LT-HSC to native hematopoiesis (Busch et al., 2015). In this latter study, HSC specific labelling was achieved via an inducible Cre-mediated recombination in Tie2-expressing cells that drives the expression of a fluorescent reporter in only a small fraction (<1%) of phenotypic HSCs, but that leads to all hematopoietic lineages (but not all hematopoietic cells) acquiring the fluorescent label in the long-term. At the same time, the HSC flux to the immediate short-term HSCs (ST-HSCs, in other studies referred to as MPPs) was extremely rare, suggesting that also ST-HSCs need to self-renew to maintain their numbers and differentiation potential (Busch et al., 2015). Because enhanced proliferation and perhaps less cytoprotection of HSPCs downstream of HSCs might associate with a higher rate of accumulating DNA mutations, an intriguing hypothesis was laid forward in which a slow but continuous input from the most primitive HSCs might act as a rare source of new clones that serve to “rejuvenate” progenitor pools and thereby prevent malignant transformation (Dorshkind et al., 2020).
Additional genetic lineage tracing studies further supported an important role for HSCs in native hematopoiesis. Using an Fgd5-based system, we showed that HSCs continuously supply all major hematopoietic lineages throughout life (Säwen et al., 2018). In line with other reports using Pdzk1ip1- (Sawai et al., 2016; Upadhaya et al., 2018) or Krt18- (Chapple et al., 2018) based labeling systems, we observed that platelet generation occurred with the fastest kinetics and was followed by the emergence of myeloid and erythroid lineages. In contrast, the corresponding fractions of labeled lymphocytes were produced with substantially slower kinetics, with a decline in HSC differentiation potential during aging (Säwen et al., 2018). While the definitive mechanisms for age-associated HSC deterioration remains to be determined, the loss of HSC clones competent at producing multilineage output has been proposed not only using cellular barcoding (Verovskaya et al., 2013; Wahlestedt et al., 2017), but also more recently by HSC lineage tracing using a Confetti reporter system (Ganuza et al., 2019).
An exciting new development combines genetic lineage tracing with single cell transcriptome profiling, which allows for simultaneous interrogation of cell fates and molecular attributes (Bowling et al., 2020; Pei et al., 2020). The PolyloxExpress model exploits Cre-mediated recombination to create a unique set of DNA barcodes, subsequently transcribed as mRNA (Pei et al., 2020). By contrast, the CARLIN (CRISPR array repair lineage tracing) system generates expressible barcodes by CRISPR/Cas9-mediated mutagenesis with an array of gRNA target sites (Bowling et al., 2020). Using these approaches, multipotent and differentiation-inactive (or “childless”) HSCs were identified, whose fates were reported to correlate highly with a distinct transcriptional signature. Furthermore, using the CARLIN model, it was proposed that myeloablative stress induces restricted responses from only a few HSC clones, which appears to be in line with previous reports on oligoclonal hematopoiesis in irradiated and antibody-conditioned recipients post transplantation (Czechowicz et al., 2019). These intriguing observations suggest that HSC lineage specification, differentiation bias or specific clonal responses to hematopoietic challenges are (epi)genetically inscribed, and can be predicted at least to some extent by molecular profiling (Yu et al., 2017).
ASSAYING HEMATOPOIETIC STEM CELL FUNCTION: THE HUMAN SYSTEM
For obvious reasons, studies of native human hematopoiesis represent a particular challenge. Therefore, much effort has focused on development of (murine) xenograft systems permissive for human HSPCs engraftment (Doulatov et al., 2012). Pioneering work exploited mice with a spontaneous mutation (Prkdcscid) that leads to an absence of functional murine B and T cells. The SCID model was successfully used to engraft human PB leukocytes (Mosier et al., 1988), fetal tissues (McCune et al., 1988), and BM cells (Kamel-Reid and Dick, 1988; Lapidot et al., 1992). Further refinement of recipient strains involved backcrossing of the Prkdcscid mutation onto the nonobese diabetic (NOD) strain (Shultz et al., 1995). NOD mice harbor a genetic variant of the Sirpa gene that cross-reacts with human CD47, leading to inhibition of macrophage-mediated phagocytosis (Takenaka et al., 2007). Finally, to prevent NK cell-mediated immunity, NOD-SCID mice with a deleted IL-2 receptor common gamma chain (Il2rg−/−) were generated (Shultz et al., 2005). Consequently, the resulting NOD-SCID Il2rg−/− (NSG) recipients show combined B, T, and NK cell deficiency, with host macrophage tolerance. Importantly, the NSG strain is more permissive for human HSPC engraftment and is resistant to development of thymic lymphomas often emerging in NOD-SCID mice (Doulatov et al., 2012). Humanized mouse systems have been continuously improved to allow for more efficient engraftment, tolerance, and differentiation of human HSPCs, and has been extensively reviewed in (Martinov et al., 2021).
Despite significant advancements, the murine xenotransplantation systems associate with several limitations, including overall low-level HSPC engraftment, ineffective production of human erythrocytes, platelets and peripheral neutrophils, xenogeneic graft-to-host responses and relatively short lifespans (Martinov et al., 2021). Therefore, human HSC function has been approached by analysis of naturally occurring genetic alterations, including shifts in X chromosome inactivation pattern (Catlin et al., 2011), average telomere length distribution (Werner et al., 2015) or more recently, the tracing of somatic DNA mutations (Lee-Six et al., 2018; Osorio et al., 2018) (Figure 2A). Such work has presented strong evidence for life-long multilineage output from adult human HSCs. Moreover, it has been demonstrated that the human HSC pool undergoes dynamic changes throughout development, where the number of HSCs steadily increases in early life to reach a plateau by adulthood. Via the analysis of spontaneous nuclear DNA mutations, it was estimated that the number of HSCs falls within the range of 50,000–200,000 in an adult individual, with active HSC contributions to the granulocyte and B lymphocyte lineages but to a lesser extent to the T cell lineage (Lee-Six et al., 2018). An evident limitation with these technologies is the large size of the nuclear genome that needs to be surveyed to identify the rather infrequent somatic mutations, which in essence restricts the amount of traceable cells and make such approaches costly to implement routinely (Lee-Six et al., 2018). Emerging methodology that quantifies mitochondrial (mt) DNA mutations appears as one potential solution to this, which has the added benefit of being compatible with simultaneous transcriptome and chromatin accessibility profiling (Ludwig et al., 2019). Clonal tracking based on mtDNA heteroplasmy was successfully implemented to dissect clonal relationships in between human HSPCs (Lareau et al., 2021). Notably, and in line with studies employing nuclear DNA mutations as traceable endogenous barcodes (Lee-Six et al., 2018; Osorio et al., 2018), the use of mtDNA mutation patterns suggested an active contribution of a large pool of HSPCs to steady-state hematopoiesis (Lareau et al., 2021).
[image: Figure 2]FIGURE 2 | HSC lineage tracing techniques in humans. (A) Endogenous clonal HSC lineage tracing. Here, defined blood cell types are interrogated for either spontaneous nuclear mutation patterns (Left) or mitochondrial DNA heteroplasmy (Right), allowing for retrospective phylogenic reconstruction and quantification of clonal contributions. (B) Clonal assessments based on viral integration sites in patients subjected to viral-mediated gene therapy. Here, the integration sites of therapeutic vectors (which integrate randomly throughout the genome) are determined and used as barcodes.
Additional evidence for human HSCs multipotency and self-renewal has been derived from clinical BM transplantation (BMT) studies. HSPC-based gene therapy (GT) in combination with transplantation represents a therapeutic avenue to cure inherited genetic blood cell disorders. Analogous to cellular barcoding, GT employs ex vivo gene transfer through stable integration of viral vectors in HSPCs. As the viral vectors integrate randomly in the genome, they in addition to the therapeutic gene also create stable marks (integration sites; IS) that are passed to daughter cells during differentiation (Ferrari et al., 2021). Thereby, IS analysis in BM and mature blood cells allows for determination of clonality and survival of HSPCs following transplantation (Figure 2B).
Initial IS studies in patients with SCID established sustained production of T lymphocytes but with limited long-term engraftment of the myeloid and B lineages (Hacein-Bey-Abina et al., 2010), despite low-level donor-chimerism in these lineages during the first years following transplantation (Hacein-Bey-Abina et al., 2002). While providing some evidence of lymphoid-biased hematopoiesis, several factors can contribute to this outcome. Transplantation into patients lacking (functional) lymphoid cells means that gene-corrected clones are privileged to efficiently repopulate the lymphoid compartment and may in turn lead to imbalanced clonal dynamics and limited reconstitution of other blood lineages. Furthermore, SCID patients that undergo BMT typically do not require intensive conditioning. As conditioning also empties the BM niches for the transplanted cells, it is likely that the limited available niches in the BM of unconditioned SCID patients can restrict effective engraftment of multilineage reconstituting HSPC clones. Support for this comes from a study of adenosine deaminase (ADA) SCID patients, where stable multilineage engraftment long-term following BMT was observed only in a patient who received conditioning (Cancrini et al., 2010).
Longitudinal studies in patients with other inherited disorders have provided further insights into the nature of human hematopoiesis. These have demonstrated multilineage output from transplanted HSPCs, as indicated by multiple shared IS that could be found in the myeloid and lymphoid lineages (Cartier et al., 2009; Aiuti et al., 2013; Biffi et al., 2013; Biasco et al., 2016; Scala et al., 2018). This associated with polyclonal and stable IS patterns long-term after transplantation, although increasing evidence suggests that along with multipotent clones, lineage restricted HSPCs are also involved in the daily maintenance of human hematopoiesis (Scala et al., 2018; Six et al., 2020). This is in line with both previous gene expression profiling studies (Velten et al., 2017) and studies on mouse hematopoiesis (Dykstra et al., 2007; Yamamoto et al., 2013). Finally, post-transplantation hematopoiesis in humans was shown to be sustained by distinct HSPC subsets over time. Similar to observations in non-human primates (Kim et al., 2014; Wu et al., 2014; Koelle et al., 2017), one progenitor class sustained hematopoiesis for ∼6–12 months, which was subsequently replaced by more long-term and stably contributing HSC clones around 1 year after transplantation (Scala et al., 2018).
Altogether, existing data imply that human hematopoiesis, similar to the mouse, is maintained by a pool of multipotent HSPCs throughout life. This does not preclude the existence of HSC-like clones with lineage-biased differential potential, nor more long-lived HSPCs, which could serve to more readily respond to specific challenges when needed.
DISCUSSION
From novel reporter mouse models and advances in high-throughput sequencing, we know today that both murine and human native hematopoiesis is dynamically orchestrated by a heterogenous pool of primitive HSPCs. Hematopoiesis associates with a low daily input from HSCs but a higher proliferative activity of different intermediate progenitor subsets. Hence, native hematopoiesis is highly polyclonal, which presumably allows for a high flexibility depending on organismal demands. In contrast, hematopoietic stress and external perturbations instantly evoke oligoclonal responses from HSPCs to counteract cell loss and allow for return to homeostasis. In the transplantation setting, this is manifested by distinct phases of reconstitution, which primarily rely on the activity of progenitors downstream of HSCs, and which is followed by the contribution from more long-lived multipotent clones. However, what remains unknown is to what extent the clonal behavior of individual HSPCs is pre-determined at the molecular level, and whether or not it is possible to induce specific HSC programs by genetic or pharmacological interventions. Additional studies using novel lineage tracing tools, advanced molecular profiling techniques and newer in vitro culture systems are likely to provide answers to these questions in a foreseeable future.
AUTHOR CONTRIBUTIONS
Writing—original draft, AK-C and DB; writing—review and editing, AK-C and DB; supervision, DB; project administration, DB; funding acquisition, DB.
FUNDING
DB is funded by the Tobias Foundation, the Swedish Cancer Society and the Swedish Research Council.
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
 Adolfsson, J., Borge, O. J., Bryder, D., Theilgaard-Mönch, K., Åstrand-Grundström, I., Sitnicka, E., et al. (2001). Upregulation of Flt3 Expression within the Bone Marrow Lin−Sca1+c-Kit+ Stem Cell Compartment Is Accompanied by Loss of Self-Renewal Capacity. Immunity 15 (4), 659–669. doi:10.1016/s1074-7613(01)00220-5
 Aiuti, A., Biasco, L., Scaramuzza, S., Ferrua, F., Cicalese, M. P., Baricordi, C., et al. (2013). Lentiviral Hematopoietic Stem Cell Gene Therapy in Patients with Wiskott-Aldrich Syndrome. Science 341 (6148), 1233151. doi:10.1126/science.1233151
 Balazs, A. B., Fabian, A. J., Esmon, C. T., and Mulligan, R. C. (2006). Endothelial Protein C Receptor (CD201) Explicitly Identifies Hematopoietic Stem Cells in Murine Bone Marrow. Blood 107 (6), 2317–2321. doi:10.1182/blood-2005-06-2249
 Beerman, I., Bhattacharya, D., Zandi, S., Sigvardsson, M., Weissman, I. L., Bryder, D., et al. (2010). Functionally Distinct Hematopoietic Stem Cells Modulate Hematopoietic Lineage Potential during Aging by a Mechanism of Clonal Expansion. Proc. Natl. Acad. Sci. U.S.A. 107 (12), 5465–5470. doi:10.1073/pnas.1000834107
 Benz, C., Copley, M. R., Kent, D. G., Wohrer, S., Cortes, A., Aghaeepour, N., et al. (2012). Hematopoietic Stem Cell Subtypes Expand Differentially during Development and Display Distinct Lymphopoietic Programs. Cell Stem Cell 10 (3), 273–283. doi:10.1016/j.stem.2012.02.007
 Biasco, L., Pellin, D., Scala, S., Dionisio, F., Basso-Ricci, L., Leonardelli, L., et al. (2016). In Vivo Tracking of Human Hematopoiesis Reveals Patterns of Clonal Dynamics during Early and Steady-State Reconstitution Phases. Cell Stem Cell 19 (1), 107–119. doi:10.1016/j.stem.2016.04.016
 Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fumagalli, F., Plati, T., et al. (2013). Lentiviral Hematopoietic Stem Cell Gene Therapy Benefits Metachromatic Leukodystrophy. Science 341 (6148), 1233158. doi:10.1126/science.1233158
 Bowling, S., Sritharan, D., Osorio, F. G., Nguyen, M., Cheung, P., Rodriguez-Fraticelli, A., et al. (2020). An Engineered CRISPR-Cas9 Mouse Line for Simultaneous Readout of Lineage Histories and Gene Expression Profiles in Single Cells. Cell 181 (6), 1410–1422.e27. doi:10.1016/j.cell.2020.04.048
 Brewer, C., Chu, E., Chin, M., and Lu, R. (2016). Transplantation Dose Alters the Differentiation Program of Hematopoietic Stem Cells. Cel Rep. 15 (8), 1848–1857. doi:10.1016/j.celrep.2016.04.061
 Busch, K., Klapproth, K., Barile, M., Flossdorf, M., Holland-Letz, T., Schlenner, S. M., et al. (2015). Fundamental Properties of Unperturbed Haematopoiesis from Stem Cells In Vivo. Nature 518 (7540), 542–546. doi:10.1038/nature14242
 Busch, K., and Rodewald, H.-R. (2016). Unperturbed vs. post-transplantation Hematopoiesis. Curr. Opin. Hematol. 23 (4), 295–303. doi:10.1097/moh.0000000000000250
 Cancrini, C., Ferrua, F., Scarselli, A., Brigida, I., Romiti, M. L., Barera, G., et al. (2010). Role of Reduced Intensity Conditioning in T-Cell and B-Cell Immune Reconstitution after HLA-Identical Bone Marrow Transplantation in ADA-SCID. Haematologica 95 (10), 1778–1782. doi:10.3324/haematol.2010.025098
 Carrelha, J., Meng, Y., Kettyle, L. M., Luis, T. C., Norfo, R., Alcolea, V., et al. (2018). Hierarchically Related Lineage-Restricted Fates of Multipotent Haematopoietic Stem Cells. Nature 554 (7690), 106–111. doi:10.1038/nature25455
 Cartier, N., Hacein-Bey-Abina, S., Bartholomae, C. C., Veres, G., Schmidt, M., Kutschera, I., et al. (2009). Hematopoietic Stem Cell Gene Therapy with a Lentiviral Vector in X-Linked Adrenoleukodystrophy. Science 326 (5954), 818–823. doi:10.1126/science.1171242
 Catlin, S. N., Busque, L., Gale, R. E., Guttorp, P., and Abkowitz, J. L. (2011). The Replication Rate of Human Hematopoietic Stem Cells In Vivo. Blood 117 (17), 4460–4466. doi:10.1182/blood-2010-08-303537
 Challen, G. A., Boles, N. C., Chambers, S. M., and Goodell, M. A. (2010). Distinct Hematopoietic Stem Cell Subtypes Are Differentially Regulated by TGF-Β1. Cell Stem Cell 6 (3), 265–278. doi:10.1016/j.stem.2010.02.002
 Challen, G. A., Pietras, E. M., Wallscheid, N. C., and Signer, R. A. J. (2021). Simplified Murine Multipotent Progenitor Isolation Scheme: Establishing a Consensus Approach for Multipotent Progenitor Identification. Exp. Hematol. 104, 55–63. doi:10.1016/j.exphem.2021.09.007
 Chapple, R. H., Tseng, Y.-J., Hu, T., Kitano, A., Takeichi, M., Hoegenauer, K. A., et al. (2018). Lineage Tracing of Murine Adult Hematopoietic Stem Cells Reveals Active Contribution to Steady-State Hematopoiesis. Blood Adv. 2 (11), 1220–1228. doi:10.1182/bloodadvances.2018016295
 Chavez, J. S., Rabe, J. L., Hernandez, G., Mills, T. S., Niño, K. E., Davizon-Castillo, P., et al. (2022). PU.1 Expression Defines Distinct Functional Activities in the Phenotypic HSC Compartment of a Murine Inflammatory Stress Model. Cells 11 (4). doi:10.3390/cells11040680
 Chen, C.-Z., Li, M., de Graaf, D., Monti, S., Göttgens, B., Sanchez, M.-J., et al. (2002). Identification of Endoglin as a Functional Marker that Defines Long-Term Repopulating Hematopoietic Stem Cells. Proc. Natl. Acad. Sci. U.S.A. 99 (24), 15468–15473. doi:10.1073/pnas.202614899
 Cho, R. H., Sieburg, H. B., and Muller-Sieburg, C. E. (2008). A New Mechanism for the Aging of Hematopoietic Stem Cells: Aging Changes the Clonal Composition of the Stem Cell Compartment but Not Individual Stem Cells. Blood 111 (12), 5553–5561. doi:10.1182/blood-2007-11-123547
 Christensen, J. L., and Weissman, I. L. (2001). Flk-2 Is a Marker in Hematopoietic Stem Cell Differentiation: a Simple Method to Isolate Long-Term Stem Cells. Proc. Natl. Acad. Sci. U.S.A. 98 (25), 14541–14546. doi:10.1073/pnas.261562798
 Czechowicz, A., Kraft, D., Weissman, I. L., and Bhattacharya, D. (2007). Efficient Transplantation via Antibody-Based Clearance of Hematopoietic Stem Cell Niches. Science 318 (5854), 1296–1299. doi:10.1126/science.1149726
 Czechowicz, A., Palchaudhuri, R., Scheck, A., Hu, Y., Hoggatt, J., Saez, B., et al. (2019). Selective Hematopoietic Stem Cell Ablation Using CD117-Antibody-Drug-Conjugates Enables Safe and Effective Transplantation with Immunity Preservation. Nat. Commun. 10 (1), 617. doi:10.1038/s41467-018-08201-x
 Dorshkind, K., Höfer, T., Montecino-Rodriguez, E., Pioli, P. D., and Rodewald, H.-R. (2020). Do haematopoietic Stem Cells Age?Nat. Rev. Immunol. 20 (3), 196–202. doi:10.1038/s41577-019-0236-2
 Doulatov, S., Notta, F., Laurenti, E., and Dick, J. E. (2012). Hematopoiesis: a Human Perspective. Cell Stem Cell 10 (2), 120–136. doi:10.1016/j.stem.2012.01.006
 Dykstra, B., Kent, D., Bowie, M., McCaffrey, L., Hamilton, M., Lyons, K., et al. (2007). Long-term Propagation of Distinct Hematopoietic Differentiation Programs In Vivo. Cell Stem Cell 1 (2), 218–229. doi:10.1016/j.stem.2007.05.015
 Dykstra, B., Olthof, S., Schreuder, J., Ritsema, M., and de Haan, G. (2011). Clonal Analysis Reveals Multiple Functional Defects of Aged Murine Hematopoietic Stem Cells. J. Exp. Med. 208 (13), 2691–2703. doi:10.1084/jem.20111490
 Ema, H., Sudo, K., Seita, J., Matsubara, A., Morita, Y., Osawa, M., et al. (2005). Quantification of Self-Renewal Capacity in Single Hematopoietic Stem Cells from normal and Lnk-Deficient Mice. Develop. Cel 8 (6), 907–914. doi:10.1016/j.devcel.2005.03.019
 Ferrari, G., Thrasher, A. J., and Aiuti, A. (2021). Gene Therapy Using Haematopoietic Stem and Progenitor Cells. Nat. Rev. Genet. 22 (4), 216–234. doi:10.1038/s41576-020-00298-5
 Ganuza, M., Hall, T., Finkelstein, D., Wang, Y.-D., Chabot, A., Kang, G., et al. (2019). The Global Clonal Complexity of the Murine Blood System Declines throughout Life and after Serial Transplantation. Blood 133 (18), 1927–1942. doi:10.1182/blood-2018-09-873059
 Gekas, C., and Graf, T. (2013). CD41 Expression marks Myeloid-Biased Adult Hematopoietic Stem Cells and Increases with Age. Blood 121 (22), 4463–4472. doi:10.1182/blood-2012-09-457929
 Gerrits, A., Dykstra, B., Kalmykowa, O. J., Klauke, K., Verovskaya, E., Broekhuis, M. J. C., et al. (2010). Cellular Barcoding Tool for Clonal Analysis in the Hematopoietic System. Blood 115 (13), 2610–2618. doi:10.1182/blood-2009-06-229757
 Grover, A., Sanjuan-Pla, A., Thongjuea, S., Carrelha, J., Giustacchini, A., Gambardella, A., et al. (2016). Single-cell RNA Sequencing Reveals Molecular and Functional Platelet Bias of Aged Haematopoietic Stem Cells. Nat. Commun. 7, 11075. doi:10.1038/ncomms11075
 Gulati, G. S., Zukowska, M., Noh, J. J., Zhang, A., Wesche, D. J., Sinha, R., et al. (2019). Neogenin-1 Distinguishes between Myeloid-Biased and Balanced Hoxb5 + Mouse Long-Term Hematopoietic Stem Cells. Proc. Natl. Acad. Sci. U.S.A. 116 (50), 25115–25125. doi:10.1073/pnas.1911024116
 Hacein-Bey-Abina, S., Hauer, J., Lim, A., Picard, C., Wang, G. P., Berry, C. C., et al. (2010). Efficacy of Gene Therapy for X-Linked Severe Combined Immunodeficiency. N. Engl. J. Med. 363 (4), 355–364. doi:10.1056/nejmoa1000164
 Hacein-Bey-Abina, S., Le Deist, F., Carlier, F., Bouneaud, C., Hue, C., De Villartay, J.-P., et al. (2002). Sustained Correction of X-Linked Severe Combined Immunodeficiency by Ex Vivo Gene Therapy. N. Engl. J. Med. 346 (16), 1185–1193. doi:10.1056/nejmoa012616
 Hu, Y., and Smyth, G. K. (2009). ELDA: Extreme Limiting Dilution Analysis for Comparing Depleted and Enriched Populations in Stem Cell and Other Assays. J. Immunol. Methods 347 (1-2), 70–78. doi:10.1016/j.jim.2009.06.008
 Jaiswal, S., and Ebert, B. L. (2019). Clonal Hematopoiesis in Human Aging and Disease. Science 366 (6465). doi:10.1126/science.aan4673
 Jones, D. D., Wilmore, J. R., and Allman, D. (2015). Cellular Dynamics of Memory B Cell Populations: IgM+and IgG+Memory B Cells Persist Indefinitely as Quiescent Cells. J.I. 195 (10), 4753–4759. doi:10.4049/jimmunol.1501365
 Jordan, C. T., and Lemischka, I. R. (1990). Clonal and Systemic Analysis of Long-Term Hematopoiesis in the Mouse. Genes Dev. 4 (2), 220–232. doi:10.1101/gad.4.2.220
 Kamel-Reid, S., and Dick, J. E. (1988). Engraftment of Immune-Deficient Mice with Human Hematopoietic Stem Cells. Science 242 (4886), 1706–1709. doi:10.1126/science.2904703
 Kiel, M. J., Yilmaz, Ö. 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, S., Kim, N., Presson, A. P., Metzger, M. E., Bonifacino, A. C., Sehl, M., et al. (2014). Dynamics of HSPC Repopulation in Nonhuman Primates Revealed by a Decade-Long Clonal-Tracking Study. Cell Stem Cell 14 (4), 473–485. doi:10.1016/j.stem.2013.12.012
 Koelle, S. J., Espinoza, D. A., Wu, C., Xu, J., Lu, R., Li, B., et al. (2017). Quantitative Stability of Hematopoietic Stem and Progenitor Cell Clonal Output in Rhesus Macaques Receiving Transplants. Blood 129 (11), 1448–1457. doi:10.1182/blood-2016-07-728691
 Lapidot, T., Pflumio, F., Doedens, M., Murdoch, B., Williams, D. E., and Dick, J. E. (1992). Cytokine Stimulation of Multilineage Hematopoiesis from Immature Human Cells Engrafted in SCID Mice. Science 255 (5048), 1137–1141. doi:10.1126/science.1372131
 Lareau, C. A., Ludwig, L. S., Muus, C., Gohil, S. H., Zhao, T., Chiang, Z., et al. (2021). Massively Parallel Single-Cell Mitochondrial DNA Genotyping and Chromatin Profiling. Nat. Biotechnol. 39 (4), 451–461. doi:10.1038/s41587-020-0645-6
 Lee-Six, H., Øbro, N. F., Shepherd, M. S., Grossmann, S., Dawson, K., Belmonte, M., et al. (2018). Population Dynamics of normal Human Blood Inferred from Somatic Mutations. Nature 561 (7724), 473–478. doi:10.1038/s41586-018-0497-0
 Lemischka, I. R., Raulet, D. H., and Mulligan, R. C. (1986). Developmental Potential and Dynamic Behavior of Hematopoietic Stem Cells. Cell 45 (6), 917–927. doi:10.1016/0092-8674(86)90566-0
 Lu, R., Czechowicz, A., Seita, J., Jiang, D., and Weissman, I. L. (2019). Clonal-level Lineage Commitment Pathways of Hematopoietic Stem Cells In Vivo. Proc. Natl. Acad. Sci. U.S.A. 116 (4), 1447–1456. doi:10.1073/pnas.1801480116
 Lu, R., Neff, N. F., Quake, S. R., and Weissman, I. L. (2011). Tracking Single Hematopoietic Stem Cells In Vivo Using High-Throughput Sequencing in Conjunction with Viral Genetic Barcoding. Nat. Biotechnol. 29 (10), 928–933. doi:10.1038/nbt.1977
 Ludwig, L. S., Lareau, C. A., Ulirsch, J. C., Christian, E., Muus, C., Li, L. H., et al. (2019). Lineage Tracing in Humans Enabled by Mitochondrial Mutations and Single-Cell Genomics. Cell 176 (6), 1325–1339.e22. doi:10.1016/j.cell.2019.01.022
 Mann, M., Mehta, A., de Boer, C. G., Kowalczyk, M. S., Lee, K., Haldeman, P., et al. (2018). Heterogeneous Responses of Hematopoietic Stem Cells to Inflammatory Stimuli Are Altered with Age. Cel Rep. 25 (11), 2992–3005.e5. doi:10.1016/j.celrep.2018.11.056
 Martinov, T., McKenna, K. M., Tan, W. H., Collins, E. J., Kehret, A. R., Linton, J. D., et al. (2021). Building the Next Generation of Humanized Hemato-Lymphoid System Mice. Front. Immunol. 12, 643852. doi:10.3389/fimmu.2021.643852
 Matatall, K. A., Shen, C.-C., Challen, G. A., and King, K. Y. (2014). Type II Interferon Promotes Differentiation of Myeloid-Biased Hematopoietic Stem Cells. Stem Cells 32 (11), 3023–3030. doi:10.1002/stem.1799
 McCune, J., Namikawa, R., Kaneshima, H., Shultz, L., Lieberman, M., and Weissman, I. (1988). The SCID-Hu Mouse: Murine Model for the Analysis of Human Hematolymphoid Differentiation and Function. Science 241 (4873), 1632–1639. doi:10.1126/science.241.4873.1632
 Morita, Y., Ema, H., and Nakauchi, H. (2010). Heterogeneity and Hierarchy within the Most Primitive Hematopoietic Stem Cell Compartment. J. Exp. Med. 207 (6), 1173–1182. doi:10.1084/jem.20091318
 Morrison, S. J., Wandycz, A. M., Hemmati, H. D., Wright, D. E., and Weissman, I. L. (1997). Identification of a Lineage of Multipotent Hematopoietic Progenitors. Development 124 (10), 1929–1939. doi:10.1242/dev.124.10.1929
 Mosier, D. E., Gulizia, R. J., Baird, S. M., and Wilson, D. B. (1988). Transfer of a Functional Human Immune System to Mice with Severe Combined Immunodeficiency. Nature 335 (6187), 256–259. doi:10.1038/335256a0
 Müller-Sieburg, C. E., Cho, R. H., Thoman, M., Adkins, B., and Sieburg, H. B. (2002). Deterministic Regulation of Hematopoietic Stem Cell Self-Renewal and Differentiation. Blood 100 (4), 1302–1309. doi:10.1182/blood.v100.4.1302.h81602001302_1302_1309
 Muller-Sieburg, C. E., Cho, R. H., Karlsson, L., Huang, J.-F., and Sieburg, H. B. (2004). Myeloid-biased Hematopoietic Stem Cells Have Extensive Self-Renewal Capacity but Generate Diminished Lymphoid Progeny with Impaired IL-7 Responsiveness. Blood 103 (11), 4111–4118. doi:10.1182/blood-2003-10-3448
 Nguyen, L., Wang, Z., Chowdhury, A. Y., Chu, E., Eerdeng, J., Jiang, D., et al. (2018). Functional Compensation between Hematopoietic Stem Cell Clones In Vivo. EMBO Rep. 19 (8). doi:10.15252/embr.201745702
 Osawa, M., Hanada, K.-i., Hamada, H., and Nakauchi, H. (1996). Long-term Lymphohematopoietic Reconstitution by a Single CD34-Low/negative Hematopoietic Stem Cell. Science 273 (5272), 242–245. doi:10.1126/science.273.5272.242
 Osorio, F. G., Rosendahl Huber, A., Oka, R., Verheul, M., Patel, S. H., Hasaart, K., et al. (2018). Somatic Mutations Reveal Lineage Relationships and Age-Related Mutagenesis in Human Hematopoiesis. Cel Rep. 25 (9), 2308–2316.e4. doi:10.1016/j.celrep.2018.11.014
 Palchaudhuri, R., Saez, B., Hoggatt, J., Schajnovitz, A., Sykes, D. B., Tate, T. A., et al. (2016). Non-genotoxic Conditioning for Hematopoietic Stem Cell Transplantation Using a Hematopoietic-cell-specific Internalizing Immunotoxin. Nat. Biotechnol. 34 (7), 738–745. doi:10.1038/nbt.3584
 Paul, F., Arkin, Y. a., Giladi, A., Jaitin, D. A., Kenigsberg, E., Keren-Shaul, H., et al. (2015). Transcriptional Heterogeneity and Lineage Commitment in Myeloid Progenitors. Cell 163 (7), 1663–1677. doi:10.1016/j.cell.2015.11.013
 Pei, W., Shang, F., Wang, X., Fanti, A.-K., Greco, A., Busch, K., et al. (2020). Resolving Fates and Single-Cell Transcriptomes of Hematopoietic Stem Cell Clones by PolyloxExpress Barcoding. Cell Stem Cell 27 (3), 383–395.e8. doi:10.1016/j.stem.2020.07.018
 Pietras, E. M., Reynaud, D., Kang, Y.-A., Carlin, D., Calero-Nieto, F. J., Leavitt, A. D., et al. (2015). Functionally Distinct Subsets of Lineage-Biased Multipotent Progenitors Control Blood Production in Normal and Regenerative Conditions. Cell Stem Cell 17 (1), 35–46. doi:10.1016/j.stem.2015.05.003
 Pillay, J., den Braber, I., Vrisekoop, N., Kwast, L. M., de Boer, R. J., Borghans, J. A. M., et al. (2010). In Vivo labeling with 2H2O Reveals a Human Neutrophil Lifespan of 5.4 Days. Blood 116 (4), 625–627. doi:10.1182/blood-2010-01-259028
 Pinho, S., Marchand, T., Yang, E., Wei, Q., Nerlov, C., and Frenette, P. S. (2018). Lineage-Biased Hematopoietic Stem Cells Are Regulated by Distinct Niches. Develop. Cel 44 (5), 634–641.e4. doi:10.1016/j.devcel.2018.01.016
 Rodriguez-Fraticelli, A. E., Weinreb, C., Wang, S.-W., Migueles, R. P., Jankovic, M., Usart, M., et al. (2020). Single-cell Lineage Tracing Unveils a Role for TCF15 in Haematopoiesis. Nature 583 (7817), 585–589. doi:10.1038/s41586-020-2503-6
 Rodriguez-Fraticelli, A. E., Wolock, S. L., Weinreb, C. S., Panero, R., Patel, S. H., Jankovic, M., et al. (2018). Clonal Analysis of Lineage Fate in Native Haematopoiesis. Nature 553 (7687), 212–216. doi:10.1038/nature25168
 Sanjuan-Pla, A., Macaulay, I. C., Jensen, C. T., Woll, P. S., Luis, T. C., Mead, A., et al. (2013). Platelet-biased Stem Cells Reside at the apex of the Haematopoietic Stem-Cell Hierarchy. Nature 502 (7470), 232–236. doi:10.1038/nature12495
 Sawai, C. M., Babovic, S., Upadhaya, S., Knapp, D. J. H. F., Lavin, Y., Lau, C. M., et al. (2016). Hematopoietic Stem Cells Are the Major Source of Multilineage Hematopoiesis in Adult Animals. Immunity 45 (3), 597–609. doi:10.1016/j.immuni.2016.08.007
 Säwen, P., Eldeeb, M., Erlandsson, E., Kristiansen, T. A., Laterza, C., Kokaia, Z., et al. (2018). Murine HSCs Contribute Actively to Native Hematopoiesis but with Reduced Differentiation Capacity upon Aging. Elife 7. doi:10.7554/eLife.41258
 Scala, S., Basso-Ricci, L., Dionisio, F., Pellin, D., Giannelli, S., Salerio, F. A., et al. (2018). Dynamics of Genetically Engineered Hematopoietic Stem and Progenitor Cells after Autologous Transplantation in Humans. Nat. Med. 24 (11), 1683–1690. doi:10.1038/s41591-018-0195-3
 Schepers, K., Swart, E., van Heijst, J. W. J., Gerlach, C., Castrucci, M., Sie, D., et al. (2008). Dissecting T Cell Lineage Relationships by Cellular Barcoding. J. Exp. Med. 205 (10), 2309–2318. doi:10.1084/jem.20072462
 Shultz, L. D., Schweitzer, P. A., Christianson, S. W., Gott, B., Schweitzer, I. B., Tennent, B., et al. (1995). Multiple Defects in Innate and Adaptive Immunologic Function in NOD/LtSz-scid Mice. J. Immunol. 154 (1), 180–191.
 Shultz, L. D., Lyons, B. L., Burzenski, L. M., Gott, B., Chen, X., Chaleff, S., et al. (2005). Human Lymphoid and Myeloid Cell Development in NOD/LtSz-scid IL2RγnullMice Engrafted with Mobilized Human Hemopoietic Stem Cells. J. Immunol. 174 (10), 6477–6489. doi:10.4049/jimmunol.174.10.6477
 Six, E., Guilloux, A., Denis, A., Lecoules, A., Magnani, A., Vilette, R., et al. (2020). Clonal Tracking in Gene Therapy Patients Reveals a Diversity of Human Hematopoietic Differentiation Programs. Blood 135 (15), 1219–1231. doi:10.1182/blood.2019002350
 Smith, L. G., Weissman, I. L., and Heimfeld, S. (1991). Clonal Analysis of Hematopoietic Stem-Cell Differentiation In Vivo. Proc. Natl. Acad. Sci. U.S.A. 88 (7), 2788–2792. doi:10.1073/pnas.88.7.2788
 Spangrude, G. J., Heimfeld, S., and Weissman, I. L. (1988). Purification and Characterization of Mouse Hematopoietic Stem Cells. Science 241 (4861), 58–62. doi:10.1126/science.2898810
 Sun, J., Ramos, A., Chapman, B., Johnnidis, J. B., Le, L., Ho, Y.-J., et al. (2014). Clonal Dynamics of Native Haematopoiesis. Nature 514 (7522), 322–327. doi:10.1038/nature13824
 Takenaka, K., Prasolava, T. K., Wang, J. C. Y., Mortin-Toth, S. M., Khalouei, S., Gan, O. I., et al. (2007). Polymorphism in Sirpa Modulates Engraftment of Human Hematopoietic Stem Cells. Nat. Immunol. 8 (12), 1313–1323. doi:10.1038/ni1527
 Upadhaya, S., Sawai, C. M., Papalexi, E., Rashidfarrokhi, A., Jang, G., Chattopadhyay, P., et al. (2018). Kinetics of Adult Hematopoietic Stem Cell Differentiation In Vivo. J. Exp. Med. 215 (11), 2815–2832. doi:10.1084/jem.20180136
 van Heijst, J. W. J., Gerlach, C., Swart, E., Sie, D., Nunes-Alves, C., Kerkhoven, R. M., et al. (2009). Recruitment of Antigen-specific CD8 + T Cells in Response to Infection Is Markedly Efficient. Science 325 (5945), 1265–1269. doi:10.1126/science.1175455
 Van Putten, L. M., and Croon, F. (1958). The Life Span of Red Cells in the Rat and the Mouse as Determined by Labeling with DFP32 In Vivo. Blood 13 (8), 789–794. doi:10.1182/blood.v13.8.789.789
 Velten, L., Haas, S. F., Raffel, S., Blaszkiewicz, S., Islam, S., Hennig, B. P., et al. (2017). Human Haematopoietic Stem Cell Lineage Commitment Is a Continuous Process. Nat. Cel Biol 19 (4), 271–281. doi:10.1038/ncb3493
 Verovskaya, E., Broekhuis, M. J. C., Zwart, E., Ritsema, M., van Os, R., de Haan, G., et al. (2013). Heterogeneity of Young and Aged Murine Hematopoietic Stem Cells Revealed by Quantitative Clonal Analysis Using Cellular Barcoding. Blood 122 (4), 523–532. doi:10.1182/blood-2013-01-481135
 Wahlestedt, M., Erlandsson, E., Kristiansen, T., Lu, R., Brakebusch, C., Weissman, I. L., et al. (2017). Clonal Reversal of Ageing-Associated Stem Cell Lineage Bias via a Pluripotent Intermediate. Nat. Commun. 8, 14533. doi:10.1038/ncomms14533
 Weinreb, C., Rodriguez-Fraticelli, A., Camargo, F. D., and Klein, A. M. (2020). Lineage Tracing on Transcriptional Landscapes Links State to Fate during Differentiation. Science 367 (6479). doi:10.1126/science.aaw3381
 Werner, B., Beier, F., Hummel, S., Balabanov, S., Lassay, L., Orlikowsky, T., et al. (2015). Reconstructing the In Vivo Dynamics of Hematopoietic Stem Cells from Telomere Length Distributions. Elife 4, 08687. doi:10.7554/eLife.08687
 Wu, C., Li, B., Lu, R., Koelle, S. J., Yang, Y., Jares, A., et al. (2014). Clonal Tracking of Rhesus Macaque Hematopoiesis Highlights a Distinct Lineage Origin for Natural Killer Cells. Cell Stem Cell 14 (4), 486–499. doi:10.1016/j.stem.2014.01.020
 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
 Yamamoto, R., Wilkinson, A. C., Ooehara, J., Lan, X., Lai, C.-Y., Nakauchi, Y., et al. (2018). Large-Scale Clonal Analysis Resolves Aging of the Mouse Hematopoietic Stem Cell Compartment. Cell Stem Cell 22 (4), 600–607.e4. doi:10.1016/j.stem.2018.03.013
 Yang, L., Bryder, D., Adolfsson, J., Nygren, J., Månsson, R., Sigvardsson, M., et al. (2005). Identification of Lin-Sca1+kit+CD34+Flt3- Short-Term Hematopoietic Stem Cells Capable of Rapidly Reconstituting and Rescuing Myeloablated Transplant Recipients. Blood 105 (7), 2717–2723. doi:10.1182/blood-2004-06-2159
 Yu, K.-R., Espinoza, D. A., Wu, C., Truitt, L., Shin, T.-H., Chen, S., et al. (2018). The Impact of Aging on Primate Hematopoiesis as Interrogated by Clonal Tracking. Blood 131 (11), 1195–1205. doi:10.1182/blood-2017-08-802033
 Yu, V. W. C., Yusuf, R. Z., Oki, T., Wu, J., Saez, B., Wang, X., et al. (2017). Epigenetic Memory Underlies Cell-Autonomous Heterogeneous Behavior of Hematopoietic Stem Cells. Cell 168 (5), 944–945. doi:10.1016/j.cell.2017.02.010
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 © 2022 Konturek-Ciesla and Bryder. 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/xhtml/nav.xhtml
Contents

		Cover

		Stem Cells, Hematopoiesis and Lineage Tracing: Transplantation-Centric Views and Beyond		Introduction

		Assaying Hematopoietic Stem Cell Function: Transplantation

		Assaying Hematopoietic Stem Cell Function: Cellular Barcoding and Gene Expression Profiling

		Assaying Hematopoietic Stem Cell Function: In Vivo Lineage Tracing

		Assaying Hematopoietic Stem Cell Function: The Human System

		Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Cell and Developmental Biology






OPS/images/fcell-10-903528-g001.gif





OPS/images/fcell-10-903528-g002.gif
iz










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





