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Abstract

The self-renewal capacity of multipotent haematopoietic stem cells (HSCs) supports blood system
homeostasis throughout life and underlies the curative capacity of clinical haematopoietic stem
cell transplantation therapies. However, despite extensive characterization of the HSC state in the
adult bone marrow and embryonic fetal liver, the mechanism of HSC self-renewal has remained
elusive. This Review presents our current understanding of HSC self-renewal in vivo and ex vivo,
and discusses important advances in ex vivo HSC expansion that are providing new biological
insights and offering new therapeutic opportunities.

Introduction

The haematopoietic system is essential for human health and is composed of numerous
specialized cell types, including erythrocytes, megakaryocytes and platelets, adaptive
immune cells (B lymphocytes and T lymphocytes) and innate immune cells (such as
neutrophils and monocytes). Although some haematopoietic cell types are long-lived (such
as memory T cells), others are short-lived (including neutrophils and platelets). These
various blood lineages must be continuously regenerated to sustain homeostasis of the blood
system, a process known as haematopoiesis! (Box 1). Adult humans are estimated to require
~1011-1022 new blood cells each day?, although haematological stresses such as bleeding or
infections can dramatically alter these requirements. Throughout life, haematopoiesis is
maintained by haematopoietic stem cells (HSCs)3-2.

The functional definition of an HSC is a cell with the potential for both self-renewal (that is,
the generation of daughter HSCs by cell division) and multipotent differentiation (meaning
the generation of any mature adult haematopoietic cell type)*°. These two functional
properties enable HSCs to persist throughout an individual’s lifespan. They also underpin
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the capacity of HSCs to reconstitute the entire haematopoietic system following
transplantation into an irradiated (i.e. haematopoiesis-ablated) recipient, after which they
continue to sustain haematopoiesis in the long term. This capacity provides the scientific
basis for HSC transplantation (HSCT), which is widely used to reconstitute a healthy blood
system within a patient®7. Although pioneered over 60 years ago, HSCT still represents the
only curative therapy for a number of haematological malignancies (such as leukaemia and
lymphoma) as well as non-malignant blood disorders (such as immunodeficiency diseases,
autoimmune conditions, hereditary blood disorders and anaemias)®. The clinical relevance
of HSCs in the treatment of these human diseases and the need for large quantities of donor
HSCs have been important driving forces behind the study of HSC self-renewal.

Despite substantial advances in our understanding of ex vivo HSC self-renewal, long-term
maintenance and ex vivo expansion of HSCs remain challenging. This Review aims to
provide an up-to-date synthesis of the field by discussing the experimental techniques
developed to assay HSC self-renewal, the biological mechanisms known to regulate HSC
self-renewal in vivo and ex vivo, and the therapeutic implications of this knowledge. We
focus on self-renewal of mouse HSCs, as the predominant model system in HSC biology,
but include discussion of human HSC self-renewal where relevant.

Identification of self-renewing HSCs

Prospective identification and isolation of functional HSCs is difficult, but progressive
improvements over the past few decades now enable mouse and human HSCs to be purified
at high (~50%) frequencies. During embryonic development, HSCs have been isolated from
a number of anatomical regions (Box 2). Functional HSCs can also be isolated from a
number of adult tissues8; however, most studies to date have focused on the purification and
characterization of HSCs within the adult mouse bone marrow microenvironment. In human,
bone marrow HSCs are a focus of research, although umbilical cord blood-derived HSCs are
also commonly studied.

HSCs are typically isolated using multicolour fluorescence-activated cell sorting (FACS),
which since the mid-1980s has been used to enrich bone marrow aspirates for HSCs on the
basis of cell surface expression of specific proteins, detected using antibody labelling and/or
fluorescent reporter molecules®19, Several mouse HSC markers have been identified, but
most FACS purification strategies use the CD150*CD48-CD34~1°CD117+Scal*Lineage
marker~ (Lin~) bone marrow population to isolate adult mouse HSCs with long-term self-
renewal capacity1-13, Additional positive expression markers in the mouse include Epcrl4
(CD201), Fgd51%, Hoxb56, Evi1l7, a-catulinl8, and Krt719. By contrast, human HSCs are
usually defined as CD49f*CD90*CD45RA-CD34+CD38Lin~ cells?0. However, no
immunophenotype can identify functional HSCs with 100% purity in either mice or
humans20:21, Single-cell analyses of mouse and human HSCs (in vivo and ex vivo) have
highlighted remarkable heterogeneity within these phenotypic populations!3:22:23,
Furthermore, the cell surface markers used for isolation of HSCs are often no longer
accurate following ex vivo culture of HSCs. For example, CD49f and CD38 are not reliable
markers for human HSCs that have been subjected to ex vivo culture; EPCR and ITGAM3
seem to be more reliable markers than CD49f and CD38 in this setting2425,
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At the cellular level, HSC self-renewal occurs during cell division. Conceptually, HSCs can
undergo three types of cell division events: symmetric self-renewal generates two HSCs,
symmetric differentiation generates two haematopoietic progenitor cells (HPCs), whereas
asymmetric self-renewal generates one HSC and one HPC. Owing to the lack of accurate
prospective markers for functional HSCs, self-renewal cell divisions have been difficult to
track directly in real time. Instead, self-renewal of multipotent HSCs is most often
determined retrospectively and indirectly from functional assays, as discussed in the next
section.

Colony forming unit (CFU) assays.

Haematopoietic colony forming potential within liquid or semi-solid media have been
widely used to study HSCs and HPCs in vitro3. Although quicker to perform than the in vivo
assays described below, in vitro CFU assays usually only determine cell proliferation and
myeloid, erythroid and megakaryocytic differentiation capacity, rather than bona fide HSC
activity. However, these assays can be useful to identify self-renewing cells when performed
in a serial re-plating approach.

In vivo spleen colony forming unit assays have also been developed, which measure the
ability of donor cells to generate macroscopic haematopoietic colonies within the spleen of
an irradiated mouse. This early CFU-based methods pioneered many important concepts in
HSC biology26:27, although they probably did not accurately detect or measure multipotent
HSCs.

HSC transplantation assay.

The now-standard mouse transplantation assay involves injection of the donor cells of
interest into irradiated recipient mice, which lack endogenous haematopoiesis (Figure 1a).
Only functionally multipotent HSCs are able to reconstitute the entire haematopoietic
system within irradiated recipients and support long-term recipient survival3->.
Transplantation assays are often combined with limiting dilution analyses (Figure 1b), which
enable the frequency of functional HSCs within the original cell population to be
estimated?8.

Genetic markers are commonly used to track the donor cells (Table 1) within recipients by
enabling discrimination of donor-derived cells from any residual recipient cells as well as
from competitor (also termed helper) bone marrow cells. Competitor bone marrow cells are
usually transplanted along with purified HSCs to secure survival of the recipient by
supplying transiently reconstituting HPCs, due to the relatively slow reconstitution kinetics
of HSCs (Figure 1a). The first genetic method to confirm multilineage HSC reconstitution
kinetics was retrovirus-mediated gene transfer2®, which relied on unique integration sites
identified by Southern blotting to detect reconstitution patterns and kinetics. However, the
utility of retrovirus-mediated gene transfer was limited by low resolution of clone detection
and non-random vector integration. Today, the most prevalent genetic HSC detection method
uses congenic C57BL/6 mouse strains that carry different alleles of Ptprc, the gene encoding
the pan-leukocyte surface marker CD45%30, known as CD45.1 and CD45.2. Expression of
these two alleles can be distinguished by binding of monoclonal antibodies to the respective
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protein isoforms. In combination with flow cytometry, this approach affords simple yet
robust quantification of donor chimerism within peripheral blood and/or bone marrow
leukocyte populations. One minor limitation of this system is that CD45.2-bearing HSCs
show slightly stronger reconstitution potential than do CD45.1-bearing HSCs3L. This
disparity seems to be due to other genetic differences between the two congenic mouse
strains, which differ by a large 40x10° bp genomic region encoding ~300 genes3l. However,
another congenic CD45.1 C57BL/6 mouse strain termed CD45.1(STEM) has now been
developed32, in which Prpre differs by only a single point mutation within the native gene,
overcoming this issue.

Although the CD45 congenic system can quantify chimerism within myeloid, T cell and B
cell lineages, donor contribution to essential CD45~ blood components such as platelets and
erythrocytes cannot be tracked. Platelet and erythrocyte lineage chimerism can currently
only be tracked using donor cells that express fluorescent proteins such as GFP or Kusabira
orange transgenes3:33-35 However, fluorescent and CD45 markers can only distinguish
donor cells from recipient cells, rather than enabling multiple individual donor cells to be
distinguished from each other.

Multipotency is most commonly defined experimentally as myeloid (that is, neutrophil
and/or monocyte), T cell, and B cell differentiation potential, whereas self-renewal capacity
is demonstrated by the reconstitution Kinetics. Stable multilineage reconstitution, which is
usually assessed at >4 months post transplantation, is often the criterion used to define
functional HSCs. By contrast, transferred HPCs can only partially and/or transiently
reconstitute haematopoiesis. Serial transplantation, in which donor cells from the primary
recipient are collected and transplanted into a secondary irradiated recipient mouse, is the
current gold standard for defining HSCs with long-term retention of potent self-renewing
activity (LT-HSCs). Only through self-renewal can the original donor HSCs reconstitute the
primary recipient, and its progeny equivalently reconstitute the secondary recipient. So-
called short-term HSCs (ST-HSCs) can only reconstitute primary recipients for ~4 months
(and fail to reconstitute secondary recipients) and therefore lack potent self-renewal
potential. A third class of HSCs has also been observed, intermediate-term HSCs (IT-HSCs),
which are able to reconstitute multilineage haematopoiesis in primary recipients for up to 6—
8 months3®, but only transiently reconstitute secondary recipients?3.

Clonal analysis.

Definitive evidence of multipotent HSC self-renewal requires the use of clonal
transplantation analysis. Most transplantation assays transfer populations of cells, but only
single-cell transplantation can definitively demonstrate HSC activity at the clonal level. In
1996, our group was able to demonstrate through such single-cell transplantation-based
methods in mice that multipotent HSCs within a population of CD341°CD117+Scal* Lin~
bone marrow cells did indeed have self-renewal capacity0.

More recently, single-cell transplantation analyses based on tracking of fluorescent reporter
transgenes through cell differentiation events in mice have additionally identified self-
renewing but lineage-restricted stem cells (notably platelet-restricted stem cells)13:33-35.37,
The most stringent assay for self-renewal division events is the paired-daughter-cell
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transplantation assay, in which a single HSC is allowed to divide once before each daughter
cell is transplanted into a different recipient, and the reconstitution kinetics are then analysed
to evaluate the function of the transplanted cell3:38, To date, this assay has been performed
only after ex vivo cell divisions because single-cell division events are difficult to track in
vivo.

Lineage tracing.

Several groups have developed retroviral and lentiviral barcoding technologies that enable
the activity of multiple individual HSCs to be tracked within a single recipient following
transplantation39-41 (Figure 1c; Table 1). As transplantation assays cannot determine the
self-renewal capacity of HSCs in the native bone marrow, in vivo lineage-tracing methods
have also been developed that enable the study of native haematopoiesis#243. Consistent
with the observation that HSCs are mostly quiescent during homeostasis**—47, these lineage-
tracing methods have suggested that HSCs have only a small role in day-to-day
haematopoiesis during homeostasis#243, Confetti and rainbow technologies have also been
used for HSC lineage tracing*84°. These techniques enable individual clones to be
prospectively distinguished based on the recombination and expression of genes encoding
different fluorescent proteins. However, the limited number of available fluorescent markers
means that the number of clones that can be simultaneously tracked directly by these
methods is currently low (~4) compared to those that can be tracked by DNA barcoding
technologies.

Dye-dilution assays, which are based on transient expression of GFP-tagged histone H2B,
have been used as an elegant method of labelling non-dividing cells in vivo*”-50. The results
of these studies suggest that some HSCs do not enter the cell cycle during the host’s entire
adulthood®?, Interestingly, these studies also suggested that HSCs display limited self-
renewal potential during homeostasis, and that their multipotency is lost after approximately
four cell division events®. Technological advances in lineage tracing®:°2 and live cell
imaging®3:54 methodologies might soon provide improved approaches capable of tracking
HSCs through cell fate decisions both within multiple cells and across multiple generations
in vivo and ex vivo.

Human HSC transplantation assays.

Although the long-term clinical success of HSCT provides definitive evidence of the self-
renewal potential of HSCs, studying the function of human HSCs experimentally is
challenging, largely because of the lack of assays that truly measure HSC function. The most
widely-used human HSC assay to date is the xenograft transplantation assay, in which
human cells are transplanted into sublethally irradiated immunodeficient NOD/PrkdcScid
mice®® or subsequent adaptations of this mouse strain°6. As in the mouse HSC
transplantation assay, multilineage potential and long-term self-renewal capacity can be
demonstrated by serial transplantation in these models. Xenograft transplantation has also
been used in combination with clonal transplantation to confirm multipotency and self-
renewal of human HSCs?0.
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Unfortunately, as the lifetime of a mouse is much shorter than that of a human, and human
erythrocytes and platelets are poorly generated in this xenograft setting, these assays lack the
elegance of mouse—mouse transplantation assays. However, new transgenic mouse models
have helped to overcome some of these limitations. For example, human erythrocyte and
platelet production is improved in immunodeficient mice carrying mutations in the important
haematopoietic receptor, K7t (CD117)°"-59, Additionally, human HSC reconstitution is
improved in mice that express human haematopoietic cytokines®.

Lineage tracing in humans.

Understanding how HSCs function in vivo in humans also remains an important but
challenging goal. Analysis of unique viral integration sites, which are equivalent to unique
barcodes, in bone marrow and peripheral blood samples from patients who have received
HSCT gene therapies has enabled clonal kinetics of the reconstituting cells to be traced over
time®1.62, Whole-genome sequencing has also been applied to study native haematopoiesis
(that is, in the absence of transplantation): somatic mutations within human haematopoietic
cells were used to identify clonal relationships that enabled the reconstruction of in vivo
HSC dynamics®3. These exciting new studies are broadening the study of human HSCs in
vivo.

HSC self-renewal in vivo

The methods described above have been used to study the kinetics of HSC self-renewal at
various stages of life. HSCs in the fetal liver seem to be highly proliferative; transplantation
analyses estimated that HSCs expand by >100-fold within a short period (around 5 days)
during embryonic development®4-66. By contrast, during adulthood, the generally quiescent
state of HSCs limits self-renewal activity*4~4" and the number of functional HSCs remains
largely stable3349, although HSC function is also thought to decline with age8’.

Considerable heterogeneity in HSC self-renewal capacity has been observed at the clonal
level13:33:34 Quantitative analyses of functional HSCs after single-cell transplantation have
revealed that ~1,000-fold expansion can be achieved in primary recipients, although self-
renewal activity is generally reduced in secondary recipients®. Additionally, serial
transplantation analyses have found that LT-HSCs initially have substantial expansion and
reconstitution capacity, but that this capacity is lost after 5-6 successive transplantations33,
These data indicate a limited HSC self-renewal capacity in vivo (at least within the damaged
bone marrow microenvironment of irradiated recipients).

The mechanisms underlying the self-renewal capacity of HSCs have been a major focus of
research over the years. As several comprehensive reviews describing our knowledge of the
HSC microenvironment (niche) have been published in the past few years8:6%.70, here we
provide an overview of the molecular regulators of adult bone marrow HSC self-renewal in
vivo (Figure 2). Many of the same mechanisms have been identified in fetal HSC self-
renewal, although several interesting differences exist, as noted below.
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Extrinsic regulation of HSC self-renewal.

Genetic perturbation of signalling pathways has revealed that a number of extrinsic factors
regulate the self-renewal potential of HSCs within the mouse bone marrow
microenvironment, including stem cell factor (Scf) and thrombopoietin’®. In mouse, genetic
deletion of Scfor its receptor Kit(CD117) results in loss of HSC self-renewal capacity’2. In
particular, Scf derived from bone marrow stromal cells seems to be essential for
maintenance of HSCs in vivo’3. Similarly, genetic deletion of either thrombopoietin or its
receptor myeloproliferative leukemia protein (Mpl) in mouse results in reduced HSC self-
renewal potential 4. Interestingly, the mouse liver is now known to be the main source of the
thrombopoietin required for HSC self-renewal in vivo’®. Further evidence for the roles of
Scf and thrombopoietin signalling in HSC self-renewal comes from mouse genetic
perturbation studies of two negative regulators of these pathways, lymphocyte-specific
adaptor protein (Lnk; also known as SH2B adapter protein 3)58 and sprouty-related EVH1
domain-containing protein 1 (Spred1)76. Lnk is a negative regulator of Mpl signalling in
HSCs and its deletion causes substantial increases in self-renewal®8.77. Single Lnk-deficient
mouse HSCs can expand by ~3,000-fold following transplantation, which provides strong
evidence for the in vivo self-renewal potential of HSCs®. Spred1 is a negative regulator of
Kit signaling, and its genetic deletion similarly results in increased HSC self-renewal 6.

Several other signalling pathways have been implicated in the extrinsic regulation of HSC
self-renewal in vivo, particularly inflammatory signalling’8-81. Diet and metabolic activity
also have an important role in HSC self-renewal in vivo82. For example, fasting has also
been implicated in the regulation of HSC self-renewal, with cycles of acute fasting (cycles of
48-h fasting, once per week) enhancing HSC self-renewal in mice, at least in part through
reducing insulin-like growth factor (IGF) signalling pathways83. However, the consequences
of chronic dietary restriction in mice seem to be complex, and different effects on HSC
activity have been reported in different studies®48°. Additionally, other dietary perturbations
can influence HSC self-renewal. For example, limiting dietary intake of the branched-chain
amino acid valine inhibits HSC self-renewal®¢:87. The hypoxic nature of the bone marrow
environment is also thought to be important for HSC maintenance88.

Although many self-renewal signalling pathways seem to be conserved between fetal and
adult HSCs, some notable differences exist. For example, mouse fetal liver HSCs have an
increased sensitivity to Scf compared with adult HSCs8. Glycosylphosphatidylinositol-
anchored protein GPI80 (also known as vascular non-inflammatory molecule 2), a myeloid
cell adhesion factor, along with integrin aM (ITGAM) are also thought to regulate fetal
HSC expansion, at least in humans®°. Self-renewal mechanisms have not been extensively
studied in embryonic tissues other than the liver, although HSC differentiation in the
placenta is thought to be prevented by trophoblast-derived platelet-derived growth factor
subunit B (PDGFB) signalling, at least in part through inhibition of erythroid
differentiation91.

Intrinsic regulation of HSC self-renewal.

Numerous cell-intrinsic factors regulate HSC self-renewal potential in vivo. These factors
can be broadly categorized as relating to signalling, transcriptional, epigenetic and metabolic
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programs. Perturbation of intracellular signalling pathways downstream of the extrinsic self-
renewal factors mentioned above regulate HSC self-renewal, presumably by modulating how
HSCs sense and respond to these factors68.76.77,

Gene-deletion studies in mice have identified a number of epigenetic regulatory molecules
that limit HSC self-renewal, in particular methylcytosine dioxygenase 2 (Tet2)?2, DNA
(cytosine-5)-methyltransferase 3A (Dnmt3a)93:%4 and members of the polycomb repressive
complexes?®, Genetic mutation of 7E72and DNMT3A are also associated with clonal
dominance within human hematopoiesis, suggesting they play similar roles in human HSC
self-renewal®’. More recently, the chromatin reader AF9 has also been identified as an
important human HSC self-renewal factor®8. Metabolic activity is thought to be tightly
linked to HSC self-renewal, including fatty acid oxidation pathways®®, mitochondrial
activity100101 mitophagy2® and autophagy02. These pathways and functions have been
thoroughly described elsewhere®2.103, Moreover, metabolism influences epigenetic
mechanisms; for example, vitamin C (ascorbic acid) limits mouse HSC self-renewal via
regulation of Tet2 activity104.105,

Gene-deletion studies have also implicated a number of transcription factors in the
regulation of HSC self-renewal, including the zinc finger protein Gfil (also known as growth
factor independent protein 1) and ecotropic virus integration site 1 protein homolog (Evil,
also known as histone-lysine N-methyltransferase Mecom), as documented elsewhere1%6.
Furthermore, several transcription factors have been identified specifically as fetal HSC self-
renewal regulators. For example, mouse Sox17 is only required for fetal HSC self-renewal
and its expression is lost in adult HSCs107:108 | oss of cyclic AMP-dependent transcription
factor Atf4 inhibits mouse fetal HSC self-renewal, although this effect seems to be partially
mediated by the function of Atf4 in fetal stromal cells and endothelial cells'9°. Epigenetic
regulation via histone-lysine N-methyltransferase Ezh2 (a subunit of polycomb repressive
complex 2) contributes to mouse fetal HSC expansion119. However, one of the most notable
mouse fetal HSC-specific pathways involves the RNA-binding protein 1in28 homolog B
(Lin28b), /et7 microRNA and high mobility group protein AT-hook 2 (also termed HMGI-
C), which is encoded by HmgaZ2. Lin28b is upregulated in fetal HSCs and promotes self-
renewal activity by binding to /et7microRNA and thereby preventing its inhibition of
Hmga2 expressionil,

HSC self-renewal ex vivo

Given the clinical importance of HSCs in HSCT-based treatment of several haematological
(and non-haematological) diseases, numerous studies have attempted to develop conditions
that stimulate HSC self-renewal ex vivo, largely by extrapolation from knowledge of the
above-described in vivo HSC self-renewal factors. However, despite extensive investigation,
HSCs have long proved difficult to both maintain and expand ex vivol12. In this section, we
discuss current strategies to expand HSCs ex vivo (Figure 3).

Cytokines and growth factors.

The most commonly used HSC self-renewal agonists are cytokines and growth factors,
which are provided in liquid media. For mouse HSCs, Scf has frequently been used in
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combination with thrombopoietin113-115 or interleukin (IL)-11116. These molecules are used
in standard human HSC culture systems, although usually in combination with FMS-related
tyrosine kinase 3 ligand (FLT3L), IL-6 and/or other factors such as pleiotrophinl!’. In liquid
growth media, the cytokines are usually added in combination with fetal bovine serum or
human serum, or bovine serum albumin in combination with insulin112118_Sych culture
conditions can generally maintain HSCs ex vivo for 1-2 weeks but provide minimal HSC
expansion.

Extracellular matrices and co-cultured cells.

Several stromal cell lines have been developed to support HSCs ex vivo in co-cultures!12,
For example, endothelial cells, by providing Notch signalling, offer a supportive ex vivo
microenvironment for HSCs!19. Co-cultures of bone marrow mesenchymal stem (or
stromal) cells (MSCs) have also been developed, including HSC-supportive ‘revitalized’
MSCs that overexpress the genes encoding five transcription factors: K/f7, Ostf1, Xbp1, Irf3
and /rf7A20, This MSC-HSC co-culture system improves HSC maintenance ex vivo,
apparently by reducing the accumulation of reactive oxygen species (ROS).

The use of 3D culture matrices formed from zwitterionic hydrogels has recently shown
impressive results, suggesting that local cell density and perhaps surface texture might have
arole in HSC self-renewall2. Interestingly, the beneficial effect of these hydrogels on HSC
expansion was attributed to metabolic rewiring that resulted in inhibition of oxygen-related
metabolism and a reduction in ROS production. Extracellular matrices formed of other
materials, such as fibronectin, have also been used to improve ex vivo HSC expansion??,
probably through integrin-signalling-mediated upregulation of the thrombopoietin
pathway122,

Transgene overexpression.

Genetic perturbation has traditionally provided the best ex vivo HSC expansion results, for
example, transgenic overexpression of Hoxb4 (encoding homeobox protein B4)123 or
DPPAS5 (encoding developmental pluripotency-associated 5)124. Genetic activation of Notch
signalling®25 and Wnt signalling26 also promote HSC self-renewal ex vivo. However, these
methods have now been surpassed by use of small molecules and serum albumin-free
medias, as discussed below.

Small molecules.

Small-molecule agonists of HSC self-renewal have provided some of the most impressive
expansions of non-modified human HSCs to date. The two most frequently utilized small
molecules are StemReginin-1 (SR1) and UM171127.128 Mechanistically, SR1 is an
antagonist of the aryl hydrocarbon receptor, whereas UM171 is thought to promote
homeostatic inflammatory-detoxification of ROS12. In combination with cytokines
(thrombopoietin, SCF, FLT3L and IL-6), SR1 and UM171 are estimated to induce ~30-fold
expansion of human HSCs ex vivo over 2 weeks27:128_ Small-molecule mimics of
thrombopoietin, also known as MPL agonists, also promote human HSC self-renewal ex
vivol30.131  Ag these small molecules target human proteins and pathways, these agonists
have been studied almost exclusively in human HSC cultures to date.
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Minimizing self-renewal antagonists.

Preventing the accumulation of endogenously secreted inhibitors of self-renewal is critical in
ex vivo HSC expansion. Several factors secreted into HSC culture media that negatively
regulate self-renewal, including transforming growth factor § (TGFp) and chemokine
ligands, have important roles in inter-cell signalling23:132, Batch-fed culture systems have
been developed to limit the buildup of these self-renewal antagonists!32.

Serum albumin-free media.

A common confounding factor in HSC growth media has been the pervasive use of serum or
serum albumin. Serum albumin has been thought to have an essential role in buffering
culture media, stabilizing hydrophobic molecules, and providing various HSC-supportive
bioactive molecules33, However, these biological materials introduce numerous unknown
factors into the culture. Batch-testing of different serum lots led to the identification of sera
that preferentially stimulate HSC self-renewal ex vivol18. However, it is largely unclear
which self-renewal agonists are present in these samples. Serum albumin can be entirely
replaced with the synthetic polymer polyvinyl alcohol (PVA) in HSC culture media23. In
combination with optimized concentrations of Scf, thrombopoietin, insulin, and complete
media changes (which reduce the accumulation of endogenous self-renewal inhibitors, as
discussed above)23:134  the use of PVA-based media has afforded long-term and large-scale
expansion of mouse HSCs ex vivo. Limiting dilution analyses, performed before and after ex
vivo expansion of a purified population of mouse CD150*CD34~1°CD117*Scal* Lin~
HSCs, indicate that a 236-899-fold expansion could be achieved by 4 weeks of culture
under these conditions23. Split-clone transplantation assays further confirmed bona fide ex
vivo mouse HSC self-renewal?®. Mechanistically, PVA is thought to replace the cytokine-
stabilizing activity of serum albumin13%, but how PVA affects the metabolic activity of
cultured HSCs is currently unknown. For example, serum albumin is a lipid carrier and also
thought to act as an antioxidant in cell culture media, but whether PVA replicates these
functions remains unclear. PVA in combination with SCF, thrompoietin, and insulin have
also been successfully applied to the ex vivo maintenance of human HSCs?3, although
further work is needed to optimize human HSC culture conditions to promote equivalent
levels of HSC self-renewal as seen in mouse HSC cultures.

Other media components.

Other culture media constitutents, such as amino acids®6:87, vitamins1%5 and minerals!3, are
also thought to influence HSC self-renewal ex vivo. For example, HSCs are preferentially
maintained in low-calcium growth medial38, perhaps because calcium regulates HSCs
through mitochondrial metabolism36:137_ However, low-calcium conditions also stabilize
Tet2, via calcium-based activation of Tet2-targeting calpain proteases36, observations that
suggest low-calcium conditions might limit HSC self-renewal. Furthermore, hypoxia
improves ex vivo maintenance of HSCs, both during initial isolation and subsequent
culture®:138 probably through reducing oxidative stress. Therefore, many more aspects of
culture media than just growth supplements need to be considered when optimizing the
conditions for ex vivo HSC expansion.
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Harnessing HSC self-renewal in therapy

HSCT can involve either allogeneic or autologous transplantation. Allogeneic HSCT is most
widely used, and involves transplantation of donor HSCs collected from healthy individuals
with an at least partial human leukocyte antigen (HLA) match with the recipient patient5:’.
Autologous HSCT involves the collection and reintroduction of the patient’s own HSCs, and
is used in patients receiving anticancer therapies involving high-dose radiation and/or high-
dose chemotherapy, which would otherwise cause bone marrow failure. Gene therapies are
also used in combination with autologous HSCT to provide safe and effective curative
treatment for a number of congenital haematological diseases®13°. Current clinical gene
therapy approaches rely on ex vivo retroviral or lentiviral vector-mediated genetic
modification, and are currently only approved for a limited number of congenital

diseases® 7139, As discussed below, the availability and efficacy of both types of HSCT
could be considerably improved by efficient ex vivo HSC expansion. Additionally, improved
understanding of HSC self-renewal mechanisms would have applications in the development
of novel therapies.

Allogeneic HSCT.

Allogeneic HSCT can be only performed if a suitable immune-matched healthy donor is
available from whom sufficient HSC numbers can be collected. The lack of suitable donors
is a major barrier to the widespread use of HSCT. If donor and patient are not sufficiently
immune-matched, allogeneic HSCT can result in severe graft versus host disease (GvHD), in
which an immune response is mounted by donor immune cells contaminating the
transplanted cells. These immune cells recognize the host tissues as non-self and can cause
considerable morbidity and even mortality40. However, it is worth noting that in certain
contexts such as HSCT treatment of leukaemias, mild GvHD is desirable because targeting
of any residual leukaemia cells by engrafted cells aids long-term remission!40. Ex vivo
expansion of donor HSCs could improve donor availability by requiring fewer HSCs to be
harvested. The ex vivo culture of allogeneic donor cells before transplantation under
conditions that are highly selective for HSC expansion might also help to deplete the
contaminating immune cells that are responsible for GVHD.

Ex vivo HSC expansion could increase the availability of immune-matched HSCs. For
example, it could help to facilitate the use of cord blood-derived HSCs for HSCT14, which
represent a highly accessible source of HSCs. Allogeneic transplantation of cord blood-
derived HSCs also causes less GvHD than transplantation of adult HSCs, due to the reduced
allogeneic response of the contaminating immune cells that are co-transplanted with the
donor HSCs41.142 Unfortunately, single units of cord blood often contain too few HSCs to
be used for HSCT in adults; sufficient numbers of HSCs must be transplanted to prevent
graft failure, a life-threatening complication of HSCT caused by too few donor HSCs
engrafting and/or functioning following transplantation. As large HSC doses improve rates
of donor engraftment and long-term reconstitution, the ability to deliver more HSCs than
were originally collected from the donor could improve therapeutic outcomes across many
diseases treated by allogeneic HSCT.
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The results of clinical trials in which UM171 was used to expand single units of cord blood
HSCs for 7 days before transplantation highlight the safety and feasibility of ex vivo HSC
expansion43, An average of 35-fold increases in total cell numbers were achieved in these
7-day cultures, and the transplanted cells supported haematopoietic reconstitution in all
patients included in the study (as assessed at up to 18 months post-transplantation). Other
clinical trials have used SR1 or MSC co-culture to expand HSCs ex vivo and their results
also suggest that ex vivo HSC expansion could be a safe and effective method of improving
haematopoietic recoveryl44:145 although these two trials both used two units of cord blood
per patient, one fresh and one expanded ex vivo. Overall, these results are very promising for
the clinical use of ex vivo HSC expansion. However, long-term follow up of these patients
will be important to confirm that LT-HSCs were not depleted during ex vivo culture.

Autologous HSCT gene therapies.

Ex vivo gene editing of HSCs intended for use in autologous HSCT must currently be
performed quickly (within days) to prevent substantial loss of HSCs!39. Without ex vivo
expansion, at best, the same number of HSCs that were collected from the patient can be
returned. This situation not only limits the use of autologous HSCT gene therapies in
diseases where few healthy HSCs can be collected, but also increases the risk of graft
failure. Ex vivo HSC expansion could therefore greatly improve the availability of
autologous HSCT gene therapies for patients in whom the collection of sufficient numbers
of HSCs is currently a limiting factor. Ex vivo expansion also offers opportunities for
enrichment of gene-corrected HSCs before transplantation, and might also improve safety,
for example, by enabling additional quality control tests to be performed prior to
transplantation. Exciting advances in HSC gene editing techniques using the CRISPR—Cas9
system also compound the need for clinical ex vivo HSC expansion protocols46:147 | ack of
supportive ex vivo HSC culture conditions is likely to become a limiting factor in the
success and availability of these potentially curative next-generation therapies.

Reduced need for bone marrow conditioning.

Recipient bone marrow conditioning, which is traditionally achieved through irradiation
and/or chemotherapy, is normally required to destroy native HSCs and thereby enable the
engraftment of donor HSCs®7. HSCs will engraft in non-conditioned recipients, albeit only
at very low frequencies'48.149, However, we have demonstrated that mouse HSCs subjected
to ex vivo expansion could robustly engraft in non-conditioned recipients?3. The ability to
transplant high numbers of HSCs might therefore reduce the need for bone marrow
conditioning in specific disease contexts such as Fanconi anaemia. Patients with this disease
lack an efficient DNA damage repair pathway, with the consequence that traditional bone
marrow conditioning is highly toxic and thus contraindicated for these individuals®0. Ex
vivo HSC expansion, by increasing the number of HSCs available for transplantation, could
help to reduce the requirement for bone marrow conditioning and might also enable the
intensity of conditioning to be reduced, thereby limiting the considerable off-target toxicity
of current conditioning methods.
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Other therapies.

Just as stable expansion of pluripotent stem cells (PSCs) resulted in a number of exciting
new therapeutic opportunities!®1, stable ex vivo expansion of HSCs is also likely to open the
door to novel therapeutic paradigms. Culture conditions that stabilize the HSC state could
also enable the generation of HSCs from unmodified PSCs1®2, which could overcome the
lack of donor HSCs and offer opportunities for autologous HSCT using patient-derived
PSCs without the risk of GvHD. Additionally, knowledge of HSC self-renewal mechanisms
might find applications in other therapeutic paradigms, such as targeting the critical
pathways responsible for self-renewal of malignant HSCs in leukaemias.

Conclusions

Ex vivo HSC expansion has been a holy grail in haematology for over 50 years, a fact that
has stimulated much scientific research into HSC self-renewal. Successful generation of ex
vivo culture conditions that are supportive of HSC self-renewal opens up new paradigms in
both HSC biology and clinical haematology123. Progress in these fields has often been held
up by a paucity of collected HSCs, but new HSC expansion methods now enable new
biochemical and molecular assays to be applied to the study of HSCs and to the mechanisms
of HSC self-renewal. Additionally, improved understanding of the conditions needed to
achieve stable ex vivo self-renewal might aid in deciphering the complexities of the bone
marrow HSC niche in vivo. Together, these new findings will help to establish novel
technologies and new approaches for the treatment of haematological diseases. As
haematopoiesis has long been an important paradigm in stem cell research, new knowledge
of the mechanisms of HSC self-renewal and lineage commitment is also expected to
contribute to the broader stem cell field and its applications within regenerative medicine.
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Box 1 |
Models of haematopoietic lineage commitment.

Haematopoietic stem cells (HSCs) generate all mature blood cell types via differentiation
through a spectrum of haematopoietic progenitor cells (HPCs), during which self-renewal
capacity and multipotency are progressively lost>1%4, Based on haematopoietic system
reconstitution Kinetics in vivo and lineage potential in vitro, a hierarchy has been
proposed with HSCs at the apex and the various progenitors downstream, with
progenitors become progressively more lineage-committed before forming mature blood
cell types. Self-renewal has been thought to be lost prior to multipotency, during
differentiation into multipotent progenitors (MPPs). However, clonal transplantation
assays have demonstrated that lineage commitment can occur within the HSC
compartment, prior to loss of self-renewall3:34, From MPPs, multipotency is lost on
differentiation into lymphoid-primed multipotent progenitors (LMPPSs) or common
myeloid progenitors (CMPs). Further lineage specification then occurs: LMPPs
differentiate into common lymphoid progenitors (CLPs) or granulocyte—macrophage
progenitors (GMPs), which further differentiate into B cells or T cells and neutrophils or
monocytes, respectively. CMPs can also differentiate into either GMPs or
megakaryocyte—erythrocyte progenitors (MEPS), which ultimately differentiate into
erythrocytes or megakaryocyte progenitors (MkPs) prior to generating platelets. Although
such simple graphical models of haematopoiesis imply that HSC differentiation occurs
through discrete stepwise transitions, the evidence (reviewed elsewhere37:154.155) shows
that haematopoiesis occurs as a continuous differentiation process. There remain
considerable debate over the functional heterogeneity and relationships of the HSC and
HPC populations described above.
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Box 2 |
HSC niches during development and adulthood

Several waves of haematopoiesis occur during embryonic development®6. However, only
the final definitive wave of haematopoiesis generates functional haematopoietic stem
cells (HSCs). Two earlier waves, known as primitive haematopoiesis and transient-
definitive haematopoiesis, respectively, generate mature blood cells and certain
embryonic haematopoietic progenitor cells but not adult HSCs. In mice, definitive HSCs
have been shown to arise at embryonic day (E)10.5 in the aorta—gonad—mesonephros
(AGM) region of the dorsal aortal>6-158 and placenta®6:159, The yolk sac is thought to
also produce definitive HSCs%6:160, These embryonic HSCs then migrate to and colonize
the fetal liver, which seems to be the major site of HSC self-renewal in the developing
embryo. Around the time of birth, HSCs move from the fetal liver and seed the bone
marrow, which becomes the major site of haematopoiesis by around 3—4 weeks after
birth1%6, The human umbilical cord also contains HSCs, which is routinely collected for
research, ex vivo expansion, and HSCT®. HSCs have been found in a number of adult
tissues®69.70, but have been predominantly studied in the bone marrow, spleen, and liver.
Two excellent reviews provide a comprehensive overview of developmental
haematopoiesis in mice and humans152:156,
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Box 3|

Remaining open questions in the HSC self-renewal field

What are the endogenous signals for human haematopoietic stem cell (HSC)
self-renewal in the bone marrow (and other HSC niche sites)?

Can human HSCs undergo sustained self-renewal ex vivo?
What is the molecular and cellular composition of in vivo HSC niches?
How many different HSC niches are there?

What are the relative contributions of intrinsic and extrinsic factors in the
functional heterogeneity of the HSC compartment?

How is life-long HSC self-renewal implemented at the molecular level in
vivo?

How is the HSC pool coordinated throughout life at the population level?

How do HSCs function during homeostasis vs. in an inflammatory
environment?

Can we improve preclinical assays for ex vivo human HSC self-renewal?
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Figure 1 |. HSC self-renewal assays.
a | The standard mouse haematopoietic stem cell (HSC) transplantation assay uses the

congenic CD45.1/CD45.2 system. Bone marrow cells are collected from a donor mouse
bearing the CD45.1 allele from which HSCs are isolated using fluorescence-actiivated cell
sorting (FACS). HSCs are mixed with competitor (also termed helper) bone marrow cells
from CD45.1 x CD45.2 F1 mice and transplanted into a primary recipient mouse bearing the
CD45.2 allele. Donor cell reconstitution kinetics can be determined within the peripheral
blood and bone marrow using monoclonal antibodies and flow cytometric analysis. Flow
cytometric quantification of donor chimerism within the peripheral blood is usually
performed regularly over 16-24 weeks, and bone marrow analyzed at the study endpoint. As
annotated in the representative flow cytometry plots, donor hematopoietic cells are CD45.17,
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competitor hematopoietic cells are CD45.1¥CD45.2*, while recipient hematopoietic cells are
CD45.2* (although irradation leads to loss of endogenous CD45.2* haematopoietic cells in
the transplant recipient). Bone marrow cells from the primary recipient mouse are
transplanted into a secondary recipient mouse bearing the CD45.2 allele to confirm HSC
self-renewal activity. Depending on the experimental design, CD45.1 recipient mice and
CD45.2 donor mice may also be used. b | Limiting dilution analysis (LDA) can be used to
estimate the frequency of HSCs within a cell population by transplantion of varying doses of
cells into multiple mice. Presence or absence of an HSC(s) within the donor population is
determined by assessing long-term peripheral blood reconstitution and LDA performed
based on the number of positive versus negative mice as a function of the donor cell dose.
Various reconstitution thresholds have been used in the field, but it is typically set at 1%
donor peripheral blood chimerism. Based on Poisson statistics, the number of cells (X) that
result in 37% negative mice is equal to the 1/HSC frequency. ¢ | HSC self-renewal can be
tracked using barcoding (or other genetic labelling) technologies. Barcoding can be
performed ex vivo, by isolating HSCs from the bone marrow and labeling them /n vitro with
genetic barcodes (which can be applied using various methods, including transduction with a
lentiviral library) and transplanted into recipient mice. Barcoding can also be performed
directly in vivo, usually via inducing activity of a recombinase-based or transposon-based
‘shuffling” of genetic sequences to generate unique genomic sequences in each HSC. The
output of individual HSCs can be determined by quantifying the barcode abundance within
peripheral blood and/or bone marrow cell populations. In vivo lineage tracing technologies
can be used to track HSC self-renewal in the native bone marrow without the requirement
for transplantation.
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Figure 2 |. Extrinsic and intrinsic factors that regulate self-renewal in embryonic and adult
haematopoiesis.

Various extrinsic and intrinsic regulators of embryonic and adult haematopoietic stem cell
(HSC) self-renewal have been identified in mice and humans, however, our knowledge of the
mechanism of HSC self-renewal remain incomplete. Factors that regulate HSC self-renewal
in adult mice have been primarily studied in bone marrow HSCs, whereas factors that
regulate HSC self-renewal in the mouse embryo have been mainly studied in fetal liver
HSCs, except the platelet-derived growth factor (PDGF) pathway, which has been shown to
regulate HSC differentiation only in the placenta. Our knowledge of the exact relationships
between the various self-renewal factors is often lacking, although protein lin28 homolog B
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(Lin28Db), the microRNA let-7 and high mobility group protein HMGIC (Hmga2) are known
to participate in the same embryonic HSC self-renewal pathway. Multiple transcription
factors including Sox17 and Atf4, as well as epigenetic regulators such as the polycomb
repressive complex 2 component histone-lysine A-methyltransferase Ezh2, influence gene
expression to promote HSC self-renewal in the mouse embryo. HSC self-renewal in
adulthood is also regulated within the nucleus, including by the epigenetic regulatory
molecules methylcytosine dioxygenase Tet2, DNA (cytosine-5)-methyltransferase 3A
(Dnmt3a), the polycomb repressive complex 1 component Ezh1, and transcription factors
including Gfil and Evil, amongst others. CD117, Scf receptor Kit; Evil, Ectropic virus
integration site protein 1 homolog, histone-lysine A-methyltransferase MECOM; GPI-80,
vanin 2; ITGAM, integrin aM; Lnk, SH2B adapter protein 3; Mpl, myeloproliferative
leukemia protein, also known as thrombopoietin receptor; Pdgfb, platelet-derived growth
factor subunit B; Pdgfrp, platelet-derived growth factor receptor B; Scf, stem cell factor (also
known as Kit ligand); Spred1, sprouty-related, EVH1-domain-containing protein 1;
transcription factors, TFs.
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Figure 3 |. Components of ex vivo HSC culture systems.
Multiple strategies have been developed to support ex vivo haematopoietic stem cell (HSC)

self-renewal. Many of the cytokines and growth factors that have been found to regulate in
vivo self-renewal have been used to promote ex vivo self-renewal, including thrombopoietin
and stem cell factor (SCF, also known as Kit ligand). Multiple small molecules and agonists
have been identified that mimic or promote self-renewal in combination with these cytokines
and growth factors. Specifically, StemRegenin 1 (SR1) and UM171 promote expansion of
human cord blood HSCs. Other strategies include preventing the accumulation of
endogenous self-renewal inhibitors, including transforming growth factor g (TGFB) and C-C
motif chemokine ligands (CCLSs) by batch fed culture methods or complete media changes.
Changes in other media components also influence ex vivo HSC stability (for example, low
calcium levels promote HSC maintenance). Serum albumin has long been used in HSC
culture and expansion systems, although it can can be replaced with polyvinyl alcohol
(PVA). Extracellular matrices consisting of fibronectin or hydrogels and/or co-culture with
mesenchymal stem cells (MSCs) or stromal cells can also help to promote HSC self-
renewal. Genetic perturbations, including overexpression of transcription factors such as
MTTL3 (AF9), homeobox protein Hoxb4 and developmental pluripotency-associated
protein 5A (Dppab) as well as upregulation of signaling pathways (Notch and Wnt) also
promote ex vivo HSC self-renewal. CD117, Scf receptor Kit; FLT3L, FMS-like tyrosine
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kinase 3 ligand; IL, interleukin; MPL, myeloproliferative leukemia protein, also known as
thrombopoietin receptor.
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Table 1|
Genetic tools to track HSC activity

Tool Description Evidence Refs.
Retrovirus- Donor haematopoietic cells marked by retrovirus-mediated The first definitive evidence of HSC 29
mediated gene gene transfer are tracked following transplantation into multipotency
transfer recipient mice
CD45 alleles HSCs from a donor mouse are transplanted into recipient mice | The most widely used system for tracking 9,30

each carrying a different allele of the pan-leukocyte marker HSC activity following transplantation, in

CD45 (either CD45.1 or CD45.2). These isoforms are detected | bulk and clonal assays

using monoclonal antibodies. Clonal analysis is possible after

single cell transplantation
Fluorescent Transgenic donor mice are engineered to constitutively express | Assessment of platelet and erythrocyte 13,34,35
protein fluorescent protein(s) within haematopoietic cells, thereby lineages led to the identification of lineage
transaenes? enabling assessment of platelet, erythrocyte and leukocyte biases and lineage-restricted cell types

9 chimerism. Clonal analysis is possible after single cell

transplantation
Retroviral or HSCs are transduced ex vivo with a barcode derived from a These methods enabled reconstitution 39-41
lentiviral retroviral or lentiviral library. Barcodes are detected by dynamics of numerous HSCs to be tracked
barcoding sequencing at multiple time points to track the HSCs over time | within a single recipient
In vivo lineage HSCs are barcoded and genetically tagged in vivo, e.g. using These experiments found that adult HSCs 4351
tracing inducible CreER recombination. The Polylox system enables play a minor role in day-to-day

single HSCs to be individually tagged by one of several haematopoiesis at steady-state

hundred thousand barcodes
Confetti and In vivo Cre recombination ‘shuffles’ a cassette of fluorescent These methods have facilitated molecular 48,49
rainbow labelling protein genes, such that different clones express different studies of /n vivointraclonal HSC

fluorescent proteins. Although the number of distinguishable heterogeneity, including at the genetic and

fluorescent proteins limits the number of clones that can be epigenetic levels

traced, the expression of fluorescent proteins enables

prospective identification of clones
Transposon-based HSB transposase labels HSCs clonally in situ These methods identified HPCs rather than 42
lineage tracing HSCs as major drivers of day-to-day

hematopoiesis at steady-state

Dye-dilution Transient expression of a histone H2B tagged with GFP (H2B- | Functional HSCs retained the H2B-GFP 50
assays GFP) labels dormant HSCs, enabling assessment of their cell label /n vivo for >22 months, confirming

division kinetics throughout life their dormant state

63

Whole genome
sequencing

Rare somatic mutations within an individual’s haematopoietic
system can predict HSC activity longitudinally in native
haematopoiesis

Modelling of these datasets allowed
population dynamics of the human HSC
compartment to be estimated

aSuch as Kusabira orange or green fluorescent protein (GFP). HPC, haematopoietic progenitor cell; HSB, hyperactive Sleeping Beaity; HSC,
haematopoietic stem cell.
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