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Despite its complexity, blood is probably the best understood developmental system, largely due to seminal
experimentation in the mouse. Clinically, hematopoietic stem cell (HSC) transplantation represents the most
widely deployed regenerative therapy, but human HSCs have only been characterized relatively recently. The
discovery that immune-deficient mice could be engrafted with human cells provided a powerful approach for
studying HSCs. We highlight 2 decades of studies focusing on isolation and molecular regulation of human
HSCs, therapeutic applications, and early lineage commitment steps, and compare mouse and humanized
models to identify both conserved and species-specific mechanisms that will aid future preclinical research.
Introduction
Blood is one of the most highly regenerative tissues, with

approximately one trillion (1012) cells arising daily in adult human

bone marrow (BM). Early anatomists examining the BM noted

a wide variety of cellular morphologies corresponding to cells

of various blood lineages and stages of differentiation. To explain

this diversity, Russian biologist A. Maximow astutely postulated

that hematopoiesis is organized as a cellular hierarchy derived

from a common precursor, a hematopoietic stem cell (HSC)

(Maximow, 1909). The best evidence for the existence of HSCs

came during the atomic era. The lethal consequence of radiation

was found to be due to BM failure, but exposed recipients could

be rescued following injection of spleen or marrow cells from

unirradiated donors (Lorenz et al., 1951). Although these studies

firmly established the existence of blood-forming cells and the

benefits of regenerating the blood system upon HSC transplan-

tation (HSCT), they could not resolve whether there weremultiple

stem cells restricted to each blood lineage, or whether a single

multipotential HSC existed.

The study of hematopoiesis moved from observational to

functional when Till andMcCulloch showed that the regenerative

potential of HSCs could be assayed with clonal in vivo repopula-

tion assays, thus establishing the existence of multipotential

HSCs (Becker et al., 1963; Till andMcCulloch, 1961). This finding

stimulated others to develop clonal in vitro assays that,

combined with the advent of a wide array of cell surface anti-

bodies and flow sorting, have culminated in today’s finely

detailed view of the blood system as a developmental hierarchy

with multipotent HSCs at the apex and terminally differentiated

cells on the bottom. HSCs are critical for lifelong blood produc-

tion and are uniquely defined by their capacity to durably self-

renew, or generate daughter stem cells, while still contributing

to the pool of differentiating cells. As they differentiate, HSCs

give rise to a series of progenitor cell intermediates that undergo

a gradual fate restriction to assume the identity of amature blood

cell. Lineage relationships between stem cells, progenitors, and

mature cells form a complex ‘‘roadmap’’ that can guide investi-

gations of the molecular basis for these developmental transi-

tions. Much of our understanding of hematopoiesis comes

from the mouse because, operationally, HSCs can only be iden-
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tified and measured with functional repopulation assays, raising

an obvious barrier to studying human HSCs. However, with the

advent of xenotransplantation, robust in vitro clonal assays,

and refined sorting strategies, significant progress toward

defining the human blood hierarchy has been made. We will

divide this review into three parts, the first describing the

advances in purification of human HSCs, the second focusing

on the molecular regulation of human HSCs and how it can be

harnessed for therapy, and the third on how human lineage

commitment occurs.

Purification and Clonal Analysis of Human HSCs
The Importance of CombinedMouse and Human Studies

Since the seminal experiments demonstrating that blood line-

ages are derived from multipotent cells that form macroscopic

colonies in the spleen (CFU-S) following transplantation (Till

and McCulloch, 1961), the mouse has become an indispensable

model system for studying normal andmalignant hematopoiesis.

Genetic approaches that direct loss or gain of gene function to

precisely defined cellular compartments have identified the

basic developmental principles that control the emergence of

hemogenic tissues during ontogeny and maintain lifelong hema-

topoiesis in the adult. The molecular regulation of HSCs eluci-

dated from studies in the mouse is documented in a number of

reviews (Orkin and Zon, 2008). Despite these advances, the

need to complement mouse studies with those in primary human

cells has been driven by the growing appreciation for species-

specific differences in basic biology and hematology, and their

more direct relevance in developing therapeutics. Mouse strains

used in research are inbred, and it is often difficult to predict how

the choice of a specific genetic background can influence the

observed phenotype. By contrast, human populations are genet-

ically diverse, and this variation becomes an intrinsic parameter

in human studies that experimental models must take into

account. Mice and humans differ in size, ecology, lifespan, and

age to reproductive maturity, imposing different selective trade-

offs in dealing with tumorigenesis, genotoxic stress, telomerase

function, and other factors. Larger body size increases the prolif-

erative demand on human stem and progenitor cells, altering

the balance between self-renewal and differentiation, as well
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Figure 1. Timeline for the Development of Immune-Deficient Mouse Models
The genotypes of immune-deficientmouse strains are ordered chronologically. The upper panel shows the extent of immunodeficiency and humanization of each
model. Humanization is achieved by expressing human proteins as purified protein, as purified transgenes, or from the locus of their mouse homolog
(knockin, K.I.). To overcome the limitations due to poor cross-reactivity betweenmouse and human cytokines, mice that transgenically (Tg) produce human SCF,
GM-CSF, and IL-3 (SGM3 mice), or that have the human TPO replacing the mouse locus, have been produced. Other humanization strategies include reducing
human graft rejection by constitutively expressing human SIRPa, or increasing human T cell function by constitutive expression of human HLA class I or class II.
Thesemodels are described in greater detail elsewhere (Shultz et al., 2007; Willinger et al., 2011). The lower panel depicts the relative extent of support for human
cells achieved in each strain. The general level of engraftment is indicated by the plotted line while the letters indicate the type of engraftment (proportions of the
various human hematopoietic lineages) detected in eachmodel. The comparison between different models is not strictly quantitative because engraftment levels
and lineages generated highly depend on the source of primary human cells and transplantation protocol. All Rag2�/�Il2Rgc�/� strains are on the BALB/c
background. NRG, NOD-Rag1�/�IL2Rg�/�; B2m, beta-2-microglobulin; NOD-Scid B2m�/�.
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as quiescence and cycling. Longer lifespan in humans greatly

increases the risk of accumulating deleterious mutations, which

imposes greater pressure on tumor suppression. As a result,

human cells are more resistant to transformation (Hahn and

Weinberg, 2002). Collectively, these considerations motivated

the development of genetic tools and in vivo repopulation assays

to study human stem cells (Dick, 2008). Although the focus on

primary cells is highly relevant for human biology, the possibility

always remains that some results may be artifacts of the surro-

gate in vitro or xenograft assay methods. While our review is

focused on recent studies in humanized models, we will point

out the frequent conservation and occasional key differences

between mice and humans. Our view is that mouse and human

cell models are complementary, and studies often need to be

carried out in parallel.

Xenograft Models of Human Hematopoiesis

Inspired by the successful application of CFU-S assay to identify

clonogenic progenitors in the mouse, investigation of human

hematopoiesis first focused on colony-forming progenitors using

in vitro CFU-C assay (Moore et al., 1973; Pike and Robinson,

1970). Using feeder layers from human peripheral blood (PB) to

stimulate colony formation, Pike and Robinson demonstrated
that rare cells in human BM generated CFU-Cs in agar. In the

mouse, use of alternate feeder layers composed of adherent

stromal cells revealed that primitive cell types, such as CFU-S,

could be maintained in vitro (Dexter and Lajtha, 1974). By

adapting these conditions, human CFU-Cs were continuously

produced over weeks in culture (Gartner and Kaplan, 1980;

Sutherland et al., 1989). The precursor cells giving rise to CFUs

were referred to as long-term culture-initiating cells (LTC-ICs)

and were positioned upstream of CFU-Cs. There were steady

improvements in the LTC-IC assay with the use of cytokine-

secreting stroma to augment multilineage differentiation and

LTC-IC longevity (Sutherland et al., 1991). LTC-ICs are not

a homogeneous population, but exhibit significant variation in

their ability to sustain the cultures and maintain lympho-myeloid

differentiation (Hao et al., 1996). While the LTC-IC assay repre-

sented a robust surrogate assay for multipotent cells, the rela-

tionship between LTC-ICs and HSCs, defined by repopulation

potential, remained unclear, prompting the need for in vivo

models for human cells.

Over 20 years have passed since primary human hematopoi-

etic cells were first engrafted in immune-deficient mice (Figure 1).

The first breakthrough in humanized mouse models was the
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discovery of the severe combined immune-deficient (Scid)

mouse lacking B and T cells (Fulop and Phillips, 1990; Bosma

et al., 1983). Three independent approaches were initially used

to engraft human hematopoietic cells in Scid mice. By infusing

PB leukocytes (Scid-PBL model), Mosier et al. reconstituted

human T and B cells capable of producing specific antibodies

to tetanus toxin (Mosier et al., 1988, 1991). By surgically grafting

human fetal tissues into Scid mice (Scid-hu model) and trans-

planting HLA-mismatched fetal liver cells, McCune et al. showed

sustained production of donor human B and T cells indicative of

stem/progenitor activity (McCune et al., 1988; Namikawa et al.,

1988). These studies showed that human lymphocytes could

survive and circulate in Scid mice, and be infected with HIV-1,

establishing the first humanized AIDS models. Our group took

a third approach that was based on human BMT and murine

HSC assays. Lymphoid cells are long lived, while myeloid cells

require rapid replenishment from progenitors and eventually

from HSCs. Since no myeloid engraftment was observed in the

Scid-hu model, and only limited numbers of macrophages

were present in the Scid-PBL model, it remained unclear

whether human HSCs could engraft and proliferate in immuno-

deficient mice. A formal demonstration of this requires serial

assessment of myeloid cell potential after transplant. However,

lack of cross-reactivity between the then newly discovered

mouse and human myeloid growth factors was a concern.

With this in mind, our group transplanted human BM cells intra-

venously into sublethally irradiated immune-deficient mice

(bg/nu/xid and Scid) infused with human IL-3, GM-CSF, and

SCF cytokines, and myeloid colony formation was tracked in

the marrow of transplanted mice (Kamel-Reid and Dick, 1988;

Lapidot et al., 1992). The results were clear: myeloid progenitors

were generated even 4 months after transplant. Contempora-

neous detection of B cells indicated that the engraftment was

long term and multipotent, fulfilling two key criteria of HSCs.

The cells that initiated engraftment in xenotransplants were

operationally defined as Scid-repopulating cells (SRCs). This

model provided a direct quantitative in vivo assay to measure

human HSC activity and a means to undertake isolation of

human HSCs.

TheScidmodel was limited; high levels of innate immune func-

tion and spontaneous emergence of B and T cells with age

impeded human engraftment. To generate improved xenograft

models, Shultz and colleagues backcrossed the Scid mutation

onto nonobese diabetic (NOD) mice harboring defects in innate

immunity. The resultant NOD-scid mice supported higher levels

of human engraftment (Shultz et al., 1995). Interestingly, other

backgrounds with theScidmutation, such as nonobese resistant

(NOR) or BALB/c, were nonsupportive (Shultz et al., 2007). Thus,

background-specific genetic factors determine the capacity to

engraft human cells. This conclusion was supported by studies

in our laboratory showing that NOD, but not NOR, marrow

stroma supported human LTC-IC (Takenaka et al., 2007). NOD

mice are highly susceptible to spontaneous type 1 diabetes,

and many insulin-dependent diabetes (Idd) loci were identified.

Through a long positional cloning approach, the gene respon-

sible for this supportive phenotype was identified to be Sirpa

within the Idd13 locus (Takenaka et al., 2007). Sirpa is a highly

polymorphic transmembrane protein expressed on myeloid

cells, and binding to its ligand CD47 inhibits phagocytosis.
122 Cell Stem Cell 10, February 3, 2012 ª2012 Elsevier Inc.
Human CD47 ubiquitously expressed on hematopoietic cells

binds to NOD Sirpa with high affinity and induces host macro-

phage tolerance after transplant of human HSCs (Jaiswal et al.,

2009; Takenaka et al., 2007). By contrast, NOR Sirpa does not

bind human CD47, and NOD-scidmice with the NOR-Sirpa allele

cannot be engrafted with human HSCs, establishing the impor-

tance of macrophages in HSC transplantation.

Amajor drawback to theNOD-scidmodel is the high incidence

of thymic lymphoma, which prevents long-term studies (Shultz

et al., 1995), and the fact that NK cells remain active and able

to resist engraftment. To circumvent this problem, NOD-scid

mice with either truncation (NOG) or a deletion in the IL-2R

common g chain (NSG), a critical component for IL-2, IL-4,

IL-7, IL-9, IL-15, and IL-21 signaling, were developed (Ito et al.,

2002; Shultz et al., 2005). The deletion of this gene inmice results

in a complete loss of B, T, and NK cells. NSGmice support 5-fold

higher CD34+ cell engraftment compared with NOD-scid mice.

Defects in cytokine signaling also prevent lymphomagenesis,

permitting long-term analysis of human HSCs after transplant.

Newer generations of mice are now being developed to better

humanize the mice through the expression of human cytokines,

such as thrombopoietin (TPO), IL-3, GM-CSF, and others that

are not cross-reactive (Rongvaux et al., 2011; Willinger et al.,

2011). Interestingly, sex-specific factors also affect human

engraftment. Female NSG mice are 6-fold more sensitive at

detecting single human HSCs (Notta et al., 2010). This observa-

tion suggests that yet undefined sex-specific factors, such as

steroid hormones, can regulate human HSCs. The development

of more andmore robust xenograft models has enabled isolation

and better characterization of human HSCs over the past 2

decades (Figure 1).

Isolation of Human HSCs

A major obstacle to studying HSC biology is that the cells are

extremely rare. Only 1 in 106 cells in human BM is a transplant-

able HSC (Wang et al., 1997), requiring purification from the

bulk of differentiated cells. Just as HSCs were discovered in

the context of rescuing the effects of lethal doses of radiation,

the activity of prospectively purified stem cell fractions can

only be assayed by transplantation into conditioned hosts. To

be defined as a stem cell, a cell must demonstrate durable

self-renewal and differentiation into all cell types that compose

the tissue. It should also do so at a clonal or single-cell level to

exclude the possibility that a population that is homogeneous

in terms of cell surface marker expression is still functionally

heterogeneous and composed of multiple single-lineage precur-

sors. These requirements present particular difficulties when

testing human cells in xenografts. For example, in syngenic

mouse experiments, long-term HSCs (LT-HSCs) have been

historically defined as enabling repopulation beyond 12 weeks.

Cells that generate all lineages but are only capable of transient

engraftment are defined as short-term HSCs (ST-HSCs) or

multipotent progenitors (MPPs). Even so, extended tracking for

6–8 months reveals so-called intermediate HSCs that extinguish

between 3 and 6 months and are separable from both ST-HSCs

and LT-HSCs (Benveniste et al., 2010). Defining the appropriate

end-points for human cells in xenografts is more difficult.

A 12-week period has been adopted by most investigators in

the past. However, a longer period may be needed to distinguish

between human transient and durable-reconstituting cells
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(Glimm et al., 2001; Notta et al., 2011). In addition, production of

different cell types in xenografts is temporally restricted. For

instance, nucleated erythrocytes are found in the marrow

2–4 weeks after transplant, but they typically do not persist.

On the other hand, thymic engraftment is not observed until

12 weeks after transplant, and peripheral T cells appear even

later. At any given time point, not all lineages may be readily as-

sayed, requiring careful kinetic assessment. These caveats

notwithstanding, xenograft models can now be used to track

self-renewal and multilineage output of single human cells over

8 months, fulfilling stringent criteria for HSCs (Notta et al., 2011).

Formative studies in stem cell biology have been carried out in

mice.MouseHSCswere first isolatedasa lineage-negative (Lin–),

c-Kit+, Sca-1+ (LSK) population (Ikuta and Weissman, 1992;

Spangrude et al., 1988). Within this subset, CD34– cells possess

the unique capacity for long-termmultilineage reconstitution and

self-renewal (Osawaet al., 1996). About one in twoor threeCD34–

LSK cells, alternatively defined by the CD150+CD48– SLAM

phenotype, possess LT-HSC activity (Kiel et al., 2005; Osawa

et al., 1996). The ability to isolate purified HSCs has led to the

detailed analysis of their transcriptional and epigenetic status

(Ji et al., 2010; Ivanova et al., 2002; Ramalho-Santos et al.,

2002). This detailed cellular picture of murine hematopoietic

development (Figure 2A) combined with robust genetic ap-

proaches is beginning to unlock the molecular and biochemical

pathways that underlie HSC function (Orkin and Zon, 2008).

As in the mouse, purification of human HSCs requires simulta-

neous detection of several independent cell surface markers.

CD34, expressed on less than 5% of all blood cells, was the first

marker found to enrich humanHSCs and progenitors (Civin et al.,

1984), and proven in numerous clinical HSCT studies over the

past decade to mark HSCs (Kang et al., 2008; Vogel et al.,

2000). Although some studies using xenograft assays suggest

that, by analogy with themouse, human CD34– HSCsmight exist

(Ishii et al., 2011; Bhatia et al., 1998), a simple calculation using

reported frequencies indicates that >99% of human HSCs must

be CD34+. The lack of congruence of cell surface markers

between mice and humans appears to be the rule rather than

exception; for example, humanHSCsexpress FLT3 receptor (Sit-

nicka et al., 2003) while mouse cells do not, and mouse HSCs

express CD150while human cells do not (Larochelle et al., 2011).

CD34 marks human HSCs as well as more differentiated

progenitors, prompting a search for additional markers for frac-

tionation. Using the Scid-hu model, Baum et al. identified CD90

(Thy1) as a stem cell marker (Baum et al., 1992). In combination

with CD34, it demarcated a small population of CD34+Thy1+

cells that contained most multilineage capacity (Murray et al.,

1995), and could mediate HSCT in breast cancer patients (Mur-

ray et al., 1995; Negrin et al., 2000). Further studies introduced

CD45RA and CD38 as markers of more differentiated progeni-

tors that negatively enrich for HSCs (Bhatia et al., 1997; Con-

neally et al., 1997; Lansdorp et al., 1990). Thus, a picture of

human HSCs as CD34+CD38–Thy1+CD45RA– (herein referred

to as ‘‘Thy1+’’) cells emerged over the past decade.

While a number of studies converged on the Thy1+ phenotype

for human HSCs, until recently little was known concerning its

immediate progeny: the ST-HSC or MPP. Both of these cell

types are defined by transient multilineage repopulation. The

distinction between them is based on earlier mouse studies
and conveys the idea that differentiation is a continuous process

punctuated bymany phenotypic states. A number of multipotent

intermediates with varying degrees of self-renewal potential

exist between long-term HSCs and the first lineage-committed

progenitor. Identification of these intermediates would provide

a molecular glimpse into the early events that coincide with the

loss of self-renewal potential. The first hint of such a progenitor

in humans came from transplants of CD34+CD38lo umbilical

cord blood (CB) cells into NOD-Scid mice that generated tran-

sient myelo-erythroid engraftment at 2 weeks (Mazurier et al.,

2003). CD38 expression is gradually acquired by differentiating

cells, and the CD34+CD38lo fraction was still highly heteroge-

neous. In a more recent study, loss of Thy1 expression by

CD34+CD38–CD45RA– cells (referred to as ‘‘Thy1–’’) was

proposed to demarcate Thy1+ HSCs from transiently-engrafting

Thy1– MPPs (Majeti et al., 2007). However, Thy1– cells still medi-

ated serial transfer, suggesting that this population was not

completely resolved from HSCs. These studies pointed to the

need to identify additional markers to separate HSCs from their

nearest progeny that lack stem cell function.

Integrins mediate cell anchoring to the extracellular matrix

(Raymond et al., 2009). As different cells utilize distinct combina-

tions of integrins, they have been widely used to isolate stem cell

populations from various normal and neoplastic tissues. For

instance, integrin a2 (CD49b) differentially marks mouse long-

term and intermediate-termHSCs (Benveniste et al., 2010), while

integrin a6 (CD49f) marks normal mammary stem cells (Stingl

et al., 1998), and malignant stem cells in glioblastoma (Lathia

et al., 2010). We recently reported that CD49f is also expressed

on �50% of human Thy1+ and �25% of Thy1– cells, and when

sorted fractions were assayed in vivo, HSC activity was

restricted to the CD49f+ cells in both fractions (Notta et al.,

2011). By contrast, Thy1–CD49f– cells mediate transient multili-

neage repopulation that peaks at 4 weeks and becomes unde-

tectable after 16 weeks, reflective of MPPs. Transcriptional

comparison of these closely related cell types provides an

opening to begin to understand which changes in gene expres-

sion are associated with loss of stem cell function (Figure 2B).

Cellular and Molecular Mechanisms in Human HSCs
Molecular Regulators of Human HSCs

At the most fundamental level, of the two daughter cells

produced after cell division of a multipotent cell, one, both, or

neithermay retain its identity as a stem cell. Till et al. were the first

to describe these fate outcomes in probabilistic terms (Till et al.,

1964). The molecular mechanisms that regulate this balance

between self-renewal and differentiation are of primary interest

in stem cell biology. These choices in cell fate are typically asso-

ciated with changes in gene expression and are driven by tran-

scription factors, although the initial changes often occur without

de novo transcription and involve asymmetric distribution of fate

determinants (Neumuller and Knoblich, 2009). Gene expression

changes in stem cell differentiation are accompanied by, and are

often preceded by, epigenetic changes in gene regulatory

regions marking them as active, silent, or poised (Bernstein

et al., 2006). It stands to reason that examination of global epige-

netic and transcriptional differences between closely related

stem-cell and non-stem-cell populations, such as HSCs and

MPPs, would reveal a sequence of developmental events.
Cell Stem Cell 10, February 3, 2012 ª2012 Elsevier Inc. 123



Figure 2. Current Models of Lineage Determination in the Adult Mouse and Human Hematopoietic Hierarchies
The major classes of stem and progenitor cells described in the text are defined by cell surface phenotypes, which are listed next to each population and in the
gray bars below each schematic. Terminally differentiated cells are shown on the right, and inferred lineage relationships are depicted with arrows. In mice (A),
HSCs can be separated into long-term (LT), intermediate-term (IT), and short-term (ST) classes based on the duration of repopulation. In humans (B), HSCs are
defined by the expression of CD49f and other markers, but their heterogeneity has not been investigated. In mice, differentiation of HSCs gives rise to transiently
engrafting multipotent progenitors (MPPs), and a series of immature lymphoid-biased progenitors (such as LMPPs) that undergo gradual lymphoid specification.
In humans, MPPs can be identified by the loss of CD49f expression; however, only one population of immature lymphoid progenitors (MLPs) has been described.
Both mice and humans have well-defined populations of myelo-erythroid progenitors: CMPs, GMPs, and MEPs. Lin: cocktail containing cell surface markers for
all terminally differentiated populations (B cell; T cell; NK; dendritic cell, monocyte, granulocyte, megakaryocyte, and erythrocyte).
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Such high-resolution maps that accompany cellular transitions

have been generated for mouse hematopoiesis, and are being

continuously refined (Ji et al., 2010). Until recently, only highly

heterogeneous populations, based on the expression of CD34

and CD38, had been surveyed by gene expression profiling in

human hematopoiesis (Georgantas et al., 2004). An earlier study

also examined homologous genes with higher expression in LSK

Rholo primitive mouse cells compared with Lin+ cells. Of these,

39% were also more highly expressed in CB CD34+CD38– prim-

itive cells compared with human Lin+ cells (Ivanova et al., 2002).
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This indicates conservation, but also specific differences

between mouse and human HSC expression. Transcriptional

comparison of CD49f+ HSCs and Thy1–CD49f– MPPs is yielding

more precise information about the stem cell state. Several tran-

scription factors are associated with the HSC state, including ID

genes, SOX8, SOX18, andNFIB, whileMYC and IKZF1 are upre-

gulated during differentiation into MPPs (Notta et al., 2011).

Regulators of stem cell function predicted by genomic

approaches must be functionally validated. Steady improve-

ments in xenograft models and lentiviral systems enable genetic
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interrogation of primary human cells (Doulatov et al., 2009). A

typical experimental design involves transduction of CD34+ cells

with lentiviruses designed for overexpression or shRNA-based

gene silencing. Transduced cells are then sorted and injected

into sublethally irradiated NSG mice, or seeded in surrogate

stromal LTC-IC assays. To demonstrate an effect on self-

renewal, serial transplantation is commonly employed. Below,

we examine a small set of HSC regulators and cellular properties

that have been best studied in human cells to date.

One of the most extensively studied HSC transcription factors

is HoxB4. Retroviral transduction of mouse HSCs with Hoxb4

expands stem cell numbers nearly 1,000-fold by activating

symmetric self-renewal divisions with minimal incidence of

leukemic transformation (Antonchuk et al., 2002). However,

HOXB4-transduced human CD34+ cells show a limited (2- to

4-fold) expansion of stem cell activity (Amsellem et al., 2003;

Buske et al., 2002). HoxB4 also has the potential to direct mouse

embryonic stem cells (ESCs) toward a hematopoietic fate, sug-

gesting that it specifies HSCs in embryonic development (Kyba

et al., 2002). By contrast, HOXB4 does not confer repopulating

potential on human ESC-derived hematopoietic cells (Wang

et al., 2005). Thus, while HoxB4 may regulate some aspects of

human HSC function, the data suggest that its function is not

generally conserved in evolution.

Deletion of the Polycomb-group gene Bmi1 leads to a lethal

anemia in mice caused by the progressive loss of proliferative

capacity of HSCs and progenitors (Lessard and Sauvageau,

2003). Similarly, knockdown ofBMI1 in human CD34+ cells leads

to loss of clonal potential (Rizo et al., 2009), while overexpression

augments multilineage and serial replating potential (Rizo et al.,

2008). Serial transplantation in NOD-Scid mice was used to

show an effect of BMI1 on self-renewal. Thus, in this case, there

is a correspondence between the findings in the mouse and

human. Overexpression of BMI1 is found in myeloid leukemia

and a wide range of solid tumors, and a number of studies high-

light its role in tumor-initiating cells in hematopoietic, neural, and

colon cancers (Schuringa and Vellenga, 2010). These findings

suggest that the function of BMI1 is not only conserved across

species, but also in many types of normal and malignant stem

cells, posing it as a key target for therapeutic intervention.

The transcription factors HLF and Notch target HES1 were

initially identified by gene expression profiling of CD34+CD38–

cells from human fetal liver, CB, and adult marrow (Shojaei

et al., 2005). Overexpression of HES1 or HLF conferred

increased repopulation potential; however, their activity in clonal

assays or serial transfer was not tested (Shojaei et al., 2005).

Canonical Notch signaling is initiated by binding of Jagged or

Delta-like, which leads to proteolytic cleavage of the intracellular

domain of Notch (ICN) by gamma-secretase and ICN transloca-

tion to the nucleus, where it participates in transcriptional

activation (Pajcini et al., 2011). Interestingly, CCN3 (NOV), an

extracellular modulator of Notch signaling, is also linked with

human HSC function. NOV binds to the extracellular domain of

Notch and increases expression of Hes1 (Sakamoto et al.,

2002). Loss of NOV impairs human LTC-IC activity and engraft-

ment in NOD-Scid mice, whereas its enforced expression

augments activity in both assays (Gupta et al., 2007). Reduction

in levels of NOV is accompanied by decreasedHES1 expression,

although it has not been shown that HES1 acts downstream of
NOV. Collectively, these findings implicate Notch in maintaining

human HSC function, which has been harnessed for clinical

HSCT (see below). The role of the Notch pathway in murine

HSCs has been widely studied. Recent evidence suggests that

Notch does not have an obligate function in adult HSCs (Maillard

et al., 2008), but constitutive activation of Notch can block differ-

entiation and promote HSC expansion (Varnum-Finney et al.,

2000). Thus, while it seems that Notch has a conserved role in

mouse and human, additional studies should examine the

requirement for Notch in human systems via loss-of-function or

dominant-negative approaches.

Cellular Properties of Human HSCs

HSCs are known to reside in a quiescent state. Initial mouse

BrdU incorporation label-retaining cell studies estimated that

LT-HSCs divide once every 30–50 days (Cheshier et al., 1999;

Kiel et al., 2007). An even more dormant subpopulation of

LT-HSCs that only divides about five times in a mouse’s lifetime

was identified by two independent groups (Foudi et al., 2009;

Wilson et al., 2008). Both of these studies genetically marked

the chromatin using the H2B-GFP construct and followed this

with very long chase periods. Cells that had not divided in

more than 200 days were shown to contain most of the repopu-

lation capacity upon transplantation. With such infrequent prolif-

erative rates, these dormant HSCs, which represent only �15%

of the phenotypic LT-HSC pool, are thought not to contribute to

daily production of hematopoietic cells, but to serve as a reser-

voir in case of injury. Because label-retaining cell studies cannot

be carried out in humans, the existence of such rare and truly

quiescent human HSCs cannot be assessed directly. Nonethe-

less, static measurements by flow cytometry indicate that the

vastmajority of humanHSCs are inG0. Studies relying on param-

eters measured in terminally differentiated cells, such as mean

telomere length (Shepherd et al., 2004) or X chromosome inacti-

vation ratios (Catlin et al., 2011), estimated that human HSCs

divide every 175–350 days. Comparable approaches in mouse

yielded estimates very similar to the ones obtained by the exper-

imental label-retaining studies (Abkowitz et al., 1996). Thus,

although human HSCs are predicted to replicate less frequently

than their mouse counterparts, the number of divisions per life-

time appears to be roughly similar across species, supporting

the idea that infrequent cycling is a protective mechanism

limiting the accumulation of DNA damage due to replicative

and oxidative stress.

Interestingly however, mouse and human HSCs appear to

differ in their DNA damage response (DDR). Decreased sensi-

tivity of mouse HSCs to cytotoxic agents, such as 5-FU, has

been routinely used to enrich them from BM. The DDR response

of quiescent mouse HSCs is biased to the prosurvival outcome

due to p53-mediated activation of double-strand break (DSB)

repair (Mohrin et al., 2010). While protecting HSCs from environ-

mental insults, this mechanism leads to the accumulation of

DNA damage in the pool of multipotent cells, increasing the

chance of leukemic transformation. By contrast, human HSCs

are actually sensitized to apoptosis after irradiation, sacrificing

damagedHSCs in favor of maintaining genomic integrity (Milyav-

sky et al., 2010). This DDR is also p53 dependent, since loss

of p53 compromises long-term HSC function and results in

persistent DSB. Thus, an attractive hypothesis is that humans

and mice have evolved different strategies to deal with DNA
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Figure 3. Molecules Implicated in Regulation of
Human HSCs and Progenitors
Genes or pathways shown to control the function of
human HSCs and early progenitors, using xenograft
models and in vitro assays, or identified in patients with
hematological malignancies, are overlaid on a scheme of
the hematopoietic hierarchy from Figure 2B. The list is not
exhaustive, but limited to the factors discussed in the text.
Factors that have a demonstrated effect on human HSCs
are shown on the left, including transcription factors and
signaling pathways targeted for stem cell expansion. The
details for each factor are presented in the text.

Cell Stem Cell

Review
damage, reflecting different lifespans and age to reproductive

maturity.

These select studies provide important parallels to mouse

models and help identify promising pathways for therapeutic

intervention (Figure 3). Important limitations remain to be over-

come in the humanized models, including access to primary

samples, improved xenograft models, and lentiviral expres-

sion systems for robust silencing and conditional transgene

expression.

HSC-Based Therapeutics

Every year more than 30,000 patients with hematological malig-

nancies receive high-dose chemotherapy followed by HSCT

from BM, G-CSF mobilized PB, and CB. However, finding

HLA-matched allogenic BM is still challenging. With the

increased availability of banked samples, CB is becoming

amore prominent source of cells for HSCT. However, successful

engraftment is largely limited to pediatric cases because a single

cord seldom yields enough HSCs for an adult (Brunstein and

Wagner, 2006). Even modest HSC expansion would make CB

transplants feasible for adults, greatly improving the number of

potential donors. Moreover, it is well known that the time to

neutrophil recovery (TNR), a major indicator of posttransplant

mortality, is longer for CB than adult marrow (Brunstein and

Wagner, 2006). Because neutrophil recovery depends on

early-engrafting cells, and not LT-HSCs, the ability to expand

these progenitors becomes equally critical. Traditional methods

of culturing human CD34+ cells in the presence of cytokines,

such as SCF and TPO, showedmarked effects on total cellularity
126 Cell Stem Cell 10, February 3, 2012 ª2012 Elsevier Inc.
due to their promotion of rapid proliferation;

however, in most cases self renewal was not

affected and HSC numbers did not increase

(Miller et al., 2002). To establish that a method

expands HSCs, rather than total cells or progen-

itors, requires measurement of HSC number

before and after culture using repopulation

assays. Until recently, few cytokine-based

methods achieved this goal, and there is a clear

need for novel approaches that significantly

expand HSCs and/or lead to their improved

engraftment following transplantation.

The search for compounds that modulate

HSCs and early progenitor cells (HSPCs) can

be based on rational targeting or random

screening approaches, both of which have pro-

duced promising results. As discussed above,

Notch signaling has a conserved role in
both mouse and human hematopoiesis. Treatment of CB

CD34+CD38– cells with Notch ligand Delta-like 1 (DLK1)

improves repopulating capacity in NOD-Scid mice without

compromising differentiation potential (Ohishi et al., 2002).

Bernstein and colleagues recently reported results of a small

phase I trial in which ten patients were transplanted with

DLK1-treated CB paired with an unmanipulated CB (Delaney

et al., 2010). In this cohort of patients, median TNR was short-

ened significantly to 16 days compared with 26 days for unma-

nipulated CB. Short-term recovery was largely derived from

the expanded CB.While these findings critically validate its utility

in improving transplant outcome, the effect of Notch signaling on

LT-HSCs remains in question. Long-term persistence of the

expanded CB was only noted in two patients. Since the

expanded CB lacks T cells, it is possible that its persistence is

compromised by T cells from the unmanipulated CB. Alterna-

tively, DLK1 may actually promote HSC differentiation,

enhancing short-term output at the expense of durable repopu-

lation. In this case, DLK1 treatment can only be used in paired

transplants. Longer-term xenograft studies should help resolve

these possibilities.

In a zebrafish screen for compounds that enhance the emer-

gence of HSCs during embryogenesis, �10% of positive hits

targeted the prostaglandin pathway (North et al., 2007). Prosta-

glandins are small molecules that have diverse roles in smooth

muscle contraction, blood clotting, inflammation, and pain.

Treatment of zebrafish embryos with prostaglandin E2 (PGE2)

augmented HSC formation. Unexpectedly, treatment of mouse



Cell Stem Cell

Review
BM cells with PGE2 before transplant resulted in a 4-fold

increase in the number of HSCs (North et al., 2007). This raises

the question of why regulators of HSC specification in the

embryo modulate adult HSC function. An attractive possibility

is that these developmental pathways are shut off when HSCs

enter quiescence around birth, but can be reactivated to

promote symmetric self-renewal during injury and stress. Among

these, the Wnt/b-catenin pathway is required for mesodermal

development in embryogenesis, but is dispensable in adult

hematopoiesis (Koch et al., 2008). However, genetic and chem-

ical manipulation of Wnt signaling has been well documented to

affect HSC expansion after transplant (Reya et al., 2003; Trow-

bridge et al., 2006). Interestingly, the regenerative effect of

PGE2 is based on stabilization of b-catenin and activation of

Wnt target genes linking these developmental pathways (Goes-

sling et al., 2009). In a recent study, the effects of PGE2 were

studied in a preclinical rhesus macaque model (Goessling

et al., 2011). A 1 hr exposure of CD34+ CB cells to PGE2

augmented HSC frequency in xenografts by�2-fold, suggesting

an effect on HSC homing rather than expansion. Because PGE2

has diverse, including many unwanted, biological effects, its

safety is of foremost concern, and testing in the nonhuman

primatemodel showed that brief exposure to PGE2 had no nega-

tive effects on long-term hematopoiesis.

Because the genetic basis for human stem cell function is

poorly understood, rational approaches are often guided by

model organism studies. These analyses should be comple-

mented by unbiased screening in primary human cells to target

critical yet unknown pathways. Differentiation of HSCs in culture

is accompanied by loss of stem cell markers CD34, CD133, and

Thy1. Compounds that delay or reverse this effect might affect

expansion of HSCs. In a chemical screen, Boitano et al. identified

a purine derivative termed StemRegenin-1 (SR1) among the

compounds that maintain expression of CD34 and CD133 in

culture (Boitano et al., 2010). Using a rigorous quantitative

approach, they showed that a 3-week culturewith SR1 increased

the number of HSCs by 17-fold, which is to our knowledge the

greatest reported expansion. SR1 is an antagonist of the aryl

hydrocarbon receptor (AHR) and acts as a sensor for diverse

xenobiotic compounds mediating steroid hormone signaling,

inflammation, and T cell activation. A prototypic AHR ligand is

dioxin, a ubiquitous environmental contaminant, which triggers

immune suppression by AHR-mediated suppression of T cell

maturation (Kerkvliet et al., 2002). Because AHR also binds poly-

cyclic hydrocarbons, one interesting possibility is that it interferes

with HSC maintenance in response to synthetic compounds in

cell culture media and even plastic dishes. Although dioxin was

known to decrease repopulation by LSK cells (Sakai et al.,

2003), AHR was not identified as a key regulator of HSC function

in mice, demonstrating the importance of unbiased approaches

in human HSC studies. Several other compounds, including an-

giopoietin-like 5 (Angptl-5) and pleiotrophin, have been tested in

the xenograft model (Himburg et al., 2010; Zhang et al., 2008).

Because all preclinical models ultimately have serious limita-

tions, expedited translation of promising candidates into small-

scale clinical trials should help focus the field on the most

relevant molecules and pathways for future investigation.

In addition to these more conventional directions, ESCs and

induced pluripotent stem cells (iPSCs) represent a near-unlim-
ited source of patient-specific HSCs. Recent studies have

provided proof-of-principle that genetically corrected iPSCs

can be used to treat hematological disorders (Hanna et al.,

2007; Raya et al., 2009). However, there is at present no way

to differentiate human ESCs/iPSCs into transplantable HSCs.

In all of these translational approaches, development of more

effective treatments requires better understanding of the biology

and regulation of human HSCs and progenitors.

The Roadmap for Human Lineage Commitment
The Classical Model of Hematopoiesis

Blood cells belong to two fundamental branches: lymphoid and

myeloid. The lymphoid branch consists of T, B, and NK cells,

which carry out adaptive and innate immune responses. The

myeloid lineage includes a number of distinct, fully differenti-

ated, short-lived cell types including granulocytes (neutrophils,

eosinophils, mast cells, and basophils), monocytes, erythro-

cytes, and megakaryocytes. As discussed above, multipotent

HSCs reside at the apex of hematopoietic hierarchy and they

are connected to mature cells by a complex roadmap of progen-

itor intermediates. Detailed analysis of this network can provide

snapshots into ongoing developmental processes in which

a single lineage program eventually becomes dominant while

all others are repressed. A cellular roadmap that specifies

lineage relationships between stem, progenitor, and mature

cells is thus indispensable for a comprehensive view of the tran-

scriptional and epigenetic mechanisms that control normal

development.

The isolation of committed mouse progenitors of the myeloid

and lymphoid lineages (CMPs and CLPs, respectively) using

flow cytometric methods led to the formulation of the first

comprehensive ‘‘classical’’ model of hematopoiesis (Akashi

et al., 2000; Kondo et al., 1997; Reya et al., 2001). The first key

postulate of this model is that loss of self-renewal capacity

during differentiation precedes lineage commitment. This was

inferred from the existence of MPPs, a progenitor type defined

as LSK CD34+ Flt3+ that remains multipotent, but possesses

only transient repopulation capacity (Adolfsson et al., 2001; Mor-

rison et al., 1997). Another crucial postulate of the classical

model is that the earliest commitment decision (downstream of

MPPs) segregates lymphoid and myeloid lineages, inferred

from the existence of CLPs and CMPs. Lastly, the classical

model predicts that lineage decisions occur as stepwise bifurca-

tions. The earliest myelo-lymphoid split gives rise to CMPs and

CLPs and each of these undergo further commitment steps.

CMPs give rise to GMPs, which become committed to the gran-

ulocyte-monocyte fate, andMEPs, which only produce erythroid

and megakaryocyte (E-MK) cells. On the lymphoid side, CLPs

give rise to B cell precursors and the earliest thymic progenitors

(ETPs) committed to the T and NK lineages. The classical model

is a simple yet powerful template for understanding blood devel-

opment and interpreting the function of molecular regulators

(Figure 2A).

Early Lymphoid Development in the Mouse

Using in vitro assays that support myeloid, B, and T cells, Kawa-

moto et al. meticulously cataloged the lineage output of single

mouse fetal liver progenitors. They found that B, T, and erythroid

fates were almost always coupled with myeloid potential, while

a progenitor with restricted B and T cell output (i.e., CLPs) was
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almost never observed (Kawamoto et al., 1999). This led the

authors to propose an alternative ‘‘myeloid-based’’ model, in

which lymphoid and myeloid fates remain coupled, instead of

splitting early in differentiation (Kawamoto et al., 2010). One

prediction of this model is the existence of progenitors with

myelo-lymphoid, but not E-MK, potential. This was confirmed

with the isolation of LSK CD34+ Flt3hi lymphoid-primed multipo-

tent progenitors (LMPPs) from adult mouse marrow (Adolfsson

et al., 2005). LMPPs display priming of lymphoid transcripts

and mediate transient lympho-myeloid repopulation that

displays lymphoid bias, but have a very low E-MK potential

(Mansson et al., 2007). A number of early lymphoid progenitors

varying in the degree of lineage bias and lymphoid commitment

have been isolated in the past decade (Welner et al., 2008). The

balance of available evidence supports the idea that lymphoid

specification is not a single lineage bifurcation, but a gradual

and possibly parallel process with many intermediate states.

By contrast, myeloid development more closely adheres to the

classical model. The main question has been whether erythro-

cytes and megakaryocytes are always derived from a CMP, or

whether there are other possible branch points that give rise to

MEPs—for instance, from an HSC or MPP, as previously sug-

gested. Recent lineage tracing data with Flk2-Cre mice reported

by two groups shows that themajority of erythrocytes andmega-

karyocytes are derived from a Flk2-positive multipotent progen-

itor (Boyer et al., 2011; Buza-Vidas et al., 2011). Because Flk2 is

expressed by CMPs, but not fetal or adult HSCs, MPPs, and

MEPs, it appears that most erythrocytes and megakaryocytes

transition through a CMP stage, as predicted by the classical

model. This asymmetry between the rapid myeloid and gradual

lymphoid specification is undoubtedly reflected in the topology

of the underlying transcription factor networks. It also has an

epigenetic basis, because lymphoid development displays

extensive methylation of myeloid promoters (Ji et al., 2010).

Loss of Dnmt1, a key DNA methyltransferase in hematopoietic

cells, impairs B and T cell development due to aberrant activa-

tion of myeloid genes (Broske et al., 2009). This suggests that

mouse lymphoid development is critically dependent on epige-

netic silencing of myeloid genes, and gradual shut-down of

myeloid programs can explain the observation of multiple

lymphoid intermediates with progressively restricted myeloid

potentials.

If myeloid fates do persist in early lymphoid development, at

what point do these programs become segregated to allow

lymphoid commitment to actually take place? T cell develop-

ment provides some intriguing clues. The thymus lacks self-re-

newing cells and is continuously seeded by progenitors from

the marrow. Interestingly, immature ETPs, which reside in the

thymic DN1 fraction, display both T cell and myeloid potential

in OP9 cocultures and give rise to thymic myeloid cells in vivo

(Bell and Bhandoola, 2008; Wada et al., 2008). Lineage tracing

with Rag recombinase locus showed that about half of the

ETPs and thymic Mac1+Gr1+ neutrophils were derived from

Rag+ progenitors and harbored rearranged TCR (Bell and Bhan-

doola, 2008). In an independent approach, DN1 cells gave rise to

F4/80+ macrophages in thymic lobe transplants (Wada et al.,

2008). However, the ETPs had no detectable B cell potential.

These studies suggest that the loss of myeloid potential is a rela-

tively late event in T cell development, supportingmyeloid-based
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models. However, contrary to this conclusion, Il7ra lineage

tracing showed that while the majority of ETPs were derived

from Il7ra+ progenitors, most thymic myeloid cells were not

(Schlenner et al., 2010). Still, approximately 20% of thymic

neutrophils (compared to 2% of splenic neutrophils) originated

from Il7ra+ progenitors, which supports the myeloid potential

of lymphoid progenitors, but questions the physiological rele-

vance of this pathway.

Given the uncertainties in establishing precise lineage poten-

tial for any given population, particularly for human cells, we

have proposed a broader term—multilymphoid progenitor

(MLP)—to describe any progenitor that gives rise to all lymphoid

lineages (B, T, and NK cells), but that may or may not have other

(myeloid) potentials (Doulatov et al., 2010). Any B, T, and NK

progenitor can be referred to as an MLP, whether or not its

precise lineage output is ascertained. Wewill use this nomencla-

ture below in reference to human hematopoiesis.

Clonal Assays to Define Developmental Potential

The conflicting observations from mouse studies raise a note of

caution in interpreting results of in vitro assays. Single CLPs

seeded in OP9 stromal cultures almost always generate myeloid

colonies, but have minimal myeloid potential in the marrow and

spleen after transplant (Richie Ehrlich et al., 2011). Thus, not

surprisingly, in vitro potential does not always correlate with

output in vivo. On the other hand, since progenitors lack the

extensive proliferative potential of HSCs, it is impossible to assay

single progenitors in vivo. Thus, in vitro systems have the advan-

tages intrinsic to clonal assays.

Unlike for myelopoiesis, which can be studied in conventional

CFU assays, known cytokines are insufficient to generate human

B and T cells in vitro, complicating analysis of early human

lymphoid development. Stromal lines established from irradiated

mousemarrow,suchasMS-5andS17,provide robust support for

human HSPCs (Collins and Dorshkind, 1987; Itoh et al., 1989).

When cultured on MS-5 or S17 for 5–6 weeks in the absence of

cytokines, HSPCs give rise to LTC-ICs. In shorter-term cultures,

cytokines such as SCF promote proliferation and B cell develop-

ment. By altering the cytokine cocktail to include SCF, TPO, IL-7,

and IL-2, colonies composed of B, NK, and myeloid cells arise

from single progenitors between 2 and 4 weeks. Concurrently,

T cell development can be assayed on the OP9 stromal line ex-

pressing DLK1 (La Motte-Mohs et al., 2004).

To avoid misinterpretation, in vitro assays should fulfill certain

minimum conditions. They should be carried out at a single-cell

level, and support multilineage outputs to ascertain that these

originate from a single multipotent cell. The output should also

be efficient so that the fate of most cells can be accounted for,

and lineage-committed controls should be used to show that

the system does not alter lineage potential. Even if these criteria

are fulfilled, lineage potential of isolated populations also needs

to be confirmed by transplantation. However, given the possi-

bility of independent routes of differentiation and transplant-

related artifacts, this assay does not resolve whether a given

population is a physiologically relevant intermediate. Lineage

tracking can be used inmousemodels to assess the contribution

of any population provided its unique molecular characteristics,

such as expression of Il7ra. In humans, patients with rare hema-

topoietic malignancies can provide insight into lineage potential

of progenitors (see below).
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A Model for Human Hematopoiesis

In applying the lessons learned in the mouse to human biology,

one expects a general conservation; however, there is no a priori

reason to believe that the same developmental strategies should

necessarily be appropriate for dissimilar blood production

requirements. For instance, human blood is neutrophil-rich,

whereas mouse blood contains more lymphocytes. Despite

this, the general assumption has been that the human hierarchy

would be consistent with the classical model. Myeloid progeni-

tors, CMPs, GMPs, and MEPs, were isolated based on the

expression of IL-3 receptor a chain (CD123) or FLT3 (CD135),

and CD45RA (Doulatov et al., 2010; Manz et al., 2002). Myeloid,

but not erythroid, progenitors express CD123 and CD135, and

the CMP to GMP transition is marked by acquisition of

CD45RA. Single CD135+CD45RA– CMPs produced all myeloid,

but not lymphoid, lineages in vitro and after transplant. Thus,

human myeloid development seems consistent with the clas-

sical model.

Mice and humans have evolved many distinct molecular

mechanisms in immune development and response (Mestas

and Hughes, 2004). An important example is the role of the gc

chain and IL-7 in lymphoid development. Loss of gc in mice

causes a combined B, T, and NK deficiency; of the cytokines

that signal through gc, loss of IL-7 receptor (IL-7R) abolishes B

and T cells. By contrast, gc deficiency in human SCID patients

is characterized by T, but not B, cell deficiency (Noguchi et al.,

1993); similarly, SCID patients with IL-7R mutations often have

normal B cell counts (Puel et al., 1998). The practical conse-

quences of this difference are that IL-7 is not sufficient to support

human B cell development in culture (Billips et al., 1992; Prieyl

and LeBien, 1996), and moreover, IL-7R delineates mouse, but

not human, lymphoid progenitors. Instead, the search for the

early lymphoid progenitors—which we refer to as MLPs—in

human CB and adult BM has focused on CD7, the earliest

T cell marker, and CD10, found on the earliest recognizable B

cell precursors. Rare CD7+ cells in the primitive CD34+CD38–

population were found to give rise to B and NK, but not myeloid

or erythroid, cells in single-cell assays (Hao et al., 2001). A more

recent study also reported robust T cell potential of this popula-

tion (Hoebeke et al., 2007). However, CD7+ cells are abundant in

CB, but decline after birth, suggesting that most of them corre-

spond to a wave of thymus-seeding progenitors (Haddad

et al., 2006). While some of these may fulfill the criteria of

MLPs, the question of which cells sustain lymphopoiesis in the

adult remains.

In a foundational study using adult BM, CD34+CD10+

cells were shown to give rise to B, T, and NK cells, but not

myeloid or erythroid progeny (Galy et al., 1995). This lineage

output was partially confirmed by analysis of individual

colonies on MS-5 stroma, although only rare cells had multili-

neage potential. Since CD10 and CD7 are also present on

more mature B and T cells, it is not surprising that most

CD34+CD10+ cells are more mature pro-B cells harboring

DJH rearrangements (Rossi et al., 2003). More recently,

another report showed that CD34+CD10+ cells depleted of

CD24+ pro-B cells are enriched for lymphoid potential in

both CB and BM (Six et al., 2007). Importantly, these progen-

itors were found in circulation throughout life, and could be

detected in the thymus. These reports suggested that human
MLPs are largely lymphoid restricted and express an early B

cell marker, CD10.

A more systematic analysis was required to investigate

the relationship between these and other human progenitor

classes reported to date. Using seven markers, we examined

the lineage potential of neonate and adult progenitors using

improved single-cell assays (Doulatov et al., 2010). Multilym-

phoid (B, T, and NK) potential was restricted to the

CD34+CD38–Thy1–/loCD45RA+ (Thy1–CD45RA+) compartment

comprising just 1% of CD34+ cells. Prior analysis of this popula-

tion did not reveal in vivo repopulating activity, indicating that it

was amore committed progenitor (Majeti et al., 2007). The ques-

tion was whether early lymphoid progenitors in humans also

retain myeloid programs, or if these are restricted during the

initial differentiation decisions, as predicted by the classical

model. Lymphoid colonies from single Thy1–CD45RA+ cells

almost always contain myeloid cells, predominantly monocytes,

macrophages, and dendritic cells. Moreover, Thy1–CD45RA+

cells transiently engraft NSG mice and generate both myelo-

monocytic and B cells, arguing that their myeloid potential is

not an artifact of in vitro culture (Doulatov et al., 2010). Similar

findings were reported using Thy1–CD45RA+ cells from adult

BM (Goardon et al., 2011). They observed that many AML

samples contain cells with the Thy1–CD45RA+ phenotype, which

led them to investigate the developmental potential of these cells

in normal BM. Indeed, these cells fulfilled the criteria of MLPs,

giving rise to B, T, and NK cells, as well as myeloid lineages

in vitro and in NSG mice, although multilineage output was not

defined at the single-cell level. Myeloid output consisted of

monocytes and granulocytes, although the latter was more

modest, prompting them to conclude that these cells have

lineage potential similar to that of LMPPs. Several differences

in experimental design could account for the granulocytic poten-

tial in these studies compared with our own, including the age of

marrow donors, since aged stem cells and progenitors display

a prominent myeloid lineage bias (Rossi et al., 2008). Neverthe-

less, it is clear that human MLPs are not lymphoid restricted,

and possess myeloid, but not erythroid and megakaryocytic,

potential. Furthermore, they coexpress lymphoid-specific and

myeloid-shared transcriptional programs consistent with their

biological potential (see below). These findings allow us to

propose a model for human hematopoiesis (Figure 2B).

Progenitor Origins of Dendritic Cells

Dendritic cells (DCs) are specialized antigen-presenting cells

(APCs) that arise in the marrow and traffic to peripheral lymphoid

organs (Shortman and Naik, 2007). Mice and humans harbor

multiple DC subsets; however, there are many differences in

their origin and function. Macrophages and DCs are monocytic

cell types that are sometimes referred to asmononuclear phago-

cytes. It has been long hypothesized that mononuclear phago-

cytes are derived from a common progenitor (van Furth and

Cohn, 1968). Indeed, CX3CR1+MCSFR+ macrophage-DC

progenitors (MDPs) isolated from mouse marrow give rise to

monocytes, macrophages, and steady-state spleen DCs, but

have limited granulocytic potential (Fogg et al., 2006). These

progenitors are phenotypically identical to GMPs, indicating

that the GMP population can be separated into CX3CR1+

MDPs and CX3CR1– GMPs and precursors of granulocytes. A

corresponding progenitor in humans has not been identified,
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but by analogy with the mouse, it might be defined by careful

clonal analysis of the GMP fraction.

Mononuclear phagocytes also arise from MLPs/LMPPs, indi-

cating that the molecular program that specifies these lineages

remains active in the early stages of lymphoid development.

Consistent with this, MLPs and GMPs share a significant portion

of their transcriptome, coexpressing the transcription factors

SPI1 (PU.1), MAF (c-MAF), and IRF8, which are required for

monocyte/DC development. Until recently it was thought that

myeloid progenitors represented the main source of human

DCs (Chicha et al., 2004). However, lymphoid progenitors were

previously isolated as CD7+ or CD10+ CD34+CD38+ cells, which

are already committed to T and B lineages. By contrast, more

immature MLPs display a much greater DC potential in compar-

ison with GMPs in vitro (Doulatov et al., 2010). Because MLPs

can be isolated using magnetic columns from patient CB or

PB, expanded, andmatured under defined conditions into highly

purified, mature DCs, they represent an attractive alternative to

unfractionated CD34+ progenitors for immune therapy applica-

tions. However, our study did not examine the origins of special-

ized APCs, such as plasmacytoid DCs and Langerhans cells,

leaving the possibility that MLPs and GMPs might be biased to

generate different DC subsets. Because tissue macrophages

and DC subtypes can be studied in NSG xenografts (Cravens

et al., 2005), future studies will examine the origins of these pop-

ulations from human progenitors in vivo.

Global Molecular Programs in Human Hematopoiesis

Elucidation of the cellular hierarchy in human hematopoiesis

provides a valuable resource for mapping the key regulatory

networks that control blood differentiation and lineage commit-

ment. This process involves global epigenetic and transcription

changes that have been famously depicted in Waddington

diagrams using a ‘‘ball rolling down a hill’’ analogy. In this model,

initial small changes in protein levels are amplified by gene regu-

latory networks, setting off a cascade of gene expression states.

This view raises two fundamental questions: what are the regu-

latory networks and epigenetic landmarks that shape this land-

scape and therefore control lineage commitment? And what

are the forces acting on cells at each level, and how do these

forces impact gene regulatory networks? Although a detailed

picture of these mechanisms is emerging from mouse studies,

comparison of transcriptional and epigenetic differences

between different stages of differentiation in human hematopoi-

esis is just beginning (Figure 3).

Novershtern et al. compared transcriptional profiles of 38

human hematopoietic cell types, including precursors and

mature cells (Novershtern et al., 2011). It is well known that

components of regulatory networks are ‘‘reused’’ by different

cell states. For instance, PU.1 is required for differentiation of

monocytes and B cells (Carotta et al., 2010), while GFI1 is

required for HSC self-renewal and granulocyte differentiation

(van der Meer et al., 2010). To reveal this sharing, module anal-

ysis was used to search for coexpressed sets of genes. Indeed,

most modules are shared between distinct cell states. For

instance, ‘‘HSC-persistent’’ modules are shared between

HSCs and progenitors. Global transcription factor usage was

examined through analysis of cis-acting binding sites and

expression-based prediction of regulatory interactions. Strik-

ingly, of the 63 top module regulators, only 15 were previously
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associated with particular cell states in mouse studies (Noversh-

tern et al., 2011).While this result may reflect the limitations of the

computational methods, an alternative explanation is that tran-

scription factor usage may differ somewhat between humans

and mice. This does not mean that humans have evolved many

entirely new regulatory mechanisms, but differences in state

associations and timing of particular regulators could be wide-

spread. For instance, globin switches in mammals are divergent:

in the mouse, g-globins are already repressed in definitive

erythroid cells in the fetal liver, while in humans, g-globin

silencing only happens in the BM after birth. The explanation

for this divergence lies in the fact that the expression of the

full-length version of BCL11A, which is required for g-globin

repression in both species, is turned on at different times in

mouse and human development (Sankaran et al., 2009). The

study byNovershtern et al. should provide a rich source of candi-

dates for functional validation in primary human cells. One short-

coming of the study is that it did not present a detailed coverage

of the more immature progenitor and HSC compartments. Only

myeloid progenitors were included, and HSCs were defined as

CD34+CD38–. Thus, the upstream regulatory decisions that

guide loss of HSC self-renewal, lineage priming, and specifica-

tion are yet to be modeled.

Primary Myelo-Lymphoid Malignancies

Although experimental studies of human hematopoiesis require

surrogate xenotransplantation or in vitro assays, clinical data

on patients with hematological disorders provide a rich resource

of regulatory mechanisms in hematopoiesis (Figure 3). Hemato-

logical disorders are typically grouped into nonmalignant

disease, such as anemias, primary immunodeficiencies, and

myelo-proliferative and myelo-dysplastic syndromes (MDS), or

malignant leukemias of the myeloid (AML) or lymphoid (ALL)

branches. The mutational landscape of these disorders is

providing an increasingly focused view of the regulatory mecha-

nisms that underlie specification of blood lineages. For instance,

mutations in GFI1, LEF1, and CEBPE are found in severe

congenital neutropenia (Klein, 2011); IRF8 mutations occur in

mononuclear phagocyte deficiency (Hambleton et al., 2011);

andmutations inCEBPA and RUNX1 are associated with familial

MDS and AML (Owen et al., 2008), implicating these transcrip-

tion factors as key regulators of myeloid development. Only

a few have been studied experimentally in human cells. For

example, the specific dominant-negativeCEBPAmutation found

in AML patients, which targets this conserved master regulator

of granulocytic lineage, impairs myeloid differentiation in human,

but not mouse, hematopoietic cells (Niebuhr et al., 2009;

Schwieger et al., 2004). In lymphoid disease, IKZF1 and PAX5

deletions, master regulators of B cell development, occur in

�30% of B-ALL cases (Mullighan et al., 2009), whereas acti-

vating mutations of NOTCH1, the major T cell commitment

pathway, are found in �50% of T-ALL (Weng et al., 2004). A

detailed description of these and other molecular pathways

implicated in hematological disorders is the subject of a number

of excellent reviews (Tenen, 2003). A common theme is that

these diseases affect growth and differentiation of myeloid or

lymphoid cells, but rarely both, implicating the underlying lesions

in cells that are already lineage-committed. A fascinating,

smaller group of disorders affect both myeloid and lymphoid

branches, implying a role in multipotent cells. One such example
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is reticular dysgenesis caused by mutations in adenylate kinase

2 (AK2), which plays a critical role in survival and metabolism of

hematopoietic cells (Lagresle-Peyrou et al., 2009).

The classical example of biphenotypic disease is MLL

leukemia. MLL is a mammalian homolog of Trithorax, which

marks domains of active gene expression during development

by H3K4 methylation. MLL translocates to over 50 partner genes

and is found in over 50% of infant leukemias, which present as

ALL, AML, or in some cases mixed-lineage diseases, with invari-

ably poor prognosis (Krivtsov and Armstrong, 2007). Mouse

models recapitulate many features of human disease, but

primarily develop AML. By contrast, NOD-Scid mice trans-

planted with MLL-transduced human CD34+ cells more often

develop ALL (Barabe et al., 2007; Wei et al., 2008). Is this

discrepancy due to species-specific differences? Monoclonal

human MLL leukemias readily switch lineages between AML

and ALL depending on microenvironmental cues (Barabe et al.,

2007; Wei et al., 2008). Thus, the difference in disease spectrum

in mouse and humanized models is likely explained by the

different signaling in immune-competent and immune-deficient

mice, the latter favoring B lymphopoiesis. The discovery of

MLL fusions in leukemia has led to a dissection of its function

in hematopoiesis.Mll null mice fail to specify HSCs during devel-

opment (Ernst et al., 2004), and conditional models show thatMll

is required for self-renewal of both fetal and adult HSCs (Jude

et al., 2007). Thus, the translation between mouse and human

models of malignant and normal hematopoiesis provides

a powerful paradigm for understanding biological systems.

Another interesting example of multilineage disease comes

from the recent reported description of a heterogeneous group

of patients with a combined DC, monocyte, and B- and NK-

lymphoid (DCML) deficiency (also referred to as ‘‘monoMAC’’)

(Bigley et al., 2011; Vinh et al., 2010). Many patients exhibit mye-

lodysplastic features and predisposition to leukemia, but granu-

locyte, erythrocyte, platelet, and T cell counts at diagnosis are

largely normal. The myeloid and lymphoid lineages affected in

DCML are reminiscent of the lineage output of MLP. Flow cyto-

metric analysis of CD34+ cells in the BM of DCML patients re-

vealed a complete absence of MLPs, as well as the downstream

CD38+CD10+ B/NK progenitors, and a marked reduction in

GMPs (Bigley et al., 2011). The HSC and MPP compartments

were unaffected, indicating a block in MPP to MLP differentia-

tion. This suggests that the MLP is an obligate intermediate in

human B and NK development. In addition, monocyte and DC

differentiation proceed through MLPs, consistent with experi-

mental models. The alternative model in which these lineages

are derived solely from myeloid progenitors is not consistent

with the clinical findings, since GMPs were reduced but not

absent. Furthermore, the GMPs remained functional as granulo-

cyte numbers remained within normal ranges. Interestingly,

T cell numbers in these patients were normal, despite the lack

of MLPs. Since T cells are long lived, this could be due to their

generation from an earlier time point when MLPs might still

have been present. Alternatively, this result is also consistent

with the recent demonstration that multiple progenitor types

can contribute to thymopoiesis in mice (Saran et al., 2010).

Exome sequencing in DCML patients revealed distinct allelic

loss-of-function mutations in the GATA2 gene (Dickinson et al.,

2011; Hsu et al., 2011). Gata2 is required for the initiation of
definitive hematopoiesis in mice, and maintains the proliferative

output of stem and progenitor cells (Tsai and Orkin, 1997).

Notably, unlike DCML, blood cell numbers in Gata2+/� mice

are largely unperturbed, despite reduced proliferation of imma-

ture progenitors (Rodrigues et al., 2005). This finding indicates

that GATA2 haploinsufficiency has different effects in humans

and mice, suggesting that it is a key regulator of MLPs and early

lymphoid fate in humans. Improved detection and genomic

sequencing of patients with rare primary immunodeficiency will

create a rich resource of pathways for detailed interrogation in

xenograft models.

Conclusions
Advances in our ability to investigate human hematopoiesis from

a cellular and molecular viewpoint now offer the possibility of

complementing the information from murine models of normal

hematopoietic development with parallel studies in primary

human cells. This development is especially applicable for

studies aimed at preclinical testing of new therapies for expan-

sion of normal HSCs and eradication of their leukemic counter-

parts using xenograft models. Recent successes with DLK1,

SR1, and PGE2 in improving transplant outcomes attest to the

relevance of this strategy. Single HSCs, which can now be iso-

lated with remarkable purity from human blood and marrow,

stably regenerate the blood hierarchy in transplanted immune-

deficient mice. These purified HSCs can be used in chemical

screens for compounds that mediate expansion, survival, or

other effects. More globally, the roadmap of human hematopoi-

esis outlines the major cellular steps during HSC differentiation,

and serves as a template for understanding the molecular basis

of developmental transitions. It therefore opens the way for

comprehensive global profiling to identify candidate regulators

for validation by gene targeting, contributing to an understanding

of molecular networks that underlie fate decisions. Our focus

here was on normal hematopoiesis, and knowledge of normal

development provides a much needed context to understand

the impact of molecular aberrations that are now being identified

at an increased pace in human leukemias. Defects in the molec-

ular components that control hematopoiesis severely perturb

normal development and lie at the root of hematological malig-

nancies. Indeed, the development of xenograft models and

studies on normal HSCs led to the identification of leukemic

stem cells (LSCs) over a decade ago (explored in Dick, 2008),

and recent studies from our group showed that LSCs and

HSCs share gene expression programs (Eppert et al., 2011).

Continued investigation of normal hematopoiesis using both

mouse and human systems is critical to gain a deeper insight

into malignancy.
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