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Summary

Cell engineering has brought us tantalizingly close to the goal of deriving patient-specific
hematopoietic stem cells (HSCs). While directed differentiation and transcription factor-mediated
conversion strategies have generated progenitor cells with multilineage potential, to date, therapy-
grade engineered HSCs remain elusive due to insufficient long-term self-renewal and inadequate
differentiated progeny functionality. A cross-species approach involving zebrafish and mammalian
systems offers complementary methodologies to improve understanding of native HSCs. Here, we
discuss the role of conserved developmental timing processes in vertebrate hematopoiesis,
highlighting how identification and manipulation of stage-specific factors that specify HSC
developmental state must be harnessed to engineer HSCs for therapy.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) remains the only curative
treatment for many congenital and acquired blood disorders, and is the most widely applied
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cellular therapy. Although HSCT has rapidly improved over the preceding decades,
impediments related to donor availability and allogenicity remain. In the absence of an
optimal human leukocyte antigen (HLA)-matched donor, HSCT recipients often rely on
umbilical cord blood, which typically lacks sufficient stem and progenitor cell dose for
timely reconstitution of functional peripheral blood cells (Pineault and Abu-Khader, 2015).
Haploidentical or mismatched HSCT expands donor options, but mandates more intense
post-SCT immunosuppression (Mehta et al., 2016). Although significant progress has been
made, management of allogeneic complications such as graft-versus-host disease (GVHD)
remains a source of considerable morbidity for patients (Holtan et al., 2014).

Many efforts are underway to engineer ‘designer’ hematopoietic stem cells (HSCs, the
functional units of HSCT) for applications in research and therapy. The ideal engineered
HSC should possess long-term self-renewal capability and the ability to produce a full
repertoire of differentiated progeny for effective oxygen transport, hemostasis, and innate
and acquired immunity. The advent of human embryonic stem cell (ESC) research presented
the theoretical opportunity to engineer HSCs for use in HSCT. Investigators developed
directed differentiation strategies to differentiate mouse (Schmitt et al., 1991; Wiles and
Keller, 1991) and human (Chadwick et al., 2003; Kaufman et al., 2001; Vodyanik et al.,
2005) ESCs into hematopoietic lineages, despite over two decades of effort, culture
protocols have produced only a limited range of primarily primitive myelo-erythroid
progeny and scant evidence for definitive, adult-like multi-lineage hematopoietic stem and
progenitor cells.

Reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) represented a
significant step forward, providing a theoretically unlimited source of autologous patient-
specific HSCs (Takahashi et al., 2007). IPSCs, combined with the emerging technology for
CRISPR/Cas9-mediated gene repair of autologous cells have accelerated efforts at HSC
engineering (Hendriks et al., 2016). Recently, both morphogen directed differentiation and
transcription factor (TF)-mediated phenotypic conversion strategies have been applied to
both human ESCs and iPSCs to derive hematopoietic cells with incremental improvement in
efficiency and mature blood cell function (Doulatov et al., 2013; Elcheva et al., 2014;
Kennedy et al., 2012; Sturgeon et al., 2014). However, derivation of long-term, self-
renewing, adult-like HSCs of therapeutic value from pluripotent sources remains elusive.

While most prior attempts at engineering blood stem cells have sought to recapitulate
embryonic hematopoietic development using morphogen signals (Kennedy et al., 2012;
Sturgeon et al., 2014), more recent efforts have exploited direct cell fate conversions using
TFs to overcome phenotypic and epigenetic barriers imposed by normal developmental
ontogeny (Batta et al., 2014; Elcheva et al., 2014; Pereira et al., 2013; Riddell et al., 2014).
However, as we discuss below, our collective understanding of normal vertebrate
hematopoietic development can be further leveraged with the aim of improving strategies for
engineering functional adult-like HSCs.

Recapitulating the timing of tissue development, and achieving cells and tissues that
function comparably to tissues in an adult organism remains one of the dominant challenges
to engineering blood cells in vitro. /n vivo, hematopoiesis evolves sequentially in anatomic
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location, stem and progenitor cell function and distribution, and progeny cell output from
early embryogenesis to adulthood, synchronizing maturation of hematopoietic phenotypes
with host developmental needs (Benz et al., 2012; Orkin and Zon, 2008; Rebel et al., 1996).
A considerable body of knowledge of stage-specific regulators of hematopoiesis exists,
including TFs, epigenetic factors, and morphogen signals (Dzierzak, 2002; Eaves, 2015;
Orkin and Zon, 2008). Understanding the developmental stage of hematopoiesis and the
developmental timing events mimicked in TF-mediated conversion or directed
differentiation strategies in HSC engineering are essential to improve HSC functionality and
therapeutic value.

Heterochrony in Hematopoietic Development

Normal development requires the temporal coordination of differentiation and
morphogenesis collectively among all tissues and organ systems on a genetically determined
schedule. Distinct features of developmental timing in one species relative to another is
termed heterochrony (Ambros, 1989). Prototypical heterochronic genes were identified in
seminal studies in Caenorhabditis elegans wherein mutations accelerated or retarded the
morphogenesis of specific tissues relative to the remainder of the organism (Ambros and
Horvitz, 1984). Mechanistically, heterochronic genes appear to control timing of
developmental events by regulating the pace of stem cell differentiation and self-renewal,
which manifests as the linear maturation of a tissue or organ system in time (Harandi and
Ambros, 2015). In mammals, polymorphisms in highly conserved heterochronic genes
impact adult height and timing of puberty (Lettre et al., 2008; Sulem et al., 2009). In a
pathologic context, retarded maturation or involution of fetal tissue relative to host
maturation contributes to early childhood tumors (Urbach et al., 2014).

Across evolution, the hematopoietic system reflects many aspects of heterochronic
regulation. Blood lineages mature in distinct stages from early embryogenesis to adulthood
in concert with organismal development, and the sequence of developmental events remains
consistent across a diversity of vertebrate species, despite highly variable rates of organismal
development (Figure 1, Table 1). Primitive hematopoiesis includes the earliest wave of
transient embryonic erythropoiesis (Orkin and Zon, 2008). In mice, the earliest primitive
erythroid cells emerge in the yolk sac blood islands at murine embryonic (E) day 7.5 to
provide essential oxygenation to the growing embryo (Orkin and Zon, 2008). These
macrocytic erythroid cells express embryonic globins and initially circulate as nucleated
cells, but undergo enucleation beginning at approximately E12.5 (Kingsley et al., 2004). As
shown in mice, there follows a second wave of yolk sac hematopoiesis that is definitive in
nature, comprised of CD41+, c-kit+, CD16/32+ erythro-myeloid progenitors (EMPs) that
express adult globins and possess rare B lymphoid potential, which migrate to the fetal liver
(FL) to establish early myeloerythropoiesis prior to the arrival of definitive HSCs (McGrath
et al., 2015), and which can produce macrophages that persist into postnatal life (Gomez
Perdiguero et al., 2015).

In zebrafish hematopoietic development, which is a highly conserved process occurring at
sites that are anatomically analogous to their mammalian counterparts (Jing and Zon, 2011)
(Figure 1), the transient primitive wave of hematopoiesis begins at 11 hours post fertilization

Cell Stem Cell. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rowe et al.

Page 4

(hpf) and produces erythroid and myeloid cells from mesoderm-derived hemangioblasts,
analogous to the mammalian yolk sac blood islands. A wave of EMP hematopoiesis follows
at the onset of definitive hematopoiesis (Bertrand et al., 2007). It has been traditionally
accepted that primitive hematopoietic cells lack definitive HSC activity (Medvinsky and
Dzierzak, 1996), although yolk sac cells migrate to establish definitive hematopoiesis
elsewhere at later developmental time points (Samokhvalov et al., 2007).

In vertebrates, including zebrafish, the first definitive HSCs with long-term engraftment
capability arise via the endothelial-to-hematopoietic transition (EHT) of hemogenic
endothelium (HE) in the aorta-gonad mesonephros (AGM) region as well as the placental
labyrinth and vitelline and umbilical arteries, marking the onset of definitive hematopoiesis
(Dzierzak and Speck, 2008; Muller et al., 1994; Orkin and Zon, 2008; Pereira et al., 2016;
Robin et al., 2009)(Figure 1). In mice, following the onset of AGM hematopoiesis around
E11, the yolk sac appears to acquire the capacity to produce definitive HSCs around E12,
that likely contribute to the FL HSC pool (Dzierzak and Speck, 2008; Kumaravelu et al.,
2002). Aortic HE is optimally located to detect the onset of blood flow, as mechanical forces
from circulation provide cues that stimulate definitive HSC specification (Adamo et al.,
2009). Nitric oxide may convert the biophysical forces from circulation into chemical
inductive signals that trigger definitive HSC specification processes in HE (North et al.,
2009). Definitive HSCs subsequently colonize the fetal liver (FL), spleen, thymus, and
finally bone marrow (BM) in mammals. In zebrafish, AGM-derived HSCs colonize the
caudal hematopoietic tissue (CHT; analogous to the mammalian FL) and then the thymus
and kidney marrow (KM; analogous to mammalian BM), which sustain long-term
hematopoiesis into adulthood. Stage-specific phenotypic and genetic variation of HSCs and
progeny cells occurs across development. Mammalian hematopoietic cells have been
characterized by surface phenotype and protein expression, while zebrafish cells show stage-
specific reporter gene activity (Table 1).

Distinct states of developmental maturation of definitive HSCs were initially reported in
1972, when transplantation studies demonstrated more rapid self-renewal in murine FL
HSCs compared to those from adult BM (Micklem et al., 1972). Subsequent studies have
corroborated this finding, and found that HSCs decrease their rate of proliferation and
acquire a relatively quiescent adult phenotype at the postnatal age of around three weeks in
mice (Bowie et al., 2007b; Rebel et al., 1996; Szilvassy et al., 2003). HSCs also show
inherent lineage priming that evolves with time during development (Nimmo et al., 2015),
with BM containing a larger proportion of myeloid-restricted HSCs relative to FL (Benz et
al., 2012), a phenomenon that is likely governed by changes in global transcriptional
programs (McKinney-Freeman et al., 2012). The divergent phenotypes of HSCs at different
developmental phases is further underlined by variations in surface markers (Morrison et al.,
1995). While surface immunophenotypes of populations enriched in HSC activity at various
developmental stages are becoming increasingly well enumerated in mice (Table 1), these
markers are not well conserved in humans. As such, due to limited tissue availability, stage-
specific markers of human HSCs are less well understood. It is generally accepted that
definitive human HSC activity resides in a population of CD34+, CD38-, Thyl+, CD45RA-
cells, which is reviewed in (Doulatov et al., 2012). Recently, within human fetal liver, a
population enriched in HSC activity was defined using the GPI-80 surface marker, as
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CD34+, CD38-lo/-, CD90+, GPI-80+ (Prashad et al., 2015). A recent report also
demonstrated that HSC activity can be detected in the aorta of Carnegie stage 14-17 human
embryos, with a proposed immunophenotype of CD34+ VE-cadherin+ CD45+ C-KIT+
THY-1+ Endoglin+ CD38-/lo CD45RA-, also expressing RUNXZ (lvanovs et al., 2014).

Stage-specific effects of the HSC niche impact HSC self-renewal, indicating that changes in
HSCs that occur during hematopoietic maturation may not be entirely cell intrinsic, as is
apparent in transplantation assays. Murine heterochronic transplantation models wherein
HSCs isolated at various developmental time points are transplanted into hosts of differing
developmental stage illustrate this concept. Murine HSCs isolated from the AGM engraft
most efficiently in neonatal recipients, while FL or BM-derived HSCs engraft most
efficiently in adult recipients (Arora et al., 2014). This appears to be due, in part, to stage-
specific variation in HSC proliferation, as adult BM HSCs induced to cycle with interferon-
a show enhanced neonatal engraftment and enrichment of FL HSC gene expression (Arora
etal., 2014; Kim et al., 2016). It is possible that variation in stromal cells within different
sites of hematopoiesis may underlie these effects (Charbord et al., 2002), and that the
developmental stage of the hematopoietic niche impacts HSC maturation.

Zebrafish HSC heterochronic transplantation assays allow the study of cell autonomous
HSC function across development. Transplantation into prethymic 48 hpf recipients evades
immune rejection by circumventing a requirement for recipient conditioning (Traver et al.,
2003), as CD41* KM HSCs or runxI* HSCs from day 3 embryos transplanted into 48 hpf
recipient embryos show long-term multilineage engraftment (Ma et al., 2011; Tamplin et al.,
2015). Although markers of zebrafish HSC subpopulations across development are less well
defined than their mammalian counterparts, transplanting into transparent zebrafish embryos
provides opportunities to visualize HSC functionality and complement mammalian studies.
Zebrafish adult whole KM transplants rescue impaired multilineage hematopoiesis and
lethality that occurs in day 2 hpf gataz~/~ mutant embryos (Traver et al., 2003), showing that
KM HSCs can rescue hematopoietic defects at the earlier CHT stage. CD41* HSCs isolated
from zebrafish KM home to the CHT niche upon injection into 48 hour-old embryos, (Sacco
et al., 2016), indicating that the developmental stage of transplant recipients regulates
homing of donor KM HSCs, and more mature HSCs can engraft in hematopoietic organs
that arise at earlier developmental time points.

Among lineage committed hematopoietic cells, developmental maturation was first
recognized in erythroid cells, as denoted by changes in globin composition that occur with
maturation. In mammals, primitive hematopoietic cells express embryonic globins but at the
onset of definitive hematopoiesis, gene switching activates adult-like globin genes which
continue to be expressed into adulthood. In humans, a switch in -like globin expression
occurs at birth, with silencing of the locus encoding fetal y-globin and activation of adult -
globin, the dominant postnatal B-like chain. Primitive and definitive cells also differ in their
modes of erythropoietic differentiation. As discussed above, primitive erythroid cells
circulate in a nucleated state, whereas definitive erythroid cells enucleate prior to entering
the circulation (Baron, 2013). Zebrafish similarly undergo embryonic to adult globin
switching, but mature erythrocytes remain nucleated (Ganis et al., 2012).
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Variations in patterns of lymphopoiesis occur across development. In fetal thymic
repopulation models, FL HSCs are capable of producing oligoclonal innate-like CD4/CD8
double negative T-cells containing the VVy3 T cell receptor chain, while adult BM HSCs are
not (Ikuta et al., 1990). An analogous process occurs in B-cell ontogeny, with heterochronic
HSC transplants demonstrating that innate-like B-1a and marginal zone B-cells arise from
embryonic progenitors and conventional ‘B-2’ and follicular B-cells from adult HSCs
(Kantor et al., 1992; Yoshimoto et al., 2011). These observations highlight fundamental
divergence in hematopoietic ontogeny that exist at different developmental time points, and
which may be due to inherent differences in HSC lineage capacity.

Myeloerythroid progenitor cells likewise undergo maturation from fetal to adult life. Recent
dissection of myeloid progenitor lineage potential has rewritten conventional hematopoietic
ontogeny by subdividing phenotypically uniform progenitor populations based on global
transcriptional profiles (Paul et al., 2015). This correlates with restricted lineage fate
potential ingrained at the progenitor stage, which evolves from fetal to adult life in humans
(Notta et al., 2016), further emphasizing the changes that occur in stem and progenitor cell
lineage capacity over time.

Collectively, these studies illustrate profound changes occurring within specific
hematopoietic stem and progenitor populations and differentiated lineages across
development, which are physiologically timed to cooperate with the demands of other
maturing tissues and the developing host organism. Therefore, for effective in vitro
production of hematopoietic cells of therapeutic value with adult-like stem and progenitor
characteristics, it is essential to understand the mechanisms by which hematopoietic
heterochronicity is regulated, so that this can be leveraged into improvement of blood
engineering strategies.

Control of Hematopoietic Heterochrony

Investigation into normal hematopoietic development over the last several decades has
uncovered stage-specific hematopoietic regulators, including signaling pathways,
transcription factors, and epigenetic factors. The power of transgenic animal models has
demonstrated that these regulators are essential for timing of HSC and progenitor
phenotypes at key developmental moments, but may be dispensable at others.

Several TFs exert stage-specific heterochronic effects on hematopoietic development.
Expression of Hoxb4 specifies the onset of definitive hematopoiesis, and its ectopic
expression can confer definitive HSC hematopoietic characteristics on yolk sac-derived
progenitors (Hills et al., 2011; Kyba et al., 2002). K/f1 is essential for definitive, but not yolk
sac, erythropoiesis (Nuez et al., 1995; Perkins et al., 1995). Sox17is highly expressed in FL
HSCs compared to adult HSCs, and knock out in the fetal state impairs HSC self-renewal,
with no apparent consequence of deletion in adults (He et al., 2011). Runx1 is required for
definitive HSC emergence in the AGM by EHT (Chen et al., 2009), but not primitive
hematopoiesis (Okuda et al., 1996) or adult HSC maintenance (Ichikawa et al., 2004), with
analogous stage-specific roles in zebrafish (Sood et al., 2010). HSC function requires
variable GataZ2 gene dosing at different stages of development (Ling et al., 2004). Etvé
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appears to be required for adult, but not FL, HSC maintenance in murine knock-out studies
(Hock et al., 2004b).

Epigenetic regulators differentially regulate hematopoiesis across development. Polycomb
repressive complex (PRC) factors appear to mechanistically regulate stage-specific
hematopoietic specification. £zA2 function is required for effective FL HSC expansion,
while loss of £z42in adult HSCs has more limited effects (Mochizuki-Kashio et al., 2011).
Ezh1 loss causes adult BM HSC failure, though fetal hematopoiesis appears to develop
normally (Hidalgo et al., 2012). Deletion of the PRC1/2 component £ed depletes adult BM
HSCs, though FL HSCs emerge normally (Xie et al., 2014). Bmi-1 is essential for adult BM
HSC self-renewal (Park et al., 2003). Consistent with developmental changes in chromatin
structure, erythropoietic enhancer function varies across development (Xu et al., 2012).

Extracellular signals and cell cycle regulators influence hematopoiesis differentially
throughout development. FL HSCs possess increased sensitivity to the mitogenic effects of
stem cell factor (SCF) compared to adult BM HSCs (Bowie et al., 2007a), which may be due
to intrinsically higher levels of pro-quiescence factors in adult HSCs (Cheng et al., 2000;
Hock et al., 2004a). In zebrafish, Sc/isoforms have stage-specific roles: whereas sc/-a and
scl-f are functionally redundant in primitive hematopoiesis, sc/4 is required upstream for
HE specification while sc/-a acts post-EHT in the AGM to maintain HSCs (Zhen et al.,
2013). Wnt, BMP, and activin/nodal signaling exert differential effects on primitive and
definitive hematopoietic cell emergence (Kennedy et al., 2012; Sturgeon et al., 2014).
Notchl deficiency enhances primitive erythroid cell emergence, while not affecting
definitive progenitor development, but NMotchl is required for adult long-term HSC function
(Hadland et al., 2004). Similarly, zebrafish mindbomb mutants lacking functional Notch
ligands have unaffected primitive hematopoiesis and erythromyeloid progenitor
specification, but fail to produce HSCs in the AGM (Bertrand et al., 2010). Retinoic acid
receptor signaling is required for HSC emergence at the AGM, but appears to be dispensable
for yolk sac hematopoiesis (Chanda et al., 2013).

Various bloodless zebrafish mutants can survive for 5-15 days, which allows insight into
HSC specification, function, and differentiation (reviewed in (de Jong and Zon, 2005)).
¢psfl mutants specify HSCs normally, which then migrate to the CHT and undergo
apoptosis at 72 hours (Bolli et al., 2011). Mutants with CHT-specific hematopoietic defects
include rumba (deficient in a C2H2 zing finger factor of unknown function) and samba
(deficient in a homolog of human augmin complex subunit 3, HAUS3), which show a
decrease in HSC number during the early CHT phase and the later expansion phase
respectively (Du et al., 2011). A forward genetic screen for definitive hematopoietic
mutations performed by Liu and colleagues has identified heterochronic mutants such as
kril/with low numbers of HSPCs in the CHT at days 3 and 5, whereas AGM hematopoiesis
was not impaired (Jia et al., 2015). Species-specific hematopoietic differences in models of
c-myb deficiency, further highlight the advantage of the zebrafish system. Although mice
lacking c-Myb die from embryonic anemia (Mucenski et al., 1991), zebrafish c-myb mutants
exhibit unaffected primitive hematopoiesis and lack definitive hematopoiesis, but survive to
2-3 months, presumably receiving sufficient oxygenation through diffusion (Soza-Ried et
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al., 2010). Thus, biological differences between species can be exploited to study conserved
hematopoietic paradigms.

Recently, the highly conserved heterochronic LIN28 proteins have been shown to act as key
regulators of hematopoietic timing. LIN28 proteins were initially discovered in C. elegansin
screens for heterochronic mutants (Ambros and Horvitz, 1984). Loss of function (LOF) of
/in-28 results in precocious arrest of molting relative to the maturation of the worm (Ambros
and Horvitz, 1984). This appears to be due to effects on a stem cell population termed seam
cells, where /in-28 LOF results in aberrant asymmetric cell division, which drives
differentiation and maturation at the expense of symmetric divisions that sustain self-renewal
(Harandi and Ambros, 2015)(Figure 2).

Biochemically, the proteins encoded by the two mammalian LIN28 paralogs (A and B)
function through inhibition of processing and maturation of the /et-7family of microRNAs
and modulate translation of specific MRNAs (Shyh-Chang and Daley, 2013). Congruent
with observations in worms, LIN28A/B are highly expressed in pluripotent mammalian cells
(Moss and Tang, 2003), and LIN28A expression contributes to pluripotency induction in
somatic cells (Yu et al., 2007). Further paralleling their control of timing in worms,
polymorphisms in human L/N28B are associated with variations in adult height and timing
of puberty (He et al., 2009; Lettre et al., 2008; Ong et al., 2009; Sulem et al., 2009; Widen et
al., 2010). Within the hematopoietic system, expression of L/n28b varies with time. Lin28b
is highly expressed in FL HSCs (Copley et al., 2013) and lymphoid progenitors, and its
expression decreases with maturation to corresponding postnatal cell populations, coincident
with accumulation of /et-7microRNAs.

Functionally, Lin28bis a heterochronic regulator of HSC self-renewal. Ectopic expression of
Lin28b in murine adult BM HSCs increases self-renewal to a FL-like state in transplantation
models (Copley et al., 2013). Lin28b expression in adult BM HSCs represses /et-7
microRNAs, and appears to exert its effects on HSC heterochrony through the /et-7target
HmgaZ (Copley et al., 2013). Although its developmental patterns of expression are not well
defined, endogenous Lin28a appears to regulate hematopoietic stem and progenitor cell
output and lineage selection. In transplantation models, overexpression of L/n28aresults in
diminished hematopoietic output while L/n28aknockdown by shRNA increases myeloid
and decreases lymphoid output (Chaudhuri et al., 2012).

In committed hematopoietic lineages, the Lin28-/et-7 axis specifies fetal and adult patterns
of lymphopoiesis. Ectopic Lin28b expression in adult BM stem and progenitor cells drives
differentiation of fetal B-1a cells and innate-like T cells (Yuan et al., 2012). This is due at
least in part to /et-7repression, as ectopic /et-7expression in FL pro-B cells is sufficient to
confer adult B-2 potential (Zhou et al., 2015). These effects may be mediated through the
let-7target Arid3a, which also regulates timing of fetal and adult B-cell phenotypes (Zhou et
al., 2015).

Lin28/ fet-7 also heterochronically modulates the myeloerythroid compartment. Compared to
human umbilical cord erythroid cells, adult peripheral blood red blood cells contain higher
levels of /et-7microRNASs (Noh et al., 2009). Ectopic expression of L/N28B in adult
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erythroblasts reduces /et-7levels and increases levels of fetal hemoglobin, possibly via
control of BCL11A levels (Lee et al., 2013). LIN28B appears to also function in mast cell
differentiation (Wang et al., 2015). Consistent with its role in regulation of cell potency, /et-7
activation drives granulocytic differentiation of leukemic myeloblasts (Pelosi et al., 2013).
Thus, within the hematopoietic system, the Lin28//et-7 axis likely plays orthogonal roles: in
regulating heterochronic hematopoietic maturation across time within phenotypically and
equipotent stem and progenitor populations, and in regulation of stem cell maintenance and
differentiation, paralleling its role in worms (Figure 2).

Blood engineering: bypassing the normal constraints of hematopoietic heterochrony

Strategies for blood cell derivation via directed differentiation utilize systems designed to
recapitulate normal developmental events in culture. In contrast, TF-mediated conversion
strategies use unbiased screening to traverse barriers imposed by normal differentiation and
maturation. Strategies that combine these methodologies may prove to be an optimal
approach. In all of these systems, enhanced understanding of the heterochronic mechanisms
of blood development could yield rational strategies to unlock efficient definitive adult-like
hematopoiesis for therapeutic purposes. Below we examine current methods of blood cell
engineering through the lens of normal hematopoietic heterochrony. Specific examples
representative of each general approach are highlighted in Figure 3.

Reiteration of the early embryonic germ layer formation and tissue patterning by morphogen
and environmental cues in culture systems elicits hematopoietic progenitors with limited
engraftment and differentiation capability (Murry and Keller, 2008). For such approaches to
provide a foundation to generate long-term HSCs, definitive hematopoietic cells must
emerge and be distinguished from primitive cells. Seminal studies have demonstrated that, in
the presence of hematopoietic cytokines or stromal cells, mouse and human embryonic stem
(ES) cells can be induced to develop a mesoderm-derived yolk sac-like primitive
hematopoietic program typically within one week of culture (reviewed in (Murry and Keller,
2008)). In these models, definitive-like hematopoietic cells develop later, possibly via an
EHT-like process or maturation of primitive cells (Chadwick et al., 2003; Murry and Keller,
2008; Vodyanik et al., 2005).

Lymphoid differentiation capacity has been proposed to be a key criterion defining the onset
of definitive hematopoiesis directed differentiation models that employ pluripotent stem
cells (Murry and Keller, 2008). As a prototypical directed differentiation strategy, Keller and
colleagues developed a system wherein human ESC or iPSC embryoid bodies (EBs) were
cultured initially in the presence of BMP-4 (days 0-4) to induce mesoderm formation, with
the addition of activin to drive primitive hematopoiesis (days 2-4), and subsequently with
pro-hematopoietic cytokines to promote definitive hematopoietic cell emergence, modeling
the morphogen expression patterns that occur during early mammalian embryogenesis
(Kennedy et al., 2012). Consistent with the onset of adult-like hematopoiesis, SOX17
expression could be detected at day 9 of culture. T-lymphoid potential could be detected as
early as day 6 (but not at day 3 when only yolk sac-like primitive hematopoietic cells are
present) and appeared to emerge independently of activin/nodal signaling, arguing against
direct maturation of primitive cells contributing to this effect and in favor of recapitulation of

Cell Stem Cell. Author manuscript; available in PMC 2017 June 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rowe et al.

Page 10

normal definitive-like cell emergence, possibly via EHT (Kennedy et al., 2012). More
recently, this group demonstrated that definitive-like cells developed in this system via a HE-
like intermediate (Sturgeon et al., 2014). Interestingly, definitive hematopoietic progenitors
derived using this strategy possess the potential to express adult-like T-cell markers and
polyclonal TCRap rearrangements, and can acquire definitive globin expression (Kennedy et
al., 2012). These strategies, rationally constructed based upon understanding of normal
embryogenesis, are proof-of-principle that application of normal hematopoietic
heterochrony can be leveraged in blood engineering, but as yet have not yielded progenitor
cells capable of engrafting and producing a full complement of functional progeny in vivo.

As compared to this EB system, engraftment of ESCs or iPSCs as teratomas represents a
complementary model of early embryogenesis. Teratomas engrafted in
immunocompromised murine hosts contain active hematopoiesis within a niche bearing
similarities to mature BM after 8 weeks, with some evidence for myeloid and lymphoid
lineages as well as transplantable HSPC-like cells with multilineage potential (Amabile et
al., 2013). B- and T-cells arise from these teratomas with apparent adult-like
immunoglobulin and cytokine production (Amabile et al., 2013). Further investigation of
earlier time points in the model is required to determine the intermediate phases, such as
primitive hematopoiesis, EHT, and FL-like hematopoiesis, that lead to the formation of an
apparently functional pluripotent cell-derived BM environment.

Respecification of cell phenotypes by TF-mediated reprogramming is central to many blood
derivation strategies. This powerful technique has been applied to committed hematopoietic
cells, pluripotent cells, as well as terminally differentiated somatic cells to reverse lineage
commitment, drive normal maturation-like events, bypass or reverse normal hematopoietic
maturation schedules, and cross lineage compartments normally insulated from one another
by normal patterns of differentiation. Several of these approaches appear to recapitulate EHT
as an intermediate stage of conversion. In one of the earliest studies utilizing this approach,
expression of Hoxb4 - a factor known to function in definitive HSC renewal — in murine
primitive yolk sac or EB-derived progenitors conferred definitive hematopoietic features and
limited engraftment capability (Kyba et al., 2002).

More recently, reprogramming of fully differentiated somatic cells has been demonstrated.
Moore and colleagues used a screening strategy whereby mouse embryonic fibroblasts
(MEFs) bearing a CD34 reporter mechanism were transduced with a library of 18
hematopoietic TFs, identifying the heterochronic genes GataZand Etv6, as well as Gfi1b,
and Fos, as sufficient to activate this reporter (Pereira et al., 2013). Long-term culture (30-40
days) of MEFs ectopically expressing these factors generated cells with myeloid colony
forming capacity and definitive hematopoietic markers via an HE-like intermediate stage,
which did not appear to be preceded by primitive-like hematopoiesis (Pereira et al., 2013).
Similarly, Lacaud and colleagues transduced MEFs and adult fibroblasts with six
hematopoietic TFs (including GataZand RunxIc) to generate cells with hematopoietic
colony forming potential by day 21 post-transduction, a process accelerated by loss of p53
and which also occurred via an HE-like intermediate (Batta et al., 2014). These cells
expressed a mixture of primitive and definitive globins, underwent rearrangement of TCRf
and immunoglobulin loci, and showed short-term engraftment /n vivo (Batta et al., 2014).
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Although it is possible that these respecification strategies recapitulate only aspects of yolk
sac-like hematopoiesis, via primitive-like hemangioblasts/HE, the use of stage-specific
definitive TFs (GataZ, Etv6and RunxI), which are dispensable for primitive hematopoiesis,
supports the specification of definitive programs.

It could be inferred that TF-mediated reprogramming of committed hematopoietic lineages
to HSC-like cells may enhance efficiency of the conversion process, given the relatively
smaller distance in developmental ontogeny of hematopoietic cells from HSCs compared to
fibroblasts. Another somatic cell reprogramming approach showed that ectopic expression of
six TFs is sufficient to reprogram murine adult pre-/pro-B cells and myeloid progenitors to
serially transplantable, multilineage reconstituting ‘induced HSCs’, within 48 hours,
although the stage of definitive hematopoiesis achieved by this conversion strategy has not
been clearly elucidated (Riddell et al., 2014). This process appears to occur entirely within
the confines of definitive hematopoiesis, uniquely without an HE-like intermediate (Riddell
etal., 2014).

Reprogramming approaches have also been applied to pluripotent cells. An innovative
strategy incorporated aspects of morphogen-directed differentiation from human pluripotent
cells to hematopoietic progenitors and TF-mediated reprogramming. Human myeloid
progenitors isolated from 14 day-old ESC and iPSC EBs cultured in the presence of
hematopoietic cytokines were transduced with five TFs to confer short-term myeloid and
erythroid engraftment in humanized mice (Doulatov et al., 2013). /n vitro lymphoid
potential as well as adult globin expression were consistent with definitive phenotypes
(Doulatov et al., 2013). Slukvin and colleagues used a TF screen to specify endothelial fate
in human ESCs and iPSCs, demonstrating emergence of endothelial cells after 5-7 days,
which possessed the capacity for hematopoietic colony formation (Elcheva et al., 2014).

Recent conversion strategies have leveraged understanding of EHT. The Rafii group used
non-hemogenic umbilical cord or adult endothelial cells ectopically expressing TFs
(including RunxI and the adult HSC quiescence factor Gfi-1 (Hock et al., 2004a)) cultured
in an /n vitro vascular niche; after 4 weeks, hematopoietic colony forming activity could be
detected, as well as multilineage engraftment of primary and secondary humanized mice
recipients, although the developmental stage of the generated hematopoietic cells is unclear
(Sandler et al., 2014). The Moore group cleverly extended their findings discussed above
(Pereira et al., 2013) by using surface markers to establish an immunophenotype (Prom1™,
Scal*, CD34", CD45") of hemogenic precursors in their reprogrammed fibroblasts. They
used this immunophenotype to identify an endogenous endothelial population in mouse
placentas and AGM with hemogenic activity, capable of differentiating to engraftable
hematopoietic cells following stromal coculture (Pereira et al., 2016) raising the possibility
of using placental endothelial cells as a source of engineered hematopoietic cells. Together,
these studies illustrate the applicability of TF-mediated conversion in blood engineering, and
reliance on recapitulation of normal developmental events to establish definitive adult-like
hematopoiesis.
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Strategies for Discovery

Decades of study in HSC developmental biology have laid the groundwork for the rapid
progress made in the past five years in HSC engineering. Although we collectively have the
capability to derive hematopoietic cells from a variety of cell sources, limitations remain in
the therapeutic value of derived ‘HSCs’. Future investigation should focus on developing
methodologies to encourage the derived definitive hematopoietic cells to discard embryonic/
fetal characteristics and acquire adult like HSC self-renewal, lymphopoietic output, and
erythroid phenotypes for effective cell therapy. Only then can schemes be further optimized
to enhance cell yield for translation into clinical trials.

Extensive investigation has dissected the heterochronic events occurring in morphogen
directed differentiation schemes that generate hematopoietic cells from pluripotent cells
(Kennedy et al., 2012; Sturgeon et al., 2014). These studies illustrate the power of this
methodology in enhancing understanding of HSC development. Screening approaches may
be applied to directed differentiation models to identify further factors that improve
efficiency of HSC generation in these systems, as well as for optimization of their
developmental state. Coupled with use of stage-specific hematopoietic markers, this may be
an impactful strategy to derive adult-like HSCs. Small molecules may offer more
economical alternatives to the use of cytokines in directed differentiation, and zebrafish
systems could offer a tractable model to screen compounds in a high throughput manner
(MacRae and Peterson, 2015). As such, we propose that directed differentiation in zebrafish
systems may provide further insights into early developmental hematopoiesis to inform cell
engineering. Co-culture approaches with supporting cells that can enhance hematopoietic
induction such as mouse OP9 stromal cells, zebrafish kidney stromal cells, and zebrafish
endotome cells, can be further incorporated in screening platforms (Nguyen et al., 2014;
Stachura et al., 2009; Vodyanik et al., 2005). Improved characterization of stage-specific
markers of zebrafish hematopoiesis (Table 1) is essential to understand the developmental
state of the cells produced, and novel prohematopoietic factors can be validated in
mammalian culture systems.

TF-mediated direct conversion has taken a prominent role in blood engineering strategies
that use somatic cells and pluripotent cells. It has been shown that directed differentiation
and TF-mediated conversion could be combined to generate human hematopoietic
progenitors (Doulatov et al., 2013). Directed differentiation approaches recapitulate the
developmental processes that bridge pluripotency and definitive hematopoiesis (Murry and
Keller, 2008), but the developmental stage of the derived hematopoietic cells is unclear, and
are unlikely to bear full adult hematopoietic potential, including effective engraftment.
Moreover, the hematopoietic cells produced from ‘pure’ direct conversion strategies are
limited in engraftment and self-renewal, possibly due to inadequate adult specification or the
lack of ordered maturation imparted by sequential passage through normal developmental
stages of definitive hematopoiesis (Orkin and Zon, 2008).

Whereas the objective of engineering approaches is to produce self-renewing HSCs that
beget adult-like differentiated cell progeny for cell therapy, the power of TF-mediated
phenotypic conversion may be the ability to bypass heterochronic barriers to reach adult-like
HSC phenotypes. As such, further TF respecification approaches should focus on
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identification of factors specific to adult definitive HSCs relative to FL or AGM HSCs for
incorporation into engineering models. As both directed differentiation and conversion
approaches effectively traverse developmental EHT to mature beyond primitive
hematopoiesis and reach definitive hematopoietic cell emergence, efforts must focus on
accelerating the developmental maturation of these nascent HSCs to acquire adult-like
quiescence, globin expression, and adaptive immune capacity for use in cell therapy.

For improvement on the approaches discussed thus far, further understanding of stage-
specific markers of HSCs and HSC-specific reporters are required (Table 1). Although gene
expression can be used to classify HSC developmental stage (McKinney-Freeman et al.,
2012), determining an adult-specific immunophenotype for mouse and human HSCs would
be an important tool to query outcomes of engineering strategies. While HSC reporter
systems have been developed in zebrafish (Stachura and Traver, 2011), identification of
mammalian HSC-specific genes for development of HSC-specific reporters should prove
invaluable in blood engineering, as has recently been reported in the cases of murine Fgd5
and Hoxb5 (Chen et al., 2016; Gazit et al., 2014).

Due to its role in specification of developmental stage of definitive hematopoiesis, the
LIN28/ fet-7 axis can be harnessed to interrogate and possibly define the developmental stage
identity of induced HSCs and potentially regulate their differentiated cell output. Combined
with assessment of differentiated cell output, querying the status of LIN28 expression, /et-7
microRNA abundance, and /et-7target gene activity in engineered HSCs could provide a
readout of developmental state. Given its key roles in specification of HSC self-renewal,
lymphoid output, and globin switching (Copley et al., 2013; Lee et al., 2013; Yuan et al.,
2012; Zhou et al., 2015), fine-tuning /et-7levels in engineered hematopoietic cells may be a
key to unlocking effective adult-like hematopoiesis for cell therapy.

Novel transplantation models could provide additional tools for discovery. Heterochronic
transplantation can be used to assess the self-renewal and progeny output of engineered cells
by comparing derived HSC engraftment to published benchmarks of the /n vivo behavior of
normal HSCs across development when engrafted into recipients of different ages (Arora et
al., 2014). Other model organisms can be used to mechanistically dissect aspects of HSC
function. Human CD34* or CD138* cell xenotransplants into 48 hpf zebrafish embryos
enable the /n vivo visualization of cell homing to hematopoietic organs (Sacco et al., 2016;
Staal et al., 2016), taking advantage of the high level of conservation of hematopoiesis
across species (Figure 1), and may provide novel models of heterochronic HSC
transplantation.

Heterochronic mutants of C. elegans identified by screening have proven invaluable to the
identification of highly conserved regulators of developmental timing, such as LIN28, which
has also proven to be a hematopoietic regulator (Ambros and Horvitz, 1984). Other model
organisms such as two species of frogs, Liophryne schlaginhaufeni and Sphenophryne
cornuta, appear to be natural heterochronic ‘mutants’ which bypass the tadpole stage,
developing from larvae to adults while inside the egg (Bickford, 2002). Study of
hematopoiesis in these organisms may provide novel paradigms of hematopoietic
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development and provide strategies to accelerate definitive hematopoietic maturation to
adulthood for engineering purposes.

As several chromatin regulators appear to play stage-specific roles in hematopoiesis, and as
chromatin architecture changes with hematopoietic development (Mochizuki-Kashio et al.,
2011; Xie et al., 2014; Xu et al., 2012), it could by hypothesized that the changes in
chromatin structure that evolve with hematopoietic maturation may impose epigenetic
barriers to reprogramming between developmental stages. As such, manipulating the
epigenetic landscape of directly differentiated HSCs may be a mandatory approach in blood
engineering. Approaches involving reprogramming committed hematopoietic cells into
HSCs seek to minimize the ‘epigenetic distance’ from HSCs, relative to pluripotent cells
(Doulatov et al., 2013; Riddell et al., 2014), highlighting the importance of this concept.

Detailed elucidation of stage-specific chromatin modifications is likely required to
accurately model these variables to specify adult-like hematopoiesis. Quiescence is a
hallmark of adult LT-HSCs, which preserves replicative potential and prevents exhaustion
until activated by stress, and appears to be linked to the epigenetic state of HSCs. The
polycomb group factor Bmi-1 appears to provide a link between chromatin modification and
quiescence, as it appears to exert stage-specific effects of HSC function (Park et al., 2003).
Moreover, £zh1 appears to be dispensable for fetal hematopoietic development, but its
ablation causes BM failure in adult mice due to excessive HSC senescence (Hidalgo et al.,
2012). Further study of the mechanistic links between chromatin regulation and adult HSC
cycling is warranted. DNA methylation appears to play a key role in HSC progeny cell
output during postnatal aging (reviewed in (Beerman and Rossi, 2015)), but the methylation
changes that occur in HSCs during development from embryogenesis to adulthood are
uncharacterized. Further understanding of the epigenetic changes that occur across
development, and the mechanisms of hematopoietic stage specification by epigenetic
regulators is required to faithfully reproduce the epigenetic state of functional adult HSCs in
engineering strategies.

Conclusions

Remarkable progress has been made toward the goal of engineering customized HSCs for
research applications through use of directed differentiation and reprogramming approaches,
but ultimate success in deriving bona fide HSCs for clinical applications has remained
elusive. For effective cellular therapy, patient-specific HSCs with adult-like patterns of cell
renewal and progeny output must be generated in sufficient quantity for rapid, effective
establishment of transfusion independence, innate immunity, and the acquisition of a diverse
repertoire of adaptive immune cells. Many current HSC engineering approaches are
grounded in recapitulation of the normal developmental events that lead to definitive HSC
differentiation, and the potential synergy of the methodologies described above suggest that
therapeutic HSC engineering may be an attainable goal. Self-renewing, multilineage-capable
HSC-like cells have been generated from pluripotent and somatic sources, but the potential
therapeutic value of these cells remains unknown, as the developmental state of the
engineered cells are for the most part incompletely characterized.
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To produce personalized HSCs of therapeutic value, our understanding of naturally arising
human adult HSCs must improve. We must comprehensively characterize the epigenetic and
transcriptional profiles of normal adult HSCs relative to their prenatal counterparts in order
to fully recapitulate the factors required to specify their specialized state. Genetic and
phenotypic comparisons of HSCs arising normally across development, and enhanced
understanding of normal hematopoietic developmental maturation, are the first steps toward
this goal. Engineered HSCs specified to the adult state must be rigorously evaluated with
stage-specific markers of HSCs and progeny cells to prognosticate their potential value in
cellular therapy.

The challenge of generating human HSCs ex vivo for therapeutic use requires further
understanding of normal HSC biology using multi-disciplinary strategies and cross-species
approaches. Use of zebrafish development in high-throughput chemical genetic screening to
define factors that promote HSC specification and expansion, complemented with translation
of results to mammalian systems, should identify factors that are conserved across species.
As the studies discussed above have begun to demonstrate, a multi-step approach combining
relevant chemical or morphogen factors and TFs involved in normal adult HSC
specification, possibly with manipulation of epigenetic factors, is likely required to
successfully differentiate engineered adult HSCs. By this approach, we speculate that
derivation of adult-like HSCs of therapeutic value is an achievable goal.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Timing of hematopoietic maturation across species
The relative timing of hematopoiesis at specific anatomic sites in the human (blue), mouse

(red), and zebrafish (green) are shown. Although the pace of hematopoietic maturation
varies in each organism, hematopoiesis matures in highly conserved patterns through
analogous organs prenatally and postnatally, with primitive hematopoiesis occurring in
extraembryonic mesoderm derived cells.
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Figure 2. LIN28 and let-7 in developmental timing and hematopoiesis
Maturation of definitive hematopoiesis from the fetal to adult stage is depicted.

Hematopoiesis shifts from a fetal state characterized by rapid HSC self-renewal, fetal-
specific lymphoid output, erythroid dominant myeloerythropoiesis, and, in humans, fetal
globin expression, to the adult stage characterized by HSC quiescence, predominance of
granulopoiesis, adult lymphopoiesis, and adult globin expression in humans. Lin28bis
downregulated during maturation, allowing for increase in /et-7microRNAs. Effects of
ectopic Lin28bl LIN28B expression on the timing of hematopoietic maturation are shown by
arrows connecting adult and fetal hematopoietic populations. The broken arrow hypothesizes
a possible effect of Lin28b modulation of granulopoiesis and erythropoiesis. Abbreviations:
RBC, red blood cell; PMN, polymorphonuclear neutrophil; CMP, common myeloid
progenitor; MEP, megakaryocyte erythroid progenitor; GMP, granulocyte macrophage
progenitor; CLP, common lymphoid progenitor; MZ, marginal zone.
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Figure 3. Examples of hematopoietic maturation in blood derivation strategies
This diagram highlights several key examples of blood derivation strategies showing the

relative timing of developmental events, and classification of derived cells at stages of
normal hematopoietic maturation. Examples of strategies using morphogen directed
differentiation and conversion/respecification are depicted. The strategies employed by the
Keller group typify morphogen directed differentiation approaches to hemogenic cell
induction (Kennedy et al., 2012; Sturgeon et al., 2014). Sequential exposure of PSC EBs to
morphogen cocktails initially specifies mesoderm fate, followed by hematopoietic fate
induction by hematopoietic cytokines (Kennedy et al., 2012; Sturgeon et al., 2014). Though
several studies have succeeded in reprogramming somatic cells to hematopoietic lineages
(Pereira et al., 2013; Riddell et al., 2014), we present one example (Batta et al., 2014)
whereby mouse fibroblasts were reprogrammed by expression of hematopoietic transcription
factors, eventually producing cells with short-term engraftment /n vivo. PSC reprogramming
is an approach also used by multiple groups to generate hematopoietic cells (Doulatov et al.,
2013; Elcheva et al., 2014). Here, we summarize the strategy used by Doulatov and
colleagues, where hematopoietic progenitors generated by morphogen directed
differentiation were respecified to engraftable definitive progenitors, and lineage output
analyzed /n vivo (Doulatov et al., 2013). Finally, two distinct approaches leveraging
understanding of EHT are shown (Pereira et al., 2016; Sandler et al., 2014). Sandler and
colleagues reprogrammed human endothelial cells with transcription factors that promoted
an EHT-like process, generating multilineage engraftable MPP-like cells (Sandler et al.,
2014). Pereira and colleages isolated mouse placental hemogenic precursors based on an
immunophenotype identified on endothelia-like cells generated in their prior somatic cell
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reprogramming (Pereira et al., 2013), showing that these cells could be induced to engraft
and undergo multilineage hematopoiesis (Pereira et al., 2016). Known stage-specific
hematopoietic regulators are shown in bold. Abbreviations: hPSC, human pluripotent stem
cell; EBs, embryoid bodies.
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