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ABSTRACT
The current paradigm that a single long-term hematopoietic stem cell
can regenerate all components of the mammalian immune system
has been challenged by recent findings in mice. These findings show
that adult tissue-resident macrophages and innate-like lymphocytes
develop early in fetal hematopoiesis from progenitors that emerge
prior to, and apparently independently of, conventional long-term
hematopoietic stem cells. Here, we discuss these recent findings,
which show that an early and distinct wave of hematopoiesis occurs
for all major hematopoietic lineages. These data provide evidence
that fetal hematopoietic progenitors not derived from the bona
fide long-term hematopoietic stem cells give rise to tissue-resident
immune cells that persist throughout adulthood. We also discuss
recent insights into B lymphocyte development and attempt to
synthesize seemingly contradictory recent findings on the origins of
innate-like B-1a lymphocytes during fetal hematopoiesis.
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Introduction
It is generally thought that a single bona fide hematopoietic stem cell
(HSC) is capable of sustained regeneration of all components of the
immune system, including the erythroid, myeloid, lymphoid and
granuloid lineages (Yamamoto et al., 2013; Osawa et al., 1996;
Carrelha et al., 2018). Since the purification and characterization of
the mouse HSC in the 1980s (Spangrude et al., 1988), much
effort has been put into elucidating the early cellular and molecular
events that lead to the development of the first bona fide HSC in
the fetus. Collectively, these studies on the early events of fetal
hematopoiesis (reviewed by Dzierzak and Bigas, 2018; Palis, 2016)
have now provided enough evidence to suggest that a distinct wave
of hematopoietic progenitors emerge before, and apparently
independently of, the bona fide HSC. Most importantly, recent
analyses indicate that these fetal-derived HSC-independent
progenitors generate functionally distinct immune lineages that
persist throughout adulthood as tissue-resident immune cells (Gentek
et al., 2018a,b; Hashimoto et al., 2013; Ghosn and Yang, 2015).
In this Review, we will first summarize the early hematopoietic

events in the fetus that lead to the development of the first bona fide

HSC. We will then focus on the earlier waves of fetal hematopoiesis
and discuss the recent findings suggesting that certain lineages of
(tissue-resident) immune cells in adults develop from specialized
progenitors that emerge in the fetus through a developmental pathway
that is separate from the conventional bona fide HSC. These recent
findings come from elegant studies using purified (single-) HSC/
progenitor transplantation assays, in vivo lineage-tracing assays and
transgenic mouse models, which combined have provided strong
evidence to support a fetal-derived and HSC-independent origin for
certain tissue-resident immune cells in adults.

Finally, we will focus on the current views of murine B
lymphocyte development – particularly in light of seemingly
contradictory recent data on the origins [HSC dependent
(Kristiansen et al., 2016) versus HSC independent (Ghosn et al.,
2016; Kobayashi et al., 2014)] of innate-like B-1a cells (see
Glossary, Box 1) during fetal hematopoiesis. We attempt to
reconcile these findings and accommodate them into a proposed
model of B-1a development in the fetus.

Most of our current understanding on fetal-derived and HSC-
independent immune lineages has come from studies in mice – and
this is the primary focus of our Review. However, studies using
human embryos have now shown that fetal hematopoiesis is largely
similar between mice and humans (Ivanovs et al., 2011). Human
hematopoiesis has been reviewed in detail elsewhere (Ivanovs et al.,
2017), but we briefly describe recent studies on fetal hematopoiesis in
human, which suggest that, similar to mice, humans develop separate
lineages of immune cells in the fetus that are functionally distinct
from the bone marrow HSC-dependent immune cells (Rechavi et al.,
2015; Roy et al., 2017; Schroeder and Wang, 1990; Schroeder et al.,
1987).We discuss the clinical implications of these findings vis-à-vis
current efforts to improve purified HSC transplantation in medical
settings and the origins of B-cell-derived childhood and adult
leukemia (Boiers et al., 2018; Montecino-Rodriguez et al., 2014;
Barrett et al., 2016; Hayakawa et al., 2016a,b; DiLillo et al., 2013).

Taken together, the accumulating evidence supporting an
HSC-independent origin for tissue-resident immune lineages
challenges the current notion that adult bone marrow HSCs can
fully regenerate the immune system. They provide fundamental
insights into the developmental landscape of the mammalian
immune system and shed new light on the evolutionary mechanisms
that led to the development of two separate hematopoietic lineages
(i.e. HSC independent and HSC dependent) that can respond to the
endogenous and environmental changes that occur from embryonic
life to adulthood.

Overview of hematopoietic development in the mouse
embryo
In both mice and humans, the first blood cells to develop appear in
the extra-embryonic yolk sac mesoderm, in an anatomic region
known as the blood islands (Moore and Metcalf, 1970; Palis and
Yoder, 2001). In mice, these cells consist primarily of primitive
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erythroid progenitors (fetal erythrocytes) and primitive
macrophages, which emerge at embryonic day 7 (E7) (Palis et al.,
1999), surrounded by endothelial cells (ECs) but before the onset of
blood circulation (Fig. 1). Both primitive blood and ECs in the
blood islands are thought to originate from a common precursor
known as the hemangioblast (see Glossary, Box 1) (Nishikawa,
2012). However, lineage-tracing studies using multicolor chimeric
mice show that, at ∼E7-E8.5, each blood island contains multiple
clones of either endothelial or blood cells, but usually not both
lineages from a single clonogenic progenitor (Ueno and Weissman,
2006), challenging the assumption that a single hemangioblast in
the blood island gives rise to both blood and endothelial cells
(Nishikawa, 2012).

The second proposed wave of fetal hematopoiesis is characterized
by the development of erythro-myeloid progenitors (EMPs; see
Glossary, Box 1) (Fig. 1). These progenitor cells emerge in the yolk
sac at about E8.5 and – unlike the earlier wave that produces
primitive (fetal-type) cells – give rise to definitive (adult-type)
erythrocytes and myeloid cells (Palis et al., 1999; Lux et al., 2008).
The third proposed wave initiates around E9 and is marked by a
surge of multipotent progenitors (MPPs; see Glossary, Box 1) (Inlay
et al., 2014; Kawamoto et al., 1998; Godin et al., 1995), some of
which appear biased towards a lymphoid fate, i.e. lymphoid-primed
multipotent progenitors (LMPPs; see Glossary, Box 1) (Boiers
et al., 2013; Yoshimoto et al., 2011, 2012; Nishikawa et al., 1998;
Yokota et al., 2006; Cumano et al., 1996; Lu and Auerbach, 1998,
1991; Lu et al., 1996). These progenitors emerge in both the extra-
embryonic yolk sac and intra-embryonic tissues, including the para-
aortic splanchnopleura (P-Sp; see Glossary, Box 1) and aorta-
gonad-mesonephros (AGM; see Glossary, Box 1) (Fig. 1).

Unlike the first wave of primitive hematopoiesis, the second and
third waves [which generate EMPs and (L)MPPs (see Glossary,
Box 1)] develop from specialized ECs, called hemogenic
endothelial cells (see Glossary, Box 1), which are present in both
yolk sac and P-Sp/AGM, and show hematopoietic activities only
within a limited period of time (E8.5-11.5) (Fig. 1) (Tober et al.,
2013). At the end of the third wave (or perhaps concomitantly),
the precursors to the long-term (LT) adult-repopulating HSCs, the
so-called pre-HSCs (see Glossary, Box 1), can be detected in
the intra-embryonic AGM at around E10 (Rybtsov et al., 2011). The
relationship between (L)MPPs and pre-HSCs is not yet clear, but
these cell populations share similar surface markers.

Finally, the LT-HSC (see Glossary, Box 1) – defined by its ability
to self-renew and long-term repopulate all hematopoietic lineages in
transplantation assays (see Box 2) – emerges at the latest by around
E11, possibly from hemogenic EC-derived pre-HSCs in the AGM
region and later in the yolk sac and placenta (Kumaravelu et al., 2002;
Gekas et al., 2005; Chen et al., 2011;Medvinsky andDzierzak, 1996;
Weissman et al., 1978) (Fig. 1). LT-HSC development can be viewed
as the last wave of fetal hematopoiesis, which begins in fetal life
(mid-gestation) and continues to give rise to all hematopoietic
lineages during adulthood (Sawai et al., 2016; Sawen et al., 2018).
Hematopoietic progenitors from all waves of fetal hematopoiesis
circulate via the blood vessels and seed the fetal liver to support
homeostasis until LT-HSC-derived hematopoiesis is established in
the bone marrow at about E18 (Christensen et al., 2004). Bone
marrow-resident LT-HSCs regenerate the blood and immune system
throughout life (Sawai et al., 2016; Sawen et al., 2018).

Although it is generally accepted that the AGM region at ∼E11
represents the first site of de novo LT-HSC development in the
mouse embryo (Muller et al., 1994; Medvinsky and Dzierzak, 1996;
Medvinsky et al., 2011; Dzierzak and Medvinsky, 2008), the

Box 1. Glossary
Aorta-gonad-mesonephros (AGM). A region in the embryo proper that
develops from the P-Sp and includes the dorsal aorta, genital ridge
(gonads) and mesonephros in the mouse embryo around E10-E11. In
the mouse, the P-Sp region is referred to as AGM at or after E10.
B-1a cells. A subtype of B lymphocytes that develops primarily during
fetal life and persists throughout adulthood in body cavities and mucosa.
Unlike other types of B cells, B-1a cells respond very quickly to antigenic
stimuli and do not require T-cell help to differentiate into effector
antibody-producing cells; hence, they are commonly referred to as
innate-like B cells.
Common lymphoid progenitor (CLP). A hematopoietic progenitor cell
in the adult bone marrow that is committed to the lymphoid lineages,
including B and T lymphocytes, but lacks long-term self-renewal
potential. CLPs develop directly from the MPPs, which in turn develop
from LT-HSCs in the bone marrow.
Erythromyeloid progenitor (EMP). A hematopoietic progenitor cell that
produces both erythroid and myeloid cells in the embryo. EMPs appear
first in the extra-embryonic yolk sac starting at ∼E8.5.
Hemangioblast. A mesodermal-derived cell that can produce both
endothelial cells and blood/hematopoietic lineages in the embryo. The
existence of a hemangioblast was first proposed based on studies on
chicken embryos and on the observation that single-gene knockouts
in mouse embryos can result in loss of both endothelial and blood
cells. However, the existence of hemangioblasts in vivo remains
controversial.
Hemogenic endothelial cell (HEC). An endothelial cell that can
produce blood and/or hematopoietic lineages, also known as
hemogenic endothelium. HECs are present in the embryo around E9-
E12 in both yolk sac and P-Sp/AGM regions. The transcription factor
Runx1 is indispensable for hematopoiesis in HECs.
(L)MPP. When a LMPP cannot be distinguished from a MPP, the term
(L)MPP is used to indicate that the progenitor referred to could be either a
LMPP or a MPP, or both.
Long-term hematopoietic stem cell (LT-HSC). The most-potent
hematopoietic precursor cell that harbors the ability to regenerate all
types of blood cells (multilineage potential) and to maintain hematopoiesis
in vivo throughout life by means of self-renewal. Currently, a bona fide LT-
HSCactivity can be identified experimentally by the ability of a single cell to
engraft, self-renew and regenerate all blood lineages in transplanted
recipients for more than 6 months (and sustain long-term blood
regeneration in secondary recipients). In the mouse, bona fide LT-HSC
activity, at the single cell level, has been identified in cells displaying the
phenotype KSL (Kithi, Sca-1hi, Lineage−), CD150+ and CD48−.
Lymphoid-primed MPP (LMPP). A multipotent progenitor (MPP) cell
that is biased towards producing the lymphoid lineages, including B and
T lymphocytes. LMPPs have been identified in both intra- and extra-
embryonic tissues as early as ∼E9, prior to and independently of the
LT-HSCs. In adult bone marrow, LMPPs develop from LT-HSCs.
Multipotent progenitor (MPP). A hematopoietic progenitor cell that
produces several hematopoietic lineages in the embryo, including the
erythroid, myeloid and lymphoid lineages, but which lacks long-term self-
renewal capacity and can regenerate blood lineages only for a short
period of time. In embryonic life, MPPs can be identified at around E9.
They arise from HECs that are present in both extra- and intra-embryonic
tissues for a limited period of time (∼E8.5-E11.5). In the adult, MPPs
develop from LT-HSCs.
Para-aortic splanchnopleura (P-Sp). A region in the embryo proper
that develops from the axial mesoderm during embryogenesis and is
located alongside the dorsal aorta of the mouse embryo around E8.5-
E9.5.
Pre-hematopoietic stem cells (pre-HSCs). The precursors to LT-
HSCs. Pre-HSCs emerge at around E10 in the intra-embryonic AGM
region. Pre-HSCs can be separated into type I (CD45−) and type II
(CD45+). Type I pre-HSCs represent the most immature stage of LT-HSC
development and as such they do not harbor bona fide LT-HSC activity in
transplantation assays. Recent studies suggest that pre-HSCs arise from
precursors that can be detected in the P-Sp region as early as E9.5; these
precursors are referred to as pro-HSCs.
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contribution of the extra-embryonic yolk sac to LT-HSC
development remains controversial – even though its contribution
to the development of EMPs and (L)MPPs is well described and
accepted in the field (Lux et al., 2008; Boiers et al., 2013;
Yoshimoto et al., 2011). However, as discussed in greater depth
below, various studies (Inlay et al., 2014; Lee et al., 2016; Yoder
et al., 1997; Weissman et al., 1978; Tanaka et al., 2012, 2014;
Samokhvalov et al., 2007) provide evidence supporting the notion
that the yolk sac also contributes to the development of LT-HSCs.

Fetal LT-HSC origin
The idea that the first LT-HSC arises in the intra-embryonic AGM
region is strongly supported by a collection of studies using in vitro
and ex vivo tissue excision and cell transplantation assays,
performed before or after the onset of blood circulation (North
et al., 2002; de Bruijn et al., 2002; Medvinsky and Dzierzak, 1996;
Muller et al., 1994; Kumaravelu et al., 2002; Gekas et al., 2005;
Cumano et al., 1996; Cumano andGodin, 2001; Boisset et al., 2010;
Ganuza et al., 2018). Collectively, these studies demonstrate that
LT-HSC activity can be identified as early as E10.5 from transplants
of intra-embryonic P-Sp/AGM, but not yolk sac, tissues.
Lineage-tracing mouse models that specifically mark ECs in vivo

reveal that all blood cells, including LT-HSCs in the fetal liver and
adult bone marrow, are derived from ECs (Zovein et al., 2008).
Moreover, EC-specific deletion of the Runx1 (Runt-related
transcription factor 1) gene, which is necessary for the
development of all hematopoietic progenitors – from the early
EMPs to the late LT-HSCs, results in embryonic lethality due to lack
of proper hematopoiesis (Okuda et al., 1996). In this view, LT-HSCs
are considered to be derived from hemogenic ECs present in the
AGM region.
In support of de novo hematopoietic activity in the AGM, the

Medvinsky group (Rybtsov et al., 2014, 2016, 2011) and others
(Hadland et al., 2015; Zhou et al., 2016; Baron et al., 2018) have
identified and characterized the precursors to the HSC (i.e. pro- and
pre-HSCs) in the hemogenic ECs of the P-Sp/AGM region from

about E9.5. Unlike bona fide LT-HSCs, pre-HSCs still co-express
endothelial markers and do not yet have the potential to engraft
lethally irradiated hosts in transplantation assays. However, pre-
HSCs from the E10 AGM, but not yolk sac, can acquire bona fide
HSC phenotype and are engraftable after in vitro aggregation culture
with either stromal cells (OP9/OP9-DL1) or AGM-derived Akt-
expressing ECs, further supporting the notion that the AGM
represents the main site of de novo LT-HSC development (Zhou
et al., 2016; Rybtsov et al., 2011; Hadland et al., 2015). This
differentiation process from the pre-HSC to HSC has now been
investigated at the single-cell level, providing greater insights into
the mechanisms that regulate the early events of HSC development
(Baron et al., 2018; Zhou et al., 2016).

On the other hand, the contribution of the extra-embryonic yolk sac
to LT-HSC development remains somewhat controversial, perhaps
because several studies failed to detect the potential of yolk sac
cells to repopulate hematopoietic lineages in transplantation assays
(Cumano et al., 1996; Cumano et al., 2001;Medvinsky andDzierzak,
1996; Muller et al., 1994). In fact, yolk sac cells show engraftment
potential only when transplanted either directly into an embryonic
environment (in utero) (Weissman et al., 1978) or into
preconditioned neonatal mice (Kumano et al., 2003; Yoder et al.,
1997), or after co-culture with stromal cells (Matsuoka et al., 2001) –
suggesting that their potential may be more influenced by
environment than AGM cells (Arora et al., 2014).

To overcome the limitations of transplantation assays (see Box 2)
and investigate the origins of the LT-HSC in situ, several in vivo
lineage-tracing mouse models have been generated (Samokhvalov
et al., 2007; Tanaka et al., 2014, 2012; Lee et al., 2016). In these
models, cells expressing the transcription factor Runx1, which is
necessary for the development of fetal LT-HSCs, could be labeled by
tamoxifen injection. These experiments showed that Runx1+ cells,
which were found exclusively in the yolk sac at E7.5, contributed to
fetal liver and adult bone marrow LT-HSCs (Samokhvalov et al.,
2007). Deletion of Runx1 results in embryonic lethality around E13
due to lack of proper hematopoiesis (Okuda et al., 1996). Using a

Embryonic day E7.5 E8.5 E9.5 E11          

Fetal liver

pEP

YS-Mes

EMP HEC Pre-HSC LT-HSC drHSC(L)MPP

YS-Mes YS-Mes + 
P-Sp/AGM

YS YS

P-Sp/AGM
YS FL

Blood island

pM
Key

Fig. 1. A timeline of lineage emergence during mouse embryonic development. The first blood cells to emerge are primitive erythroid progenitors (pEPs)
and primitive macrophages (pMs) in the blood island region of the yolk sac (YS) at ∼E7.5. Presumably, pEP and pM develop directly from the YS mesoderm
(YS-Mes). At ∼E8.5-E10, erythro-myeloid progenitors (EMPs) and lymphoid (L)-primed multipotent progenitors (MPP) emerge in the YS and para-aortic
splanchnopleura (P-Sp) and aorta-gonad-mesonephros (AGM), presumably from hemogenic endothelial cells (HECs). It is not known whether EMPs and
(L)MPPs emerge from the same type of HEC, or whether different types of HECs give rise to different types of precursor cells. At ∼E10.5, the first long-term
hematopoietic stem cell (LT-HSC) emerges from pre-HSCs, which develop from a specialized HEC (red outline) in the AGM. The cellular origin of the
recently described developmentally restricted (dr)HSC is unknown. Green shades represent HSC-independent hematopoiesis; red shades represent
HSC-dependent hematopoiesis. FL, fetal liver.
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mouse model in which Runx1 expression could be rescued by
tamoxifen injection in Runx1−/− embryos (Tanaka et al., 2012), it
was found that embryos could be rescued only when tamoxifen was
injected at E7.5, but not thereafter, suggesting that Runx1 expression
at E7.5 is indispensable for the development of LT-HSCs that occurs
at later stages (Tanaka et al., 2012).
To explain how Runx1+ yolk sac cells at E7.5 contribute to the

development of LT-HSCs in the embryo at around E11,
Nishikawa’s group used time-lapse imaging to track the Runx1+

cells in vivo (Tanaka et al., 2014). Their results suggest that Runx1+

cells move from the yolk sac to embryo proper at around E7.5-8.0,
independently of blood circulation, and appear to contribute to a
fraction of the ECs of the dorsal aorta (P-Sp/AGM) at later stages
(Tanaka et al., 2014). Collectively, these findings suggest that the
Runx1+ cells in the yolk sac at E7.5 migrate to the intraembryonic
AGM region, where they contribute to a fraction of bona fide
LT-HSCs that appear later at around E11. However, further studies
are needed to elucidate the role of early Runx1 expression in yolk sac
cells and its relationship to the development of the first bona fide
LT-HSC that occurs at later stages.
Another relevant lineage-tracing study suggests that a fraction of

fetal and adult LT-HSCs is derived from yolk sac cells expressing
the membrane receptor Lyve1 (Lee et al., 2016). Lyve1 is a
hyaluronan receptor and usually amarker of lymphatic vessels, but it
is ubiquitously expressed in the yolk sac ECs at E9.5 to 10.5. The
authors suggest that about 40% of total fetal and adult definitive
LT-HSCs in the mouse are derived from the yolk sac cells
expressing Lyve1 at E9.5-E10.5 (Lee et al., 2016). Nonetheless, it

was not clear whether these Lyve1+ cells have given rise to
LT-HSCs in situ or instead have migrated from the yolk sac to the
AGM region. In fact, Lyve1 expression can also be detected in a
small subset of ECs in the AGM region (4% in the AGM, compared
with 75% in the yolk sac). As a single HSC can expand vigorously
from E10.5 onwards, it is possible that Lyve1+ cells in the AGM
may have contributed to the total LT-HSC pool observed in these
mice. Indeed, in a separate study, Lyve1 expression has been
identified in the intra-embryonic P-Sp region prior to blood
circulation (∼E8-E8.5) (Ganuza et al., 2018). In this study, intra-
embryonic Lyve1+ cells were capable of multi-lineage reconstitution
in recipient mice after in vitro culture, providing further evidence
that Lyve1+ cells in the P-Sp/AGM region contribute to the total
fetal and adult LT-HSC pool (Ganuza et al., 2018).

Taken together, these studies still suggest that, in addition to the
AGM, the yolk sac might function as an autonomous site of de novo
LT-HSC development and contribute to a fraction of the total
LT-HSC pool that migrates to fetal liver and adult bone marrow.
However, the current lack of a known gene that could selectively
mark and separate the AGM and yolk sac cells during LT-HSC
development makes it challenging to estimate the overall
contribution of each hematopoietic tissue to the fetal and adult
LT-HSC pool in vivo. If indeed both AGM and yolk sac could
contribute to the overall LT-HSC pool in fetal liver and adult bone
marrow, future studies should determine whether LT-HSCs
represent a heterogeneous cell population that independently
emerge at different sites in response to unique signaling from
local niches and whether their resulting migratory potential would
determine which type of HSC comes to dominate in place and time.

Regardless of their origin(s), LT-HSCs migrate to the mouse fetal
liver (and placenta) at around E11.5-E12 (Kumaravelu et al., 2002),
where they expand and initiate hierarchical HSC-dependent
hematopoiesis. This produces most of the adult-type immune cells
(Sawai et al., 2016), including circulating monocytes, granulocytes,
T lymphocytes and follicular B lymphocytes. Thus, the fetal liver
contains a mixture of yolk sac- and P-Sp/AGM-derived progenitors,
including EMPs and (L)MPPs, which develop from both HSC-
independent and HSC-dependent precursors (Fig. 1). In the next
section, we will discuss the types of immune cells that have been
reported to develop in the early embryo prior to, and independently
of, the definitive LT-HSC.

Are there HSC-independent immune cells?
It is now accepted that, in both mice and humans, the very first
erythroid progenitors to appear in the yolk sac develop prior to, and
independently of, the LT-HSC (Moore and Metcalf, 1970; Palis and
Yoder, 2001; Palis et al., 1999; Ivanovs et al., 2017). However,
it remains unclear whether subsequent myeloid and lymphoid
progenitors also develop independently of HSCs or whether they
emerge from a subtype of early HSCs that are not detectable by
standard transplantation assays and are biased towards producing
certain cell types when active in a particular niche. Various lineage-
tracing studies and transgenic/knockout mouse models have tried to
address these issues.

An elegant study by Nancy Speck’s group characterized the role
of core-binding factor β (CBFβ) in two separate subsets of
hemogenic ECs. CBFb is a non-DNA-binding subunit of the CBF
transcription factor family and regulates Runx1 function. CBFb−/−

embryos show a similar phenotype to Runx1−/− embryos, in that
they fail to generate definitive LT-HSCs and do not survive beyond
E12.5. Using a mouse model in which CBFb can be selectively
expressed in different subsets of ECs present in both the yolk sac

Box 2. Transplantation assays
Experimental approach used to assess the potential of a cell (or
population of cells) to regenerate the various types of blood/
hematopoietic lineages in vivo after transplantation. In general, donor-
derived hematopoietic cells are injected intravenously into irradiated
congenic recipient mice or sub-lethally irradiated immunodeficient mice,
and after a period of time (usually up to 6 months after injection) the
peripheral blood of recipient mice is analyzed, by flow cytometry, for the
presence of donor-derived hematopoietic lineages (i.e. erythrocytes,
myeloid cells, lymphocytes, etc.). Transplantation assays can be
performed with any type of cell to determine its behavior/function
in vivo, and represent the current gold standard approach to assess the
presence of bona fide Long-term hematopoietic stem cells (LT-HSCs) in
a particular cell population by revealing their multi-lineage regeneration
and self-renewal abilities. Transplantation assay can also be performed
at the single-cell level to determine whether the transplanted cell harbors
a bona fide LT-HSC activity.

However, transplantation assays have their limitations: they can reveal
information only about the ‘potential’ of a particular cell type when
transplanted in vivo, but may not reveal the actual behavior of the cell
when located in its native unperturbed environment. This limitation is
particularly evident when assessing the LT-HSC activity of explanted
embryonic cells, which might require signals from their native
microenvironment to express their native behavior. For example,
embryonic yolk sac cells engraft better when transplanted into
neonatal mice or directly into embryos in utero. In addition, embryonic
tissues require enzymatic digestion to obtain single cell suspensions,
which can affect the viability and behavior of the cells used in
transplantation assays, and could account for some of the
discrepancies in the results published by different laboratories. Hence,
even though transplantation assays still represent the gold standard
approach to evaluate the long-term self-renewal and multi-lineage
regeneration ‘potential’ of a cell, the behavior of such a cell might
change once excised from its native tissue and transplanted into
recipient mice (Rodriguez-Fraticelli et al., 2018).
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and P-Sp/AGM regions, they show a separate cellular origin for
LT-HSCs and EMPs (Chen et al., 2011). Thus, EMPs develop
exclusively from a subset of ECs expressing the Tek gene (encoding
the angiopoetin receptor Tie2) at around E8.5, distinct from the ECs
expressing the gene Ly6a (encoding the surface protein Sca-1),
which in turn give rise to LT-HSCs at around E11.5 (Chen et al.,
2011). It is important to note, however, that the expression of Tie2
and Sca-1 is spatially and temporally controlled, and not limited to
single cell types (Chen et al., 2011). Hence, although the CBFb
rescue mouse model showed that Tie2+ ECs fail to generate LT-
HSCs at E11.5, there is a possibility that other Tie2+ cells at a
different location and time point during fetal development could
also give rise to LT-HSCs (Pei et al., 2017; Gomez Perdiguero et al.,
2015; Busch et al., 2015; Inlay et al., 2014).
The development of EMPs (and perhaps LMPPs) from

specialized precursors that are distinct from LT-HSCs raises the
possibility that these progenitors might give rise to immune cells
that are functionally distinct from those derived from LT-HSCs.
Indeed, recent lineage-tracing studies have demonstrated that EMPs
(Gomez Perdiguero et al., 2015; Schulz et al., 2012; Hoeffel et al.,
2015) and yolk sac-derived primitive macrophages (Ginhoux et al.,
2010), but not LT-HSCs, are the precursors of most adult tissue-
resident macrophages, including microglia, Langerhans cells and
Kupffer cells (Fig. 2). These tissue-resident macrophages emerge in

the mouse embryo around E7.5 from precursors present in the yolk
sac (Gomez Perdiguero et al., 2015; Ginhoux et al., 2010; Schulz
et al., 2012), and then migrate to their respective tissues (i.e. brain,
skin, and liver) before birth, where they are maintained throughout
adulthood by in situ self-renewal (Hashimoto et al., 2013).

Similarly, recent lineage-tracing studies in zebrafish show that the
first wave of embryonic T-cell development occurs prior to, and
independently of, the LT-HSC (Tian et al., 2017). In fact, it has long
been appreciated that murine fetal T-cell development also occurs in
sequential waves, starting with progenitors that are biased towards
the generation of T cells expressing the gamma delta (γδ) T-cell
receptor (TCR) (Fig. 2) (Ikuta et al., 1992a, 1990; Havran and
Allison, 1988). The first wave of T-cell progenitors seeds the fetal
thymus around E11 (Masuda et al., 2005) and is biased towards the
Vγ3+ TCR. Vγ3+ T cells are produced only in the early fetal thymus,
and become dendritic epidermal T cells (DETCs), which play key
roles in skin homeostasis and wound healing (Boismenu et al.,
1996; Chen et al., 2002). Subsequently, the Vγ3+ T cells are
followed by the development of thymic Vγ4+, Vγ2+ and finally
Vγ5+ cells (Ikuta et al., 1992b; Heilig and Tonegawa, 1986).

Given the scarcity of LT-HSCs at around E11, when the first
T-cell progenitors seed the fetal thymus, it seems reasonable to
consider that the first wave of T-cell development might occur prior
to and independent of the LT-HSC. In fact, recent lineage-tracing
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Day 14
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hematopoieisis

EMP
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B-1a Vγ3+
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Fetal RBC

pEP pM

B-2

αβ/γδ

B-1a Vγ3+

Adult RBC

Granulocytes

Myeloid cells

MK/platelets

YS
P-Sp/AGM

FL

BM BM

Key

Fig. 2. HSC-independent and HSC-dependent hematopoietic lineages. This schematic shows the timeline and location for the emergence of hematopoietic
lineages during mouse development. Three major waves of hematopoiesis can be identified. The first wave is hematopoietic stem cell (HSC) independent
and generates primitive erythroid progenitors (pEPs) and primitivemacrophage progenitors (pMs) from the yolk sac (YS) blood islands at around E7.5. These give
rise to fetal red blood cells (RBCs) and tissue-resident macrophages (TRMs), including brain microglia. The second wave, also HSC independent, generates
erythro-myeloid progenitors at ∼E8.5 that give rise to both fetal and adult-type RBCs and TRMs. Shortly after, at ∼E9.5, the hemogenic endothelial cells
from the yolk sac, and perhaps from the para-aortic splanchnopleura (P-Sp) and aorta-gonad-mesonephros (AGM) regions, generate lymphoid (L)-primed
multipotent progenitors (LMPPs), which later give rise to innate-like B and T lymphocytes, including B-1a and Vγ3+ T cells. The third wave, in which LT-HSCs
emerge, initiates around E9.5 in the AGM region. The precursors to the LT-HSCs, so-called pre-HSCs, can also give rise to innate-like B-1a lymphocytes.
The recently identified developmentally restricted (dr) HSCs are detected in the yolk sac, AGM and fetal liver between E10.5 and E14.5. These cells can
still be detected in newborns but are not found in adult bone marrow (BM). LT-HSCs migrate from the fetal liver to the bone marrow, where they continually
regenerate the LT-HSC-dependent immune lineages, including the FO B-2 lymphocytes, αβ and γδ T lymphocytes, myeloid cells, granulocytes, adult-type RBCs
and megakaryocytes (MKs)/platelets (see red cells, upper right) throughout the life of the animal. Blue arrows indicate persistence/survival after birth and/or
throughout adulthood. Dotted arrow indicates an unknown, but likely, developmental pathway that has not yet been tested experimentally. Green shades
represent HSC-independent hematopoiesis; red shades represent HSC-dependent hematopoiesis. FL, fetal liver.
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studies have shown that the γδ DETCs originate from the yolk sac
through a distinct LT-HSC-independent developmental pathway
(Gentek et al., 2018b). Consistent with these recent findings, T-cell
potential has been identified in embryonic yolk sac and P-Sp cells as
early as E8 (Liu and Auerbach, 1991; Nishikawa et al., 1998;
Cumano et al., 1996; Yoshimoto et al., 2012). Yoshimoto et al.
showed that yolk sac and P-Sp cells from embryos before the onset
of blood circulation [or from Ncx1−/− (Slc8a1−/−) embryos, which
do not develop blood circulation] have the potential to differentiate
into mature T cells in vitro, including both γδ (Vγ3, Vγ4, and Vγ5)
and αβ T-cell subsets (Yoshimoto et al., 2012). Importantly,
transplantation of these freshly isolated yolk sac cells into neonatal
mice resulted in a fraction of recipient mice that develop only
T cells, supporting the notion that some types of T cells might
develop independently of LT-HSCs (Yoshimoto et al., 2012).
Recently, much attention has been given to another subset of γδ T

cells that appear only during mouse embryonic development,
namely interleukin (IL)-17-producing γδ T cells (γδT17) (Haas
et al., 2012). These are innate-like tissue-resident T cells that are
located primarily in the dermis, lung and liver, where they
contribute to host defense in the epithelial barrier of these tissues.
Importantly, in transplantation assays, neither adult bone marrow
nor fetal liver cells can regenerate γδT17 cells in adult recipient
mice. Although it is possible that the transplantation of fetal
liver cells directly into the fetal environment (via an in utero
transplantation assay) could promote γδT17 cell differentiation in
the fetal thymus, these initial studies suggest that γδT17 cells might
represent a separate lineage of fetal thymus-derived T cells that
emerge independently of the bone marrow- and liver-derived
LT-HSCs (Haas et al., 2012).
Taken together, these data reveal a temporally and spatially

controlled landscape for the immune system during mammalian
development, in which several waves of hematopoiesis take place in
a continuous progression before the development of LT-HSCs
(Fig. 2). The immune cells (tissue-resident macrophages and
innate-like lymphocytes) that emerge prior to the development of
LT-HSCs appear to be functionally distinct from the cells that
emerge at later stages from the bona fide LT-HSC (e.g. circulating
monocytes and follicular B lymphocytes).
Even though there is enough evidence to demonstrate that

separate immune lineages undergo sequential development
(progressing from HSC-independent to HSC-dependent), it is still
possible that these lineages might also develop simultaneously.
Hence, despite recent advances in elucidating HSC-independent
hematopoiesis (Sawai et al., 2016; Kobayashi et al., 2014; Gomez
Perdiguero et al., 2015; Gentek et al., 2018b; McGrath et al., 2015),
current limitations in terms of the availability of biomarkers
and in vivo models hinder our ability to distinguish the
HSC-independent from the HSC-dependent lineages that emerge
during fetal development. These limitations have directly affected
the recent attempts to elucidate the origins of murine fetal B
lymphocytes, which remain somewhat controversial. In the next
section, we will review and synthesize these studies on the early
development of fetal, innate-like, B lymphocytes and provide a
framework to reconcile these seemingly contradictory findings.

HSC-independent B lymphopoiesis
Recent findings (Sawen et al., 2018, 2016; Ghosn et al., 2016;
Kristiansen et al., 2016; Beaudin et al., 2016) on the origins of an
innate-like B lymphocyte lineage, known as B-1a cells, raise the
issue of whether B-1a cell development is HSC independent or HSC
dependent. Here, we discuss the origins of these tissue-resident

innate-like B-1a lymphocytes and synthesize the various findings
published by our group and others (Fig. 3).

Innate-like B-1 cells
B lymphocytes are a key component of both cellular and humoral
immunity, serving both as antigen-presenting cells and antibody-
producing cells. Murine B cells are commonly divided into (at least)
five functionally distinct subsets: follicular (FO) B-2; marginal zone
(MZ); transitional; B-1b; and B-1a B cells. These subsets differ not
only by the type of antigens they recognize but also in the
mechanisms bywhich they elicit immune effector functions. B-2 FO
cells produce the well-described germinal center, T-cell-dependent,
immune responses against protein antigens (McHeyzer-Williams
and McHeyzer-Williams, 2005; Nutt et al., 2015). In contrast,
innate-like B-1a cells are a subset of tissue-resident lymphocytes
that reside primarily in body cavities and mucosa (i.e. in peritoneal
and pleural cavities and in the lamina propria of intestines and lung),
and produce a rapid, T-cell independent, antibody response
primarily to lipids and polysaccharides (Martin et al., 2001).

B-1a cells also secrete most of the circulating natural antibodies
(IgM, IgG and IgA) that arise spontaneously in the absence of
exogenous antigens, including in germ-free mice (Coutinho et al.,
1995; Bos et al., 1989; Baumgarth et al., 2005; Yang et al., 2015).
Natural antibodies often recognize endogenous antigens that are
detectable on apoptotic cells and on oxidized lipids, making them
important for housekeeping activities that clear cellular debris and
metabolic waste. However, natural antibodies are also necessary for
the immune response against infectious diseases, such as influenza
(Choi and Baumgarth, 2008) and pneumonia (Weber et al., 2014;
Haas et al., 2005). B-1a cells can also mount rapid antigen-specific
antibody responses that are necessary (and sometimes sufficient) to
provide long-term protection against certain infectious diseases,
particularly tularemia (Yang et al., 2012a,b).

In addition to producing natural and antigen-specific antibodies,
innate-like B-1a cells are the main source of B-cell-derived IL-10
(Kurnellas et al., 2015; Aziz et al., 2017; O’Garra et al., 1992). Both
IL-10 and natural antibodies produced by B-1a cells are required to
maintain physiological and immune homeostasis (Grönwall et al.,
2012; Kaveri et al., 2012). As such, their dysregulation is associated
with various metabolic and inflammatory disorders, including
atherogenesis (Shaw et al., 2000), type 1 diabetes and insulin
resistance (Bodogai et al., 2018; Wu et al., 2014; New et al., 2016),
colitis (Bouaziz et al., 2008; Shimomura et al., 2008), as well as
autoimmunity (Murakami et al., 1995;Duan andMorel, 2006;Nguyen
et al., 2015), allergy (Patel et al., 2016), sepsis (Aziz et al., 2017;Rauch
et al., 2012) and susceptibility to infectious diseases (Weber et al.,
2014; Haas et al., 2005). The functional differences between
innate-like B-1a and other B-cell subsets is further revealed by their
pre-immune B-cell receptor (IgH) repertoire (Yang et al., 2015).

Even though much is known about the origins of FO B-2 (Hardy
et al., 2007) cells and the functional differences between each B-cell
subset, the origins of innate-like B-1a cells remain controversial
(Graf et al., 2019; Ghosn et al., 2019; Herzenberg et al., 2000;
Berland and Wortis, 2002; Ghosn and Yang, 2015). Although it is
well-established that B-1a cells emerge early in fetal development,
the stem and/or progenitor cell that gives rise to these lymphocytes
in the fetus has not been defined. Given the over-arching paradigm
that all blood cells come from LT-HSCs, it has generally been
assumed that B-1a cells, similar to other B lymphocytes, arise from
these stem cells. However, recent studies have now challenged this
assumption and suggest instead that B-1a cells emerge prior to, and
independent of, the LT-HSC.
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An HSC-independent origin for B-1a cells
It has long been known that transfers of total (unsorted) fetal liver
cells regenerate B-1a cells in irradiated recipients more efficiently
than transfers of total adult bone marrow cells (Kantor et al., 1992;
Hayakawa et al., 1985; Osmond, 1986). Subsequent independent
studies using adult bone marrow transfers, including purified
common lymphoid progenitors (CLPs; see Glossary, Box 1) and/or
cells enriched for LT-HSCs and other early hematopoietic
progenitors (i.e. cells expressing the phenotype Kit+, Sca-1+ and
Lineage−, also known as KSL cells) (Montecino-Rodriguez et al.,
2006; Barber et al., 2011; Smith-Berdan et al., 2007; Kikuchi and
Kondo, 2006), confirmed the earlier findings and collectively show
that adult bone marrow cells have a limited potential to regenerate
B-1a cells in irradiated recipients. One of the interpretations for this
discrepancy in B-1a potential between the fetal and adult

transplantation studies had been that fetal LT-HSCs gradually lose
the potential to generate B-1a cells in adult bone marrow (Kantor
and Herzenberg, 1993), likely through epigenetic modifications in
the aging LT-HSCs (Zhou et al., 2015; Yuan et al., 2012).

To address this issue and directly test the regenerative potential of
LT-HSCs in vivo, single cell transplantation assay studies have been
carried out (Ghosn et al., 2012). These studies showed that a single
LT-HSC (purified as KSL CD150+CD48− cells) harvested from
adult bone marrow and transplanted into lethally irradiated
recipients fully regenerates FO B-2, MZ B, B-1b and peripheral
blood B cells, but selectively fails to regenerate tissue-resident B-1a
cells (Ghosn et al., 2012). The ability of fetal LT-HSCs (purified
from E15 liver) to regenerate B-1a cells was also tested and,
surprisingly, similar to adult LT-HSCs, fetal liver-derived LT-HSCs
selectively fail to regenerate B-1a cells while effectively
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Fig. 3. Development of B lymphocytes during fetal and adult life. Innate-like B-1a lymphocytes develop early in fetal life from hematopoietic stem cell
(HSC)-independent precursors around E8.5-E9.5 in the yolk sac (YS) and para-aortic splanchnopleura (P-Sp). These precursors have been identified as
hemogenic endothelial cells (HECs), which can give rise to B-1a, but not follicular (FO) B-2, cells. It is not known whether B-1a precursors emerge from a
specialized HEC (green outline), or whether they emerge from the same type of HEC (red outline) that later gives rise to the precursors of LT-HSCs (pre-HSCs),
as suggested by recent polylox lineage-tracing assays. Pre-HSCs, which can be identified in the para-aortic splanchnopleura (P-Sp) and aorta-gonad-
mesonephros (AGM) around E9.5, have also been shown to give rise to B-1acells. B-1-specific progenitors (B-1p) can be identified in the fetal liver and later in adult
spleen and bonemarrow, but their precursors are unknown (dotted arrows indicate potential candidates). Developmentally restricted (dr) HSCs are detected in the
yolk sac, aorta-gonad-mesonephros (AGM) and fetal liver between E10.5 and E14.5, but their precursors remain unknown. Fetal (lymphoid-primed) multipotent
progenitors [(L)MPPs], drHSCs and pre-HSCs (enclosed in black box) all share similar phenotypes (KSL CD150lo/−) and have been shown to give rise to B-1a
lymphocytes in transplantation assays. In adults, the LT-HSC-dependent precursors in the bone marrow continually regenerate FO B-2, B-1b andmarginal zone B
cells through B-2-specific progenitors (B-2p). Blue arrows indicate persistence/survival after birth and/or throughout adulthood. Green shades represent HSC-
independent hematopoiesis; red shades represent HSC-dependent hematopoiesis. CD41, integrin alpha IIb; CLP, common lymphoid progenitors; KSL, cells
expressing the phenotype Kit+, Sca-1+ and Lineage−; MZ, marginal zone B cells; Tie2, angiopoietin 1 receptor; VE-cad, vascular endothelial cadherin.
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regenerating all other components of the immune system (Ghosn
et al., 2016).
It is possible that the adult environment in the recipient mice

might not be conducive to B-1a development. However, it has long
been known that B-1a cells are readily reconstituted in adult
recipients by transfers of total unsorted fetal liver cells (Kantor
and Herzenberg, 1993), indicating that the adult environment
can support B-1a development. To determine which cell
population in mouse fetal liver give rise to B-1a cells in these
early transplantation assay studies, studies (Ghosn et al., 2016;
Beaudin et al., 2016) have shown that B-1a cells arise from
progenitors expressing the marker phenotype KSL CD150−/lo,
which is not shared by the conventional LT-HSC characterized in
the fetal liver (Kim et al., 2006) and adult bone marrow (Chen et al.,
2016; Yamamoto et al., 2013; Carrelha et al., 2018). Of note,
the KSL CD150−/lo progenitors reconstitute B-1a cells to the
same extent as unsorted fetal liver, suggesting that most B-1a
progenitors are contained within the CD150−/lo fraction (Ghosn
et al., 2016). Hence, the failure of LT-HSCs to reconstitute B-1a in
transplantation assays is not due to a lack of support for B-1a
development in the adult recipient environment.
Another limitation of transplantation assay studies is that LT-HSCs

might require unique signals from the fetal environment (perhaps
from fetal liver) that are not provided by the adult recipient
environment in order to successfully regenerate B-1a cells. This
limitation has been addressed by two different experimental
approaches: transplantation of purified LT-HSCs into neonatal (day
0) recipients (i.e. before the development of host B-1a cells) (Ghosn
et al., 2016) and co-transplantation of purified LT-HSCs along with
congenic unsorted fetal liver cells (Ghosn et al., 2016). In both cases,
the donor LT-HSCs failed to regenerate B-1a cells in the recipient,
suggesting that the selective inability of LT-HSCs to reconstitute B-
1a cells may reflect an intrinsic genetic program rather than a
response that is dictated by the environment (Ghosn et al., 2016).
Taken together, the transplantation assay studies demonstrate

that, in an environment conducive to B-1a development, fetal and
adult LT-HSC transplantations give rise to FO B-2, MZ B and B-1b
cells, but do not give rise to B-1a cells (Fig. 3). However, although
the transplantation studies can inform about the hematopoietic
potential of the transplanted LT-HSCs, they cannot provide
definitive insight regarding the hematopoietic potential of the in
situ and undisturbed LT-HSC in homeostatic conditions.
To this end, three recent studies have addressed the origin of B-1a

cells using other methods, including in vivo lineage-tracing assays
in adults. Using an inducible genetic labeling of adult undisturbed
LT-HSCs in vivo, two independent groups (Sawen et al., 2018;
Sawai et al. 2016) have shown that LT-HSCs, under homeostatic
conditions, fully regenerate all components of the immune system,
except for B-1a cells and microglia. Consistent with these findings,
Kobayashi et al. (Kobayashi et al., 2014) showed that B-1a
progenitors can be detected in HSC-deficient transgenic embryos
(Cbfb−/−:Tek-gfp/Cbfb) that fail to develop conventional LT-HSCs
(Kobayashi et al., 2014), demonstrating that at least some B-1a cells
can develop independently of LT-HSCs. Similar studies using
embryonic tissues have confirmed that B-1a progenitors can be
detected in the embryo prior to, and independently of, LT-HSCs.
These studies demonstrate that early hemogenic endothelial cells
from the E9 mouse yolk sac (Yoshimoto et al., 2011), P-Sp (at the
10-18 somite stage) and AGM region (Yoshimoto et al., 2011; de
Andres et al., 2002; Godin et al., 1993; Marcos et al., 1997)
preferentially reconstitute innate-like B-1a and MZ B cells, but not
FO B-2 cells. Collectively, these studies of early B-cell

development support an LT-HSC-independent origin for innate-
like B-1a lymphocytes.

Could there be HSC-dependent B-1a cells?
Despite the accumulating evidence for HSC-independent B-1a cell
genesis, a recent elegant study by Kristiansen et al. (2016) has
provided compelling evidence supporting a fetal HSC-dependent
origin for these cells. In this study, the authors used individual cell-
barcoding technology to define the developmental changes in the
immune lineage potential of LT-HSCs at a clonal level. Thus, they
transduced fetal liver (E14.5) KSL cells (i.e. KithiSca-1hiLineage−)
ex vivo with a lentiviral barcoding library (LV-GFP-lib) and
transplanted these cells into lethally irradiated recipient mice.

Characterization of the resulting peritoneal B-cell subsets in the
recipient mice showed that cells of distinct subsets shared common
barcoding sequences. In essence, the authors demonstrated that a
fraction of B-1a, FO B-2 and granulocytes share a common
multilineage precursor expressing the same barcode sequence –
implying a potential clonal relationship (Kristiansen et al., 2016).
They interpreted these findings as suggesting that individual fetal
LT-HSCs give rise to B-1a, B-2 and splenic granulocytes, and hence
that these cell types are clonally related to one another. As such
clones represent more than one half of the peritoneal B-1a cells
recovered from the recipient mice, the authors concluded that LT-
HSCs are the main source of B-1a cells in the peritoneal cavity.

Reconciling seemingly contradictory findings on B-1a cell origin
The seemingly contradictory findings on the origins of B-1a cells
between the cell-barcoding studies showed by Kristiansen et al.
(2016) and other recent studies using purified LT-HSC
transplantation (Ghosn et al., 2016), in vivo LT-HSC lineage-
tracing (Sawen et al., 2018; Sawai et al., 2016) and HSC-deficient
mice (Kobayashi et al., 2014) could partially be explained by the
significant differences in the experimental design of each of these
studies, particularly with respect to the age and cell type of the donor
fetal liver. LT-HSC transplantation assay studies (Ghosn et al.,
2016) used highly purified, stringently gated, ∼E15 fetal liver KSL
CD150+CD48− cells, a phenotype currently described as containing
most (if not all) the bona fide LT-HSCs in fetal liver (Kim et al.,
2006) and adult bone marrow (Yamamoto et al., 2013; Carrelha
et al., 2018). By contrast, Kristiansen et al. transduced the lentiviral
library into total E14.5 fetal liver KSL population, of which only
∼1% are LT-HSCs (Ghosn et al., 2016), and cultured this
population overnight in cytokine-enriched media (Kristiansen
et al., 2016). Thus, and also considering the low lentiviral
transduction efficiency of 15-30%, it is possible that the cells that
gave rise to the B-1a and B-2 cells and to granulocytes in
Kristiansen et al.’s study were different from the fetal liver LT-HSCs
used in Ghosn et al.’s study (Ghosn et al., 2016). In fact, the
CD150−/lo progenitors are the dominant population in the fetal liver
KSL compartment; these were shown to give rise to B-1a cells in
transplantation studies (Ghosn et al., 2016). This raises the
possibility that the CD150−/lo cells enriched in the cultured KSL
population may have been the main cells transduced in the
barcoding studies to give rise to B-1a, B-2 and granulocytes.

Kristiansen and colleagues also performed in vivo single-LT-
HSC transplantation assays to confirm their findings (Kristiansen
et al., 2016), relying on a similar LT-HSCmarker phenotype that we
used in our previous studies (Ghosn et al., 2016). Consistent with
our findings (Ghosn et al., 2016), they show that the recipient mice
only poorly regenerated B-1a cells (Kristiansen et al., 2016).
Among the total donor-derived peritoneal B cells, only about 2%-
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10%were identified as true B-1a cells (Kristiansen et al., 2016). It is
important to note that B-1a cells represent about 60-80% of total
peritoneal B cells in unmanipulated wild-type mice (Ghosn et al.,
2008). This selective inefficiency to regenerate B-1a cells (but to
fully regenerate FO B-2) does not support the notion that B-1a cells
are regenerated by bona fide LT-HSCs (which should regenerate all
lineages at appropriate proportions).
Finally, the intriguing result that nearly half of all the ∼200

unique cell barcodes retrieved in these experiments were detected
only in B-1a cells (Kristiansen et al., 2016) provides further support
for the notion that at least some B-1a cells develop from a committed
progenitor, independently of fetal liver LT-HSCs. On the other
hand, the single LT-HSC transplant experiments do suggest that
some B-1a cells can be derived from these progenitors, implying
that the B-1a compartment might contain both HSC-dependent and
HSC-independent progeny. Future studies are needed to determine
the extent towhich these two potential sources contribute to the total
peritoneal B-1a cell pool in vivo, in a non-transplantation setting.
In any event, the elegant studies by Kristiansen and colleagues

have added a new layer to our understanding of the complex
landscape of fetal B-cell development. They demonstrate that the
progenitors that give rise to innate-like B-1a cells in fetal liver can
also give rise to FO B-2 cells (Kristiansen et al., 2016). This is the
first study to report, at the single cell level, that a fraction of B-1a,
FO B-2 and granulocytes share a common clonal precursor, raising
the possibility that a multilineage progenitor, or perhaps a functional
HSC distinct from the phenotypically defined LT-HSC, might exist
in the fetal liver.
Along these lines, a recent fate-mapping study (Beaudin et al.,

2016) has compared the regenerative potential, and developmental
relationship, between fetal and adult LT-HSCs in vivo. The authors
suggest that the fetal liver does indeed contain a hitherto
unidentified, functionally distinct subset of HSCs that are biased
towards regenerating B-1a cells. In essence, these studies indicate
that B-1a cells are derived from a developmentally restricted fetal
HSC (termed drHSC) that emerges separate from the conventional
LT-HSCs (Beaudin et al., 2016). Importantly, the drHSCs express
the KSL CD150lo phenotype and are biased towards innate-like,
tissue-resident B and T lymphocytes (i.e. B-1a, marginal zone B,
and γ3+-γδ T cells) (Beaudin et al., 2016) (Fig. 3).
The drHSC was identified using a Tomato→GFP lineage-tracing

mouse model, in which the expression of the tyrosine kinase
receptor fetal liver kinase 2 (Flk2) can be traced by an irreversible
switch from red (Tomato+ Flk2-off ) to green (GFP+ Flk2-on).
In the adult bone marrow, virtually all adult-repopulating LT-HSCs
are red (Tomato+) as they lack Flk2 expression. Flk2+ KSL
cells (i.e. GFP+, Tomato−) in the adult bone marrow fail to engraft
in transplantation settings, confirming that LT-HSC activity in
the adult bone marrow is confined within the Tomato+/Flk2−

phenotype.
By contrast, in the fetal liver, the results were strikingly different.

The drHSCs expressed the GFP+ KSL phenotype and displayed
HSC activity in a transplantation setting, efficiently regenerating
innate-like γδ T cells, B-1a and marginal zone B cells (as well as
producing the long-term engraftment of αβ T and B-2 cells)
(Beaudin et al., 2016). However, drHSCs do not seem to express all
the conventional characteristics used to define a bona fide LT-HSC,
in that they lack long-term self-renewal potential and disappear from
the bone marrow by postnatal day 14 in unmanipulated mice
(Beaudin et al., 2016). Future single cell studies should determine
whether drHSCs represent true functional HSCs, in that a single cell
from this population should be capable of serial multilineage

reconstitution (including B-1a), even though they lack the long-term
survival that is characteristic of bona fide LT-HSCs.

Fetal KSL CD150−/lo population: the missing link?
As indicated above, the expression level of CD150 in fetal liver cells
may have been a confounding factor that led to the discrepancies
among studies aimed at identifying the B-1a precursor, especially
when comparing results from E14 versus E15 mouse fetal liver. In
the adult bone marrow, the CD150−/lo KSL population contains
short-term (ST)-HSCs, MPPs and LMPPs, which are all known to
be derived from conventional LT-HSCs (i.e. KSL CD150+CD48−)
(Yamamoto et al., 2013). In addition, the bone marrow-derived
CD150lo KSL population shows a lymphoid-biased potential when
transplanted into irradiated hosts (Beerman et al., 2010; Morita
et al., 2010). This population becomes gradually less represented in
aging mice, when the CD150hi KSL phenotype – which is myeloid
biased – predominates (Beerman et al., 2010; Morita et al., 2010).

In the fetus, however, CD150 is not expressed on LT-HSCs in the
E11.5 AGM region and E12.5 placenta, but can be detected on fetal
liver LT-HSCs from E14.5 (Kim et al., 2006; McKinney-Freeman
et al., 2009; Papathanasiou et al., 2009), when CD150 expression
levels gradually increase. After E15, the expression level of CD150
is sufficiently high and distinguishable from CD150−, allowing
CD150+ (enriched for LT-HSCs) and CD150− (mostly progenitors)
within the fetal KSL population to be separated from each other for
functional studies (Papathanasiou et al., 2009; Kim et al., 2006;
Ghosn et al., 2016). These data together suggest a change in
potential as LT-HSCs acquire the CD150+ phenotype-such that the
conventional LT-HSC in E15 liver lacks the ability to regenerate
B-1a cells. However, it is still possible that a hitherto unidentified
precursor cell with HSC activity at the single cell level, perhaps
expressing the CD150−/lo phenotype, might give rise to both B-1a
and other haematopoietic cell types.

Embryonic pre-HSCs have the potential to give rise to B-1a cells
Based on the current literature, the emergence of intra-embryonic
HSCs in the AGM at ∼E10.5 (Medvinsky and Dzierzak, 1996;
Kumaravelu et al., 2002; Chen et al., 2011) overlaps, in time, with
the development of B-1a progenitors from hemogenic ECs in the
yolk sac and P-Sp (Yoshimoto et al., 2011; de Andres et al., 2002;
Godin et al., 1993; Marcos et al., 1997). This raises the issue of
whether the HSCs that emerge in the AGM region also have the
potential to generate B-1a cell progenitors that significantly
contribute to the peritoneal B-1a cell pool.

Hadland et al. (Hadland et al., 2017) have recently addressed this
by assessing the potential of embryonic mouse pre-HSCs to give
rise to B-1a and B-2 cells following in vitro culture with Akt-
overexpressing ECs derived from the AGM region (AGM-ECs).
This group have previously reported that AGM-ECs promote pre-
HSC maturation and expansion, which enables the transplantation
of cells into lethally irradiated recipient mice (Hadland et al., 2015).

Using the AGM-EC co-culture system (Hadland et al., 2017), the
authors performed a clonal assay experiment in which single
pre-HSCs were sorted from either E9.5 P-Sp or E11.5 AGM and
co-cultured with AGM-ECs for 5 days. The clonal progeny
containing matured HSCs (identified by a ZsGreen reporter gene)
was transplanted into congenic lethally irradiated mice. Both B-1a
and B-2 cells were found in the peritoneal cavity of recipient mice,
leading to the conclusion that pre-HSCs give rise to both B-1a and
B-2 cells (Hadland et al., 2017).

Intriguingly, the potential to generate B-1a cells differs between
E9.5 and E11.5 pre-HSCs. The pre-HSCs derived from the E9.5
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P-Sp have a higher B-1a cell potential than do pre-HSCs derived
from the E11.5 AGM (Hadland et al., 2017). The authors speculate
that E9.5 pre-HSCs might develop into the previously identified
‘drHSCs’ that are found in the fetal liver, whereas E11.5 pre-HSCs
might develop into conventional LT-HSCs in the fetal liver, with
limited B-1a cell potential. If this is the case, further studies should
identify when (and how) E11.5 pre-HSCs lose their potential to
generate B-1a cells after their maturation into LT-HSCs.
These studies describe the potential of pre-HSCs to give rise to

B-1a and B-2 cells under a specific culture condition. If the findings
hold true under in vivo homeostasis, they would suggest that pre-
HSCs represent the last common precursor of B-1a progenitors and
conventional LT-HSCs. (Fig. 3). Support for this idea has come
from a recent in vivo lineage tracing study (Pei et al., 2017), which
points to the existence of a common precursor for B-1a cells and
LT-HSCs that emerges as early as E9.5. The authors employed a
polylox barcoding system that can be activated at different
developmental stages during embryogenesis. When the polylox
was activated in cells expressing the angiopoietin receptor Tie2 at
E9.5, more than 95% of adult bone marrowHSCs and their progeny,
including B-1a and B-2 cells, show recombined barcodes.
However, the hierarchical clustering analysis place the B-1a

lineage separate from the LT-HSC-derived T and B-2 lineages
(Pei et al., 2017), suggesting that a lineage split might occur
early during embryogenesis (i.e. after E9.5). Thus, although B-1a and
LT-HSCs might initially originate from a common Tie2+ endothelial
precursor (Fig. 3), the separation of these lineages becomes evident
by the low frequency of a common precursor for both B-1a and B-2
cells (Pei et al., 2017). Further investigation of pre-HSC heterogeneity
in vivo and in situ, and transplantation assay studies of freshly isolated
AGM-derived single HSCs, at different development ages, would
reveal the fate of AGM-derived (pre)-HSCs.

Intra- and extra-embryonic sources of B-1a progenitors
When studying precursor potential to (re)generate B-1a cells in vivo,
it is important to consider the efficiency with which peritoneal B-1a
cells are reconstituted. In all studies that suggest that B-1a cells
develop from fetal liver HSCs, the number (and percentage) of B-1a
cells that are reconstituted in the recipient peritoneal cavity is well
below the numbers observed in unmanipulated wild-type adult
mice. For example, regeneration of B-1a cells from fetal liver (even
from total unsorted liver) is, at best,∼20% of the total B-1a numbers
found in unmanipulated wild-type mice (Ghosn et al., 2016;
Beaudin et al., 2016; Kristiansen et al., 2016; Yenson and
Baumgarth, 2014). In striking contrast, all other immune cell
lineages, including FO B-2, MZ B, B-1b and transitional B cells, are
fully regenerated at appropriate numbers that are comparable with
unmanipulated mice, as expected from bona fide multilineage
LT-HSC activity. This raises the possibility that some B-1a cells
originate from sources other than fetal liver.
Consistent with this idea, intra-embryonic tissues other than liver

have shown lymphopoietic potential prior to LT-HSC development.
Engraftment of E9.5 P-Sp under the kidney capsule of recipient
mice readily regenerates innate-like B-1a and serum IgM in
recipient mice (Godin et al., 1993). Similarly, some B-1a cells
might also emerge extra-embryonically in the yolk sac at ∼E9
(Yoshimoto et al., 2011). The mechanisms by which B-1a
precursor(s) migrate from the yolk sac, P-Sp/AGM and fetal liver
to form the B-1a cell pool in the postnatal body cavities and mucosa
remain unknown. Collectively, these studies suggest that B-1a cells
develop inmultiple locations, within and outside the embryo proper,
from progenitors (perhaps, multilineage progenitors) that are

developmentally separate from the conventional LT-HSC defined
as KSL CD150+CD48−.

HSC-independent lineages in humans: clinical implications
These conclusions on HSC-independent hematopoiesis, including
B-1a development, have come mainly from studies performed
in mice and whether or not they reflect the fetal hematopoiesis
in humans needs to be investigated. Although the human
hematopoiesis is largely similar to the mouse, especially during
fetal development (Ivanovs et al., 2017), it remains unclear whether
the human HSC-independent lineages (including B-1a) can also
persist throughout adulthood to participate in immune responses
alongside HSC-dependent lineages. Here, we briefly summarize the
recent relevant literature on human fetal hematopoiesis and discuss
the relevance and impact of these findings to the human health.

Similar to mice, the first wave of hematopoiesis in humans
appears in the yolk sac, before the development of the LT-HSC. As
early as 16-18.5 days post-conception (dpc), before the onset of
blood circulation, the human yolk sac gives rise to large primitive
nucleated erythrocytes, followed by primitive macrophages and
megakaryocytes (Luckett, 1978; Ivanovs et al., 2017). Subsequently,
these and other hematopoietic cells appear in the circulation at or after
22 dpc (Carnegie stage, CS >10), still before the development of LT-
HSCs (Tavian et al., 1999).

Recent studies have compared the hematopoietic potential of
human AGM, yolk sac, liver, umbilical cord and placenta with their
mouse counterparts (Ivanovs et al., 2011, 2017; Tavian et al., 2001).
These initial studies revealed that the first human HSCs emerge in the
intra-embryonic AGM at around 30-32 dpc (CS 14). In the yolk sac,
HSCs were first detected 5 days later, at around 35-38 dpc (CS 17).
These HSCs later migrate to the fetal liver around >40 dpc, where
they expand and give rise to all major hematopoietic lineages. Finally,
before birth, HSCs migrate and take residence in the bone marrow,
where they are maintained throughout life (Ivanovs et al., 2017).

Red and white blood cells (i.e. erythrocytes and immune cells)
can be detected in the fetal circulation at least 10 days before the
detection of cells exhibiting LT-HSC activity, which occurs in
the AGM around 32 dpc (Ivanovs et al., 2011). These findings
suggest that early circulating immune cells, including myeloid cells
akin to murine EMP-derived macrophages, are likely the human
equivalent of HSC-independent hematopoiesis. Similar to mouse,
these early human HSC-independent lineages first appear in the
extra-embryonic yolk sac (16-37 dpc), and perhaps later from the
intra-aortic hematopoietic clusters in the AGM region (27 dpc), still
before the development of the LT-HSC (Ivanovs et al., 2017, 2011).

Studies on human fetal lymphopoiesis also show striking
similarities to mouse (Roy et al., 2017; Rechavi et al., 2015;
Schroeder and Wang, 1990; Schroeder et al., 1987), particularly to
mouse B-1a lymphopoiesis. The human fetal B-cell receptor (BCR)
repertoire is tightly regulated and less diverse (i.e. it is biased and
not stochastic) than the repertoire of the adult bone marrow
HSC-dependent B lymphocytes (Roy et al., 2017; Rechavi et al.,
2015; Schroeder andWang, 1990; Schroeder et al., 1987). In mouse,
fetal-derived B lymphocytes represent the innate-like B-1a lineage,
which expresses a limited and predictable BCR repertoire (Yang
et al., 2015) relevant to housekeeping activities (Shaw et al., 2000),
and are likely derived from HSC-independent precursors.

Human fetal B cells can already be identified in the liver around
42 dpc (Thilaganathan et al., 1993; Rechavi et al., 2015). However,
the exact location and time for the emergence of their first
precursors is not yet known. Because mature fetal B cells (i.e.
expressing surface immunoglobulin) have been reported in the
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human embryo about 1 week after the development of the first
LT-HSC, it is not clear whether the first fetal B cells in humans also
develop independently of the LT-HSC. In any event, the functional
properties of the human fetal B cells, including a biased and limited
BCR repertoire, is similar to the murine HSC-independent innate-
like B-1a cells.
Understanding the molecular mechanisms that regulate the early

HSC-independent hematopoiesis in the human fetus is not only of
fundamental biological relevance but can also shed light on the
mechanisms that lead to human disease, both in infants and adults.
Of note, recent studies of childhood and adult leukemia strongly
support the idea that prenatal early fetal B lymphocytes are the likely
cell target(s) of childhood B-cell acute lymphoblastic leukemia
(B-ALL) (Boiers et al., 2018; Montecino-Rodriguez et al., 2014;
Barrett et al., 2016), adult chronic lymphocytic leukemia (CLL)
(Hayakawa et al., 2016a,b; DiLillo et al., 2013) and mantle cell
lymphoma (Hayakawa et al., 2018). Strikingly, murine fetal-derived
B-1a lymphocytes, but not adult bone marrow-derived FOB-2 cells,
were shown to be more susceptible to differentiate into leukemic
cells when genetically transformed by the mutations that cause
B-ALL [MLL-AF4 (Barrett et al., 2016), ETV6-RUNX1 (Boiers
et al., 2018) and BCR-ABL (Montecino-Rodriguez et al., 2014)]
and CLL [chromosomal loss of 13q14 (Hayakawa et al., 2016b) and
TCL1 oncogene overexpression (Hayakawa et al., 2016a)].
Further studies are also needed to determine the types (phenotype

and function) of human immune cells that develop early during fetal
hematopoiesis prior to, and independently of, the LT-HSC and to
assess whether these human fetal HSC-independent lineages persist
throughout adulthood, as occurs inmice. Such studies can also inform
current efforts to transplant highly purified (Czechowicz and
Weissman, 2011) or iPSC-derived (Ivanovs et al., 2017) HSCs, as
theseHSCsmight lack the potential to fully regenerate all components
of the immune system. HSC transplantation is widely used to treat
individualswith hematologicalmalignancies (leukemias, lymphomas
andmyelomas), and immune-deficiencyand hematopoietic disorders,
among other diseases (Liang and Zúñiga-Pflücker, 2015; D’Souza
and Fretham, 2018). As such, it is vitally important to determine
whether humans, as in mice, generate immune cells independently of
the LT-HSC in both the bonemarrow and cord blood. If, for example,
innate-like B-1a lymphocytes cannot be reconstituted, thismight pose
a serious impediment to the natural immunity of the host. Hence,
the addition of B-1a precursors (and perhaps precursors to other
HSC-independent lineages) to highly purified adult HSC transplants
in therapeutic settings might prove to be clinically valuable.

Conclusions and future directions
Recent advances in our understanding of fetal hematopoiesis in mice
have stimulated a paradigm shift in how we think about the
development of the mammalian immune system. These important
advances suggest that HSC-independent precursors emerge early in
ontogeny to give rise to a myriad of immune lineages that fulfil
unique and evolutionarily conserved functions. These lineages are
distinct from the immune lineages that develop later on in
development from HSC-dependent precursors. For example, in the
mouse, some innate-like B-1a cells carry a unique genetic program
that ensures the development of germline-encoded B-cell receptor
(BCR) repertoires that might be important for maintaining
homeostasis in the immune system (Herzenberg et al., 2000). These
germline-encoded repertoires, including the VH11 gene family, are
strictly regulated. They show little to no mutation in their BCR
sequences and are expressed only by innate-like B-1a cells (Kantor
et al., 1995; Yang et al., 2015; Ghosn et al., 2008; Hardy et al., 2004).

The HSC-independent developmental strategy for generating
innate-like B-1a cells during fetal hematopoiesis appears to apply
to all hematopoietic lineages (Figs 1 and 2). Primitive erythrocytes,
which express fetal hemoglobin, appear early in ontogeny (Palis et al.,
1999), and are followed by definitive erythrocytes, which appear
before HSCs and initiate the production of adult erythrocytes
(Lux et al., 2008). A similar strategy is seen for the development of
the myeloid lineage (Lux et al., 2008). In this lineage, early
HSC-independent ‘primitive’ (mesoderm-derived) macrophages and
EMPs give rise to brain microglia, skin Langerhans cells and other
tissue-resident macrophages (Schulz et al., 2012; Hoeffel et al., 2015;
Gomez Perdiguero et al., 2015; Ginhoux et al., 2010; De et al., 2018)
(Fig. 2). By contrast, LT-HSCs give rise to circulating monocytes,
which represent the precursors to most adult-type macrophages and
certain dendritic cells (Sawai et al., 2016). Lymphocyte development
follows a similar pattern. The first wave of T-cell development occurs
prior to LT-HSC emergence (Tian et al., 2017; Liu and Auerbach,
1991; Nishikawa et al., 1998; Yoshimoto et al., 2012). It principally
generates γδ T cells (Havran and Allison, 1988; Ikuta et al., 1990;
Masuda et al., 2005) and other T cells of fetal origin (Yoshimoto
et al., 2012; Tian et al., 2017; Nishikawa et al., 1998). The subsequent
LT-HSC-dependent wave(s) of lymphopoiesis generates most of the
αβ T cells that ultimately predominate in adult life (Havran and
Allison, 1988) (Fig. 2).

Future lineage-tracing studies in vivo will define the
developmental relationships and full reconstitution potential of
HSCs and other HSC-independent hematopoietic precursors
[hemogenic endothelium, EMP, (L)MPP, drHSC, etc.] that emerge
at different stages of development, and at different locations (yolk
sac, P-Sp, AGM, placenta, etc.) (Fig. 1). The recent demonstration
that the nuclear protein Hoxb5 is expressed in virtually all LT-HSCs
in young adult mice (Chen et al., 2016) could provide a potential
lineage-tracing approach for investigating the origin(s) of fetal
LT-HSCs and their relationship to HSC-independent lineages that
emerge at both intra- and extra-embryonic sites.

Importantly from a functional standpoint, the fetal-derived
HSC-independent lineages persist throughout adulthood as tissue-
resident immune cells by means of in situ self-renewal (Gentek
et al., 2018a,b; Hashimoto et al., 2013; Ghosn and Yang, 2015;
Kreslavsky et al., 2017), and might participate in tissue homeostasis
and possibly in immunopathologies in adults. Future studies
are urgently needed to determine the functional role(s) of the
HSC-independent lineages from embryonic life to adulthood and to
determine whether their precursors also persist throughout
adulthood or slowly wane during neonatal life.

The limitations in the experimental methods available and ethical
considerations in designing human studies have motivated the
development of alternative approaches to study human
hematopoiesis, including the direct differentiation of embryonic
stem cells of induced pluripotent stem cells (iPSCs) in vitro (Ditadi
et al., 2017; Wahlster and Daley, 2016). These efforts represent great
advances in the field and have the potential to not only provide a
fundamental understanding of the biology of the human immune
system but also improve mainstream medical care. Although it has
proved challenging to generate and maintain the HSC phenotype in
culture, efforts to generate human HSCs in vitro that are suitable for
HSC transplantation in clinical settings are under way (Ditadi et al.,
2017; Wahlster and Daley, 2016; Ivanovs et al., 2017). So far, these
studies using human pluripotent stem cell cultures suggest that
human yolk sac hematopoiesis can be recapitulated in vitro (Kennedy
et al., 2007; Davis et al., 2008; Vodyanik et al., 2006, 2010). Given
that human fetal hematopoiesis initiates in the yolk sac prior to, and
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independently of, the LT-HSC, future studies should determine
whether these in vitro generated yolk sac-like cells represent the
human HSC-independent hematopoiesis.
Finally, where and how these HSC-independent (and fetal-

derived) immune lineages are maintained in the adult tissues and,
most importantly, what their functional role(s) are in both infant and
adult immune responses, needs to be determined. Results from such
studies can be expected to provide fundamental insights into how
evolution has crafted the development and function of the
mammalian immune system to respond to the endogenous and
environmental changes that occur from embryonic life to adulthood.
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