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Of birds and mice: hematopoietic stem cell development
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ABSTRACT For many years it has been assumed that the ontogeny of the mammalian
hematopoietic system involves sequential transfers of hematopoietic stem cells (HSCs) generated
in the yolk sac blood islands, to successive hematopoietic organs as these become active in the
embryo (fetal liver, thymus, spleen and eventually bone marrow). Very little was known about
early events related to hematopoiesis that could take place during the 4.5 day gap separating the
appearance of the yolk sac blood islands and the stage of a fully active fetal liver. Experiments
performed in birds documented that the yolk sac only produce erythro-myeloid precursors that
become extinct after the emergence of a second wave of intra-embryonic HSCs from the region
neighbouring the dorsal aorta. The experimental approaches undertaken over the last ten years
in the murine model, which are reviewed here, led to the conclusion that the rules governing avian
hematopoietic development basically apply to higher vertebrates.
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The basics of hematopoietic development, as known
circa 1970

The first approach to hematopoietic development, undertaken
at the end of the XIXth century, was based on the observation of
embryos at various development stages. The first sign of blood
formation was observed in the yolk sac (YS) with the development
of clusters of red cells. A careful examination of early YS established
that red blood cells developed from cell aggregates initially
identical in shape, the blood islands. As development proceeds,
the cells bordering these aggregates flatten and adopt the
morphology of endothelial cells whereas the inner cells
progressively loose their connections and evolve into red blood
cells. This developmental sequence led the early embryologist to
hypothesise that the homogeneous aggregates in the blood
islands were constituted of precursors cells able to give rise to
both endothelial and hematopoietic cells, that they called
hemangioblasts (His, 1900; Murray, 1932; Sabin, 1920). They
also noticed that the ability to simultaneously give rise to endothelial
and hematopoietic cells is restricted to the extra-embryonic
compartment, as intra-embryonic vessels develop without
concomitant blood cell formation.

Another major feature in hematopoietic development observed
at that time was that the production of blood cells sequentially
shifts from one site to another: from mid-gestation until before
birth, the fetal liver (FL) is the major provider of blood cells,
followed by the spleen and finally the bone marrow. The mechanism

leading to blood cell production has been a matter of intense
debate over the last century, some scientists believing that the
generation of hematopoietic cells in the embryonic rudiments,
such as the fetal liver and thymus, occurred in a similar way as
observed in the early YS, while others considered that the
rudiments had to be colonised by extrinsic blood cells to maintain
their production. Cytological observation proved inefficient to
settle this issue and it was only in the sixties that various
experimental approaches, including parabiosis (Moore and Owen,
1965; Moore and Owen, 1967; Petrakis et al., 1969), organ
cultures (Houssaint, 1981) and the newly developed Chick-Quail
chimaera assay (Le Douarin and Jotereau, 1975)), were
successfully used to answer this question. Altogether, the results
ofthese experiments established that the hematopoietic rudiments
that become successively active during the mid-gestation period
only provide the environment in which extrinsic hematopoietic
stem cells (HSC) settle and give rise to a differentiated progeny.
When the activity of one site recedes, new migrants colonize the
next site, presumably via the blood stream (Delassus and Cumano,
1996).

Abbreviations used in this paper: AGM, aorta-gonads-mesonephos; BM,bone
marrow; dpc, days post-coitum; E, embryonic day; FL, fetal liver; HSC,
hematopoietic stem cells; LTR, long term reconstitution (activity); P-Sp,
para-aortic splanchnopleura; S, pairs of somite; Sp, splanchnopleura; YS,
yolk sac.
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In the mouse embryo, the fetal liver, which carries out the
production of blood cells during the second half of the gestation,
is the first rudiment to be colonised (Johnson and Jones, 1973;
Johnson and Moore, 1975). This event begins at 10 days post-
coitum (dpc), more precisely between 28 and 32 pairs of somite
(S) (Houssaint, 1981). The thymus becomes colonized a little
later. The timing of progenitor entry has not been determined as
precisely as for the FL. Nevertheless, it is known that progenitor
input occur between the 40-45 S-stage (11 dpc) (Fontaine-Perrus
et al., 1981; Manaia et al., 2000) and that the thymic rudiment is
always lymphoid after 12 dpc (Fontaine-Perrus et al., 1981;
Moore and Owen, 1967).The colonization of the spleen, initially
thought to occur at 15 dpc by the transfer of HSC from the FL via
the blood stream (Metcalf and Moore, 1971; Sasaki and
Matsumura, 1988), was more recently shown to starts at 13 dpc
(Godin et al., 1999). The definitive hematopoietic site, the bone
marrow, is considered to be seeded by fetal liver HSC at 15 dpc,
as soon as the vascularisation of bone rudiment starts (Metcalf
and Moore, 1971; Ogawa et al., 1988).

On the origin of hematopoietic precursors

The hypothesis

The primordial origin of HSC that will colonise the hematopoietic
rudiments, has been for a long time attributed to hematopoietic
precursors from the yolk sac blood islands. Indeed, they were
obvious candidates for generating these cells as, 1- the YS is the
first hematopoietic site appearing in the embryo and 2- it was the
only site known to generate hematopoietic cells in situ. In the 60-
70s, the prevailing concept thathematopoietic cells are originated
in the yolk sac saw experimental evidence in pioneer experiments
from Moore and Metcalf in vitro assays (Moore and Metcalf, 1970)
and from Weissman et al., reconstitution experiments. In vitro
assays that allow the development of myeloid and erythroid cells
were established based on the discovery of soluble mediators
with a potent proliferative capacity on precursors of these lineages.
Clonal assays based on the use of viscous media supplemented
with growth factors were used to quantify the numbers of myeloid
precursors in a given organ. It was thus shown that hematopoietic
colonies were first detected in the yolk sac starting at 7.5 dpc and
only two days later, well after the establishment of circulation, in
the embryo proper. Weissman etal., transplanted YS cellsisolated
from 8 to 10 dpc embryos into the YS cavity of isochronic hosts
bearing different surface markers (H-2 or Thy-1). The progeny of
donor cells was traced by allotypic markers and donor derived
thymocytes were readily detected, albeit at low frequency, in the
recipient mice (Weissman et al., 1978).

The test: YS-Chimaeras

The hypothesis of a YS origin of HSC, that will contribute to
lifelong maintenance of hematopoietic cell production, was first
tested at stages strictly anterior to the establishment of vascular
connexions between the YS and embryo body in the Avian model,
by F. Dieterlen’s team in the early seventies.

Yolk sac chimeras were constructed by engrafting the
prospective intra-embryonic region of an E2 quail embryo on the
extra-embryonic YS of a chick before initiation of blood cell
circulation between the two compartments (Dieterlen-Liévre, 1975).
The analysis of the nature (donor versus host) of blood cells in the

chimaeras, based on the use of the quail nucleolar marker (Le
Douarin, 1969), demonstrated that the precursors that firstappear
in the chicken YS do not display extensive self-renewal since they
are progressively replaced by a new population of Quail HSCs
generated in the intra-embryonic compartment (Dieterlen-Liévre,
1975). These intra-embryonic HSCs were found responsible for
the colonization of hematopoietic rudiments and for the
development of definitive hematopoiesis. Cytological (Dieterlen-
Lievre and Martin, 1981) and in vitro analyses pointed to the
region neighbouring the dorsal aorta as the source of the colonising
cells.

A similar pattern of hematopoietic development was thereafter
demonstrated in amphibia. In this group also, HSC responsible for
definitive hematopoiesis do not originate in the ventral blood island,
a structure homologous to the YS of amniotes, but from a dorsal
region that encompasses the pronephros, liver and dorsal aorta
(Reviewed in (Turpen, 1998)). However, lymphopoiesis in some
species from this group (Xenopus Laevis) seems to depend on a
contribution of precursors from both sites (Bechtold et al., 1992).

What about mammals?

Firstevidenceforintra-embryonic hematopoietic precursors

Somewhatearlier, Herzenberg et al., had used YS and different
parts of 9 dpc embryos to reconstitute lethally irradiated recipient
mice (Tyan and Herzenberg, 1968). It was shown that the sub-
diaphragma half of the embryo was particularly efficientto generate
B-lymphocytes carrying the allotypic marker of donor cells.
Although these experiments were done using embryos after the
establishment of circulation, the differences of B-cell reconstitution
levels obtained between the YS and embryo proper, together with
the specific location of the lymphocyte precursors within the
embryo proper raised the possibility that this compartment could
harbours a source of hematopoietic cells.

The identification of culture conditions allowing the development
and expansion of cells of the B-lineage from very immature
precursors provided additional evidence that the embryo body
could generate lymphocyte precursors before the onset of fetal
liver hematopoiesis. In the late eighties, 9.5 dpc embryos were
isolated from the YS and dissociated cells were cultured with
interleukin 7 and stromal cells, before monitoring the development
of B-lineage cells. Both the YS and the embryo proper comprised
lymphocyte precursors although they first appeared in the latter
site (Ogawa et al., 1988).

In the early nineties, YS and embryo proper were dissociated,
starting at 10 dpc and a clonal B cell analysis was performed. The
results obtained showed that the first precursors capable to
generate B-cells in vitro were indeed located in the embryo proper
rather than in the YS and that the precursors capable to generate
these colonies were in an undifferentiated state, in that they had
not yet started rearrangement in the immunoglobulin locus
(Cumano et al., 1993).

Thefirstdirectevidence, inmammals, thatlymphocyte precursors
could be found inthe para-aortic splanchnopleuraand notinthe YS
came from grafting experiments where these embryonic region
were placed under the kidney capsule of SCID mice. The para-
aortic splanchnopleura (Figure 1: P-Sp) was tested as a possible
source of HSC as it is the region homologous to early Avian aorta,
previously shown to harbours intra-embryonic HSCs. Donor



lymphocytes were detected in the recipient mice grafted with P-Sp,
long after engraftment. YS cells were unable to reconstitute the
lymphoid compartment in this experimental set-up (Godin et al.,
1993). By the same time, Medvinsky et al., showed that cells
isolated from the region that comprise the Aorta, Gonads and
Mesonephros (AGM region, a later development stage of the P-Sp:
Figure 1) displayed CFU-S activity, indicating the existence of
multilineage hematopoietic precursors in this region of the pre-liver
embryos (Medvinsky et al., 1993).

The ability of hematopoietic precursors from the P-Sp to
generate both myeloid and lymphoid cells, a capacity which
correlates with long-term reconstituting activity in stem cells, was
demonstrated in vitro at the single cell level (Godin et al., 1995).
Micro-manipulated P-Sp cells were shown to develop into myeloid
cells of different types, as well as B and T lymphocytes (when the
expanded progeny was placed in irradiated fetal thymic lobes).
Muller et al., subsequently reported that long-term reconstitution
capacity was present in AGM precursors at 10.5 dpc, shortly
before the detection of this capacity in YS, at 11 dpc (Muller et al.,
1994).

Origin of intra-embryonic hematopoietic precursors

The experiments described above allowed for the identification
of an intra-embryonic site enriched for HSC, but could not lead to
any conclusion about the site of origin of these cells. As the
vascular system is fully developed at the stage when the P-Sp/
AGM were analysed, this enrichment could either results from an
in situ de novo generation of HSC or from the aggregation of
precursors born elsewhere (presumably
in the YS), that would found in the P-Sp/
AGM a environment suitable to express
their potential.

To address the question of the intra-
embryonic precursors site of origin, it was
thus necessary to assess the
hematopoietic potential of the P-Sp/AGM
before circulation is established between
the extra- and intra-embryonic
compartments (at 8 dpc). However, our
first experiments clearly established that
no hematopoietic precursors were present
inthe intra-embryonic compartmentbefore sp

8.5 dpc (Godin et al., 1995). s
We overcame this limitation by

explanting the presumptive P-Sp/AGM M
territory (the caudal intra-embryonic —
splanchnopleura: Sp) and the
corresponding YS, at pre-circulation
stages (Figure 1). We maintained the
explants in organ culture for 2to 4 days in
order to allow the determination of
hematopoietic precursors, before

Ys

.

of vascular
between the YS and the embryo

8 dpc
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give rise to hematopoietic cells when severed from the YS. Intra-
embryonic precursors thus appear to result from an in situ
determination of mesodermal cells, independent from that which
occurs in the YS.

2- No hematopoietic progeny was ever detected in the
embryos deprived from both the Sp and YS. The intra-embryonic
hematopoietic determination event is thus restricted to the caudal
intra-embryonic splanchnopleura, which will further evolve into P-
Sp/AGM.

3- The differentiation potential of the YS and Sp from
individual embryos revealed striking differences between the
hematopoietic precursors derived from the two compartments.
Unlike the splanchnopleura, the YS proved unable to generate a
lymphoid progeny, an observation independently documented
later by (Nishikawa et al., 1998). It also displayed a reduced
potential for maintenance and differentiation of myeloid lineage
progenitors.

However, these early intra-embryonic hematopoietic precursors
did not display in vivo engraftment capacity when transplanted
into adult irradiated recipients (Cumano et al., 1996). As MHC
class | molecules are expressed at low levels in all cells from the
embryo before 10.5 dpc (Jaffe et al., 1991), we considered that
hematopoietic precursors could therefore be eliminated by radiation
resistant host NK cells. We tested this possibility by transplanting
hematopoietic precursors, isolated before circulation, into two
mouse strains, alymphoid Rag2”- and Rag2yc”’ mice that also
lack NK cell activity (Colucci et al., 1999). We showed that:

9dpc

| P-Sp
oy e’
Ectoderm
:} Somatopleura
Mesoderm [

Fig. 1. Localisation and evolution of the intra-embryonic hemogenic site in the mouse embryo.

analysing the presence of hematopoietic
precursors in individual Sp explants and
their YS counterpart. This experiment
brought up the following results (Cumano
et al., 1996):

1- Pre-circulation Sp display a
hemogenic potential, as they were able to

The top panel shows the location in whole embryos, of the presumptive intra-embryonic hemogenic
site at 8 dpc (before the connexion of the extra- and intra-embryonic vessels: Sp) and, at later stages,
of the hemogenic site derived from it, the P-Sp (8.5 to 10 dpc), then AGM (10 to 12 dpc). In the lower
panel, the boxed area indicates the structure of the presumptive hemogenic site (Sp) and, between
8.5 and 11 dpc, the tissue composition of the region shown in vitro and in vivo to contain
hematopoietic stem cells (P-SP/AGM). At 11 dpc, the enlargement shows the respective localisation
of the hematopoietic cluster within the aorta and the sub-aortic patches. Abbreviations: FL, fetal liver;
HIAC, hematopoietic intra-aortic clusters; SAP, sub-aortic patches.
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1- YS precursors could engraft Rag2yc”’ recipient mice and
transiently colonise the myeloid compartment. However, no
lymphoid progeny was ever observed and myeloid cells could no
longer be detected in the recipient mice 3 months after
reconstitution;

2- Sp derived cells generated myeloid and lymphoid cells
that could be detected in the periphery and in the bone marrow of
NK deficient mice up to 8 months after transfer;
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3- Comparison of the reconstitution capacity of these two
types of hematopoietic precursors into Rag2”- versus Rag2yc’
mice indicated that the absence of NK cell activity favours the
engraftment capacity of embryonic cells.

We concluded thatthe first HSC originate in the intra-embryonic
mesoderm and that YS cells are deprived of lymphocyte
differentiation capacity (Cumano et al., 2001).

These results, established from tissues isolated before blood
circulates, led us to conclude that, in the mouse embryo, precursors
for definitive hematopoiesis are independently generated in the
splanchnopleurarather than in the yolk sac (Cumano et al., 1996;
Cumano et al., 2001).

Where are intra-embryonic HSCs generated?

Although the potential of the intra-embryonic precursors present
in the mouse embryo between the end of gastrulation and the
colonisation of the fetal liver was better understood, we needed to
gain anatomical support for their distribution within the embryo.
We thus set out to pinpoint more precisely the site of precursor

production within the P-Sp/AGM, by
subdividing it into its various components
and looking for precursor enrichment in
vitro. We found that the isolated aorta and
surrounding tissue harboured the majority
of AGM multipotent hematopoietic
precursors (Godin et al., 1999). Using a
similar experimental approach in an in vivo
assay, it was later established by E.
Dzierzak’s group that the highest frequency
of Long Term Reconstitution (LTR) activity
was found in the aorta region rather than in
the urogenital compartment (de Bruijn et
al., 2000).

°® When searching for cytological evidence

of a hemogenic site in pre-liver embryos

: (8.5t0 12 dpc), we uncovered two structures

Days of gestation D9 D10 D11 Di2
Pairs of somites 20 25 30 35 40 45 43

o

Fig. 2. Structure of the aortic region during the phase of generation of hematopoietic
intra-embryonic aortic clusters: \Vhereas aortic clusters are detected only when intra-
embryonic HSC production reaches its maximal level (10.5-11.5 dpc), the sub-aortic patches
are present from the beginning to the end of the generation process (8.5-12.5 dpc). (A) Intra-
aortic cluster (arrow) labelled with the AA4.1 antibody. AA4.1 antigen expression is shared by
endothelial and hematopoietic cells. (B) Numeration of multipotent hematopoietic precursors
in the intra-embryonic hemogenic site between 8.5 and 13 dpc. (C,D) Sub-aortic patches are
revealed by GATA-3 expression. During the P-Sp stage (8.5-10 dpc: C), the sub-aortic patches
appear as layer close to the aortic floor. At the AGM stage (10.5-11.5 dpc: D), it consist of
several patches often located below the aortic cluster (arrow). Notice that endothelial cells do

not express GATA-3.

» that appear involved in the process of intra-
- - embryonic HSC production.
Aortic clusters

Cell clusters strikingly homologous to
the intra-aortic clusters of the avian embryo
(Dieterlen-Liévre and Martin, 1981; Jaffredo
et al., 1998; Pardanaud et al., 1989), were
seen inserted inside the wall of the aorta,
omphalomesenteric and umbilical arteries
(Garcia-Porrero etal., 1995). These clusters
are precisely located on the side of the
vessel closest to the coelomic cavity, for
example the ventral side of the dorsal aorta.
Well-developed clusters display a
mushroom shape, with round cells bulging
into the lumen of the vessel. The base of the
mushroom is built of bottle-shaped cells
inserted between endothelial cells, thus
creating a discontinuity in the endothelial
layer. The basal membrane is also disrupted
at the level of this stalk, as seen in an
ultrastructural study (Garcia-Porrero et al.,



1995). These clusters are presentin the embryo from 10.5 to 11.5
dpcinthe AMG region. No signs of the presence of hematopoietic
precursors could be disclosed before this stage, even though in
vitro studies clearly established the presence of multipotent
hematopoietic progenitors in the P-Sp of 8-10 dpc embryos
(Figure 2B) (Godin et al., 1995).

These clusters are similar to those previously detected in birds
(Dieterlen-Lievre and Martin, 1981; Jaffredo et al., 1998;
Pardanaud et al., 1989), in human embryos (Tavian et al., 1996)
and, more recently, in Zebrafish (Thompson et al., 1998) and
amphibian embryos (Ciau-Uitz et al., 2000).

To assess whether these intra-arterial clusters were
hematopoietic, we analysed their phenotype based on the
expression of immature hematopoietic cell surface markers such
as CD34 or AA4.1 (Figure 2A) (Garcia-Porrero et al., 1998;
Petrenko et al., 1999). These markers also label endothelial cells
andreversibly, endothelial markers are often expressed by primitive
hematopoietic precursors. The hematopoietic nature of aortic
clusters could only be demonstrated through the lack of expression
of von Willebrand factor, an endothelial marker expressed from
the earliest stages of blood vessel development (Garcia-Porrero
etal., 1998). These observations extended to the mouse embryo
a conclusion already drawn for the aortic clusters in human
embryos (Tavian et al., 1996). However, the expression analysis
of the pan-hematopoietic marker CD45 led to results slightly
different form those obtained in the avian (Jaffredo et al., 1998;
Ody et al., 1999) and human (Tavian et al., 1996) embryos: in
those two species, the aortic clusters appear completely labelled
by CD45 antibodies, whereas in mouse, only a few cells of the
clusters express this marker (Manaia et al., 2000; Corbel and
Salaun, 2002).

Sub-aortic patches

In the course of this immunochemical analysis of the intra-
aortic clusters, we did not detect prospective hematopoietic
precursors in situ, before the appearance of the aortic clusters,
even though we know, based on the above-mentioned in vitro
analyses, that multipotent hematopoietic precursors are present
in the P-Sp from the 15 S-stage (Godin et al., 1995). A likely
explanation for this failure is that the number of precursors
generated between 8.5 and 10 dpc is too low (about 10 at 9 dpc
to 30 at 10 dpc, see Figure 2B) to be detected in sections.

However, when looking at the expression pattern of several
transcription factors expressed by early hematopoietic precursors,
a new embryonic structure located below the aortic floor was
uncovered due to the expression of the GATA-3 transcription
factor (Manaia et al., 2000) and AA4.1 antigen (Petrenko et al.,
1999). A direct relationship between these GATA-3 positive sub-
aortic patches and HSC generation is suggested by the fact that
these structures (Manaia et al., 2000):

1- are present below the aorta for the whole duration of intra-
embryonic hematopoietic precursor generation, as opposed to
intra-aortic clusters that are only detected at the peak of intra-
embryonic HSC production (Figure 2C, D),

2-arerestricted to the ventral aspect of the aorta, that bears the
hematopoietic clusters (Figure 2C, D),

3- are preferentially located under the intra-aortic hematopoietic
clusters (Figure 2D),

4- are better defined at 10.5-11.5 dpc when intra-aortic
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hematopoietic clusters are detected and their number is at its
highest (Figure 2C, D),

5- disappears after 12.5 dpc, when intra-embryonic precursors
are no longer generated (Godin et al., 1999).

A similar structure has also been described in the human AGM,
which has been shown to express various factors, such as
Tenascin C (Marshall et al., 1999), Smooth Muscle Actin (Tavian
etal., 1999) and the adhesion molecule HCA (Cortes et al., 1999).

The function played by these sub-aortic patches in the process
of intra-embryonic HSC generation is still unclear. However, the
following model for intra-embryonic stem cell generation, which
takes in account the spatio-temporal relationship between the
presence in the embryo of aortic clusters and sub-aortic patches
andin evolution of intra-embryonic HSC number, as determined—
in vitro (Godin et al., 1995), may be proposed (Figure 2):

Intra-embryonic HSC would be generated within the sub-aortic
patches, a composite structure including both the newly born
HSCs and the environment suitable for their generation. The HSC
would migrate to the aortic floor and translocate into the circulation
to colonise the fetal hematopoietic rudiments. This translocation
process would lead to the formation of the intra-aortic clusters at
the time when the number of generated HSC is the highest
(between 10.5 and 11.5 dpc). Before this stage, it would be
undetectable due to the minute number of precursors per embryo.
Such a scheme is supported by preliminary data correlating the
phenotype, in vivo and in vitro properties of early HSCs with the
in situ gene and protein expression pattern of the sub-aortic
patches.

Conclusion

The general picture emerging from the studies described above
is that hematopoietic HSC are generated once in the lifetime of
mammals, in the intra-embryonic compartment. However, two
events of mesoderm determination towards a hematopoietic fate
occur independently in two distinct anatomical sites. The YS is the
first to support hematopoietic cell development, between 7 and 11
dpc. Hematopoietic precursors in the YS are apparently restricted
to the erythroid lineage and to rare myeloid precursors that do not
differentiate in situ. YS erythrocytes are defined as primitive due to
the expression of embryonic hemoglobin and to the presence of a
nucleus. Between 8.5 and 12.5 dpc, the intra-embryonic
compartmentdefined as P-Sp/AGM harbours the firsthematopoietic
stem cells endowed with multipotent differentiation capacity and
long-term reconstitution potential. These primordial hematopoietic
stem cells seem to originate in specialized structures called sub-
aortic patches where environmental interactions might be crucial in
the generation process.
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