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Abstract

The paradigm that all blood cells are derived from hematopoietic stem cells (HSCs) has been
challenged by two findings. First, there are tissue-resident hematopoietic cells, including subsets
of macrophages that are not replenished by adult HSCs, but instead are maintained by self-renewal
of fetal-derived cells. Second, during embryogenesis, there is a conserved program of HSC-
independent hematopoiesis that precedes HSC function and is required for embryonic survival.
The presence of waves of HSC-independent hematopoiesis as well as fetal HSCs raises questions
about the origin of fetal-derived adult tissue-resident macrophages. In the murine embryo,
historical examination of embryonic macrophage and monocyte populations combined with recent
reports utilizing genetic lineage-tracing approaches has led to a model of macrophage ontogeny
that can be integrated with existing models of hematopoietic ontogeny. The first wave of
hematopoiesis contains primitive erythroid, megakaryocyte and macrophage progenitors that arise
in the yolk sac, and these macrophage progenitors are the source of early macrophages throughout
the embryo, including the liver. A second wave of multipotential erythro-myeloid progenitors
(EMPs) also arises in the yolk sac . EMPs colonize the fetal liver, initiating myelopoiesis and
forming macrophages. Lineage tracing indicates that this second wave of macrophages are
distributed in most fetal tissues, although not appreciably in the brain. Thus, fetal-derived adult
tissue-resident macrophages, other than microglia, appear to predominately derive from EMPs.
While HSCs emerge at midgestation and colonize the fetal liver, the relative contribution of fetal
HSCs to tissue macrophages at later stages of development is unclear. The inclusion of
macrophage potential in multiple waves of hematopoiesis is consistent with reports of their
functional roles throughout development in innate immunity, phagocytosis, and tissue
morphogenesis and remodeling. Understanding the influences of developmental origin, as well as
local tissue-specific signals, will be necessary to fully decode the diverse functions and responses
of tissue-resident macrophages.
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1. Introduction

In the adult, all of the red blood cells, platelets, granulocytes, monocytes, and lymphoid cells
that circulate in the bloodstream are continuously replenished from hematopoietic stem cells
(HSCs). HSCs are functionally defined by their capacity to regenerate all of these circulating
blood cells upon transplantation into a myeloablated recipient. Differentiating HSCs
undergo restrictions in lineage fate to generate multipotential, and ultimately, unipotential
progenitor cells that, in turn, generate mature blood cells. The capacity of hematopoietic
progenitors to give rise to colonies of blood cells in semisolid media has revealed
hierarchical lineage relationships within the hematopoietic system. Macrophage formation in
the adult is characterized by progressive differentiation of bipotential granulocyte and
macrophage (GM-CFC) progenitors to monocyte progenitors, and mature monocytes that
differentiate into macrophages upon stimulation [1].

Studies of hematopoiesis in the adult organism led to the concept that all blood cells,
including macrophages, are ultimately derived from HSCs. This widely held concept was
also applied to the embryo, leading to the concept that HSCs arise in the yolk sac, the place
where blood cells first emerge during development. However, functional transplantation
studies in the mouse embryo two decades ago revealed the emergence of HSC beginning at
embryonic day 10.5 (E10.5) in the AGM region of the embryo proper [2, 3]. In contrast, the
onset of hematopoiesis is characterized by the development of maturing primitive erythroid
cells in the yolk sac at beginning at E7.5, as well as macrophage cells and megakaryocytes
by E9.0. Analysis of functional hematopoietic progenitors, capable of colony-forming
activity, has revealed a complex pattern of emergence in embryonic time and space, which is
characterized by two distinct, but partially overlapping waves of erythroid progenitors
initiating in the yolk sac prior to the onset of a functional vasculature and adult-repopulating
HSC [4, 5]. Macrophage colony-forming potential is associated temporally and spatially
with each of these waves of primitive and definitive erythroid progenitors [4]. Recent cell
marking studies have revealed that subsets of tissue-resident blood cells, including some
tissue-resident macrophages, do not appear to be replenished by HSCs postnatally, and are
instead regenerated by self-renewal of fetal-derived cells [6-11]. In this review, we will
consider the developmental origin of fetal-derived macrophages in the context of the various
waves of hematopoietic potential that emerge during early embryogenesis.
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2. Emergence of hematopoiesis in the fetus

2.1 Emergence of hematopoietic stem cells

The first adult-repopulating HSCs in mouse embryos are found associated with the
appearance of cell clusters in the aorta, umbilical artery, and vitelline artery between E10.5
and E11.5 [2, 12]. In both mouse and zebrafish, rounded hematopoietic cells form directly
from the endothelium through an endothelial-to-hematopoietic transition [13-16]. Murine
HSCs then colonize the liver, the site of fetal hematopoiesis, and begin to expand in numbers
from E12.5 to E16.5 [3, 17]. Similarly, at 5 weeks post-conception in the human embryo,
aortic cell clusters arise along with HSC-like cells that can repopulate adult immune-
deficient mice [18, 19]. Studies in the mouse indicate a large discrepancy between the
number of cell clusters and the number of functional HSC [2, 3, 20, 21]. While the reasons
for this discrepancy remain unclear, it is evident that bona fide adult-repopulating HSC
activity is extremely rare in the embryo before E12.5 [3, 17] and likely does not significantly
contribute to fetal hematopoiesis until well after this time.

2.2 HSC-independent hematopoiesis

The first cells to circulate in the embryonic bloodstream consist of primitive erythroid cells
that emerge in blood islands in the yolk sac of mammalian and avian embryos soon after the
onset of gastrulation, well before HSC formation [22-24]. The several million primitive
erythroid cells that mature in the murine embryo are subsequently replaced by hundreds of
millions of smaller definitive erythrocytes produced in the fetal liver [25]. Primitive
erythroid cells are distinguished from their later definitive counterparts not only by their
large size, but also their expression of embryonic globin genes, for review see [26].

Foundational insights into the complexity of HSC-independent hematopoiesis have been
chiefly derived from the analysis of erythropoiesis [4, 27]. The first few primitive erythroid
progenitors (EryP-CFCs) emerge in the nascent yolk sac of the late streak mouse embryo at
E7.25, peak in number by E8.5, and subsequently differentiate into a wave of maturing
erythroblasts in the bloodstream. At E8.25, just before the first cardiac contractions and the
onset of circulation, the first few definitive erythroid progenitors (BFU-ESs) begin to emerge,
also in the yolk sac [4, 27] and then increase in numbers by E9.5. Unlike the transient wave
of EryP-CFCs, BFU-Es are also detected in the fetal bloodstream and in the early fetal liver
by E10.5, which is prior to the liver colonization by adult-repopulating HSCs [4, 17]. These
studies of erythroid colony-forming progenitors initially raised the hypothesis that two
distinct (primitive and definitive) waves of hematopoietic progenitors emerge in the yolk sac
prior to HSC emergence.

2.3 The first wave of HSC-independent hematopoiesis: Primitive

Coincident with primitive EryP-CFC, the first Meg-CFC and Mac-CFC are also found
emerging at E7.25 in the yolk sac and increase in numbers by E8.5 [4, 28, 29]. Subsequently,
significant numbers of maturing megakaryocyte and macrophage precursors are found in the
yolk sac contemporary with primitive erythroblasts, at a time when only the first few BFU-E
have begun to emerge [4, 5, 30, 31]. These include small acetylcholinesterase-positive and
GP1p-positive megakaryocytes identified in the yolk sac of E8.5 and E9.5 mouse embryos,
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respectively [28, 29] that have formed platelets by E10.5 [29, 32]. As will be discussed in
more detail below, the first immature embryonic macrophages have also been identified in
blood islands of the early murine yolk sac by E9.0 [33-36].

In the adult bone marrow, the definitive erythroid and megakaryocyte lineages share a
common bipotential progenitor (MEP). Interestingly, MEP that give rise to primitive
erythroid cells and megakaryocytes are also present in the early murine yolk sac [29], and in
human iPS cell cultures [37]. Unlike the bipotential primitive MEP, early macrophage
potential is associated with monopotent progenitors [4, 30], suggesting that if there is a
common primitive hematopoietic trilineage progenitor, it must be rare and/or very transient
in the embryo. Macrophage potential in the murine embryo is not a component of bi- and
multilineage progenitors until E8.25 and these progenitors also contain definitive erythroid
and/or granulocyte potential and can be immunophenotypically distinguished from the more
abundant unipotential macrophage progenitors and primitive erythroid progenitors at this
time [4, 5, 30]. Interestingly, in the zebrafish embryo, primitive macrophages first arise in
the head, spatially distinct both from primitive erythroid potential and from the subsequent
wave of definitive erythro-myeloid progenitors (see below)[38]. While it is not clear if these
rapidly produced primitive hematopoietic progenitors possess the same hierarchal
relationship as later waves of hematopoiesis, they are distinct from later definitive
hematopoietic progenitors, and their timing of emergence and their rapid maturation link the
primitive erythroid and coincident megakaryocyte and macrophage lineages as a "primitive"
wave of hematopoiesis (Fig. 1A).

2.4 Definitive HSC-independent hematopoiesis: Erythro-myeloid progenitors (EMP)

Analysis of hematopoietic progenitors in E8.25-E8.5 mouse embryos revealed not only the
onset of definitive erythroid (BFU-E), but also the first occurrence of bipotential GM-CFC,
mast cell progenitors (Mast-CFC), and multilineage high proliferative potential colony-
forming cells (HPP-CFC), which give rise in vitro to macrophages, granulocytes, and mast
cells [4, 39]. This diverse myeloid potential appears to arise from a cohort of “erythro-
myeloid progenitors” (EMPs) that express significant Kit and CD41 on their cell surface [40,
41], distinguishing them from the Kit'°CD41!° primitive erythroid and unipotential
macrophage colony-forming activity at E8.5 [40]. By E9.5, EMPs can be prospectively
identified as a Kit"*CD41*CD16/32* cell population that can be distinguished from maturing
populations of Kit"® CD16/32*CD45" primitive macrophages and Kit"®9 CD41M Gp1p*
primitive megakaryocytes [5, 31]. Consist with the emergence of HPP-CFC, clonal analyses
have confirmed that single E9.5 EMPs have the capacity to generate multiple myeloid
lineages in vitro, as well as definitive erythroid potential [5]. Unlike HSCs, EMP do not
contain B-lymphoid potential [5]. Like HSCs, EMPs arise via an endothelial-to-
hematopoietic transition in the yolk sac, and do so in a Runx1-dependent manner [31,
42-44]. Importantly, EMP emergence continues through E11.5, overlapping temporally with
HSC production in the major arteries (Fig. 1A) [31, 45].

EMPs are found in the bloodstream and in the fetal liver of the mouse embryo by E10.5 [4,
5]. EMPs that seed the fetal liver produce the first enucleated definitive erythrocytes and also
granulocytes by E11.5, although many EMPs are also present in the embryonic circulation

Semin Immunol. Author manuscript; available in PMC 2017 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McGrath et al.

Page 5

through E12.5 [5, 46, 47]. In human embryos, BFU-E and GM-CFC also first arise in the
yolk sac by 4 to 5 weeks and are then found in the liver before HSC colonization [18, 19,
22]. In mouse embryos lacking Cbfp, a critical binding partner of Runx1, rescue of Runx1
function transgene during emergence of EMPs, but not HSCs, rescued normal numbers of
macrophage progenitors in mid-gestation fetal livers [43, 44], supporting the concept that
EMPs play a significant role in myeloid production in the mid-gestation murine fetal liver.
Importantly, the rescue of EMPs also extended survival of Cbf§-null embryos until birth,
despite the absence of functional HSCs [44].

EMPs have also been identified in zebrafish embryos temporally distinct from HSCs and
primitive hematopoiesis [30, 38]. However, granulocyte potential in the zebrafish may be
associated not only with EMPs but also with the primitive wave of hematopoiesis [38, 48].

2.5 Definitive HSC-independent hematopoiesis: Lymphoid

Small numbers of lymphoid progenitors have also been detected prior to HSC emergence.
Progenitors with B-cell and T-cell potential emerge around E9.0 both in the yolk sac and the
embryo proper [9-11, 49]. These lymphoid progenitors migrate to and differentiate in the
early fetal liver, and are thought to provide unique subsets of lymphoid cells that persist in
the adult, for review see [50]. It is not clear how these progenitors contribute to the
lymphoid/myeloid progenitor hierarchy found in the fetal period [51]. However, lymphoid
progenitors arise in a spatial pattern that differs from that of EMP and EMPs lack B-cell
potential before E10.5 [5, 49]. In addition, these early lymphoid progenitors do not generate
significant macrophages when transplanted, and Rag2 lineage tracing fails to label tissue
macrophages [9, 10, 49]. While lymphoid progenitors contribute to the complexity of HSC-
independent hematopoiesis, current evidence suggests that they do not contribute to adult
tissue macrophage production.

3. Source of tissue-resident macrophage populations in the fetus

Our current understanding of macrophage ontogeny is largely based on two experimental
approaches. The first approach is the spatial and temporal correlation of macrophage
progenitors derived from primitive, EMP and HSC hematopoiesis with the production of
macrophages and monocytes using immunophenotypic analysis, which have also been
validated through microscopy and functional assays [7, 34, 47, 51-55]. The second approach
is in vivo lineage tracing driven by genes involved in myeloid differentiation, or more
generally, hematopoietic emergence. Cre-recombinase expressed under the control of these
various promoters activates fluorescent protein expression, effectively labeling all daughter
cells. A temporal restriction in lineage mapping can also be introduced through the use of
cre-recombinase fused to, and dependent on, the activity of an estrogen receptor (ER-Cre),
which is only activated in the presence of tamoxifen [56].

3.1 Macrophage and monocyte production during development

The first macrophages observed in the murine embryo are a small, transient wave of mature
CD45"F4/807Kit"®d maternal macrophages detected at E7.5-8.0 [30, 55]. These maternally-
derived macrophages lack colony-forming ability and are markedly diminished in numbers
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by E8.5-9.0. The first embryonic-derived immature macrophages are found in yolk sac blood
islands at E9.0 [33-35]. More mature macrophages are subsequently found in the yolk sac
and brain by E9.5, and throughout the rest of the embryo by E10.5 [6, 30, 36, 47, 54]. The
maturation of these macrophages by E9.5 in the mouse embryo is suggestive of an HSC-
independent origin. In circulation-deficient embryos, these macrophages fail to colonize the
embryo proper and brain, but remain in the yolk sac, consistent with their exclusive origin in
the yolk sac and their requirement for blood flow to colonize embryonic tissues [6, 57].
While the detection of these first embryonic macrophages is after the initiation of both
primitive and EMP hematopoiesis, their maturation by E9.0 makes it most likely that they
are derived from the earlier primitive macrophage progenitors, which emerge beginning at
E7.25, and have expanded to hundreds of colony forming units by E8.5, rather than EMPs,
which only produce a few progenitors by E8.5 (Fig. 1A and B) [4, 5].

Intriguingly, monocytes have not been observed in the murine conceptus until after these
early macrophages are already present in fetal tissues. Specifically, monocytes are found at
E12.5 in the bloodstream, liver and many other tissues, but not the brain [7, 34, 47, 51].
Consistent with these observations, lineage mapping utilizing a promoter active in adult
monocytes (S100a4) labels macrophages in the fetus after E12.5, and by E16.5, these
labeled macrophages become the most abundant macrophages in fetal tissues outside of the
brain [51]. While it has been assumed that all monocyte-independent macrophages are
derived from primitive hematopoiesis, it remains possible that EMPs as well as fetal HSCs,
also have the capacity to directly generate macrophages. By E9.5, the transient wave of
primitive hematopoiesis has matured past the progenitor stage and the macrophage
progenitor activity in the yolk sac is now found in the EMP population [4, 5]. There are no
known markers that distinguish macrophages based on hematopoietic source, thus once fetal
liver myelopoiesis has begun further delineation of macrophage contributions from the
different hematopoietic waves has relied on lineage-tracing approaches.

3.2 Lineage tracing of macrophage sources

Lineage-tracing is a very powerful tool because it allows progenitor cell fate to be assessed
in vivo. However, there are important considerations in the interpretation of these studies,
particularly given the overlapping timing and promoter usage in emerging hematopoietic
waves and their progeny. First, ER-Cre activity occurs over a range of developmental time
that depends both on tamoxifen dosage and metabolism, and has inherent variability due to
the inter-litter and intra-litter differences that occur in rapid murine embryonic development.
Second, there are caveats associated with some of the promoter constructs. While Runx1 and
Kit are associated with emergence of hematopoiesis, they are also active in more mature
hematopoietic progenitors, and it isn't clear why these other hematopoietic populations are
not labeled with later tamoxifen treatment [58-60]. Additionally, Runx1 promoter constructs
inactivate one Runx1 allele, which can cause ectopic HSC formation, as well as
abnormalities in lineage decisions [59, 61]. While FIt3-cre can lineage-trace all HSC
progeny in adults, it does not efficiently label early fetal HSC [51, 62]. Third, many
promoters are active in more than one wave of hematopoiesis. Important examples of this are
the CX3CR1 and the CSF1R (M-CSF receptor) promoters. CX3CRL1 is expressed on
subclasses of macrophages in the adult, including many tissue-resident macrophages, as well
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as early embryonic macrophages and, in addition, the CX3CR1 promoter has been used to
identify emerging macrophages [6, 30, 63]. CSF1R becomes active in maturing primitive
macrophages after E8.5 as well as in EMP and HSC derived macrophages [47, 64]. While
CSF1R is not active when primitive hematopoietic progenitors arise and does not lineage-
trace primitive erythroid cells, it is expressed along with another myeloid genes, such as
CD16/32, in EMPs by E9.5 and consequently lineage-traces diverse EMP progeny, including
definitive erythroid and granulocyte potential in the fetal liver though E14.5 [5, 31, 47, 51].
Because primitive macrophage maturation and EMP emergence occur at the same time,
CSF1R lineage-traced cells collectively represent the macrophage progeny of both waves of
hematopoiesis.

Despite these limitations, a pattern emerges when all of the recent lineage tracing results are
compared to one another (Fig. 2A). Temporal studies utilizing ER-Cre activation highlight
the existence of overlapping patterns of macrophage labeling, as well as the co-labeling of
specific subsets of fetal and adult macrophages. There is a strong correlation between
labeling of adult microglia and conditions that also highly label (early) fetal macrophages
between E10.5 and E12.5. In contrast, conditions that strongly label (later) fetal
macrophages between E14.5 and birth, consistently label non-microglial, fetal-derived adult
tissue-resident macrophages. Importantly, correlation of these staining patterns with lineage
labeling of other hematopoietic cells, as well as immunophenotypically defined EMP or
HSC, have helped to shed light on the parent progenitor populations that give rise to these
macrophage populations.

3.3 Microglia and early primitive hematopoietic-derived macrophages

Microglia, the tissue macrophages of the brain, have a very low rate of replacement in steady
state in the adult as evidenced by transplantation, parabiosis and adult lineage-tracing studies
[6-8, 65, 66]. Additionally, among adult tissue-resident macrophages known to be derived
from the fetus, only microglia are not labeled by lineage mapping with the S100a4 adult
monocyte promoter [51, 57, 67]. Tamoxifen administration between E7.0 to E7.5 to activate
Runx1-driven ER-Cre labels microglia as well as the first macrophages in other tissues of
the E10.5 to E12.5 murine embryo (Fig. 2A). [6, 51, 57]. Furthermore, administration of
tamoxifen between E7.0 and E7.75 revealed a gradual decrease in labeling efficiency both of
adult microglia and of E10.5 yolk sac macrophages with a little to no labeling of fetal or
adult microglia with treatment at E8.5 [6, 51]. These data, together with the timing of
primitive progenitor production and early macrophage formation discussed above, suggest a
model where primitive hematopoiesis generates macrophages found in multiple tissues in
the E10.5 murine embryo that persist in the brain as microglia (Fig. 1B).

3.4 EMP- and HSC-derived fetal definitive hematopoiesis

Administration of tamoxifen from E8.5 to E9.5 to activate Runx1 or CSF1R promoter-driven
labeling results in increased labeling of non-brain fetal macrophages from E13.5 to birth,
adult fetal-derived macrophages except microglia, as well as fetal liver monocytes,
granulocytes, and E10.5 EMPs (Fig. 2A) [47, 51, 57]. One exception to this pattern is a
recent genetic tracing study utilizing a Kit promoter that reported the labeling of EMPs
following tamoxifen administration at E7.5, but only weak labeling of fetal liver
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hematopoietic derivatives and non-microglia adult tissue-resident macrophages [66].
However, it is unlikely that a significant number of EMPs would be efficiently labeled by
this treatment, as Kit expression is only on a minority of EMPs before E9.5, and there is
continued production of Kit+ EMPs through E11.5 [4, 5, 31]. Additionally, EMP-derived
granulocytes in the early fetal liver were not effectively labeled with E7.5 tamoxifen
treatment in this study [66].

Particularly illuminating is comparison of lineage-tracing by the Runx1 promoter, which
labels hematopoietic cells as they are specified, and labeling with the Tie2 promoter, which
ceases to be expressed on hematopoietic progenitors after they have emerged from
endothelial-like precursors (Fig. 2B) [6, 47, 51, 57]. As expected from macrophages
primarily derived from primitive hematopoietic progenitors, microglia and fetal
macrophages were efficiently labeled from E10.5-E12.5 with E7.5 Runx1-driven lineage-
tracing, but ceased to be labeled with activation of the Tie2 promoter after E9.5 consistent
with the exhaustion of primitive progenitor activity described above (Fig. 2B). In contrast,
fetal liver hematopoietic progenitors and non-microglia adult tissue-resident macrophages
become increasingly labeled by activation of the Runx1 promoter at E8.5, but are
decreasingly labeled by the Tie2 promoter when tamoxifen is administered at E9.5, and are
almost undetectable with tamoxifen exposure at E10.5. Interestingly, this diminution of fetal
macrophage labeling after E9.5 occurs despite efficient labeling of HSCs and their
derivatives. Additionally, E8.5 activation of CSF1R promoter-driven lineage tracing does not
label HSCs and their derivatives, but instead labels a significant proportion of fetal
macrophages [47]. Taken together, these data suggest that with the exception of the brain,
fetal-derived tissue-resident macrophages originate in large part from EMPs. Fetal HSCs
may also contribute to these tissue-resident macrophages, however the extent and timing of
this contribution has yet to be determined (Fig. 1B). Ultimately, further progenitor- and
HSC-labeling studies throughout embryogenesis are needed to confirm and refine this
model.

3.5 Adult tissue macrophages

Collectively, data from lineage tracing studies suggest that many tissues can be sequentially
colonized by emerging waves of macrophages, and that the time window of colonization
depends on the tissue. In the mouse, the brain normally limits colonization of macrophages
to early development and only accepts new macrophages in the setting of injury, which in
turn largely limits the source of adult microglia to primitive hematopoiesis. This process of
sequential colonization of tissues by macrophages has also been observed during zebrafish
development. However, in zebrafish, the brain continues to be colonized by new
macrophages, resulting in the replacement of embryonic-derived microglia with adult-
derived microglia [68]. In all other tissues examined in the murine embryo, macrophages
derived from primitive hematopoiesis are replaced, or diluted, by macrophages derived from
EMPs, or eventually, HSCs. Lineage mapping in the late fetus provides evidence that there is
variation in the time and degree that each tissue becomes resistant to further macrophage
colonization [57, 66]. Tissues no longer "open" to significant colonization by adult
circulating monocytes retain self - renewing fetal-derived tissue-resident macrophage
populations, including Kupffer cells, alveolar macrophages and Langerhans cells. Other
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adult tissues, including regions of the skin and intestine, continue to be colonized by
monocytes, so that these tissue-resident macrophages are ultimately HSC-derived (Fig. 1B)
[66, 69] for review see [70].

4. Roles for macrophages during embryogenesis

Development of complex organ systems and tissues in metazoans requires coordination and
execution of cell differentiation, self-renewal, and apoptosis. As professional scavengers of
apoptotic cells and debris, as well as potent sources of secreted signaling molecules,
macrophages play critical roles in various developmental processes for review see [71]. One
important role of fetal macrophages is to support the extensive erythropoiesis in the fetal
liver that sustains the rapid growth of the fetus, for review see [26]. In both the fetal liver and
adult bone marrow, maturing erythroid precursors are in direct contact with macrophages in
“erythroblast islands” for review see [72]. These specialized macrophages are thought to
promote erythroblast proliferation and maturation [73], and phagocytose the nucleated
pyrenocyte, the remainder of the final cell division that creates the enucleated reticulocyte.
Both circulating primitive erythroblasts and maturing definitive erythroblasts enucleate in
the developing fetal liver [25, 74, 75]. The significance of these macrophage-erythroblast
interactions is highlighted by the fetal lethality due to anemia in mice with mutations that
affect the ability of macrophages to assemble in erythroblast islands or to digest erythroblast
nuclei [76-79]. Many of the other roles of macrophages in development involve removing
apoptotic cells generated during limb development, where macrophages enter the
remodeling digits of the limb bud and digest apoptotic cells as early as E12.5 [80]. However,
macrophages may also be instructive, as demonstrated by the role for microglia in neuronal
development and migration, and macrophage involvement in angiogenesis during testis
formation [81, 82].

Macrophages also contribute to the innate immune system in the embryo, which may be
particularly important before the adaptive immune system becomes functional. As early as
E10.5, macrophages are responsive to toll-like-receptor agonists, can ingest bacteria, and
secrete a variety of proinflammatory cytokines and chemokines, including those recently
implicated in triggering the formation of adult-repopulating hematopoietic stem cells in
mouse and zebrafish embryos [53, 83-85]. Studies of macrophage response to injury has
shown that prior to E14.5, macrophages do not appear to efficiently enter wound sites,
although they can participate in phagocytosis at the injury site after healing has commenced
[80]. After E14.5, macrophages more rapidly enter sites of injury [80], but it is unknown if
these temporal differences in macrophage response are the result of altered recruitment cues
or to recruitment of ontogenically distinct macrophage populations. The diverse roles of
macrophages during development may explain why they are among the first blood cells that
emerge in the embryo and why macrophage potential is a component of primitive, EMP and
HSC waves of hematopoiesis.

5. Nomenclature/paradigms

It is perhaps inevitable that when two fields of study are bridged challenges with the
integration of nomenclature occur. Macrophages have often been categorized into two
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populations: primitive or definitive, Myb-dependent or -independent, yolk sac- or fetal liver-
derived. However, these delineations are inherently inadequate when extrapolated to the
multiple developmental origins of macrophages.

The term EMP was originally proposed in a study of macrophage ontogeny to distinguish
the yolk sac definitive erythroid/myeloid progenitor wave from the earlier primitive
hematopoietic wave as well as from the later HSC-derived definitive wave of hematopoiesis,
[30, for review 86]. Recently, the primitive hematopoietic wave has also been referred to as
"EMP" [51, 87]. While primitive hematopoiesis contains both erythroid and macrophage
lineages, we favor restricting the term "EMP", as originally defined by Bertrand et al., [30,
38] to the definitive hematopoietic wave in the yolk sac for two reasons. First, referring to
primitive hematopoietic progenitors as "EMP" reduces the classification of three waves of
hematopoietic potential (primitive, EMP, and HSC) again to two terms. Second, it has not
been determined that a common primitive erythroid-macrophage progenitor exists in vivo,
and in the zebrafish embryo, these lineages arise in different regions, suggesting they may
not come from a common progenitor [4, 30, 38]. There has been some confusion caused by
assuming primitive macrophage potential is contained within an "EMP". This terminology
was used when cultures of E8.0 yolk sac Kit*/! cells produce both macrophage and
erythroid cells [55], but clonal analysis was not performed so these data are consistent with
the known presence of individual primitive erythroid and macrophage progenitors at this
time [4, 55]. Additional confusion has come from the simultaneous labeling of both
primitive macrophages (and thus microglia), and EMPs (and thus later fetal macrophages),
by the CSF1R promoter [7, 47]. Thus, "CSF1R+, myb-independent primitive EMPs" [51,
87] are likely the combination of two distinct progenitors, the first being primitive
macrophage progenitors, without erythroid potential, that generate microglia, and the second
being CSF1R+ myb+ definitive erythroid producing EMPs that are also a source of later
fetal macrophages (Fig. 1). While the data and models of macrophage formation formed
from these seminal, technically challenging experiments are critical for understanding
macrophage ontogeny, they can not be extrapolated to other hematopoietic lineages when the
clonal progenitor potential, and most notably, the nature of the associated erythropoiesis, has
not been determined.

The terms “Myb-dependent” and “Myb-independent” have also been used to categorize
embryonic macrophages. It is known that a functional Myb gene is required for the
development of definitive, but not primitive, erythrocytes [88]. Furthermore, conditional
deficiency of Myb in adults demonstrates a requirement for maintenance of adult HSCs [7].
The detection of macrophages in the Myb-null embryo has helped to establish the HSC-
independent developmental origin, and maintenance by self-renewal, of a subset of tissue-
resident macrophages [7]. The deficiency of Kit+ hematopoietic progenitors in the fetal liver
of Myb-null mouse embryos suggests that definitive hematopoiesis is widely defective in the
absence of Myb [7, 88]. It is not known if EMP or EMP-derived macrophages emerge in the
absence of Myb. The detection of of some Kit+ cells in the yolk sac of Myb-null embryos
raises the possibility that some Myb-independent EMPs might emerge and persist [7].
Furthermore, Myb-null embryos die when primitive macrophages are normally still present
in tissues, so it remains unclear if the normal replacement of early macrophages with later
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fetal macrophages would occur if the embryo survived. Thus, it is not yet known if all
definitive macrophage potential is Myb-dependent.

Finally, yolk sac versus fetal liver locations have been used to delineate the origin of
different macrophages. However, these tissues are not themselves restricted to a particular
wave of hematopoiesis. The site of maturation of primitive macrophages is in the early yolk
sac, while EMPs and HSCs both mature in the fetal liver. Monocytes are also detected in the
yolk sac later in development, raising the possibility that the yolk sac is ultimately colonized
by myeloid cells that have matured in the fetal liver [34, 35]. Additionally, early lineage
tracing studies indicate that the fetal liver contains both primitive yolk sac-matured
macrophages, as well as a significant myelopoiesis derived from EMPs that also originated
from the yolk sac. Hematopoietic progenitor lineage potential, genetic requirements, and
sites of synthesis and maturation are all important aspects of fetal macrophage biology that
need to be better understood.

Studies to date have highlighted the complexity of macrophage origins in the fetus. The roles
of hematopoietic source, timing of emergence, sites of colonization, and sites of maturation
need further investigation to better understand the diversity of tissue-resident macrophages.
Recent data from ectopically transplanted macrophages have demonstrated the importance
of microenvironmental signals in shaping the tissue-specific enhancer repertoire of adult
tissue-resident macrophages [89]. However, these data also indicate that a significant portion
of enhancers are not reprogrammed after transplantation. In agreement with the concept of
distinct roles for fetal versus adult macrophages, recent data have demonstrated that fetal-
derived tissue macrophages in the heart are replaced after birth by adult-derived tissue
macrophages, and this is associated with decreased ability to repair myocardial damage [90],
for review see [91]. Thus, both inherent ontogenic differences, and local environmental
signals are likely to influence the function of tissue macrophages. Understanding the
influences of both will be necessary to fully decode the functional capabilities of tissue-
resident macrophages.
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Highlights
e Multiple sources of tissue-resident macrophage emerge during embryogenesis

e Adult microglia originate from unipotential yolk sac primitive macrophage
progenitors

e Later yolk sac-derived EMP initiate definitive myelopoiesis in the fetal liver

»  Most fetal-derived adult tissue-resident macrophages originate from EMP
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Figure 1.
Temporal model of murine embryonic hematopoiesis and macrophage generation. A.

Emergence of waves of hematopoietic progenitors. Emergence of primitive hematopoietic
progenitors (red) is closely followed by the emergence of definitive EMPs (blue) in the yolk
sac and primitive hematopoietic progenitors expand in numbers by E8.5 and quickly mature
past progenitors stage, while EMP expand through E9.5 and continue to emerge through
E11.5.. HSC (green) emergence begins slightly later in the aorta, umbilical artery (UA) and
vitelline artery (VA). Although they possess distinct hematopoietic potential, production of
all these waves significantly overlap and involves a transition between Tie2-expressing cells
to Runx1 expressing cells (lines under emergence). Additionally, EMPs despite having both
erythroid and granulocyte potential, uniquely express CSF1R, which is normally restricted
to the macrophage lineage. A discrete wave of a small numbers of lymphoid (T and B-cell)
progenitors (grey) also emerges at E9.0 in both the yolk sac and embryo proper although it is
not known specifically how long they continue to be generated. For review see [50, 86] B.
Paradigm of macrophage (M®) maturation and migration. Primitive hematopoietic (red)
progenitors rapidly develop into macrophages in the yolk sac, before monocytes are
observed [5, 34]. By E9.5, macrophages are found in the brain, and by E10.5, they are
broadly distributed in all tissues, including the fetal liver [47, 51, 54]. The timing relative to
progenitor numbers and lineage mapping correlations indicate these early macrophages
(pink) are largely derived from the primitive progenitors. EMPs (blue) colonize the fetal
liver beginning at E10, and produce the first fetal monocytes there, although it is not known
if EMPs can also directly differentiate into macrophages [4, 5, 47, 51]. HSC-independent
lymphoid progenitors (grey) are also found in the early fetal liver, although evidence
indicates they do not contribute to tissue macrophages [10]. HSCs (green) begin to
accumulate in the liver by E12.5, where they subsequently expand in numbers, generate
myeloid progenitors, and differentiate into macrophages [17]. Given the overlap of markers
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and timing of emergence of HSCs with EMPs, it remains unclear when HSC-derived
monocytes and macrophages first appear. Lineage tracing studies suggest that these first
primitive macrophages persist as adult microglia in the brain (Fig. 2A). In other tissues, the
prevalence of early produced primitive macrophages decreases after mid-gestation, but
whether they are lost, or simply diluted by the subsequent waves of definitive macrophages
is not known [51]. Lineage tracing studies indicate that later definitive macrophages are
found in non-brain tissues by E13.5 and suggest that these are EMP-derived, although an
HSC contribution is likely to occur later in development (Fig. 2A). While shown here as
colonizing macrophages, the EMP and HSC-derived monocytes may also colonize tissues
and may generate macrophages there [34, 51]. In this current model, the adult brain has
predominately primitive-derived macrophages while in other tissues EMP/HSC fetal-derived
macrophages are replaced by adult HSC-derived macrophages in some tissues, while other
tissues are maintained by fetal-derived macrophage self-renewal [66] for review [70].
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Figure 2. Lineage-tracing of macrophages and other hematopoietic cells
Promoters driving ER-Cre are listed above the time of tamoxifen administration except for

the FIt3 promoter which was driving Cre without a temporal limit. Colors in the boxes
indicate levels of labeling. References indicated by the numbers at the bottom of the tables.
Note that calls of strong or weak are based on maximum labeling observed within that
experiment. A. Progressive labeling of cohorts of tissue macrophages and other
hematopoietic cells. Cells whose labeling is best correlated overall are grouped together and
the proposed hematopoietic sources of these cells listed on the left. Fetal macrophages are
divided into three groups. Microglia, fetal brain and broad spread early (E10.5 to E12.5)
macrophages are included in the upper group. The middle group contains fetal-derived adult
tissue macrophages (Liver Kupffer cells, skin Langerhans cells and alveolar macrophages),
E16.5 to E18.5 non-brain fetal macrophages, immunophenotypic EMP and other
components of fetal hematopoiesis. The lower group has adult HSC-derived hematopoietic
cells as well as immunophenotype defined fetal or adult HSC. EMP boxes labeled with *
indicate that these investigators reported EMP labeling with an immunophenotype (Scalhi)
that conflicts with other reports of EMP and early fetal progenitor labeling [5, 92]. B.
Comparison of Runx1 and Tie2 ER-cre labeling experiments. Runx1 is first expressed in
hematopoietic waves as they emerge and then may label less well depending on the
expression of Runx1 in more mature hematopoietic progeny. In contrast, Tie2 is expressed
on all the endothelial-like precursors of hematopoiesis by E7.5 and then is turned off in
hematopoietic cells after they emerge and thus labeling is sequentially lost in primitive
hematopoietic, EMP and finally HSC-derived hematopoiesis, for review [92]. Abbreviations:
Mac=macrophage, Gran=granulocyte, EryD=definitive erythroblasts, HPC= hematopoietic
progenitor cells, Kit+ not HSC. SLAM HSC=lin-Kit+scal+CD150+, LC=Langerhans Cells,
Adult WBC=circulating granulocytes or lymphoid cells.

Semin Immunol. Author manuscript; available in PMC 2017 March 25.



	Abstract
	Graphical Abstract
	1. Introduction
	2. Emergence of hematopoiesis in the fetus
	2.1 Emergence of hematopoietic stem cells
	2.2 HSC-independent hematopoiesis
	2.3 The first wave of HSC-independent hematopoiesis: Primitive
	2.4 Definitive HSC-independent hematopoiesis: Erythro-myeloid progenitors (EMP)
	2.5 Definitive HSC-independent hematopoiesis: Lymphoid

	3. Source of tissue-resident macrophage populations in the fetus
	3.1 Macrophage and monocyte production during development
	3.2 Lineage tracing of macrophage sources
	3.3 Microglia and early primitive hematopoietic-derived macrophages
	3.4 EMP- and HSC-derived fetal definitive hematopoiesis
	3.5 Adult tissue macrophages

	4. Roles for macrophages during embryogenesis
	5. Nomenclature/paradigms
	References
	Figure 1
	Figure 2

