nature reviews immunology https://doi.org/10.1038/s41577-026-01327-w

Review article

M Check for updates

Macrophages inembryonic
development

Samanta A. Mariani®'’ <, Hollie J. Vaughan?, Eva H. Doyle? & Siamon Gordon®*

Abstract

Sections

Macrophages are essential components of the innate immune

system and have crucial roles in host defence, tissue homeostasis and
inflammation. Embryonic macrophages are specialized populations of
macrophages that arise early during development and contribute to
tissue organization, immune system development and homeostasis.
These cells originate from yolk sac and fetal liver progenitors and
colonize various tissues during embryogenesis, becoming long-lived
tissue-resident macrophages. In the embryo, macrophages are involved
inawiderange of developmental processes, including the clearance of
apoptotic cells, regulation of organogenesis and establishment of tissue
integrity. They are also pivotal in the early establishment of immune
tolerance and in the development of the fetal haematopoietic and
immune systems. Plenty of literature covers the role of yolk sac-derived
macrophagesin adult tissues, whereas less is known about their
functionsinthe embryoitself. This Review highlights our emerging
understanding of embryonic macrophages, their origin and their roles
inorganogenesis and development in mice and humans.
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Introduction

The discovery of macrophages dates back to the late nineteenth century
when a Russian scientist, Elie Metchnikoff, first observed these cells
engulfing foreign particles in the body'. The concept of macrophages
has evolved substantially since Metchnikoff’s discovery. The term ‘mac-
rophage’ (which means ‘big eater’) was coined to describe these large
phagocytic cells, which were initially thought to be involved only in
defence against pathogens’. As research progressed, it became appar-
ent that macrophages have a more nuanced role in the immune sys-
tem, participating in both innate and adaptive immunity. They can
recognize, engulf and eliminate pathogens as well as effete host cells
that have died by apoptosis and necrosis, but they can also present
antigensto T cells, facilitating animmune response**. Recent studies
have further highlighted their diverse trophic and cytocidal functions
in various tissues and organs. Tissue-resident macrophages, which
are mostly derived from embryonic precursors, have been found to
have essential roles in maintaining tissue homeostasis*®. These cells
areinvolvedinregulatingimmune responses, promoting tissue repair
and supporting organ function before and after birth’. The paradigm
shift in our understanding of macrophages has also revealed their
involvement in various diseases, including inflammation, cancer and
fibrosis. Macrophages can adopt different phenotypes, ranging from
pro-inflammatory to anti-inflammatory, depending on the tissue con-
text and the signals they receive®. In diseases such as atherosclerosis
and cancer, macrophages can contribute to disease progression by pro-
moting inflammation, tissue damage and metastasis”'°. Conversely, in
conditions such as wound healing and tissue repair, macrophages have
acrucialroleinresolvinginflammation and facilitating regeneration™ .
The complexity of macrophage biology is further underscored by the
discovery of distinct macrophage subsets, each with unique functions
and transcriptional profiles**". The initial approach to identifying
macrophages in mice based solely on F4/80 expression (reviewed in
ref. 16), has now been replaced by the use of complex combinations
of macrophage markers, such as plasma membrane receptors and
secretory products, that enables the identification of subsets of mac-
rophages that are often tissue specific’”', Ongoing research continues
to uncover the intricacies of macrophage biology, highlighting the
need for amore nuanced understanding of their rolesin human health
and disease. Here, we summarize current knowledge on the roles of
macrophages during embryonic development in mice and humans,
with a specific focus on organogenesis.

Macrophages and embryonic haematopoiesis
Embryonic haematopoiesis and macrophage ontogeny
inmice

Aswithmanyfieldsinbiology, much of what we knowabout developmen-
tal haematopoiesis comes from studies in Mus musculus. The prenatal
origins of the murine haematopoietic system have been well character-
ized, especially with the assistance of inducible Cre recombinase-based
fate-mapping models. By using haematopoiesis-associated or
macrophage-associated marker genes (for example, Flt3, CdhS, Csflr,
Cx3crlor Ccr2), these fate-mapping models allow specific labelling of
different haematopoietic progenitor populations at crucial timepoints
during embryonic development. These studies have helped establish
that three waves of haematopoiesis occur in the mouse embryo, all
of which give rise to macrophages (among other cells) (Fig.1). These
waves overlap spatially and temporally, with haematopoietic stem cell
(HSC)-independent progenitors arising in the yolk sac (YS) in the first
two waves, followed by the generation of HSCs in the embryo proper

in the third wave (Fig. 1). The first ‘primitive’ wave of haematopoiesis
beginsaround embryonic day 7.25(E7.25) toE7.5inthe YSblood islands
and sees the production of nucleated erythrocytes, megakaryocytes
and macrophages” . The second wave of haematopoiesis, termed
the ‘transient-definitive’ wave, begins around E8.25 and gives rise
to erythroid—-myeloid progenitors (EMPs) in the YS. Transient-wave
EMPsare CD41°Kit"'CD16/CD32*, Myb-dependent (unlike early YS pro-
genitors) and give rise to macrophages in addition to granulocytes,
monocytes, megakaryocytes, erythrocytes and mast cells'>**%,

A few developmental pathways have been proposed to describe
how YS-derived progenitors give rise to macrophages. One pathway,
described by Mass et al.”? in 2016, proposes that YS-derived EMPs
generate pre-macrophages, which colonize the whole embryo simul-
taneously starting from E9.5 in a Cx3crI-dependent fashion, while
acquiring a pan-macrophage transcriptional programme. Follow-
ing colonization of tissue and acquisition of F4/80 expression (post
E10.5), these macrophages begin to display heterogeneity based on
tissue-specific signals and persist in the postnatal animal®%. Alter-
natively, in 2015, Hoeffel et al.”® presented data suggesting that
second-wave EMPs seed the emerging fetal liver at ~E9.5, generat-
ing fetal monocytes that seed tissues from E13.5, which give rise to
tissue-resident macrophages. They proposed that these macrophages
replace primitive-wave macrophages in most tissues, with the excep-
tionof the brain, which remains populated by primitive-wave microglia
into adulthood* %, Regardless of the developmental mechanism, it
is clear that YS-derived (HSC-independent) progenitors contribute
substantially to both embryonic and postnatal tissue macrophage
populations.

HSCsarise from the haemogenic endothelium of the aorta-gonad-
mesonephros (AGM) region on E10.5, initiating the third ‘definitive’
wave of embryonic haematopoiesis® (Fig. 1). HSCs are defined by their
ability to give rise to all blood cell lineages, including macrophages,
which eventually coexist with HSC-independent blood cells in the
prenatal and postnatal animal*°. HSCs migrate to the fetal liver, then
seed the fetal bone marrow just before birth®. After birth, bone
marrow-resident HSCs give rise to circulating monocytes, which can
berecruited to tissues where they differentiate into macrophages®*.
Fate-mapping and parabiosis studies indicate a lack of HSC-derived
monocyte contribution to many postnatal tissue-resident macrophage
populations and indicate the ability of YS-derived macrophages
to self-renew postnatally with minimal input from HSC-derived
monocytes”>***, However, the extent to which embryonically seeded
YS-derived macrophages are replaced by postnatal monocyte-derived
macrophages varies between and even within tissues**,

Human embryonic haematopoiesis and

macrophage ontogeny

Although mouse models have revealed the detailed mechanisms
and kinetics of mammalian haematopoiesis, we cannot assume mice
mimic human developmental haematopoiesis and macrophage biol-
ogy exactly (see Box 1 for details). As it is not possible to conduct
fate-mapping or similarly invasive studies in humans, much of our
recentexploration of human developmental haematopoiesis hasbeen
enabled by single-cell RNA-sequencing (scRNA-seq)-based characteri-
zation ofembryonictissue collected after elective abortion. Combined
with earlier landmark studies, these scRNA-seq studies suggest that
humanhaematopoiesis generally follows the three-wave pattern seen
inmice®*%, Asin mice, there are at least two distinct HSC-independent
haematopoietic waves initiated in human extra-embryonic tissue with
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Fig.1|Prenatal generation of macrophages during embryonic development
inmice and humans. In both mouse and human embryonic development there
are three main waves of haematopoiesis, all of which produce progenitors

with the capacity to give rise to macrophages. The first two waves occur before
haematopoietic stem cell (HSC) emergence and give rise to progenitors in the
yolk sac. The primitive wave begins generating haematopoietic progenitors
with macrophage potential by embryonic day 7.5 (E7.5) in mice and by Carnegie
stage 7 (CS7) in humans, giving rise to macrophages in mouse yolk sac by E9
and in the human embryo body by CS11. Next, the transient-definitive wave
givesrise tolate erythroid-myeloid progenitors (EMPs) or pre-macrophages
(pMacs) in mice (beginning ~E8.25) and yolk sac myeloid progenitors (YSMPs)
inhumans (present by at least CS11). These progenitors migrate to the embryo
body around E9.5 in mice and CS11in humans (possibly earlier), then seed the fetal
liver (around E9.5 in mice and CS12 in humans) in which they begin to give rise

tomacrophages (by E10.5in mice and CS17 in humans). Many HSC-independent
macrophages persist through prenatal development and contribute to postnatal
tissue-resident populations. Meanwhile, HSCs begin to arise in the aorta-gonad-
mesonephros (AGM) (E10.5 or CS14-CS16) and seed the fetal liver from E11.5

and CS17, after which point the fetal liver is the primary site of haematopoiesis
inthe embryo. The contribution of HSCs to the prenatal macrophage pool is not
well defined, although HSCs certainly have the capacity to generate macrophages.
Haematopoiesis progressively shifts to the bone marrow starting as early as E15.5
inmice and ~-CS23in humans, while tapering off slowly in the fetal liver. The exact
timings of these phenomena are better defined in the mouse thanin humans.
Production of other blood cell lineages also occurs during the period depicted,
but those lineages are not depicted here. Embryos are depicted at E10.5 for mice
and CS14-CS15 for humans.

the capacity to generate macrophages before the emergence of HSCs
(Fig. 1). The first haematopoietic progenitors that display myeloid
potentialare foundinthe YS as early as Carnegie stage 7 (CS7)***°. Mac-
rophagesare detected inthe embryo by CS11and remain one of the most
prevalent haematopoietic cell types until at least CS18 (refs. 36,41).
In 2020, Bian et al.>* demonstrated the existence of YS-derived
myeloid-biased progenitors (YSMPs) in CS11 embryos, before the
emergence of HSCs (Fig. 1). These YSMPs are akin to mouse EMPs in
their ability to generate myeloid cells such as monocytes, macrophages
and neutrophils but display less erythroid potential than mouse EMPs.
YSMPs are CD34°CD44°CD45", express MYB (similarly to late EMPs in
mice) and can be detected in the fetal liver from CS12 (ref. 36).In addi-
tion, a SPINK2'IL7RA" lympho-myeloid progenitor can be detected in
human fetal liver before HSC detection, but how this population con-
tributesto prenatal or adult tissue-resident macrophage populations is

unknown®. Also as in mice, the human definitive haematopoietic wave
isinitiated when HSCs are generated from haemogenic endotheliumin
the AGM from CS14-CS15, then migrate to the fetal liver around CS17
(refs.37,42,43) (Fig.1).

By definition, human HSCs have the capacity to give rise to all
blood cells, including macrophages. As in mice, human macrophages
begin to display heterogeneity after their seeding in specific tissues*.
However, without the ability to conduct fate-mapping in humans, it
is difficult to discern the extent to which different haematopoietic
progenitors contribute postnatally to tissue-resident macrophage
populations. Regardless, it is evident that human macrophages arise
earlyinembryonic development and are generated by multiple distinct
haematopoietic waves. However, more research is needed to thor-
oughly characterize the layered and dynamic origins of macrophages
inhumans.

Nature Reviews Immunology


http://www.nature.com/nri

Review article

Box 1| Major differences between mice and humans in macrophage development

and function

Mouse and human macrophages exhibit substantial differences

in their developmental origins, transcriptional programmes and
functional responses, reflecting species-specific adaptations of

the immune system. This is due to intrinsic macrophage variation
between species, as well as differences in embryonic development
in humans and mice. Factors such as developmental time (days in
mice versus weeks in humans), yolk sac and placenta anatomical
and functional differences between the two species, and the number
of pups or babies per pregnancy, all contribute to differences in
organogenesis and hence macrophage functions'>',

Comparative studies, particularly those using single-cell
technologies, have demonstrated that human macrophage ontogeny
is more heterogeneous, with more complex prenatal waves of
development and tissue-specific differentiation pathways than those
defined in mice®**'. Mouse macrophage biology has historically been
simplified into well-characterized lineages, which do not fully capture
the diversity observed in humans. These developmental differences
are rooted in broader divergences in haematopoiesis; for example,
human haematopoietic stem cell emergence and maturation
follow a more prolonged and complex trajectory compared with
mice, influencing downstream macrophage populations®*'®’, At the
transcriptional level, cross-species analyses reveal that although core
macrophage functions are conserved, there are several differences in
gene expression profiles, particularly in immune signalling pathways

Macrophages in embryonic development

and organogenesis

Once generated, macrophages seed embryonic organs, where they
are needed for tissue development and function (Fig. 2). Below is
asummary of the best-known macrophage roles during embryonic
development, organ by organ, in mice and, where there are available
data, in humans (Fig. 3).

Macrophagesin brain development
Microglia, the tissue-resident macrophages of the brain, are a well-
studied population of organ-specific macrophages. Despite this, their
ontogeny isstill the subject of debate. Inmice, itis well established that
first wave primitive, YS-derived progenitors seed the neural tissue and
form the microglial population®**. However, some literature states that
YS-derived EMPs contribute to the microglial population®. Either way, it
isaccepted that microglia originate from HSC-independent YS-derived
progenitors and persist into adulthood. In humans, microglia infil-
trate the parenchyma around week 5 of gestation following neural
tube development*“. In mice, progenitors first appear in the neural
tube at E9.5, with mature microglia detected from E14.5 (refs. 45,47).
Inmice, microgliaundergo adefined maturation process, involv-
ing distinct CX;CR1-positive and CX;CRI1-negative stages and the upreg-
ulation of master regulators of transcription such as /RF8*5, Despite
this, mature microglia exhibit spatial and temporal heterogeneity.
This heterogeneity points to different developmental roles, with a sub-
population of 1Clec7a’ (Clec7a encodes Dectin-1) late-stage microglia
(E17.5) found associated with white matter and areas of neurogenesis,
suggesting arole in neural tissue development*. Similar patterns are
observed in the human fetal brain*®*°, Other embryonic microglial

and environmental sensing mechanisms. Geirsdottir et al.'™®

showed that primate microglia possess a distinct transcriptional
signature compared with murine counterparts, including

altered expression of genes involved in inflammation and
neurodegeneration. Similarly, evolutionary studies highlight that
certain macrophage-like populations, such as TREM2* microglia-like
macrophages and peripheral nervous system (PNS)-associated
macrophages, either do not exist in mice or have diverged in

their regulatory roles, reflecting species-specific functional
requirements’"?*, Phenotypically, one of the biggest differences is
that human macrophages are not defined by the expression of F4/80,
which is one of the most common macrophage markers in mice'®*'"°.
Functionally, differences in receptor expression, cytokine production
and metabolic programming contribute to distinct activation states
between species, with human macrophages showing greater
plasticity and context-dependent behaviour.

Overall, although mouse models have been invaluable for
elucidating fundamental principles of macrophage biology,
accumulating evidence underscores the necessity of studying
human macrophages directly to capture their unique developmental
pathways, transcriptional diversity and functional complexity,
particularly in the context of disease modelling and therapeutic
targeting strategies.

subsets upregulate expression of the lysosomal enzymes cathepsin B
and cathepsin D, indicating involvementin the clearance of cell debris®".
This is further supported by the presence of phagocytic microglia at
sites of cell death, such as the developing hippocampus®™. Although
microglia were once thought to be essential for synaptic pruning and
neural visual circuits, knockout studies in mice suggest microglia are
dispensable for these roles but remainimportant for synaptic function
and neuronal excitability®* . In mice and humans, microglia are closely
associated with glial colonization of the neural tissue, angiogenesis and
thestructural integrity of the developing brain®*~°. Inaddition, recent
studiesin human embryos have revealed the role of microglia-like cells
in the epidermis at 11 weeks gestation in the differentiation of neural
crest cells*’. Neural crest cells are migratory cells found in the neu-
ral tube during development, and, at this location, are important for
neural plate formation in embryogenesis, as well as the formation of
other key neural structures such as the meninges*"*°.
Border-associated macrophages (BAMs) populate extra-
parenchymal brainregionsincluding the perivascular tissue, meninges
and choroid plexus®’. Fate-mapping studies indicate BAMs originate
fromYS-derived progenitors, with meningeal and perivascular popu-
lations being long-lived, whereas choroid plexus BAMs are replaced
postnatally by bone marrow-derived monocytes*®®*, Although BAMs
and microglia share a common progenitor, mature cells of both
populations are transcriptionally distinct, and it remains unclear
whether cell fate determination occurs before or after tissue seeding
at E9.5 (refs. 47,48,51). During development, BAMs are found near
apoptoticareas, suggesting they may have arolein efferocytosis during
brain development™. Dysregulation of BAMs during embryogenesis has
beenlinked toanincreasedrisk of neurological disorders underlining
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theirimportance during development®***, Although recent discoveries
show that specific developmental processes can occur without micro-
glia, the long-term absence of microglia leads to severe age-related
brain pathology®. Thisindicates that although the absence of microglia
may be compensated for by other cells during development, microglia
arestill needed for overall brain health over a lifetime.

Macrophages in PNS development

Macrophages contribute to the development of the peripheral nervous
system (PNS), with studies in mice indicating heterogeneous develop-
mental origins with contributions from both the primitive YS and the
fetal liver®®®”, Muscularis macrophages are present in the developing
gastrointestinal tract by E12.5in mice and interact with the enteric nerv-
oussystem, supporting development through phagocytosis of enteric
neurons and regulation of neuronal organization®®*’, Macrophages with
similar functions have beenidentified in adult humanintestinal tissue,
although studies are still needed to pinpoint these neuro-associated
macrophages at human embryonic timepoints®,

Outside of the gut, sensory neuron-associated macrophages begin
toseed the dorsal root gangliain mice by E11.5and gestational week 10
inhumans, coinciding with the second wave of neurogenesis and aiding
with axonal organization and tissue patterning’®”". However, there is
apopulation of macrophages associated with the dorsal root ganglia
in humans and other large vertebrates that are not present in mice.
These cells, termed PNS microglia-like cells, share similar ontogeny and
transcriptome profiles to microgliabut reside within the PNS®®”2, They
regulate the growth of neuronal cell bodies and axons and contribute
to the development of sensory circuits.

Macrophages in lung development

Inthelungs, there are two primary macrophage populations — alveolar
macrophages and interstitial macrophages. Alveolar macrophages
reside at the alveolar-capillary interface, where they survey inhaled
particles and pathogens, whereas interstitial macrophages occupy the

interstitial space, contributing to tissue homeostasis’ . In mice, alveo-
lar macrophages originate from fetal monocytes that colonize the lung
around E16.5. These cells begin to show an alveolar macrophage-specific
phenotype during the saccular stage of lung development (-E18.5),
with mature alveolar macrophages found in the alveolar space within
3 daysfollowingbirth. Once established, mouse alveolar macrophages
are long-lived and self-maintain with minimal input from circulating
monocytes; evidence supports thisis true in humans too”’®. However,
some studies in mice indicate that bone marrow-derived monocytes
begin to replenish alveolar macrophages during ageing”’. Either way, it
isagreed thatalveolar macrophages are seeded from fetal monocytes
generated from HSC-dependent definitive haematopoiesis. Alveolar
macrophage differentiation depends on granulocyte-macrophage
colony-stimulating factor (GM-CSF) signalling inducing peroxisome
proliferator-activated receptor-y (PPARY) expression’®. This process
is conserved in humans, with disease arising in patients with defects
in GM-CSF or PPARy signalling’**°. Knockdown studies in mice suggest
that alveolar macrophages are important for lung organogenesis as
well as forimmunosurveillance during fetal development, despite
their late emergence during development®-*,

Initially, interstitial macrophages were believed to be alveolar mac-
rophage precursors, but it is now known that these macrophages are
distinct populations with separate developmental origins. Interstitial
macrophages are initially seeded in mice at E10.5 by primitive YS pro-
genitors, and subsequently by later waves of definitive haematopoiesis
from the fetal liver and bone marrow, resulting in ontogenically and
functionally diverse subpopulations®***, Transcriptomic profiling in
mice has revealed two populations of interstitial macrophages with
clearroles: LYVEI*MHCII"e" interstitial macrophages, which are spe-
cialized for antigen presentation, and LYVE1"&"and MHCII™" interstitial
macrophages, which are associated with wound healing®. Similar
heterogeneity is observed in humans®. The role of such interstitial
macrophage heterogeneity inembryonic lung development is not well
understood, with recent human studies suggesting that interstitial
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Fig.2|Prenatal timing of macrophage seeding in different embryonic
tissues. Macrophage progenitors from different haematopoietic waves
migrate to developing organs, seed tissues and mature before contributing to
organ and tissue functions. The top and bottom panels depict the timings by

which macrophage progenitors seed various tissue sites in humans and mice,
respectively. AGM, aorta-gonad-mesonephros; AM, alveolar macrophages;
E, embryonic day; GW, gestational week; IM, interstitial macrophages; PNS,
peripheral nervous system.
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macrophages do contribute to lung organogenesis but lacking data to
pinpoint their exact role®. Further research is needed to completely
understand how alveolar macrophages and interstitial macrophages
shape the developing lungs.

Macrophagesin heart development

Cardiac macrophages are responsible for tissue repair and phago-
cytotic activity in cardiac tissue. In mice, cardiac macrophages have
been further shown to modulate electrical conduction in the heart®.
Lineage-tracing studies demonstrate that cardiac macrophages
originate in early embryogenesis and derive from both primitive YS
progenitors and fetal monocytes®**. These progenitor cells seed the
cardiactissue fromE8, with cardiac macrophagesidentified from E10.5
onwards®. They have self-renewal capacity and can be maintained
independently of bone marrow-derived monocytes, although some
evidence suggests that they are replaced by bone marrow-derived
monocytes upon injury or ageing®® 2,

Two subsets of embryonic cardiac macrophages have been charac-
terized in mice, with CCR2”macrophages derived from YS progenitors
and CCR2" macrophages from fetal monocytes”. CCR2-macrophages
are implicated in coronary vessel development and remodelling due
to their location at the myocardial wall’**>. The role of CCR2" cardiac
macrophagesinembryonic developmentis less well understood, but
their ability toinduce aninflammatory response in neonates suggests
they may have asimilar role during development®. In humans, cardiac
macrophages with gene signatures analogous to mouse YS-derived
cardiac macrophage populations were found as early as 5-7 weeks
post conception, suggesting aconserved role for cardiac macrophages
inhuman heart development®~°.

A debated topic in the field is whether the endocardium acts as
adenovosource of cardiac macrophages. One study identified apopu-
lation of macrophages arising from the endocardium and implicated
these cells in heart valve formation and remodelling'®°. However,
another study showed that the endocardium contributes minimally
to the cardiac macrophage pool®®. Further research into the area is
needed to understand the true contribution the endocardium makes
tothe cardiac macrophage pool and the full role of these macrophages
in heart organogenesis.

Macrophages in developmental haematopoiesis
In the mouse AGM, macrophages are the most abundant immune cell
type, originating fromYS progenitorsthatseed the AGM by E9.5 (ref.101).
These macrophages are implicated in the ex vivo generation of haemat-
opoietic stemand progenitor cells, but the mechanisminvolved remains
unclear'”, Similar evidence is observed in humans, with macrophage
accumulation in the AGM coinciding with haematopoietic stem and
progenitor cells emergence between 3.5 and 5.5 weeks of gestation'®,
By E11.5in mice (week 6 of gestation in humans), haematopoiesis
shifts to the fetal liver. Macrophages in the fetal liver are a heteroge-
neous population, comprising at least four subtypes as defined by
transcriptomic and proteomic profiling'®>'°*. These cells are YS derived
and have been found to influence both the differentiation and tran-
scriptomic landscape of long-term HSCs'%*. Moreover, the ablation of
YS-derived macrophages accelerates late haematopoiesis in the fetal
liver through extracellular matrix-related changes'®. Macrophagesin
thefetalliver formerythroblasticislands, which are needed for erythro-
blast proliferation and maturationin both mice and humans'®'°, Thus,
macrophagesin the fetal liver are essential for healthy erythropoiesis
and HSC functionality.

From the fetal liver, haematopoiesis shifts to the bone marrow.
In humans, evidence of this is seen from gestational week 12 with
agradual transition that sees the bone marrow becomingthe primary
haematopoietic organaround gestational week 20. The same transition
starts from E17 in mice, with the bone marrow becoming the primary
haematopoietic organ at birth'°*''°, Osteoclasts (bone-specific mac-
rophages originating from YS EMP-derived macrophages) emerge
by E18.5, contributing functionally to the growth of the bone marrow
and, therefore, the HSC niche™. In postnatal and adult tissue, CD169*
and DARC*bone marrow macrophages support HSC retentionin both
mice and humans">'", but there is a lack of data investigating these
dynamics at fetal timepoints. Recent literature suggests embryonic
macrophages contribute to the establishment of the bone marrow
HSC niche postnatally; however, it remains unknown if this is occurring
before birth™.

Macrophages in skin development

Inthe skin, Langerhans cells are specialized cells of the epidermis shar-
ing features of both macrophages and dendritic cells™. Mouse models
have demonstrated that Langerhans cells arise from two developmen-
tal waves: first, Langerhans cells emerge from primitive YS-derived
macrophages that seed the epidermis at E9.5, and second, Langer-
hans cells emerge from fetal liver monocytes that seed the epidermis at
E16.5 (refs.116,117). These progenitors mature and persist throughout
adulthood via self-renewal of cells seeded prenatally”®"®, This is cor-
roborated in human studies showing Langerhans cells in embryonic
skin as early as 7 weeks of gestation'” ', Interestingly, fetal Langer-
hans cells in humans express macrophage-related genes and poorly
resemble adult Langerhans cells, suggesting a difference in ontogeny
between fetal and adult Langerhans cells'”. Although the full role of
Langerhans cells in development is not yet understood, studies indi-
catethey haverolesinangiogenesis, establishment of animmune cell
network and hair follicle formation in mice'"',

The dermisis seeded by dermal macrophages in mouse embryos
from E8.5, with these macrophages showing a dual YS and fetal liver
originthatis similar to what is seen for Langerhans cells. However, in
contrast to Langerhans cells, dermal macrophages, which are criti-
cal for wound healing and angiogenesis during development, are
replenished by bone marrow-derived monocytes in adulthood'**'**.
In humans, macrophages seed the skin around 6 weeks of gestation
and do not initially express antigen presentation-related genes,
suggesting that their presence in early gestation is related to tissue
homeostasis'?. YS-derived TREM2" microglia-like macrophages were
recently identified in the skin during fetal development'*'*, These
microglia-like macrophages express genes related to neural develop-
ment and migration, which are important for the establishment of
the skin PNS'”. Moreover, they are positively associated with scarless
skin healing, a distinctive characteristic of fetal skin not maintained
inadulthood™.

Macrophages inkidney development

In mice, kidney development begins at E10.5, with YS EMP-derived
macrophages seeding the kidney by E12.5 (ref. 21). Following this,
fate-mapping studies show that from E13.5, fetal liver-derived
monocytes populate the kidneys, leading to a predominately
monocyte-derived macrophage population by postnatal week 10
(ref. 90). These cells mostly self-maintain in situ through adulthood,
with minimal contributions from bone marrow-derived monocytes,
unless renal inflammation occurs® ',
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Kidney macrophages are heterogeneous, and at least five different
subsets have been characterized throughout the different niches of renal
tissue™. This heterogeneity contributes to their rolesin development.
Functionally,in humans and in mice, efferocytosis performed by kidney
macrophages during organogenesis contributes to growth and remod-
elling of the tissue™®"'*?, In addition, mouse studies show macrophages
are critical for ureteric bud branching during kidney development, pro-
moting formation of afunctional collecting duct system™. Inhumans,
macrophages areimportant for lymphangiogenesis and angiogenesis
in the kidneys™*. One study, which used a genetic approach to deplete
kidney macrophages, showed they also have arole in nephron progeni-
tor cell clearance and that they contribute to vascular patterninginthe
kidneys of the embryo'. Together, this highlights the multifaceted roles
of macrophagesin kidney organogenesis and development.

Placental macrophages

Theplacenta provides aninterface between mother and fetus by facili-
tating the transfer of nutrients and oxygen via the umbilical cord®®.
It contains two distinct populations of macrophages: Hofbauer cells
(HBCs) of fetal origin and placenta-associated monocytes/macrophages
(PAMMs) of maternal origin.

HBCs, first discovered in the early 1900s, seed the placental villi
before 5 weeks of gestation in humans, and by E10.5 in mice™ *°. The
early appearance of HBCs and PAMMs suggests a primitive haema-
topoietic origin, which is supported by their lack of fetal monocyte
signatures, low cell diversity and phenotype that is akin to primitive
YS-derived macrophages'*. Inaddition to this, recent researchin mice
hasshown a population of HBCs may originate from the placentaitself,
viaendothelial cells with haemogenic potential'*”. Future research will
prove or disprove this theory.

HBCs support placental development, with amajor roleinangiogen-
esisandtissue remodelling, marked by their tendency to secrete vascular
endothelial growth factor (VEGF), osteopontin and other growth factor
molecules'*"**, High expression of scavenger receptors underpins the
roles of HBCsin efferocytosis, placental injury and host defence against
invading pathogensinthe placental villiduringhuman development'* ™%,

PAMM s are present in the placenta within the first trimester of
pregnancy, with most of the research on these cells emerging from
human studies. Owing to the transient nature of the placenta, itis widely
believed that PAMMs originate from maternal bone marrow-derived
monocytes, which infiltrate the placenta from gestational week 10
(ref.148). However, some studies have shown the presence of a specific
population of PAMMs (namely PAMMI1a cells) at earlier timepoints. This
hasled to the suggestion that these cells could originate from migrat-
ing monocytes from the decidua or from preexisting endometrial
macrophages, although this is not awidely accepted hypothesis™ ™",

PAMMI1a cells localize at sites of placental tissue damage in the
first trimester, release tissue repair factors — including matrix met-
alloproteinase 9 (MMP9) and fibronectin — and respond to inflam-
matory signals'*’. When the inflammatory response to the placental
lesion leads to amassive infiltration of macrophages thereis a serious
risk of inflammation-induced miscarriage"*">. Together, HBCs and
PAMMs have vital roles in placental development and, thereby, in the
maintenance of a healthy pregnancy.

Macrophages in vascular development

Asdiscussed in previous sections, macrophages contribute to organo-
genesis also by guiding the development of the vasculature. This phe-
nomenonis observedin both humans and mice across multiple tissues.

In mice, embryonic macrophages express pro-angiogenic gene sig-
natures in the developing kidney, and the ablation of macrophages
demonstrates their contribution to the development of an organized
vascular network in the heart (from E12.5) and kidney (from E11.5)""%,

Alarge-scale scRNA-seq study of human fetal tissue (involving sam-
plesfrom over13 different tissues taken at between 4 and 26 weeks post
conception) detailed the presence of a pro-angiogenic macrophage
population (referred to as ‘PraMs’) across several organs beginning
from CS23. First identified by their pro-angiogenic transcriptomic
signature (with expressed genes including CXCLS8, VEGFA, TNF and
IL1B), these PraMs preferentially localize to the vasculature and pro-
moted angiogenesisin vitro. PraMs are predicted to derive from early
YSMPs and are most prevalent in the skin, lung, heart, kidney and
female gonads, although they were also detected in lower frequencies
inseveral othertissues”. Additional studies have specifically identified
pro-angiogenic macrophagesin the placenta, skin and pancreas'>"*">*,

Insummary, in both mice and humans, macrophages closely asso-
ciate with developing vasculature, secrete pro-angiogenic factors
and guide the organization of the emerging vascular network, thus
facilitating healthy embryonic development. However, the ontogeny of
pro-angiogenic macrophagesis not always clear and may vary between
or within tissues.

Embryonic development in the absence

of macrophages

Assummarized above, during embryogenesis, macrophages areamong
the earliestimmune cells to arise, contributing to tissue patterning, vas-
cular development and organogenesis. This raises afundamental ques-
tion: are macrophages essential for proper embryonic development,
or canthe embryo proceed normally in their absence?

The colony-stimulating factor 1 receptor (CSFIR) is a master regu-
lator of macrophage development. Mice deficient in CsfIr exhibit
profound mononuclear phagocyte depletion, osteopetrosis and
reproductive abnormalities, underscoring the importance of CSFIR
signalling in myeloid ontogeny’*. Similarly, the op/op mouse, which
harbours a spontaneous null CsfI mutation, and Spii (Pu.1)-knockout
mice display a near-complete absence of tissue macrophages*"".
These models have historically formed the basis for attributing key
developmental roles to macrophages.

However, recent studies have begun to challenge the paradigm
of macrophages being indispensable during embryogenesis. Hume
et al.”® demonstrated that despite the absence of macrophages in
CsfIr-knockout ratembryos, gross embryonic and placental develop-
ment proceeds largely unperturbed. This observation suggests that
some developmental processes may be resilient or compensated for
by other celltypes, such as granulocytes or fibroblasts. The complexity
of macrophage functionis further emphasized by enhancer-deletion
models that selectively impair tissue macrophage populations with-
out complete CsfIr ablation. Rojo et al.”*” showed that deletion of
a specific CsfIr enhancer led to tissue-specific loss of macrophages,
providing a nuanced view of their role in tissue morphogenesis. In
line with these findings, human and murine studies reviewed by Hume
et al.”*° reveal a spectrum of developmental phenotypes associated
with CSFIR pathway deficiencies, suggesting context-dependent
requirements for macrophages.

Tissue organization in the absence of macrophages varies con-
siderably. In CSF1-deficient models, defects in bone remodelling and
reproductive tissues are prominent, probably reflecting macrophage
involvement in osteoclastogenesis and gonadal development™>'.
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Conversely, certaintissues seem unaffected, pointing to macrophage
redundancy or compensatory developmental mechanisms. Moreover,
macrophages contribute to extracellular matrix remodelling and apop-
toticcell clearance, processes that subtly influence tissue architecture
and organogenesis".

Although macrophages are not universally required for embry-
onicviability, their absence canresult in tissue-specific abnormalities
and impaired organ maturation. This is confirmed by the evidence of
humandiseaseslinked to aberrant macrophage maturation or function,
suchas defects in brainand skeletal development due to homozygous
CSFIR loss-of-function alleles and the adult-onset leukoencephalop-
athy with axonal spheroids and pigmented glia seen in individuals
with heterozygous CSFIR mutations'®**, Future work using condi-
tional and lineage-specific knockouts will be critical to dissecting the
context-dependent roles of macrophagesin development. The emerg-
ing view is not of macrophages as indispensable architects but rather
asspecialized first-line contributors whose absence may be tolerated
insome developmental contexts but notin others.

Conclusion

Macrophages are highly plastic cells that acquire tissue-specific func-
tions both before and following birth. During embryonic develop-
ment, they are present even before the generation of the first HSCs,

implying apotential role for macrophagesin early development. Invitro
and ex vivo experiments suggest that macrophages act asthe primary
responders toawide range of developmental cues, and their functions
are pivotal for proper tissue functioning and organogenesis. Neverthe-
less, this does not mean that macrophages are essential for all aspects
of mammalian embryonic development. From an evolutionary per-
spective, redundancy is key to guaranteeing the survival of an organ-
ism when essential developmental pathways are malfunctioning. This
is not always possible, and several embryonic lethal mutations have
been discovered over the years; however, it would be detrimental for
an organism to rely exclusively on a single cell type for its develop-
ment. Thus, it is reasonable to assume that, in the absence of mac-
rophages, other cell types would probably compensate to facilitate
proper organogenesis and tissue function. Still, most of what we know
is based on mouse studies that, even if informative, do not perfectly
recapitulate human biology (Box 1). Antigen markers, scRNA-seq and
spatial analytic methods have begunto yield extensive details of mac-
rophage gene and epigenetic expression throughout human develop-
ment. The stage is therefore set to consider the functional relevance
of such findings to the role of macrophagesin the development of the
haematopoietic system and other organ systems in humans. However,
there are stillmany knowledge gaps on human macrophage biology that
we need tofill. Further research is necessary to elucidate the diverse

Box 2 | Open questions and future perspectives

As discussed throughout the Review, macrophages have an important
role in homeostasis during development, mediating phagocytic
clearance and trophic signalling that supports both their own
function as well as the growth and development of other cell types.
Although there is plenty of evidence in mice of the fundamental roles
that macrophages cover in the embryo, little evidence exists that

this is directly translatable to humans. For example, macrophages
have been implicated in peripheral tolerance and may have an
important role in immune privilege in mice”'. However, their potential
contribution to fetal tolerance of maternal antigens remains an open
question in humans. This would be important to characterize because
the interactions of fetal antigen-presenting cells with intracellular
pathogens may contribute to the outcome of intrauterine infection
and the development of autoimmunity.

Further research is needed also to prove the role of human
macrophages in brain development, fibrosis, tissue regeneration and
organogenesis. However, there are several limitations to studying
macrophage biology and ontogeny during human development,
with the most obvious being the paucity of embryonic and fetal
tissues available for research and the impossibility to perform
lineage tracing. Recent single-cell RNA-sequencing studies on
human fetal tissues have driven advancements in the field**'®,
but adding a spatial aspect to this research would better define
macrophage functions by revealing their interactions with their local
microenvironment over time. Macrophage development is highly
dynamic, involving several progenitor intermediates, migration to
specialized niches and reciprocal interactions with other cell types in
the surrounding microenvironment, including the neuro-endocrine
system, vascular endothelia, epithelia, mesenchymal cells and
extracellular matrices. Thus, single-cell RNA-sequencing studies
lacking spatial information cannot comprehensively define the cues

responsible for how macrophages shape, and react to, their changing
microenvironment.

As suggested by others
the biology of human macrophages include in vitro organoids
This technology replicates three-dimensional tissue organization and
facilitates the manipulation of human macrophages in the context
of their microenvironments. Organoids resembling different tissues
could be populated by primary embryonic human macrophages
to better assess their functions. Moreover, a more high-throughput
analysis of macrophage differences could be performed thanks to
induced pluripotent stem cell-derived macrophage cell lines, which
can be genetically modified to resemble the properties of specific
macrophage subsets'”.

Finally, we cannot avoid mentioning the contribution of
artificial intelligence (Al). Al is reshaping how researchers study
embryonic macrophages in humans, mainly by deciphering
complex, high-dimensional datasets that are otherwise difficult to
interpret. Embryonic macrophage function is regulated not only by
transcriptional programmes but also by epigenetics, spatial context
and metabolic state. Machine learning frameworks can combine
RNA sequencing, assay for transposase-accessible chromatin (ATAC)
sequencing, proteomics and spatial transcriptomics to build a more
complete picture of how these cells behave in situ. Another important
contribution is predictive modelling. Al can be trained to simulate
how embryonic macrophages respond to environmental cues,
allowing researchers to test hypotheses in silico before validating
them experimentally. This is especially useful in human systems, in
which experimental access to embryonic tissue is limited. Overall, Al
does not replace experimental work but can accelerate discovery by
uncovering patterns, generating hypotheses and integrating diverse
data into coherent models of embryonic macrophage function.

72, additional methods to better study
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roles macrophages have during development and to identify the cell
types that compensate for their absence in humans (Box 2). For now, it
isevident that macrophages are fascinating cells capable of performing
abroader range of functions than their name suggests.
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