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Abstract

Macrophages are innate immune cells that form a 3D network in all our 
tissues, where they phagocytose dying cells and cell debris, immune 
complexes, bacteria and other waste products. Simultaneously, they 
produce growth factors and signalling molecules — such activities not 
only promote host protection in response to invading microorganisms 
but are also crucial for organ development and homeostasis. There 
is mounting evidence of macrophages orchestrating fundamental 
physiological processes, such as blood vessel formation, adipogenesis, 
metabolism and central and peripheral neuronal function. In parallel, 
novel methodologies have led to the characterization of tissue-specific 
macrophages, with distinct subpopulations of these cells showing 
different developmental trajectories, transcriptional programmes and 
life cycles. Here, we summarize our growing knowledge of macrophage 
diversity and how macrophage subsets orchestrate tissue development 
and function. We further interrelate macrophage ontogeny with their 
core functions across tissues, that is, the signalling events within 
the macrophage niche that may control organ functionality during 
development, homeostasis and ageing. Finally, we highlight the open 
questions that will need to be addressed by future studies to better 
understand the tissue-specific functions of distinct macrophage subsets.

Sections

Introduction

Ontogeny and tissue-specific 
function

Conserved functions across 
tissues

Organ-specific immunity

Outlook and future directions

1Developmental Biology of the Immune System, Life and Medical Sciences (LIMES) Institute, University of Bonn, 
Bonn, Germany. 2Division of Genetics, Department of Biology, University of Erlangen-Nürnberg, Erlangen, 
Germany. 3Institute of Neuropathology, Faculty of Medicine, University of Freiburg, Freiburg, Germany. 4Centre 
for Integrative Biological Signalling Studies, University of Freiburg, Freiburg, Germany. 5Centre for Basics in 
NeuroModulation (NeuroModulBasics), Faculty of Medicine, University of Freiburg, Freiburg, Germany. 6Quantitative 
Systems Biology, Life and Medical Sciences (LIMES) Institute, University of Bonn, Bonn, Germany. 7These authors 
contributed equally: Elvira Mass, Falk Nimmerjahn, Katrin Kierdorf, Andreas Schlitzer.  e-mail: elvira.mass@
uni-bonn.de

http://www.nature.com/nri
https://doi.org/10.1038/s41577-023-00848-y
http://crossmark.crossref.org/dialog/?doi=10.1038/s41577-023-00848-y&domain=pdf
http://orcid.org/0000-0003-2318-2356
http://orcid.org/0000-0002-5418-316X
http://orcid.org/0000-0002-9272-4780
mailto:elvira.mass@uni-bonn.de
mailto:elvira.mass@uni-bonn.de


Nature Reviews Immunology | Volume 23 | September 2023 | 563–579 564

Review article

homeostatic functions within these organs. We then examine recent 
advances in our understanding of macrophage life cycles and hetero-
geneity within distinct anatomical niches and discuss the conserved 
core functions of macrophages across tissues, which are vital in 
maintaining organ-specific function and immunity. Finally, we depict 
methodologies and models that have been instrumental in improv-
ing our knowledge of macrophage biology and emphasize strategies 
that should be used to study macrophage functions in the future. 
In summary, we lay out how progress in discovering and character-
izing macrophage ontogeny and identity, as well as in characterizing 
macro phage core functions beyond their inflammatory responses, will 
have vast implications for our understanding of tissue development,  
function and integrity.

Ontogeny and tissue-specific function
Macrophages develop during embryogenesis in both vertebrates and 
invertebrates (Box 2). In mice, starting at embryonic developmental 
day 8.5 (E8.5), yolk sac erythro-myeloid progenitors (EMPs) give rise to 
pre-macrophages (pMacs) that colonize embryonic tissues from E9.0 
onwards and differentiate into tissue-specific macrophages during 
organogenesis2,4. EMPs also give rise to monocytes, which additionally 
contribute to the pool of tissue-specific macrophages3–5. Most tissue-
resident macrophages proliferate locally and are long-lived during 
steady-state adulthood6–8. Additionally, starting at early postnatal 
stages, every organ harbours monocyte-derived macrophages (MDMs) 
that can have different life cycles and either become long-lived or are 
shorter-lived and constantly replenished from bone-marrow HSCs6,9 
(Fig. 1). Although fetal-derived tissue-resident macrophages and MDMs 
represent two independent haematopoietic lineages, most studies 
before the 2010s do not distinguish between these two independent 
macrophage lineages. Thus, the distinct origins and functions of fetal-
derived macrophages and MDMs within the same tissue during steady-
state conditions, after a challenge (such as an environmental trigger, 
sterile immune activation or an infection), and during or after tissue 
regeneration remain largely unknown.

In the following sections, we highlight studies characterizing 
macro phage ontogeny in different tissues during homeostasis, which 
has been the focus of many laboratories worldwide in recent years, 
using the ever-growing toolbox to track macrophages. We also empha-
size the well-known and newly discovered functions of macrophages 
in tissue development and function. Studies using bone-marrow  
chimaeras in combination with (sub)lethal irradiation or depletion of 
tissue-resident macrophages via pharmaceutical or genetic ablation  
have been very informative in addressing macrophage development 
and function during adulthood. Nevertheless, these studies may 
not always represent a homeostatic state owing to the induction of 
extensive apoptosis leading to local as well as systemic inflammation 
(discussed elsewhere10). However, with the advent of fate-mapping 
mouse models, such as Runx1CreERT (ref. 11), Cx3cr1Cre and Cx3cr1CreERT 
(ref. 6), Csf1rMeriCreMer (ref. 8), Flt3Cre (ref. 4), Tnfrsf11aCre (ref. 2), Ms4a3Cre 
(ref. 12), Cxcr4CreERT (ref. 13), KitMerCreMer (ref. 14) and Ccr2CreER (ref. 3), enabling 
the tracking of macrophages and their progenitors from the different 
lineages, macrophage fate can now be followed longitudinally starting 
from their initial development until their final differentiation under 
homeostatic conditions. This, in turn, allows us to study the similari-
ties and dissimilarities in the behaviour of macrophages of distinct 
developmental origins within a defined tissue context and, ultimately, 
define their contribution to tissue development, homeostasis and 
integrity.

Introduction
In multicellular organisms, cells constantly send and receive signals to 
coordinate body functions. At the level of tissues or organs, cells can 
orchestrate tissue function locally by signalling through receptors, 
producing soluble mediators or by regulating the extracellular matrix 
(ECM) composition. Certain cell types are essential for tissue struc-
ture and integrity, such as epithelial cells that create barriers and sur-
faces, endothelial cells that line the blood vasculature and fibroblasts 
that synthesize ECM and collagen. In addition to these structural cell 
types, macrophages are integral to every organ1,2. For decades, it was 
thought that macrophages are a relatively homogeneous population of 
mononuclear phagocytes arising from bone-marrow haematopoietic 
stem cells (HSCs), with their primary function being to protect organs 
during infections1. However, the development of novel fate-mapping 
mouse models allowed for longitudinal tracking of macrophages 
from their progenitors into their mature cellular state within their 
organ of residence. Combined with systems biology approaches, these  
methodologies have changed our view of macrophage biology entirely 
in the past decade.

Macrophages arise early during embryogenesis and colonize 
developing organs, forming a 3D network within every tissue. These 
tissue-resident macrophages have a high self-renewal capacity and 
generally do not require input from HSCs1. During postnatal tissue 
maturation, however, HSC-derived monocytes contribute to distinct 
macrophage populations in many tissues, with some tissue-specific 
macrophages (Box 1) being dependent on constant monocyte replen-
ishment during adulthood3. This creates a complex scenario in which 
fetal-derived and HSC-derived macrophages coexist in certain tissues 
and contribute to tissue function both during steady state and in infec-
tion and inflammation. Despite their omnipresence in all organs during 
development and steady-state conditions, the cellular and molecular 
responses of macrophages have been mainly studied on a tissue popu-
lation basis and in the context of inflammation. However, a systematic 
analysis of distinct macrophage subpopulations within one tissue, 
their roles in organogenesis and homeostasis and macrophage core 
functions beyond their inflammatory or infection-related responses 
is largely lacking.

In this Review, we discuss examples of how macrophages develop 
in barrier and internal organs and describe their roles in regulating 

Box 1

Macrophage diversity across 
organs and tissues
Although tissue-resident macrophages can be identified by a 
combination of a few pan-macrophage markers in every tissue 
(for example, CD11b, F4/80, MERTK and CD64), each subtissular 
niche in different organs imprints an additional transcriptional 
programme2,16,91,124,125,174; this enables the stratification and analysis of 
macrophage subpopulations via flow cytometry profiling. Previous 
reviews and papers have documented different markers for these 
tissue-specific macrophages; thus we will not describe these in 
detail in this Review, but refer to other extensive reviews focusing  
on macrophage diversity and expression profiles55,78,88,140,175–179.
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Macrophages in internal organs and tissues
Macrophages are an integral part of all organs and tissues (Box 3), and 
new studies on this topic are appearing on a daily basis. Thus, we are 
not able to cover all organ systems, but instead will focus on specific 
examples to reflect the important activities of macrophages for organ 
and tissue development and functionality.

Central nervous system macrophages. The best-studied tissue with 
regards to macrophage ontogeny and function is probably the central 
nervous system (CNS). In the CNS, different populations of tissue-
resident macrophages are found in defined anatomical niches: micro-
glia in the CNS parenchyma and other macrophage populations occupy 
the CNS interfaces (we refer to these as CNS-associated macrophages, 
CAMs) including ventricles, meninges and perivascular space. All fate-
mapping models used so far in mice indicate that microglia undergo 
a stepwise differentiation process from EMPs to pMacs, which then 
colonize the CNS2,15,16. Recent studies showed that pMacs can be further 
separated into two subsets by the gene and surface expression of the 
mannose receptor C type 1 (MRC1)17,18, and this molecule most likely 
represents a maturation  marker of macrophage progenitors. Studies 
using the fate-mapping model Mrc1CreERT showed that MRC1+ pMacs 
make a high contribution to microglia in the developing CNS17. Overall, 
microglia develop without any contribution from HSCs during the 
steady state, meaning that the whole adult population of microglia is 
derived from fetal progenitors8,11. Once settled in the CNS, the micro-
glial population maintains itself via cell-autonomous proliferation7,19. 
Adult microglia are long-lived cells that only show rare proliferation 

throughout their lifespan to maintain the steady-state network20,21. 
Once they have become established in their tissue niche, microglia 
rely on defined niche factors released by local tissue cells, enabling 
their maturation to serve specified functions during CNS develop-
ment and homeostasis. The two colony-stimulating factor 1 receptor 
(CSF1R) ligands, colony-stimulating factor 1 (CSF1) and IL-34, released 
by neurons and astrocytes, respectively22–24, are essential to maintain 
mature microglia in the adult CNS niche in a regionally defined man-
ner. Interestingly, embryonic microglia seem to be solely dependent 
on CSF1. The regional heterogeneity of the expressed CSF1R ligands is 
only established during postnatal development in which grey matter 
microglia become dependent on IL-34 and white matter microglia, 
such as cerebellar microglia, rely on CSF1 expression23. Dictated by the 
surrounding niche cells, microglia are instructed to perform specific 
tasks during development and steady state. In the homeostatic CNS, 
microglia support their defined tissue niche by constantly surveilling 
their tissue environment25,26 and are therefore performing essential 
tasks in neuronal network maintenance27 and supporting surrounding 
neuroglia28 and vessel integrity29. During development, microglia are 
involved in essential tissue niche functions in the CNS that are depend-
ent on their sub-anatomical location and include guidance of vessel 
growth30, synaptic pruning31,32 and oligodendrogenesis33,34. Many stud-
ies using microglia depletion, either by using pharmaceutical inhibitors 
or transgenic approaches, have further highlighted context-specific 
functions of microglia within their tissue niche (reviewed elsewhere35).

Similar to microglia, most CAMs are also derived from EMPs18,36,37. 
Leptomeningeal and perivascular macrophages seem to be solely 

Box 2

Macrophages across species
Phagocytes are an old evolutionary concept, found in most metazoan 
animals and involved in immune defence and tissue homeostasis, 
as initially recognized by the pioneering work of Elie Metchnikoff in 
starfish larvae180. The fruitfly, Drosophila melanogaster, is increasingly 
recognized as an invertebrate model for immunological research181,182 
with an immune system recapitulating basic concepts of innate 
immunity183,184. Drosophila ‘blood cells’ (haemocytes) consist of 
lamellocytes (encapsulation), crystal cells (melanization) and 
the macrophage-like plasmatocytes, which make up to 95% of 
haemocytes and have similar functions to vertebrate macrophages185. 
A plethora of disease models, in combination with a magnificent 
genetic toolbox, makes Drosophila an ideal surrogate to study 
macrophages. Haemocytes follow a stratified development 
from different haematopoietic sources, the embryonic head 
mesoderm and the larval lymph gland, instructed by defined master 
transcription factors186. Although differentiation of plasmatocytes 
from pro-haemocytes in the lymph gland resembles the vertebrate 
development of myeloid cells from haematopoietic stem cells, the 
development of plasmatocytes from embryonic head mesoderm 
patterns the differentiation of vertebrate tissue-resident macrophages 
from erythro-myeloid progenitors186. In larvae, ‘circulating’ and 
tissue-resident plasmatocytes have been described187,188. Resident 
plasmatocytes share similar functions to vertebrate macrophages 

in defined tissue niches, such as removal of apoptotic cells from the 
developing embryonic nervous system or maintaining homeostasis 
of surrounding niche cells such as sensory neurons in larval body 
wall pockets189. Recently, high-throughput profiling of haemocytes 
allowed assessment of the functional diversity and specification 
of plasmatocytes190–193. The next step is the characterization of 
plasmatocyte subpopulations that inhabit distinct subtissular niches, 
similar to tissue-resident macrophages in vertebrates. Furthermore, 
homeostatic and disease-specific functions of plasmatocytes are 
recapitulated in vertebrates, including their role in high-fat diet-
induced inflammation or fat body development194,195. Thus, Drosophila 
offers a unique surrogate system with an unlimited genetic toolbox to 
the macrophage field, which could empower many studies analysing 
conserved macrophage functions across species. In addition, 
humanized mouse models, in which human fetal-derived or cord 
blood-derived haematopoietic stem cells or precursors of myeloid 
cells are injected into immunodeficient mouse strains, have become 
important tools to study human macrophage development and 
function196–200. Indeed, these studies allow demonstrating how human 
monocyte-derived macrophages repopulate mouse tissues and  
to what extent they can develop into or mimic their fetal-derived 
tissue-resident counterparts199,200.
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derived from embryonic sources with no contribution of HSC-derived 
progenitors and no exchange by circulating monocytes during adult-
hood. A recent study further delineates that microglia, leptomeningeal 
and perivascular macrophages originate from the same EMP-derived 
MRC1+ macrophage progenitor arising in the yolk sac around E9.0/9.5 
(ref. 17). Interestingly, the ventricular macrophage compartment is more 
heterogenous in its ontogeny. Stromal choroid plexus macrophages are 
initially derived from embryonic progenitors but postnatally replaced 
by circulating monocytes36,37. Intraventricular macrophages, including 
the Kolmer epiplexus cells, remain of embryonic origin throughout 
life36. Even though leptomeningeal macrophages are maintained by 
local proliferation throughout adulthood, dural macrophages, at least 
partially, are replenished by monocytes36. Interestingly, it was recently 
shown that the skull and vertebrae bone marrow can serve as a direct 
reservoir not only for MDM progenitors during neuroinflammation, but 
also for dural macrophages during steady state. These MDM progeni-
tors can directly migrate from the adjacent bone-marrow cavities via 
dural channels to the inflamed CNS parenchyma and leptomeninges 
without trafficking through the blood circulation38,39. Previous studies 
suggested that all CAMs embed within their specific tissue niches dur-
ing embryonic development18,37, but recent findings have challenged 
this view and demonstrated that this is not the case for perivascular 
macrophages. The anatomical niche of perivascular macrophages — 
that is, the Virchow-Robin/perivascular space — is only opened along 
the brain arteries in the first week of postnatal life in mice. Its open-
ing is followed by the entry of leptomeningeal macrophages into the 
perivascular space, which give rise to perivascular macrophages along 
the brain vasculature, where the cells then further adapt to the anatomi-
cal tissue niche17. The roles of perivascular macrophages in this unique 

anatomical niche need to be further determined during development, 
homeostasis and in disease.

Bone-marrow macrophages. The bone-marrow harbours at least 
three macrophage populations whose functions are well understood40, 
although their ontogeny is less clear: erythroblastic island (EBI) macro-
phages, osteomacs and osteoclasts. EBI macrophages are essential 
in red blood cell formation, adhesion and in clearance of expelled 
nuclei41. Osteomacs modulate osteoblast function42,43 and, in synergy 
with megakaryocytes, support the HSC niche44. Osteoclasts are a highly 
specialized macrophage population within the bone marrow respon-
sible for bone resorption, and their dysfunction leads to the closure 
of the bone-marrow cavity, a process called osteopetrosis45. Thus, 
osteoclast function is, at least indirectly, essential for the establish-
ment and maintenance of the HSC niche46. Furthermore, osteoclasts 
have been suggested to directly enhance HSC mobilization47, reten-
tion48, proliferation and differentiation49. Osteoclasts are multinucle-
ated giant cells that were considered to develop from fusion events of 
myeloid progenitors or monocytes50. However, recent fate-mapping 
studies in combination with parabiosis and monocyte transfer experi-
ments indicate that during homeostasis, neonatal osteoclasts develop 
from EMPs, that they are long-lived and during adulthood represent a 
chimeric cell regarding their ontogeny as they integrate HSC-derived 
monocyte nuclei throughout life (acquiring approximately one nucleus 
every 8 weeks)51. The particular mechanisms at play in deciding which 
of the, on average, five nuclei remain within the osteoclasts or are 
expelled remain elusive. The ontogeny and functional heterogeneity 
of EBI macrophages and osteomacs have not been addressed so far and 
will require a thorough histological assessment in combination with 
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Fig. 1 | Contribution of distinct macrophage subsets to tissue function. 
a, Distinct developmental arms of tissue macrophages. Yolk sac erythro-myeloid 
progenitors (EMPs) give rise to pre-macrophages (pMac) and monocytes that 
can differentiate into long-lived tissue-resident macrophages. By contrast, 
haematopoietic stem cells (HSCs) can give rise to short-lived and long-lived 
macrophages during early postnatal stage and during adulthood. b, EMP-derived 
and HSC-derived macrophages contribute to the function of tissue via cell–cell  

crosstalk with specialized tissue cells. Tissue development relies entirely 
on EMP-derived macrophages. During homeostasis, distinct macrophage 
subpopulations crosstalk with tissue cells to support tissue function. Upon 
ageing or pathological inflammation, the fine-tuned balance of macrophage 
distribution in the tissue is disturbed triggering, for example, apoptosis of 
long-lived macrophages, or increased recruitment of short-lived HSC-derived 
macrophages, thereby leading to tissue dysfunction.
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fate-mapping models owing to the high cellularity of the tissue and tight 
cellular interactions, which may confound flow cytometry analyses52. 
In addition to these three well-defined macrophage subsets, it is clear 
that bone-marrow-resident macrophages play a crucial role in remov-
ing apoptotic immune cells, such as developing B cells, which undergo 
selection for functional B cell receptors in the bone marrow. Simi-
larly, bone-marrow-resident macrophages mediate phagocytosis of  
opsonized target cells53,54. Identifying the developmental origin  
of these different macrophage subsets, as well as defining their spa-
tial distribution and functional overlap with EBIs, will be of major 
interest to fully understand the complexity of bone-marrow-resident  
macrophage subsets.

Liver macrophages. The liver was recently shown to harbour mac-
rophage populations other than the well-known Kupffer cells and liver 
capsular macrophages (LCMs), namely, central vein macrophages and  
lipid-associated macrophages55. Kupffer cells are EMP-derived4,12,  
and in an adult liver, they line the sinusoids, where they are exposed to a 
constant blood flow from the portal vein. Thus, they are primarily seen  
as immunological gatekeepers, clearing cell debris, mediating anti-
microbial defence and promoting immune tolerance. Additionally, they  
phagocytose senescent erythrocytes and are involved in systemic iron 
and cholesterol metabolism56. Furthermore, Kupffer cells were shown 
to mediate the activity of cytotoxic antibodies targeting malignant 
cells in the blood, which are widely used in the therapy of cancer and 

autoimmune diseases57. LCMs represent a minor population, compris-
ing less than 10% of all hepatic macrophages. In adult mice, they are 
mostly monocyte-derived, expand around the time of weaning and 
form a defensive line against peritoneal cavity pathogens58. Intrigu-
ingly, a more recent fate-mapping study using the Ms4a3Cre model12 indi-
cated only a ~30% contribution of monocytes to LCMs, suggesting that 
their ontogeny may be more complex than anticipated. Moreover, the 
time point of appearance within their specific niche, the transcriptional 
factors defining their identity and their functions in organogenesis 
remain to be defined.

By contrast, the developmental trajectory and factors driving the 
specification of Kupffer cells are well understood2. Using the Kupffer 
cell-specific transgenic mouse line Clec4fCre developed by the Glass59 
and Guilliams60 laboratories, the intrinsic and environmental factors 
driving Kupffer cell differentiation after depletion were elegantly stud-
ied59–61. Furthermore, changes in Kupffer cell identity during metabolic 
challenges — such as in response to high-fat, high-sugar and high-
cholesterol diets — and the impact of these changes on liver metabolism 
were investigated62–64 (reviewed elsewhere55). However, to the best of 
our knowledge, how Kupffer cells contribute to liver metabolism during 
homeostatic conditions in vivo has been addressed in only one study, 
which showed that gluconeogenesis and lipogenesis are controlled 
via Kupffer cell-derived insulin-like growth factor-binding protein 7 
(ref. 65). Considering that Kupffer cells migrate out of the parenchyma 
towards the sinusoids only around weaning age and that the adult liver 

Box 3

Do we need macrophages?
Macrophages seem to be an obligatory cell type of every 
mammalian organ. If adult macrophages are transiently depleted, 
the ‘empty’ niche will ‘call’ for monocytes that quickly differentiate 
into macrophages and assume tissue-specific transcriptional 
programmes, thereby resembling resident macrophages to a high 
degree59,61,161–163. One exception is the brain, which is protected 
through the blood–brain barrier. After colony-stimulating factor 1 
receptor (CSF1R) inhibitor treatment in the steady-state brain, clonal 
expansion of a few remaining microglia (~1%) leads to repopulation 
of the whole brain microglial cell compartment within a few days20. 
Using different rodent models, such as Csf1r−/− (refs. 201–203), Csf1FIRE/FIRE  
(ref. 204), Csf1op/op (ref. 203) and Il34lacZ/lacZ (ref. 22), showed that 
macrophage survival depends mainly on CSF1R, which has two 
ligands: CSF1 and IL-34. Removal of only one ligand leads to selective 
lack or reduction of certain macrophage populations, whereas 
depletion of the receptor results in a complete lack of macrophages 
in most tissues (reviewed elsewhere205). Although different rodent 
species (mouse versus rat) and inbred genetic backgrounds lead 
to some differences in phenotypes, for example, lack of microglia 
causes brain malformations only in C57BL/6 mice, the bone and 
visceral adipose tissue seem to be dependent on macrophage 
function during embryogenesis51,195,201,205. Definitive confirmation  
that mammals depend on proper macrophage development  
and function comes from humans with homozygous CSF1R loss-
of-function alleles — these individuals show developmental brain 

defects owing to lack of microglia as well as severe osteopetrosis 
and skeletal dysplasia206–208. Furthermore, heterozygous CSF1R 
point mutations are associated with autosomal dominant adult-
onset leukoencephalopathy with axonal spheroids and pigmented 
glia209,210, a progressive degenerative white matter disorder, 
highlighting the importance of microglia for brain development and 
homeostasis. Finally, CSF1R blockade in humans, applied to deplete 
tumour-associated macrophages, resulted in facial oedema and 
elevated hyaluronan in peripheral blood211, underlining the need 
for undisturbed macrophage function in tissue and organismal 
homeostasis. Other examples underlining the contribution of tissue-
resident macrophages to human tissue homeostasis are the loss of 
epidermal Langerhans cells in patients suffering from acrodermatitis 
enteropathica caused by nutritional zinc deficiency212, or the loss of 
alveolar macrophages in patients suffering from primary pulmonary 
alveolar proteinosis owing to defective granulocyte–macrophage 
colony-stimulating factor signalling213. In mouse models, the 
absence of tissue-resident synovial lining macrophages resulted 
in an exacerbated immunopathology in rheumatoid arthritis157. In 
summary, organ maturation and tissue function most likely require 
macrophages. However, we are just at the beginning of deciphering 
macrophage core functions that continuously contribute to the 
homeostasis of their neighbouring tissue cells, thereby maintaining 
tissue function and integrity.
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architecture is not fully established before 8 weeks of age66, their role in 
liver development during gestation and liver maturation and zonation  
at neonatal and early postnatal stages remains to be investigated.

Although the ontogeny of adult Kupffer cells has been estab-
lished as EMP-derived, their functional division into two subpopula-
tions (referred to as ‘KC1’ and ‘KC2’) has recently become a matter of 
debate67–70. Owing to their unique anatomical position in the sinusoids, 
where they attach to endothelial cells, common single-cell isolation 
procedures may not allow for unequivocal discrimination of Kupffer 
cell subpopulations from Kupffer cells that carry some membrane 
cargo from endothelial cells or the other way around68. Of note, the 
tight interaction of macrophages with neighbouring cells is a common 
contamination problem when freshly isolated cells are studied via bulk 
or single-cell RNA sequencing (RNA-seq)52,71. Thus, RiboTag71 or single-
nucleus RNA-seq approaches70,72 in combination with image-based 
analyses such as imaging flow cytometry52,69 and 3D microscopy (for 
example, focused ion beam scanning electron microscopy73) should 
become a standard methodology to discriminate true macrophage 
subpopulations from contamination or dynamic transcriptional 
macro phage states defined by cargo phagocytosed from their environ-
ment. The developmental trajectories, cellular dynamics and functions  
of central vein macrophages and lipid-associated macrophages70, 
particularly during liver development and liver homeostasis, remain 
to be investigated.

Characterizing the ontogeny of tissue macrophages is an emerging 
field as it becomes evident that this may correlate with macrophage 
function. Thus, the list of studied organs using the aforementioned 

fate-mapping mouse models is expanding. For example, studies in 
the kidney indicate a 50:50 ratio of fetal-derived versus adult bone-
marrow-derived macrophages (reviewed elsewhere74), muscle has been 
shown to have 60% HSC-derived cells at 24 weeks of age75 and studies 
of the placenta indicate a majority of Hofbauer cells stem from EMPs76. 
However, owing to the developmental continuum of fetal macrophage 
progenitors (for example, EMPs are present in the yolk sac from E8.5 
until E10.5 and in the fetal liver at least until E14.5 (refs. 4,77)), their 
overlapping expression of markers (for instance, c-KIT and CSF1R are 
expressed on both EMPs and HSCs) and the variable labelling efficien-
cies of the models, the origin of mature postnatal macrophages in 
many organs remains to be investigated (see also the section discussed 
subsequently on ‘Macrophage development throughout life’).

Macrophages in barrier tissues
Lung macrophages. The lung is constantly exposed to the environment  
via air and, thus, to exogenous cues that shape its cellular environ-
ment. Within the homeostatic lung, at least three major macrophage 
populations can be found, separated by their anatomical location: 
alveolar macrophages within the air-exposed space of the alveolus and 
two to three interstitial macrophage populations within the interstitial 
regions of the lung (reviewed elsewhere78). Alveolar macrophages are 
the major macrophage population in the lung (in which they are 5–10 
times more abundant than interstitial macrophages), and they reside 
within the air-exposed space of the alveolus, tightly attached to epi-
thelial cells. The alveolar macrophages are the major gatekeepers and  
housekeepers of the alveolus, where they phagocytose cellular  
and pathogenic debris and clear mucus material from the alveolus, 
an essential task to allow gas exchange within the healthy lung78. They 
colonize the lung during embryogenesis and have a high self-renewal  
capacity2,6,12,79. This self-renewal capacity is imprinted on the developing 
alveolar macrophage compartment at the neonatal stage by neutrophil-
derived 12-hydroxyeicosatetraenoic acid80. Furthermore, monocytes 
can contribute substantially to the alveolar macrophage repertoire 
during ageing or after inflammatory episodes. The functional impact of 
resident alveolar macrophage replacement by monocyte-derived cells 
remains severely understudied and its role in subsequent lung disease 
remains to be discovered12,81,82. Alveolar macrophage development and 
maintenance depend on granulocyte–macrophage colony-stimulating 
factor (GM–CSF) produced by type II airway epithelial cells79. Conse-
quently, the mouse model of GM–CSF deficiency79 and GM–CSF recep-
tor (CSF2R) mutations in human patients83 lead to pulmonary alveolar 
proteinosis, highlighting the importance of alveolar macrophages for 
organ homeostasis.

Lung interstitial macrophages can be subdivided into two  
(LYVE1highMHCIIlow and LYVE1lowMHCIIhigh)84,85 or three3,86 (based on the 
expression of TIM4, LYVE1, FOLR2, CCR2 and MHCII) main populations. 
Their ontogeny remains debated3,84–86, with the current view of a fetal 
origin for all interstitial macrophages and different rates of monocyte 
replenishment within distinct interstitial macrophage populations 
during adulthood78. In contrast to alveolar macrophages, interstitial 
macrophage development has been shown to critically depend on 
steady-state CSF1R signalling rather than CSF2R signalling85,87. Intersti-
tial macrophages share a common IL-10 production signature but differ 
in their capacity to present antigen. LYVE1lowMHCIIhigh macrophages are 
associated closely with nerve bundles or endings and highly express 
pro-inflammatory molecules such as Il1b and Cxcl12, whereas LYVE-
1highMHCIIlow interstitial macrophages are in proximity to blood vessels 
and express an immunoregulatory signature, including Tgfb2, Plaur 
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and Fcna84. Nerve-associated interstitial macrophages were shown to 
be critical for regulating immune responses and tissue homeostasis 
following exposure to inflammatory stimuli in the lung85. Functionally, 
absence of LYVE1highMHCIIlow interstitial macrophages has been shown 
to worsen experimental bleomycin-induced lung fibrosis, which is likely 
linked to their immunoregulatory role84. Further analysis is needed to 
reveal the physiological tasks and microanatomical niches of interstitial 
macrophages during lung homeostasis.

Gut macrophages. The gut harbours a complex pool of macrophages 
within its anatomical layers (reviewed elsewhere88). Anatomically, 
the large and small intestines can be subdivided into the epithelial 
region, lamina propria, submucosa and the muscularis externa. Early 
work elucidating the intestinal macrophage network focused on  
the epithelial and lamina-propria-associated macrophages found in the 
large and small intestines. Lamina-propria-associated macrophages are 
initially fetal-derived and are rapidly replaced after birth by short-lived 
monocyte-derived macrophages in a CCR2-dependent manner89 and 
require live microbiota to thrive90. Interestingly, more recently, this 
uniform view of a short-lived monocyte to macrophage trajectory was 
challenged by the identification of long-lived macrophage subsets 
within the lamina propria, which are defined by TIM4 expression90. 
Within the intestinal environment, immunoregulatory cytokines, such 
as IL-10 and transforming growth factor-β, are abundantly expressed 
by resident macrophages, guarding the differentiation trajectories 
of newly differentiating monocytes to macrophages through RUNX3 
and KLF10 (refs. 91,92). To maintain physiological organ function, small 
intestinal lamina-propria-resident macrophages sample antigenic and 
apoptotic material both in the lumen and within the lamina propria, 
phagocytose surrounding material and support epithelial stem cell pro-
liferation within intestinal crypts by providing Wnt ligands88,93–95. Small 
intestinal lamina-propria-resident macrophages express and secrete 
large amounts of IL-10. Here, macrophage-derived IL-10 is crucial for the 
induction of microbiota-specific regulatory T cells89,96. Taken together, 
lamina-propria macrophages are essential for intestinal barrier homeo-
stasis. This notion is further illustrated by fact that mutations affect-
ing the IL-10 receptor pathway cause severe paediatric inflammatory 
bowel disease97,98. Additionally, intestinal macrophages interact with 
neuronal components of the intestinal tract, supporting their survival 
and development99,100. Within the deeper layers of the intestine, such 
as the submucosa and the muscularis externa, long-lived macrophages 
can be identified, which are tightly embedded within their subtissular 
niches88. Within the large intestine, muscularis macro phages have 
been shown to maintain intestinal movement101. In the small intestine, 
muscularis macrophages interact with nerve bundles and vessels, both 
supporting their growth and function during homeostasis, at least in 
part, through signalling via BMP2 and β2 adrenergic receptors99,102. 
Molecular determinants of muscularis macrophage development and 
identity remain elusive.

Skin and oral mucosa macrophages. In mammals, distinct epithelial 
layers cover the inner mucosal surfaces and the skin to build a physi-
cal barrier against the outer environment and potentially pathogenic 
microorganisms. The epidermis harbours a specialized subset of tissue-
resident macrophages, the Langerhans cells, within its suprabasal layer. 
Adult Langerhans cells are a ramified skin-resident myeloid population 
that share distinct features with both macrophages and dendritic 
cells (DCs). They are essential gatekeepers of barrier immunity and 
act as professional phagocytes, internalizing dying cells, eliminating  

invading pathogens and presenting antigen to T cells. Langerhans cells 
are essential for mediating and organizing barrier immunity within their 
epidermal tissue niche. They achieve this by reorganizing epidermal 
layering of keratinocytes through continuous sequestration of external 
antigens103, instructing regulatory T cells and, therefore, controlling 
epidermal tolerance towards commensal microbiota and auto- 
antigens104–106, as well as the patterning of undifferentiated keratino-
cytes in the suprabasal layers107. Langerhans cells have been described 
to colonize the epidermis and oral mucosa around birth and need to 
rapidly differentiate within their host tissue during the early postnatal 
phase108,109. Fate-mapping studies revealed that skin Langerhans cells 
originate from fetal progenitors4,8,108. Once settled in their tissue niche, 
they rapidly proliferate in the developing tissue in the early postnatal 
phase by clonal expansion109,110. The adult epidermal Langerhans cell 
population is long-lived and maintained by endogenous proliferation, 
although substantial inflammation, infection or injury in the adult skin 
can lead to the replacement of endogenous Langerhans cells within 
their niche by monocyte-derived progenitors111.

Langerhans cells are found across different epithelial barriers such 
as oral mucosa, cornea and mucosal tissue of the female reproductive 
tract112. Adult Langerhans cells in the oral mucosa are of mixed origin 
and are composed of fetal and postnatal progenitors. After birth, they 
undergo a steady replacement within the tissue niche by preDC-derived 
and monocyte-derived cells, most likely owing to the close proximity 
to a high microbial load113. In the oral mucosa, postnatal Langerhans 
cells are separated into two populations: CD103highCD11blow, mostly 
derived from preDCs, and CD103lowCD11bhigh Langerhans cells, which 
are derived from both, monocytes and preDCs113. However, transcrip-
tomic profiling identifies them as bona fide Langerhans cells, similar to 
epidermal Langerhans cells derived from the prenatal origin. Tongue 
Langerhans cells play a role in antifungal immunity114 and have an 
anticancer protective role115. However, their role in homeostatic tissue 
development and function remains unknown. Moreover, Langerhans 
cell heterogeneity across different epithelial barrier tissues and the 
effects of diverse environmental factors on Langerhans cell matura-
tion remain underexplored, and it will take future studies to define 
the specification and maturation of Langerhans cells across distinct 
tissue niches.

Dermal macrophages localize in a defined developmental pat-
terning in specific tissue compartments, such as vessel-associated 
macrophages or sensory-nerve-associated macrophages84,116. On 
the basis of marker expression and transcriptional profiling, several 
macrophage subsets have been identified in the adult dermis, with 
differing tissue functions and anatomical locations. Whereas vessel-
associated macrophages are characterized by a CX3CR1lowLYVE1high and 
MHCIIlow expression profile, sensory-nerve-associated macrophages 
are defined as CX3CR1highLYVE1lowMHCIIhigh (refs. 84,117). Additionally, a 
subset of CX3CR1int macrophages seem to represent an intermediate 
macrophage population that are directly derived from monocytes and 
expanded in injury or infection117. Even though macrophage progeni-
tors from fetal sources seed the dermis prenatally and show substantial 
contribution to macrophages across the different compartments, 
several studies showed that dermal macrophages, at least partially, are 
exchanged by MDMs postnatally84,116,117. The turnover rates during adult-
hood can vary between compartments with sensory-nerve-associated 
macrophages representing an almost exclusively prenatally seeded 
long-lived population, except upon nerve injury117. Each population 
serves defined functions adjusted to its subtissular niche and dictated 
by their specific tissue environment: vessel-associated macrophages 
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are essential contributors to dermal blood vessel integrity, anti-
fibrotic activity during disease and coordinate immune cell recruit-
ment during infection84,118. Sensory-nerve-associated macrophages 
facilitate nerve regeneration after injury by degradation of myelin from 
injured fibres84,117. Newly sprouted axons at lesion sites seem to recruit 
macrophages from other dermal sources, and these cells acquire a 
sensory-nerve-associated macrophage phenotype over time117, further 
supporting the assumption that specific dermal anatomical niches 
define tissue macrophage profiles and functions. Yet, the functional 
role of dermal macrophages during skin development and homeostasis 
is unclear to date.

In summary, it is impossible to draw conclusions on macrophage 
ontogeny simply by considering the contact of an organ with the 
environment. Direct exposure to microbiota or microbiota-derived 
factors does not necessarily drive the immediate replenishment of 
fetal-derived macrophages by MDMs (for example, in the case of alveo-
lar macrophages in the lung, Langerhans cells in the epidermis and 
Kupffer cells in the liver). Similarly, an internal and highly protected 
organ, such as the brain, harbours MDMs that contribute to the pool 
of resident macrophages. Further along these lines, barrier-like tis-
sues can be identified in organ systems not exposed to the environ-
ment, such as the joints. Here, fetal-derived and monocyte-derived  
macrophages are responsible for removing sterile insults, such as cel-
lular debris, that would otherwise lead to immune system activation 
and organ damage119. Thus, the cell-autonomous and cell-extrinsic 
factors controlling the differentiation and adaption of a macrophage 
within its niche during adulthood and its capability of self-renewal and 
clonal expansion, especially considering MDMs during steady state, 
remain unclear. Nevertheless, constant environmental exposures and 
immune-stimulatory cues during physiological inflammation may 
have a long-term impact on macrophage ontogeny (see sections on 
‘Macrophage development throughout life’ and ‘Physiological versus 
pathogenic inflammation’).

Macrophage development throughout life
Fate-mapping studies, including experiments addressing macrophage 
functions, are often performed in 6–8-week-old mice, which corre-
spond to the human stage of late childhood–early adolescence. How-
ever, to study macrophage functions in diseases — especially those 
relevant for ageing populations, such as stroke, cancer and cardiovascu-
lar disorders — the maturation state and age of a long-lived macrophage 
within its niche should be considered. Although tissue specification is 
well established at 3 weeks of age2, and macrophages such as micro-
glia, Kupffer cells and Langerhans cells are not replaced by MDMs4,12, 
the contribution of MDMs to the tissue-specific pool of macrophages 
in certain tissues only stagnates after 12–20 weeks (for example, this 
is seen in the peritoneum, gut and for MHCII+ dermal macrophages). 
Other macrophages, such as MHCII− dermal, splenic and alveolar mac-
rophages, have a continuous MDM input throughout life, indicating 
a slow replacement of the majority of fetal-derived macrophages12. 
However, this has been studied on a tissue population basis or using 
the suggested dichotomy of LYVE1highMHCIIlow versus LYVE1highMHCIIlow  
macrophages84, thereby not considering additional macrophage 
heterogeneity within each tissue. A recent study elegantly showed that,  
actually, three macrophage subpopulations coexist across organs 
with distinct origins and self-renewal capacities: one, a population 
of macrophages expressing TIM4, LYVE1 and FOLR2 (TLF+), which are 
long-lived and develop from fetal progenitors; two, CCR2+ macrophages 
that are short-lived and constantly replenished by monocytes; three, 

MHCIIhi macrophages that are of mixed origin and where a finite pro-
portion of the MDMs acquires self-renewal capacity3. This study and 
our own unpublished data suggest that, in a mouse of 6–12 months of 
age, the numbers of CCR2+ MDMs will equilibrate in every tissue and 
that there is no general mechanism of a continuous replacement of 
fetal-derived resident TLF+ or MHCIIhi macrophages by MDMs during 
homeostasis (Fig. 2).

However, a systematic characterization of macrophage ontogeny 
during ageing is lacking. Therefore, it remains largely unknown whether 
macrophage maintenance and recruitment become altered in the tis-
sues of geriatric mice. In addition to an increased immune cell infiltra-
tion, ageing of our immune system is associated — among many other 
phenotypes — with an unbalanced production of pro-inflammatory and 
anti-inflammatory factors and a reduced capacity to take up apoptotic 
cells via efferocytosis120. Age-related changes in macrophage effector 
functions within a tissue may be driven by ontogeny as the origin of a 
macrophage usually also controls its longevity. Although long-lived 
fetal-derived macrophages continuously sense environmental signals 
within a tissue, which they integrate into a transcriptional programme 
that drives changes in their behaviour, short-lived MDMs reside only 
briefly in their niche before they are replaced by a new monocyte. Thus, 
despite sitting in similar tissue niches, these ontogenetically distinct 
macrophages may have distinct effector functions, and only the con-
stant replacement of fetal-derived by monocyte-derived macrophages 
tips the scale towards tissue phenotypes observed during inflammage-
ing (Fig. 1b). Additionally, changes in tissue integrity during ageing, for 
example, increased stiffness of the ECM121 or loss of tissue structures122, 
may lead to a changed macrophage niche, thereby altering the environ-
mental signals that macrophages convert to their effector functions.  
A combinatory model fate-mapping both EMP-derived and HSC-derived  
macrophages simultaneously would help address whether the matura-
tion state, the increased recruitment of MDMs or the intrinsic develop-
mental programme of macrophages has a role in tissue homeostasis 
and response to stimuli during adulthood and ageing.

Conserved functions across tissues
Core functions and functional heterogeneity of macrophages
The fact that tissue-resident macrophages do not constantly arise from 
circulating monocytes but instead stem mostly from fetal progenitors 
quickly raised the question of how these cells acquire and maintain 
their identity and self-renew. Many studies have since characterized 
core macrophage programmes and tissue-specific transcriptional 
regulatory pathways, defining transcription factors and niche signals 
controlling macrophage differentiation and tissue specificity2,16,91,123–125. 
These studies indicate that pMacs, the circulating macrophage precur-
sors126, have already acquired a core macrophage signature that will 
ensure macrophage survival (via expression of Csf1r and Maf) and core 
macrophage functions, such as efferocytosis (Timd4, Mertk and Sirpa), 
non-opsonic phagocytosis (Cd14, Cd36, Clec7a and Mrc1), opsonic 
receptor-dependent phagocytosis (Fcgr1, Fcgr3, Fcgr4 and Itgam) and 
complement-dependent tissue immunity (C1qb, C1qc and C3ar1)2. Fetal 
macrophages start to acquire their tissue-specific programme as soon 
as they enter the developing tissue. Throughout late gestation, this 
programme manifests further, thereby driving the diversification of 
tissue-specific macrophages observed in adult stages2,124,125.

These initial bulk RNA-seq studies were instrumental in char-
acterizing and understanding the functional heterogeneity of 
macro phages across different organs and in developing new mouse 
models that would allow targeting or depletion of specific macrophage 
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Fig. 2 | Heterogeneity, ontogeny and self-renewing capacity of macrophage 
populations in adult tissues during steady state. Internal and barrier tissues 
are colonized by yolk sac progenitors during organogenesis that develop 
into tissue-specific macrophages inhabiting distinct anatomical areas and 
subtissular niches of an organ. During organ maturation, bone-marrow 
erythro-myeloid progenitors (HSCs) contribute to some degree to certain 
macrophage populations that have a high self-renewing capacity and, thus, 
have a prolonged time of residency in the tissue niche, for example, the central 
nervous system (CNS)-associated macrophages, liver capsular macrophages, 

dermal macrophages and lung interstitial macrophages. Osteoclasts are 
long-lived, but exchange their fetal-derived nuclei for monocyte-derived 
nuclei over time. Additionally, a defined fraction of short-lived macrophages is 
constantly replenished by adult monocytes in some tissues, such as the brain, 
skin, lung and intestine. The ontogeny and cell cycle of many macrophage 
subpopulations in a fully matured organ (≥12 weeks of age) and during 
ageing are not known (indicated by grey colour). EMP, erythro-myeloid 
progenitor; pMac, pre-macrophage.
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populations. However, with the arrival of commonly affordable single-
cell and single-nucleus transcriptomics approaches and increased use 
of fate-mapping models, it became quickly evident that most studies 
were underestimating the heterogeneity of macrophage populations 
within one organ. A prime example is the brain, which harbours not 
only microglia and different populations of CAMs but also where 
microglia show distinct phenotypes associated with unique func-
tions within different anatomical regions127. Other tissues, such as 
the lung, heart, fat, skin and the peritoneum, clearly show at least a 
dichotomy of macrophages during steady state with the presence 
of both LYVE1highMHCIIlow and LYVE1lowMHCIIhigh populations84,128. 
Although the tissue-specific cues that macrophages integrate largely 
determine their transcriptome, in silico removal of these tissue signa-
tures revealed a core macrophage transcriptional profile with genes 
involved in the complement system and blood vessel morphology in 
LYVE1high and inflammation-related and chemotaxis signalling-related 
genes in MHCIIhigh macrophages84. Intriguingly, this LYVE1 versus 
MHCII signature has been confirmed across many tissues in humans 
as well72,84. Recently, Dick et al3. proposed that the observed MHCIIhigh 
macrophage population84 consists of two populations that are distin-
guishable by CCR2 expression. Here, the flow cytometry analysis does 
not include several bone fide macrophage markers, such as F4/80 
or MERTK, so that a minor contribution of CD64+ monocytes to the 
described macrophage populations cannot be ruled out completely. 
Nevertheless, this macrophage heterogeneity indicates that we must 
continue dissecting macrophage biology at a single-cell level to fully 
understand how they develop and how they acquire their core func-
tions, on the one hand, and their diverse tissue-specific functions,  
on the other hand.

Subtissular macrophage niches
Subtissular niches are specialized microanatomical cellular neighbour-
hoods, which facilitate the survival and functional specialization of 
macrophages. Several examples of such niches have recently been 
identified for macrophages in various tissues. Conceptualized early as 
the ‘fibroblast–macrophage circuit’129, it is now apparent that macro-
phage niches can be more complex and can remain plastic throughout 
homeostasis and disease. Within the liver cellular neighbourhoods, the 
mechanisms defining a subtissular niche for Kupffer cells have been 
identified. Here, hepatic stellate cells, in conjunction with liver sinu-
soidal endothelial cells, enforce Kupffer cell identity both functionally 
and developmentally. Importantly, stellate cells and liver sinusoidal 
endothelial cells also play roles in re-establishing homeostasis and 
organ regeneration61. In the lung, alveolar macrophages adhere closely 
to airway epithelial cells to receive the GM–CSF needed for their main-
tenance130. Similarly, within the synovium of the joint, macrophages 
interact with synovial fibroblasts regulating fibroblast integrity119. 
Additionally, LYVE1high macrophages have been shown to be associated 
with blood vessels, fostering their branching and growth, whereas 
MHCIIhigh macrophages seem to preferably adhere to nerve endings and 
bundles, as shown in the lung, intestinal muscularis and brown adipose 
tissue84,101,131. Finally, cardiomyocyte–macrophage132 and adipocyte–
macrophage crosstalk133 via mitochondrial recycling was shown to 
be crucial for tissue homeostasis and function in cardiac and adipose 
tissue. Thus, metabolic crosstalk and regulation of neighbouring cells 
via production of metabolites or exchange of mitochondria134,135 may 
be a key ability of resident macrophages across tissues allowing for the  
efficient and adequate regulation of tissue function throughout  
the lifespan of the organism.

Microanatomical units determine reciprocal cell function during 
health and disease, as illustrated by recently identified disease-driving 
fibrotic macrophage niches within the lung and liver136,137. Therefore, it 
is not necessarily the tissue of residence but the subtissular niche that 
either instructs or requires certain macrophage functions that are vital 
for tissue function (for example, metabolism, neuronal function, blood 
vessel integrity and stem cell-ness) (Fig. 3). Collectively, the combina-
tion of previously gathered information from bulk-sorted and single 
macrophage populations with novel single-cell spatial transcriptomics, 
proteomics and metabolomics technologies provides the ability to 
study macrophage subtissular niches. Ultimately, these combinatorial 
approaches will define macrophage core functions and macrophage 
niche dynamics, which foster organ homeostasis and integrity.

Organ-specific immunity
Physiological versus pathogenic inflammation
Macrophages are placed strategically throughout the body to detect 
invading microbial pathogens. For the efficient detection of infections, 
macrophages are equipped with an array of receptors allowing the rec-
ognition of opsonized pathogens via pattern recognition, complement 
or Fcγ receptors (FcγRs)138–140. In addition, macrophages are a major 
source of sensor proteins, such as the complement component C1q, 
which starts the pro-inflammatory complement cascade upon bind-
ing to opsonized pathogens141. Tissues such as the intestine, skin and 
lung receive constant exogenous immune-stimulatory cues, which are 
sensed by the resident macrophage populations of the organ. Thus, it is 
of utmost importance to understand how tissue-resident macrophage 
populations integrate environmental non-pathogenic inflammatory 
cues into their functional core programmes. Physiological adapta-
tion towards environmental stimuli is crucial for organ homeostasis, 
efficient clearance of pathogens and the re-establishment of homeo-
stasis after inflammation142. Recently, several examples have shown 
the importance of such adaptation events in mouse models. Latent or 
acute viral infections of the lung have been associated with increased 
development of house dust mite-induced allergy and a more efficient 
immune response to a secondary bacterial challenge143. Moreover, 
the recognition of danger signals, such as lipopolysaccharide, has 
been linked to tissue adaptation via changes in the macrophage 
compartment. Here, lipopolysaccharide-induced low-grade inflam-
mation triggered the recruitment and establishment of a long-lived 
MDM compartment with enhanced pro-inflammatory capabilities144. 
Pulmonary viral infections were also linked to a more efficient CD8+ T 
cell response, mediated by functional modification of alveolar macro-
phages post-viral infection145. In the lung, increased IL-6 production 
by macrophages was observed after primary infection with influenza 
A viruses, accompanied by a long-lasting replacement of a fraction of 
resident alveolar macrophages by MDMs146,147. Furthermore, in the mus-
cularis externa of the small intestine, previous pathogen encounters 
and primed neuroprotective features in resident macrophages prevent 
further tissue damage in the event of a secondary infection148. Core 
macrophage functions such as efferocytosis and metabolic regula-
tion of neighbouring cells could be important determinants of such 
tissue adaption events, allowing the tissue to ‘collect’ inflammatory 
experiences without suffering impairment of tissue function. How-
ever, the exact molecular cues active in tissue-resident macrophages 
during physiological inflammation remain unidentified. Interestingly, 
chronic inflammatory diseases, for example, fibrosis or obesity, display 
features of macrophage core function dysregulation, such as a meta-
bolic disturbance in adipocytes or fibroblast proliferation, processes 
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usually tightly regulated by macrophages149,150. Thus, macrophage 
regulatory circuits post-inflammation may be important regulators of 
tissue homeostasis and function, and dysregulation of physiological 
inflammation processes might have important consequences for the 
development of chronic inflammation in a susceptible host.

Connecting macrophage core functions and autoimmunity
In the absence of infections, the unique spatial distribution of macro-
phages within organs puts them centre stage for removing potentially 
harmful cues that would otherwise trigger inflammatory or autoreac-
tive immune responses. This includes, most importantly, the removal of  
dying cells (efferocytosis), which are generated during the process  
of positive or negative selection in primary and secondary immuno-
logical organs (thymus, spleen, bone marrow and lymph nodes) or 
owing to constant exposure of tissues to sterile insults, such as UV light 
or natural ionizing radiation. Moreover, in tissues such as joints, the 
constant mechanical stress leads to a continuous, reversible damage 
of cartilage tissue, releasing cellular debris and components of the 
synovial fluid, such as hyaluronic acid, which can bind to pattern rec-
ognition receptors119. Similarly, small immune complexes consisting 
of IgG antibodies arising either from low-affinity poly-reactive natural 
antibodies or from low-level autoreactive antibodies, which are widely 
present also in healthy individuals, are continuously generated151. They 
have to be removed rapidly to prevent their deposition in organs, such 
as the kidney or lung, which could lead to consequent activation of the 
complement pathway or trigger activating FcγRs abundantly expressed 
on resident macrophages152. Of note, this continuous housekeeping 

function must operate without triggering macrophage activation 
and, thus, without inducing concomitant inflammation. The impor-
tance of macrophages in removing these potentially harmful cues 
becomes evident if entire core functions, such as phagocytic activity 
or checkpoints modulating macrophage activity, are dysregulated or 
impaired. Indeed, a reduced phagocytic capacity of macrophages has 
been linked to the development of systemic lupus erythematosus in 
mice and humans153,154. The failure of macrophages to remove apop-
totic cells in a timely fashion results in the transition from apoptosis 
to necrosis or necroptosis, which is an immunogenic form of cell death 
that induces tissue inflammation and may ultimately lead to the priming 
of autoantibody responses. Mechanistically, necrotic cells are recog-
nized via different sets of activating receptors on macrophages, such 
as the macrophage-inducible C-type lectin (Mincle) or toll-like recep-
tors, which leads to the secretion of pro-inflammatory cytokines and 
the recruitment of monocytes and neutrophils155,156. With respect to 
rheumatoid arthritis — an autoimmune disease predicted to affect up 
to 1% of the ageing western population — it was demonstrated recently 
that synovial lining macrophages characterized by TREM2 expres-
sion in mice and humans may be critically involved in preventing the 
initiation of sterile inflammation in the joints, ultimately leading to 
joint destruction and rheumatoid arthritis development157. Joint lin-
ing macrophages are connected by tight junctions and show signs of 
apical–basal polarization, thus generating a barrier-like structure in 
combination with lining fibroblasts. Functionally, this macrophage 
subset is characterized by a high phagocytic activity and the expression 
of receptors involved in efferocytosis, allowing to continuously remove 
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cellular debris and synovial fluid components. Indeed, depletion of 
lining macrophages resulted in an earlier onset and more pronounced 
immunopathology of arthritis in mouse model systems157.

Apart from erroneous triggering of activating macrophage 
receptors, a reduced expression of inhibitory receptors, such as the 
inhibitory FcγRIIb, which balances activating signals transduced via 
activating FcγRs upon IgG immune complex binding, results in aberrant 
macrophage activation and tissue damage and is another risk factor 

for the development of systemic lupus erythematosus in mice and 
humans158,159. Interestingly, it was recently shown that certain tissue-
resident macrophage subsets, such as dermal macrophages in the skin, 
express high levels of the inhibitory FcγRIIb compared with activating 
FcγRs, suggesting that organ-specific thresholds for macrophage acti-
vation may exist152. In addition to IgG binding, FcγRIIb was also shown 
to bind to fibrinogen-like 2, a secreted protein expressed in myeloid 
immune cells and tissue cells in the kidney and skin160. Thus, continuous 

Box 4

Do heterogenous cell states correlate with specific macrophage 
functions?
Recent technological advances in high-throughput sequencing 
analysis offered new avenues in understanding tissue-resident 
macrophage heterogeneity across development, health and different 
disease conditions. Access to optimized protocols for single-cell 
RNA-sequencing, as well as single-nuclei RNA-sequencing, of 
tissue-resident macrophages revealed a previously unappreciated 
heterogeneity among the gene-expression profiles of tissue-resident 
macrophages in different tissues3,70,82,214. Despite the identification 
of many distinct cellular states of macrophages, we are only at the 
beginning of understanding if these states represent functionally 
distinct macrophage subsets that are ‘locked’ or even determined 
by their ontogeny or whether the plasticity of macrophages allows 
them to switch between functional states. The latter may be 
especially applicable during tissue stress and disease conditions 
with the ability of macrophages to adapt to their anatomical niche, 
but also to return back to their homeostatic transcriptional and 
functional state after resolution of tissue stress or inflammation. 
One of the best studied examples here are central nervous system 
(CNS) macrophages, including microglia and other CNS-associated 
macrophage populations. A series of studies revealed a dynamic 
heterogeneity of microglia across different developmental stages, 
but also in terms of anatomical locations215–217. One recent example 
for a distinct functional microglia subset is the association of the 
‘fountain-of-microglia’ with myelination in white matter regions. 
These cells have a defined time window of occurrence in the 
corpus callosum, present a characteristic expression of the surface 
marker CD11c and the lysosomal marker Mac-3 and support 
oligodendrocyte progenitor cell survival and myelinogenesis 
during early postnatal development33,34. Microglial heterogeneity 
in different neuroinflammatory and neurodegenerative disease 
settings has been further explored. Pioneering work described a 
unique cluster of disease-associated microglia (DAM) identified in 
the context of Alzheimer disease and their defined localization at 
extracellular amyloid deposits218. DAM represent a distinct functional 
subset of microglia that is involved in driving neurodegenerative 
disease pathology218,219. In particular, the expression of the two DAM 
signature genes Trem2 and Apoe has now been widely described 
across DAM in different neurodegenerative diseases218,220. Recent 
studies have identified that the TREM2–APOE signalling pathway is 
driving the differentiation of DAM and is implicated in the activation 

of microglia and amyloid phagocytosis218,221,222. Furthermore, human 
patients with the TREM2R47H mutation have a higher risk of developing 
Alzheimer disease223,224. Similarly, analyses of other populations of 
CNS macrophages — including the tissue-resident macrophages of 
the meningeal layers, perivascular space and ventricular system — 
revealed heterogeneous transcriptional states across the different 
anatomical niches but also during disease. On colonization of their 
anatomical niche in the CNS interfaces, macrophage populations 
show a highly specified gene-expression profile and undergo 
functional adaptation to that environment. One example here are 
leptomeningeal macrophages that have been recently demonstrated 
to be a direct source of perivascular macrophages during postnatal 
development17, followed by divergence of gene expression profiles 
and functions for these two macrophage populations36,225,226. 
A second example are ventricular macrophages, which have been 
shown to emerge from microglia during embryonic development  
and acquire a distinct transcriptomic signature in that particular 
CNS compartment36,227. These cells maintain expression of the 
transcription factor Sall1 but lose, for example, common homeostatic 
markers of parenchymal microglia, such as Tmem119 or P2ry12,  
and the upregulation of genes also found in DAM, such as Cst7, Axl, 
Itgax or Clec7a (refs. 36,228). DAM signatures compiled using (single-
cell) omics have also been characterized in other tissues during  
or following inflammatory episodes, for example, during obesity  
in fat tissue149, within the microbiota-exposed peritoneal cavity229  
and after clearance of viral infection in the lung146, indicating a  
somewhat conserved functional DAM programme across tissues.  
Furthermore, human ApoE variants have been linked to differential  
outcomes of severe acute respiratory syndrome coronavirus 2 
infection, influencing pulmonary macrophage heterogeneity230.  
In summary, high-throughput profiling of tissue-resident macrophages 
brought us a new understanding of macrophage states. However, the 
definition of new subsets and the naming of newly identified cellular 
states became inflationary with a yet missing in-depth analysis if the 
defined transcriptomic states are associated with defined functional 
subsets. Interestingly, cellular states of tissue-resident macrophages 
identified across different organs and distinct disease settings have 
shown similar gene expression profiles, indicating that macrophage 
subpopulations with shared functions exist across different organs in 
steady state but also develop in different diseases.
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crosstalk of macrophages with tissue-derived factors could participate 
in the modulation of steady-state macrophage activity. Indeed, a defi-
ciency in fibrinogen-like 2 or FcγRIIb results in enhanced inflammatory 
responses and autoimmunity in mice158,160. In summary, tissue-resident 
macrophages fulfil essential functions in preventing autoimmunity. 
Importantly, inflammation may result in the recruitment of MDMs in 
many organs, which may lead to a replacement of fetal-derived macro-
phages. Whether the threshold (phagocytic activity and inhibitory 
FcγRIIb expression) for the activation of MDMs by external cues is 
the same as of fetal-derived macrophages remains to be established.

Outlook and future directions
Recent technological progress, including novel mouse models, spatial 
single-cell omics and analysis pipelines, has propelled our understanding 
of macrophage development and function across different tissues in the 
past decade (Box 4). It becomes increasingly evident that tissue-resident  
macrophages are not simply bystanders that respond to a stimulus or 
infection. Instead, they are at the interface of tissue homeostasis and 
pathogenesis and can contribute to and cause diseases if their homeo-
static core functions are disturbed. Thus, tissue-resident macrophages 
represent a substantial core niche cell type across organs and organisms, 
ensuring tissue function and integrity (Box 3). Upon physiological or 
pathogenic inflammation, MDMs are recruited to the tissue, which 
may be beneficial or detrimental to disease outcomes, depending on 
the context. With the macrophage toolbox expanding, we are finally 
in the position to study the distinct roles and possible redundancy of 
fetal-derived macrophages and MDMs in an unprecedented manner.

Despite our increasing knowledge of macrophage responses 
within their specific niches, there is a knowledge gap concerning how 
distinct macrophage populations (EMP-derived versus HSC-derived) 
within a tissue integrate and respond to the same signals. Vice versa, 
it remains unclear whether these distinct macrophage populations 
would have an impact on the tissue niche, or how this intercellular 
crosstalk affects tissue function and integrity in the long term. Macro-
phage depletion studies suggest that MDMs and fetal progenitors can 
repopulate a tissue and, driven by factors within their niche, promote 
their further maturation into tissue-specific macrophages resembling 
the original macrophage population59,61,161–163. The presumably high 
plasticity of macrophages that allows them to adopt to their tissue 
environment was also suggested by cell transplantation studies of 
a fully differentiated macrophage population into another organ91. 
Nevertheless, careful observation of the data indicates that the original 
molecular signature imprinted on a long-lived, fetal-derived macro-
phage that has been developing together with the organ cannot be 
fully recapitulated by ‘surrogate macrophages’ occupying the empty 
niche. Furthermore, in a similar cell transfer study, it was demonstrated 
that fully differentiated tissue macrophages transferred from the peri-
toneal cavity, liver or colon into an empty lung alveolar macrophage 
niche barely colonized the tissue and could not produce functional 
alveolar macrophages163. Thus, macrophage plasticity is specified by 
the maturation state of macrophage precursors and their ability to 
adapt to their specific niches. It may well be that the ontogeny of macro-
phages dictates a majority of context-dependent effector functions as 
the longevity of fetal-derived macrophages allows for a continuous 
long-lasting signal integration within the macrophage niche, thereby 
providing these cells with a distinct transcriptome and proteome 
compared with short-lived MDMs. Thus, tissue niche functionality 
might be governed by the balance of EMP-derived versus HSC-derived 
macrophages within an organ.

Although depletion studies are instrumental to understanding 
the macrophage niche and how distinct macrophage populations 
contribute to tissue function, these studies likely do not represent 
physiological conditions as it is rare that the whole organ loses its 
tissue-resident macrophage population at once. When certain dis-
turbances or cues arise, some macrophages may undergo apoptosis 
and be partially replenished by both fetal-derived and monocyte-
derived macrophages that are already residing in the tissue. Yet, which 
mechanisms instruct and control local proliferation and longevity of 
these distinct macrophage populations remains a pressing question. 
Therefore, methodologies such as optogenetics or mosaic analyses, 
similar to the MARCM system in Drosophila164, may be powerful tools 
to address how daughter cells are instructed by the niche.

With the advent of single-cell technologies and the efforts of 
the Human Cell Atlas, we now have the first glimpse into macrophage 
development and functions in humans72,165–168. Indeed, comparing 
mouse and human macrophage precursors and tissue-specific macro-
phages during gestation indicates conserved phenotypes across  
species, for example, the presence of a yolk sac progenitor167 and the 
dichotomy of LYVE1+ and MHCII+ macrophages72,165. Thus, the mouse 
seems to be a suitable model organism to study macrophage-dependent 

Box 5

From basic research to 
translational medicine
Most of the available knowledge on macrophage function, 
ontogeny and disease implication is collected with the help of 
advanced transgenic mouse models. Using models of in vivo fate-
mapping and gene deletion studies allowed to understand basic 
concepts of tissue-resident macrophages and to elucidate potential 
new therapeutic avenues. Still, there is a substantial gap between 
the transgenic mouse models used and the potential therapeutic 
application in humans. One of these examples is the use of specific-
pathogen free mice for most experiments, not considering the 
diversity of the human microbiome and its implication on immunity 
and macrophage function. Introducing a diverse microbiome in 
experimental mice, as done in the ‘wildling’ mice, has been shown 
to represent a much closer model to humans than using specific-
pathogen free mice and might be also important to study in the 
context of macrophage-targeted therapies172,173. Recent mouse 
studies using macrophage replacement models by using genetic 
or pharmacological inhibition of the colony-stimulating factor 
1 receptor have shown promise for translation to patients, for 
example, in the context of replacing dysfunctional microglia during 
neurodegenerative diseases231. Finally, although in humanized mice 
the human immune system development can be recapitulated, the 
niche-specific imprinting on human macrophages will be derived 
from mouse tissues. In summary, although all of the currently 
available model systems have some specific benefits, neither model 
is fully recapitulating the human situation supporting the need for a 
cross-species approach to characterize macrophage core functions 
during health and disease and exploit this knowledge in future 
translational approaches.
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(patho)mechanisms that could be translated to human biology and 
diseases (Box 5). However, a major drawback for studying immune 
cell development and organ-specific immunity in mice is the sterile 
environment in the specific pathogen-free facilities animals are usu-
ally kept in. The in utero environment is considered to be sterile and 
would generally represent the conditions mice are kept at. However, we 
should consider that maternal immune activation through infections 
and metabolic diseases will likely impact macrophage development in 
the embryo and macrophage maturation in newborns. Similarly, the 
constant exposure of humans to pathogens throughout their lives will 
affect macrophage effector functions during adulthood and ageing. 
This notion is supported by the fact that microglia do not reach their 
final maturation state when mice are kept in germ-free conditions169. 
Thus, in addition to studying macrophage ontogeny and function in 
maternal immune activation models170,171, the introduction of a wild 
type microbiota into mice (the so-called wildlings)172,173 would greatly 
improve the translatability to human macrophage ontogeny, functions 
and responses.

Published online: 15 March 2023
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