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Microglia have historically dominated the field of neuroimmunol-
ogy, perhaps because they are the only myeloid cell type in the central 
nervous system (CNS) parenchyma under steady-state conditions. 
However, there are many other types of CNS myeloid cells. These 
largely neglected non-parenchymal counterparts include leptomenin-
geal, perivascular and choroid-plexus macrophages and have impor-
tant functions in health and disease1,2. Collectively, these CNS myeloid 
cells belong to the larger family of mononuclear phagocytes, which 
also includes peripheral-tissue-specific macrophages, various sub-
sets of dendritic cells and circulating monocytes3,4. Macrophages are 
present in most organs and compartments of the body and, as innate 
immune cells, are fundamental effectors and regulators of immune 
responses. Moreover, macrophages have a crucial role in maintaining 
tissue homeostasis during development and in adulthood1,2. Despite 
the similarities of microglia with various other tissue-resident mac-
rophages, two remarkable properties of microglia are their restricted 
prenatal origin and their longevity. In contrast to microglia, circulating 
monocytes and other tissue macrophages in organs such the heart5, 
aorta6, spleen, lungs and intestine3 are continually replaced by circulat-
ing myeloid cells after birth. Intriguingly, studies now suggest that the 
family ties between microglia and other CNS macrophages are much 
closer than previously appreciated. Macrophages at the CNS interfaces, 
particularly perivascular macrophages, share the prenatal origin, the 
lack of replacement by circulating blood cells, and major parts of the 
transcriptional profile of microglia7. The longevity of microglia and 
these non-parenchymal CNS macrophages makes them particularly 

vulnerable to environmental insults. The maintenance of these popu-
lations also requires tight control of their self-renewal during tissue 
development and homeostasis. However, the precise mechanisms for 
the self-renewal of CNS macrophages are not yet understood.

Microglia were first decribed by Pío del Río-Hortega in 1919, but 
their origin, fate and functions remained unclear for many decades8–10.  
The existence of non-parenchymal CNS macrophages was first rec-
ognized in 1921, when the Austrian physiologist Walter Kolmer 
described epiplexus cells (later called ‘Kolmer cells’), which sit on 
the ventricular surface of the choroid plexus11. The presence of addi-
tional macrophages in the choroid-plexus stroma and leptomeninges 
expressing F4/80+ was shown later12. Perivascular macrophages were 
described first in 1988 as ‘perivascular microglia’13 but were defined 
soon after as ‘perivascular macrophages’14.

CNS macrophages have been characterized and classified mainly 
according to their localization, morphology and surface-marker 
expression and in vitro responses. All myeloid cells residing in the 
healthy CNS share several surface markers, such as Iba-1, F4/80, 
CD11b and the fractalkine receptor CX3CR1, so their morphology 
and distinct localization and cellular neighbors in different anatomical 
sites of the brain have been used to distinguish the various subsets. 
For example, perivascular macrophages are found next to endothelial 
cells; choroid-plexus macrophages are adjacent to the epithelial cells 
or fibroblasts in these structures; meningeal macrophages are close 
to meningeal fibroblasts; and microglia are surrounded by neurons, 
astrocytes and oligodendrocytes1,15. Thus, perivascular macrophages 
are sandwiched between the laminin-positive endothelial and glial 
basement membranes16. In contrast, subdural meningeal macrophages 
are in close proximity to ER-TR7+ fibroblast-like cells that line the 
meninges and meningeal vasculature17. Choroid-plexus macrophages 
are found exclusively in the stroma and epithelial layer of the choroid 
plexus. In addition to the localization, morphology and surface-marker 
expression of CNS macrophages, in vitro responses have also been used 
to distinguish CNS macrophage subsets. However, these properties 
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Myeloid cells in the central nervous system (CNS) represent a heterogeneous class of innate immune cells that contribute to the 
maintenance of tissue homeostasis differentially during development and adulthood. The subsets of CNS myeloid cells identified 
so far, including parenchymal microglia and non-parenchymal meningeal, perivascular and choroid-plexus macrophages, as well 
as disease-associated monocytes, have classically been distinguished on the basis of their surface epitope expression, localization 
and morphology. However, studies using cell-specific targeting, in vivo imaging, single-cell expression analysis and other 
sophisticated tools have now increased the depth of knowledge of this immune-cell compartment and call for reevaluation of the 
traditional views on the origin, fate and function of distinct CNS myeloid subsets. The concepts of CNS macrophage biology that 
are emerging from these new insights have broad implications for the understanding and treatment of CNS diseases. 
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neither do justice to the complexity of these cells nor truly reflect their 
functional repertoire in the healthy and diseased brain.

Several reviews have comprehensively discussed the role of myeloid 
cells in CNS disorders18,19. Here, we summarize how studies have 
now drastically remodeled the view of CNS macrophages as immune 
cells with characteristic functions. We also highlight other develop-
ments in the field, with a focus on the unique ontogeny and kinetics  
of CNS macrophages and their divergent functions in CNS homeos-
tasis and disease.

The ‘yolky’ beginnings of CNS macrophages
The origin of CNS macrophages was controversial for a long time; 
however, studies of novel transgenic mouse models have shed new 
light on the origin of parenchymal microglia and have shown that they 
are derived exclusively from prenatal hematopoietic progenitor cells 
found in the yolk sac and fetal liver (Fig. 1). Most of these studies have 
taken advantage of mouse lines with tamoxifen-inducible expression 
of Cre recombinase, in which a fusion protein of the mouse estro-
gen receptor and Cre expressed from an estrogen-receptor-encoding 
gene (CreER) is expressed under the control of either hematopoi-
etic-cell-specific promoters (Runx1 or Tie2) or myeloid-cell-specific 
promoters (Csf1r or Cx3cr1)20–29. Crossing those mice with specific 
gene-reporter mouse lines, such as mice expressing yellow fluorescent 
protein (YFP) from the ubiquitous Rosa26 locus (R26-YFP), with 
a loxP-flanked ‘stop’ cassette that is eliminated in the progeny via 
tamoxifen-induced Cre expression, enables sophisticated fate-map-
ping studies at developmental stages of interest. However, all such 
studies have focused on parenchymal microglia and have completely 
neglected the origin of macrophages in the CNS interfaces: the sub-
dural meninges, choroid plexus and perivascular space.

Whereas some historical studies initially investigated the kinetics 
and presumably the origin of perivascular and subdural meningeal 
macrophages13,30–34, less attention was paid to choroid-plexus macro-
phages35. Notably, most of these studies were based on bone-marrow 
transplantation after whole-body irradiation of the recipients. Even 
under non-disease conditions, these experiments revealed that the 
donor-derived cells (identified, for example, by expression of green 
fluorescent protein) are localized in the perivascular space, leptome-
ninges and choroid plexus. However, it has been demonstrated that 
whole-body irradiation disrupts the blood–brain barrier (BBB) and 
leads to local priming, which results in an artificial attraction of 
injected bone-marrow cells into the CNS36–39. Thus, the results of 
such studies must be interpreted with caution. With the genetic fate-
mapping tools now available, it has become possible to reconsider the 
origin of CNS macrophages.

The classic view that non-parenchymal CNS macrophages are derived 
from the bone marrow has been now disproved by fate-mapping exper-
iments with mice with tamoxifen-inducible activation of Cre under 
control of the Cx3cr1 locus that also express R26-YFP (Cx3cr1CreER:
R26-YFP mice). In addition, those findings were confirmed by para-
biosis experiments, in vivo imaging and single-cell RNA sequencing. 
The Cx3cr1CreER:R26-YFP line can be used to efficiently target both 
CX3CR1+ tissue macrophages and circulating myeloid cells7,24,29,40. 
It has been found that microglia arise from an uncommitted CD31+ 
c-kit+ erythromyeloid precursor (EMP) cell located in the yolk sac, 
which further develops via the macrophage ancestor population A1 
(CD45+CX3CR1loF4/80lo) into the A2 (CD45+CX3CR1hiF4/80hi)  
progenitor population23,25,41–43. As the A2 macrophage ancestor popu-
lation expresses CX3CR1, the application of tamoxifen to pregnant 
Cx3cr1CreER:R26-YFP mice at embryonic day 9.0 (E9.0) results in the 
recombination of CX3CR1+ cells and therefore targets the A2 population  

of yolk-sac progenitor cells7,29. Through the use of this fate-mapping 
tool it has been shown that subdural meningeal, perivascular and 
also, to some extent, choroid-plexus macrophages are derived from 
CX3CR1+ A2 progenitor cells before birth7. Additionally, it has been 
demonstrated that the transcription factor PU.1, which affects multiple 
lineages at an early stage during hematopoiesis, including the devel-
opment of macrophages, is essential for the development of all CNS 
macrophages, whereas PU.1’s heterodimer partner IRF8 (‘interferon-
regulatory factor 8’) has a less-severe but distinct effect on the devel-
opment of microglia23,29,44,45 and meningeal macrophages7 (Fig. 1).  
Similar to the development of microglia, the development of CNS 
macrophages does not require MYB, a master transcription factor 
of definitive hematopoiesis7,21. A published study has added another 
piece to the macrophage puzzle by demonstrating that MYB+ EMP 
cells originate in the yolk sac and give rise to fetal monocytes in  
the fetal liver that then develop into tissue macrophages42. Despite 
the fact that all current fate-mapping studies suggest that micro-
glia and CNS macrophage originate from yolk-sac EMP cells, the  
contribution of fetal-liver progenitor cells to the pool of inhabitant 
CNS myeloid cells in mammals is likely but has been shown so far 
only in zebrafish26.

The application of tamoxifen to adult Cx3cr1CreER:R26-YFP mice 
has further demonstrated that subdural meningeal and perivascular 
macrophages are long-lived cells without any detectable exchange 
with circulating cells, which is comparable to parenchymal microglia7. 
In contrast, only choroid-plexus macrophages exhibit partial turnover 
over several months. The longevity of perivascular macrophages for 
years has been suggested by studies of mouse models of stroke, on 
the basis of the uptake of low-density lipoproteins and pinocytosis 
of India ink46,47. A similarly long life for perivascular macrophages 
and microglia in the human brain has been reported in a patient who 
received transplantation of umbilical cord blood that was tracked into 
the recipient’s brain parenchyma48.

In the mouse, only choroid-plexus macrophages have been found 
to be dependent on blood-derived immigrating Ly6Chi monocytes, 
because their numbers are much lower in CCR2-deficient mice than 
in CCR2-sufficient mice, whereas perivascular and subdural menin-
geal macrophage populations remain unchanged7; this is in agreement 
with earlier reports on perivascular macrophages in Ccr2−/− mice37.

In sum, non-parenchymal meningeal and perivascular CNS mac-
rophages and microglia arise entirely from embryonic precursor cells 
without any input from the blood or bone marrow during adulthood. 
This unique situation, relative to that of other macrophages resident in 
most organs of the body, such as the heart and aorta5,6, is most probably 
due to early closing of the BBB during embryogenesis, starting from 
E14.5 (ref. 49), that prevents further influx of myeloid cells into the 
healthy CNS. The astonishing finding of such close ontogeny between 
microglia and the other macrophages in the CNS prompts the question 
of whether non-parenchymal CNS macrophages should not simply be 
considered as microglia present in diverse regions of the brain.

Immunosurveillance functions of CNS macrophages
Macrophages at CNS interfaces not only support CNS development, 
homeostasis and function but also have important pathophysiologi-
cal roles15,50,51. At around day 9.5 of embryonic development, which 
is when CNS vascularization starts, CX3CR1+F4/80+ myeloid cells 
infiltrate the brain through the pial surface and migrate along the 
abluminal surface of penetrating vessels20. Microglia and perivascular 
macrophages are therefore uniquely positioned to influence the early 
sprouting, migration, anastomosis and refinement of the growing 
CNS vasculature. Indeed, studies of angiogenesis after macrophage 
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depletion, or in mice unable to produce microglia or perivascular 
macrophages, strongly support this concept52. Other studies of the 
branching of vascular sprouts in hindbrains of mice with homozygous 
deficiency in the gene encoding PU.1 have suggested that microglia 
and perivascular macrophages might bridge vascular sprouts during 
CNS development53.

Perivascular macrophages promote vascular anastomoses not only 
during development53 but also after the appearance of microlesions in 
blood vessels54. These cells might also have a surveillance role during 
homeostasis19,46,55. During adulthood, macrophages in the leptome-
ninges, choroid plexus and perivascular space are important effector 
and regulatory cells for the immune response of the CNS (Fig. 2).  
In the healthy CNS, only very few peripheral immune cells (T cells,  
B cells and monocytes) can reach the perivascular, leptomeningeal 
and ventricular space. The glia limitans strictly limits access of these 
cells to the CNS parenchyma under normal conditions56. However, 
neuroinflammatory conditions trigger defined molecular mecha-
nisms that allow peripheral immune cells to breach the glia limitans 
and enter the CNS parenchyma57,58.

Numerous immunological functions have been attributed to 
perivascular and subdural meningeal macrophages solely on the basis 
of their expression of immunological molecules. Early studies dem-
onstrated, through the use of bone-marrow-chimeric rats, that these 
cells are the antigen-presenting cells of the CNS13. In addition to the 
immunological activation of perivascular macrophages in response 
to inflammation or neuronal injury59, several reports have describe 
populations of perivascular and leptomenigeal macrophages that 
can perform phagocytosis or respond to cytokines and lipopolysac-
charide in the peripheral blood46,60. Furthermore, perivascular and 
leptomenigeal macrophages are thought to be protective during bac-
terial meningitis61. Similarly, perivascular macrophages are thought 
to ‘preferentially’ take up viruses or pathogens into the CNS via the 

chemokine receptors CCR4 and CCR5 (ref. 62). In a mouse model of 
Alzheimer’s disease, depletion of perivascular macrophages signifi-
cantly increased the amyloid load on the cerebral vessels, indicative 
of an essential role for perivascular macrophages in neurodegenera-
tion63. Likewise, perivascular macrophages have been found to be 
crucial for the cerebrovascular dysfunction of hypertension64.

The choroid plexus is a multifunctional structure composed of a 
villous layer of cuboid epithelia surrounding an inner stroma with 
an extensive network of fenestrated capillaries that extend into the 
cerebrospinal fluid (CSF)-filled spaces of the third, fourth and lat-
eral ventricles65. Choroid-plexus macrophages are located on the api-
cal side of the choroid plexus epithelium facing the CSF and in the 
stroma. Like perivascular macrophages and microglia, these cells are 
also considered to be functional antigen-presenting cells66,67 and are 
thought to have critical roles in immunosurveillance and regulation 
and in the phagocytosis of cellular debris and antigens in the CSF68.

Although the full extent of their physiological role is still unknown, 
non-parenchymal CNS macrophages have been shown to act as anti-
gen-presenting cells, perform phagocytosis and respond to CNS 
inflammation, neurodegeneration and peripheral inflammation.

Distinct transcriptional profiles of CNS macrophages
Because the brain is separated from the periphery by the BBB, CNS mac-
rophages differ considerably from their peripheral-tissue macrophage 
relatives in gene-expression profile and chromatin state69–72. In addi-
tion to known genes that encode some common macrophage-related 
markers such as CD11b, CX3CR1, Iba-1, MERTK (which is important 
for the phagocytosis of apoptotic cells), and the master transcription 
factor PU.1, putative microglia-specific genes such as P2ry12, Fcrls, 
Hexb, Tmem119, Tgfbr1 and Sall1 have been identified in large gene-
expression studies69,71,73–77 (Fig. 2). Notably, all those studies used bulk 
RNA for transcriptome analysis and did not include non-parenchymal 
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Figure 1  Origin and turnover of tissue macrophages in healthy CNS. CNS macrophages are derived from prenatal sources (left) and have no exchange 
with blood cells during in the healthy adult brain (right). A transient early wave of myeloid cell development called ‘primitive hematopoiesis’ (left) 
takes place at E7.0–E8.0. At this time, EMP cells develop in blood islands of the yolk sac. Their progeny (myeloid precursor cells) further proliferate, 
differentiate and populate several tissues, including the brain (left). CX3CR1+ A2 progenitor cells derive from c-Kit+CX3CR1− A1 cells and differentiate 
within the brain into microglia, perivascular macrophages (pvMΦ), meningeal macrophages (mMΦ) and choroid-plexus macrophages (cpMΦ). Factors 
important for proper CNS macrophage development are PU.1, IRF8 and CSF-1R, whereas all these cells develop independently of MYB. During further 
development, myelopoiesis is taken over by progenitor cells found from E12.5 in the fetal liver (which is part of the process of definitive hematopoiesis). 
Maturing myeloid cells continue to engraft in all tissues beyond E14.5–E15.5; however, due to the BBB, the microglia and largely non-parenchymal 
CNS macrophages are thought to be excluded from a fetal contribution. Starting around birth (right), myelopoiesis is thought to be restricted to bone 
marrow. Whereas choroid-plexus macrophages are the only cells with a substantial contribution from bone-marrow progenitors, meningeal macrophages 
and perivascular macrophages exhibit extreme longevity and self-renewal potential. Bone-marrow cells can enter CNS compartments only under disease 
conditions or following irradiation. HSC, hematopoietic stem cell.
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macrophages. Other single-cell RNA-sequencing studies have revealed 
highly cell-type-specific gene markers for microglia (P2ry12, Gpr34, 
Cd83 and Hexb) and perivascular macrophages (Cd163, Hpgd, Mrc1, 
Slc40a1 and F13a1)7,28,75. Selective expression of the receptor P2Y12 
on microglia and not on perivascular or leptomeningeal macrophages 
has been confirmed in humans78.

Non-parenchymal CNS macrophages have higher expression (rela-
tive to that in microglia) of the transmembrane tyrosine phosphatase 
CD45 and major histocompatibility complex class II; the latter suggests 
an antigen-presenting role for these cells79. Furthermore, perivascular 
and meningeal macrophages are characterized by their expression of 
the endocytic pattern-recognition receptor CD206 (also known as 
mannose receptor C type 1 or MRC1)7. Moreover, mainly perivas-
cular macrophages and some meningeal and choroid-plexus mac-
rophages have been shown to express the scavenger receptor CD163 
(refs. 7,75,80,81). However, comparison of perivascular macrophages 
and microglia to bone-marrow-derived peritoneal macrophages or 
circulating monocytes has clearly highlighted a close relationship of 
CNS macrophages with each other that is independent of their periph-
eral counterparts7,75. Despite their close relationship, shared origin, 
and longevity, it has been shown that the microenvironment70,71 
and even physiological host microbiota-derived factors43,82,83 shape 
macrophage properties. This fact makes it likely that the different 
compartments shape CNS macrophage signatures.

The purity of CNS macrophages preparations is of paramount 
importance for studies characterizing their gene expression and func-
tion. Contamination with other myeloid cells is a major problem, 
especially when widely expressed markers such as CD11b are used84. 
Likewise, microglial gene-targeting methods often inadvertently 
target other mononuclear phagocytes. The suboptimal specificity 
of such methods is therefore still a major obstacle in the investiga-
tion of microglia-specific biology in vivo. For example, use of the  
tamoxifen-inducible Cx3cr1CreER line also leads to the labeling 

of long-lived non-parenchymal CNS macrophages and therefore  
should not be considered ‘microglia specific’. Combination of that line 
with the inducible diphtheria toxin receptor results in efficient deple-
tion of microglia85, but it remains unknown whether non-parenchymal  
macrophages additionally undergo depletion in this model. The results 
of studies using the Cx3cr1CreER line should therefore be inter-
preted with caution. Other microglial gene-targeting methods might  
provide a more specific alternative to the Cx3cr1CreER system. For 
example, Sall1 encodes a zinc-finger transcription factor with high 
expression not only by microglia in the CNS71,73 but also by cells  
of the liver, kidneys and heart76. The Sall1CreER line has been  
suggested to result in specific labeling of microglia in the CNS  
without targeting other CNS macrophages or, remarkably, infiltrating 
myeloid cells76. Tmem119 is a transmembrane protein of unknown 
function that has also been suggested to be a microglia-specific 
marker in mice and humans86,87. However, Tmem119 might not  
be expressed by all human microglia in different brain regions and 
during development87. Although it has been convincingly shown  
that Tmem119 is not expressed by infiltrating macrophages, the 
absence of Tmem119 expression in other CNS-resident macrophages 
still needs to be demonstrated86.

In sum, there is an urgent need to elucidate in detail CNS mye-
loid-cell-specific features during health and disease. The discovery of  
specific expression signatures in CNS macrophage subsets will prove 
invaluable for the design of genetic methods to specifically targets 
these cell types.

Microgliopathies or macrophagopathies?
CNS-resident macrophages are involved in almost all brain diseases, 
ranging from neurodevelopmental disorders to neuroinflamma-
tory, neurodegenerative, neurooncological and neuropsychiatric  
disorders1. In such diseases, CNS myeloid-cell responses include a 
plethora of characteristic macrophage functions such as phagocytosis,  
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Figure 2  The localization and genetic signature of CNS macrophages. All CNS macrophages, as well as monocytes, share several surface markers,  
such as CD11b, Iba-1, MERTK and CX3CR1. Microglia are characterized by low expression of CD45 and their suggested unique expression  
(at least within the CNS) of P2RY12, Sall1 and Tmem119. In contrast, non-parenchymal macrophages have high expression of CD45 and major 
histocompatibility complex class II (MHC II). Moreover, perivascular macrophages and meningeal macrophages have high expression of CD206.  
CNS macrophages can be distinguished from monocytes by the expression of Ly6C, a marker present on monocytes but not on macrophages. All CNS 
macrophages have important roles in immunological defense.
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antigen presentation and the production of immunomodulatory  
factors. These properties make them attractive targets for the modula-
tion of CNS diseases88.

Their extreme longevity and the lack of replacement by peripheral 
myeloid cells (with the sole exception of choroid-plexus macrophages) 
render CNS-resident macrophages exquisitely vulnerable to develop-
mental disturbances, aging and cell-intrinsic alterations. In fact, emerg-
ing evidence suggests that macrophage homeostasis can be strongly 
influenced by single-gene defects. The conditions in which usually 
single-gene mutations occur in the myeloid lineage are extremely rare, 
but given the importance of microglia and other CNS macrophages 
in physiological brain function, it is not surprising that an increasing 
number of macrophage-related genes associated with neuropsychiatric 
or neurological disorders have now been identified. In this expanding 
group of brain diseases, classically called ‘microgliopathies’, single-gene 
mutations in microglia were once thought to severely derail their func-
tion and drive subsequent CNS pathologies1,89,90 (Fig. 3). However, 
with increasing understanding of the close family ties between CNS 
macrophages, the possible contribution of non-parenchymal macro-
phages to neurological diseases classically attributed to mutations in 
microglia needs to be carefully considered.

Hereditary diffuse leukoencephalopathy with spheroids was first 
described in 2012 as an autosomal dominant CNS disease induced 
by various mutations in the gene locus encoding the tyrosine-kinase 
domain of the cytokine receptor CSF-1R (http://www.omim.org/
entry/221820)90. In the brain, CSF-1R is expressed predominantly 
by resident myeloid cells such as microglia, but it is also expressed 

on non-microglia macrophages. Although the brain lesions are 
located mainly in the white matter, the clinical symptoms are remark-
ably heterogeneous; patients suffer from personality and behavioral 
changes, dementia, depression, parkinsonism and seizures, among 
several other symptoms. Patients often die of dementia within 6 years  
of onset, and their brains display characteristic features such as 
demyelination, strongly activated astrocytes and the eponymous 
neurofilament-positive axonal spheroids as correlates of neuronal 
loss. These neuropathological features could be explained by dys-
functional microglia, but vascular changes that lead to stroke-like epi-
sodes91 might arise from the impairment of perivascular macrophage  
function. However, it should also be noted that CSF-1R is expressed 
by a subset of neural progenitor cells and has been linked to neural 
differentiation92. In addition, a small number of neurons in the adult 
have also been suggested to express CSF-1R under physiological con-
ditions and to upregulate CSF-1R expression after neural injury93. 
Whether putative neuronal mutations in the gene encoding CSF-1R 
contribute to disease is currently unclear.

Another disease ascribed to mutations in CNS myeloid cells 
is Nasu-Hakola disease; there are about 200 reported cases of this 
worldwide94,95. It is an autosomal recessive chronic neurodegenerative 
disease characterized by psychotic symptoms and bone cysts (http://
www.omim.org/entry/221770)94,95. The pathogenesis of this disease 
is loss-of-function mutations in either Tryobp (which encodes the 
accessory protein DAP12) or Trem2 (which encodes the cell-surface 
receptor TREM2)96. DAP12 is an adaptor that bears an immunorecep-
tor tyrosine-based activation motif that couples to CSF-1R and several 
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Figure 3  Myeloid-cell dysfunction in the adult CNS. Several mutations in microglia and CNS-resident macrophages, encompassing genes encoding 
CSF-1R plus TREM2 in humans or Hoxb8 plus USP18 in mice, are causative for a distinct group of monogenetic neurodegenerative brain diseases. 
Middle, localization of surface receptors (CSF-1R and TREM2) and cytoplasmic factors (USP18) or nuclear factors (Hoxb8) in microglia (center), 
leptomeningeal macrophages, perivascular macrophages and choroid-plexus macrophages. Loss of nutritive function of microglia and other CNS 
macrophages leads to pronounced neuropathological alterations, such as axonal damage accompanied by neuronal loss and white-matter changes 
initiated by oligodendrocytic changes. Notably, the role of non-parenchymal macrophages in these diseases is highly probable. TORCH, toxoplasmosis, 
other agents, rubella, cytomegalovirus and herpes simplex virus.
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other receptors. This again underlines the importance of CSF-1R sig-
naling for microglial homeostasis. DAP12 can also form a receptor 
signaling complex with TREM2 and triggers activation of immune 
responses in macrophages. Because osteoclasts and potentially other 
non-parenchymal brain macrophages also display high expression of 
TREM2, they might also be key participants in the pathogenesis of 
Nasu-Hakola disease97.

Mutation of Hoxb8 (which encodes the transcription factor Hoxb8) 
in mice leads to an excessive grooming phenotype similar to the 
obsessive-compulsive disorder trichotillomania (http://www.omim.
org/entry/142963)98,99. In fact, resident microglia are the only Hoxb8-
expressing cells in the CNS parenchyma and are therefore thought 
to be critically involved in pathogenesis100. Notably, the compulsive 
grooming behavior of Hoxb8-deficient mice was restored through 
the transplantation of wild-type bone marrow. Given the contribu-
tion of bone marrow cells to perivascular and meningeal macrophage  
populations but not to microglial populations following irradia-
tion7,32, we are tempted to speculate that non-microglia macrophages 
contribute to the CNS pathology and the pathological grooming 
behavior caused by Hoxb8 mutations.

The concept of human ‘interferonopathies’ as a broader set of 
Mendelian disorders, in which a constitutive upregulation of the 
activity of type I interferons directly relates to disease pathology, has 
now been established101. Several mutations have been discovered in 
this disease entity. The ubiquitin-specific peptidase USP18 has been 
discovered as a microglia-specific protein that leads to a fatal enceph-
alopathy mediated by the type I interferon receptor IFNAR1 (ref. 102). 
Interestingly, in mice, Usp18  has been found to be important only for 
white-matter microglia, suggestive of region-specific vulnerability. 
Autosomal recessive mutations in  USP18 have been identified in 
a few patients that display, in addition to a strong type I interferon 
signature in the brain parenchyma, extensive angiopathies and intrac-
erebral bleeding, which again points to involvement of perivascular 
macrophages in human CNS pathologies103.

In conclusion, evidence increasingly supports the possibility of 
a potential pathophysiological role for both microglia and non- 
parenchymal CNS macrophages in the pathogenesis of distinct mono-
genetic neurodegenerative disorders. Thus, both types of macrophages 
might be useful targets for cell-specific therapeutic approaches for 
these disorders.

Conclusions
Here we have summarized the evidence of close family ties between 
microglia and non-parenchymal CNS macrophages. Until now, it 
was thought that non-parenchymal CNS macrophages are derived 
from bone marrow and undergo modest but constant replacement by 
short-living blood monocytes. It is now known that microglia share 
their prenatal origin with leptomeningeal, perivascular-space and  
choroid-plexus macrophages and that the majority of these popula-
tions receive no contribution from the bone marrow but are instead 
long-lived cells with considerable self-renewal capacity.

The heterogeneous population of cells localized to CNS interfaces 
includes macrophages, dendritic cells responsive to the cytokine 
receptor FLT3 (ref. 104), and leptomeningeal mesothelial cells, 
which, in combination with pericytes and astrocytic foot processes, 
contribute to the formation of the immunological BBB58. Several 
immunological functions have been ascribed to macrophages at 
CNS interfaces. However, assessing the precise immunological and 
non-immunological functions of these cells in vivo is still hampered 
by their scarcity and the dearth of specific methods of isolation and 
targeting. Unbiased high-throughput gene-expression profiling and 

other molecular–biological tools are bringing about a renaissance 
in myeloid-cell research. Single-cell RNA-sequencing studies have 
revealed unique expression profiles of CNS macrophage subsets that 
will undoubtedly spur the development of new tools with which to 
target and analyze these cells in detail. With these developments, 
researchers are at the cusp of a deeper appreciation of the diverse 
properties and functions of microglia and their non-parenchymal 
siblings during development, homeostasis and disease.
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Erratum: Ontogeny and homeostasis of CNS myeloid cells
Marco Prinz, Daniel Erny & Nora Hagemeyer
Nat. Immunol. 18, 385–392 (2017); published online 22 March 2017; corrected after print 26 April 2017

In the version of this article initially published, some of the arrows along the right side of Figure 1 were incorrect. The arrow from ‘Ly6Chi monocyte’ 
to ‘pvMΦ long-living’ should be deleted, and an arrow should be added from ‘Ly6Chi monocyte’ into the boxed area above (top right). The error 
has been corrected in the HTML and PDF versions of the article.
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