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Macrophages are multifunctional cell types present in most tissues in 
vertebrates. Macrophage-like cells, or ‘hemocytes’, are also found in 
some invertebrate lineages, including arthropods. Macrophages are 
best known for their role in immunity, which was first elucidated by 
Eli Metchnikoff in the late nineteenth century1. That initial discovery 
focused on the phagocytic activity of macrophages, which is impor-
tant not only for host defense against infections but also for a variety 
of ‘housekeeping’ functions, such as the removal of apoptotic cells 
and remodeling of the extracellular matrix (ECM). Studies are now 
beginning to highlight a much more general role for macrophages in 
vertebrate biology, including their roles in systemic metabolism, cold 
adaptation, tissue homeostasis and development2,3. The normal devel-
opment and function of some tissues and organs, including the brain, 
ovaries and bone, is critically dependent on macrophages that reside in 
these organs2,3. It is now appreciated that in addition to their phagocytic 
activity, macrophages can function as an important source of growth fac-
tors for other cell types within tissues4. Tissue-resident macrophages also 
sense tissue damage and orchestrate tissue-repair responses5. Consistent 
with such a broad array of essential functions, macrophages are also 
reported to be important contributors to various pathological conditions 
that reflect the derailment of these functions. Indeed, macrophages are 
now well established as having critical roles in atherosclerosis6, osteopo-
rosis7, obesity and type 2 diabetes8,9, fibrosis10 and cancer11. Many addi-
tional macrophage functions and corresponding diseases will probably 
be discovered in the near future. Such advances are starting to transform 
the view of macrophages from specialized anti-microbial defenders to 
a cell type with many essential functions in tissue development and 
homeostasis in complex metazoans. Thus, science is coming full circle 
back to the Metchnikoff ’s original view of macrophages as essential com-
ponents of metazoan biology. There is a growing need, therefore, for the 
development of new conceptual frameworks to integrate macrophage 
functions with mammalian development, physiology and tissue biology. 
In this Review, we will present and discuss several concepts that might 

help in the development of new perspectives on macrophages and their 
roles in normal biology and pathology.

Tissue-resident macrophages are integral tissue components
It has long been appreciated that macrophages are present in most if not 
all tissues in mammals12 and probably in other vertebrates. Studies have 
revealed several surprising characteristics of these macrophages. First, 
tissue-resident macrophages comprise cell populations derived from 
three sources: yolk sac, fetal liver, and hematopoietic stem cells in the 
bone marrow13,14. The relative contributions of embryonic sources ver-
sus hematopoietic sources to resident macrophages varies by tissue, with 
some tissues being populated mainly by yolk sac–derived macrophages 
(for example, Langerhans cells in the skin and microglia in the brain) 
and other tissues having mainly bone marrow–derived macrophages (for 
example, the intestine)15. Another major insight has been provided the 
realization that yolk sac–derived macrophages (and presumably fetal 
liver–derived macrophages) can be maintained for the lifespan of the 
organism by continuous self-renewal16. It is not yet clear whether all 
tissue-resident macrophages can enter the cell cycle or whether small 
fractions of these self-renew by asymmetric cell division (similar to stem 
cells). This distinction is important because of its implications for under-
standing the functional heterogeneity of tissue macrophages. Finally, 
studies of gene-expression and enhancer activity in different tissue-
resident macrophages have revealed distinct tissue-specific transcrip-
tional and epigenetic programs17–19 that clearly suggest that resident 
macrophages are specialized to perform many tissue-specific functions.

Indeed, it has long been recognized that tissue-resident macro-
phages are heterogeneous populations in terms of their phenotypes and 
functions20. Some of their functions are specialized for the anatomi-
cal location in which they reside3,21. For examples, osteoclasts (bone 
macrophages) are highly specialized in bone resorption7; lung alveolar 
macrophages are responsible for the recycling of surfactant molecules, 
which are produced by alveolar epithelial cells22; microglia, the brain 
macrophages, have a role in the development and function of the cen-
tral nervous system through synaptic pruning and provision of neu-
rotrophic factors23; and splenic red-pulp macrophages are important 
in the processing of heme and iron from senescent red blood cells24. 
These examples illustrate the finding that tissue-specialized functions 
of macrophages are tightly associated with normal tissue physiology. 
Accordingly, abnormality of tissue-resident macrophage functions is 
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Macrophages are essential components of mammalian tissues. Although historically known mainly for their function in 
host defense and the clearance of apoptotic cells, macrophages are now increasingly recognized as serving many roles in 
tissue development, homeostasis and repair. In addition, tissue-resident macrophages have many tissue-specific functional 
characteristics, which are a reflection of distinct gene-expression programs. Here we discuss the emerging views of macrophage 
biology from evolutionary, developmental and homeostatic perspectives.
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cells, etc.) delegate some of their functions to accessory cells. A familiar 
analogy would be a professional athlete or musician delegating most 
of their chores to housekeepers and personal assistants. The former 
can optimize their professional activity (primary function), while the 
latter enable optimal performance of the primary functions of their 
clients. It should be noted, however, that only non–cell-autonomous 
functions can be delegated, while cell-autonomous functions cannot 
(thus, of the two functions ‘eating’ and ‘cooking’, only the latter can 
be delegated to someone else). Similarly, immunological defense and 
scavenging functions and the production of ECM can be delegated to 
specialized accessory cells (macrophages and fibroblasts, respectively), 
while the synthesis of intracellular proteins and metabolites cannot be 
delegated to other cells.

With the emergence of many specialized parenchymal cell types 
in arthropods and especially in vertebrates, accessory cell types have 
emerged as well. Parenchymal cell types specialized in performing pri-
mary functions delegate supportive functions to accessory cell types, 
such as macrophages, fibroblasts, astrocytes, Schwann cells and oligo-
dendrocytes. All these cell types perform a variety of accessory functions 

often linked to various pathologies. Deficiency in osteoclast develop-
ment is characterized by osteopetrosis caused by insufficient bone 
resorption7. Alveolar macrophage deficiency in humans and mice results 
in pulmonary alveolar proteinosis caused by progressive accumulation 
of surfactant25,26. Mice deficient in the transcription factor Spi-C, which 
have defective development of splenic red-pulp macrophages, develop a 
disorder in iron homeostasis characterized by iron overload in splenic 
red pulp24. These findings illustrate the critical role of tissue-resident 
macrophages in the maintenance of tissue homeostasis.

This diversity of functions of tissue macrophages has not yet been 
fully appreciated from evolutionary and developmental perspectives. In 
the following sections, we discuss two general principles that might help 
conceptualize the broader view of macrophages as essential components 
of tissues of complex metazoans.

Cell-type diversification in metazoan evolution
One well-appreciated tendency in metazoan evolution is the progres-
sive ‘division of labor’ between different tissues and the correspond-
ing cell types that make up those tissues. For example, adipocytes 
are specialized for triglyceride storage; epithelial cells are specialized 
for absorptive and barrier functions; neurons are specialized for the 
transduction of electrical signals; and sperm cells are specialized for 
sexual reproduction (Fig. 1a). The purpose of the division of labor is 
to optimize the performance of the functions for which each cell type 
is specialized. Thus, in more-primitive metazoans (such as the phyla 
Porifera and Cnidaria), with only a few cell types available, cells are less 
specialized and are often multifunctional27. For example, in Hydrozoa 
(of the phylum Cnidaria), the surface layer is made of epitheliomus-
cular cells, which combine barrier functions and contractile functions 
in a single cell type28. These functions are segregated into epithelial 
cells and muscle cells in more-complex metazoans. Subsequent pro-
gressive division of labor led to further diversification of cell types, 
each specialized for fewer functions. Thus, in mammals there are doz-
ens of epithelial cell types specialized for various absorptive, secre-
tory and sensory functions. This progressive specialization has been 
accompanied by the emergence of many new cell types in the phyla 
Nematoda, Arthropoda and Chordata. Another consequence of the 
emergence of many specialized cell types is the segregation of primary 
functions and accessory (or supportive) functions. This segregation 
occurs because the cells specialized for primary functions (i.e., tissue-
specific parenchymal cells, such as hepatocytes, neurons, epithelial 
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Figure 1  The concept of primary and accessory cell types. (a) Progressive 
division of labor leads to the evolution of multiple specialized cell types. 
For example, a neuron (left) is specialized in the transmission of electrical 
and chemical signals, whereas a sperm cell (right) is specialized on sexual 
reproduction. (b) Partition of primary and supportive functions leads 
to the evolution of accessory cell types: left, myelin sheaths formed by 
Schwann cells (green) perform accessory functions that enable neurons 
to perform saltatory conduction of action potential; right, Sertoli cells 
(green) provide a spermatogonial stem-cell niche, which ensures the 
differentiation of spermatogonia into mature sperm cells (red arrows). 
(c) Client cells (osteoblasts, alveolar epithelial cells and neurons) and 
tissue-specific accessory functions provided by macrophages (osteoclasts, 
alveolar macrophages and microglia). In bone tissue (left), the bone-
remodeling process requires cooperation between osteoblast-mediated bone 
generation and osteoclast-mediated bone resorption. The homeostasis of 
pulmonary surfactant in lungs (middle) is maintained by the balance of 
the secretion of surfactant lipids and proteins by alveolar type 2 epithelial 
cells and the removal of these lipids and proteins, mediated by alveolar 
macrophages. During development of the central nervous system (right), 
microglia-mediated synaptic pruning of enables the establishment of brain 
architecture and connectivity.
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The concept of functional demand
The perspective described above might help to explain the pervasive 
presence of macrophages in mammalian tissues and their diverse, tissue-
specific phenotypes and functions. How these tissue-specific functional 
programs are established is a question of central importance in mac-
rophage biology. One possibility is that these functional phenotypes 
are developmentally and genetically hard-wired. Intuitively, this sce-
nario seems unlikely, as it is difficult to imagine that so many details of 
macrophage phenotypes are specified by pre-defined genetic programs, 
especially if the possibility that macrophages within each tissue are  

that support the corresponding ‘client’ cells: the tissue-specific paren-
chymal cell types. For example, Schwann cells, which wrap around the 
axons of motor and sensory neurons, perform an accessory function 
(myelination of axons) that enables superior performance of the primary 
function (action potential propagation in the axon) of their client cell 
(the neuron) (Fig. 1b). In seminiferous tubules, Sertoli cells perform 
accessory roles in support of the differentiation and migration of their 
client cells, the spermatogonia (Fig. 1b). According to the same prin-
ciple, many tissue-specific functions of resident macrophages can be 
considered as supporting the various primary functions performed by 
their client cell types, such as osteoblasts, alveolar epithelial cells and 
neurons (Fig. 1c). Tissue-resident macrophages thus perform a variety 
of accessory functions, some of which are tissue specific, to support the 
primary functions of the corresponding parenchymal client cell types.

While some accessory cell functions are highly specialized and are 
needed only for specific client cells (as in the example of Schwann cells 
and neurons), other accessory functions are generic (housekeeping) 
and are needed in most tissues for most client cells (for example, the 
removal of apoptotic cells). Certain accessory functions, such as tissue 
repair and host defense, need to be performed only on demand. Tissue-
resident macrophages can perform these functions when the challenge 
is small enough. When the challenge (infection or injury) is too great 
to be handled by resident macrophages, they recruit specialized acces-
sory cells, such as neutrophils and inflammatory monocytes. Thus, 
while the function of resident macrophages is analogous to that of 
butlers, who handle many common everyday chores, neutrophils and 
other inflammatory cell types are analogous to plumbers or firefight-
ers, who are better equipped to deal with specific problems, but the 
presence of such cells in tissues is beneficial only when these specific 
problems arise.

As macrophages and stromal cells are programmed to support the 
functions of their client cells, they perform these supportive functions 
even when their clients are cancer cells. Although tumors are in many 
ways abnormal tissues, they are still dependent on various supportive 
functions of accessory cells, particularly macrophages, stromal cells and 
endothelial cells29–31. These cells are responsible for the production of 
growth factors and ECM, the delivery of oxygen and nutrients, and many 
other essential functions on which tumor cells depend. The provision 
of these functions by accessory cell types explains their critical role in 
tumor growth11,30. Depending on their cell type of origin, cancer cells 
might need different tissue-specific accessory functions, in addition to 
the generic housekeeping functions. This, in turn, might dictate the 
functional specialization of macrophages and stromal cells in different 
tumor types. The dependence of both normal client cells and cancer 
client cells on accessory functions provided by macrophages is an impor-
tant area of future investigation.

In summary, the progressive specialization of cells during metazoan 
evolution has been accompanied by a decrease in their functional auton-
omy. Some of the functions have been delegated to accessory cells, such 
as macrophages, which ‘complement’ the functional repertoire of their 
client cells (including cancer cells) and ‘support’ the performance of the 
primary functions.
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Figure 2  Two types of signals that define the functional states of a cell.  
(a) When progenitor cells migrate into tissues (tissues a and b), ‘tissue-
identity’ signals (a and b) present in the tissue environment induce tissue-
specific characteristics or differentiation of the cells (states A and B).  
(b) Signals reporting functional demand (X and Y) induce reversible 
functional polarization (states Cʹ and Cʺ). (c) Overall phenotypes of cells are 
dictated by the combination of tissue-identity signals and signals reporting 
functional demand.
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Different tissues have diverse functional needs: macrophages in the 
red pulp of the spleen remove senescent erythrocytes, while macro-
phages in alveoli eliminate excess surfactant phospholipids and pro-
teins. The corresponding functional programs are induced in these 
macrophages by dedicated transcription factors that operate as sensors 
of specific functional needs: Bach1 in red-pulp macrophages senses 
heme, a product of erythrocyte degradation36, while PPAR-g in alveolar 
macrophages senses surfactant lipids37. The phenotypes of these mac-
rophages can thus be explained by their response to these particular 
functional demands. Extrapolating this view would suggest that many 
other tissue-specific functional phenotypes of macrophages could be 
due to the sensing of corresponding functional demands and induc-
tion of the appropriate transcriptional programs. When the functional 
demands cannot be met by the available number of macrophages, their 
local proliferation (through increased local production of the cytokine 
M-CSF) or recruitment (through expression of the appropriate chemo-
kines) ensures adequate supply of these cells within the tissue. Sensors of 
functional demands might thus orchestrate not only the direct responses 
of macrophages to these demands but also the expression of signals that 
expand, recruit and position macrophages in the appropriate locations.

We suggest that many aspects of the development and function of 
tissue-resident macrophages can best be described by a variation on the 
themes of the two paradigms described above. First, migratory progeni-
tor cells populate different tissues, where they may receive ‘tissue-iden-
tity’ signals that promote their local differentiation into tissue-resident 
macrophages. Second, resident macrophages receive signals that indicate 
local functional demands, which induce diverse functional programs 
and associated phenotypes of macrophages, as well as their precise loca-
tion and number within tissues (Fig. 2c).

Functional demands can be transient or continuous, and can be com-
mon or tissue specific. Accordingly, these translate into transcriptional 
programs in tissue-resident macrophages that are transient, stable or 
permanent, corresponding to cellular activation, polarization and differ-
entiation, respectively. The phenotypes of tissue-resident macrophages 
are mostly a combination of differentiation and polarization programs. 
Differentiation is a stable and irreversible transition from progenitor cell 
to one of several possible cell types under the control of external signals 
that promote distinct differentiation paths (Fig. 3a). In contrast, polar-
ization is a stable and reversible program that is induced on demand. 
The signals that report functional demand promote stable phenotypic 
changes through induction of the corresponding gene-expression pro-
grams (Fig. 3b). Once the functional demand is met, the signal reporting 
it and the corresponding polarization programs subside, which results 
in a reversal of the polarization to the initial state, ready to respond 
to other functional demands. The phenotypes of tissue-specific mac-
rophages can thus be viewed as a combination of differentiation and 
polarization programs. Indeed, the transplantation of resident peritoneal 
macrophages into the alveolar cavity results in gene-expression changes 

functionally heterogeneous, depending on their precise location and 
tissue state, is taken into account. Therefore, an alternative perspec-
tive might need to be developed to account for the generation of tissue 
specificity and functional diversity of macrophages.

Two developmental paradigms seem to be applicable to the develop-
ment and specialization of tissue-resident macrophages (Fig. 2a). The 
first is the paradigm of neural crest cells: here, stem cells derived from 
the neural crest migrate to various tissues, where they receive a local 
combination of signaling molecules (including members of the BMP, 
FGF, Wnt and Hedgehog families) that determine their terminal dif-
ferentiation into various cell types, including chondrocytes, sensory 
neurons and melanocytes32. This principle has some parallels with the 
development of resident macrophages, whereby migratory progenitor 
cells (derived from the yolk sac, fetal liver or bone marrow) home to 
different tissues to acquire tissue-specific differentiation programs. This 
is thought to occur in response to locally produced and mostly unchar-
acterized signals (we refer to these as ‘tissue-identity signals’ here). This 
developmental mechanism is highly plastic and adjustable; variable char-
acteristics, such as tissue location, shape and size, do not need to be 
pre-specified for the generation of tissue-resident macrophages with 
phenotypic characteristics matching the tissues in which they reside. 
Two known examples that seem to follow this paradigm are the differ-
entiation of microglia and peritoneal macrophages in response to local 
production of TGF-b in the brain and retinoic acid in the omentum, 
respectively33,34.

A second developmental paradigm that we believe is applicable to 
the specialization of tissue-resident macrophages is exemplified by 
angiogenesis and the development of the peripheral nervous system. In 
both cases, the ‘details’ of the final product (that is, the vascularization 
or innervation of tissues) occurs in a manner that is not pre-specified 
by genetic programs. Instead, local provision of growth and survival 
factors establishes vascularization or innervation of all of the target tis-
sues, with appropriate positioning and density of micro-capillaries or 
neurons, respectively. This developmental principle is also characterized 
by plasticity and evolvability: it can easily accommodate new phenotypic 
variants, such as changes in body size, without the need for a genetic 
rewiring of the entire system35.

Angiogenesis, in particular, clearly illustrates the key aspect of this 
developmental paradigm: the new blood vessels develop ‘on demand’. 
The demand for micro-vessels is dictated by oxygen availability, which in 
turn is detected by a dedicated sensor, the hypoxia-inducible transcrip-
tion factor HIF-1a. More generally, this paradigm can be formulated 
as follows: a functional demand is detected by a sensor that promotes 
an increase in the number or activity of cells that meet that demand. 
Thus, macrophages derived from common migratory progenitor cells 
might sense functional demands in the different tissues in which they 
reside and then might activate the corresponding functional polariza-
tion programs (Fig. 2b).
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tion and require minimal changes in transcriptional control circuits. 
Indeed, such transitions require only that the expression of transcrip-
tion factors that control polarization programs becomes stable. This 
can be achieved either through a positive auto-regulatory loop (as is 
the case with the transcription factor MyoD, which activates its own 
transcription) or through the establishment of a stable chromatin state 
(for example, through the effect of histone methyl transferases of the 
Trithorax group, which promote gene activity though methylation of 

from a ‘peritoneal’ macrophage signature to an ‘alveolar’ macrophage 
signature, yet some of the gene-expression signature of peritoneal mac-
rophages is retained19. This example illustrates the distinction between 
gene-expression programs corresponding to irreversible components 
(differentiation) and reversible components (polarization) of the spe-
cialization of tissue-specific macrophages.

The transitions of a given program from reversible polarization to 
irreversible differentiation presumably occur repeatedly during evolu-
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ing development and might account for the difficulty in recapitulating 
differentiation programs in vitro.

Transcription factors that are induced by tissue-identity signals (such 
as GATA-6) control tissue-specific gene-expression modules34,44,45. 
These gene-expression modules specify different tissue-resident mac-
rophage subsets, such as intestinal macrophages, Kupffer cells, microglia, 
osteoclasts and alveolar macrophages46. Indeed, deletion of particular 
transcription factors leads to deficiency in specific tissue-resident mac-
rophage subsets, such as Spi-C in splenic red-pulp macrophages24, LXRa 
in splenic marginal zone macrophages47, PPAR-g in lung alveolar macro-
phages37 and NR4A1 in thymic macrophages48. This might suggest that 
the induction of these transcription factors by tissue-identity signals is 
responsible for the terminal differentiation of these tissue-resident mac-
rophage subsets. However, it is also formally possible that rather than 
regulating differentiation programs, these transcription factors control 
the recruitment of macrophages to a particular anatomical location or 
the expression of genes encoding products used as markers of a particu-
lar macrophage subset. It is curious, in this context, that many of the 
commonly used ‘cell-type markers’ are integrins and chemokine recep-
tors—that is, gene products that control cell localization in specific tis-
sue compartments. Thus, the definitive distinction between true loss of 
lineage determination versus other effects of the deletion of a transcrip-
tion factor can be complicated. However, there are several special cases 
that illustrate an irreversible terminal differentiation program, such as 
osteoclast differentiation, which is characterized by multi-nucleated 
giant cells formed by cell-cell fusion of mononuclear precursor cells7,46.

The next (third) level of hierarchy is characterized by transcription 
modules regulated by functional demands. These can be tissue specific 

histone H3 on Lys4). Thus, when a given functional demand is constitu-
tively present in a given tissue, the corresponding polarization program 
may become ‘fixed’ as a differentiation program. In these cases, the tran-
scription factors that control polarization programs become equivalent 
to lineage-determining master regulators, while the signals that report 
on functional demand become equivalent to tissue-identity signals that 
induce differentiation. In fact, tissue-identity signals are presumably 
‘evolutionarily derived’ from the functional-demand signals that are 
associated with specific tissues. Thus, all macrophages can participate 
in the phagocytosis of apoptotic cells on demand; however, tingible-body 
macrophages are specialized for the phagocytosis of massive amounts 
of apoptotic B cells in the germinal center38. Similarly, PPAR-g can be 
upregulated on demand in most macrophages to control lipid metabo-
lism, but it is specifically induced by the cytokine GM-CSF in alveolar 
macrophages to ensure efficient handling of surfactant lipoproteins37. 
Tissue-identity and functional-demand signals are not always equiva-
lent, however. Thus, retinoic acid induces expression of the transcription 
factor GATA-6 only in precursors of peritoneal macrophages but not in 
progenitors of bone marrow macrophages, because the Gata6 locus is 
silenced in the latter34. Thus, retinoic acid as a tissue-identity signal can 
induce the GATA-6 program only in competent cells.

In general, it appears that tissue-identity signals tend to induce dif-
ferentiation programs, while functional-demand signals tend to induce 
polarization programs, although there are probably many variations on 
this theme.

Control of the specialization of tissue-resident macrophages
Gene-expression analyses and functional studies of tissue-resident mac-
rophages have provided valuable insights into their transcriptional and 
epigenetic profiles. The emerging view is that gene expression in macro-
phages is made up of distinct transcriptional modules that are controlled 
by hierarchically arranged transcriptional regulators17–19,34,39. At the 
top of the hierarchy are the lineage-determining master regulators, such 
as PU.1 and CEBPb, which control the gene-expression module com-
mon to all macrophages (Fig. 4a). PU.1, in particular, has been found 
to occupy and engage macrophage-specific gene enhancers, making 
them accessible to other transcriptional regulators40,41. For example, 
peritoneal macrophages and microglia have been shown to have PU.1 
bound to enhancer regions of genes transcribed in a tissue-specific 
manner18. Expression of PU.1 and the universal macrophage-specific 
gene-expression module is maintained by the CSF-1 receptor and its 
ligands, including M-CSF and interleukin 34 (refs. 4,42). This generic 
macrophage gene-expression program characterizes macrophage pro-
genitor cells before their tissue-specific diversification. Expression of 
PU.1 controls the differentiation of more-primitive progenitor cells into 
macrophages. As noted above, differentiation is generally stable and 
irreversible: withdrawal of M-CSF results in macrophage death rather 
than dedifferentiation.

The next (second) level of hierarchy is controlled by transcription 
factors that are induced by tissue-specific signals (‘tissue-identity’ 
signals) (Fig. 4b). The two known examples that fit ‘tissue-identity’ 
signals are TGF-b and retinoic acid in the brain and peritoneum, 
respectively33,34. Neither TGF-b nor retinoic acid is unique to any 
particular tissue, however, which would suggest that the ‘identity sig-
nal’ is probably a combination of signals received in a specific order. 
Indeed, in the case of neural-crest-cell differentiation, it is a combi-
nation of several signals (including those from members of the BMP, 
Wnt, FGF and Hedgehog families), acting in a specific succession, that 
controls the final differentiation programs43. This ‘non-commutative’ 
property of differentiation signals (A + B ≠ B + A) might explain how 
a small number of signaling pathways generate diverse cell types dur-

Controller Signal Plant
Deviation of

regulated variable
from set point

Low glucose
concentration

Pancreatic
alpha-cell

Glucagon

Hepatocyte

Hypoxia

Macrophage

VEGF-A

Vascular
endothelial cell

a

b

c

[ O2 ]

Regulated variable or

Glucose

Figure 5  The macrophage as a homeostatic controller. (a) In a homeostatic 
control circuit, the value of a regulated variable is monitored by a Controller. 
In response to deviation of the regulated variable from the set point, the 
Controller produces a signal that acts on the Plant, which in turn can bring 
the value of the regulated variable closer to its set point(s). (b) During 
systemic homeostasis, pancreatic alpha cells sense low concentrations 
of glucose in the blood; this is followed by production of the peptide 
hormone glucagon, which acts on hepatocytes to induce glycogenolysis and 
gluconeogenesis. (c) Macrophages act as Controllers of tissue homeostasis 
by sensing hypoxia and produce VEGF-A to promote angiogenesis, which 
increases the supply of oxygen (O2) to the hypoxic area.
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These parameters are known as ‘regulated variables’. In systemic homeo-
stasis, regulated variables were defined by Walter Cannon in 1929 and 
include the concentration of glucose and calcium in blood and core 
body temperature49. Formally, all homeostatic systems have two com-
ponents: Controllers and Plants. Controllers monitor the values of regu-
lated variables, while Plants can change these values. A familiar example 
of this in engineered systems would be a thermostat (the Controller) 
and a furnace (the Plant) that maintain room temperature (the regu-
lated variable). Controllers communicate to the Plant through a signal 
they produce if the value of a regulated variable differs from the desired 
or ‘set-point’ value (Fig. 5a). In systemic homeostasis, Controllers are 
endocrine organs that produce hormones in response to deviations in 
regulated variables from their set points. Hormones act on their target 
tissues (Plants), which then bring these values closer to their set points. 
Thus, in the case of glucose homeostasis, pancreatic alpha and beta cells 
function as Controllers and produce glucagon and insulin that affect the 
Plants (muscle, liver and fat) to change the concentration of glucose in 
blood in the desired direction50 (Fig. 5b).

To describe tissue homeostasis, we need to define the quantitative 
characteristics that are maintained at the tissue level (i.e., the regulated 
variables), the components that monitor these variables (Controllers) 
and the components that can change their values (Plants). In contrast to 
their characterization in systemic homeostasis, the regulated variables, 
Controllers and Plants in tissue homeostasis are not well characterized51. 
Examples of the variables that are maintained homeostatically include cell 
number and composition per tissue compartment; ECM density, com-
position and stiffness; and the volume, oxygen concentration, pH, tem-
perature and osmolarity of interstitial fluids51. Homeostatic Controllers 
that monitor these parameters are tissue-resident macrophages,  

or can be shared by macrophages in several tissues (Fig. 4c). Expression 
of these modules can also be dependent on the previous provision of 
tissue-identity signals (Fig. 4d). In other words, some transcriptional 
programs can be dictated by a combination of multiple signals that are 
present in the same tissue environment (module aX and module gZ, Fig. 
4e,f). This can be exemplified by the peritoneal macrophage–specific 
expression of genes encoding arginase-1, fibronectin 1 and proteinase 3, 
which requires both retinoic acid and an unidentified omentum-derived 
factor for induction34.

Together, the combination of tissue-derived signals seems to induce 
multiple gene-expression modules, which accounts for the overall struc-
ture of the phenotype of tissue-resident macrophages (Fig. 4e). In this 
context, some of the gene modules can be induced by the same func-
tional demand across several tissue macrophage subsets (module Y, Fig. 
4f). For example, heme induces expression of the transcription factor 
Spi-C in both red-pulp macrophages and bone marrow macrophages 
for their functional specialization36.

Macrophages and tissue homeostasis
The concept of functional demand is applicable to a variety of biological 
contexts ranging from acute cellular responses to certain types of devel-
opmental processes that are not hard-wired. It is particularly useful in 
describing biological processes at the tissue level, where the majority of 
the control mechanisms remain poorly understood.

‘Tissue homeostasis’ is a term often used to refer to a normal (not 
inflamed or damaged) tissue state. A more precise definition of tissue 
homeostasis can help to unveil many fundamental characteristics of 
tissue biology that have been largely unstudied. ‘Homeostasis’ refers to 
maintenance of the stability of some critical parameters of the system. 

Table 1  Signals monitored by macrophages and their receptors
Signal source Stimulus Sensor or receptor Ref.

Bacteria Lipopolysaccharide, flagellin, CpG DNA TLRs 54

b-glucan, mannose CLRs 55

Flagellin, pore-forming toxins NLRs 56

Virus Double-stranded RNA, single-stranded RNA TLR3 and TLR7; RLRs 54

DNA AIM2, cGAS 57,58

Fungus b-glucan TLRs 54

b-glucan, mannose CLRs 55

Dead cell Apoptotic cell TAMs, TIMs 59,60

Necrotic cell (ATP, HMGB1, uric acid crystal, etc.) NLRP3, TLRs, P2X7, P2Y2 56,54,61

Tissue microenvironment Hypoxia HIF-1a 52

pH GPR65 62

Heat TRPV2, TRPM2 63,64

Osmolarity NLRP3, NLRC4, TRPV2, NFAT5 56,63,65, 66

Alum, asbestos, silica NLRP3 56

Metabolite Nucleotides and nucleosides Purinergic receptors 61

Heme Bach1 36

Vitamin A Retinoic acid receptors 34

Vitamin D Vitamin D receptor 67

Fatty acid PPAR-g, CD36, SR-A 68,69,70

Omega-3 fatty acid GPR120 71

b-hydroxybutyrate GPR109a 72

Sphingosine 1-phosphate Sphingosine 1-phosphate receptors 73

Extracellular matrix Fibronectin Integrin a5b1 74

Proteoglycans SR-A 75

Collagen DDRs, LAIR1, mannose receptor 76,77,78

Laminin Integrin a6b1 79

Hyaluronic acid CD44, Lyve-1, TLR2 and TLR4 80,81,82

This table is not comprehensive and has been simplified for clarity.
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tional repertoire of macrophages far beyond their ‘classical’ functions 
as anti-microbial phagocytes. Metchnikoff would have been pleased to 
know that his favorite cell type is finally getting the attention it deserves.
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afferents of the autonomic nervous system, C-fiber nociceptors and mast 
cells. These cell types monitor various aspects of the tissue microenvi-
ronment, which is another way of saying that they monitor the values 
of the regulated variables. Thus, macrophages can sense hypoxia and 
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they can sense hyper-osmolarity and produce VEGF-C to induce lym-
phangiogenesis to promote lymphatic drainage53; and they can sense 
unknown characteristics of the ECM to produce growth factors and 
cytokines to induce the production or degradation of the ECM.

Thus, tissue-resident macrophages function as an equivalent of endo-
crine cells: both function as homeostatic Controllers monitoring differ-
ent regulated variables, either at the tissue level (macrophages) or at the 
organismal level (endocrine cells). While endocrine cells produce hor-
mones in response to the deviation of regulated variables, macrophages 
produce paracrine signals that act locally to maintain homeostasis. These 
signals include growth factors, angiogenic factors, vasoactive signals 
and various inflammatory mediators. The last example highlights the 
fundamental parallels between homeostatic control systems and inflam-
matory control systems50.

There are two special features of tissue homeostasis that need to be 
highlighted for clarity. First, in some cases, tissue macrophages can 
function as both Controllers and Plants; that is, they can both ‘moni-
tor’ and ‘change’ homeostatic variables (in systemic homeostasis, these 
functions are typically separated and performed by endocrine cells 
and their target tissues, respectively). For example, macrophages sense 
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Conclusions and perspectives
In this Review we have highlighted several emerging principles of mac-
rophage biology. Macrophages are essential components of mammalian 
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these functions are ‘instructed’ by locally produced tissue-identity sig-
nals; others are performed in response to specific functional demands. 
The combinations of these signals and the corresponding gene-expres-
sion programs give rise to diverse tissue-specific phenotypes of macro-
phages. The accessory functions performed by macrophages include 
functional complementation of their client cells. Macrophages also func-
tion as Controllers (and in some cases, Plants) of tissue homeostasis. 
Both types of functions rely on the macrophage’s ability to sense the 
tissue microenvironment and to promote homeostasis, stress adaptation 
and defense from noxious challenges, such as infection and injury. The 
emerging genomic and functional data are starting to reveal a rich func-
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