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Abstract

Macrophages display remarkable plasticity and can change their physiology in response to
environmental cues. These changes can give rise to different populations of cells with distinct
functions. In this Review we suggest a new grouping of macrophage populations based on three
different homeostatic activities—host defence, wound healing and immune regulation. We propose
that similarly to primary colours, these three basic macrophage populations can blend into various
other ‘shades’ of activation. We characterize each population and provide examples of macrophages
from specific disease states that have the characteristics of one or more of these populations.

Macrophages have long been considered to be important immune effector cells. Elie
Metchnikoff, who won the Nobel Prize 100 years ago for his description of phagocytosis,
proposed that the key to immunity was to “stimulate the phagocytes”(REF. 1). Since this
discovery, immunologists have been occupied with the concept of macrophages as immune
effector cells and with understanding how these cells participate in host defence. However, by
focusing on the immune functions of macrophages, immunologists have ignored their vital
homeostatic roles, which are independent of their involvement in immune responses.

Macrophages are prodigious phagocytic cells that clear approximately 2 x 1011 erythrocytes
each day; this equates to almost 3 kg of iron and haemoglobin per year that is ‘recycled’ for
the host to reuse. This clearance process is a vital metabolic contribution without which the
host would not survive. Macrophages are also involved in the removal of cellular debris that
is generated during tissue remodelling, and rapidly and efficiently clear cells that have
undergone apoptosis. These processes occur independently of immune-cell signalling, and the
removal of ‘effete’ or apoptotic cells seems to result in little or no production of immune
mediators by unstimulated macrophages2. The receptors that mediate these homeostatic
clearance processes include scavenger receptors, phosphatidyl serine receptors, the
thrombospondin receptor, integrins and complement receptors3. In general, these receptors
that mediate phagocytosis either fail to transduce signals that induce cytokine-gene
transcription or actively produce inhibitory signals and/or cytokines, and most of the
phagocytosis that occurs on a daily basis by macrophages is independent of other immune cells.
Therefore, the primary role of macrophages is not to function an elite immune effector cell,
but instead as a common ‘janitorial’ cell, the main function of which is to clear the interstitial
environment of extraneous cellular material.
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Necrosis that results from trauma or stress also generates cellular debris that must be cleared
by macrophages. In contrast to the examples cited above, the clearance of this debris markedly
alters the physiology of macrophages. In many cases the debris from necrosis is loaded with
endogenous danger signals, such as heat-shock proteins, nuclear proteins (including HMGB1,
high-mobility group box 1 protein), histones, DNA and other nucleotides, and components of
the extracellular matrix that are cleaved by cellular proteases4. Phagocytosis of these
components by macrophages leads to dramatic changes in their physiology, including
alterations in the expression of surface proteins and the production of cytokines and pro-
inflammatory mediators. The alterations in macrophage surface-protein expression in response
to these stimuli could potentially be used to identify biochemical markers that are unique to
these altered cells.

Macrophages detect the endogenous danger signals that are present in the debris of necrotic
cells through Toll-like receptors (TLRs)2,5,6, intracellular pattern-recognition receptors and
the interleukin-1 receptor (IL-1R), most of which signal through the adaptor molecule myeloid
differentiation primary-response gene 88 (MyD88)5. This function makes macrophages one
of the primary sensors of danger in the host. Importantly, the stimulation of macrophages by
cellular debris can occur in experimental animals that are devoid of lymphocytes, which
confirms that these processes do not depend on adaptive immune responses2.

The response of macrophages to endogenous danger signals is only one example of the many
different stimuli that trigger macrophage activation in tissues. Macrophages have remarkable
plasticity that allows them to efficiently respond to environmental signals and change their
phenotype, and their physiology can be markedly altered by both innate and adaptive immune
responses. Indeed, since the work of Mackaness in the 1970s7 we have learned that changes
in the physiology of macrophages in response to some environmental signals can provide them
with enhanced antimicrobial activity. However, environmental signals do not always induce
changes that increase macrophage immune function. In fact, both innate and adaptive immune
responses can give rise to macrophages that are more susceptible to pathogenic infections and
less equipped to produce cytokines that enhance the immune response.

In an effort to emulate the T-cell literature, macrophages have been classified along what could
be viewed as a linear scale, on which M1 macrophages represent one extreme and M2
macrophages represent the other (FIG. 1). In this classification, the M1 designation was
reserved for classically activated macrophages and the M2 designation for alternatively
activated macrophages8. However, the M2 designation has rapidly expanded to include
essentially all other types of macrophage9. This classification persists despite a growing body
of evidence indicating that the M2 designation encompasses cells with dramatic differences in
their biochemistry and physiology10. We suggest that a more informative foundation for
macrophage classification should be based on the fundamental macrophage functions that are
involved in maintaining homeostasis. We propose three such functions: host defence, wound
healing and immune regulation. classifying macrophages according to these functions provides
three basic macrophage populations, analogous to the three primary colours in a colour wheel
(FIG. 1). This classification also helps to illustrate how macrophages can evolve to exhibit
characteristics that are shared by more than one macrophage population, analogous to
secondary colours in a colour wheel. Furthermore, it brings the classically activated (or host
defence) macrophages closer to the other two cell types, allowing for the development of
macrophages that share characteristics of two populations. In fact, we think that there may be
many different shades of activation that have yet to be identified, resulting in a ‘spectrum’ of
macrophage populations based on their function.

In this Review we describe some of the physiological alterations that occur in macrophages in
response to environmental cues, and the mechanisms by which these changes can be exploited
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by pathogens or pathological processes to the detriment of the host. In addition, we discuss
how the characterization and manipulation of specific macrophage populations can be used for
therapeutic purposes.

and maintenance of macrophages

Macrophages are present in virtually all tissues. They differentiate from circulating peripheral-
blood mononuclear cells (PBMcs), which migrate into tissue in the steady state or in response
to inflammation11. These PBMcs develop from a common myeloid progenitor cell in the bone
marrow that is the precursor of many different cell types, including neutrophils, eosinophils,
basophils, macro phages, dendritic cells (Dcs) and mast cells. During monocyte development,
myeloid progenitor cells (termed granulocyte/macrophage colony-forming units) sequentially
give rise to monablasts, pro-monocytes and finally monocytes, which are released from the
bone marrow into the bloodstream11 (FIG. 2). Monocytes migrate from the blood into tissue
to replenish long-lived tissue-specific macrophages of the bone (osteoclasts), alveoli, central
nervous system (microglial cells), connective tissue (histiocytes), gastrointestinal tract, liver
(Kupffer cells), spleen and peritoneum11.

In the blood, monocytes are not a homogeneous population of cells, and there is substantial
debate about whether specific monocyte populations give rise to specific tissue
macrophages12. Although monocyte heterogeneity is not fully understood, one theory suggests
that monocytes continue to develop and mature in the blood and they can be recruited to the
tissue at various points during this maturation continuum213. The point at which they leave the
blood may in fact define their function. In mice, two populations of monocytes from either end
of this maturation continuum have been identified and termed as ‘inflammatory’ and ‘resident’
monocytes, based primarily on the amount of time they spend in the blood before migrating
into tissues14. These two mouse monocyte populations can be differentiated based on the
expression of cell-surface markers. Inflammatory monocytes in mice are defined as CCR2*
(CC-chemokine receptor 2), CX3CR1!°W (CX3C-chemokine receptor 1) and GR1* (also
known as Ly6), whereas resident monocytes are defined as CCR2"CX3CR1MGR1~ (REF.
14). The extrapolation of data from mice to humans becomes confusing because human
monocytes, which can also be separated into two general categories based on their expression
of cell-surface markers, seem to have distinct physiology from that of mouse monocytes15. In
humans, most monocytes are CD14"CD16™ and are referred to as “classical’ monocytes16, or
are CD147CD16" and are referred to as ‘non-classical” monocytes16. Approximately 90% of
human monocytes express the classical markers, whereas in mice the two populations of
monocytes are approximately equally represented in the blood16.

In mice, the first monocytes that enter the bloodstream from the bone marrow are thought to
have an inflammatory phenotypel6. These cells then rapidly exit the bloodstream and develop
into tissue macrophages or DCs17. One theory holds that monocytes that are not initially
recruited to the tissue can further mature in the blood and eventually become part of a blood-
resident population of monocytes that is thought to contribute to the integrity of the endothelial-
cell lining of blood vessels and the maintenance of tissue-resident macrophage populations in
the steady state18. Furthermore, these cells become the main source of inflammatory
macrophages in tissues during inflammation and trauma, in which the migration of monocytes
from the bloodstream is dramatically enhanced.

Although it is well-accepted that monocytes can replenish tissue-macrophage numbers,
especially during inflammation, there are cases in which local proliferation of tissue-resident
colony-forming cells can directly give rise to populations of mature macrophages in the tissue.
The best example of this local proliferation might be the microglial cells of the central nervous
system19. Several unresolved questions regarding monocyte heterogeneity remain, such as
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whether discrete monocyte populations give rise to specific macrophage populations in the
tissue and whether alterations in monocyte markers can be exploited to diagnose diseases or
to analyse disease resolution following treatment.

Macrophage populations

Macrophages can respond to endogenous stimuli that are rapidly generated following injury
or infection. These early stimuli are typically produced by innate immune cells and can exert
a marked, though usually transient, effect on the physiology of macrophages. Macrophages
can also respond to signals that are produced by antigen-specific immune cells. These signals
are more focused and prolonged than innate immune stimuli and generally give rise to longer-
term alterations in macrophages20. To complicate matters, macrophages themselves can
produce several factors that influence their own physiology. In the next section, we describe
three populations of activated macrophage, each of which has a distinct physiology (FIG. 3).
We propose that these populations can be generated in response to either innate or adaptive
immune signals. In many ways, the response of macrophages to stress, tissue damage or other
homeostatic processes can predict how these cells will respond during an adaptive immune
response.

Classically activated macrophages

The term classically activated has been used to designate the effector macrophages that are
produced during cell-mediated immune responses. In the original characterization of activated
macrophages, the combination of two signals, interferon-y (IFNy) and tumour-necrosis factor
(TNF), resulted in a macrophage population that had enhanced microbicidal or tumoricidal
capacity and secreted high levels of pro-inflammatory cytokines and mediators7,21. IFNy can
be produced by innate or adaptive immune cells; natural killer (NK) cells are an important
innate early source of this cytokine. NK cells respond to stress and infections by producing
IFNy, which can prime macrophages to secrete pro-inflammatory cytokines, produce increased
amounts of superoxide anions and oxygen and nitrogen radicals to increase their Killing
ability22. Therefore, innate immune mediators allow macrophages to provide better resistance
against infection. The production of IFNy by NK cells is generally transient and therefore
cannot sustain a population of activated macrophages. consequently, an adaptive immune
response is usually necessary to maintain classically activated macrophages and confer stable
host defence against many intracellular microorganisms. This is typically provided by the
sustained production of IFNy by T helper 1 (TH1) cells. These T cells are antigen specific, but
the microbicidal macrophages that they induce can kill indiscriminately.

Although there have been several excellent early reviews regarding classically activated
macrophages and the immune responses that give rise to this cell typel1,7,11,20,21, a few points
about these cells deserve particular mention. First, classical activation was originally reported
to require both IFNy and TNF. Typically, a TLR ligand acting in a MyD88-dependent manner
will induce the transcription of TNF, which can then cooperate with IFNy in an autocrine
manner to activate this macrophage population (FIG. 3). In addition to MyD88, some TLR
ligands can also activate TIR-domain-containing adaptor protein inducing IFNp (TRIF)-
dependent pathways, which signal through IFN-regulatory factor 3 (IRF3) and result in

IFNB production23. This endogenously produced IFN can replace the IFNy that is produced
by NK cells and T cells and activate classically activated macrophages. Therefore, the original
two-signal requirement for the activation of this macrophage population can be overcome by
certain TLR agonists that induce both TNF and IFN.

Second, the pro-inflammatory cytokines that are produced by classically activated
macrophages are an important component of host defence, but they can cause extensive damage
to the host. For example, IL-1, IL-6 and IL-23 are produced by classically activated
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macrophages and have been associated with the development and expansion of Ty17
cells24-26 (FIG. 4). These cells produce IL-17, a cytokine that is associated with high levels
of polymorphonuclear leukocyte (PMN) recruitment to tissues, which can contribute to
inflammatory autoimmune pathologies (reviewed in REF. 27) (BOX 1). conversely, the
clearance of apoptotic PMNs by macrophages during inflammation can lead to an inhibition
of inflammation, owing in part to the production of transforming growth factor-p (TGF[3)28.

The role of classically activated macrophages in host defence to intracellular pathogens has
been well documentedl,7,11,22. Indeed, mice lacking IFNy expression are more susceptible
to various bacterial, protozoal or viral infections, as are humans with genetic mutations in these
signalling pathways29. However, there are some specific examples of the killing of
intracellular microorganisms by classically activated macrophages that reveal the complex
interplay between host and pathogen. Leishmania spp. are intracellular parasites that replicate
primarily in tissue-resident macrophages. The stimulation of these cells with IFNy and TNF
before infection yields a population of macrophages that efficiently kills the parasite. However,
stimulation of macrophages with IFNy alone results in less efficient clearance of the parasite
because Leishmania spp. are eukaryotic organisms that do not express TLR ligands and
therefore do not trigger detectable TNF production. Stimulation of macrophages with
exogenous TNF or with a TLR ligand, such as lipopolysaccharide (LPS), results in complete
clearance of the parasite, thereby confirming the importance of TLR activation or TNF
production in the development of classically activated macrophages. In simplified molecular
terms, the panoply of genes that is triggered during the activation of classically activated
macrophages is induced by a combination of transcription factors. These include signal
transducer and activator of transcription (STAT) molecules, which are activated following
IFNY receptor ligation, and nuclear factor-kB (NFxB) and mitogen-activated protein kinases
(MAPKSs), which are activated in response to TLR or TNF receptor ligation21.

The second, unexpected role of classically activated macrophages in host defence against
Leishmania spp. was observed when IFNy was added to cultures of resting macrophages
following infection by Leishmania donovani. It was shown that intracellular killing was
decreased because the organism prevented efficient macrophage activation by interfering with
IFNy signalling30. Other intracellular pathogens can also disrupt or redirect IFNy signalling
in macrophages. Mycobacterium tuberculosis, for example, expresses a 19 kDa lipoprotein
that inhibits the synthesis of several IFNy-responsive proteins that are involved in antigen
presentation31.

In summary, classically activated macrophages are products of a cell-mediated immune
response. They can also be transiently generated in response to innate stimuli following stress
or viral infections. Some pathogens have developed the ability to interfere with IFNy signalling
and prevent efficient macrophage activation. These classically activated macrophages are vital
components of host defence, but their activation must be tightly controlled because the
cytokines and mediators that they produce can lead to host-tissue damage. Indeed, classic ally
activated macrophages are key mediators of the immunopathology that occurs during several
autoimmune diseases, including rheumatoid arthritis32 and inflammatory bowel disease4.

Wound-healing macrophages

Similarly to classically activated macrophages, wound-healing macrophages can develop in
response to innate or adaptive signals. One of the first innate signals to be released during tissue
injury is thought to be IL-4 (REF. 33). Basophils and mast cells are important early sources of
innate IL-4 production, although other granulocytes might also contribute34 (FIG. 3). In
addition to injury, these cells can also produce IL-4 in response to chitin, a structural
biopolymer that is found in some fungi and parasites35. This early IL-4 production rapidly
converts resident macrophages into a population of cells that are programmed to promote
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wound healing; IL-4 stimulates arginase activity in macrophages, allowing them to convert
arginine to ornithine, a precursor of polyamines and collagen, thereby contributing to the
production of the extracellular matrix36.

The name originally given to macrophages that are generated in the presence of 1L-4 was
alternatively activated macrophages because they upregulated their expression of mannose
receptor37. In many ways, however, this name may have led to some confusion in the field.
First, the name implies that this is the only other (alternative) way that macrophages can be
activated, and this is certainly not the case. Second, the term “activation’ is normally associated
with host defence, and it now seems that rather than being important immune effector cells,
they are actually more susceptible to some infections36,38.

Adaptive immune responses can also lead to the production of I1L-4, and it is thought that this
is the primary pathway for the development and maintenance of woundhealing macrophages.
Tn2-type immune responses are primarily induced in response to disturbances at mucosal
surfaces35, and they are particularly important in the lung and intestines. These responses can
also occur in non-mucosal tissues, especially in response to helminth infections39. The
signature cytokines of a Ty2-type immune response are 1L-4 and IL-13. Macrophages treated
in vitro with IL-4 and/or IL-13 fail to present antigen to T cells, produce minimal amounts of
pro-inflammatory cytokines and are less efficient than classically activated macrophages at
producing toxic oxygen and nitrogen radicals, and at Killing intra cellular pathogens10.
However, these cells secrete components of the extracellular matrix and therefore their primary
function seems to be related to wound healing. These macrophages can also exert indirect
regulatory effects on the immune response because the polyamines they produce can influence
the production of cytokines and suppress the clonal expansion of neighbouring
lymphocytes40.

The role of these macrophages in host defence and adaptive immunity remains somewhat
enigmatic. Although there is clear evidence that alternatively activated macrophages can
contribute to the clearance of helminths and nematodes41,42, evidence in support of direct
microbicidal effects mediated by these cells and their secreted products is lacking. Several
studies have shown that alternatively activated macrophages produce large amounts of
chitinase and chitinase-like molecules, including YM1 (also known as CHI3L3) and YM2
(REF. 43), acidic mammalian chitinase (AMCase) and stabilin-interacting chitinase-like
proteind4,45 (TABLE 1). The initial suggestion was that these macrophage-derived chitinases
might have a direct role in degrading the chitin-containing surfaces of some parasites, insects
and fungi. However, YM1 and other molecules in this family were shown to lack chitin-
degrading activity, which questioned this hypothesis46,47. Furthermore, the observation that
these chitinase-like molecules have carbohydrate and matrix-binding activity is consistent with
arole of these molecules in matrix reorganization and wound healing46,47. Therefore, focusing
on a role for these cells in host defence may actually detract from their other important roles
in tissue repair and homeostasis.

Wound-healing macrophages can also be detrimental to the host when their matrix-enhancing
activity is dysregulated, similarly to the dysregulated activity of classically activated
macrophages in autoimmunity. The tissue fibrosis that occurs during chronic schistosomiasis
has been attributed to the uncontrolled activation of wound-healing macrophages48.
Macrophages that lacked expression of IL-4 receptor (IL-4R) failed to induce this pathology,
and treatment with antibodies that are specific for IL-4 caused a reduction in fibrosis and a
decrease in the accumulation of wound-healing macrophages48. This macrophage population
has also been identified in the lungs of mice with experimental asthma49 and may contribute
to airway remodelling in this disease.
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Accumulating evidence indicates that IL-4- or IL-13-treated macrophages are more susceptible
to some intracellular infections50-54. However, one caveat of these studies is that IFNy and
IL-4 cross-regulate each other, and the conditions under which IL-4 is generated are usually
the conditions under which the production of IFNy (which has an important role in pathogen
clearance) is low. Therefore, it is difficult to determine whether IL-4 is directly or indirectly
responsible for these observations. It is probable that the combination of high IL-4 and low
IFNy production can contribute to the intracellular growth of certain pathogens in macrophages
by promoting the development of wound-healing rather than classically activated
macrophages.

A striking example of the intracellular growth of a pathogen under T2-polarized conditions
is seen during infection with the facultative intracellular fungus Cryptococcus
neoformans52. This organism grows at a higher rate in transgenic mice that overexpress 1L-13
compared with wild-type mice, whereas IL-13-deficient mice are more resistant to infection.
The overexpression of IL-13 in this study was associated with a population of macrophages
that express YM1 and CD206 (REF. 52), two markers that had previously been associated with
alternatively activated (or wound-healing) macrophages37,43 (TABLE 1). Furthermore, IL-4-
induced polyamine biosynthesis can contribute to the intracellular growth of the parasite
Leishmania major in macrophages51. Another example comes from recent studies showing
that treatment of macrophages with I1L-4 resulted in increased susceptibility to infection with
M. tuberculosis because autophagy-mediated killing was inhibited50. In addition, the
bacterium Francisella tularensis has recently been shown to grow in a macrophage population
that expresses YM1 (REF. 53). Finally, classically activated macrophages in mice that are
resistant to infection with Yersinia enterocolitica contribute to the clearance of the bacterium,
whereas in susceptible mice, macrophages with a wound-healing phenotype allow for its
persistence54.

Regulatory macrophages

Similarly to the two populations of macrophages described above, regulatory macrophages can
arise following innate or adaptive immune responses. Although stress responses are not
typically considered part of innate immunity, the hypothalamic—pituitary—adrenal (HPA) axis
can exert marked effects on macrophages. Glucocorticoids are released by adrenal cells in
response to stress and can inhibit macrophage-mediated host defence and inflammatory
functions by inhibiting the transcription of pro-inflammatory cytokine genes and decreasing
MRNA stability55, giving rise to a population of regulatory macrophages. Indeed, experimental
hypophysectomy or adrenalectomy, which removes the source of glucocorticoids, can amplify
and exacerbate mild pro-inflammatory signals. However, not all macrophage functions are
adversely affected by glucocorticoids56; phagocytosis of apoptotic cells seems to remain
largely intact if not increased in the presence of glucocorticoids57. The production of the
regulatory cytokine TGFpB by macrophages following the phagocytosis of apoptotic cells in
the presence of pro-inflammatory stimuli can also contribute to the immunoregulatory function
of these macrophages28. Therefore, glucocorticoids can exert direct and indirect inhibitory
affects on immune responses. Glucocorticoid-treated antigen-presenting cells either fail to
present antigen to T cells, preferentially bias T-cell responses towards a Ty2-cell
phenotype28 or induce the development of regulatory T cells that can inhibit immune
responsess8.

Regulatory macrophages can also arise during the later stages of adaptive immune responses,
the primary role of which seems to be to dampen the immune response and limit
inflammation59. There are many different ways to generate regulatory macrophages, but a
single molecular mechanism that mediates this phenotypic switch has yet to be identified,
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although the MAPK extracellular-signal-regulated kinase (ERK) has emerged as a potential
candidate60.

We first identified a population of regulatory macrophages following their in vitro stimulation
with a TLR agonist in the presence of IgG immune complexes61. This combination of stimuli
led to the development of a population of macrophages that produced high levels of the
immunosuppressive cytokine IL-10. In addition to immune complexes, other factors can
provide a signal for the differentiation of regulatory macrophages, including
prostaglandins62, apoptotic cells3, IL-10 (REF. 9) and some ligands for G-protein-coupled
receptors (GPcRs)63 (FIG. 3). Other inducers of regulatory macrophages may include
adenosine63, dopamine, histamine, sphingosine 1-phosphate, melanocortin, vasoactive
intestinal peptide, adiponectin and Siglec-9 (REFS 64-70). Some tumour-associated
macrophages may share characteristics with this regulatory macrophage population71 (see
later).

Although there can be subtle differences among the regulatory macrophage subpopulations
that are generated by different stimuli, some characteristics are common to all. For example,
one characteristic that seems to be shared by most of these regulatory cells is the need for two
stimuli to induce their anti-inflammatory activity. The first signal (for example, immune
complexes, prostaglandins, adenosine or apoptotic cells) generally has little or no stimulatory
function on its own. However, when combined with a second stimulus, such as a TLR ligand,
the two signals reprogramme macrophages to produce I1L-10 (REF. 10), the production of
which is the most important and reliable characteristic of regulatory macrophages. In addition
to IL-10 production, these regulatory macrophages also downregulate 1L-12 production61;
therefore, the ratio of IL-10 to IL-12 could be used to define regulatory macrophages. Because
IL-10 can inhibit the production and activity of various pro-inflammatory cytokines, these
regulatory macrophages are potent inhibitors of inflammation, despite the fact that they retain
the ability to produce many pro-inflammatory cytokines. This indicates that the presence of
regulatory macrophages could negatively correlate with vaccine protection, which requires the
induction of pro-inflammatory cytokines. Consequently, one potential therapeutic intervation
could be to manipulate macro phage populations during vaccination, for example, to minimize
the induction of regulatory macrophages.

Unlike wound-healing macrophages, these regulatory macrophages do not contribute to the
production of the extracellular matrix, and many of these regulatory cells express high levels
of co-stimulatory molecules (CD80 and CD86) and therefore can present antigens to T
cells10. So, there are clear functional, as well as biochemical differences between regulatory
and wound-healing macrophages (TABLE 1). Because there are subtle differences between
the various subpopulations of regulatory macrophages, it will be important to develop reliable
biomarkers for each subpopulation so that individual subpopulations could be targeted with
cell- and disease-specific therapeutics.

Regulatory macrophages can also be exploited by parasitic, bacterial and viral pathogens. In
many cases these pathogens mimic some of the stimuli mentioned above. For example, the
amastigote stage of intracellular protozoan Leishmania spp. binds host IgG and engages the
macrophage Fc receptor for 1IgG (FcyR) on entry into these cells. This engagement, and the
activation of downstream signalling pathways, induces the development of regulatory
macrophages that can be permissive to intracellular growth72. In another example, African
trypanosomes change their main surface antigen to escape the humoral immune response,
resulting in the generation of a robust antibody response and the formation of immune
complexes. These immune complexes can bind to macrophage FcyR and induce regulatory
macrophages, which might inhibit immune responses to subsequent clones of the
parasites73. Furthermore, the oedema toxin from the bacterium Bacillus anthracis is a GPCR
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ligand, and its activation could result in the development of regulatory macrophages and
enhance bacterial spread74. In addition, its lethal toxin can inhibit MAPK activation in
macrophages, thereby interfering with the production of pro-inflammatory cytokines75.
Infection with Coxiella burnetti results in host-cell apoptosis, and the uptake of apoptotic cells
by macrophages renders these cells permissive to intracellular bacterial growth76. Finally,
antibody-dependent enhancement (ADE), which is observed during infection with Dengue
virus or Ross River virus (RRV), has recently been correlated with the emergence of a
macrophage population that during RRV infection produces low levels of pro-inflammatory
cytokines but increased levels of IL-10 (REF. 77). Therefore, there is a growing list of
pathogens that either interfere with macrophage activation or specifically induce the
development of regulatory macrophages. In either case, the result is the same: defective
pathogen killing and enhanced survival and spread of these microorganisms.

In summary, both innate and adaptive signals can influence macrophage physiology, and these
alterations allow macrophages to participate in homeostastic processes, such as tissue
remodelling and wound healing, as well as in host defence. However, each of these alterations
can have potentially dangerous consequences if not appropriately regulated. For example,
classically activated macrophages can cause damage to host tissues, predispose surrounding
tissue to neoplastic transformation and influence glucose metabolism by promoting insulin
resistance (see later). Macrophages that are normally involved in wound healing can promote
fibrosis, exacerbate allergic responses and be exploited by pathogens for intracellular survival.
Regulatory macrophages can contribute to the progression of neoplasia (see later), and the high
levels of IL-10 that these cells produce can predispose the host to infection.

Macrophage plasticity and disease

The plasticity of macrophages has resulted in a great deal of confusion regarding the identity
of individual macrophage populations. Unlike T cells, which undergo extensive epigenetic
modifications during differentiation (that is, chromatin is marked for the expression of specific
genes), macrophages seem to retain their plasticity and respond to environmental signals78.
Therefore, reliance on a single biochemical marker to identify a macrophage population can
be problematic. For example, macrophages that have been treated with IL-4 can assume a
wound-healing phenotype and express the antigen resistin-like molecule-a (ReLMa; also
known as F1ZZ1)43 (FIG. 5). The addition of immune complexes to cultures of these IL-4-
primed cells converts them into a population of macrophages that produces high levels of IL-10
and low levels of IL-12 (REF. 10), a phenotype that is similar to regulatory macro phages.
However, because ReLMa expression persists in these cells for some time, these macrophages
could be mistaken for wound-healing cells if ReLMa were the only marker used to identify
them. These “hybrid’ macrophages would exhibit characteristics of both regulatory and wound-
healing macrophages.

Numerous studies have examined the stability and longevity of activated macrophages within
the host. Several in vivo studies suggest that the phenotype of a macrophage population can
change over time. It is not clear whether this phenotypic alteration is the result of de-
differentiation of the original macrophages back to the resting state or of the migration of a
new population of macrophages into the tissue site where they replace the original cells.
Regardless of the mechanism, there are some cases in which a phenotypic switch in the
macrophage population occurs over time and is associated with pathology. Two specific
examples of this phenotypic switch are discussed in detail below.

Cancer: switching from classically activated to regulatory macrophages

The role of macrophages in cancer has been controversial and many aspects remain unresolved.
early evidence showed that macrophage surveillance mechanisms are essential for preventing
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the growth of transformed or pre-transformed cells, and there is evidence showing that activated
macrophages can kill transformed cells in vitro79. However, there is also evidence that
macrophage depletion has little effect on the host’s susceptibility to cancer and in some cases
may even be beneficial to the host (for reviews, see REFS 80,81). We propose that macrophages
can have contrasting roles in cancer depending on their phenotype.

Classically activated macrophages have the potential to contribute to the earliest stages of
neoplasia82, primarily because the free radicals that they produce can lead to the DNA damage;
this causes mutations that can predispose host cells to transformation. An anecdotal example
of this macrophage-mediated induction of tumorigenesis is the neoplasia that is associated with
old tuberculosis scars in the lungs of previously infected patients. Classically activated
macrophages accumulate in these scars, damage host tissue and induce cellular transformation.
This scenario is in contrast to early in vitro studies, which convincingly showed that classically
activated macrophages were cytotoxic to tumour cells but not to normal cells and therefore
suggested that classically activated macrophages contributed to the early eradication of
transformed cells83. Thus, although there is controversy about the roles of macrophages in the
earliest stages of cancer, there seems to be general agreement that these cells resemble
classically activated macrophages that have an inflammatory phenotype.

However, as tumours progress and grow, the tumour microenvironment markedly influences
tumour-associated macrophages. These macrophages change their physiology and take on a
phenotype that more closely resembles regulatory macrophages84. The tumour-derived agents
that induce the development of these regulatory macrophages have not been identified, but
candidates include prostaglandins, hypoxia, extracellular nucleotides, apoptotic cells,
hyaluronan fragments and 1gG85-88, which may work synergistically within the tumour
microenvironment. Recent studies indicate that the induction of a suppressive macrophage
population in tumours may occur through the MyD88-dependent activation of NFkB89.
Irrespective of the stimulus, these tumour-associated macrophages produce high levels of
IL-10, can inhibit immune responses to neo-antigens that are expressed by tumour cells and
can de-activate neighbouring macrophages71. Recent studies also suggest that regulatory
macrophages can contribute to angiogenesis and thereby promote tumour growth90.

A phenotypic characterization that encompasses all tumour-associated macrophages has yet to
emerge, but it is clear that they exhibit several characteristics of regulatory macrophages,
including the production of high levels of IL-10 but little or no IL-12 (REFS 71,90). However,
they also seem to be defective in TNF production and they may suppress the activity of antigen-
presenting cells. Therefore, although these cells share many characteristics of regulatory
macrophages, they also have some of the characteristics of wound-healing macrophages. Thus,
the original classically activated macrophages that might have participated in tumour formation
can progressively differentiate to a regulatory phenotype and eventually become cells that share
the characteristics of both regulatory and wound-healing macrophages (FIG. 1). The
identification of biochemical markers on tumour-associated macrophages has the potential to
identify only those suppressive macrophages that have been reprogrammed by the tumour.
Therefore, these biochemical markers may lead to the development of experimental approaches
that specifically target these cells for deletion and, consequently, restore immune responses in
the tumour following therapy. Furthermore, this approach may be more effective than
attempting to identify tumour-specific antigens that often vary throughout the course of disease
and are inconsistently expressed across different groups of patients.

Obesity: switching from wound-healing to inflammatory macrophages

In healthy, non-obese humans, macrophages in the adipose tissue seem to function in an
analogous way to wound-healing macrophages: they produce little to no pro-inflammatory
cytokines but express arginase, which can inhibit nitric-oxide production and lead to polyamine
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production91. These cells also seem to support adipocyte function and to maintain sensitivity
to insulin91. The nuclear receptor peroxisome-proliferator-activated receptor-y (PPARY)
seems to be an important regulator of this macrophage phenotype92, and there have been
several reports correlating the alternative activation state of macrophages with PPARy
activation93. Therefore, adipose-associated macrophages in non-obese humans exhibit an anti-
inflammatory phenotype, which is analogous to the wound-healing macrophages described
above. However, macrophages that are associated with adipose tissue in obese humans have a
dramatically different physiology.

It is generally agreed that obesity is associated with chronic inflammation, and adipose-tissue-
associated macrophages can act as sources of pro-inflammatory cytokines94. In obese
individuals, macrophages accumulate in adipose tissue over time, and the cytokines that they
produce can lead to insulin resistance and type 2 diabetes91,94. The inflammatory response
that is mediated by macrophages during obesity might be analogous to the necrotic clearance
mechanisms described earlier. In non-obese individuals, the low level of adipocyte turnover
fails to induce the production of pro-inflammatory cytokines and, in fact, the clearance of
apoptotic cells by adipose-tissue-associated macrophages may promote the maintenance of the
anti-inflammatory state. By contrast, obesity has been associated with extensive adipocyte
necrosis, which can result in the release of many activators of innate immune cells from necrotic
cells95. In response to these stimuli, macrophages in adipose tissue secrete cytokines,
especially TNF and IL-6, and chemokines, such as CC-chemokine ligand 2 (CCL2; previously
known as MCP1). TNF and IL-6 can interfere with insulin signalling in adipocytes, leading to
type 2 diabetes96. CCL2 can recruit additional macrophages to adipose tissue, thereby
propagating chronic inflammation. Therefore, the population of adipose-tissue-associated
macrophages progressively changes from a wound-healing-like phenotype to one that more
closely resembles classically activated macrophages. The overexpression of procoagulant
proteins by these inflammatory macrophages could also contribute to the atherogenic and
cardiovascular risks that constitute part of obesity-associated metabolic syndrome96. Thus, the
phenotypic switch from a quiescent population of macrophages in adipose tissue to an
inflammatory population could be the cause of subsequent pathology, and the identification of
macrophage populations within this tissue could also be used to predict the cardiovascular and
metabolic complications that might develop.

It is tempting to speculate that a similar ‘switch’ in macrophage physiology may also occur
during atherosclerosis. Atherosclerotic lesions are formed following the deposition of lipids to
areas of intimal thickening in atherosclerosis-prone blood vessels97. Macrophages gradually
accumulate in this area, which is enriched in oxidized low-density lipoprotein (LDL) and
extracellularmatrix proteoglycans, and adhere to the areas of intimal thickening in a PPARy-
dependent manner98. As atherosclerotic lesions progress, macrophages assume an
inflammatory phenotype and produce cytokines that are associated with classical
activation99. The stimulus for this switch is not known, but potential candidates include high
levels of inflammatory extracellular-matrix fragments, oxidized LDL and cellular debris4. The
production of pro-inflammatory cytokines by plaque-resident macrophages is the reason why
atherosclerosis is considered to be an inflammatory disease and it may explain the association
between other inflammatory diseases, such as rheumatoid arthritis, and atherosclerosis100. It
is therefore possible that both obesity and atherosclerosis are associated with macrophages that
have undergone similar phenotypic switches, that is, from quiescent macrophages to
inflammatory cells. Identification of the biochemical markers that are expressed by these
macrophages could help to identify the later stages of disease progression.
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Box 1 | T-helper-17-cell responses and macrophages

The cytokine environment that is generated by T helper 1 (Ty1) or T2 cells can have
distinct effects on the physiology of macrophages. However, the contribution of Ty17-cell-
associated cytokines to macrophage biology is unclear. Similarly to interferon-y (IFNy) and
interleukin-4 (IL-4), IL-17 is produced by cells of both the innate and adaptive immune
response. In addition to T17 cells, IL-17 can be rapidly produced by both y8 T cells and
natural killer T (NKT) cells101. In mice, Ty17 cells develop in the presence of transforming
growth factor-p (TGFB) and IL-6 (REFS 25,26,102), whereas in humans it is thought that
IL-1B and IL-6 are necessary103. In both humans and mice, the cytokine 1L-23 seems to
be pivotal for the expansion of these cells24. As all of these cytokines are produced by
macrophages, it is clear that these immune cells can influence Ty17-cell development (FIG.
4). however, in the gut lamina propria macrophages can inhibit IL-17 production and instead
give rise to regulatory T cells104.

The effect of IL-17 on macrophage physiology remains somewhat conjectural. There is
some evidence that IL-17 can directly affect macrophage physiology. An early report105
suggested that IL-17 induced the production of pro-inflammatory cytokines by
macrophages, but these studies have yet to be confirmed by careful quantitative analysis.
It was recently shown that Ty17 cells could drive osteoclastogenesis from monocyte
precursor cells and confer bone-resorption properties to these cells106. Therefore, the
interplay between T17 cells and macrophages can be complex, and the cytokines that are
produced by macrophages (or dendritic cells) can either induce or inhibit the differentiation
of Ty17 cells. Inturn, the cytokines that are produced by Ti17 cells can influence osteoclast
physiology. however, there is little evidence suggesting that IL-17 directly alters the
physiology of most tissue macrophages, especially when compared with the evidence
showing that T417 cells influence the migration and function of polymorphonuclear
leukocytes.

Conclusion

Glossary

In this Review we describe three populations of macrophages that have distinct physiologies
and we anticipate an expansion of this classification. The plasticity of macrophages makes the
task of assigning specific biochemical markers to each population difficult; analogous to
assigning a colour to a chameleon. However, the potential for understanding macrophage
heterogeneity is enormous because these cells can be biomarkers of diseases and have the
potential to be used as surrogate markers of protection following drug treatment or even
vaccination. Therefore, future studies to assign definitive biochemical markers to each of the
different macrophage populations are needed so that individual populations of macrophages
can be manipulated, selectively depleted or targeted by cell-specific therapeutics.

Apoptosis, A common form of cell death (also known as programmed cell death) that can be
caused by many physiological and developmental stimuli. Apoptosis involves cell shrinkage,
chromatin condensation in the periphery of the nucleus, cell-membrane blebbing and DNA
fragmentation into multiples of ~ 180 base pairs. eventually, the cell breaks up into many
membrane-bound apoptotic bodies, which are phagocytosed by neighbouring cells.

Necrosis, A form of cell death that frequently results from toxic injury, hypoxia or stress.
Necrosis involves the loss of cell integrity and the release of cell contents into the interstitium.
This form of cell death usually occurs together with inflammation. Depending on the context,
the self antigens that are released by necrotic cells could become immunogenic.
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Extracellular matrix, Secreted products of many cell types that form an organized scaffold for
cell support.

Classically activated macrophage, A macrophage that is activated through Toll-like receptors
and interferon-y. These cells exhibit enhanced killing of intracellular microorganisms,
increased secretion of cytokines and mediators, and higher expression of co-stimulatory
molecules.

Alternatively activated macrophage, A macrophage that is activated by interleukin-4 (IL-4) or
IL-13 and expresses arginase-1, mannose receptor (CD206) and IL-4 receptor-a. Pathogen-
associated molecular patterns that are expressed by helminths may also drive the alternative
activation of macrophages.

Superoxide anions, Anions that are produced by NADPH oxidase in phagocytes and can
dismutate to hydrogen peroxide, which can be converted into ferryl or hydroxyl radicals by
the fenton reaction.

Osteoclastogenesis, A process whereby haematopoietic stem cells differentiate into
multinucleated osteoclasts with bone-resorbing activity.

Chitinase, An enzyme that breaks down the glycosidic bonds in chitin.

Autophagy, An evolutionarily conserved process during which acidic double-membrane
vacuoles sequester intracellular contents (such as damaged organelles and macromolecules)
and target them for degradation through fusion to secondary lysosomes.
Hypothalamic—pituitary—adrenal axis, A major part of the neuroendocrine system, which
controls reactions to stress and regulates digestion, energy use, sexuality and the immune
system (generally through an immunosuppressive action).

Glucocorticoids, A group of compounds that belongs to the corticosteroid family. These
compounds can be naturally produced (hormones) or can be synthetic. They affect metabolism
and have anti-inflammatory and immunosuppressive effects. Some synthetic glucocorticoids
(for example, dexamethasone) are used as chemotherapeutic drugs.

Immune complexes, Antigen—antibody complexes that bind to and crosslink Fcy receptors.
Prostaglandins, Lipid mediators that are derived from arachidonic acid through the
cyclooxygenase pathway. Bergstrom, Samuelsson and VVane won the Nobel prize in Medicine
in 1982 for showing that aspirin-like compounds could inhibit prostaglandin synthesis.
G-protein-coupled receptor, A receptor that is composed of seven membrane-spanning helical
segments, which are connected by extracellular and intracellular loops. These receptors
associate with G proteins, which are a family of trimeric intracellular-signalling proteins that
have specific p-and y-chains, and one of several a-chains.

Tumour-associated macrophage, A cell that differentiates from circulating blood monocytes
that have infiltrated tumours. Tumour-associated macrophages constitute an important
component of the tumour microenvironment and can have positive or negative effects on
tumorigenesis (that is, tumour promotion or immunosurveillance, respectively).
Antibody-dependent enhancement, A phenomenon that was originally described in Dengue
virus infection in which the presence of antibody enhances viral infection and increases disease
severity.

Neoplasia, New growths or tumours, which can be either benign or malignant. Derived from
the Greek for new formations.

Angiogenesis, The development of new blood vessels from existing ones. Angiogenesis is
frequently associated with tumour development and metastasis.

Adipose tissue, Loose connective tissue consisting primarily of adipocytes, the major function
of which is to store energy in the form of fat.

Insulin resistance, Failure of cells to appropriately respond to insulin-mediated induction of
glucose uptake, resulting in increased blood sugar levels and possibly type 2 diabetes.
Metabolic syndrome, A combination of disorders, including hypertension, obesity, high blood
glucose levels and dyslipidaemia, that can result in cardiovascular disease.
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Figure 1. Colour wheel of macrophage activation

a | A monochromatic depiction of the previous nomenclature showing the linear scale of the
two macrophage designations, M1 and M2. b | The three populations of macrophages that are
discussed in this article are arranged according to the three primary colours, with red
designating classically activated macrophages, yellow designating wound-healing
macrophages and blue designating regulatory macrophages. Secondary colours, such as green,
may represent tumour-associated macrophages, which have many characteristics of regulatory
macrophages but also share some characteristics of wound-healing macrophages. In obese
individuals, wound-healing macrophages may transit towards a classically activated-
macrophage phenotype.
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Figure 2. Monocyte heterogeneity

Monocytes originate in the bone marrow from a common haematopoietic stem cell (HSC).
They undergo differentiation steps during which they commit to the myeloid and then to a
monocyte lineage. In response to macrophage colony-stimulating factor, they divide and
differentiate into monoblasts and then pro-monocytes before becoming monocytes, which exit
the bone marrow and enter the bloodstream. In mice, there is evidence of two distinct monocyte
populations in the blood that have different phenotypes and biochemical signatures.
GR1*CX3CR19W (CX3C-chemokine receptor 1) monocytes rapidly exit the blood, and for this
reason they are referred to as ‘inflammatory’ monocytes. GR1™ monocytes have been termed
‘resident” monocytes to differentiate them from the other population. It remains unknown
whether inflammatory monocytes mature into resident monocytes in the blood or whether these
two cells represent distinct monocyte populations. Human monocytes can also be divided into
two populations, but the designations inflammatory and resident do not apply to these
populations. Monocytes migrate to different tissues, where they replenish tissue-specific
macrophages. CNS, central nervous system; GM-CFU, granulocyte/macrophage colony-
forming unit; M-CFU, macrophage colony-forming unit.
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Figure 3. Cytokines produced by immune cells can give rise to macrophages with distinct
physiologies

Classically activated macrophages arise in response to interferon-y (IFNy), which can be
produced during an adaptive immune response by T helper 1 (Ty1) cells or CD8" T cells (not
shown) or during an innate immune response by natural killer (NK) cells, and tumour-necrosis
factor (TNF), which is produced by antigen-presenting cells (APCs). Wound-healing
(alternatively activated) macrophages arise in response to interleukin-4 (IL-4), which can be
produced during an adaptive immune response by T2 cells or during an innate immune
response by granulocytes. Regulatory macrophages are generated in response to various
stimuli, including immune complexes, prostaglandins, G-protein coupled receptor (GPCR)
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ligands, glucocorticoids, apoptotic cells or IL-10. Each of these three populations has a distinct
physiology. Classically activated macrophages have microbicidal activity, whereas regulatory
macrophages produce high levels of IL-10 to suppress immune responses. Wound-healing
macrophages are similar to the previously described alternatively activated macrophages and
have a role in tissue repair. TLR, Toll-like receptor.
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Figure 4. Interactions between macrophage and T cells

a| Interferon-y (IFNy) produced by T helper 1 (Ty1) cells or CD8* T cells, along with tumour-
necrosis factor (TNF) from antigen-presenting cells, can give rise to classically activated
macrophages, which secrete interleukin-1 (IL-1), IL-6 and IL-23. These cytokines can give
rise to Ty17 cells, which can contribute to autoimmune responses. Classically activated
macrophages also produce I1L-12 to promote the differentiation of Ty1 cells, but they can also
produce IL-27, which inhibits various immune responses and negatively regulates Tyl and
TH2cells119. b| IL-10 produced by regulatory T cells can give rise to a population of regulatory
macrophages, which act as antigen-presenting cells, produce IL-10 and can induce the
expansion of T2 cells. There is controversy about whether some regulatory macrophages can
also promote the development of regulatory T cells. IL-4 and/or IL-13 produced by T2 cells
can promote the development of wound-healing macrophages, but these macrophages are poor
antigen-presenting cells and may even inhibit T-cell proliferation.
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Figure 5. The plasticity of activated macrophages

Classically activated macrophages produce high levels of interleukin-12 (IL-12) and modest
levels of IL-10. By contrast, regulatory macrophages produce high levels of IL-10 and low
levels of IL-12. Macrophages treated with 1L-4 (that is, wound-healing macrophages) produce
low levels of these cytokines, but express resistin-like molecule-o. (RELMa) intracellularly, a
marker that is not expressed by the other macrophage populations. Treatment of IL-4-primed
macrophages with lipopolysaccharide (LPS) and immune complexes results in a hybrid
phenotype in which the cells continue to express RELMa (similarly to wound-healing
macrophages) but also produce high levels of IL-10 (similarly to regulatory macrophages).
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Table 1
Characteristics and potential biomarkers for three macrophage populations

1duasnue Joyiny vd-HIN

Marker Function Expression Ref.

Classically activated macrophages

1L-12 Induces Ty1-cell development Induced by IFNy 107
iNOS Produces NO and citrulline from arginine to kill microorganisms Depends on IFNy 108
CCL15 Attracts monocytes, lymphocytes and eosinophils Upregulated by IFNy 109
CCL20 Chemoattractant for DC and T cells Upregulated by IFNy 109
CXCL9 Involved in T-cell trafficking Induced by IFNy 9
CXCL10 Attracts NK and T cells; signals through CXCR3 Induced by IFNy 9
CXCL11 Attracts NK and T cells; signals through CXCR3 Induced by IFNy 9
Wound-healing macrophages

CCL18 Attracts lymphocytes, immature DCs and monocytes Induced by IL-4 110
YM1 Chitinase-like protein that can bind to extracellular matrix Strongly induced by IL-4 111
RELMa Can promote deposition of extracellular matrix Strongly induced by IL-4 111
CCL17 Attracts T cells and macrophages Induced by IL-4 and suppressed by IFNy 112
IL-27Ra. Inhibits pro-inflammatory cytokine production Upregulated by IL-4 113
IGF1 Stimulates fibroblast proliferation and survival Induced by IL-4 114
CCL22 Attracts T2 cells and other CCR4-expressing cells Induced by IL-4 115
DCIR C-type lectin containing an ITIM motif Induced by IL-4 109
Stabilin 1 Endocytic receptor that may be involved in lysosomal sorting Induced by IL-4 116
Factor XI111-A Can bind to extracellular matrix proteins and contribute to wound healing Induced by IL-4 and suppressed by IFNy 117

Regulatory macrophages

IL-10 Potent anti-inflammatory cytokine Induced by TLRs in combination with other stimuli 61
SPHK1 Catalyses the conversion of sphingosine to sphingosine-1 phosphate Induced by TLRs and immune complexes 10
LIGHT Provides co-stimulatory signals for T cells through HVEM Induced by TLRs and immune complexes 10
CCL1 Attracts eosinophils and T2 cells; binds CCR8 Induced by TLRs in combination with several other stimuli 118

1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

CCL, CC-chemokine ligand; CCR8, CC-chemokine receptor 8; CXCL, CXC-chemokine ligand; CXCR, CXC-chemokine receptor; DC, dendritic cell;
DCIR, DC immunoreceptor; HVEM, herpesvirus entry mediator; IFNy, interferon-y; IGF1, insulin-like growth factor 1; IL, interleukin; IL-27Ra, IL-27
receptor a-chain; iNOS, inducible nitric-oxide synthase; ITIM, immunoreceptor tyrosine-based inhibiting motif; NK, natural killer; NO, nitric oxide;
RELMa, resistin-like molecule-a; SPHK1, sphingosine kinase 1; TH, T helper; TLR, Toll-like receptor.
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