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Abstract

Macrophage polarization refers to how macrophages have been activated at
a given point in space and time. Polarization is not fixed, as macrophages are
sufficiently plastic to integrate multiple signals, such as those from microbes,
damaged tissues, and the normal tissue environment. Three broad pathways
control polarization: epigenetic and cell survival pathways that prolong or
shorten macrophage development and viability, the tissue microenviron-
ment, and extrinsic factors, such as microbial products and cytokines released
in inflammation. A plethora of advances have provided a framework for ra-
tionally purifying, describing, and manipulating macrophage polarization.
Here, I assess the current state of knowledge about macrophage polariza-
tion and enumerate the major questions about how activated macrophages
regulate the physiology of normal and damaged tissues.
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INTRODUCTION

Macrophage polarization refers to an estimate of macrophage activation at a given point in space
and time. The questions of how and why polarization occurs encompass the key concepts dis-
cussed here. The term polarization is used almost exclusively here but is equally vague as the
term activation. Thus, a central goal of macrophage biology is to molecularly define macrophage
polarization and in parallel link specific pathways elicited in polarization to specific physiological
and pathological processes.

This review summarizes key experimental findings about macrophage polarization and attempts
to define some of the major questions in this field. Today, the macrophage field has arrived at a
partial consensus to describe the broad grouping of macrophage activation phenotypes (1–3). For
example, M1 macrophages arise in inflammatory settings dominated by Toll-like receptor (TLR)
and interferon signaling and are generally associated with immunity to bacteria and intracellular
pathogens. M2 macrophages are found in settings dominated by TH2 responses, such as helminth
immunity, asthma, and allergy. The use of terms M1 and M2 remains controversial because of the
lack of tightly defined criteria to score phenotypes. Nevertheless, efforts to define polarization are
advancing (1–3).

Two concepts about polarization are repeatedly visited herein. The first concerns the fact that
assays taking polarization into account generally capture the broad outlines of macrophage acti-
vation in inflammatory and homeostatic settings at a given point in time and space. Accordingly,
a wise approach is to consider that macrophages can adopt different activation states within many
possibilities; thus, M1 and M2 provide an outline of what is happening in inflammation, without
granularity. Single cell techniques and new tools are, however, advancing the understanding of
polarization heterogeneity at a rapid rate (1). The second concept is that the phenotype of an acti-
vated macrophage at a given point in time and space does not necessarily give clues to its function.
Linking specific functions with specific cellular and molecular pathways associated with different
polarized macrophages is a major goal of the field. Macrophage polarization is inseparable from
the processes of resolving inflammation, where the tissue returns to normalcy after infection or
damage. By contrast, nonresolving inflammation, where persistent entities drive feed-forward host
responses, prolongs inflammation. Inflammation is therefore a good place to begin a discussion
about macrophage polarization.

MACROPHAGE POLARIZATION IN RESOLVING VERSUS
NONRESOLVING INFLAMMATION

Self-limiting, regulated resolving inflammation involves the recruitment of immune cells to help
eliminate foreign materials, aid in tissue repair, and eventually return the tissue to homeostasis.
Macrophages are involved in this process at different levels; we ignore for practical reasons the
myriad other immune and resident cells involved in tissue repair and resolution (Figure 1a). In
broad outline, resident tissue macrophages are likely provoked into some kind of inflammatory
state. In addition, inflammatory monocytes are recruited from the blood, and bone marrow out-
put of monocytes (and neutrophils) increases. Third, monocytes differentiate into macrophages
and intermingle with resident macrophages to aid clearance and removal of the entity. Fourth,
macrophages help provoke tissue repair through poorly defined pathways. Part of the tissue repair
and resolution program likely involves additional differentiation steps where gene expression is tai-
lored for returning tissues to their original state (4). Finally, some monocyte-derived macrophages
probably convert into a cell with identical properties as the resident tissue macrophages (discussed
below in more detail), whereas most macrophages either egress from the inflammatory site (5), or
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Figure 1
Developmental regulation of macrophages from monocytes. (a) Three outcomes can follow the seeding of
tissues or inflammatory sites by monocytes: death, stable residency, and intermingling with resident tissue
macrophages or egress. (b) Commonly used and robust cell surface markers of the monocyte to macrophage
transition. ↑ indicates increase, and ↓ indicates reduction.

more likely, die. The substantial numbers of monocytes produced from the bone marrow during
inflammation and that invade the damaged site strongly argue that death is the endpoint for the vast
majority of monocyte-derived macrophages. However, their final disposition in the body and their
means of elimination remain unclear compared to the birth and death of erythrocytes, for example.

Macrophage polarization can occur at any point in an inflammatory process. For example, the
coincident presence of T cells producing interleukin 4 (IL-4) or interferon gamma (IFN-γ) would
tilt polarization toward M2 or M1, respectively, depending on the amount of cytokine, time of
exposure, and the competition for cytokine. It is important to emphasize the time-dependence of
resolving inflammation. In some cases, recruitment, repair, and resolution are rapid (minutes to
a few days) for minor cuts and damage. Even toxin-induced muscle damage can be repaired and
resolved in a few days through the recruitment of monocytes and their subsequent conversion to
reparative macrophages and then their disappearance from the healed muscle (6). By contrast, the
immune response to schistosome eggs lodged in the liver and its accompanying TH2 response,
which drives M2 polarization of macrophages, takes months to years to eliminate the eggs and
restore normal liver architecture following curative chemotherapy (7). To summarize, polarization
is dynamic across time and involves the tissue microenvironment. Evaluating such dynamism is
complex, as many experiments involve taking a “snapshot” at some point in the inflammatory
process.

One key aspect of monocyte differentiation into macrophages and their eventual polarization is
the stereotypic alterations in cell surface marker expression, leading to increasing responsiveness to
IL-4 and IL-13 (Figure 1b). This pattern of transition to mature macrophages was described many
times in different types of resolving inflammation and is likely a fundamental process of myeloid
cell physiology (8–13). Epigenetic pathways factor heavily in the monocyte to macrophage transi-
tion, along with the influence of survival factors (14). Similar to other branches of hematopoiesis
research, separating the importance of instructive cues versus stochastic developmental path-
ways in the life history of macrophages remains largely unresolved. Furthermore, the implicit
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association of function at each point (inflammation to healing/repair) remains unclear, as only
a few informative mutants were interrogated for alteration in each step of macrophage behav-
ior. Some of these are discussed below in the section titled Heirarchical Molecular Control of
Macrophage Polarization.

In nonresolving inflammation such as cancer, inflammatory autoimmune diseases, or chronic
inflammation of infection, the inciting entity is persistent and drives ongoing recruitment of
monocytes to the inflammatory site and alterations in the bone marrow to favor increased output
of myeloid cells (15). For example, solid tumors have continuous seeding by blood monocytes
to sustain the large intratumoral macrophage populations (16–18). What are the characteristics
of macrophage polarization in nonresolving inflammation? Compared to resolving inflammation,
this question is much harder to answer in a systematic way for straightforward reasons. First,
the process of nonresolving inflammation takes place over months to years to decades, causing
macrophages to adopt whatever activation signals they receive across wide time ranges. A good
example is sterile solid tumors. In cancer, monocyte recruitment to the tumor bed is dependent on
the CCL2-CCR2 axis (17–20). Once inside tumors, the process of development from Ly6C+ cells
to mature macrophages is dynamic, in that cells are dying and replaced by new monocytes as the
tumor grows and undergoes hypoxia and remodeling (16, 17, 20). Unsurprisingly, macrophage
polarization in different tumors appears complex, sometimes more M2-like but with M1-associated
gene expression (17, 20–22). The recruitment of other immune cells causes dynamic changes in
polarization that are difficult to assess from a single endpoint experiment taken after months of
inflammatory disease. To help resolve this complexity, detailed sorting schemes were developed
to separate the incoming monocytes from mature macrophages (17, 20).

A HISTORICAL PERSPECTIVE ON MACROPHAGE POLARIZATION

A historical timeline of macrophage polarization research is summarized in Figure 2. The con-
cept of polarization has grown in fits and starts since early investigations about how macrophages
contribute to antimicrobial defense provided by Mackaness, Gordon, Nathan, and others work-
ing in the area of macrophage-mediated host defense (23–26). Indeed, the macrophage-mediated
control of pathogens was the key driver of research into adaptive changes in immunity. A second
phase of work focused on macrophages as immunomodulators. The current phase seeks to coa-
lesce the known aspects of polarization with powerful new technologies, such as single-cell deep
sequencing, as well as new means of performing flow cytometry and gene editing, merged with
the field’s deep knowledge of pathophysiology (1). As macrophage polarization is a complex field
that intersects with most physiological and pathological scenarios, it is no surprise that oversim-
plifications of every aspect of polarization persist (2). Rather than describing some of the known
problems with polarization, a précis of some of the persistent technical and conceptual issues is
warranted.

Misconceptions About Macrophage Polarization

There is no scientific basis to justify dualistic models of macrophage polarization, especially as even
tightly controlled in vitro experiments of myeloid cell stimulation [with lipopolysaccharide (LPS)

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
Timeline of research on macrophage polarization. Not all primary papers are cited herein due to space constraints. The selection of key
findings and advances represents the author’s interpretation of the field. Abbreviation: TAM, tumor-associated macrophage.
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in this case] reveal substantial cell-to-cell variability in responses (27–29). Given that the three
main control arms of polarization discussed below—extrinsic, intrinsic, and tissue environment—
are themselves heterogeneous and time and tissue dependent, macrophage polarization should be
viewed as multidimensional (1, 30). Implicit in the problem of heterogeneity is the need for cell
purity as a means of obtaining information at single-cell resolution, multiple means of assessing
polarization, and where possible, genetic control over the endpoints.

Another misconception concerns the notion that macrophage functions are limited and make
“stop” [nitric oxide (NO)] or “go” signals (ornithine), or to paraphrase the original idea, “kill
or repair” (31). There are no experimental data to convincingly demonstrate such a model. For
example, in mice with macrophages lacking the repair product (ornithine), via inactivation of
arginase-1 (Arg1), the ability to repair tissues is delayed but remains largely intact (32). The
numerical presence of M1 or M2 macrophages is often thought to imply function (for example,
kill or repair). However, such associations need not be true. There may be many circumstances
in which the presence of polarized macrophages has no effect on a physiological process: They
are present as part of ancient immune processes that may not have any purpose, so long as the
polarization is not linked to a penalty. At this point, the precise links between how a polarized
macrophage looks and what it does are poorly defined, with the exception of a handful of factors
that were evaluated using genetic approaches (discussed below).

A third and pervasive misconception concerns ornithine production by polarized macrophages.
Both M1 and M2 polarized macrophages make ornithine because both macrophage types express
Arg1, albeit to different degrees (33, 34). The difference concerns the relative role of Arg1 in
M1 and M2 macrophages (35). A related issue concerns the elicitation of ornithine from Arg1+

M2 macrophages, which is assumed to be reparative because it can serve as a direct substrate
of polyamine production by ornithine decarboxylase (ODC)-expressing cells (ODC is the rate-
limiting and highly regulated step of polyamine biogenesis), or the indirect substrate of proline,
necessary for collagen production and thus profibrotic (36). Yet the conversion and biological
significance of ornithine production has not been tested with any rigor, and the absence of Arg1 in
M2 macrophages leads to increased rather than decreased fibrosis (37). A key experiment yet to be
performed is to follow the metabolic fate of ornithine in an M2 polarized immune response. A null
hypothesis about repair and ornithine production is that arginine hydrolysis and local depletion
are key immunoregulatory steps, and ornithine is exported from macrophages as waste rather than
being a healing signal (38).

Finally, a common misconception concerns the links between IL-10 and macrophage polar-
ization. IL-10 is often tied to M2 macrophages because it is produced in many settings from
different immune cell types and because it is an essential and irreplaceable anti-inflammatory
factor. However, IL-10 is required to suppress all forms of inflammation, consistent with its ex-
pression in diverse cell types mediated by numerous pathways. In macrophage activation, IL-10
production seems to be graded depending on the polarization status: M1 macrophages make
IL-10, but M2 macrophages make more IL-10. Macrophages stimulated with immune complexes
and signaling through Fc receptors produce comparatively high amounts of IL-10 (39). IL-10 has
many additional functions in macrophage biology, but one is often overlooked and is central to
misconceptions about IL-10 in polarization: IL-10 increases the amount of IL-4R chain on the
cell surface, making macrophages more sensitive to IL-4 and IL-13, and is thus more sensitive to
being directed to M2 macrophages (40). This pathway is regulated by STAT3 activation from the
IL-10R or the IL-6R (40, 41). Il4ra is sensitive to STAT3 stimulation by any STAT3-activating
receptors, leading to increased IL-4R expression and increased sensitivity to IL-4 and IL-13.
The amounts of IL-4R and pSTAT3 need to be accounted for in any setting where macrophage
polarization is involved.
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REGULATION OF MACROPHAGE POLARIZATION

Extrinsic Pathways of Macrophage Polarization

Most research on macrophage polarization uses simple in vitro techniques. Generally, this means
that macrophages derived from in vitro culture in survival cytokines (see below) are stimulated with
M1 or M2 polarizing agents. M1 polarization typically involves IFN-γ with a TLR agonist, such as
LPS. M2 polarization usually involves stimulation with IL-4 or IL-13. This approach is designed
to mimic what could happen when macrophages are exposed to polarized CD4+ T cells producing
their distinctive cytokine combinations (for example, IFN-γ from TH1, or IL-4 and IL-13 from
TH2) (42, 43). Gene expression, cell surface changes, and protein amounts and activity are then
recorded. In vitro polarization via the extrinsic signals has the advantages of simplicity, short time
windows, and cost effectiveness (3). The disadvantages of in vitro polarization include the fact that
the macrophage target population is not necessarily representative of macrophages found in vivo,
and most importantly, that few if any in vivo settings mirror the tidy constraints of in vitro polar-
ization. In addition, there is significant interlaboratory variation in the experimental setup and an
inconsistency in the use of the markers to record polarization status. Nevertheless, in vitro polar-
ization via the extrinsic pathway is here to stay because of the aforementioned advantages. Noting
this, efforts have started to streamline and standardize in vitro polarization experiments (3). No-
tably, much variance is found in the type of macrophage grown from the bone marrow with CSF-1
versus GM-CSF (44, 45), as well as the use of L cell-conditioned media and the panels of markers
(1–3). For the purposes of discussing the physiology of macrophage polarization, the extrinsic
pathways are one of three broad pathways that control the final activation status of a macrophage.

Noncytokine Extrinsic Pathways of Macrophage Polarization

The cytokine-mediated pathway of macrophage polarization is complemented by additional mech-
anisms, including hypoxia and the production of lactate within tumors (46–48). Although these
pathways expand the potential pathways that can control polarization, far more work is necessary
to account for their contribution to polarization relative to local cytokines and metabolic control
of macrophage function (see sidebar titled Metabolism and Macrophage Polarization).

Intrinsic Pathways of Macrophage Development and the Tissue Environment

Macrophages originate from two sources: the embryo macrophage progenitors and the bone mar-
row (49, 50). In the embryo, macrophages from erythro-myeloid progenitors seed growing tissues
where they have key roles in the removal of dead cells and tissue remodeling required for the
development of rapidly growing and differentiating tissues. In the adult, the bone marrow supplies

METABOLISM AND MACROPHAGE POLARIZATION

Biochemical pathway regulation and output are integral to polarization (87, 88). For example, glutamine is essential
for M2 polarization, whereas M1 macrophages are glutamine independent, but the reasons remain unclear (89).
Similarly, fatty acid uptake and metabolism via CD36, lipoprotein lipase, and mitochondrial oxidative phosphory-
lation are required for M2 macrophage development and activation via the IL-4-mediated exogenous pathway (90).
By contrast, M1 macrophages are glycolytic (87). The varied effects of basic metabolic pathways on macrophage
polarization are only just coming to the fore.
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monocytes to seed tissues and inflammatory lesions. Both monocyte-derived macrophages and
embryonic-derived macrophages can proliferate when given the appropriate cues. Lineage tracing
experiments performed to trace the embryonic origin of tissue macrophages have concluded
that microglia arise from yolk sac-derived progenitors at approximately embryonic (E) day 7 of
development (49–51). This makes sense because closure of the blood-brain barrier is essential to
restrict the movement of cells and materials in and out of the brain. Thus, having a macrophage
population in residence obviates the need to import cells for the vital homeostatic functions
of controlling dendrite pruning and dead cell removal, for example. The source of the other
tissue macrophages populating the gut, liver, lungs, and other organs comes from an embryonic
progenitor whose identity remains debated (52–54). In part, these debates center on technical
issues associated with the efficiency and timing of lineage tracing, both of which are challenging
to perform in pregnant mothers. However, after birth, embryonic macrophages are replaced
in part by monocyte-derived macrophages, depending on the tissue. In the gut, macrophage
turnover is rapid (days to weeks), whereas in the lungs, months to years are needed to replace
the embryonic-derived alveolar macrophages (51, 53, 55, 56). In the lungs (and most likely all
tissues), alveolar macrophages from the embryo can replicate (57). Therefore, at any given point
in time, tissues are populated by a mixture of macrophages from the bone marrow and embryo.

Does macrophage ontogeny affect the final activation state? We know from hematopoietic
ablation (lethal irradiation, chemotherapy, and systemic infection) followed by transplantation
that most of the tissue macrophage pool can be replaced by bone marrow-derived cells (noting
that some myeloid cells are highly radio resistant). For example, the brain microglia can be replaced
by bone marrow progenitors, which after seeding and differentiation, look exactly like microglia
with their elegant ramifications (58). Transplant studies therefore raise a key question concerning
macrophage ontogeny and polarization: Does the developmental source of the macrophage confer
unique properties? Or to state this question more bluntly: Does it matter where the macrophage
came from so long as the function is preserved?

A null hypothesis can be derived from these questions to state that macrophage polarization
is a conserved process independent of the ontogeny of the cells. So far, scant evidence was accu-
mulated against the null hypothesis (59). However, two recent studies described the separation of
embryo- and bone marrow-derived macrophages from the same site. In the first study, the char-
acteristics of lung embryo-derived alveolar macrophages were compared to macrophages from
the bone marrow residing in the lung (55). The major finding was that only a few mRNAs were
consistently linked to the embryonic macrophages. These data, all collected under conditions of
homeostasis, argue that monocyte-derived macrophages acquire nearly all the characteristics of
the local macrophage population consistent with transfer studies (59, 60). These data make sense
from a biological perspective in that infection rapidly depletes and damages lung macrophages,
requiring their combined replenishment from surviving macrophages pushed into the cell cycle
and from the bone marrow. Taken together, the tissue environment seems to trump developmen-
tal signals. The second study is more closely related to the effects of polarization on macrophages
of different origins. In this case, the IL-4 complex (IL-4c, a combination of anti-IL-4 and IL-4
that acts as a slow-release reservoir of IL-4) was used to provoke M2 polarization of embry-
onic tissue-resident peritoneal macrophages versus monocyte-derived macrophages induced to
enter the cavity following thioglycollate stimulation (61). Similar to the aforementioned lung
study, the cavity was used to analyze macrophage transcriptional signatures in the same anatom-
ical location and at the same time, and the result in this case was substantial differences between
the IL-4-responsive genes between the two macrophage types (61). However, the interpretation
of this study is limited by not knowing whether the input populations eventually adopt the same
phenotype as the resident cells and by not discerning the number and percentage of the two
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macrophage populations that make up the cavity macrophages once homeostasis is achieved. In
summary, the issue of the influence of development on macrophage polarization remains unan-
swered. Should the activation of macrophages, and thus function, be weighted more toward the
effect of the tissue microenvironment, then the developmental origin of a macrophage becomes
less important; this is what transplantation and transfer studies already suggest.

Macrophage Survival

CSF-1 and GM-CSF are the apex macrophage survival cytokines. Although mice lacking CSF-1
or GM-CSF have macrophages, both cytokines are essential for the maintenance of normal
macrophage numbers and macrophage numbers in inflammation. A voluminous literature focuses
on the macrophage-specific effects of GM-CSF and CSF-1 (49, 62). It is, however, worth noting
recent advances arguing that the effects of both cytokines are far more complex than previously
appreciated.

The absence of GM-CSF or the GM-CSF receptor causes alveolar proteinosis in mice and
humans (49). GM-CSF is therefore essential for maintaining lung homeostasis, as well as for
pushing macrophages into the cell cycle following infection and inflammation. GM-CSF was also
shown to have key roles in regulating the numbers of other tissue macrophage populations (57).
By contrast, the effects of CSF-1 are broader and affect all macrophages regardless of their origin.
At this point, it is important to stress that, whereas GM-CSF and CSF-1 (or IL-34, a second
ligand of the CSF-1 receptor that is important for microglia and Langerhans cell survival and
proliferation) are required for macrophage proliferation, their equally important role is enforcing
survival by blocking apoptosis. This effect is readily seen in tissue culture experiments where
GM-CSF or CSF-1 are used to generate the bone marrow-derived macrophages so critical for
polarization studies; cytokine must be fed into the cultures to ensure both expansion of cell number
and survival. Thus, similar to all hematopoietic growth factors, CSF-1 and GM-CSF work to help
cells survive, and the increased survival allows an increased number of cells to divide.

In macrophage polarization, the effects of survival cytokines are central to understanding what
kind of polarization is happening at a given site. First, increased CSF-1, for example, will increase
the number of macrophages receptive to polarizing agents (see sidebar titled Use of Cre Deleters
in Macrophages). Second, GM-CSF and CSF-1 block apoptosis by enhancing the expression

USE OF CRE DELETERS IN MACROPHAGES

Thus far, there are no macrophage-specific Cre deleters. Instead, most researchers use LysM-Cre. LysM-Cre
has drawbacks: It is expressed in hematopoietic progenitors causing mosaic deletion in other blood cells (91–
93); it is active in neuronal subsets (94); it is active mainly at the GMP stage, causing deletion in neutrophils and
macrophages; it has remarkable locus-specific deletion capacity where some genes are deleted (e.g., Zfp36, encoding
TTP), partially deleted (Myd88), or not deleted ( p38α); and selection for undeleted cells can occur, and researchers
unfamiliar with the vicissitudes of LysM-Cre often assume it is specific for macrophages (20, 95, 96). In the absence
of true macrophage-specific Cre deleters, workaround approaches are essential, such as testing the deletion by
immunoblotting of individual mice used in experiments involving LysM-Cre or relying on the expression pattern
of the gene of interest to use a pan-hematotopoietic deleter (e.g., Tie2-Cre or Vav-Cre) to create the mutation.
For example, Arg1 is mainly expressed in macrophages and is constitutive in hepatocytes. The Arg1 floxed allele is
poorly deleted by LysM-Cre (33, 85). Instead, a Tie2-Cre Arg1flox/flox mouse is 100% active in all macrophages but
not the liver (33, 37, 84, 85). The expression of Arg1 in macrophages confers specificity of deletion.
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of proteins such as c-FLIP (to block the exogenous caspase-8-dependent death pathway) or the
Bcl-2-like protein A1, which blocks the mitochondrial intrinsic death pathway (19). Thus, in
conditions of inflammation, such as the tumor microenvironment, incoming macrophages are
bathed in survival cytokines, increasing both their longevity and their ability to be polarized.

HIERARCHICAL MOLECULAR CONTROL
OF MACROPHAGE POLARIZATION

Given that macrophage polarization is controlled by the interlocking pathways of extrinsic factors,
developmental intrinsic pathways, and the tissue environment, what are the molecular pathways
involved in enforcing polarization? In this case, genetics continues to provide substantial infor-
mation about how polarization is controlled.

As shown in Table 1 and Figure 3, alterations in macrophage polarization are frequently
uncovered. These mutants fall into a hierarchy that can be conceptually ranked as (a) a complete
loss of phenotype, (b) a modulation of phenotype, and (c) a reversal of phenotype. Complete loss

Table 1 Regulators of macrophage polarization

Protein
(gene)a Function Genetic lesionb

Effect on
polarization Reference(s) Notes

IL-4 and IL-13
(Il4, Il13)

Cytokines Complete knockout Loss of M2 None By inference with the
phenotype of the IL-4
and IL-13 receptor
deficiency

IL-4Rα (Il4ra) IL-4 and IL-13
signaling

Complete knockout
Conditional
knockout
(LysM-Cre)

Loss of M2 96, 100 None

STAT6 (Stat6) Transcription
factor

Complete knockout Loss of M2 101, 102 None

IRF4 (Irf4) Transcription
factor

Complete knockout Loss of M2 103 Regulates M2 gene
expression with JMJD3

PPARγ

(Pparg)
Transcription
factor

Conditional
knockout

Loss of M2 104 Functions with PPARδ

as part of the M2 gene
expression program

JMJD3
( Jmjd3)

Transcription
factor

Complete knockout
(bone marrow
chimera approach)

Loss of M2 103 Regulates M2 gene
expression with IRF4

C/EBPβ

(Cebpb)
Transcription
factor

Complete knockout
Deletion of
regulatory sites in
Cebpb

Loss of M2 Many studies have
encountered
changes in C/EBPβ

expression

Partial effects on
M2-associated gene
expression

KLF4 (Klf4) Transcription
factor

Conditional
knockout
(LysM-Cre)

Partial loss of M2
Partial gain of M1

105 c

KLF6 (Klf6) Transcription
factor

Conditional
knockout
(LysM-Cre)

Partial loss of M1
Partial gain of M2

68 None

(Continued )
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Table 1 (Continued )

Protein
(gene)a Function Genetic lesionb

Effect on
polarization Reference(s) Notes

IRF5 (Irf5) Transcription
factor

Conditional knockout
(LysM-Cre)

Complete knockout

Loss of M1 65, 106 None

TSC1 (Tsc1) Inhibitor of
mTOR

Conditional knockout
(LysM-Cre)

Gain of M1
Partial loss of
M2

107 c

Rictor (Rictor) TORC2
subunit

Conditional knockout
(LysM-Cre)

Partial gain of
M1

108 None

AKT1 (Akt1) Signaling Complete knockout Gain of M1 109 None

AKT2 (Akt2) Signaling Complete knockout Gain of M2 109 Possible effects on C/EBPβ

SHP-1 (Ptpn6) Phosphatase/
signaling

Indirect activation via
knockout of CD11b

Partial gain of
M2

110 None

SHP-2 (Ptpn11) Phosphatase/
signaling

Complete knockout Gain of M2 111 Increases STAT6 signaling

SHIP (Inpp5d ) Phosphatase Complete knockout Gain of M2 112 None

PTEN (Pten) Lipid
phosphatase

Conditional knockout
(LysM-Cre)

Selective
increases in
Arg1
expression and
other M2

Selective loss of
M1

113, 114 Possible effects on C/EBPβ;
possible effects on AKT

DAB2 (Dab2) Phosphoprotein/
signaling
adapter

Conditional knockout
(LysM-Cre)

Partial loss of
M2

Partial gain of
M1

115 c

CARKL (Shpk) Sedoheptulose
kinase

Knockdown
approaches

Possibly
required for
M2

116 Only one M2 gene tested

AMPKα1
(Prkaa1)

Energy
signaling

Conditional knockout
(LysM-Cre)

Complete knockout
(bone marrow
chimera approach)

Partial loss of
M2

117, 118 None

mIR-19a-3p mIR 119 None

mIR-21 mIR Complete knockout Partial gain of
M2

120 None

let-7c mIR Knockdown and
overexpression
approaches

Partial loss of
M2

Partial gain of
M1

121 None

mIR-33 (Mir33) mIR Knockdown and
complete knockout

Partial loss of
M1

Partial gain of
M2

122 None

(Continued )
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Table 1 (Continued )

Protein
(gene)a Function Genetic lesionb

Effect on
polarization Reference(s) Notes

mIR-223
(Mir223)

mIR Complete knockout Partial loss of
M2

Partial gain of
M1

123 None

p16 INK4a
(Cdkn2a)

Cell cycle Complete knockout Partial gain of
M2

124 None

JunB ( Junb) Transcription
factor

Conditional knockout
(LysM-Cre)

Loss of M1 125 Macrophages from these
mice have a complex
phenotype

Lysosomal acid
lipase (Lipa)

Lipid
metabolism

Complete knockout
Knockdown
approaches

Loss of M2 90 Works in conjunction with
CD36

MyD88
(Myd88)

Signaling
adapter

Complete knockout
Conditional knockout

Partial loss of
M1

Partial gain of
M2

20 cIndirect via effects on TNF

TNFR1
(Tnfrsf1a)

Cytokine
receptor

Complete knockout Gain of M2 20 c

MyD88 TNFR
double
knockout

Complete knockout Gain of M2 20 c

TNF Cytokine Complete knockout Gain of M2 20, 75 c

p50/p105
(Nfkb1)

Transcription
factor and
transcriptional
inhibitor

Complete knockout Loss of M2 126 Deletion of Nfkb1
eliminates the NF-κB
family member p50, the
p50 precursor p105, and
the Tpl2 kinase

Pentraxin-3
(Ptx3)

Pentraxin Complete knockout Multiple defects
including
increased M2

127 None

PIR-B (Lilrb3) Cell surface
receptor

Complete knockout Partial loss of
M1

Partial gain of
M2

128 c

aEffects of some proteins such as SOCS2 and SOCS3 are omitted because of current controversies (129).
bSee the sidebar titled Use of Cre Deleters in Macrophages for notes on use of LysM-Cre mice.
cPhenotype associated with increased TNF. See section titled TNF Is a Potent Anti-M2 Polarization Factor.

of phenotype mutations for M2 polarization include IL-4, IL-13, the IL-4R, STAT6, and the key
downstream transcription factors that control M2 gene expression: IRF4, JMJD3, PPARδ, and
PPARγ. Loss-of-function alleles in any of the genes encoding these factors lead to the total or
substantial loss of M2 polarization gene expression or the apparent loss of M2 macrophages.

Our understanding of the loss of M1 macrophages is somewhat murkier. As multiple extrinsic
factors contribute to M1 polarization, such as IFN-γ and its receptor combined with TLR and IL-
1R signaling, as well as tumor necrosis factor (TNF), the precise contribution of each factor to M1
polarization is unclear and probably varies widely given the inflammatory context. Other pathways
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Figure 3
Extrinsic and intrinsic factors control macrophage polarization. (a) M2 macrophages and (b) M1
macrophages are shown with some of the factors linked to their development. It should be noted that this
diagram depicts two broad clusters of macrophage types, whereas in reality a spectrum of polarization
occurs. Abbreviations: AKT1, protein kinase B 1; IFN-γ, interferon gamma; IL-4, interleukin 4; IL-4Rα,
interleukin 4 receptor alpha; IL-13, interleukin 13; IRF4, interferon regulatory factor 4; KLF4, Krüppel-like
factor 4; mTOR, mechanistic target of rapamycin; NF-κB, nuclear factor-kappa B; NLR, nucleotide-
binding oligomerization domain-like receptor; PPARδ, peroxisome proliferator-activated receptor delta;
PPARγ, peroxisome proliferator-activated receptor gamma; STAT6, signal transducer and activator of
transcription 6; TLR, Toll-like receptor; TNF, tumor necrosis factor.

such as Type I interferons can activate STAT1 and contribute to induction of the hallmark M1-
associated gene expression such as iNOS. Clues about the major pathway of M1 polarization
can be gleaned from combining knowledge about the extrinsic factors (TLRs, TNF, IL-1R, and
IFN-γ) with information about macrophage enhancer activation. Analysis of enhancer activity
reveals key effects of nuclear factor-kappa B (NF-κB), which fits well with its role as an essential
proinflammatory pathway activated by TLRs, IL-1R, and TNF (63, 64). However, the exact role
of the different NF-κB subunits in polarization, such as c-Rel or p65, was not addressed through
the use of macrophages lacking these proteins. As IRF5 seems to be central to M1 polarization
(65–67), perhaps fulfilling a similar role as IRF4 for M2 macrophages, a potentially informative
experiment would be to combine polarization-linked gene expression in macrophages lacking the
NF-κB subunit, with IRF5 knockouts and macrophages devoid of STAT1. Cooperativity between
the NF-κB and STAT1 pathways seems likely to be the major M1 pathway.

The remaining clusters of mutants where polarization is modified fall into two classes: modula-
tors (mIRs, phosphatases, and metabolic regulators) and “switches.” The former class of mutants
all share the characteristics of altering M1 or M2 polarization without absolute effects. As a specific
example, the phosphatases listed in Table 1 have pleiotropic effects at the level of cytokine recep-
tor and proximal signaling; thus, inactivation of a phosphatase normally required for terminating
STAT6 signaling would be expected to enhance M2 gene expression. Mutants whose effect is to
switch phenotypes (M2 to M1 and M1 to M2) appear more complex to explain at the molecular
level and deserve more attention.

www.annualreviews.org • Macrophage Polarization 553



PH79CH24-Murray ARI 2 January 2017 12:55

Finally, Table 1 lists examples where a gain in M2-associated gene expression is observed and
is associated with concomitant loss of TNF expression. As we see below, TNF is the major anti-
M2 pathway. A prediction from the TNF-M2 connection is that inflammation associated with a
depletion of TNF will cause a relative increase in M2 gene expression, so long as the conditions
for the M2 pathway are favorable (i.e., IL-4 or IL-13 are present). An informative example is the
phenotype of macrophages from Klf6flox/flox mice expressing LysM-Cre (68). Macrophages from
these mice have an approximately twofold increased expression of Arg1, PD-L2, mannose receptor,
Chi3L3, and Fizz1 (encoded by Retnla), all exemplars of an M2 macrophage when viewed in
combination. The effect is not absolute and is accompanied by a corresponding ∼2–4-fold decline
in M1-linked gene expression when LPS is used as the stimulus, including TNF (68). At first
glance, the switching of M1 and M2 phenotypes in KLF6-deficient macrophages seems to indicate
that this transcription factor arbitrates between polarization states. An alternative explanation is
that the switching phenotype could be attributed to the relative loss of TNF expression, which is
testable by reconstituting TNF into the KLF6-deficient macrophages.

THE HALLMARK GENE EXPRESSION OF POLARIZED MACROPHAGES

Gene and protein expression differences are the clearest and simplest way to distinguish the
polarization state of macrophages (Table 2). Compendia of gene expression panels were devel-
oped, and over time they have drawn closer to consistency and utility (3, 20). The use of gene

Table 2 Marker panels of gene expression associated with macrophage polarization

Gene name Common name
Knockout described in

first research paper Tested in macrophage polarization

M2 marker panel

Retnla FIZZ1, RELMα Yes Immunoregulatory against excessive TH2 responses

Clec10a Mgl2 Yes ND

Ccl17 Ccl17 Yes ND

Ccl24 Eotaxin-2 No ND

Irf4 Irf4 Yes Required for M2 macrophage development

Chil3b Chitinase 3, Chi3l3, Ym1 No ND

Mrc1 Mannose receptor No ND

Arg1a Arginase-1 Yes Immunoregulatory against excessive TH2 responses

RNase2ac Ear11 No ND

Ear2 Ear2 No ND

Ccl8 Ccl8 No ND

Melad Mela No ND

Clec7a Dectin-1 No Important antifungal mechanism

Pdcd1lg2 PD-L2 Yes Partly; required for M2 propagation of Foxp3+ Treg

Socs2 Socs2 Yes ND

Cdh1 Cadherin 1 No Not required

Ppard PPARδ Yes Required for M2 macrophage development

Pparg PPARγ Yes Required for M2 macrophage development

Ccl22 Ccl22 No ND

(Continued )
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Table 2 (Continued )

Gene name Common name
Knockout described in

first research paper Tested in macrophage polarization

M1 marker panel

Il1a Il1a Yes Defects in normal M1 type inflammation in the absence
of IL-1R signaling

Il1b Il1b Yes Defects in normal M1 type inflammation in the absence
of IL-1R signaling

IL6 IL6 Yes Unknown. Increases IL-4Rα expression (same pathway
as mediated by IL-10)

IL12a IL12a Yes Indirect defects in TH1 responses (and hence IFN-γ
production)

Il12b Il12b Yes Indirect defects in TH1 responses (and hence IFN-γ
production)

Il23a Il23a Yes ND

IL27 IL27 Yes ND

Tnf Tnf Yes Required to suppress M2 macrophages; required for
normal M1 macrophages

Csf3 G-CSF Yes ND

Csf2 GM-CSF Yes Required in part for macrophage viability and
expansion

Nfkbiz IκBζ Yes Selective defects in macrophage inflammatory signaling

Ccl1 Ccl1 Yes ND

Cxcl13 Cxcl13 Yes ND

Ccl11 Eotaxin Yes ND

Cxcl2 Cxcl2 No ND

Tnfaip3 A20 Yes Unknown; prediction of increased M1 associated with
increased inflammation

Socs3 Socs3 Yes Research of the role of SOCS proteins in polarization is
controversial (126)

Peli1 Pellino 1 Yes (E3 ligase-deficient
knockin

ND

Nos2 iNOS Yes Key antimicrobial defense and signaling pathway

Marco Marco Yes ND

aArg1 is also immunoregulatory against excessive T cell responses in M1 macrophages and a key negative regulator of nitric oxide (NO) production from
iNOS (130). Arg1 is traditionally used as an M2 marker and is thus retained in that section of the table.
bNot found in humans (mouse NCB1 gene 12655).
cMouse NCBI gene 93726.
dPseudogene.
Abbreviation: ND, no data.

expression panels such as those shown in Table 2 is associated with caveats. First, function cannot
yet be inferred by determining the polarization state. Second, the heterogeneous, spectral nature
of macrophage activation needs to be accounted for. Third, the expression of many genes and pro-
teins lurk in different areas of the multidimensional spectrum but differ in the expression amount
or the signals involved in inducing expression: Arg1 is the exemplar of this problem (35), but the
same issue likely exists to some extent in most M1 or M2 genes.
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CSF-1 INHIBITION

CSF-1 signals through the CSF-1 receptor (which also binds the related cytokine IL-34), which is a tyrosine
kinase. Two approaches have been developed to block the CSF-1R: neutralizing monoclonal antibodies to the
extracellular region of the receptor (97) and small molecule kinase inhibitors developed by Novartis and Plexxikon.
The thrust of research to apply these drugs is to block tumor-associated macrophages, presumed to be procancer.
The potential penalty associated with both types of drugs is collateral damage from blocking the CSF-1-dependent
macrophages that populate all the organs, which are vital for normal physiology. Surprisingly, daily oral BLZ945
does not deplete microglia in a murine model of glioma, but instead, it changes the phenotype of tumor-infiltrating
macrophages (98). One conclusion drawn from this study was that M2-associated gene expression was blocked, an
effect that translated into an alteration in the tumor microenvironment unfavorable to tumor progression. Local
GM-CSF was also sufficient to maintain macrophage viability when CSF-1R signaling was inhibited (98). At this
stage, however, more work is needed to quantify how anti-CSF-1R drugs (a) alter macrophage numbers in different
tissues, (b) how the drugs affect bone marrow production of monocytes, and (c) identify changes in macrophage
phenotype and functions.

TNF IS A POTENT ANTI-M2 POLARIZATION FACTOR

Thus far, we have seen three factors that favor the development of M2 macrophages: their develop-
mental program of monocyte-macrophage maturation, the presence of survival cytokines to favor
viability, and the extrinsic supply of IL-4 and IL-13. What then are the counter-regulatory forces
that balance the overall number of M2 macrophages? Answering this question is important for
both understanding and manipulating immune responses. First, macrophages with numerous M2
characteristics are linked to poor prognosis in cancer (see sidebar titled CSF-1 Inhibition) (69–71).
Although the precise mechanisms that link M2 macrophages and tumor development and progres-
sion remain unclear and probably vary widely between tumor types (see sidebar titled Protumor
Functions of Polarized Macrophages), a reasonable assumption is that M2 macrophages favor

PROTUMOR FUNCTIONS OF POLARIZED MACROPHAGES

The wound repair theory of macrophage involvement in tumors ties aberrant M2 macrophages to tumor develop-
ment and progression. The reasons to consider the validity of this theory are (a) M2-like macrophages are associated
with poor outcomes in cancer, (b) several products of M2 macrophages, such as increased Arg1 and PD-L2, are
known immunosuppressive factors, and (c) it makes sense that the aberrant self of the tumor microenvironment
would stimulate M2 macrophages. However, it is also important that the links between M2 polarized macrophages
and tumor initiation or progression and therapy failure have not been tested in a systematic way. For example,
a key experiment would be to ablate the ability of M2 macrophages to form in the tumor microenvironment at
specific times. For this, conditional alleles of key genes are needed along with macrophage-specific Cre deleters.
These need to be in the background of genetic-based tumor models. It would not be surprising to uncover time-
and tumor-specific effects of macrophage polarization. Nevertheless, the effective use of checkpoint inhibitors (e.g.,
anti-PD-1, PD-L1, or CTLA4) in cancer settings will likely require the immunosuppressive milieu to be defeated
in parallel by blocking M2 macrophage number or activity.
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tumor growth; thus, a desirable strategy to augment conventional chemotherapy and a “check-
point” inhibitor blockade is to simultaneously disrupt the number or function of M2 macrophages.
Similarly, excessive TH2-driven and M2-associated responses are an important part of many fi-
brotic diseases (36, 72). One way to limit M2 macrophages is to limit their overall number by en-
forcing apoptosis or preventing accumulation in tissues. Another way is to antagonize the signals
that promote M2 development. A key advance in understanding how M2 macrophage numbers are
limited came serendipitously from the study of macrophage polarization in solid tumors. As back-
ground, macrophage polarization in solid tumors is contentious in part because of the variation in
tumor types and isolation methodologies used in different laboratories. Importantly, tumors are
continuously seeded from the monocyte pool in a CCR2-dependent way (16–18, 20). Thus, most
if not all macrophages present in the tumor bed come from monocytes. With this knowledge as a
starting point, we and others used different separation techniques to isolate and define the polar-
ization status of tumor-associated macrophages (TAMs). Like others, we found that both M1 and
M2 macrophage signatures were present, even when we used more advanced approaches to sep-
arate different TAM subpopulations (20). Reasoning that the M1 signature was likely controlled
by TLR agonists and IL-1α/IL-1β within the tumor microenvironment, we generated TAMs
from mice lacking MyD88, the key signaling adapter of all TLRs (except TLR3) and the IL-1 and
IL-18 receptors. In terms of polarization signatures, MyD88-deficient TAMs were almost iden-
tical to controls (20), revealing that another factor was regulating the M1 signature. We focused
on TNF (TNF and TNFα are used interchangeably), as its mRNA and protein expression were
robust in TAMs. We therefore generated mice lacking MyD88 in all hematopoietic cells crossed
to the type 1 TNFR (encoded by Tnfrsf1a). TAMs from these animals lacked an M1 signature and
instead had an enriched M2 signature for the entire spectrum of M2-associated genes (20).

An unexpected element of the TNF-M2 connection was that the majority of the M2 signature in
TAMs was dependent on STAT6, arguing for a role for IL-4 and IL-13. Mills (73) had argued for T
cell-independent control of polarization without noting that SCID and nude mice retain other cells
of the immune system that can make IL-4 and IL-13. Indeed, the TAM M2 signature depends on
IL-13 (mainly) from eosinophils, and the number of M2 TAMs in genetically unmanipulated mice
correlates with the degree of eosinophilic infiltration. Other studies have shown that neutrophils
can also be a major source of IL-13 (74). Thus, both T cells and granulocytes can make IL-4 and
IL-13, probably accounting for the previous T cell-independent M2 polarization.

Now we can return to considering the relationship between TNF and M2 macrophages in
more general terms with a testable model: The number of M2 macrophages (and their propor-
tion of M2 gene expression) is inversely related to the degree of TNF signaling in the same cells
(Figure 4). This notion was recently confirmed in an entirely different system, this time with
Tnf−/− mice and Leishmania major infection, where TNF is essential for suppressing Arg1 expres-
sion, along with other M2-linked genes (75). However, the M2-TNF relationship was uncovered
many times before, without precisely knowing the molecules that link the pathways. For example,
TNF suppresses the ability of macrophages to contribute to healing damage in the spinal cord and
is vital for the suppression of the normal homeostatic M2-like macrophages in adipose tissue (76,
77). In the inflamed fat associated with obesity and related metabolic diseases, TNF drives the sup-
pression of M2-like macrophages. Most likely, monocyte-derived macrophages recruited to the
inflamed fat tissue are exposed to TNF and other proinflammatory factors that further enforce the
suppression of M2 macrophages. The prediction from the TNF-M2 model is that macrophages
in the local environment of inflamed fat that lack TNFR signaling will remain M2-like.

Other examples of the TNF-M2 relationship are indirect in nature and mainly relate to set-
tings where M2 macrophages accumulate, but the quantity of TNF is reduced. For example,
mice lacking CD14 have greatly exacerbated liver granulomatous fibrosis upon schistosome egg
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Figure 4
TNF is a major anti-M2 factor. Exposure of macrophages to TNF blocks M2 polarization on two levels:
(a) through its direct effects on macrophages and (b) through the indirect effects of TNF on IL-13
production by other innate cell types. Abbreviations: IL-4, interleukin 4; IL-13, interleukin 13; TNF, tumor
necrosis factor.

deposition, accompanied by increases in M2 macrophages (78). As CD14 is an important core-
ceptor for TLR signaling, one possibility is that the absence of CD14 causes a reduction of TNF,
which then derepresses the number of M2 macrophages. Other examples along these lines concern
unexpected M2-like gene signatures in the absence of MyD88 or other inflammatory signaling
components or following treatment with anti-TNF antibodies. Indeed, the relief of Crohn’s dis-
ease by anti-TNF therapies is associated with the emergence of healing macrophages (79, 80).

ABNORMAL PHYSIOLOGY OF MACROPHAGE POLARIZATION

Insights into the specific effect of polarization on biological systems can best be obtained by
controlled perturbation: In other words, what happens when polarization does not work properly?
Experimentally, there are many means to interfere with polarization, for example, through the use
of genetics (Table 1). Another avenue is to consider the consequences of enforcing polarization
in one direction when the counter direction is needed. In this case, coinfection experiments in
immune-intact mice have proven especially useful, especially when they can be followed with
complementary genetic approaches.

Coinfection with different kinds of pathogens is prevalent throughout the world. For example,
worm infections are known to be risk factors for a large variety of bacterial infections such as
tuberculosis (TB), viral infections including herpesviruses and HIV, and protozoan parasites (81).
Despite the global importance of coinfection, modeling such complex phenomena in a controlled

558 Murray



PH79CH24-Murray ARI 2 January 2017 12:55

way is challenging. Nevertheless, recent experiments with worm-bacteria coinfections have illu-
minated how alteration in normal macrophage polarization contributes to the outcome of disease.

M2 macrophages are necessary for antihelminth immunity at three levels: They have direct
effects on worm motility, viability, or fecundity; contribute to the expulsion process; and prevent
immunopathology. Considered together, infectious worms of all varieties are potent inducers of
TH2 T cell responses and M2 polarization. By comparison, M1-type macrophages are necessary for
the control of immunity to intracellular pathogens such as TB, and control of immunopathology.
What is the outcome of infections when an animal bears both an M1-linked pathogen such as
TB and an M2-eliciting helminth? The medical relevance of this question is obvious when the
global burden of diseases such as TB is considered in conjunction with the vast number of people
infected with one or more worms. Thus, coinfection offers a window into the pathophysiology of
macrophage polarization.

Three worm species were used to experimentally infect mice with coincident lung TB challenge,
and each type of experiment sheds lights on how the immune response manages two infections
associated with different ends of the polarization spectrum. Heligmosomoides polygyrus infects mice
only via the intestine, where a TH2 response is needed for worm expulsion and protective memory
responses. However, the presence of H. polygyrus does not affect immunity to TB, and the TH2
response to the worm and TH1 response to the bacteria are seemingly unaffected by each other
(82). By contrast, Nippostronglylus brasiliensis is a whipworm that transits through the lung before
larval aspiration into the intestine. In this case, the movement of larvae through the lung elicits a
TH2–M2 response that blocks effective immunity to coincident TB (83). Two significant results
were gained from these experiments. First, the inhibitory effect of anti-TB immunity mediated
by coincident whipworm infection is transient. Perhaps this is because the presence of the worm
larvae in the lung and coincident TH2-M2 response is also transient. Second, the inhibitory effect
of the worms is dependent on IL-4Rα expression in macrophages, suggesting that the inhibitory
effect is mediated by M2 macrophages (83).

The third model used schistosome–TB coinfections. In this setting, the TH2-M2 response is
to the eggs lodged in the liver. However, the presence of eggs is inhibitory to anti-TB immunity
in the lungs and is mediated in part by Arg1 expression in macrophages. It is important to consider
that schistosome eggs take months to eliminate and require continuous recruitment of monocytes,
eosinophils, and CD4+ cells into the liver granulomas (7). Furthermore, schistosome eggs elicit a
potent TH2 response characterized by high IL-4 and IL-13 production. Therefore, it seems that
the longevity and strength of the TH2 response conditions migratory inflammatory monocytes
that are recruited to the lung rather than the liver. There they encounter TB and are less effective
in clearing the bacteria. Thus, H. polygyrus, N. brasiliensis, and Schistosoma mansoni cause a more
graded TH2–M2 response than proportionally affects immunity to lung TB.

Macrophage Arg1 could contribute to the coinfection process in several ways. First, it is impor-
tant to consider that TB elicits Arg1 expression via a pathway different from the IL-4Rα-STAT6
pathway and is instead mediated by IL-6-STAT3 signaling (34). In a normal TB infection, Arg1
tempers the output of NO by competing with iNOS for arginine (33). Arg1 is also required to
prevent TB-induced immunopathology (84). However, in the coinfection gradient outlined above,
Arg1 expression is further increased by S. mansoni eggs stimulating the IL-4-STAT6 pathway and
could therefore have an additive inhibitory effect of blocking NO and thus increasing the bacterial
burden (85). However, in the TB–S. mansoni coinfection model, elimination of Arg1 did not affect
bacterial burden but did reduce lung granuloma inflammation (85). One interpretation of these
data is that the increased NO made in the absence of Arg1 was anti-inflammatory in some way and
was uncoupled from bacterial number. However, in another TB model where iNOS or NO are not
required, Arg1 has an obligate role in blocking immunopathology (84). Therefore, coinfections
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DIFFERENCES BETWEEN HUMAN AND MOUSE MACROPHAGE POLARIZATION

Differences between gene expression in human and rodent polarized macrophages have been discussed at length,
along with similarities and differences between the species in terms of immunity in general (30, 99). In essence,
although there are major apparent differences between species, especially regarding amino acid metabolizing en-
zymes, technical issues are at the root of the controversies. For example, monocytes are generally used as the
source of macrophages in humans, whereas bone marrow-derived or peritoneal cavity macrophages are often used
in rodents. The key experiment of a side-by-side comparison of monocyte-derived mouse and human macrophages
polarized by different agents has yet to be reported. However, these issues are openly acknowledged in the field,
and the use of standardized single-cell methods and rigorous bioinformatics should yield the information necessary
to compare polarization between species.

offer new means to uncover roles of macrophage polarization in model systems where complexity
may give insight into how the immune system adjusts to challenge by distinct pathogens. This is
especially true when considering that IL-4 stimulation of macrophages (i.e., M2) or coincident
helminth infection latently infected with MHV68, a herpesvirus, causes reactivation of viral repli-
cation by a mechanism involving STAT6 recruitment to viral promoters (86). Viral reactivation
was independent of Arg1 and all other tested M2 hallmark genes and proteins (86). These data
suggest that M2 macrophages can provide safe harbor for latent viruses using mechanisms distinct
from the M2 gene and protein pathways characterized so far. This further emphasizes the need
to better evaluate the functions of polarization products in diverse infection biology experiments.

CONCLUSIONS

Awareness of the role of macrophage polarization in normal physiology and pathophysiology
has increased over the last decade. Although technology has played a vital role in understanding
macrophage polarization, including improved cell separation approaches and single-cell and deep-
sequencing efforts, numerous questions remain: (a) What are the specific roles of hallmark factors
elicited in M1 and M2 macrophages (beyond the iNOS and Arg1 arginine metabolism pathways)
in well-characterized models of pathophysiology? What are the specific M1 and M2 factors and
their roles in humans as opposed to rodents (see sidebar titled Differences Between Human and
Mouse Macrophage Polarization)? (b) If M2 macrophages facilitate wound healing, how is this
accomplished at the molecular and cellular levels? (c) How do polarized macrophages influence
cancer at the cellular and molecular levels? (d ) How is macrophage polarization modulated in
specific cellular contexts, and what are the roles of polarized macrophages in different tissues?
What is the variability between tissue types in terms of specific programs elicited by resident and
recruited macrophages? (e) Can small molecules be developed to switch or inhibit macrophage
polarization? ( f ) What are the counter-regulatory forces that regulate the number of polarized
macrophages? Finally, and most significantly, ( g) what are the relationships between metabolism
at the cellular, tissue, and whole animal levels and polarized macrophages?
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