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Abstract
Macrophages are central to essential physiological processes including the regulation of innate and
adaptive immunity, but they are also central to a number of inflammatory disease states. These
immune cells also possess remarkable plasticity and display various shades of functionalities
based on changes in the surrounding molecular environment. Macrophage biology has defined
various phenotypes and roles in inflammation based primarily on cytokine and chemokine profiles
of cells in different activation states. Importantly, macrophages are elite producers of eicosanoids
and other related lipid mediators during inflammation, but specific roles of these molecules have
not generally been incorporated into the larger context of macrophage biology. In this review, we
discuss the current classification of macrophage types and their roles in inflammation and disease,
along with the practical challenges of studying biologically relevant phenotypes ex vivo. Using the
latest advances in eicosanoid lipidomics, we highlight several key studies from our laboratory that
provide a comprehensive understanding of how eicosanoid metabolism differs between
macrophage phenotypes, along with how this metabolism is altered by changes in membrane fatty
acid distribution and varied durations of Toll-like receptor (TLR) priming. In conclusion, we
summarize several examples of the benefit of macrophage plasticity to develop accurate cellular
mechanisms of lipid metabolism, and insights from lipidomic analyses about the differences in
eicosanoid pathway enzyme activity in vitro vs. ex vivo cell studies. Examples of new techniques
to further understand the role of macrophage eicosanoid signaling in vivo are also discussed.

Introduction
From vertebrate systems, macrophages can be evolutionarily traced to the ancient
invertebrate mononuclear phagocyte system (Mellor and Munn, 2004; Ottaviani and
Franceschi, 1997). The macrophage has recently been suggested as a potential relative of the
protozoan Acanthamoeba (Siddiqui and Khan, 2012), based in part on their analogous
proficiencies for engulfing large particles and cells through phagocytosis. Phagocytosis was
the original hallmark leading to the macrophage’s discovery by Elie Metchnikoff in 1866;
and consequentially, his discovery of the first immune cell (Chang, 2009).

Immune cells exist in multicellular organisms largely to protect the host from general
traumas and invasion by pathogens in part, by summoning inflammation. The orchestration
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of innate and adaptive immunity, including inflammatory processes, requires the actions of
myriad immune cells including macrophages, neutrophils, T- and B-lymphocytes, and other
white blood cells, in a cooperative fashion. The macrophage has received particular focus
for understanding immunity and inflammation because of its central role and dynamic
functionality.

Along with being an efficient phagocytic cell, macrophages express numerous receptors that
recognize foreign molecular motifs. They can respond to these danger signals through
upregulation of proteins and peptides and synthesis of eicosanoids and other lipid molecules
that altogether act to recruit other immune cells to a site of attack, along with other
functions. Additionally, macrophages possess the ability to promote tissue repair once
infection has been thwarted. Aside from general characterizations, macrophages actually
represent a diverse range of unique phenotypes existing throughout the body, with
specialized functions unique to their site of residence. This review will discuss the current
understanding of macrophage biology and our recent work to understand the macrophage’s
roles in inflammation associated with eicosanoid signaling.

Macrophage origins and phenotypic variability
Haematopoiesis and macrophage lineages

Haematopoietic stem cells (HSC) are the precursors to blood-derived mature macrophages
and precursor macrophages, called monocytes. HSCs reside and multiply in bone marrow
where specific molecular cues promote their differentiation into a range of mature cell types.

Only a few years ago, it was widely viewed that all resident tissue macrophages were
derived from peripheral blood monocytes (Mosser and Edwards, 2008). However, the most
recent understanding (in mice (Wynn et al., 2013)) proposes that all macrophages and
precursors indirectly stem from the yolk sac; and a few directly (Figure 1). Macrophages in
the brain (microglia), pancreas, spleen, liver (Kupffer cells), kidney, lung, and some
Langerhans cells (a dendritic cell subset) derive from the yolk sac directly (Ginhoux et al.,
2010; Hoeffel et al., 2012; Wynn et al., 2013). The remaining precursors are seeded from the
yolk sac into the fetal liver, which is the predominant source of Langerhans cells (Hoeffel et
al., 2012; Wynn et al., 2013). In the adult, bone marrow takes over as the source for
circulating blood monocytes and macrophages (Schulz et al., 2012; Wynn et al., 2013) that
can be elicited upon stimulation to various physiological sites, including the peritoneum.
Some macrophages in the kidney and lung stem from blood monocytes (Wynn et al., 2013).

Monocytes
Monocytes represent a heterogeneous population of circulating cells that are precursors of
macrophages as well as other white blood cells, including dendritic cells (Auffray et al.,
2009). To become monocytes, HSCs must first commit to the myeloid lineage, and can then
differentiate to one of at least two monocyte lineages. The initial steps in the commitment to
precursor monocytes (monoblasts and pro-monocytes) involve cytokines, granulocyte/
macrophage colony stimulating factor (GM-CSF) and further stimulation with macrophage-
colony stimulating factor (M-CSF) (Mosser and Edwards, 2008). This is, of course, only a
model of the differentiation process and other factors are sure to be involved in vivo. How
monocytes are further differentiated to the multitude of distinct macrophages found in
inflammation is also unresolved and complex.

In addition to being differentiated into macrophage phenotypes, monocytes themselves can
be recruited to specific sites and play roles in host defense (Serbina et al., 2008). They can
also be recruited to sites of tumors to inhibit tumor-specific defense mechanisms (Shi and
Pamer, 2011). Expression of chemokine receptors allow monocytes to be recruited, and
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differential expression of these receptors along with other cell surface markers are used to
distinguish subsets that are often characterized as either “inflammatory” or “patrolling” (Shi
and Pamer, 2011); “resident” (Mosser and Edwards, 2008) instead of “patrolling” is
sometimes used but this is mostly a semantic difference. These terms also refer to their
actions, defining inflammatory monocytes as cells that can leave the blood, and patrolling/
resident monocytes as cells that remain in blood circulation.

Macrophage functions and phenotypes
The “janitor” role: phagocytosis

During homeostasis, red blood cells are produced in large quantities that must be controlled
to avoid excessive accumulation. Macrophages are well equipped to handle this due to
expression of phosphatidylserine, thrombospondin, complement, and scavenger receptors, as
well as integrins (Erwig and Henson, 2007). The ability to seek out and phagocytize cells
and debris allow macrophages to clear about 200 billion red blood cells per day, which
recycles some 3 kg of iron and haemoglobin yearly (Mosser and Edwards, 2008). This
house-keeping function appears to be independent of immune signaling, since clearance of
apoptotic cells by unstimulated macrophages does not lead to production of immune
mediators (Kono and Rock, 2008). Phagocytosis is also an important function of
macrophages during inflammation. Pathogens and elicited cells create a significant mass that
must be removed by macrophages in order to resume normal tissue functions.

During development, cells of the macrophage lineage (containing the PU.1 transcription
factor) are the most adept at recognizing and clearing apoptotic cells from the webbing of
hand and foot digits. In mice null for PU.1, other mesenchymal cells are able to account for
the loss of macrophages, but require 3 times as many cells to accomplish the same amount
of neonatal cell clearance (Wood et al., 2000).

The “sentinel” role: responding to danger signals
Pathogenic assault can lead to necrosis of host cells. Pathogen-associated molecular patterns
are shed from bacteria, fungi, and viruses and can be identified in necrotized host cells by
Toll-like receptors (TLRs) expressed in macrophages (Chen et al., 2007; Kono and Rock,
2008; Park et al., 2004). Additionally, intracellular pattern-recognition receptors (PRRs) and
the interleukin-1 receptor (IL-1R), along with TLRs, largely signal through the adaptor
molecule myeloid differentiation primary-response gene 88 (MyD88) (Chen et al., 2007).
Macrophages and other haematopoietic cells rather uniquely express the purinergic receptor,
P2X7, at high levels. This ionotropic receptor is activated by concentrations of adenosine 5′-
triphosphate (ATP) above 100 μM and up to low mM concentrations, and can promote
killing of infectious organisms, mediate cell death, and regulate immune responses
(Bulanova et al., 2009; Gavala et al., 2008; Jiang, 2009; Khakh, 2001; Miller et al., 2011).
Complex signaling by macrophages commences from all of these receptor stimuli in order to
neutralize injury and infection before rebuilding the affected site.

Activation states: M1 vs. M2
During immune responses, macrophages respond differently depending on the specific
agonists presented (Figure 2). Classically, two types of responses, M1 and M2, have been
described in macrophages and result from different sets of stimuli (Sica and Mantovani,
2012), mirroring the Th-1 and Th-2 states of T-lymphocytes (Biswas and Mantovani, 2010;
Mantovani et al., 2002).

M1 activation is defined by high expression levels of proinflammatory cytokines, significant
production of reactive oxygen and nitrogen species, commitment to microbicidal and
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tumoricidal actions, as well as the promotion of the Th-1 response (Sica and Mantovani,
2012). They manifest from stimulation by TLR, TNF, and IFNγ signals (Mosser and
Edwards, 2008; Sica and Mantovani, 2012). A combination of transcription factors promote
the M1 phenotype: signal transducer and activation of transcription (STAT) molecules are
activated by IFNγ, while nuclear factor-κB (NFκB) and mitogen-activated protein kinases
(MAPKs) are activated by TLR ligands and TNF (Mosser and Edwards, 2008; O’Shea and
Murray, 2008). Macrophages in the M1 state promote destruction of tissues and initiate pro-
inflammatory responses (Biswas and Mantovani, 2010; Gordon and Martinez, 2010), and
are commonly referred to as “classically activated”. They produce pro-inflammatory signals,
including IL-1, IL-6, IL-12, IL-15, IL-23, and TNF-α cytokines, and prostaglandin E2
(PGE2) along with other eicosanoids.

The M2 activation state is characterized by a commitment to pathogen containment,
promotion of tissue remodeling (and tumor progression), and regulation of immune
responses (Sica and Mantovani, 2012). Promotion of cells to this state involves stimulation
with IL-4 or IL-13 (Mosser and Edwards, 2008; Sica and Mantovani, 2012). More
specifically, M2 macrophages possess significant phagocytic activity, and high expression
of scavenging molecules, mannose and glucose receptors, IL-10, IL-1decoyR, IL-1RA, and
TGF-β, low expression of IL-12 and other characterizations (Gordon and Martinez, 2010;
Mantovani et al., 2002; Sica and Mantovani, 2012). M2 macrophages are generally
associated with tissue repair (Lucas et al., 2010; Sica and Mantovani, 2012). The M2 state is
also commonly referred to as “alternatively activated”, and essentially serves as a catchall
term for macrophage phenotypes that do not resemble the M1, classically activated,
macrophage (Martinez et al., 2008).

A more recently described state of macrophage activation has been coined as a “regulatory
macrophage”, or “anti-inflammatory” macrophage, that requires activation with IL-10;
stimulation with prostaglandins, GPCR ligands, immune complexes, and other stimuli have
also been shown to induce this phenotype (Mosser and Edwards, 2008). These cells produce
high levels of IL-10 and can further promote wound healing, or M2-like macrophage states,
and overall suppress inflammatory signaling. While some immune cells, like T-cells,
undergo considerable epigenetic modifications during differentiation to limit phenotypic
variation, macrophages possess a marked difference in this respect (Stout et al., 2005),
which very likely underlies their tremendous plasticity.

Wound healing
Wound healing properties of macrophages largely appear to be induced by IL-4, a signal
produced by the innate immune system (Mosser and Edwards, 2008) that is considered a
major ligand involved in the switch from innate to adaptive immunity. The mannose
receptor was originally found to be upregulated by IL-4 in macrophages, prompting the
naming of the phenotype as “alternatively activated” (Stein et al., 1992).

IL-4 stimulation also causes resident macrophages to contribute in the production of the
extracellular matrix via arginase-mediated conversion of arginine to ornithine, a precursor of
polyamines and collagen (Kreider et al., 2007). Chitinase, and chitinase-like molecules
including YM1 and YM2, acidic mammalian chitinase (AMCase), and stabilin-interacting
chitinase-like protein are also produced by “alternatively activated macrophages” and have
been found to be involved in wound healing based on carbohydrate and matrix-binding
activity (Bleau et al., 1999; Fusetti et al., 2002; Kzhyshkowska et al., 2006; Raes et al.,
2002; Zhu et al., 2004). Concomitantly, macrophages stimulated with IL-4 or IL-13 are
inefficient producers of pro-inflammatory cytokines, reactive oxygen and nitrogen species,
fail to present antigen to T-cells, and are less able to kill intracellular pathogens, compared
to classically activated macrophages (Edwards et al., 2006; Mosser and Edwards, 2008).
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Altogether, these results demonstrate that macrophages can be programmed to reduce
cytotoxic functions and increase tissue regeneration processes.

Primary and immortalized macrophages for ex vivo studies
Murine macrophages, but not other cells, attach to tissue culture-grade polystyrene plates
due to unique expression of divalent cation-independent receptors: murine scavenger
receptors (MSRs) (Fraser et al., 1993). This allows for efficient attachment of macrophages
and removal of contaminating cells by simple aspiration. Macrophages can also adhere to
non-tissue culture-treated petri dishes via complement receptor 3 (CR3; CD11b/CD18)
integrins (Rosen and Gordon, 1987).

A large majority of cell culture studies utilize only a few macrophage phenotypes for
practical reasons (Figure 3). The peritoneum provides a fairly clean and simple source for
macrophage isolation that involves a quick lavage with phosphate-buffered saline. Resident
peritoneal macrophages (RPM) can be removed directly, though only ~1 million cells can be
removed from one mouse. This is a relatively low yield that makes large-scale experiments
quite difficult (and expensive) to attempt. Alternatively, thioglycollate-elicited macrophages
(TGEM) can be harvested from the peritoneum in quantities of ~30–40 million cells/mouse
but are a significantly different phenotype relative to RPM cells. Still, they are relevant for
studying blood-elicited macrophages initiated by sterile peritonitis.

Bone marrow-derived macrophages (BMDM) represent another primary macrophage
phenotype, which is a highly homogeneous population that requires only a few mice for
most experiments. However, BMDM require isolation of stem cells that are further cultured
for ~1 week in the presence of M-CSF for differentiation, which represents a fairly artificial
environment.

RAW264.7 (RAW) cells are one of the most widely used macrophage phenotypes in cell
culture due to their ability to replicate rapidly; they can also be removed from tissue-culture
plates via simple scraping rather than via trypsin or EDTA, which makes for simple
handling and passaging. RAW cells represent an immortalized phenotype derived from
peritoneal tumors induced in BALB/c male mice by the Abelson murine leukemia virus.
These cells have been passaged for over 20 years ex vivo, thus relating information from
RAW cells to a biological context requires some direct comparison with primary
macrophages.

Advances in understanding macrophage eicosanoid signaling using
lipidomics
Inflammatory eicosanoid metabolism in macrophages

Eicosanoids are 20-carbon oxidized fatty acids derived from arachidonic acid (AA; 20:4).
During inflammation, cytosolic phospholipase A2 (cPLA2) is activated by calcium-
dependent and independent mechanisms leading to hydrolysis of AA from phospholipid
membranes (Dennis et al., 2011). Calcium independent (i) and secretory (sPLA2) may also
contribute to AA release in some contexts. AA is further metabolized by the three major
enzymatic pathways: cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome P450
(CYP450), which also include numerous downstream enzymes that collectively form many
distinct structures. Additionally, non-enzymatic pathways can oxidize AA. Refer to
(Buczynski et al., 2009) for an extensive review of eicosanoids and pathway enzymes.
COX-1 and COX-2 convert AA to prostaglandins and thromboxane (with COX-2 being
upregulated in many tissues during inflammation), while 5-LOX converts AA to
leukotrienes. These enzymes are the primary drug targets for alleviating pain, swelling,
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fever, and asthmatic symptoms associated with inflammation, however metabolism by these
enzymes help regulate important physiological processes like vascular tone and platelet
aggregation.

Macrophage roles in inflammatory signaling are mostly understood only in the context of
cytokine and chemokine production. Though a large body of studies focused on the
production of eicosanoids in macrophages now exists in the literature, not much of this can
be easily incorporated into the greater context of macrophage biology. At most, one function
particular to macrophages involves prostaglandin E2 (PGE2) and PGI2, which can be
produced by resident peritoneal macrophages for autoregulatory signaling through IP, EP2
and EP4 receptors that downregulates pro-inflammatory TNF-α and upregulates anti-
inflammatory IL-10 (Shinomiya et al., 2001). Still, this study elegantly demonstrates the
tight connection between inflammatory eicosanoid and cytokine signaling in macrophages,
and further provides a key example of how widely used non- steroidal anti-inflammatory
drugs (NSAIDS) inhibit pro-inflammatory prostaglandin formation while enhancing pro-
inflammatory cytokine signaling.

Quantitative eicosanoid profiling and predictive modeling
Eicosanoid metabolism has been well characterized using purified enzymes and
overexpression studies. Currently, most interest in the field has shifted to defining the
pathway in cellular inflammatory contexts. Understanding the complex networks of
eicosanoid metabolism and signaling at the physiological level requires dissection of
individual cell contributions and applying the information to whole tissues. Lipidomic mass
spectrometry methodologies have been significantly advanced to the point where nearly
complete and quantitative eicosanoid profiles in different cells can be generated to define
specific signaling roles. Ultimately, creating predictive models of eicosanoid metabolism at
the cell level is a major goal from a systems biology standpoint because therapeutic
outcomes could be more rapidly and accurately tested with computational tools before
clinical trials.

Our lab has previously generated a complete lipidomic quantitative dataset of eicosanoids
produced after stimulation with the TLR4 ligand Kdo2 lipid A (KLA) in RAW264.7 cells
that was used to develop a kinetic model (Gupta et al., 2009). This model accurately predicts
changes in RAW cells quite well, but does not account for phenotypic differences in
eicosanoid metabolism.

More recently, we have compared temporal quantitative differences in eicosanoid levels and
related enzyme transcript expression levels generated after stimulation of TLR4 with KLA
in the four types of macrophages illustrated in Figure 3, namely: RPM, TGEM, BMDM, and
RAW (Figure 4) (Norris et al., 2011). In this study, all of these macrophage phenotypes
were found to produce almost exclusively COX pathway metabolites where total quantities
of COX metabolites directly correlated with COX-2 transcript and protein expression.
Primary peritoneal macrophages (RPM and TGEM) expressed significant levels of
prostaglandin I2 synthase (PGIS) and produced significant levels of PGI2, while BMDM and
RAW cells neither expressed PGIS nor produced PGI2. Additionally, RPM and TGEM cells
exclusively produced exponentially lower levels of PGE2 vs. PGD2 relative to PGES and
PGDS transcript expression. BMDM and RAW cells did not express PGIS or produce PGI2
at detectable levels, and produced remarkably similar ratios of PGE2:PGD2 vs.
PGES:PGDS.

These results are connected to the model of functional coupling (Murakami and Kudo,
2004), which suggests that PGIS activity is the prostaglandin synthase most tightly
dependent on COX-2 metabolism. Activity of prostaglandin synthases rely on PGH2
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substrate concentration derived from either COX-1 expressed at the ER and to a lesser
extent at the perinuclear membrane, or COX-2 that is expressed almost exclusively at the
perinuclear membrane. PGIS is primarily expressed at the perinuclear membrane along with
COX-2.

These studies suggest that predictive modeling of eicosanoid metabolism in macrophages
requires additional work to incorporate the complications of PGIS expression. Preferential
coupling of enzymes to COX-1 or COX-2 likely require additional functions that account for
topographical distances and site-specific substrate concentrations. Alternatively, PGIS
protein translation may be more efficient compared to other prostaglandin and thromboxane
synthases, or an unidentified adaptor protein may yield more efficient enzyme activity.
Ultimately, COX metabolism in macrophages and other cells requires more elaborate
models for accurate predictions.

To account for disparities between transcript and protein expression, a mass spectrometry-
based proteomic methodology has recently been developed to accompany our lipidomic
methodology for eicosanoid metabolism (Sabido et al., 2012). This methodology has only
been utilized for analyzing protein levels in RAW cells, though analysis of RPM or TGEM
cells (which contain the full cassette of prostaglandin and thromboxane synthases) would
provide a more complete understanding of eicosanoid metabolism connected directly to
COX pathway enzyme expression.

Eicosanoid metabolism and fatty acid distribution in membrane phospholipids
Eicosanoid pathway enzymes are generally thought to possess strict specificity for AA vs.
other fatty acid substrates. Evidence from in vitro studies supports specificity of AA for
cPLA2, COX-1, and COX-2 (Wada et al., 2007). Lipoxygenases, however, appear to be
equally efficient enzymes against other poly-unsaturated fatty acids (PUFAs) such as
omega-3 eicosapentaenoic acid (EPA; 20:5) and docosahexaenoic acid (DHA; 22:6). In
RAW cells, we have shown that 5-LOX is not inhibited by EPA or DHA, and actually
produce similar levels of hydroxy-EPA, and hydroxy-DHA compared with hydroxy-AA (5-
hydroxyeicosatetraenoic acid; 5-HETE) (Norris and Dennis, 2012). More significantly, we
have also demonstrated that cPLA2 activated by P2X7 stimulation can actually hydrolyze
phospholipid-esterified EPA at a rate roughly equal to that of AA.

In this study, we also found that resident peritoneal macrophages elongate AA and EPA
quite proficiently, meaning that supplementation of fish oil omega-3 fatty acids used for
cardioprotection and anti-inflammatory effects may function inadvertently through the 2-
carbon elongation product of EPA, docosapentaenoic acid (DPA), along with DHA.
Ultimately, lipidomic profiling of total fatty acid levels in membrane phospholipids can
offer significant insights about the source of downstream signaling effects in cells. While
significant mass spectrometry advancements have been made to efficiently profile
phospholipid species, quantitative standards for phospholipids are very limited and a total
accounting of fatty acid quantities using these methods cannot be reliably obtained. We have
found that using the older method of saponification, to hydrolyze all of the fatty acids from
membranes, and total lipidomic quantitation of eicosanoids and fatty acids provides the best
starting point for addressing the complexity of phospholipids. Ultimately, there appear to be
significant differences in substrate specificities of eicosanoid pathway enzymes in cells vs.
purified enzymes in vitro.
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Macrophages in health and inflammatory-based diseases
Effects of macrophage ablation

A significant advance in understanding macrophage biology in vivo comes from the
development of a selective strategy for ablating macrophages (Cailhier et al., 2005). While
diphtheria toxin (DT) poorly binds to the murine DT receptor (DTR; also known as hbEGF),
the human form of DTR is quite sensitive to DT. Thus, transgenic mice (CD11bDTR)
expressing the human DTR under control of the CD11b promotor yield selective
macrophage ablation with DT administration via inhibition of protein synthesis. Using this
strategy, resident peritoneal macrophages were shown to be critical for initiating CXC
chemokine-mediated neutrophil infiltration after thioglycollate administration (Cailhier et
al., 2005).

This same transgenic model was also used to investigate the role of macrophages in wound
healing. Depletion of macrophages with DT resulted in delayed re-epithelialization,
diminished collagen deposition, compromised angiogenesis, and inhibition of cell
proliferation in healing wounds. The absence of macrophages overall retarded wound
closure and dermal healing that was associated with increased levels of TNF-α and
diminished levels of TGF-1β (Mirza et al., 2009).

Role in atherosclerosis: macrophage foam cells
Formation of atherosclerotic plaques appears to be centrally mediated by monocytes and
macrophages. Activated endothelial cells at lesion prone sites within large arteries promote
adherence of monocytes, their migration to the subendothelial space, and further
differentiation to macrophages (Li and Glass, 2002). Atherosclerotic plaques progress when
macrophages increase uptake of oxidized-LDL and cholesterol/cholesterol esters that are
stored as lipid droplets (Yu et al., 2013). The same scavenger receptors that macrophages
use to recognize pathogens and apoptotic cells also sense oxidized lipid patterns present in
oxidized LDL, which can lead to significant accumulation of lipid droplets in macrophages
resulting in formation of foam cells, a major component of atherosclerotic plaques (de
Villiers and Smart, 1999; Linton and Fazio, 2001). The most profound example of the
macrophage’s role in atherosclerosis comes from a study demonstrating that
hypercholesterolemic mice gain extreme resistance to atherosclerosis when bred to
macrophage-deficient mice (Smith et al., 1995).

Role in insulin resistance: Type-2 diabetes
Macrophages are also considered as a major central component that drives progression of
type-2 diabetes mellitus (Olefsky and Glass, 2010). In obese subjects, macrophages are
present at significantly higher levels in adipose tissue than in lean subjects, and are
putatively a major source for pro-inflammatory mediators linked to insulin resistance, like
TNF-α (Heilbronn and Campbell, 2008; Weisberg et al., 2003; Xu et al., 2003). Obese
mouse and human tissues have been found to contain increased numbers of infiltrated
macrophages (Weisberg et al., 2003; Xu et al., 2003). Insulin resistance appears to be
promoted by a switch from M2/alternatively activated macrophages, to M1/classically
activated macrophages, that is driven by NFκB, AP-1, and possibly other transcription
factors, creating a feed-forward loop in pro-inflammatory mediator production (Olefsky and
Glass, 2010).

Macrophages and cancer
A general view of macrophage involvement in cancer suggests that the M1 phenotype can
be either antagonistic or cooperative toward early tumor progression, while prolonged tumor
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progression is mostly augmented by macrophages with alternatively activated/regulatory
phenotypes (Mosser and Edwards, 2008). Classically activated macrophages in vitro can kill
transformed cells, although some of their products can also promote tumorigenesis (Klimp et
al., 2002). Macrophages associated with progressed tumors have been shown to display
regulatory phenotypes that produce relatively high levels of IL-10 and low levels of IL-12
and TNF, and can ultimately suppress actions of neighboring macrophages and antigen
presenting cells, along with the ability to promote tumor growth via angiogenesis (Biswas et
al., 2006; Lin et al., 2006; Mosser and Edwards, 2008; Pollard, 2008). Roles for
macrophages in cancer are largely generalized, but some differences are likely to be found in
specific cases, along with differences in age, sex, and genetic variations.

Conclusion
The macrophage has now been studied for more than 100 years and is still one of the most
highly studied immune cells because of its central importance in immune processes and
disease. Its ability to shift through an array of phenotypes has presented a great challenge in
classifying specific roles, yet we have embraced macrophage plasticity as a useful tool to
probe a deeper understanding of cellular eicosanoid signaling. By comparing macrophage
phenotypes directly using “omics” strategies, the need for genetic manipulation or inhibitors
can be avoided to study unadulterated biological systems. The complete picture of
eicosanoid signaling can now be accurately viewed using LC-MS/MS lipidomic and
proteomic strategies (Dumlao et al., 2011; Quehenberger et al., 2008; Sabido et al., 2012).
Our application of eicosanoid lipidomics has provided important insights about signaling
roles in various diseases and inflammatory conditions (Gregus et al., 2012; Harmon et al.,
2010; Tam et al., 2013). Conditional knockout strategies have also been recently developed
to probe the roles of enzymes in specific cells (Ishikawa and Herschman, 2006; Ishikawa et
al., 2011; Lao et al., 2012), which we envision will provide useful information about the
roles of eicosanoids in macrophages and other cells in vivo that could be coupled with ex
vivo studies to provide sound and relevant mechanisms.
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Figure 1. Macrophage origins and haematopoiesis
A number of macrophage populations originate from the yolk sac, while blood monocytes
and macrophages that originate from progenitors are derived from bone marrow stem cells.
Langerhans cells have some overlapping functions with macrophages but are actually
dendritic cells found in skin and mucosa. Figure is based on a previously published
illustration (Wynn et al., 2013).
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Figure 2. Activation states of macrophages
Monocytes and macrophages commit to several activated phenotypes in response to specific
stimuli. M1 “classically activated macrophages” release pro-inflammatory cytokines and
have bactericidal activity; M2 “alternatively activated macrophages” release anti-
inflammatory cytokines and certain subsets display wound healing properties, while a
distinct subset termed “regulatory macrophages” have an anti-inflammatory phenotype
primarily characterized by production of high levels of IL-10.
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Figure 3. Macrophage phenotypes
Resident peritoneal macrophages (RPM) are present during homoestasis and maintain other
cell populations before and during sterile or pathogenic assaults. Thioglycollate-elicited
peritoneal macrophages (TGEM) are derived from monocytes elicited from the blood and
are likely alternatively activated macrophages involved with cell clearance, wound healing,
and resolution of inflammation. Bone marrow-derived macrophages (BMDM) arise from the
differentiation of stem cells stimulated with monocyte colony-stimulating factor (M-CSF);
BMDM are generated artificially for study in cell culture and have lost some biological
relevance in this context. RAW264.7 (RAW) macrophages are immortalized cells obtained
from mouse tumors induced by peritoneal administration of the Abelson Murine Leukemia
Virus (Ab-MULV).
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Figure 4. Phenotypic differences in quantitative COX pathway enzyme transcript expression and
eicosanoid production after TLR4 stimulation
(a) RPM, (b) TGEM, (c) BMDM, and (d) RAW macrophages express different proportions
of TBXS, PGIS, PGDS (H-PGDS), and induced PGES (mPGES-1) that result in a close
correlation with metabolite proportions, but only in cells that lack PGIS. Area of circles and
squares represent percentage of total metabolites and enzyme transcripts after 8 hours KLA
stimulation, respectively. COX-2 is dominant over COX-1 in this scenario, where PGIS
possesses the most efficient coupling. Figure is from (Norris et al., 2011) and reprinted with
permission.
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