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Purpose of review

Despite modern advances in medicine, nonhealing wounds are the number one cause of nontraumatic,
lower-limb amputation. Nonhealing wounds are characterized by a healing process stalled between
inflammation and tissue remodel/repair, a stage characterized by a shift in macrophage functional
phenotype. Characterization of diversity in macrophage functional phenotype in wounds and metabolic
contributions to macrophage polarization are discussed.

Recent findings

Macrophage functional diversity in phenotype has recently evolved from duality (classically activated, pro-
inflammatory M1 and alternatively activated, anti-inflammatory M2) to include an additional four
alternately activated subphenotypes (M2a, M2b, M2c and M2d). Metabolic pathway utilization shifts
characterize macrophage polarization with resulting metabolic and immune outcomes impacting host–
pathogen interactions during wound healing.

Summary

Recognition of the key role macrophage diversity plays in wound healing, along with better
characterization of diverse macrophage phenotypes, will inform our understanding of pathogenicity in
wound healing. Comprehensive profiling of the metabolism regulating macrophage polarization and host–
pathogen interaction creates opportunity of discovery for innovative new diagnostics and therapeutics for
treating nonhealing wounds.
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INTRODUCTION

Over the past decade, significant progress has been
made in the treatment of acute injuries. However,
nonhealing in chronic wounds such as diabetic foot
ulcers (DFUs), venous insufficiency ulcers (VIUs),
pressure ulcers and unresolved hospital-acquired
infections (HAIs) remains in an upward trajectory,
despite the introduction of innovative therapeutics
[1]. Such chronic wounds are defined as lasting
greater than 30 days and are characterized by a
failure to progress through the normal wound heal-
ing process [2]. In chronic wounds, the healing
process appears stalled at the resolution of inflam-
mation and initiation of tissue reorganization and
this transition from early to late-stage inflammation
is characterized by a shift in population from neu-
trophils to macrophages [3]. Under conditions of
metabolic dysregulation, a chronic inflammatory
state of tissue-resident macrophages is found in
insulin-sensitive tissues such as adipose tissue [4],
liver [5] and muscle [6]; however, the contribution
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of metabolism to macrophage functionality at the
site of bacterial colonization in the wound has only
recently started to be explored. Herein, the recently
expanding role of macrophage functional pheno-
type and plasticity within the wound environment
is discussed, including key findings that indicate
this plasticity is achieved through metabolic immu-
nomodulation. Viewed through the lens of infec-
tious diseases, metabolism impact on macrophage
functionality must play an essential role in patho-
genesis, including the impact of metabolite
exchange on host–pathogen interactions.
ealth, Inc. All rights reserved.

Volume 32 � Number 3 � June 2019

mailto:MaryCloud.AmmonsAnderson@va.gov
mailto:mcammons@gmail.com


 Copyright © 2019 Wolters Kluwe

KEY POINTS

� Chronic wounds are characterized by the healing
process stalling at the transition between inflammation
and tissue repair/remodelling.

� Macrophage functional diversity and plasticity in the
changing environment makes these innate immune cells
essential mediators of wound progression through the
normal wound healing process.

� Metabolic immunomodulation of macrophage
functional phenotype is key to innate immune response
to wounding and host–pathogen metabolic interaction
may be a key determinate of whether a wound resolves
or stalls in the healing process.

FIGURE 1. Macrophage phenotype functional diversity in th
macrophage functional phenotypes follow normal wound healing
immune cells to localized macrophage differentiation (M0: Restin
polarization may result in one of five distinct functional phenotype
M2a anti-inflammatory macrophages (dark blue cells), M2b tissue
macrophages (orange cells) or M2d tumour associated macropha
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PLASTICITY IN MACROPHAGE
FUNCTIONAL PHENOTYPE

Although the earliest reports in macrophage litera-
ture focused primarily on two distinct phenotypes
(termed classically and alternatively activated) [7],
emerging research has identified several additional
functional macrophage phenotypes that regulate
immunological responses [8]. The commonly
employed M1-M2 nomenclature (pro-inflammatory
vs. anti-inflammatory, respectively) has expanded
to include subphenotypes within the broader ‘alter-
nately-activated’ macrophage classification (M2)
indicated by the addition of lower case letters (i.e.
M2a, M2b, M2c and M2d) [9]. Emergent findings
attempting to characterize and define each of these
distinct macrophage functional phenotypes clearly
suggest that macrophage plasticity is essential to all
stages of wound healing, as outlined in Fig. 1.
r Health, Inc. All rights reserved.
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Pathogenesis and immune response
Upon signalling of tissue damage and bacterial
colonization, resting M0 macrophages (yellow cells,
Fig. 1) are activated from tissue-resident macro-
phages, recruited from circulating macrophages or
differentiated from circulating monocytes that traf-
fic to the site of injury. Although in a homeostatic
metabolic state, the M0 macrophages represent the
initiating step towards macrophage activation into
the following variety of functional phenotypes.
Most well characterized, the M1 or classically
activated macrophage (red cells, Fig. 1) initiates
the pro-inflammatory immune responses to patho-
gen colonization [10,11]. Recent advances describ-
ing M1 polarization suggest activation of circulating
macrophages to this phenotype (M0 to M1) results
in development of systemic inflammatory response
syndrome in humans [12

&

], demonstrating the
lethality of inappropriate M1 sustained activation.
As the inflammation abates, alarmins are believed to
facilitate the onset of anti-inflammatory or wound
healing responses characterized by the presence
of alternatively activated macrophages or the M2
phenotypes.

Previously observed in fungal, parasite and hel-
minth infections, the M2a phenotype is known to
antagonize pro-inflammatory responses (dark blue
cells, Fig. 1) and is observed in the tissue environ-
ment promoting wound resolution [13]. Distinct to
the M2a phenotype, the mannose receptor (CD206)
is thought to play a role in the elimination of pro-
inflammatory proteins in wounds, but recent work
using partially depleted CD206-M2a macrophages
suggest these cells may also play a role in adipose
tissue browning and insulin sensitivity [14

&&

]. A
hybrid between the well described M1 and M2a
phenotypes, the M2b macrophages (purple cells,
Fig. 1) secrete both pro-inflammatory and anti-
inflammatory cytokines/chemokines, and are
thought to modulate the breadth and depth of an
inflammatory response, blunting the immune
response to infection, specifically in cases of infec-
tion postburning [15], without complete suppres-
sion of the inflammatory response as initiated
at wounding.

Resolution of inflammation and transition to
tissue formation is thought to be mediated by the
M2c phenotype (orange cells, Fig. 1). M2c polarized
macrophages demonstrate strong phagocytic activ-
ity targeted at uptake of apoptotic neutrophils and
are thought to appropriately control wound repair
response and limit collagen deposition in scar tissue
[16]. Recent findings by Lurier et al. [17] demon-
strated that the M2c phenotype upregulated several
genes and cell-markers instrumental in normal
wound healing through regulation of clot formation
and angiogenesis, phagocytosis of wound debris and
 Copyright © 2019 Wolters Kluwer H
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the deposition of ECM components. Although M2a
and M2c functional phenotype seem to overlap,
temporal activation of these two phenotypes occur
separately in the process of normal wound healing
with M2c gene expression peaking around 6 h post-
injury and M2a gene expression peaking around
25 days postinjury [17,18].

Finally, tumour-associated macrophages (TAMs)
or M2d macrophages (light blue cells, Fig. 1), have
been observed within the tumour mass microenvi-
ronment, as implicated by the commonly used
nomenclature. This phenotype is associated with
potent immunosuppressive functions and angio-
genesis promotion contributing to the survival of
the tumour mass [19

&&

] and is thought to arise via
tumour-secreted factors [20]. Although typically
observed associated with a tumour mass, M2d mac-
rophages have recently emerged as an important
functional phenotype in the chronic wound envi-
ronment, possibly through the suppression of T-cell
immunity [21

&

]. Chronically inflamed wounds are
oxygen restricted, leading to miRNA epigenetic
modification of hypoxia-related genes, which drives
the phenotypic shift from M1 to M2d and contrib-
utes to M2d functionality [22

&&

,23]. Much debate
remains about the identification and functional of
wound-associated macrophage subpopulations,
including contribution to healing in wounds
(reviewed in Wermuth and Jimenez [24]); however,
metabolic immunomodulation of macrophage plas-
ticity in infectious disease is one of the most inno-
vative area of research and has revived interest in
these overlooked immune cells in pathogenesis.
METABOLISM AND MACROPHAGE
FUNCTIONAL PHENOTYPE

Recent characterization of metabolic immunomo-
dulation has demonstrated the important role
metabolism plays in the polarization of macro-
phages (Reviewed in O’Neill et al. [25] and outlined
in Fig. 2). Despite recent characterization of macro-
phage diversity, most current research compares M1
(classically activated macrophages) to M2 (alter-
nately activated macrophages) without the addi-
tional complexity of the M2 subgroup functional
phenotypes (i.e. M2a, M2b, M2c, M2d). Although
basic macrophage homeostasis is maintained in
resting and activated (M1/M2) macrophages
through persistence of glycolysis metabolism [grey
text box, pathway (i), Fig. 2], the M1/M2 activation
results in specific energy investment in pathways
supportive of the inflammatory function of acute
healing (red text boxes, Fig. 2) or supportive of
inflammation resolution and tissue repair/regener-
ation (yellow text boxes, Fig. 2).
ealth, Inc. All rights reserved.
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FIGURE 2. Metabolic immunomodulation of macrophage functional phenotype and host–pathogen interactions. Current
schematic model of metabolic immunomodulation of macrophage functional phenotype presented as classically activated M1
(red boxes and lines) and alternately activated M2 (yellow boxes and lines), based on currently published research. Grey
‘glycolysis’ textbox indicative of homeostatic metabolism in M0/M1/M2. Coloured textboxes indicate energetic investment in
metabolic pathways during polarization (M1/M2). Solid lines indicate metabolic pathways of interest to polarization
(M1/M2; simplified for overall view). Dashed lines indicate pathogen-derived metabolites or pathogen-directed metabolites of
host–pathogen metabolic interaction. Yellow stars on pathogen indicate effects of benefit to survival of the pathogen and red
explosive shapes on pathogen indicate effects of harm to pathogen survival. Original art by coauthor Tyler Lawton; pathway
model based on referenced research in body of review article. BCAA, Branched chain amino acids; ETC, electron transport chain.
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As far back as 1958, metabolic pathway contri-
bution to immune function has been described
through the Warburg Effect wherein immune acti-
vation is coupled to metabolic shift from oxidative
phosphorylation (OXPHOS) (pathway xi, Fig. 2) to
aerobic glycolysis (pathway (iii), Fig. 2) [26]; how-
ever, recent metabolic and transcriptional profiling
indicates that this shift to aerobic glycolysis is spe-
cific to M1 polarization and oxidative phosphory-
lation is favoured by M2 polarization [27,28]. A
significant metabolic pathway shift during M1 acti-
vation to the pentose phosphate pathway (PPP)
activates the antimicrobial NADPH oxidase and
generates reactive oxygen species (ROS) (pathway
(ii), Fig. 2) [29]. The TCA cycle [pathway (viii), Fig. 2]
also plays a key role in macrophage polarization, as
an intact cycle is associated with the M2 phenotype
 Copyright © 2019 Wolters Kluwe
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and an uncoupling of the TCA cycle at both citrate
and succinate is characteristic of the M1 phenotype
[28,29]. Finally, selective amino acid uptake and
metabolism contributes significantly to macro-
phage polarization. For example, the glutaminolysis
pathway [pathway (ix), Fig. 2] and the aspartate-
arginosuccinate shunt pathway (AASS) [pathway
(vii), Fig. 2] maintain cellular redox homeostasis
during ROS and nitric oxide (NO) production,
respectively, and is associated with M1 antimicro-
bial functionality [30,31]. In contrast, arginine
flux through the arginase pathway is associated with
M2 polarization, immune tolerance and wound
healing [32].

Colonizing bacterial interaction with macro-
phages in the wound also mediates metabolic acti-
vation and subsequent M1/M2 polarization [33]. For
r Health, Inc. All rights reserved.
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Pathogenesis and immune response
example, bacterially derived lipopolysaccharides
(LPS) directly inhibit the isocitrate dehydrogenase
(Idh), contributing to TCA cycle decoupling, and
indirectly lead to macrophage production of the
metabolite itaconate, a known antimicrobial metab-
olite utilized by M1 polarized macrophages [34,35].
In contrast, bacterially derived lipoproteins can feed
into b-oxidation metabolism [pathway (v), Fig. 2],
providing a key resource for M2 polarization [29,36].
M2 polarization also favours production of uridine
diphosphate N-acetyl glucosamine (UDP-GlcNac,
Fig. 2) for protein glycosylation of the M2 mannose
receptor (CD206) [28], but which can also be co-
opted by colonizing bacteria for structural support
of the biofilm matrix.
CONCLUSION

Recent observations of macrophage diversity and
phenotypic plasticity demonstrate the broad impact
of these cells throughout the body [37]; however,
temporal progression of wound-associated macro-
phage function from inflammation to resolution to
tissue repair/remodelling indicates this plasticity
plays a key role in the normal wound-healing
process and dysregulation of this progression con-
tributes to pathogenic nonhealing. Further charac-
terization of macrophage diversity and description
of functional phenotype will provide essential leads
for novel diagnostic and therapeutic approaches to
wound healing [38]. Finally, the recent surge in
immunometabolism research has contributed sig-
nificantly to our understanding of the mechanisms
of macrophage polarization [39–41]; however, how
the metabolic interactome between wound-associ-
ated macrophages and wound-colonizing bacteria
contributes to healing and nonhealing remains an
area of active discovery.
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