
The American Journal of Pathology, Vol. 178, No. 1, January 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2010.08.003
Mini-Review

Wound Macrophages as Key Regulators of Repair
Origin, Phenotype, and Function
Samielle K. Brancato and Jorge E. Albina
From the Division of Surgical Research, Department of Surgery,

Alpert Medical School of Brown University, Providence, Rhode

Island

Recent results call for the reexamination of the phe-
notype of wound macrophages and their role in tissue
repair. These results include the characterization of
distinct circulating monocyte populations with tem-
porally restricted capacities to migrate into wounds
and the observation that the phenotype of macro-
phages isolated from murine wounds partially re-
flects those of their precursor monocytes, changes
with time, and does not conform to current macro-
phage classifications. Moreover, findings in geneti-
cally modified mice lacking macrophages have con-
firmed that these cells are essential to normal wound
healing because their depletion results in retarded
and abnormal repair. This mini-review focuses on
current knowledge of the phenotype of wound mac-
rophages, their origin and fate, and the specific mac-
rophage functions that underlie their reparative role
in injured tissues, including the regulation of the cel-
lular infiltration of the wound and the production of
transforming growth factor-� and vascular endothe-
lial growth factor. (Am J Pathol 2011, 178:19–25; DOI:

10.1016/j.ajpath.2010.08.003)

The resolution of injury through replacement by scar has
been preserved in evolution and applies to virtually all
soft tissues in mammals. A healed wound is the result of
the activities of cells that constitute what can be concep-
tually described as a wound organ. This transient neoor-
gan is assembled at the time and site of injury and dis-
assembled once repair is complete, leaving in place a
scar as evidence of the repair process. The parenchyma
of the wound organ is composed of a temporally chang-
ing assembly of inflammatory cells, neovessels, fibro-
blasts and myofibroblasts, regenerating nerves, and
other cells specific to the site of the injury (eg, keratino-

cytes, osteocytes, and hepatocytes).
Two recent developments led to this review of wound
macrophages. First, studies in both humans and rodents
have demonstrated the existence of diverse subpopula-
tions of circulating monocytes with, at least in mice, dis-
tinct and time-restricted abilities to migrate into wounds
and other sites of tissue injury (Figure 1). These immedi-
ate precursors of wound macrophages are required for
repair by scarring in organs as diverse as skin, heart,
liver, and kidney. Second, the concept that macrophages
involved in tissue repair express the alternatively acti-
vated phenotype first proposed by Gordon1 has been
retained in the literature.2 Results from studies of macro-
phages isolated from wounds, however, contest this par-
adigm by demonstrating that they are not alternatively
activated. Wound macrophages exhibit phenotypes that
partially reflect those of their monocyte precursors,
change with time, and fail to be adequately described by
macrophage classifications based on activation profiles
or functional capacity (Figure 2).3

This review addresses the origin and fate of wound mac-
rophages, their regulatory interactions with other cellular
populations in the wound, and the roles of macrophage-
derived transforming growth factor-� (TGF-�) and vascular
endothelial growth factor (VEGF) in the regulation of wound
fibrosis and neovascularization, respectively.

Origin of Wound Macrophages

Wound macrophages, which derive mostly from circulat-
ing monocytes, are recruited to the site of injury. Mono-
cytes rapidly acquire certain macrophage phenotypic
traits on arrival at the wound (ie, mannose receptor-13),
while retaining others present in circulating cells (ie,
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Ly-6C and dectin-13). Recent work has revealed the ex-
istence of at least two distinct monocyte subpopulations
in mice.4 Inflammatory monocytes, characterized as Ly-
6ChighCCR2highCX3CR1low, migrate into sites of inflam-
mation, including wounds, during the early phase of the
response to injury.3,5 A second population of murine
monocytes, defined as Ly-6ClowCCR2lowCX3CR1high and
originally thought to be the precursors of tissue-resident
macrophages,6 egress the circulation into wounds and
other sites of inflammation after the Ly-6ChighCCR2high

CX3CR1low cells. CX3CR1 is expressed in murine skin
wounds by infiltrating macrophages, myofibroblasts, and
endothelial cells, and its ligand CX3CL1 (fractalkine) is
found in wound macrophages and endothelial cells. Cu-
taneous wound healing is retarded in CX3CR1 knockout
animals, where wounds exhibit reduced numbers of mac-
rophages and myofibroblasts and decreased levels of
TGF-�1 and VEGF.7
The roles of CCR2 and CX3CR1 in the recruitment of
monocytes into sites of inflammation in the mouse are not
restricted to skin wounds. A study of experimental myo-
cardial infarction in mice confirmed that both populations of
monocytes migrate into the area of ischemic injury and,
more importantly, that they do so in a temporally segregated
fashion, with Ly-6ChighCCR2highCX3CR1low monocytes
predominating during the first 3 days after coronary
artery ligation and Ly-6ClowCCR2lowCX3CR1high cells
increasing thereafter. Ly-6Chigh cells produce proin-
flammatory cytokines and require the engagement of
CCR2 for recruitment into the ischemic lesion. The Ly-
6ClowCCR2lowCX3CR1high macrophages release VEGF
and are needed for collagen accumulation in the infarct.5

The sequential infiltration by Ly-6Chigh and Ly-6Clow

monocytes/macrophages was also found in the authors’
laboratory in murine soft tissue wounds, along with evi-
dence that wound macrophages isolated 1 day after

Figure 1. Blood monocyte and wound macro-
phage phenotypes in the mouse. Macrophages in
wounds originate mainly from circulating mono-
cytes. The figure depicts the two subpopulations of
murine blood monocytes that are distinguished by
their expression of Ly-6C and chemokine receptors
CCR2 and CX3CR1. Ly-6ChighCCR2high monocytes
are recruited into wounds early after injury and are
known to produce proinflammatory cytokines
and to clear wound debris by phagocytosis. Ly-
6ClowCX3CR1high monocytes subsequently infil-
trate wounds and express TGF-� and VEGF. There
is conflicting evidence in the literature as to
whether Ly-6ChighCCR2high cells can become Ly-
6ClowCX3CR1high in the wound. Functions specifi-
cally associated with early or late wound macro-
phages are linked by a black arrow. Other wound
macrophage functions not yet clearly assigned to ei-
ther macrophage population are indicated with a
gray arrow. MHCII, major histocompatibility com-
plex type 2; MR, mannose receptor-1; PMN, poly-
morphonuclear leukocytes.

Figure 2. Wound macrophage phenotypes.
The figure depicts a simplified view of the po-
larization of macrophages toward classic and
alternative activation phenotypes to illustrate the
concept that wound macrophages share traits
with both phenotypes. As discussed in the text,
the phenotype of wound macrophages changes
as the wound heals. This temporal variability is
represented in the table by color-coded symbols
indicating selected phenotypic traits of early ver-
sus late wound macrophages. Dash marks sig-
nify the phenotype marker is not expressed. Ta-
ble cells are empty when there are no data to
confirm or deny expression. Inducible nitric ox-
ide synthase (iNOS) is expressed by macro-
phages in sterile rat wounds, in infected murine
wounds, and in chronic and infected human
wounds. Reactive oxygen species (ROS) are pro-
duced through the NADPH-dependent respira-
tory burst oxidase. Heparin-binding proteins
(Ym1 and Ym2) are induced in alternatively ac-
tivated murine macrophages during helminthic
infections. Fizz1 (found in inflammatory zone 1)
is also known as hypoxia-induced mitogenic fac-
tor or Relm-�. LPS, lipopolysaccharide; MR,
mannose receptor-1.
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wounding predominantly produce proinflammatory cyto-
kines (tumor necrosis factor-� [TNF-�] and interleukin-6
[IL-6]), whereas those harvested from 7-day-old wounds
release more TGF-�.3

Although Ly-6ClowCCR2lowCX3CR1high monocytes/macro-
phages are essential for the fibrotic response to infarction,
elimination of the initial infiltrate of Ly-6ChighCCR2high

Cx3CR1low cells also results in decreased collagen depo-
sition.5 It appears that Ly-6ChighCCR2high CX3CR1low cells
set the stage for the repair of the injury by scarring.
Supporting this view, the inactivation of CCR2 or
CX3CR1 by either genetic or pharmacological means
suppresses macrophage infiltration and the develop-
ment of hepatic, renal, and pulmonary fibrosis in a
variety of murine models.8 –11

The expression of Ly-6C provides a useful marker to
distinguish different populations of murine monocytes
and macrophages. Its function in these cells remains
unknown. Ly-6C belongs to a family of cell surface phos-
phatidylinositol-anchored glycoproteins expressed in
varying degrees in leukocytes and some endothelial
cells.12 No in vivo ligands for Ly-6 family members have
been identified. Because these molecules lack trans-
membrane or intracellular domains, a variety of transduc-
tion mechanisms for Ly-6 have been proposed, including
binding to intracellular Src tyrosine kinases through cy-
toskeletal proteins in cells of monocytic lineage.12,13 An-
tibody cross-linking of Ly-6C in CD8� lymphocytes re-
sults in integrin activation and enhances adherence to
endothelia.13 A similar function in monocytes could reg-
ulate their transvascular migration into wounds, but this
possibility has not been reported.

Although strong evidence supports the roles of CCR2/
CCL2 and CX3CR1/CX3CL1 in the sequential recruitment
of distinct macrophage precursors into wounds and other
inflammatory lesions,7,14 it appears that a more complex
signal network is required for the normal migration of
monocytes into wounds. In this regard, an antiserum
against CCL3 (macrophage inflammatory protein-1�, a
chemokine that signals through chemokine receptors
CCR1, 3, 5, and 9) decreased macrophage accumulation
in wounds.15 In addition, a variety of genetic manipula-
tions, including deletions of TNF-� receptor p55, �-1,4
galactosyltransferase, P/E selectin, or intercellular adhe-
sion molecule-1, result in reduced recruitment of macro-
phages to wounds and, with the exception of the TNF-�
receptor p55 knockouts, in impaired wound healing.16

The relative roles of monocyte-derived and resident
tissue macrophages (such as osteoclasts, pulmonary al-
veolar macrophages, microglia, and tissue histiocytes) in
the repair of specific organs are not completely defined.
However, there is evidence of cooperation between
blood-derived and tissue macrophages in wound heal-
ing. For example, resident Kupffer cells participate in the
fibrotic response to a variety of hepatic insults by secret-
ing cytokines and growth factors and by activating he-
patic stellate cells, but the extent of fibrosis is markedly
reduced in CCR2 knockouts unable to recruit blood
monocytes into the injured liver.8

Distinct populations of monocytes have also been de-

scribed in humans, where they are distinguished by the
expression of CD16.4 CD16� cells, which normally con-
stitute 5% to 15% of circulating monocytes, express
high levels of CX3CR1 and may be the ortholog of
Ly-6ClowCX3CR1high murine monocytes. The normally
more abundant CD16� monocytes are CX3CR1low and
resemble Ly-6Chigh murine monocytes in their expression
of CCR2. A third population of human monocytes ex-
pressing both CD14 and CD16 has been shown to com-
prise at least 2 subpopulations with distinct capacities to
release TNF-� and IL-1 in response to lipopolysaccha-
ride. The function of these CD14�CD16� cells remains
unclear, but their frequency in the circulation increases in
septic diseases.4 Whether human monocytes parallel
their murine counterparts in their capacity to migrate into
wounds in a temporally restricted manner and have dif-
ferential secretory and functional profiles at a site of injury
remains to be investigated.

Fate of Wound Macrophages

Macrophages disappear from wounds during the resolu-
tion of the inflammatory phase of repair. Some die at the
wound, as evidenced by the appearance of intracellular
macrophage molecules in the wound extracellular fluid
(most notably macrophage arginase I in rat wounds).17

Others are likely to migrate to draining lymph nodes.
Although this possibility has not been reported specifi-
cally for wound macrophages, evidence provided by
studies of the resolution of cellular infiltrates in other mod-
els of inflammation suggests its likelihood.18,19 Whether
these emigrating cells are true macrophages or mono-
cyte-derived dendritic cells remains a topic in need of
further investigation.20–22

Wound Macrophages and the Alternatively
Activated Phenotype

The capacity of macrophages to exhibit a variety of phe-
notypic profiles in response to different stimuli has been
used for their classification into distinct functional cate-
gories.23 In its most simplified version, the current para-
digm holds that macrophages polarize either to a cyto-
toxic and microbicidal phenotype after stimulation with
interferon-� and lipopolysaccharide (the classically acti-
vated macrophage) or to an alternatively activated phe-
notype that is associated with parasitic infections and
allergic reactions and induced by IL-4/IL-13.1 Because
these extreme phenotypes are not expressed in pure
form in vivo, recent publications have embraced the view
that macrophage activation is best described by a con-
tinuous spectrum of phenotypic characteristics.2 The
concept that wound macrophages express the alterna-
tively activated phenotype has, however, been re-
tained.2,24 Furthermore, it has been proposed that alter-
natively activated macrophages be reclassified as
wound healing macrophages.2 This recommendation is
not supported by studies of macrophages directly iso-
lated from wounds. Findings from this laboratory in sterile
murine wounds demonstrated that wound macrophages

exhibit a mixed and temporally dependent phenotype
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with traits of both classically and alternatively activated
cells and that neither IL-4 nor IL-13, the proposed deter-
minants of the wound healing macrophage phenotype,
are detectable in murine deep tissue wounds.3

The expression of the enzyme arginase by alternatively
activated1 or wound healing2 macrophages has been
singled out as central to their putative role in tissue repair.
Arginases catalyze the degradation of arginine to orni-
thine and urea. Ornithine can, in turn, be metabolized to
proline, an amino acid that is abundant in collagens. The
demonstration of extracellular arginase activity in rat
wounds led this laboratory to propose that ornithine-de-
rived proline could promote or facilitate collagen synthe-
sis by increasing its availability to fibroblasts and myofi-
broblasts.17 However, there is no direct evidence that
native proline is limiting to collagen synthesis in wounds
and, thus, that ornithine-derived proline is essential to
repair. In fact, rat wound fibroblasts preferentially incor-
porate preformed, rather than ornithine-derived, proline
into collagen.25 Moreover, native proline suppresses the
use of ornithine-derived proline during collagen synthesis
by fibroblasts. Providing further evidence against argi-
nase as a necessary regulator of collagen synthesis, a
recent report demonstrated a paradoxical increase in
fibrosis after infection with Schistosoma mansoni in ani-
mals with macrophage-specific deletion of arginase I.26

Most importantly, arginase I is not expressed in human
monocytes or macrophages, even after polarization to-
ward classic or alternatively activated phenotypes.27,28

Contrasting the macrophage-restricted expression of ar-
ginase I in rodent wounds,17 arginase has been found in
neutrophils in acute human wounds and in fibroblasts in
chronic wounds and ulcers but not in macrophages.29,30

Arginase I is also expressed in human, but not in rodent,
erythrocytes,31 and lysed red blood cells contribute argi-
nase to human wounds. Arginase activity is highest in post-
mastectomy wound fluids within 24 hours of surgery and
correlates with the hemoglobin concentration in the fluids
(unpublished observations). The potential role of mamma-
lian red blood cell arginase I in early inflammation and repair
has not been identified. Arginase expression by wound
macrophages is, thus, species restricted and probably not
essential for normal collagen deposition in wounds.

Macrophage-Neutrophil Interactions in
Wounds

Macrophages control the cellularity of wounds through
their capacity to induce apoptosis and phagocytose a
variety of wound cells. Macrophage-targeted cells in-
clude neutrophils during the inflammatory phase of repair
and fibroblasts and endothelial cells during its resolution.

Tissue injury is followed by the sequential infiltration of
the wound by neutrophils and macrophages. The number
of neutrophils decreases as the wound matures and mac-
rophages become the predominant inflammatory cell.
Neutrophils undergo apoptosis in the wound and are
recognized and ingested by macrophages.32,33 In addi-
tion, rat wound macrophages actively induce apoptosis

in neutrophils.34 The induction of neutrophil apoptosis
requires the expression of membrane-bound TNF-� (but
not soluble TNF-�), �3-integrins, and CD36 by the effec-
tor macrophages. Neither resident nor Propionibacterium
acnes–elicited peritoneal macrophages induced apopto-
sis in neutrophils, indicating this ability to be particular to
wound macrophages.34

The phagocytosis of apoptotic neutrophils or other
cells has been shown to induce an anti-inflammatory
phenotype in macrophages. This phenotype includes the
release of TGF-� and prostaglandin E2 and a reduced
ability to produce proinflammatory mediators, such as
TNF-�, after lipopolysaccharide stimulation.35 Because
Ly-6Chigh wound macrophages produce TNF-� and Ly-
6Clow murine monocytes are more efficient than Ly-6Chigh

cells in the ingestion of apoptotic cells,36 it appears rea-
sonable to propose that Ly-6Chigh cells induce apoptosis
in wound neutrophils, whereas Ly-6Clow cells remove
postapoptotic debris from the wound space.

Studies in CD18 knockout mice that model for leukocyte
adhesion deficiency syndrome 1, a disorder characterized
by recurrent infections and impaired wound healing in hu-
mans, have provided further information regarding macro-
phage/neutrophil interactions in wounds.37 Skin wounds in
these animals failed to recruit neutrophils, assembled a
normal complement of macrophages, and exhibited se-
vere retardation of closure by contraction. These alter-
ations occurred in the context of increased proinflamma-
tory cytokine accumulation, reduced active TGF-�1 and
its type II receptor, and a remarkable scarcity of myofi-
broblasts. It was proposed from these findings that the
lack of apoptotic neutrophils in the wounds of knockout
animals deprived macrophages of phagocytic substrate,
resulting in reduced production of TGF-�1, a main regu-
lator of myofibroblast differentiation.37

Additional work in mice demonstrated that wound neu-
trophils release lipid-soluble low-molecular-weight factors
that suppress the production of proinflammatory mediators
by macrophages.38 The picture that emerges from these
studies is that wound neutrophils, by serving as phagocytic
targets and by releasing soluble pacifying mediators, ac-
tively modulate the wound macrophage phenotype.

Macrophages and the Regulation of Wound
Healing

The concept that macrophages are unique among blood-
borne components of the wound organ in being essential
to normal repair was until recently based on findings in
guinea pigs where macrophage depletion via antimac-
rophage antiserum and glucocorticoids reduced the rate
of cutaneous wound healing.39–41 The multiple mecha-
nisms by which adrenal steroids can alter wound healing
raised obvious questions as to the macrophage specific-
ity of these early observations. Three recent reports using
genetic means to deplete monocytes and macrophages
in mice have now provided strong confirmatory evidence
for the essential role of these cells in normal repair. The
elimination of macrophages via the administration of
diphtheria toxin to transgenic mice expressing the diph-

theria toxin receptor under the control of the lysozyme
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M24,41 or the CD11b promoter40 resulted in substantial
disruption of the repair process and in reductions of
wound healing. The alterations in the process of repair in
these animals most prominently include decreases in
wound reepithelialization and contraction, which proba-
bly result from reductions in myofibroblast differentiation,
and in neovascularization and granulation tissue forma-
tion associated with diminished VEGF and TGF-� accu-
mulation in the wounds.

The experimental design used by Lucas et al24 using
the aforementioned transgenic mice further defined the
contribution of macrophages to the healing process. The
authors administered diphtheria toxin at different time
points in relation to excisional skin wounding to deplete
macrophages during the initial inflammatory response to
injury (first 4 days after injury), the intermediate phase of
granulation tissue formation (4–10 days after injury), or
during the consolidation of fibrosis (10–14 days after
injury). Depletion during the initial phase resulted in se-
verely altered wound healing with reductions in all compo-
nents of the healing response, including granulation tissue
formation, epithelialization, and scar deposition. Macro-
phage ablation during the intermediate period was associ-
ated with wound hemorrhage, increased apoptosis of neo-
vascular endothelial cells, and collapse of the developing
vascular structure that characterizes granulation tissue for-
mation. The authors ascribed these alterations to reductions
in TGF-� and VEGF in the macrophage-depleted wounds.
Macrophage ablation once the fibrotic phase of repair was
ongoing was without effect.

Macrophages synthesize and release a vast array of
regulatory molecules relevant to wound healing.42 The
intricacy and redundancy of the macrophage synthetic
repertoire are in clear contrast with the relative frugality of
the endocrine system, where single molecules such as
insulin can regulate cellular metabolism, growth, and dif-
ferentiation. In a comprehensive review of the regulation
of wound healing by growth factors and cytokines,
Werner and Grose42 listed 18 families of signaling mole-
cules associated with different aspects of repair. Each
mediator family comprises multiple individual molecules,
each of which may exist as multiple isoforms with broadly
overlapping activities. The authors identified 11 different
mediators of angiogenesis, eight regulators of matrix
deposition, and 17 molecules that control reepithelializa-
tion. Given that multiple cell types in the wound organ are
capable of producing the relevant cytokines and growth
factors, assigning the production of bioactive mediators
in wounds specifically to macrophages and then corre-
lating these mediators with the critical role of these cells
in repair are particularly difficult. The discussion that fol-
lows focuses on TGF-� and VEGF because both are
known to be produced by wound macrophages and are
essential to repair.

Wound Macrophages and the Regulation of
Fibrosis

Inflammation is a prerequisite for healing with a scar.

Evidence linking TGF-� production by wound macro-
phages and scar formation is convincing. Cutaneous
wounds in embryos before the development of the my-
eloid system do not elicit an inflammatory response, lack
TGF-�, and heal without scar.43 Moreover, TGF-� signal-
ing–deficient SMAD3 knockouts recruit macrophages
poorly into skin wounds and heal without scarring.44

These observations are not restricted to cutaneous
wounds. Lung injury in SMAD3 knockouts results in de-
creased procollagen mRNA expression and fibrosis, and
the overexpression of TGF-�1 increases fibrosis in wild-
type but not in SMAD3-deficient mice.45 Because wound
macrophages have been demonstrated to produce and
release TGF-�, this growth factor appears to fulfill the
criteria of a bona fide wound macrophage-derived medi-
ator contributing to wound healing.3

Recent results obtained from wounds in macrophage-
depleted mice support the aforementioned conclusion.
Mizra et al40 described decreased TGF-�1 mRNA and
protein, along with reduced collagen accumulation in
wounds in macrophage-deficient mice. Lucas et al24

confirmed the reduction in TGF-�1 protein by histochem-
istry in macrophage-depleted animals and correlated this
reduction with the inability of the mice to deposit granu-
lation tissue and to form a normal scar. The authors
propose, in addition, that TGF-�1 is required for the con-
stitution of a normal vascular network in the healing
wound and support this conclusion by demonstrating
alterations in animals deficient in TGF-� receptor II in
myeloid cells that are strikingly similar to those in the
macrophage-ablated mice.24

Goren et al,41 also using macrophage-depleted mice,
found reductions in the number of myofibroblasts and in
the rate of wound contraction in macrophage-depleted
animals, despite normal TGF-� bioactivity. The discrep-
ancy between findings by these authors and those re-
ported by Lucas et al24 and Mirza et al40 on the expres-
sion of TGF-� in very similar models of macrophage
depletion and injury may be explained by an uneven
distribution of this growth factor in areas critically proxi-
mal to sites of myofibroblast differentiation in the wound.

The production of TGF-� by wound macrophages in-
creases as Ly-6Clow macrophages accumulate in murine
wounds, and CX3CR1 expression correlates with the ex-
tent of fibrosis in murine kidney and heart.3,5,10 Two sin-
gle-nucleotide polymorphisms coding for nonsynony-
mous amino acid substitutions in CX3CR1 in humans are
associated with increased binding of CX3CL1 to its re-
ceptor and correlate with increased hepatic fibrosis in
chronic hepatitis C and with a fibrostenosing form of
Crohn disease.46–48 Moreover, increased numbers of
CX3CR1high monocytes/macrophages have been found
in areas of cutaneous or pulmonary inflammation and
fibrosis in patients with systemic sclerosis.49

Just as macrophages appear to be required for the
initiation of scarring, they are also involved in matrix re-
modeling and in the resolution of fibrosis. Duffield et al50

reported that macrophage ablation during the phase of
fibrotic development after the administration of carbon
tetrachloride resulted in decreased collagen deposition
and myofibroblast accumulation in the liver. In contrast,

depleting macrophages during the resolution of fibrosis
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retarded and reduced the disappearance of scar tis-
sue.50 Because macrophages can induce apoptosis and
ingest fibroblasts, myofibroblasts, and vascular endothe-
lial cells, they can regulate the transition between the
granulation phase of wound healing and the subsequent
deposition of an almost avascular scar.51,52

Wound Macrophages and Neovascularization

Evidence obtained in macrophage-deficient mice con-
firmed the essentiality of macrophages to the neovascu-
larization of wounds. Mirza et al,40 Goren et al,41 and
Lucas et al24 found reduced and abnormal vasculariza-
tion in their models of macrophage-depleted wounds.

Neovascularization during granulation tissue formation
in wounds is controlled by a variety of cytokines and
growth factors.42 Members of the VEGF family and their
receptors have been shown to be prominently expressed
in animal and human wounds and to be produced there
mainly by macrophages and keratinocytes.53 Treatment
with anti-VEGF A antibodies resulted in marked reduc-
tions in neovascularization and granulation tissue forma-
tion in porcine wounds,54 and an anti-VEGF antibody
neutralized the angiogenic activity of human wound fluids
in vitro.55

A connection between Ly-6ClowCX3CR1high wound
macrophages and angiogenesis was described by Nahr-
endorf et al,5 who showed that these cells produce VEGF
and that their elimination results in reduced neovascular-
ization of ischemic myocardium in mice. Confirmatory
results were reported by others in CX3CR1 knockout
mice.7 Wounds in these mice have reduced neovessel
density, as well as less VEGF mRNA and protein, than in
wild-type animals. In contrast, CX3CR1-deficient animals
subjected to corneal injuries exhibited increased vascu-
larization, along with decreased local production of anti-
angiogenic mediators thrombospondin 1 and 2 and their
activator ADAMTS-1 (a disintegrin and metalloproteinase
with thrombospondin motif-1).56 It is possible that the role
of wound macrophages in angiogenesis varies with injury
site. It is more likely that the cells provide proangiogenic
and antiangiogenic signals in wounds and that the bal-
ance of these signals regulates the early angiogenic re-
sponse during granulation tissue formation and its reso-
lution as the scar matures.

Looking Ahead

Results just discussed argue against the concept that
wound macrophages express one repair phenotype,
which is identical to that of the alternatively activated
macrophage. A new perspective into the nature of wound
macrophages has emerged from the discovery that dis-
tinct populations of circulating monocytes migrate into
areas of injury in a time-restricted manner. This alone
supports the view that wound macrophages change over
time and express temporally restricted phenotypes that
instruct other wound cells through the different phases of

repair.
It is likely that a number of variables known to affect
wound healing, including wound infection, comorbidities
(eg, diabetes, malnutrition, and cancer), and even the
age of the wounded subject, may do so by affecting the
wound macrophage. Further work is needed to examine
wound macrophages in these and other physiological
and pathological conditions.

In addition, the phenotype of human wound macro-
phages has been underexplored. The substantial differ-
ences reported by this and other laboratories between
human and murine macrophage phenotypes, and even
between wound macrophages of mice and rats, suggest
that findings in rodents may have limited parallels in
human wound macrophages. The application of cutting-
edge methods (eg, laser capture microdissection fol-
lowed by genomic and proteomic analysis of macro-
phages isolated from human wound biopsies), or
alternative models that allow for the recovery and study of
substantial numbers of human wound macrophages (ie,
wounds in humanized mice), should provide the means
for the characterization of these cells.
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