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ABSTRACT
Mp are crucial for tissue repair and regeneration but
can also contribute to tissue damage and fibrosis. Mp
can adopt a variety of functional phenotypes in re-
sponse to different stimuli; two of the best-character-
ized in vitro phenotypes are a proinflammatory “M1”
phenotype, produced by exposure to IFN-� and TNF-�,
and an anti-inflammatory “M2a” phenotype, produced
by IL-4 or IL-13. M2a Mp are frequently termed “wound
healing” Mp, as they express factors that are important
for tissue repair. This review will summarize current
knowledge of Mp phenotypes during tissue repair and
will argue that these in vivo Mp populations are hetero-
geneous and temporally regulated and do not conform
to existing, in vitro-defined M1 or M2 phenotypes. Mp
during the early stages of tissue repair exhibit a more
proinflammatory phenotype than their later counter-
parts, which in turn may exhibit some M2a-associated
characteristics. However, phenotypic markers that ap-
pear to be coregulated in cultured Mp can be
expressed independently of each other in vivo. Addi-
tionally, M1- and M2-associated markers may be
expressed simultaneously by actual tissue-repair Mp.
Improved understanding of Mp phenotypes and their
regulation may assist in generation of novel therapies
based on manipulating Mp function to improve healing.
J. Leukoc. Biol. 93: 875–881; 2013.

Introduction
Across diverse tissues, repair after injury occurs in overlapping
phases of inflammation, proliferation, and remodeling. Within
hours after injury, circulating leukocytes invade the injury site,
where they participate in host defense, phagocytosis of ne-
crotic tissue, and secretion of paracrine factors. Mp, in particu-
lar, are known to be essential to regeneration, repair, and re-
modeling in numerous tissues [1–5]. However, chronic inflam-
mation and persistent Mp accumulation are often associated
with tissue destruction and fibrosis [6–8].

These seemingly contradictory roles of Mp in tissue injury
and repair are likely related to the ability of Mp to assume
markedly different phenotypes in response to specific environ-
mental cues. Mp have long been known to exhibit a proin-

flammatory phenotype, now termed “classically activated” or
M1, in response to bacterial components or IFN-� and TNF-�;
however, Mp can also assume a variety of “alternatively acti-
vated” or M2 phenotypes [9]. As in vitro IL-4 treatment of Mp
causes an up-regulation of TGF-� and arginase, these M2a Mp
are widely assumed to participate in tissue-repair processes and
have often been termed wound-healing Mp [6, 9–11]. How-
ever, damaged tissue contains myriad factors that could influ-
ence Mp behavior in unexpected ways, and the actual factors
influencing Mp phenotype during in vivo tissue injury and re-
pair remain largely undetermined.

This review will address recent advances in our understand-
ing of Mp phenotypes during tissue repair and will argue that
the Mp populations that participate in tissue repair are not
analogous to in vitro M2a Mp. In numerous physiological and
pathological states, Mp exhibit extensive heterogeneity and
plasticity, and tissue repair is no exception. Mp present during
tissue repair are not a single homogenous population but in-
clude a temporally regulated spectrum of activation states to
orchestrate the various phases of healing.

EVOLVING Mp ACTIVATION PARADIGMS

Our understanding of Mp biology has improved immensely
over the past few decades, and new discoveries continue to
redefine paradigms of Mp activation. In the past, Mp activa-
tion was viewed as a matter of on/off switching: naïve Mp were
thought to become activated upon exposure to bacterial com-
ponents or IFN-� and TNF-�, which increase Mp production
of inflammatory cytokines and ROS and enhance their patho-
gen-killing capacity. In contrast, the primary effect of anti-in-
flammatory cytokines on Mp was thought to be deactivation
and resolution of inflammation [12]. However, in 1992, Stein
and colleagues [13] demonstrated that IL-4 is not merely an
off signal for Mp immune activation but also increases expres-
sion of the mannose receptor CD206 and enhances endocyto-
sis of mannosylated ligands by murine Mp. Therefore, IL-4-
treated Mp were termed “alternatively” activated to contrast
with “classical” activation by IFN-�/TNF-� and the general de-
activation that was previously thought to occur with IL-4 treat-
ment.

1. Correspondence: Dept. of Kinesiology and Nutrition, University of Illinois
at Chicago, 1919 W. Taylor St. (m/c 994, Rm 529), Chicago, IL 60612,
USA, Email: tjkoh@uic.edu

Abbreviations: �IG�TGF�-inducible gene, FIZZ1�found in inflammatory
zone, Mp�macrophage

Mini-Review

0741-5400/13/0093-875 © Society for Leukocyte Biology Volume 93, June 2013 Journal of Leukocyte Biology 875
 Vol.93,  No.6 , pp:875-881, March, 2017Journal of Leukocyte Biology. 47.88.87.18 to IP www.jleukbio.orgDownloaded from 

mailto:tjkoh@uic.edu
http://www.jleukbio.org/


Subsequently, additional stimuli that were previously consid-
ered to be Mp deactivators were also shown to produce distinct
Mp activation phenotypes in vitro. The term “alternative” activa-
tion has thus expanded to include these new phenotypes, now
frequently referred to as M2a/b/c, whereas classical activation is
referred to as M1 [14]. The M2a phenotype is produced in vitro
by exposure to IL-4 or IL-13, which act through the common re-
ceptor IL-4R� to increase expression of CD206, arginase, and
TGF-� [15–17]. The M2b phenotype is produced by exposure to
a combination of IgG-immune complexes and LPS, which in-
creases production of IL-10 and decreases production of IL-12,
imparting potent anti-inflammatory properties [18, 19]. In vitro
exposure to IL-10 or glucocorticoids produces the M2c pheno-
type, which is similarly characterized by high IL-10 and low IL-12
production [19], as well as increased cell-surface expression of
the scavenger receptor CD163 [20, 21]. Mp phenotype can also
be altered by phagocytosis of apoptotic or necrotic cells [22–24].
Together, these studies have demonstrated that far from being
merely turned “on” or “off” by proinflammatory versus anti-in-
flammatory cytokines, Mp can adopt a variety of different pheno-
types in response to different stimuli.

Whereas discrete M1/2a/b/c phenotypes can certainly be
produced in vitro, Mp phenotype is by no means restricted to
these four categories. Indeed, the actual phenotypes acquired
by Mp, even in vitro, depend on their stage of differentiation,
the total biochemical milieu, and the dose and duration of the
activating stimuli [19, 25, 26]. Additionally, Mp remain respon-
sive to further stimuli after their initial activation [19, 27].
Thus, available evidence indicates that M1 and M2a/b/c are
not discrete Mp differentiation states but instead represent
convenient but limited and arbitrary in vitro-defined reference
points on a time-dependent and multidimensional continuum
of possible Mp phenotypes and functions [9].

The concepts of Mp heterogeneity and plasticity have now be-
come widely acknowledged [9, 28, 29], and an appealing model
of in vivo Mp activation classifies these cells based on function
rather than expression of phenotypic “markers” [9]. Within this
spectrum, wound-healing or tissue-repair functions are frequently
ascribed to Mp of an M2a or M2a-like phenotype [6, 9–11]. How-
ever, tissue repair is a finely orchestrated, multistage process, and
Mp perform critical but contrasting functions in each stage.
Wound healing is thus not a single, well-defined function of Mp
but comprises its own spectrum of overlapping functions, includ-
ing phagocytosis, secretion of cytokines and growth factors, as
well as matrix remodeling, all of which may be performed by Mp
of different phenotypes. We argue below that nomination of M2a
Mp as the primary Mp effectors of tissue repair is an oversimplifi-
cation at best and likely not warranted.

EVIDENCE FOR M2a Mp AS
TISSUE-REPAIR Mp

The notion that IL-4/IL-13-induced M2a Mp are tissue-repair Mp
is based largely on their up-regulation of TGF-� and arginase, as
well as their ability to produce certain ECM components [9, 17,
30]. IL-4-activated M2a Mp increase production of TGF-� [17],
which is a powerful activator of fibroblast collagen production
[31, 32]. It is likely that production of TGF-� by M2a Mp is at

least partly responsible for the enhancement of fibroblast prolif-
eration and collagen production observed in Mp/fibroblast co-
cultures [17]. Interestingly, however, Mp in a sponge-implanta-
tion model of mouse wound healing produced TGF-�, despite a
lack of detection of the canonical M2a activators IL-4 or IL-13 in
wound fluids or cells and an absence of Stat6 phosphorylation in
wound Mp [33]. Therefore, M2a activation with IL-4 appears to
be sufficient but not necessary for stimulation of Mp TGF-� pro-
duction. It is possible that ingestion of apoptotic or necrotic cells,
rather than IL-4/-13, may be a major trigger for production of
healing-associated factors such as TGF-� [34].

Rodent M2a Mp also express arginase, which has been sug-
gested to be important for tissue repair [9, 35]. Importantly,
in contrast to rodent Mp, human M2a Mp or monocytes do
not express arginase [36, 37]. Rodent Mp activated in vitro
with IL-4 increase mRNA and protein expression of arginase,
accompanied by an increase in enzymatic activity [16]. Argi-
nine metabolism through the arginase pathway produces poly-
amines, which are important for cell proliferation [38], and
proline, which is a major component of collagen. However,
proline produced via the arginase pathway may not be a limit-
ing factor for collagen synthesis [34], and the role of arginase
in collagen production and fibrosis in vivo is complex and
likely context-dependent [39–41]. Arginase is expressed dur-
ing injury and repair in diverse models and tissues [40, 42–
44]. However, arginase can be produced by cells other than
Mp [34, 43], and as human Mp do not produce arginase [36,
37], human arginase appears to be derived entirely from
non-Mp cell types [34]. Additionally, in rodent Mp, LPS ap-
pears to be a more powerful stimulus than IL-4 for arginase
expression and activity [25, 43]. Thus, the presence of argi-
nase or even of arginase-expressing Mp does not necessarily
imply that IL-4/IL-13-induced M2a Mp are present in a tissue.

In addition to indirectly promoting fibroblast collagen syn-
thesis via TGF-� and possibly arginase, M2a Mp are capable of
directly synthesizing certain ECM components, including colla-
gen type VI, fibronectin, and �IG-H3 [45, 46]. The ECM-asso-
ciated protein �IG-H3 promotes adhesion and migration of
monocytes, keratinocytes, and fibroblasts [47–49] and in-
creases fibroblast collagen production [50]. �IG-H3 is ex-
pressed in numerous tissues in situations of injury or disease
and can be expressed by many different cell types, including
Mp, fibroblasts, epithelial cells, and keratinocytes [47–52]. The
relative importance of Mp versus other cell types, particularly
fibroblasts, for production of ECM components during tissue
repair remains to be elucidated. Whereas cultured Mp can se-
crete collagen type VI at levels comparable with fibroblasts
[45], the in vivo relevance of ECM production by Mp during
tissue repair has yet to be demonstrated.

Clearly, cultured M2a Mp produce factors that are known to
be involved in tissue repair, and in vivo Mp in an actual
wound can produce many of these same factors. Thus, it may
seem natural to conclude that M2a Mp perform tissue-repair
functions in vivo. However, the assumption implicit in this line
of reasoning is that the presence of an M2a marker (i.e.,
something that is up-regulated in Mp culture by IL-4) indicates
that the Mp was, in fact, activated by IL-4 and/or shares other
characteristics of cultured M2a Mp. This assumption is often

876 Journal of Leukocyte Biology Volume 93, June 2013 www.jleukbio.org

 Vol.93,  No.6 , pp:875-881, March, 2017Journal of Leukocyte Biology. 47.88.87.18 to IP www.jleukbio.orgDownloaded from 

http://www.jleukbio.org/


false. For instance, in a mouse wound-healing model, Mp ex-
pression of the M2a marker CD206 does not require IL-4 or
IL-13 and does not correlate, negatively or otherwise, with
TNF-� production [33]. Additionally, in freshly isolated hu-
man peritoneal Mp, cell-surface expression of CD206 or the
M2c marker CD163 does not correlate with expression of the
M2-associated genes TGF-�, CCL18, or matrix metalloprotei-
nase 9 [53]. Thus, whereas it is clear that treatment of cul-
tured Mp with particular cytokines produces characteristic
phenotypes, the presence of one or a few phenotypic markers
in vivo does not demonstrate that the Mp was activated by the
associated cytokine or that other aspects of the phenotype in-
duced by that cytokine will also be present. The true in vivo
phenotypes of tissue-repair Mp, as well as the factors that initi-
ate and modulate these phenotypes, remain to be elucidated
and are areas of active investigation.

Mp PHENOTYPES DURING TISSUE
REPAIR AND FIBROSIS

Recent studies have sought to characterize Mp phenotype in vivo
during tissue repair and to determine whether parallels can be
drawn to in vitro-defined M1/M2 phenotypes. An emerging
dogma in tissue-repair literature suggests that M1 Mp are the
predominant population present during the first few days after
injury, corresponding to the inflammatory and early proliferative
phases, whereas M2a Mp are the primary effectors of later stages
of repair or the later proliferative and remodeling phases [7, 8,
54]. If this were the case, then Mp would be expected to exhibit
typical M1 markers during the early days after injury, whereas
M2a markers would be expressed as repair progresses. For in-
stance, Mp of the inflammatory and early proliferative phases
would be expected to produce abundant inflammatory cytokines,
whereas Mp at later stages would be expected to produce anti-
inflammatory cytokines and express CD206 and other M2a sur-
face markers. However, we argue here that whereas Mp of the
inflammatory phase do, in fact, seem to present a more proin-
flammatory phenotype than their later-phase counterparts, in vivo
tissue-repair Mp at any time-point do not share sufficient similari-
ties with in vitro-defined phenotypes to justify labeling them as
wholly M1 or M2.

The pattern of proinflammatory cytokine production by tissue-
repair Mp is perhaps the strongest evidence for the early-M1/
late-M2 paradigm or at least for switching from a pro- to an anti-
inflammatory phenotype. The M1 activator IFN-� is up-regulated
rapidly after injury to skeletal muscle and skin and is required for
proper healing of these tissues [55–58]. Potential sources of
IFN-� in injured skeletal muscle include but are not limited to
myoblasts, T cells, NK cells, and Mp themselves [57], although
the most functionally important cellular source remains to be
determined. Similar to its effects on cultured Mp, IFN-� may pro-
mote an M1-like phenotype in Mp in the mdx mouse model of
muscular dystrophy [59]. The M1-associated cytokines IL-1�,
TNF-�, IL-6, and IL-12 are expressed by Mp during the first few
hours to days after acute injury in numerous tissues, including
skin [33, 60, 61], liver [62], kidney [63], and skeletal muscle [57,
64]. Mp expression of mRNA and protein for these cytokines ex-
hibits an early peak and subsequent decline after skin wounding

[33, 60] or toxin-induced muscle injury in mice [65], consistent
with an early M1-like phenotype. However, further studies will be
needed to determine whether proinflammatory cytokine produc-
tion by early tissue-repair Mp is quantitatively similar to that of
bona fide M1 Mp, as direct comparisons are currently unavail-
able. Additionally, anti-inflammatory and proinflammatory cyto-
kine expression may be induced simultaneously at early time-
points during tissue repair. For instance, at 48 h after acute liver
injury in mice, Mp express IL-10 simultaneously with TNF-� and
IL-1� mRNA [62]. Similarly, after mouse skeletal muscle lacera-
tion, Mp expression of TGF-� mRNA and IL-10 mRNA appears
to peak early, �3 days postinjury (unpublished results). Further
studies will be necessary to determine whether even the early-
invading Mp population is not purely M1 and/or whether early
anti-inflammatory cytokine expression is a negative-feedback
mechanism initiating a phenotypic switch.

In addition to proinflammatory cytokine production, robust
expression of iNOS is a hallmark of M1 activation in rodent Mp
[14], although iNOS activity in human Mp appears to be much
lower or absent entirely (�20 nmol nitrite/106 cells/24 h in ro-
dent M1 Mp; often undetectable in human Mp) [66]. In contrast
to the fairly consistent up-regulation of proinflammatory cyto-
kines by early tissue-repair Mp, expression of iNOS in rodent in-
jury models appears to be highly context-dependent. In mouse
kidney ischemia-reperfusion injury, Mp expression of iNOS
mRNA is highest at 1-day postinjury and subsequently declines,
consistent with an early M1 phenotype [63]. However, Mp in inci-
sional mouse skin wounds appear to express iNOS only in re-
sponse to invading pathogens and not as an inherent feature of
the tissue-repair response [33, 67]. After excisional skin wound-
ing in rats [56] or photochemical liver injury in mice [68], only a
fraction of the wound Mp expresses iNOS (10–15% positive at
peak in skin), and the heterogeneity of the Mp population may
be dependent on proximity to the injured site [68]. Studies from
our own laboratory have produced contradictory data in two dif-
ferent mouse muscle injury models: skeletal muscle Mp express
iNOS mRNA at 5 days after chemically induced injury [57] but
do not express iNOS at any time-point after laceration injury (un-
published results). The reasons for this discrepancy remain to be
determined but may be related to different damage-associated
molecular patterns produced by different modes of injury. The
varying expression of iNOS by Mp during tissue repair highlights
the complexity of in vivo phenotypic regulation. Taken together,
the pattern of inflammatory cytokine production and iNOS ex-
pression suggests a proinflammatory but not entirely M1 Mp phe-
notype during the early stages of tissue repair. Further studies will
be needed to determine the factors that regulate this phenotype.

If Mp transition from an M1- to an M2a-like phenotype as re-
pair progresses, then anti-inflammatory cytokine expression by
Mp would be expected to be low or absent during early stages of
repair and elevated during the later stages. Indeed, during mouse
skin wound healing, Mp expression of TGF-� mRNA and protein
increases over the first 7–10 days postinjury, whereas proinflam-
matory cytokine production decreases [33, 60], consistent with
the expression of an M2a-like phenotype during the later stages
of repair. In murine skeletal muscle, however, Mp expression of
TGF-� and IL-10 mRNA increases over the first few days after
toxin-induced injury, peaks during the intermediate stages of
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healing, and then declines sharply, despite continued presence of
Mp within the healing muscle [65]. Interestingly, during im-
paired muscle healing caused by loss of MAPK-phosphatase-1
[65], peak Mp expression of TGF-� and IL-10 is shifted to earlier
time-points and occurs simultaneously with peak proinflammatory
cytokine expression, contrary to expectations of an early-M1-to-
late-M2 transition. Furthermore, levels of IL-10 and TGF-� ex-
pression are not necessarily coregulated during tissue repair; Mp
display increased mRNA expression of IL-10 but not TGF-� dur-
ing chronic liver fibrosis in mice, and deficiency of the chemo-
kine receptor CX3CR1 results in reduced IL-10 but increased
TGF-� expression by Mp [69]. Thus, even if particular M2a-asso-
ciated cytokines are expressed by Mp during tissue repair, this
does not guarantee that other aspects of the M2a phenotype are
present.

Although IL-4 and IL-13 are often assumed to induce a
wound-healing phenotype in Mp, the importance of these ca-
nonical M2a activators may vary across different situations of
tissue repair. Genetic deletion of IL-4R� greatly reduces
mRNA expression of the M2a markers Ym1, FIZZ1, and argi-
nase-1 in peritoneal exudate cells (which include Mp, neutro-
phils, eosinophils, and lymphocytes) after peritoneal incisional
wounding in mice [70], indicating that IL-4/-13 are important
phenotypic regulators in this model. In contrast, in a mouse
sponge-implantation model of skin wounding, deletion of IL-
4R� has no effect on Mp phenotype, and IL-4 and IL-13 are
not detected in wound cells or fluids at any time, indicating
that despite their predominantly anti-inflammatory cytokine
profile, these cells are not bona fide M2a Mp [33]. Both of
these studies, however, are limited in that Mp obtained by
peritoneal lavage or sponge compression may potentially differ
from Mp present within the actual healing skin wound. In
mouse skin wounds, IL-4 mRNA and protein are not detect-
able at early or late time-points [60, 71]. However, IL-4 gene
expression is elevated from 1 to 7 days in rat skin wounds
[56], and protein expression is elevated between 12 h and 10

days in human skin wounds (peak �12 pg/mg protein in in-
jured skin vs. nearly undetectable in uninjured) [58]; IL-4 pro-
tein is present at similar levels in infarcted rat myocardium
[72]. In mouse skeletal muscle injury by chemical toxin or un-
loading/reloading, IL-4 mRNA, although detectable, does not
rise above uninjured levels over the course of healing [73, 74].
The reasons for and consequences of this differential expres-
sion of IL-4 remain unclear. Further studies will be needed to
determine whether IL-4 and IL-13 are involved in Mp activa-
tion and healing of different tissues and to categorize the time
course of anti-inflammatory cytokine expression by Mp during
tissue repair. Taken together, existing data on anti-inflamma-
tory cytokine production suggest that Mp may become more
M2a-like as repair progresses, although this transition may not
happen in all situations. Additionally, as IL-4/-13 activation is
not always required for up-regulation of IL-10 and TGF-� [33],
the presence of other aspects of the M2a phenotype should
not be inferred from cytokine expression alone.

In addition to anti-inflammatory cytokine production,
mouse M2a Mp are characterized by expression of phenotypic
markers such as CD206, Ym1, dectin-1, and FIZZ1 [25]. If Mp
undergo a switch from an M1-like to an M2a-like phenotype
during tissue repair, Mp expression of these M2a markers
would be expected to increase as repair progresses. Indeed, in
mouse and human skin wounds and in injured mouse kidney,
Mp expression of CD206 increases during the later stages of
repair [33, 60, 61, 63]. However, although CD206, Ym1, and
dectin-1 are expressed by murine subcutaneous wound Mp at
1, 3, and 7 days postinjury [33], these three M2a-associated
proteins exhibit entirely different temporal patterns: CD206
increases somewhat with time, whereas Ym1 is expressed most
highly at 1-day postinjury and then decreases, and dectin-1 ex-
pression remains constant [33]. Additionally, CD206 expres-
sion is similar among TNF-�-high, -low, or -negative Mp [33],
which would not be expected if distinct M1 and M2a popula-
tions were present. Similarly, in mouse skin-wound Mp, CD206

TABLE 1. Summary of In Vitro and In Vivo Mp Phenotypes

Mp phenotype

Cultured Mp Tissue repair Mp in vivo

M1 M2a Early Late

Activator IFN-�, TNF-�,
LPS

IL-4, IL-13 Poorly defined DAMPs; IFN-� may
promote M1-like polarization
(skeletal muscle). IL-4 may or
may not be present.

Not well-known, possibly phagocytosis;
IL-4 may or may not be present.IL-
4/-13 do not appear to be required
for activation (skin).

Proinflammatory
cytokines

IL-1�, TNF-�,
IL-6, IL-12

Low IL-1� (skin, liver, skeletal muscle),
TNF-� (skin, liver, skeletal
muscle), IL-6 (skin), IL-12
(kidney)

Decrease with time (skin, skeletal
muscle); IL-12 also decreases with
time in kidney.

iNOS High (only in
rodent)

Low Context-dependent; may be
related to host defense, not
tissue repair.

Decreases with time (kidney); if
present, time course not known in
other tissues.

Anti-inflammatory
cytokines

Low TGF-� high,
IL-10 low

TGF-� (skeletal muscle, skin) and
IL-10 (liver and skeletal muscle;
may not be present in skin)

TGF-� increases with time (skin); IL-
10 time course not known.

CD206 Low High Present (skin) Increase with time (skin)
Dectin-1 Low High Present (skin) No change with time (skin)
Ym1 Low High High (skin) Decrease with time (skin)
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protein expression does not appear to correlate, negatively or
otherwise, with protein expression of Ly6C [60], which is
sometimes associated with a proinflammatory phenotype [24,
64, 75]. Collectively, data from these studies indicate that the
M2a markers CD206, Ym1, and dectin-1 can be regulated inde-
pendently of each other in skin-wound Mp and can be coex-
pressed with M1-associated or proinflammatory genes and pro-
teins. Thus, Mp during skin wound healing exhibit a heteroge-
neous and temporally regulated phenotype that does not
conform strictly to M1/M2 categorization [33].

Numerous studies in other tissues have reported that M2a
markers are present during tissue repair, but many of these stud-
ies have not determined whether these markers are expressed by
Mp or by other cell types, and any conclusions drawn regarding
Mp phenotype are therefore dubious. Seven days after photo-
chemical injury to the liver, CD206� cells are observed near the
border of the injured site [68], although these cells were not veri-
fied specifically as Mp, and no other time-points were examined.
Similarly, after peritoneal incisional wounding, peritoneal exu-
date cells transiently express elevated Ym1 and FIZZ1 mRNA, al-
though this cell population contains lymphocytes and neutrophils
in addition to Mp [70], and each of these cell types could ex-
press one or both genes [76, 77].

In summary, existing evidence is limited but does not support
the notion that Mp present during tissue repair are bona fide
M2a Mp. A proinflammatory-to-anti-inflammatory transition may
indeed occur in many situations, although this appears to be con-
text-dependent, and the coexpression of M1- and M2a-associated
markers precludes classification of early or late Mp as purely M1
or M2a (Table 1 and Fig. 1). Given the growing belief that M2a
Mp participate in tissue repair, surprisingly few studies have actu-
ally examined Mp-specific expression of M2a-associated genes or
proteins in vivo or performed quantitative comparisons of cyto-
kine production by cultured M1/M2a Mp versus in vivo tissue-
repair Mp. Whole-tissue content of cytokines or other markers of
M2a activation is insufficient to determine the phenotype of Mp
during in vivo tissue repair, as whole-tissue levels could be af-
fected by expression in non-Mp cells or by changes in the num-
ber of Mp in the tissue. Additionally, a comprehensive in vivo Mp
phenotype cannot be deduced solely from a limited set of pheno-
typic markers, as different M2a-associated genes or proteins can
exhibit entirely different temporal regulation and can be coex-
pressed with M1-associated markers [19, 25, 33, 60, 78]. Further
studies of Mp phenotype during tissue repair are essential, but we
suggest that investigation of specific functions (such as phagocyto-
sis or stimulation of stem-cell proliferation and differentiation) of
Mp isolated from tissues undergoing repair may be more fruitful
than attempts to sort tissue-repair Mp into discrete, in vitro -de-
fined subsets that may not exist in vivo and are based on markers
that may have no direct role in tissue injury and repair.

CONCLUDING REMARKS

Mp are critical orchestrators of repair and regeneration in nu-
merous tissues, but may also contribute to chronic tissue dam-
age and fibrosis. Different stimuli can produce a broad spec-
trum of functional Mp phenotypes, and this plasticity likely
contributes to the seemingly contradictory roles of Mp in tis-

sue injury, regeneration, and fibrosis. The plethora of factors
that regulate Mp activation also complicate identification of
Mp phenotypes in vivo; tissue-repair Mp are exposed to a vastly
more complex microenvironment than Mp treated with one or
a few cytokines in a cell-culture dish. Therefore, it is not sur-
prising that in vivo tissue-repair Mp do not conform to exist-
ing, in vitro-defined phenotypic categories. Whereas Mp dur-
ing the early stages of tissue repair seem to present a more
generally proinflammatory profile than their later counter-
parts, early Mp may lack iNOS expression or may express
CD206, Ym1, and IL-10 in addition to proinflammatory cyto-
kines, indicating that these early-repair Mp do not exhibit an
entirely M1 phenotype. Similarly, whereas later Mp popula-
tions may exhibit a more anti-inflammatory profile with in-
creased expression of some M2a-associated markers, such as
CD206, others, such as Ym1, may be oppositely regulated, and
the canonical M2a activators, IL-4 and IL-13, may or may not
be present, depending on the tissue and mode of injury.
These data indicate that Mp during the later stages of tissue
repair are not entirely of the M2a phenotype. In short, tissue-
repair Mp exhibit complex and heterogeneous phenotypes

M1 M2a
In Vitro Mp 

Skin Repair 
Mp

Early Late

Muscle Repair 
Mp

Early Late

TNF , IL-12, 
IL-1 , IL-6
iNOS

TGF
CD206
Ym1
Dectin-1

TNF , 
IL-1 , IL-6

iNOS often absent entirely

Ym1

Dectin-1Dectin-1

TGF
CD206

TNF , 
IL-1

iNOS depends on mode of injury

TGF
IL-10

Note: IL-10 appears to require 
additional stimuli such as LPS

Time course of CD206, Ym1, Dectin-1 not known

IL-10 may vary

Induced by 
IFN , TNF

Induced by 
IL-4, IL-13

Induced by poorly- Stimuli not well-known, 
possibly phagocytosis

Induced by IFN  and/or 

IL-10

Stimuli not well-known, 
possibly phagocytosis

Figure 1. Similarities and differences among phenotypes of Mp in
vitro and after acute injury to skin or skeletal muscle in vivo.
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that change throughout the repair process and do not corre-
spond to existing, in vitro -defined categories.

Many open questions remain regarding the role of Mp in tis-
sue repair. Whereas Mp are known to promote tissue-repair func-
tions such as wound debridement, cell proliferation, angiogene-
sis, and matrix remodeling, much remains to be learned about
the mechanisms by which Mp accomplish these functions. Simi-
larly, whereas many potential modulators of Mp activation have
been identified in vitro, the actual factors that regulate Mp phe-
notype during tissue repair remain to be elucidated. Further-
more, whether Mp of different phenotypes during the inflamma-
tory, proliferative, and remodeling phases are derived from se-
quential invasion of distinct blood-monocyte populations or from
a change in phenotype of existing wound Mp is under debate
[64, 79]. Finally and perhaps most importantly, rodent and hu-
man Mp do not exhibit entirely similar responses to in vitro acti-
vation [9, 34, 66, 80], and it remains to be determined whether
there are also species-dependent differences in Mp function dur-
ing in vivo tissue repair. As Mp are known to play important roles
in normal and impaired healing, an improved understanding of
the reciprocal regulation of Mp phenotype and the tissue-repair
environment will provide insight into novel therapies based on
manipulating Mp function to promote healing.
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