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MFG-E8 Reprogramming of Macrophages
Promotes Wound Healing by Increased
bFGF Production and Fibroblast Functions
Patrick Laplante1,2, Frédéric Brillant-Marquis1,2, Marie-Joëlle Brissette1,2, Benjamin Joannette-Pilon1,2,
Romain Cayrol3, Victor Kokta4 and Jean-François Cailhier1,2,5
Macrophages are essential for tissue repair. They have a crucial role in cutaneous wound healing, participating
actively in the inflammation phase of the process. Unregulated macrophage activation may, however, represent
a source of excessive inflammation, leading to abnormal wound healing and hypertrophic scars. Our research
group has shown that apoptotic endothelial and epithelial cells secrete MFG-E8, which has the ability to
reprogram macrophages from an M1 (proinflammatory) to an M2 (anti-inflammatory, pro-repair) phenotype.
Hence, we tested whether modulation of macrophage reprogramming would promote tissue repair. Using a
mouse model of wound healing, we showed that the presence and/or addition of MFG-E8 favors wound closure
associated with an increase in CD206-positive cells and basic fibroblast growth factor production in healing
tissues. More importantly, adoptive transfer of ex vivo MFG-E8etreated macrophages promoted wound
closure. We also observed that MFG-E8etreated macrophages produced basic fibroblast growth factor that is
responsible for fibroblast migration and proliferation. Taken together, our results strongly suggest that MFG-E8
plays a key role in macrophage reprogramming in tissue healing through induction of an anti-inflammatory M2
phenotype and basic fibroblast growth factor production, leading to fibroblast migration and wound closure.
Journal of Investigative Dermatology (2017) 137, 2005e2013; doi:10.1016/j.jid.2017.04.030

INTRODUCTION
Cutaneous wound healing is characterized by a complex
programmed sequence of cellular and molecular processes
that include inflammation, epithelialization, formation of
granulation tissue, neovascularization, wound contraction,
and extracellular matrix reorganization (Singer and Clark,
1999). It is a repair mechanism that is tightly regulated to
avoid excessive repair, uncontrolled extracellular matrix
deposition, and tissue dysfunction manifested as keloid
(Tomasek et al., 2002). Cell signaling is largely directed by
chemical signals, such as growth factors and cytokines,
which ensure good communication among cells regulating
wound closure and scar formation. Macrophages and fibroblasts are two important cell types recruited at the site of
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injury that participate in wound healing throughout the
overlapping steps of repair (Diegelmann and Evans, 2004;
Singer and Clark, 1999). Macrophages are mainly involved
in phagocytosis of extracellular matrix fragments and
apoptotic cells, whereas fibroblasts are responsible for
collagen deposition (Brown, 1995; Ross, 1969). However, the
role of macrophages goes far beyond their phagocytic activity; they are also implicated in the transduction of repair
signals through the release of growth factors, such as plateletderived growth factor and vascular endothelial growth factor,
which initiate the subsequent formation of granulation tissue
and angiogenesis (Singer and Clark, 1999).
Following platelets and neutrophils, monocyte-derived
macrophages are quickly recruited at sites of injury in
response to chemoattractants, such as MCP-1, where they
participate in the proinflammatory phase of wound healing
(Singer and Clark, 1999). Onsite, macrophages can adopt
different phenotypes ranging from a proinflammatory (or
cytotoxic) M1-like macrophage to anti-inflammatory (prorepair and angiogenic) M2-like macrophage (Lamagna
et al., 2006; Novak and Koh, 2013). Macrophage plasticity is a concept widely accepted in numerous physiological states such as tissue repair, where macrophage
heterogeneity, in response to specific environmental cues,
orchestrates tissue healing and repair (Novak and Koh,
2013). M1 macrophages, classically induced with lipopolysaccharide or tumor necrosis factor-a are characterized
by high levels of inducible nitric oxide synthase (iNOS); low
CD206 expression; and secretion of inflammatory cytokines
such as IL-1b, IL-6, and IL-12. Alternatively, M2 macrophages, induced by IL-4 or IL-13, are characterized by low

ª 2017 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

www.jidonline.org 2005

P Laplante et al.

MFG-E8 and Macrophages Favor Wound Healing

RESULTS
MFG-E8 is a key molecule implicated in wound healing

C57BL/6J (wild type [WT]) and MFG-E8edeficient (knockout
[KO]) mice were subjected to skin biopsy punches to model
the wound healing process. Healing was followed for up to
10 days, when we observed almost complete closing of the
wound in WT mice (Figure 1a). Percentage of wound closing
was measured over a time course of 3, 7, and 10 days. For
each time point, repair was significantly more efficient in WT
mice compared with MFG-E8eKO mice (Figure 1b). Using
Trichrome stain, we found an increase in collagen deposition
in WT wounds, twice as much fibroblast accumulation, and
four times more mature granulation tissue formation
compared with KO mice (Figure 1c). In a second set of experiments, both groups underwent punch biopsies before
receiving murine recombinant MFG-E8 protein injections
(rMFG-E8 at 30 mg/kg). Mice receiving rMFG-E8 had a
significantly higher percentage of wound closing at day 3 for
both WT and KO groups (Figure 2a).
MFG-E8 favors CD206-positive cell accumulation in
healing tissues

Figure 1. MFG-E8edeficient mice show a slower rate of wound healing. WT
or KO mice were subjected to punch biopsies. (a) Pictures were taken at days
0, 3, 7, and 10 to follow wound healing. Scale bar ¼ 2 mm. (b) Wound
healing was significantly slower in the KO group compared with the WT
group for each time point evaluated. *P < 0.002, n ¼ 12. (c) Trichrome
staining showed that WT samples had more collagen deposition (blue
coloration) in the dermis with an important accumulation of spindle cells
(fibroblasts, arrows) and immune cells and increased neovascularization, all
characteristic features of a mature granulation tissue (circle). (d) Collagen
deposition is increased in WT mice compared with KO mice at day 10 after
punch biopsies. *P < 0.05, n ¼ 6) Scale bar ¼ 100 mm, original
magnification 40 or scale bar ¼200 mm, original magnification 10 or 20.
KO, knockout; WT, wild type.

iNOS and high CD206 expression and secretion of prorepair cytokines such as transforming growth factor-b1 and
vascular endothelial growth factor (Lamagna et al., 2006;
Novak and Koh, 2013).
MFG-E8 is one of the cues generated from inflammatory
microenvironments that induces macrophage reprogramming
from an M1 to M2 phenotype (Brissette et al., 2012, 2016). In
this article, we aimed to evaluate the consequences of MFGE8edependent reprogramming of macrophages in a wound
healing mouse model. We show that MFG-E8edeficient mice
have delayed wound healing after cutaneous punch biopsies
and were associated with less M2 macrophages, whereas
addition of murine MFG-E8 recombinant protein accelerated
wound closure and increased levels of CD206-positive cells
and basic fibroblast growth factor (bFGF) production.
Furthermore, adoptive transfer of MFG-E8ereprogrammed
macrophages improved wound closure. We also isolated
bFGF in the MFG-E8etreated macrophageeconditioned
media and identified it as a key mediator to increase fibroblast migration and improve wound healing.
2006 Journal of Investigative Dermatology (2017), Volume 137

We proceeded to characterize the cellular content of the
healing tissues harvested after 3 days of wound repair. As
depicted in Figure 2b, immunofluorescence staining showed
that there was a significant increase in CD206þ cells, suggesting accumulation of anti-inflammatory (M2) phagocytes,
in mice injected with rMFG-E8. Furthermore, healing tissues
were also digested to evaluate the level of YM1, another M2related protein, by Western blotting. The injections of rMFGE8 after punch biopsies increased YM1 expression in WT and
MFG-E8 KO mice (Figure 2c). Densitometric analyses
showed that YM1 protein levels were significantly increased
in both groups receiving rMFG-E8. The increase in M2
macrophage-related proteins in healing tissues was strongly
associated with a significant increase in bFGF levels in mice
receiving rMFG-E8 compared with mice receiving vehicle
(Figure 2d). Levels of iNOS protein (an M1 macrophage
marker) were not modulated in either group at day 3 (data not
shown). However, we found that rMFG-E8 treatment of WT
and MFG-E8 KO mice decreased iNOS protein levels at day 7
(data not shown). When we compared these findings between vehicle-treated WT and MFG-E8eKO mice, trends
were observed for 25% more CD206þ cells (P ¼ not significant) and 60% more bFGF (P ¼ not significant), whereas
YM1 levels were significantly up-regulated by nearly 70% (P
< 0.006, data not shown) in the former group.
Adoptive transfer of MFG-E8etreated macrophages helps
wound healing

Having shown that increases in M2 macrophage-related
proteins were associated with the presence of MFG-E8 in
our wound healing model, we went on to evaluate whether
the adoptive transfer of MFG-E8eprogrammed macrophages
promoted wound repair. To this end, bone marrow-derived
macrophages (BMDMs) were treated ex vivo with rMFG-E8
to induce the M2 macrophage programming. Flow cytometry analyses showed an increase in CD206 and EGR-2
expression, strongly suggesting the acquisition of an M2
phenotype (Figure 3a). We observed that mice receiving
MFG-E8etreated M2 macrophages, which localized to the

P Laplante et al.

MFG-E8 and Macrophages Favor Wound Healing
Figure 2. rMFG-E8 injections favor
wound healing. WT or KO mice were
subjected to punch biopsies. rMFG-E8
was delivered by intraperitoneal
injection after biopsies, and wound
healing was evaluated and
characterized at day 3. (a) In both WT
and KO mice, injection of rMFG-E8
increased the rate of wound healing
compared with vehicle. *P < 0.05,
n ¼ 22. (b) Immunofluorescence
showed that mice (either WT or KO)
injected with rMFG-E8 had more
CD206-positive cells. *P < 0.04, n ¼
8. Nuclear staining with DAPI. Scale
bar ¼ 20 mm. (c, d) YM1 and bFGF
protein levels were significantly
increased in both WT and KO mice
injected with rMFG-E8. *P < 0.03, n ¼
6. bFGF, basic fibroblast growth
factor; Ctl, control; KO, knockout;
WT, wild type.

wound site, confirmed by intrawound PKH-26epositive cells
(Figure 3c), had an accelerated wound closure. Percentage of
wound closure was significantly different at day 3 in both
groups receiving MFG-E8etreated macrophages compared
with vehicle-treated macrophages (Figure 3b). Here again,
we characterized the cellular content of the healing tissues 3
days after injury. As observed in Figure 3d, CD206-positive
cells were significantly increased in WT and MFG-E8eKO
mice injected with MFG-E8etreated macrophages. The
administration of MFG-E8etreated macrophages resulted in
significantly increased YM1 expression (Figure 3e). Here
again, the increase of these M2 macrophage-related proteins
in healing tissues was strongly associated with a significant
increase in bFGF levels (Figure 3f). Levels of iNOS proteins
were also reduced in both groups at day 7 (data not shown).
Altogether, these results suggest that MFG-E8 treatment of
macrophages favors M2 macrophages and wound healing.
MFG-E8etreated macrophages secrete bFGFs, which
modulate fibroblast functions

MFG-E8etreated macrophages had an important impact on
wound closing in our model. Therefore, we evaluated the

underlying mechanism implicating these macrophages with
fibroblasts in the wound healing process. First, using a standardized scratch assay, we showed that medium from
MFG-E8etreated macrophages (both WT and MFG-E8 KO)
promoted significant mouse embryonic fibroblast (MEF)
migration compared with vehicle-treated macrophages
(Figure 4a). Second, using BrdU incorporation, we showed
that MEF exposed to medium from MFG-E8etreated macrophages (both WT and MFG-E8 KO) had a significantly higher
proliferation rate compared with fibroblasts exposed to
vehicle-treated macrophages (Figure 4b).
Trichloroacetic acid precipitation and immunoblotting
showed that bFGFs were preferentially produced by MFGE8etreated macrophages compared with vehicle-treated
macrophages from both WT and MFG-E8eKO mice
(Figure 5a). Subsequently, murine bFGF recombinant protein
was able to significantly induce MEF migration in a dosedependent manner (Figure 5b). To confirm that bFGF was
indeed responsible for the effect on MEF migration observed
in our MFG-E8edependent experiments, we immunodepleted bFGF from the supernatant of MFG-E8etreated macrophages. Immunodepletion was confirmed by Western
www.jidonline.org 2007
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Figure 3. Transfers of MFG-E8treated macrophages favor wound
healing. (a) Flow cytometry analysis
showed that rMFG-E8etreated (1 ng/
ml for 24 hours) BMDMs increased
CD206 and EGR-2 expression without
modulation of iNOS. LPS (1 mg/ml)
and IL-4 (10 ng/ml) are controls for M1
and M2 macrophage phenotypes.
(b) In both WT and KO mice, injection
of MFG-E8-tr macrophages after
biopsies increased the rate of wound
healing at day 3 compared with
Vehicle-tr macrophages. *P < 0.05,
n ¼ 13. (c) Transferred
PKH-26estained macrophages
(arrows) localized to the wound site.
Scale bar ¼ 50 mm.
(d) Immunofluorescence showed that
mice (either WT or KO) injected with
MFG-E8-tr macrophages had more
CD206-positive cells. *P < 0.05,
n ¼ 4. (e, f) YM1 and bFGF protein
levels were significantly increased in
both WT and KO mice injected with
MFG-E8-tr macrophages. *P < 0.05,
n ¼ 4. BMDM, bone marrow-derived
macrophage; iNOS, inducible nitric
oxide synthase; KO, knockout; LPS,
lipopolysaccharide; tr, treated; WT,
wild type.

blotting (Figure 5c). As observed in Figure 5d, bFGF depletion
significantly reduced the ability of the supernatants from
MFG-E8etreated macrophages to induce MEF migration. We
therefore concluded that bFGFs produced by MFGE8etreated macrophages were able to promote MEF
migration.
DISCUSSION
Cutaneous wound healing is a repair process that has been
largely studied over the years, but it is still a subject of
intensive research, particularly in approaches to control scar
formation without neglecting the time required for proper
wound closure. It is a dynamic process in which different cell
types play specific roles in overlapping steps (Falanga, 2005).
Macrophages and fibroblasts are two key players implicated
in wound healing. However, when improperly regulated,
these cells could contribute to excessive repair, fibrosis, and
abnormal wound healing (Diegelmann and Evans, 2004;
Mirza et al., 2009; Singer and Clark, 1999). Here, we
investigated the role of macrophage reprogramming by
2008 Journal of Investigative Dermatology (2017), Volume 137

MFG-E8 in a mouse model of wound healing. We focused on
the role of anti-inflammatory macrophages in fibroblast
migration involved in wound healing. MFG-E8 was shown,
both directly and through adoptive transfer of MFGE8etreated macrophages, to accelerate wound healing in
association with increased CD206-positive cells suggestive of
M2 macrophages and bFGF production. Moreover, supernatants from MFG-E8etreated macrophages induced fibroblast
migration and proliferation. Using immunodepletion, we
determined that bFGF produced by MFG-E8etreated macrophages was responsible for the increased fibroblast
migration.
The local inflammatory environment is a key regulator of
this wound healing process in which mediators released by
damaged cells have an important role (Artlett, 2013; Gibran
et al., 2007). We previously showed that apoptotic endothelial and epithelial cells released MFG-E8, which acted as
one of these mediators reprogramming macrophages
(Brissette et al., 2012). Although we have not looked at the
source of MFG-E8 in our model, endothelial cells, smooth
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Figure 4. Conditioned medium from
MFG-E8etreated macrophages
promotes fibroblast migration and
proliferation. (a) MEF migration was
evaluated using a scratch assay and
pictures were taken at t ¼ 0 and t ¼ 24
hours after migration. Media from
MFG-E8etreated macrophages (from
both WT and KO mice) increased the
migration of fibroblasts. *P < 0.02
versus vehicle-tr, n ¼ 6. Scale bar ¼
100 mm. (b) MEF proliferation was
evaluated using BrdU incorporation.
Media from MFG-E8etreated
macrophages (from both WT and KO
mice) increased the proliferation of
fibroblasts. *P < 0.002 versus vehicletr, n ¼ 12. h, hour; KO, knockout;
MEF, mouse embryonic fibroblast; N,
normal medium; OD, optical density;
SS, serum-starved medium; t, time; tr,
treated; WT, wild type.

muscle cells, pericytes (Uchiyama et al., 2014, 2015), and
wound macrophages (Das et al., 2016) have been reported as
other potential local sources of MFG-E8 in various wound
models in which MFG-E8 promoted wound healing.
Uchiyama et al. also showed that cutaneous wound healing
is delayed in MFG-E8edeficient mice. However, they
focused on the MFG-E8edependent role on angiogenesis
(Uchiyama et al., 2014). Recently, they reported that MFG-E8
from endothelial cells, smooth muscle cells, and pericytes
promoted wound healing in an ischemia-reperfusion skin
injury model through reduced infiltration of M1 and M2
macrophages (Uchiyama et al., 2015). As reported by others
looking at ischemia-reperfusion models, MFG-E8 reduced
apoptotic cells through promotion of their engulfment
(Matsuda et al., 2011; Uchiyama et al., 2015). MFG-E8 is a
well-described secreted glycoprotein that plays an important
and favorable role in various conditions such as postischemic, cerebral injury (Deroide et al., 2013), intestinal
repair (Bu et al., 2007), renal ischemia-reperfusion injury
(Matsuda et al., 2011) and wound healing (Uchiyama et al.,
2014, 2015). Based on our data, we propose that MFG-E8
acts as a local dampening molecule or an “analarmin,”
essential to attenuate the initial inflammatory response
associated with tissue injury induced by the release of

alarmins, or danger signals. This MFG-E8 reprogramming of
macrophages attenuates proinflammatory and promotes prorepair macrophage phenotypes (Brissette et al., 2012, 2016).
Furthermore, adoptive transfer of MFG-E8etreated macrophages confirmed the importance of macrophage reprogramming to promote tissue repair.
The concept of macrophage plasticity has emerged during the
last decade and is largely dependent on the signals generated by
the microenvironment in the inflamed tissue (Stout and Suttles,
2004). This plasticity is defined by the capacity of macrophages
to switch from a pro-inflammatory phenotype to an antiinflammatory phenotype and vice versa upon specific stimulation (Gordon and Taylor, 2005). M2 macrophages are important
in the attenuation of inflammation and the promotion of tissue
remodeling (Stout, 2010; Wynn, 2004). In our system, we proposed that MFG-E8 was the signal present in the microenvironment that was able to promote the switch from M1 to M2
macrophages, as suggested by an increased expression of CD206
and EGR-2 proteins. YM1 protein levels were found to be more
abundant in vehicle-treated WT mice compared with MFGE8eKO mice, suggesting a role for endogenous MFG-E8 in this
model. However, the addition of rMFG-E8 significantly increased
the levels of expression of CD206 and YM1 in WT compared
with MFG-E8eKO mice. The importance of M2 macrophages in
www.jidonline.org 2009

P Laplante et al.

MFG-E8 and Macrophages Favor Wound Healing
Figure 5. bFGFs generated by MFGE8etreated macrophages are
responsible for fibroblast migration.
(a) Both WT and KO macrophages
treated with MFG-E8 produced more
bFGF compared with vehicle. (b) MEF
migration under increasing bFGF
concentrations (1 pg/ml to 1 ng/ml)
was analyzed using a scratch assay.
bFGFs increased fibroblast migration
after 24 hours of stimulation.
*P < 0.002 versus serum-starved (SS),
n ¼ 8. Migration of fibroblasts in their
normal (N) medium is shown. (c) bFGF
immunoblotting of supernatants from
MFG-E8etreated BMDMs of WT and
KO mice after immunodepletion of
bFGF (IP-bFGF) and isotype-matched
immunoglobulin (IP-Ctl). (d)
Immunodepleted-bFGF supernatants
from MFG-E8etreated BMDMs of WT
and KO mice decreased MEF migration
compared with fibroblasts exposed
to IP-Ctl. IP-Ctl versus IP-bFGF:
*P < 0.04, n ¼ 4. bFGF, basic fibroblast
growth factor; BMDM, bone marrowderived macrophage; Ctl, control;
KO, knockout; MEF, mouse
embryonic fibroblast; N, normal
medium; SS, serum-starved medium;
tr, treated; WT, wild type.

our wound healing model was highlighted by improved wound
closure, resulting from the adoptive transfer of MFG-E8etreated
macrophages. We recently published that MFG-E8etreated
macrophages reduced tissue injury in a unilateral ureteral
obstruction model (Brissette et al., 2016). Adoptive transfer of M2
macrophages that localize to inflamed sites represents a potent
approach to treat inflammatory diseases. Apart from wound
healing (Lucas et al., 2010), M2 macrophages are commonly
observed in the repair phases of various conditions such as
ischemic heart disease and acute kidney injury (Lambert et al.,
2008; Swaminathan and Griffin, 2008; Troidl et al., 2009).
Their impact is attributable not only to their presence, but also to
their capacity to affect other cell types through paracrine secretion of mediators. We and others have shown that M2 macrophages have the capacity to secrete anti-inflammatory cytokines
such as transforming growth factor-b, IL-10, and vascular endothelial growth factor (Brissette et al., 2012).
bFGF, also known as FGF-2, is a well-described protein
mainly involved in fibroblast proliferation and angiogenesis during wound healing (Singer and Clark, 1999).
Immunodepletion of bFGF from MFG-E8etreated
macrophage-conditioned medium showed that antiinflammatory macrophages promote fibroblast migration.
Other studies on the role of macrophages in tumor growth
and angiogenesis (Lamagna et al., 2006; Schulze-Osthoff
et al., 1990) or in regulation of immune responses in the
central nervous system (Abe and Saito, 2001; Chernykh et al.,
2010) have also highlighted the contribution of M2 macrophages on bFGF production. Therefore, in addition to the
importance of M2 macrophage reprogramming, secretion of
bFGF represents a crucial mediator in the wound healing
process induced by MFG-E8.
2010 Journal of Investigative Dermatology (2017), Volume 137

In summary, our work provides insights into the mechanism involved in wound healing, specifically on the
macrophage and fibroblast relationship. MFG-E8 is a key
macrophage reprogramming molecule involved in wound
healing through induction of an anti-inflammatory, prorepair macrophage phenotype and bFGF production,
resulting in increased fibroblast migration and wound
closure (Figure 6). Our work opens future avenues for the
therapeutic use of adoptive transfer of MFG-E8etreated
macrophages in the treatment of wounds and other inflammatory diseases.
MATERIALS AND METHODS
Cell lines
BMDMs, from both C57BL/6J (WT) and MFG-E8edeficient (KO)
mice, were prepared as previously described (Brissette et al., 2012).
MEFs from C57BL/6 mice were obtained from John Stagg (Cancer
Institute of Montreal, Quebec, Canada) and used at passages 15e25.
They were grown and maintained in DMEM (Wisent, St-Bruno,
Canada) with 10% fetal bovine serum (Wisent) and 100 mg/ml
penicillin/streptomycin (Wisent).

Wound healing model
Male, pathogen-free, 12- to 14-week-old C57BL/6J mice were
bought from Jackson Laboratory (Bar Harbor, ME). MFG-E8eKO
mice of the same C57BL/6J background were generously donated to
us by Shigekazu Nagata and bred/genotyped in our animal facility.
Studies were conducted according to the Comité Institutionnel de
Protection des Animaux of Centre Hospitalier de l’Université de
Montréal. Four full-thickness wounds on the dorsal skin of mice
were made using a sterile, disposable, 6-mm biopsy punch (Integra
York, York, PA). Pictures were taken immediately (t ¼ 0) using a
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Figure 6. Schematic diagram.
Proposed wound healing processes:
injury creates a wound in the skin that
induces damage and death of
epithelial cells (EpiC) and subsequent
release of MFG-E8, triggering
reprogramming of macrophages into
an M2-like phenotype. M2
macrophages will then secrete bFGFs,
which will increase fibroblast
migration and wound healing.
Bypassing macrophage
reprogramming with adoptive transfer
of MFG-E8etreated M2 macrophages
is similarly effective to improve
wound healing. MFG-E8edependent
angiogenesis and decreased M1
macrophage infiltration also
contribute to wound healing
(Uchiyama et al., 2014; Uchiyama
et al., 2015). bFGF, basic fibroblast
growth factor.

digital camera and at different time points (days 3, 7, and 10) to
assess wound healing. ImageJ (version 1.48; National Institutes of
Health, Bethesda, MD) was used to measure wound areas, and results were reported as percentage of wound closing. At the end of the
experiments, mice were killed, and healing tissues were removed
and separated into two groups: one was fixed in 10% formalin solution and embedded in paraffin; the other was snap-frozen in liquid
nitrogen and stored immediately at e80  C.
For recombinant experiments, murine MFG-E8 recombinant
protein (rMFG-E8 from R&D, Minneapolis, MN; 30 mg/kg in 100 ml
of vehicle) or vehicle (phosphate buffered saline [PBS]) was intraperitoneally injected right after wound excisions. For adoptive
transfer experiments, MFG-E8etreated or vehicle-treated BMDMs
were intraperitoneally injected (1  106 cells in 100 ml of PBS per
injection) right after wound excisions.
Hematoxylin phloxine saffron- and Masson trichrome-stained
wounds were analyzed by two blinded pathologists. Fibroblast
accumulation and granulation tissue were scored by blinded pathologists. Quantification of collagen was obtained using the Image
Color Summarizer, version 0.70 (BC Cancer Agency, Vancouver,
Canada) software.

Anti-inflammatory (M2) macrophage preparation
BMDMs were prepared as described and seeded (2  106 cells/well)
in 6-well plates for 5e7 days. M2 macrophage reprogramming was
induced with 1 ng/ml of rMFG-E8 in normal medium for 24 hours.
MFG-E8etreated BMDMs were identified as positive for CD206
(BioLegend, San Diego, CA) and EGR-2 (eBioscience, San Diego,
CA) and negative for iNOS (eBioscience) by using flow cytometry

(Figure 3a). Vehicle (PBS)-treated BMDMs served as a negative
control.
To track localization of macrophages in vivo, the PKH26 staining
kit from Sigma-Aldrich (St-Louis, MO) was used to stain BMDMs per
the manufacturer’s instructions before intraperitoneal injections.
For supernatant production used in the scratch and BrdU assays,
MFG-E8etreated BMDMs (and control) from both C57BL/6J and
MFG-E8edeficient mice were subsequently washed and exposed to
serum-free medium for 24 hours to obtain an M2-specific medium
free of fetal bovine serum contaminants. Media were centrifuged
(2,400g, 15 minutes) before use to remove cellular debris.

Scratch assay and cell proliferation ELISA
MEFs were seeded into 24-well plates and incubated until a
confluent monolayer of fibroblasts was obtained. Cell monolayers
were scraped in a straight line using a P200mL pipet tip to create the
“scratch.” Wells were then washed with serum-free medium and
subsequently placed in experimental conditions for 24 hours.
Pictures were taken at t ¼ 0 and t ¼ 24 hours using a phase-contrast
TE-300 Eclipse microscope from Nikon (Tokyo, Japan), and the
compatible NIS-Elements software (Nikon, Tokyo, Japan) was used
to measure the distance between the two sides of the scratch with
ImageJ. Crystal violet (0.1% crystal violet in 10% ethanol) staining
was performed as a counterstain before imaging. Murine bFGF recombinant protein was from Sigma-Aldrich (St-Louis, MI). Results
were expressed as percentage of wound closing, which reflects
fibroblast migration.
MEF proliferation was assessed after 24 hours of exposure to
culture conditions using the BrdU cell proliferation ELISA from
Roche Diagnostics (Indianapolis, IN) per the manufacturer’s
www.jidonline.org 2011
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instructions. Optical density at 450 nm readings were obtained using
the VersaMax microplate reader from Molecular Devices (Sunnyvale, CA).

Immunofluorescence
Formalin-fixed, paraffin-embedded skin biopsy samples of the
wound were sectioned in 6-mm slices and stained manually. After
deparaffinization in three successive 5-minute baths of xylene and
rehydration in an ethanol gradient, antigen retrieval was achieved
with EDTA buffer (1 mmol/L þ 0.05% Tween 20 adjusted to pH 8.0)
for 20 minutes at boiling temperature and then washed for 15
minutes in water. Tissues were then permeabilized with 0.25%
Triton X-100 in PBS for 30 minutes at room temperature and washed
for 15 minutes in PBS. The sections were blocked with a blocking
buffer (Life Technologies, Waltham, MA) for 1 hour at room temperature, washed, incubated at 4  C overnight with anti-CD206 (1/
1000 dilution) antibody from Abcam (Toronto, Canada), and washed
again before being incubated for 1 hour with donkey anti-rabbit
Alexa Fluor 647 (1/100) secondary antibodies from Life Technologies. Slides were once more washed and finally counterstained using
ProLong Gold Antifade Reagent with DAPI (Molecular Probes,
Eugene, OR). Substitution of the primary antibodies with blocking
buffer served as a negative control. A Zeiss Observer Z1 fluorescent
microscope with the AxioVision rel4.8 program (Carl Zeiss, Oberkochen, Germany) was used for reading the slides. The examiner
was blinded to the experimental conditions and took pictures at
three random and constant areas for every section.

Protein extraction and immunoblotting
Snap-frozen tissues were processed for protein isolation with TRIzol
as per the manufacturer’s instructions (Invitrogen, Carlsbad, CA). The
protein concentration of each sample was measured according to
the BioRad (Hercules, CA) DC protein assay protocol.
Proteins were separated by electrophoresis, transferred to nitrocellulose membranes, and probed, as described previously (Brissette
et al., 2012). The antibodies used for Western blotting were antiYM1 (1/1000 dilution) from R&D Systems (Minneapolis, MN) and
anti-bFGF (1/200 dilution) from Santa Cruz Biotechnology (Dallas,
TX). After initial probing, the membranes were stripped and reprobed with anti-a-tubulin monoclonal antibody (Oncogene, Boston,
MA). Immunoblots were analyzed using densitometry of the protein
of interest relative to the amount of a-tubulin for each sample.
MFG-E8etreated group results were compared with results obtained
in vehicle-treated group, which were normalized to 1. To compare
protein content, Ponceau S Red was used to assess protein loading
for all experiments involving conditioned media.

Trichloroacetic acid precipitation and immunodepletion
To analyze the content of supernatants produced by MFGE8etreated macrophages, proteins from 5 ml of each medium
(MFG-E8etreated BMDM from both WT and KO mice) were
precipitated with trichloroacetic acid 9:1 for 1 hour on ice, centrifuged at 4,000g, washed twice with cold acetone, and solubilized in
Laemmli sample buffer, followed by Western blotting against bFGF.
For immunodepletion, a 4-ml volume of each supernatant was
incubated with 16 mg of anti-bFGF antibody (or isotype-matched IgG
as a negative control) for 6 hours at 4  C with gentle shaking. A 100ml volume of protein A/G (Santa Cruz Biotechnology) was added,
followed by overnight incubation at 4  C with gentle shaking. Then
the media were collected, centrifuged at 4,000g for 10 minutes to
remove protein A/G complexes, and sterilized with a 0.2 mm filter.
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Statistical analysis
The results are expressed as mean  standard deviation and were
analyzed by Student t test (with Bonferroni correction when appropriate). P less than 0.05 was deemed to be significant for all tests.
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