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Milk fat globule–EGF factor 8 (MFG-E8)/lactadherin participates in several cell surface–mediated regulatory 
events. Although its mRNA is present in the gut, the physiological roles of MFG-E8 in the intestinal mucosa 
have not been explored. Here we show that MFG-E8 was expressed in intestinal lamina propria macrophages 
from mice. Using a wound-healing assay, MFG-E8 was shown to promote the migration of intestinal epithelial 
cells through a PKCε-dependent mechanism. MFG-E8 bound to phosphatidylserine and triggered reorienta-
tion of the actin cytoskeleton in intestinal epithelial cells at the wound edge. Depleting MFG-E8 in mice by 
administration of anti–MFG-E8 antibody or targeted deletion of the MFG-E8 gene resulted in a slowing of 
enterocyte migration along the crypt-villus axis and focal mucosal injury. Moreover, in septic mice, intestinal 
MFG-E8 expression was downregulated, which correlated with intestinal injury, interrupted enterocyte migra-
tion, and impaired restitution. Treatment with recombinant MFG-E8 restored enterocyte migration, whereas 
deletion of MFG-E8 impeded mucosal healing in mice with sepsis. These results suggest that a decrease in 
intestinal MFG-E8 impairs intestinal mucosal repair in sepsis. Together, our data indicate that MFG-E8 plays 
an important role in the maintenance of intestinal epithelial homeostasis and the promotion of mucosal heal-
ing and suggest that recombinant MFG-E8 may be beneficial for the treatment of bowel injuries.

Introduction
Intestinal mucosa is covered with an epithelial lining that turns 
over rapidly and continuously throughout life. Cell prolifera-
tion, differentiation, and migration are crucial events required 
for the maintenance of an intact epithelial layer. The stem cells 
in the crypts of Lieberkühn give rise to progenitor cells followed 
by transient amplifications through the collaborative action of 
the Wnt and Notch signaling pathways (reviewed in ref. 1). In 
physiological state, many progenies of intestinal stem cells dif-
ferentiate into absorptive enterocytes or secretory cells (includ-
ing goblet cells and enteroendocrine cells) through multiple 
binary cell fate decisions regulated by Hes1 and Math1 (2). Dif-
ferentiation into absorptive enterocytes is associated with loss of 
Wnt signaling, whereas the acquisition of goblet cell phenotype 
by progenitor cells is related to loss of Notch signaling. This 
takes place when cells move upward from the crypt to the tip of 
villi (1), where they are exfoliated into the lumen of the intes-
tine (3). Concomitantly, some progenies are positioned into the 
crypt bottom and mature to Paneth cells through activation of 
a Wnt/TCF4 signal pathway (4).

Intestinal injury often accompanies severe systemic inflamma-
tory response and traumatic stress. The damaged intestinal epi-
thelial lining undertakes restitution, following which the injured 
epithelium is repaired by cells migrated from the crypts. Restitu-

tion is known to be enhanced by various intestinal peptides and 
cytokines (5). However, the factors or driving forces required for 
the upward migration of enterocytes from the crypts of the small 
intestine are largely unknown.

Milk fat globule–EGF factor 8 (MFG-E8)/lactadherin is a gly-
coprotein originally found in milk and mammary epithelial cells 
(6). It is one of the major protein components associated with 
milk fat globule membrane. Yolken et al. showed that MFG-E8 
is an important milk mucin–associated defense component that 
inhibits enteric pathogen binding and infectivity (7). Recently, 
MFG-E8 has also been found to be expressed in macrophages, 
dendritic cells, epididymal cells, and sperm (8–10). MFG-E8 is 
shown to bind several cell surface molecules including phospha-
tidylserine, integrins αvβ3 and αvβ5, and components of the 
egg coat, or zona pellucida (8–12). Previous investigations dem-
onstrated that endogenous MFG-E8 promotes RGD-dependent 
cell adhesion via integrins (11), mediates the removal of apop-
totic cells through binding to phosphatidylserine (9), modulates 
VEGF-dependent neovascularization via the induction of inte-
grin-dependent Akt phosphorylation in endothelial cells (13), 
and facilitates the sperm-egg interaction by binding to zona 
pellucida (10). Thus MFG-E8 may be crucial for cell surface–
mediated regulatory events. MFG-E8 mRNA has previously been 
shown to be present in the gut (14). However, it is still largely 
unknown how endogenous MFG-E8 functions in the intestine. 
In this study, we localized MFG-E8 in the murine small intes-
tine. Furthermore, we investigated the role of MFG-E8 in intes-
tinal epithelial cell migration and mucosal repair, using in vitro 
and in vivo models.

Nonstandard abbreviations used: CLP, cecal ligation and puncture; ITF, intestinal 
trefoil factor; MFG-E8, milk fat globule–EGF factor 8.
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Results
MFG-E8 is constitutively expressed in macrophages in the lamina propria of 
the murine small intestine. Small intestinal tissue was dually stained 
for MFG-E8 and F4/80 (a specific protein marker for macrophages). 
As shown in Figure 1, the cells strongly expressing MFG-E8 were 
also positive for F4/80. The control stain (nonimmune IgG used 
instead of anti–MFG-E8 and anti-F4/80) was negative (Supplemen-
tal Figure 1; supplemental material available online with this article; 
doi:10.1172/JCI31841DS1), indicating the specificity of the stain-
ing for MFG-E8 and F4/80. Thus MFG-E8 is specifically expressed 
by lamina propria macrophages of murine small intestine.

MFG-E8 promotes the migration of intestinal epithelial cells. First, we 
assessed whether MFG-E8 stimulates intestinal epithelial cell 
migration, utilizing a classic in vitro wound-healing model. As 
shown in Figure 2, A and B, serum starved IEC-18 cells spontane-
ously migrated within 5 hours after wounding. Treatment of the 
cells with MFG-E8 (5 nM) markedly enhanced the cell migration 
into the denuded area. The enhancement of IEC-18 cell migra-
tion was dose dependent (Figure 2C). MFG-E8 treatment did not 
interfere with IEC-18 cell proliferation (Supplemental Figure 2) 
or protect the cells against reactive oxygen species–induced injury 
(Supplemental Figure 3). Thus the effect of MFG-E8 on cell migra-
tion is not due to cell proliferation or cytoprotection.

PKCε mediates MFG-E8 effect on intestinal epithelial cell migration in 
vitro. In a preliminary experiment, we found that MFG-E8–induced 
IEC-18 cell migration was reduced by broad-range PKC inhibi-
tors (data not shown). Thus we next identified the PKC isoforms 
that contribute to MFG-E8 action. Because the role of the PKC 
pathway in IEC-18 cell movement is not clear, we first performed 

wound-healing assay to ascertain the PKC isoforms required for 
intrinsic IEC-18 cell migration. We found that the spontaneous 
IEC-18 cell migration was inhibited by selective inhibitors of 
PKCα or PKCδ but not V1-2 peptide, a PKCε translocation inhibi-
tor (Supplemental Figure 4), suggesting that activation of PKCα 
and PKCδ is essential for the maintenance of IEC-18 cell motil-
ity. Therefore we only assessed whether inhibition of PKCε affects 
the MFG-E8 effect on cell migration. As demonstrated in Figure 
3A, MFG-E8–induced IEC-18 cell migration was entirely blocked 
by V1-2 peptide. To confirm that V1-2 peptide affects MFG-E8 
action through targeting PKCε but not other molecules associated 
with the cell mobility, we investigated the effect of PKCε silenc-
ing on MFG-E8–induced IEC-18 cell migration using the siRNA 
strategy described by Li et al. (15). First, we proved that treatment 
with siPKCε (a siRNA for PKCε) resulted in attenuation of PKCε 
expression in intestinal epithelial cells (Figure 3B). Furthermore, 
we found that knockdown of PKCε with siPKCε blocked MFG-E8 
effect on cell migration (Figure 3C). Together these data suggest 
that MFG-E8 enhances intestinal epithelial migration/restitution 
via a PKCε signaling pathway.

MFG-E8 selectively binds to phosphatidylserine on the posterior zone 
of cells at the monolayer wound-edge in vitro and interacts with intesti-
nal epithelial cells in vivo. It has not been elucidated how MFG-E8 

Figure 1
Localization of MFG-E8 in the murine small intestine. Double immuno
fluorescent staining of normal mouse small intestine using antibod-
ies against MFG-E8 and F4/80. Arrows in the merge panel indicate 
mononuclear cells in the lamina propria that are positive for both 
MFG-E8 and F4/80 shown at higher magnification in the inset. Scale 
bar: 20 μm; 12 μm.

Figure 2
Role of MFG-E8 in intestinal epithelial cell migration in vitro. IEC-18 
cells were processed for wound-healing assay as described in Meth-
ods. (A) MFG-E8–induced IEC-18 cell migration in vitro. Scale bars: 
150 μm. (B) Treatment with MFG-E8 for 5 hours resulted in a signifi-
cant increase in cell migration (n = 10). (C) MFG-E8 affects cell migra-
tion in a dose-dependent fashion (n = 9). **P < 0.01 versus control.
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targets intestinal epithelial cells. Because the molecule directly 
enhances wound healing, we assessed the extent to which MFG-E8  
binds to IEC-18 cells using an in vitro model of wounding and 
restitution. Briefly, we scrape-wounded a confluent IEC-18 cell 
monolayer. Four hours after spontaneous restitution of the 
wounded monolayer, the cells were incubated in medium with 
or without MFG-E8 (0.5 μg/ml) for 15 minutes at room tem-
perature, stained with mAb to MFG-E8, and examined under a 
fluorescent microscope. As shown in Figure 4A, anti–MFG-E8 
mAb brightly stained MFG-E8–treated IEC-18 cells, which were 
confined at the wound edge, whereas the control cells stained 
negative. Interestingly, MFG-E8 binding was noted mostly in the 
posterior zone (behind the nucleus) of migrating epithelial cells 
at the wound edge (Figure 4A).

Hanayama et al. demonstrated that MFG-E8 has a high affinity 
to phosphatidylserine (9). In a pilot study, we found that annexin V,  
a phosphatidylserine-binding protein, selectively bound to IEC-18 
cells at the wound edge (Figure 4B), suggesting transient exter-
nalization of phosphatidylserine on the surface of migrating cells. 
Thus we tested the hypothesis that MFG-E8 binds to transiently 
exposed phosphatidylserine on cells at the wound edge by com-
petitive blocking of exposed phosphatidylserine with annexin V. 
As shown in Figure 4C, MFG-E8 binding took place at the poste-
rior zone of cells at the wound edge. Preincubation of cells with a 
molar excess of annexin V (100 μg/ml) reduced MFG-E8 binding 
to the cells, suggesting that MFG-E8 binds phosphatidylserine 
on the posterior zone of intestinal epithelial cells at the wound 
edge. Furthermore, we examined whether MFG-E8 and annexin V  
concurrently bind to the same site in migrating IEC-18 cells by 
a double-labeling strategy. As shown in Figure 4D, MFG-E8 and 
annexin V bound onto intestinal epithelial cells at the wound 
edge. However, the overlaid image indicates that little MFG-E8 
was colocalized with annexin V on the cell surface, suggesting that 

phosphatidylserine residues occupied by MFG-E8 were not further 
available to annexin V or vice versa.

We also examined whether MFG-E8 binds to intestinal epithelial 
cells in vivo. Septic mice were used because inflammation could 
accelerate the distribution of MFG-E8 into the intestinal lamina 
propria due to increased vascular permeability. Briefly, we chal-
lenged animals with cecal ligation and puncture (CLP). Twenty-
four hours after surgery, animals received a bolus injection of 
MFG-E8 (2 μg/g, i.v.) and were sacrificed 60 minutes later. Frozen 
sections of small intestines were stained with anti–MFG-E8 mAb. 
As shown in Figure 4E, the mAb against MFG-E8 recognized mol-
ecules localized in the basal layer of epithelium in mice injected 
with MFG-E8. In contrast, the tissue was not stained by the isotype 
control IgG (Figure 4F). The data suggest binding of MFG-E8 by 
intestinal epithelial cells in vivo.

The role of MFG-E8 in reorganization of F-actin–associated cytoskeleton 
in migrating intestinal epithelial cells. Intestinal epithelial cell migra-
tion involves formation of lamellipodia and lamellae, a complex 
and dynamic process dependent on the reorganization of F-actin 
cytoskeleton (16, 17). It occurs within 2 hours after wounding in 
vitro (17). To investigate the mechanism whereby MFG-E8 modu-
lates epithelial cell mobility, we treated serum-starved IEC-18 cells 
with MFG-E8 (10 nM) for 2 hours, stained the cells with FITC-phal-
loidin, and examined the F-actin–associated lamellipodia/lamellae 
structure. We identified 2 types of migrating cells with distinctive 
actin filament structures at the migrating front: type I (Figure 5A), 
cells with a large amount of F-actin stress fibers forming lamel-
lum-like protrusions, and type II (Figure 5A), cells with a polarized 
morphology, a ruffling lamellipodium at the leading edge facing 
the direction of migration, followed by a flat lamellum and reduced 
stress fibers. Dually immunostained cells for F-actin and Arp2/3 (to 
localize actin-associated proteins) revealed colocalization of Arp2/3 
and F-actin in lamellipodia at the leading edge of type II (but not 
type I) migrating cells (Figure 5B). Quantitative analysis showed 
that in the controls only 12% of the cells at the migrating front were 
type II cells. After MFG-E8 treatment the number of type II cells 
at the migrating front increased to 75% (Figure 5C). Together the 
data suggest that MFG-E8 treatment triggers the reorientation of 
F-actin and its associated proteins in migrating intestinal epithelial 
cells, which may facilitate the cell movement.

MFG-E8 is critical for the maintenance of intestinal epithelial homeostasis 
in vivo. To assess the physiological role of MFG-E8 in intestinal 
epithelial cell migration in vivo, we treated mice with hamster 
anti-murine MFG-E8 mAb (2 mg/kg, i.p., n = 5). The specificity 
of the antibody was confirmed by western blot. The control ani-

Figure 3
PKCε is required for MFG-E8–induced IEC-18 cell migration. (A)  
IEC-18 cells were processed for wound-healing assay as described 
in Methods. Pretreatment with V1-2 (150 μg/ml; a PKCε translocation 
inhibitor peptide) for 90 minutes resulted in attenuation of MFG-E8 
(10 nM) effect on cell migration. n = 3. **P < 0.01 versus control. (B) 
Western blotting of IEC-18 whole-cell extracts. The cells had been 
transfected with siPKCε (1 μg/ml; a PKCε-specific siRNA) or control 
scrambled siRNA twice with a 24-hour interval. (C) IEC-18 cells were 
transfected with siPKCε or control siRNA twice with a 24-hour inter-
val, using the RNAiFect reagent. Twenty-four hours after the second 
siRNA treatment, cells were wounded and allowed to migrate in the 
presence or absence of MFG-E8 (10 nM) for 7 hours. n = 6. **P < 0.01 
versus control.
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mals (n = 5) were given hamster IgG isotype control. After over-
night antibody administration, we examined enterocyte migration 
in vivo by a labeling experiment with BrdU. Tracking the move-
ment of BrdU-labeled enterocytes for up to 48 hours revealed that 
enterocytes spontaneously migrated along the crypt-villus axis 
in the small intestine in control IgG-treated mice (Figure 6A), 
whereas the migration of BrdU-labeled cells was delayed in the 
mice treated with anti–MFG-E8 antibody (Figure 6A). Statistical 
analysis revealed that neutralization of endogenous MFG-E8 with 
anti–MFG-E8 mAb resulted in a significant decrease in cell migra-
tion along the crypt-villus axis (Figure 6B). Histological exami-
nation of intestinal tissues revealed a mild focal injury at villous 
tips in animals treated with anti–MFG-E8 antibody (Figure 6C). 
In addition, we examined enterocyte crypt-to-villus migration in 
the small intestine of MFG-E8–knockout and wild-type mice using 
the BrdU-labeling study to rule out possible off-target effects 
of anti–MFG-E8 antibody. Compared with wild-type animals,  
MFG-E8–deficient mice showed markedly reduced enterocyte 
migration (Figure 6D). These mice also showed a mild focal muco-

sal injury at villous tips, with a few necrotic epithelial cells; the 
pathology was similar to that in anti–MFG-E8 antibody-treated 
wild-type animals (Figure 6E). Taken together, our data suggest 
that MFG-E8 plays an important role in the maintenance of intes-
tinal epithelial homeostasis in vivo.

Sepsis-triggered intestinal injury is associated with a downregulation of 
intestinal MFG-E8 and a delayed enterocyte migration along the crypt-
villus axis. We further investigated whether intestinal MFG-E8 
expression was changed in sepsis, using the CLP model (18). In 
preliminary experiments, we found that microscopic injury of the 
small intestine occurred rapidly after sublethal CLP. Focal villous 
necrosis developed in the ileum 48 hours after CLP, but only vil-
lous edema was noted in the jejunum and duodenum (Supplemen-
tal Figure 5). Mucosal damage was gradually repaired within the 
next 48 hours, during resolution of acute systemic inflammatory 
response. To correlate CLP-induced intestinal injury with MFG-E8 
expression, we first confirmed that the number of macrophages 
was not affected by CLP, as the intestinal F4/80 protein was not 
changed at 48 or 72 hours after CLP (Supplemental Figure 6). 

Figure 4
MFG-E8 binds to phosphatidylserine on IEC-
18 cells at the monolayer wound-edge in vitro 
and binds to intestinal epithelial cells in vivo. (A) 
Wounded IEC-18 monolayers were cultured for 4 
hours in serum-free medium, incubated for 15 min-
utes with MFG-E8 (5 nM) or control medium, and 
immunostained with anti–MFG-E8 antibody. Nuclei 
were counterstained with DAPI. Scale bars: 150 
μm (top panels); 30 μm (bottom panels). (B) Cells 
were treated as in A, but FITC–annexin V (5 μl/100 
μl) was used instead of MFG-E8 and nuclei were 
counterstained with propidium iodide (PI). Scale 
bars: 100 μm (top panel); 30 μm (bottom panel). 
(C) Wounded IEC-18 monolayers were incu-
bated for 15 minutes in medium (MFG-E8 group) 
or medium supplemented with a 200-fold molar 
excess of annexin V (annexin V + MFG-E8 group) 
and processed for MFG-E8 binding experiment as 
described in A. Scale bars: 100 μm (top panels); 
30 μm (bottom panels). (D) Cells were treated as 
in A, except that a cocktail containing MFG-E8  
(0.5 μg/ml) and FITC–annexin V (5 μl/100 μl binding 
buffer) was used. The inset shows a selected area 
in the overlaid image at higher magnification. Scale 
bars: 100 μm; 25 μm (inset). (E) MFG-E8 inter-
acts with intestinal epithelial cell in vivo. MFG-E8  
(2 μg/g, i.v.) was injected into CLP-challenged 
mice. Sixty minutes after MFG-E8 administra-
tion, frozen sections of the small intestine were 
prepared and immunostained with anti–MFG-E8 
antibody. Scale bar: 30 μm. (F) Negative control of 
immunostaining for MFG-E8. Animals were treated 
as in E, but isotopic control IgG was used instead 
of anti–MFG-E8 antibody. Scale bar: 30 μm.
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Then we assessed intestinal MFG-E8 expression in CLP-challenged 
mice by using western blot analysis. As shown in Figure 7, A and 
B, sham operation did not affect intestinal MFG-E8 expression. In 
contrast, intestinal MFG-E8 expression was markedly downregu-
lated within 48 hours after CLP. MFG-E8 expression was partially 
recovered but remained low at 72 hours after CLP.

We also examined the expression of ITF, a potent restitution and 
cytoprotective factor secreted by goblet cells (19–21), in animals 
challenged with CLP. As shown in Figure 7, C and D, CLP induced 
a transient upregulation of ITF in the small intestine. Together the 
data suggest that the decrease in intestinal MFG-E8 expression is 
a particular event during sepsis. The change of intestinal MFG-E8 
expression is correlated with the time sequences of developing and 
resolving intestinal injury in CLP mice.

Given the observed decrease in intestinal MFG-E8 expression 
after CLP, we investigated whether downregulation of MFG-E8 in 
sepsis is associated with a change in enterocyte migration along 
the crypt-villus axis, using a labeling experiment with BrdU. The 
schedule for surgery, BrdU injection, and sacrificing animals is 
illustrated in Figure 8A. Briefly, mice were subjected to CLP or 
sham surgery. Forty-eight hours after the surgery, we adminis-
trated BrdU i.p. and pulse-chased enterocyte migration along the 
crypt-villus axis for up to 48 hours. Areas with intact villi were 
selected to examine enterocyte migration along the crypt-villus 
axis in sepsis. As shown in Figure 8B, enterocytes in the crypts 
were rapidly labeled by BrdU within 2 hours after BrdU injection 
in both CLP and sham groups. The rate of BrdU incorporation 
into cells in the CLP group was similar to that in the sham group 
(Figure 8C), indicating that CLP-triggered sepsis has no effect on 
enterocyte proliferation. Tracking BrdU-labeled cells for 24 and 48 
hours revealed that enterocytes migrated along the crypt-villus axis 
in the sham group (Figure 8, B and D), and the average distance of 
BrdU-positive cells from the base of the crypt was approximately 
1/3 and 2/3 of the villus height at 24 and 48 hours, respectively,  
after BrdU exposure (Figure 8E). Unlike in sham controls, no 
migration of labeled cells was evident at 24 hours after BrdU expo-
sure in the CLP group (Figure 8, B and D). The BrdU-labeled cell 
migration along the crypt-villus axis in CLP mice was significantly 

delayed compared with the sham control mice at 48 hours after 
BrdU injection (Figure 8, D and E). Taken together, these findings, 
in conjunction with the data on MFG-E8 expression, indicate that 
septic intestinal injury is associated with a decrease in intestinal 
MFG-E8 protein expression and an inhibition of intestinal epithe-
lial migration along the crypt-villus axis. The change of enterocyte 
migration rate showed a relationship with the alteration of intes-
tinal MFG-E8 expression in sepsis.

The role of MFG-E8 in mucosal healing. The downregulation of 
intestinal MFG-E8 in sepsis could cause a decrease in enterocyte 
migration along the crypt-villus axis. To test this hypothesis, we 
treated CLP-challenged mice with a recombinant murine MFG-E8. 
Mice were subjected to CLP followed by treatment with MFG-E8  
(n = 7) or BSA (n = 7) using a protocol described in Figure 9A. 
Since CLP caused a marked decrease in intestinal MFG-E8 expres-
sion (Figure 7, A and B) and delayed enterocyte migration (Fig-
ure 8) between 48 and 72 hours after the surgical operation, ani-
mals that survived 46 hours after CLP were treated with MFG-E8  
(2 mg/kg, i.p., MFG-E8 dissolved in PBS containing 50 μg/ml 
BSA). The control mice were treated with BSA alone 46 hours after 
CLP. Two hours later, the enterocyte migration was pulse-chased 
for 24 hours using the BrdU-labeling method. As illustrated in Fig-
ure 9B, few BrdU-labeled enterocytes moved out from intestinal 
crypts in the CLP + BSA group. In contrast, BrdU-labeled entero-
cytes migrated to about 30% of villus height from crypts in the 
CLP + MFG-E8 group. Statistical analysis revealed that MFG-E8 
significantly enhanced enterocyte migration along the crypt-villus 
axis (Figure 9C). The data indicate that treatment with MFG-E8 
results in restored intestinal epithelial migration along the crypt-
villus axis in CLP-challenged mice.

Although MFG-E8 expression decreased at 2 days after CLP (Fig-
ure 7, A and B), the protein was recovered in the late period of CLP-
induced systemic inflammatory response, which was most likely 
followed by the repair of the intestinal epithelium (Supplemental 
Figure 5). To explore the role of MFG-E8 in mucosal healing, wild-
type and MFG-E8–null mice were subjected to sublethal CLP. His-
tological examination of the small intestine from wild-type animals 
4 days after CLP revealed intact mucosa and completely repaired 

Figure 5
MFG-E8 treatment results in reorganization of F-actin and Arp2/3 in migrating intestinal epithelial cells. (A) Actin filament structures in types I and 
II migrating cells. Arrow indicates lamellipodia. Scale bars: 15 μm. (B) Localization of Arp2/3 in types I and II migrating cells at the wound edge. 
Arrows indicate lamellipodia. Scale bars: 15 μm. (C) MFG-E8 triggers formation of type II migrating intestinal epithelial cells. Migrating IEC-18 
cells were incubated for 2 hours in control medium or medium supplemented with MFG-E8 (10 nM) followed by staining with FITC-conjugated 
phalloidin. The number of type II migrating cells at wound edge was counted as described in Methods. n = 6. **P < 0.01 versus control.
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epithelial layer in all 7 mice (Figure 9D). In contrast, MFG-E8–
knockout mice (n = 7) showed mucosal injury with villous slough-
ing, which persisted at 4 days after CLP (Figure 9D), indicating that 
lack of endogenous MFG-E8 impedes mucosal healing.

Discussion
In the present study, we demonstrate that intestinal MFG-E8 origi-
nates from lamina propria macrophages. We provide evidence that 
MFG-E8 has a potent and dose-dependent in vitro effect on intes-
tinal epithelial cell migration and wound healing. Furthermore, 
we show that depletion of MFG-E8 with a monoclonal antibody 
or deletion of the MFG-E8 gene results in a slow-down of intesti-
nal epithelial cell migration along the crypt-villus axis in mice. In 
addition, we find that the mucosal barrier of the small intestine 
is disrupted in MFG-E8–deficient mice. Together these findings 
indicate, for what we believe to be the first time, that MFG-E8 is a 
crucial factor for enhancing enterocyte migration in vitro as well 
as in vivo. It helps to maintain mucosal integrity and epithelial 
homeostasis in the intestinal tract.

It is interesting that MFG-E8 selectively binds onto the surface of 
intestinal epithelial cells located at the migrating zone of wounded 
monolayers. MFG-E8 has high affinities to different molecules 
on the cell membrane that have been shown to mediate MFG-E8 
action in a cell type–dependent manner (8–12). With a competi-
tive binding strategy, we demonstrated that MFG-E8 bound to the 
surface of migrating intestinal epithelial cells by recognizing phos-

phatidylserine. This observation is consistent with the previous 
finding that MFG-E8 is a phosphatidylserine-binding protein (9).

Phosphatidylserine resides largely in the inner leaflet of the 
plasma membrane in resting cells. Externalization of phospha-
tidylserine is a traditional hallmark of cells undergoing apopto-
sis (22). However, it is worth noting that transient exposure of 
phosphatidylserine also takes place in the cell membrane during 
several nonapoptotic cellular events such as cell activation and 
myotube formation (23, 24). It has been shown that surface phos-
phatidylserine exposure occurs at the uropod in fMLP-polarized 
neutrophils (25). Phosphatidylserine interacts with intracellular 
proteins such as PKC and Rac1 (26, 27), which regulate the actin 
cytoskeleton and cell mobility. Our observations suggest that 
phosphatidylserine is transiently externalized when enterocytes 
are programmed for migration. In view of the signaling cascades 
uniquely induced by MFG-E8, it remains to be determined wheth-
er the binding of MFG-E8 to externalized phosphatidylserine in 
healing enterocytes promotes the activation of PKC and Rac1, 
which precedes cell migration.

In addition to phosphatidylserine, MFG-E8 has been shown to 
bind integrins αvβ3 and αvβ5 via its RGD motif (8, 11, 12). Inte-
grins play an important role in tissue remodeling and cell migra-
tion. Recent studies demonstrate that MFG-E8 induces neovas-
cularization and mammary gland branching morphogenesis 
through an αvβ3/5 integrin binding–dependent mechanism (13, 
28). However, our pilot study indicates that induction of intestinal 

Figure 6
MFG-E8 depletion slows enterocyte migration along the 
crypt-villus axis and induces focal villous injury. (A–C) 
Wild-type mice were treated with 2 mg/kg (i.p.) of either 
control IgG or monoclonal anti–MFG-E8 antibody. One 
day after administration of antibody, BrdU (50 mg/kg, 
i.p.) was injected to label enterocytes. The BrdU-labeled 
enterocyte migration along the crypt-villus axis was traced 
on tissue sections by immunostaining with anti-BrdU anti-
body (A) and quantitatively assessed (B) as described 
in Methods. n = 5. *P < 0.05; **P < 0.01 versus control. 
H&E staining (C) shows the histological characteristics of 
the small intestine from mice treated with control IgG or 
anti–MFG-E8 mAb for 24 hours. Arrows indicate necro-
sis of intestinal epithelium, shown at higher magnifica-
tion in the inset. Scale bars: 100 μm; 50 μm (inset). (D) 
Pulse-chase experiment revealed a decrease in migration 
of BrdU-labeled enterocytes from crypts to villus tips in 
MFG-E8–knockout mice. n = 5. **P < 0.01 verses control. 
(E) H&E stained wild-type and MFG-E8–deficient intesti-
nal epithelium. Arrow indicates villous tip injury in MFG-
E8–knockout mice shown at higher magnification in the 
inset. Scale bars: 100 μm; 50 μm (inset).
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epithelial cell migration in vitro does not require αvβ3/5 integrin 
ligation (Supplemental Figure 7). Ensslin and Shur (28) reported 
that MFG-E8 functions as a signaling adhesive molecule, influenc-
ing interactions between epithelia and their adjacent cells such as 
myoepithelial cells. Indeed, subepithelial myofibroblasts have been 
shown to enhance intestinal epithelial migration (29). Thus we 
cannot completely rule out the possibility that MFG-E8 enhances 
enterocyte migration via the RGD motif of MFG-E8 and αvβ3/5 
integrin interaction in vivo.

The mechanism of MFG-E8 action on intestinal epithelial cell 
migration is not clear. Here we demonstrate that MFG-E8 induced 
intracellular movement of Arp2/3, formation of lamellipodia, and 
diminishment of F-actin stress fibers in intestinal epithelial cells. 
Furthermore, our data show that the MFG-E8–triggered rearrange-
ment of actin cytoskeleton was followed by an increase of PKCε-
dependent cell motility. Cell migration is a dynamic process that is 
associated with cytoskeletal assembly and disassembly. Ridley et al.  
have shown that the stress fibers in stationary cells are disassem-
bled when epithelial cells receive a migratory stimulus (30) so that 
they can form broad motile lamellipodia. Stress fibers reappear 
as they form focal adhesions with the substrate, but they are not 
found when cells first initiate polarization and formation of the 
lamellipodia. Collectively, our findings together with others in the 
literature imply that binding MFG-E8 onto phosphatidylserine on 

intestinal epithelial cells likely triggers rearrangement of F-actin–
associated cytoskeletons and changes the mobility of enterocytes 
in a PKCε-dependent manner. PKCε has been shown to induce 
phosphorylation of myristoylated alanine-rich C kinase substrate 
(MARCKS), an important factor for regulating the local F-actin 
structure (31). Activation of PKCε results in remodeling intestinal 
epithelial F-actin cytoskeleton through a mechanism involving 
MARCKS (32). Thus we speculated that MFG-E8 may regulate the 
enterocyte migration via a PKCε to MARCKS to F-actin cascade.

Enterocyte migration along the crypt-villus axis is essential for 
maintenance of intestinal homeostasis. Although identified for 
decades, this phenomenon remains unexplained at the molecular 
level. It has been proposed that the intestinal epithelium is shaped 
by a series of interactions involving the microbiota, epithelium, 
and gut-associated lymphoid tissue. Previously, Wong et al. (33) 
have shown that forced expression of a stable form of β-catenin 
in intestinal epithelium results in slowing of cellular migration 
along the crypt-villus axis. This suggests that Wnt/β-catenin signal 
in intestinal epithelial cells plays a crucial role in controlling the 
upward movement of enterocytes from crypts to villi. Moreover, 
Mashimo et al. (34) have demonstrated that enterocyte migration 
to the mucosal surface requires ITF, a protein secreted by goblet 
cells. Endotoxin, a bacterial product, has recently been reported to 
inhibit enterocyte migration in vitro through an increase of α3β1 
integrin expression in intestinal epithelial cells (35). We show here 
that MFG-E8 produced by lamina propria macrophages plays an 
important role in regulating enterocyte migration along the crypt-
villus axis. Our findings, together with previous investigations, 
suggest that the “trialogue” among lumenal contents, epithelial 
lining, and cells in lamina propria directs the enterocyte crypt-vil-
lus migration, which is required for the maintenance of intestinal 
barrier homeostasis and integrity.

It is unclear how MFG-E8 preserves intestinal epithelial homeo-
stasis. Previous investigations show that MFG-E8 is required for 
clearance of apoptotic cells by macrophages (9). Recent studies 
suggest that MFG-E8 affects vascular/endothelial tissues and 
mammary gland homeostasis through mediating engulfment 
of apoptotic cells by macrophages (36, 37). In the present study, 
we show that MFG-E8 deficiency results in delayed epithelial cell 
renewal and turnover. However, in a pilot study, we found that 
MFG-E8–knockout mice had no increase in dying cells in the 
small intestinal crypts (Wang et al., unpublished observations). 
This indicates that a defect in MFG-E8 expression does not influ-
ence the removal of apoptotic epithelial cells in the gut. Together 
our results suggest that MFG-E8 regulates the homeostasis in 
intestinal lining by modulating the mobility of intestinal epi-
thelial cells rather than by facilitating the clearance of apoptotic 
cells by macrophages. Therefore, it is probable that the molecu-
lar mechanisms through which MFG-E8 functions in vivo vary, 
depending on the tissue type.

Figure 7
The effect of septic challenge on the expression of MFG-E8 and ITF 
in the small intestine. Mice were subjected to CLP challenge or sham 
operation as described in Methods. The expression of MFG-E8 and 
ITF in the small intestine was examined at the indicated intervals after 
surgery with western blotting. Representative western blots of MFG-E8 
(A) and ITF (C) are shown. Densitometric analysis of immunoblot data 
of MFG-E8 (B), and ITF (D). n = 5 per group. *P < 0.05 or **P < 0.01 
versus sham group.
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Another major finding of the present study is that MFG-E8 plays 
an important role in the healing of damaged intestinal mucosa. 
Acute intestinal injury and mucosal barrier failure are frequent 
complications of critical conditions. Under pathophysiological 
conditions, maintenance and reestablishment of intact intestinal 
lining are thought to require both restitution and repair of dam-
aged enterocytes by progenies of the intestinal stem cells from 
crypts. Previous investigations have shown that restitution is 
enhanced by various factors such as TGF-β, EGF, and ITF (5). We 
demonstrate that MFG-E8 promotes intestinal epithelial wound 
healing in vitro, and we provide data to support a role of MFG-E8 
in epithelial restitution in vivo.

Little is known about how enterocyte crypt-villus migration is 
influenced by acute inflammatory insults and which factors are 
involved in regulating this event in sepsis. The data presented in 
this study demonstrate that, in sepsis, the upward crypt-to-vil-

lus movement of enterocytes is inhibited. Furthermore, we have 
shown that intestinal MFG-E8 expression is down-regulated, 
which correlates with the defect of enterocyte migration and 
development of intestinal injury. In contrast, ITF expression is 
increased in the small intestine after sepsis challenge. Many res-
titution factors such as TGF-β and PGE2 have also been shown 
to be increased in inflammation, indicating that downregulation 
of MFG-E8 appears to be a unique event associated with devel-
opment of intestinal injury. In addition, we have identified that 
MFG-E8 binds to intestinal epithelium in vivo. Remarkably, we 
restored enterocyte migration along the crypt-villus axis in sep-
tic mice with administration of MFG-E8. Furthermore, we show 
that mucosal healing is delayed in MFG-E8–null mice. These 
observations suggest the importance of MFG-E8 in the mainte-
nance and repair of mucosal barrier in inflammatory conditions. 
To our knowledge, this is the first report showing an association 

Figure 8
Enterocyte crypt-villus migration is slowed in septic mice. (A) Schedule for surgery, BrdU injection, and animal sacrifice. Mice were subjected 
to surgery (arrowhead), either CLP or sham operation, injection of BrdU (50 mg/kg BrdU; arrow), and euthanasia (X) at various time points as 
indicated. Small intestinal tissues were removed at the time of sacrifice and processed for routine histology. Tissue sections were examined 
after staining with anti-BrdU antibody. Nuclei were counterstained with DAPI. BrdU-labeled enterocyte migration was analyzed as described in 
Methods. (B) Typical photographs (merged profiles) of the small intestine are shown. BrdU-labeled cells are green; nuclei are blue. Scale bars: 
150 μm. (C) BrdU-labeled mitotic cells in crypts of the small intestine were quantitatively analyzed with immunostaining 2 hours after BrdU injec-
tion and immunostaining. n = 7. (D and E) Quantitative analysis revealed a decrease in BrdU-labeled enterocyte crypt-villus migration after CLP. 
n = 7. **P < 0.01 versus sham group. *P < 0.05.
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between MFG-E8 expression and defective enterocyte migra-
tion/restitution in sepsis. Our findings support the hypothesis 
that decreased MFG-E8 deters mucosal wound healing in sepsis. 
Recombinant MFG-E8 may have great potential in the preven-
tion and treatment of intestinal injury in patients with severe 
systemic inflammatory response.

Methods
Animals. C57BL/6 wild-type mice (male, 6–9 weeks old) were purchased from 
The Jackson Laboratory. MFG-E8/SED1–knockout mice were produced as 
previously described (10). They were backcrossed to C57BL/6 for 10 gen-
erations, so they were considered to be fully congenic with the C57BL/6 
background. Wild-type C57BL/6 mice were used as controls. Animals were 
housed in a specific pathogen–free animal facility at the Children’s Memo-
rial Research Center. All animal experiments were conducted in accordance 
with NIH guidelines and were approved by the Institutional Animal Care 
and Use Committee of the Children’s Memorial Hospital.

Cell culture. IEC-18 cells (a nontransformed rat small intestinal epithelial 
cell line, passages 10–18 after receipt from American Type Culture Collec-
tion) were cultured in a water-saturated atmosphere with 5% CO2 at 37°C 
in Dulbecco’s modified Eagle’s minimum essential medium supplemented 
with 5% heat-inactivated fetal bovine serum, insulin (0.1 U/ml), 1% nones-
sential amino acids, 100 U/ml penicillin, and 100 μg/ml streptomycin.

Histology and general protocols for immunofluorescence. All animals were sac-
rificed by carbon dioxide inhalation. Intestinal tissues were immediately 
harvested and fixed in 10% buffered formalin overnight and processed 
for routine histology.

For detection of MFG-E8 and F4/80 in tissues, paraffin sections (5 μm) 
were stained with hamster mAb to murine MFG-E8 (1:250; MBL Inc.) and 
biotin-labeled rat mAb to murine F4/80 (5 μg/ml; Serotec Ltd.). A goat 
anti-hamster IgG antibody labeled with Alexa Fluor 546 (1:250; Molecu-
lar Probes) and a streptavidin-labeled Alexa Fluor 633 (1:250; Molecular 
Probes) were used to detect MFG-E8 and F4/80 antibodies, respectively. 
Nuclei were counterstained with DAPI (Vector Lab). Slides were examined 
under an upright fluorescence microscope (model MD R; Leica Microsys-
tems) using appropriate filters. Images were acquired with a digital camera 
(model C4742-95; Hamamatsu), transferred to a G4 Macintosh computer 
(Apple Computer), analyzed by the image analysis software Openlab, and 
assembled with Adobe Photoshop 8.0 software.

We also determined MFG-E8 bound to the cell surface with immuno
fluorescence. Cells were fixed with 3.7% paraformaldehyde (Electron Micros-
copy Sciences) and then stained for MFG-E8 as described above.

For detection of F-actin cytoskeleton and Arp2/3, IEC-18 cells were 
fixed in 3.7% paraformaldehyde for 10 minutes, permeabilized with 
0.05% Triton X-100 for 5 minutes, and blocked for 30 minutes in 10% goat 
serum. Rabbit anti–p34-Arc/ARPC2 antibody (1:100; Upstate Biotechnol-
ogy) was incubated for 1 hour and amplified with Cy3-conjugated anti-
rabbit IgG (1:400). F-actin was stained with FITC-conjugated phalloidin  
(1 μg/ml; Sigma-Aldrich). Nuclei were counterstained with DAPI. Cells 
were examined under a fluorescence microscope. The image was analyzed 
as described above. Under wound-healing conditions, the migrating cells 
at the migrating front were classified into 2 phenotypes, type I and type II, 
by the F-actin cytoskeleton structure (see Results for definitions). At least 
500 cells were analyzed in each calculation of the 2 phenotypes.

Wound-healing model for cell migration assay. Confluent IEC-18 cells were 
maintained in serum-free medium for 24 hours before being processed for 
the assay. The cell monolayers were scrapped with a single-edge razor blade 
and washed with DMEM. Then the wounded monolayers were incubated 
with serum-free medium containing appropriate compounds for 5 hours 
at 37°C followed by examination under an inverted microscope (Model 
DM-IRB; Leica Microsystems). Images were acquired with a digital camera 
and transferred to a G4 Macintosh computer (Apple Computer). Migra-
tion was assessed in a blind fashion by measuring with the image analysis 
software Openlab and calculating as the total denuded area covered by 
migrated cells per unit width of wound.

RNA silencing. A standard protocol for RNA silencing was used (38). 
The RNAiFect reagent (Qiagen) was used for introducing siRNA into 
cells. siRNA target sequences described by Li et al. (15) were used: siPKCε,  
5′-AAGACGACCGATCCAAGTCAG-3′ (bases 1212–1232, GenBank acces-

Figure 9
MFG-E8 is essential for maintenance of intestinal mucosal homeo-
stasis and integrity in septic mice. (A–C) Treatment with recombinant 
MFG-E8 restores enterocyte crypt-villus migration in septic mice. (A) 
Experimental protocol. MFG-E8 (2 mg/kg, i.p.) and BrdU (50 mg/kg, 
i.p.) were given to mice at the times indicated. After sacrificing the 
animals, small intestinal tissues were processed for immunostaining. 
(B) MFG-E8 restored intestinal epithelial cell migration along crypt-
to-villus axis in septic mice. Scale bars: 150 μm. (C) Increase in 
BrdU-labeled enterocyte crypt-villus migration after treatment with 
MFG-E8, as revealed by quantitative analysis. n = 7. **P < 0.01 ver-
sus CLP + BSA group. (D) Endogenous MFG-E8 is required for intes-
tinal repair after septic challenge. Wild-type and MFG-E8–knockout 
mice were subjected to sublethal CLP and sacrificed 4 days later. 
Small intestinal tissues were processed for routine histology. H&E 
stain. The inset shows mucosal injury in a selected area at higher 
magnification. Scale bars: 150 μm; 75 μm (inset).
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sion no. NM017171); and control siRNA, 5′-AAGTACGTTGCGTCTACG-
TAG-3′. They were purchased from Qiagen.

In situ binding assay. Four hours after wounding, IEC-18 cell monolayers 
were treated with binding buffer (140 mM NaCl, 2.5 mM CaCl2, 10 nM 
HEPES, pH 7.4) containing MFG-E8 (0.5 μg/ml) or/and FITC–annexin V  
(5 μl/100 μl binding buffer; Invitrogen) for 15 minutes at room temperature, 
washed with binding buffer, fixed in 3.7% paraformaldehyde for 10 minutes, 
processed for immunofluorescent staining with mAb to MFG-E8, and exam-
ined under a fluorescent microscope as described above. In some experi-
ments, cells were pre-incubated with binding buffer containing annexin V 
(100 μg/ml) for 15 minutes before proceeding with the binding assay.

Measurement of enterocyte migration in vivo with the BrdU labeling strategy. Mice 
were subjected to i.p. injection of BrdU (50 mg/kg; BD Biosciences). At the 
time points designated, mice were sacrificed by carbon dioxide inhalation. 
The entire small intestine was removed, flushed with normal saline, fixed 
with 10% buffered formalin, and processed for paraffin embedding and 
sectioning. Deparaffinized tissue sections (5 μm) were boiled in citric acid 
buffer (0.01 mM, pH 6.0) for 20 minutes and slowly cooled down at room 
temperature for 40 minutes for antigen retrieval. They were then stained 
with rat anti-BrdU antibody (1:100; Accurate Chemical). Alexa Fluor 488 
goat antibody against rat IgG (1: 250; Invitrogen) was used to detect anti-
BrdU antibody. Nuclei were counterstained with DAPI. Slides were exam-
ined under an upright fluorescence microscope using appropriate filters. 
The image was analyzed using OpenLab software as described above. The 
distance of enterocyte migration was the gap between the crypt base and 
the highest labeled cell within the crypt-villus axis. The villus height was 
also measured. Twenty crypts and villi per mouse were assessed and the 
mean migration distance and height values were used in the subsequent 
analysis. Preliminary experiments showed that sublethal CLP induced focal 
villous necrosis in mouse ileum (Supplemental Figure 5). In CLP mice, we 
only selected intact villi in order to examine how enterocytes migrated 
along the crypt-villus axis.

CLP. The procedure was modified from our previously described pro-
tocol (18). Briefly, mice were anesthetized by Nembutal (55 mg/kg, i.p.). 
After laparotomy, the distal portion of the cecum (1 cm) was ligated with 
5-0 silk suture. The ligated cecum was then punctured with a 25-gauge 
needle and slightly compressed with an applicator until a small amount 
of stool appeared. In sham-operated animals, the cecum was manipulated 
but without ligation and puncture, and was placed back in the peritoneum. 
The incision was closed using a 2-layer procedure: 5-0 silk suture on the 
muscle layer and the skin respectively. Mice received 1 ml of saline i.p. for 

fluid resuscitation at the time of closure and 1 mg/kg buprenex s.c. 4 times 
at 12-hour intervals to minimize distress.

Neutralization of endogenous MFG-E8 with anti–MFG-E8 antibody. Normal and 
CLP-challenged mice were treated i.p. with a hamster monoclonal antibody 
against murine MFG-E8 (2 mg/kg; MLB Inc.). Control animals were inject-
ed with an equal amount of hamster isotype control IgG (eBioscience Inc.). 
Animals were sacrificed at appropriate time points.

Treatment of CLP mice with recombinant MFG-E8. CLP-challenged mice were 
injected i.p. with recombinant murine MFG-E8 (2 mg/kg; R&D Systems). 
The control animals were injected with PBS buffer containing 50 μg/ml 
BSA (i.e., carrier protein). They were sacrificed at appropriate time points.

Western blotting. We used our standard protocol for isolation of total pro-
tein from intestinal tissues and immunoblotting (18). Rabbit polyclonal 
antibody against murine MFG-E8 (1:500; Santa Cruz Biotechnology Inc.), 
goat polyclonal antibody against murine ITF (1:500; Santa Cruz Biotech-
nology Inc.), and rat mAb to murine F4/80 (1:500; Serotec Ltd.) were used 
to detect MFG-E8, ITF, and F4/80 respectively.

Statistics. Data are expressed as means ± SEM. ANOVA followed by Fisher’s 
least significant difference post-hoc test were used to assess the significance 
of differences. P < 0.05 was considered significant.
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