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Rationale: Milk fat globule epidermal growth factor 8 (MFG-E8) is
a potent opsonin for the clearance of apoptotic cells and is produced
by mononuclear cells of immune competent organs including the
spleen and lungs. It attenuates chronic and acute inflammation such
as autoimmune glomerulonephritis and bacterial sepsis by enhanc-
ing apoptotic cell clearance. Ischemia-reperfusion (I/R) injury of the
gut results in severe inflammation, apoptosis, and remote organ
damage, including acute lung injury (ALI).

Objectives: To determine whether MFG-E8 attenuates intestinal and
pulmonary inflammation after gut I/R.

Methods: Wild-type (WT) and MFG-E8~/~ mice underwent superior
mesenteric artery occlusion for 90 minutes, followed by reperfusion
for 4 hours. A group of WT mice was treated with 0.4 png/20 g
recombinant murine MFG-E8 (rmMFG-E8) at the beginning of
reperfusion. Four hours after reperfusion, MFG-E8, cytokines, mye-
loperoxidase activity, apoptosis, and histopathology were assessed.
A 24-hour survival study was conducted in rmMFG-E8- and vehicle-
treated WT mice.

Measurements and Main Results: Mesenteric I/R caused severe wide-
spread injury and inflammation of the small intestines and remote
organs, including the lungs. MFG-E8 levels decreased in the spleen
and lungs by 50 to 60%, suggesting impaired apoptotic cell clear-
ance. Treatment with rmMFG-E8 significantly suppressed inflamma-
tion (TNF-e, IL-6, IL-1B, and myeloperoxidase) and injury of the
lungs, liver, and kidneys. MFG-E8-deficient mice suffered from
greatly increased inflammation and potentiated ALI, whereas treat-
ment with rmMFG-E8 significantly improved the survivalin WT mice.
Conclusions: MFG-E8 attenuates inflammation and ALI after gut I/R
and may represent a novel therapeutic agent.
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Mesenteric ischemia remains a critical problem, resulting in
mortality as high as 60 to 80% (1). Multiple organ failure,
including acute lung injury (ALI), is a common complication of
intestinal ischemia/reperfusion (I/R) injuries and contributes to
its high mortality rate (2). ALI is caused by a systemic in-
flammatory response due to the release of proinflammatory
cytokines and bacteria-derived endotoxins from reperfused
ischemic tissue (3-6). Only a limited number pharmacologic
treatment options have been found that provide some benefit in
I/R and ALI most of them targeting inflammatory mediators
and oxidative stress pathways (7). A key aspect of I/R injury is
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Ischemia-reperfusion injury of the gut results in severe
inflammation, apoptosis, and remote organ damage, in-
cluding acute lung injury.

What This Study Adds to the Field

Milk fat globule EGF-factor 8 attenuates inflammation and
acute lung injury after gut ischemia-reperfusion and may
represent a novel therapeutic agent.

the increased occurrence of apoptotic cell death of intestinal and
bronchial epithelial cells and of type II alveolar epithelial cells
(2, 8-11). Apoptosis is associated with a marked up-regulation of
Fas and Fas-ligand and the activation of caspase-3 in lung
epithelial cells (12, 13). Proinflammatory cytokines, such as IL-
1B or TNF-«, play a major role in apoptosis induction, involving
Bid, Bax up-regulation, and Bcl-2 down-regulation (9, 14, 15).

Deficient clearance of apoptotic cells after ischemia poten-
tially leads to increased inflammation and impaired tissue repair
(16, 17). Apoptotic cells expose phosphatidylserine (PS), which
can be recognized by soluble molecules and receptors, thereby
enabling their phagocytosis (18). One of these molecules is milk
fat globule epidermal growth factor 8 (MFG-ES8), which is
crucial for apoptotic cell clearance (19). Hanayama and col-
leagues found that the effective clearance of apoptotic B cells in
the spleen prevents proinflammatory immune responses and the
development of autoantibodies (20). We have previously shown
that MFG-ES8 has a similar impact on outcome in acute in-
flammatory conditions. In a rat sepsis model using cecal ligation
and puncture, we found that MFG-ES is down-regulated in the
spleen and liver. This was associated with impaired apoptotic
cell clearance and increased mortality in these animals (21).

Similar to sepsis, gut I/R injury is accompanied by a systemic
inflammatory response. We therefore hypothesize that MFG-ES8
attenuates intestinal and pulmonary inflammation after gut I/R.
In the present study, we investigated the effects of intestinal I/R
on MFG-ES8 expression and whether MFG-E8 beneficially
affects associated organ failure, including ALI. We focused on
the role of MFG-ES8 in the modulation of inflammatory re-
sponses and tissue injury. Some of the results of this study were
previously reported in the form of an abstract (22).

METHODS

Experimental Model

Ischemia was induced in male C57BL/6J wild-type (WT) mice (20-25 g;
Taconic, Albany, NY) and male C57BL6/J MFG-ES8 knockout (KO)
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Figure 1. Suppression of splenic milk fat globule
epidermal growth factor 8 (MFG-E8) after intestinal
ischemia-reperfusion (I/R). The superior mesenteric
artery (SMA) was occluded for 90 minutes, followed
by 4 hours of reperfusion. (A) MFG-E8 mRNA levels in
the spleen were measured by qPCR. (B) MFG-E8 pro-
* tein levels were assessed by Western blot. A represen-
tative gel is presented. Data are expressed as means =
SEM. *P < 0.05 versus sham by Student’s t test (n = 6
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mice (2025 g; a generous gift from Dr. Shigekazu Nagata, Osaka
University, Japan) by clamping the superior mesenteric artery (SMA)
for 90 minutes under general anesthesia using isofluorane. The vascular
clamp was released after 90 minutes to allow reperfusion. At the beginning
of reperfusion, mice were resuscitated with 0.5 ml saline (intraperitoneally)
and were treated with recombinant murine MFG-E8 (rmMFG-ES)
(0.4 ng/20 g in 0.5 ml normal saline intraperitoneally; n = 6) or normal
saline (vehicle; n = 6). The isofluorane was discontinued after intraperi-
toneal injection of rmMFG-ES or saline. Control animals underwent the
same operative procedure with the exception of the SMA clamping (sham
I/R; n = 6). Four hours after reperfusion, animals were anesthetized, and
blood (for plasma; 10 pl 0.3 M ethylenediaminetetraacetic acid per 1 ml
blood was used as an anticoagulant) and tissue samples were harvested,
frozen immediately in liquid nitrogen, and stored at —80°C until measure-
ments. Additional experiments for observation of survival over the course
of 24 hours were performed (n = 15/group). All experiments were per-
formed in accordance with the guidelines for the use of experimental
animals by the National Institutes of Health (Bethesda, MD) and were
previously approved by the Institutional Animal Care and Use Committee
of the Feinstein Institute for Medical Research (Manhasset, NY).

MFG-E8 Western Blotting

Twenty-five micrograms of protein from spleen and lung samples was
fractionated on a Bis-Tris gel and transferred to a 0.22-pum nitrocellulose
membrane. Blots were blocked with 5% BSA in Tris-buffered saline
containing 0.1% vol/vol Tween 20 and incubated with hamster antimouse
MFG-E8 mAb (clone 2422; MBL, Nagoya, Japan). After the incubation
with horseradish peroxidase-labeled goat-antihamster IgG (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) in 5% bovine serum alumin-Tris-
buffered saline with Tween and washing with Tris-buffered saline with
Tween, bands were detected using a chemiluminescent peroxidase
substrate (ECLplus; Amersham, Little Chalfont, Buckinghamshire,
UK) and exposure on a radiograph film.

MFG-E8 Gene Expression

RNA was extracted from spleen and lung tissue samples using TRIzol
Reagent (Invitrogen, Carlsbad, CA). Five micrograms of RNA was
reverse transcribed to cDNA using murine leukemia virus reverse
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transcriptase (Applied Biosystems, Foster City, CA) and amplified by
qPCR using SYBR green PCR Master Mix (Applied Biosystems). The
following primer sets were used: mouse MFG-E8 (forward, 5'-GGG
CCTGAAGAATAACACGA-3'; reverse, 5'-AGGGCAACTTGGA
CAACAAC-3') and mouse B-actin (endogenous control; forward
5'-TGTTACCAACTGGGACGACA-3’; reverse, 5'-GGGGTGTTG
AAGGTCTCAAA-3').

Cytokines and Organ Injury Variables

TNF-a, IL-1B, and IL-6, were quantified using specific mouse ELISA
kits (BD Pharmingen, Franklin Lakes, NJ) in ethylenediaminetetraacetic
acid plasma, small intestine, and lung tissues. Alanine aminotransferase
(ALT), aspartate aminotransferase (AST), lactate dehydrogenase
(LDH), lactate, and creatinine blood plasma levels were determined
using commercial assay kits (Pointe Scientific, Canton, MI).

Histopathology

Samples of the small intestine (nonnecrotic areas selected based on the
color of the small intestine segment) and lungs were fixed in 10%
formalin and embedded in paraffin. Tissue blocks were sectioned at
a thickness of 5 wm, transferred to glass slides, and stained with
hematoxylin/eosin. Morphologic examinations were performed using
light microscopy, and lung injury was analyzed by a blinded, experienced
investigator for absent, mild, moderate, or severe injury (score 0-3)
based on the presence of exudates, hyperemia/congestion, neutrophilic
infiltrates, intraalveolar hemorrhage/debris, and cellular hyperplasia
(23). The sum of scores of different animals was averaged. Intestinal
injury was scored according to Stallion and colleagues, assessing villus-
to-crypt ratio (normal ratio, 5:1), lymphocytic infiltrates, epithelial
degeneration/necrosis, erosions, glandular dilatation, and transmural
changes (score, 0-4) (24).

Apoptosis Assay

Tissue samples were de-waxed, incubated with proteinase K, stained
using a green fluorescent-tagged TUNEL kit (Roche Diagnostics,
Indianapolis, IN), counterstained with propidium iodide, and examined
under a fluorescence microscope. Apoptotic cells appeared green
fluorescent on a red background staining and were counted per visual

Figure 2.  Attenuation of gut injury by recombinant
murine milk fat globule epidermal growth factor 8
(rmMFG-E8) after intestinal ischemia-reperfusion (I/R).
(A) Photomicrography of a small intestinal section from
a sham-operated mouse. (B) Photomicrography of a small
intestinal section from a gut I/R mouse treated with
normal saline (vehicle). (C) Photomicrography of a small
intestinal section from a gut I/R mouse treated with
rmMFG-E8. The superior mesenteric artery (SMA) was
occluded for 90 minutes, followed by 4 hours of reperfu-
sion. H&E staining of the small intestine after intestinal I/R
revealed widespread mucosal destruction, loss of villi and
epithelial cells, and infiltration of inflammatory cells,
whereas treatment with rmMFG-E8 showed beneficial
local effects. Original magnification: X100.
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Figure 3. Attenuation of organ injury by recombinant milk fat globule epidermal growth factor 8 (rmMFG-E8) after intestinal ischemia-reperfusion (I/R).
The superior mesenteric artery was occluded for 90 minutes, followed by 4 hours of reperfusion. Plasma levels of (A) lactate, (B) lactate dehydrogenase
(LDH), (O alanine aminotransferase (ALT), (D) aspartate aminotransferase (AST), and (E) creatinine were measured 4 hours after reperfusion. Data are
expressed as means = SEM. *P < 0.05 versus sham; #P < 0.05 versus vehicle by one-way ANOVA and Student Newman Keul’s test (n = 6 per group).

field at a 200X magnification. Cleaved caspase-3 expression in the lungs
was measured by Western blotting analysis as described above.
Antibodies against cleaved caspase-3 were obtained from Cell Signal-
ing Technology (Asp175, 1:1,000).

Tissue Myeloperoxidase Assay

Tissues were homogenized in KPO, buffer containing 0.5% hexa-decyl-
trimethyl-ammonium bromide (60°C for 2 hours). After centrifuging,
the supernatant was diluted in reaction solution, and AOD (rate of
change in optical density between 1 and 3 min) was measured at 460 nm
to calculate myeloperoxidase (MPO) activity (25).

Statistics

Data were expressed as means = SEM and compared by analysis of
variance using Student-Newman-Keuls’ test. Student’s ¢ test was used
when only two groups were compared. The survival study was analyzed
using the Kaplan-Meier log-rank test. Differences were considered
significant if P < 0.05.

RESULTS

Suppression of MFG-E8 in the Spleen after Intestinal
I/R Injury

To investigate whether MFG-ES8 levels are altered after in-
testinal I/R injury, we measured its mRNA and protein levels in
WT mice 4 hours after reperfusion after 90-minute ischemia.
The results indicate that splenic mRNA levels dropped signif-
icantly by an average 63% (Figure 1A) and protein levels by
68% (Figure 1B) after gut I/R.

Administration of rmMFG-E8 Attenuates Multiple Organ
Injury after Intestinal I/R

Gut I/R caused widespread macroscopic necrosis with severe
enteric mucosal injury (average injury score, 2.25 = 0.14) in
intestinal areas juxtaposed to the macroscopically ischemic
bowel (Figure 2B). Similarly, multiple blood markers of remote
organ damage were significantly elevated, including lactate (80%
increase), LDH (17.5-fold increase), ALT (4.8-fold increase),
AST (18.3-fold increase), and creatinine (2-fold increase) com-
pared with sham-operated animals (Figures 3A-3E), indicating
the systemic scale of injury induced in this model. Treatment
with one dose of rmMFG-ES (0.4 ng/20 g BW intraperitoneally)
at the beginning of reperfusion largely attenuated I/R-induced
multiple organ injury. Histopathologically, even large parts of
intestine were protected from secondary mucosal damage after
treatment (average injury score, 1.25 = 0.14) (Figure 2C).
Treatment with rmMFG-ES entirely blocked the elevation of
lactate, AST, and ALT, whereas it suppressed LDH and
creatinine levels by 58 and 21 %, respectively (Figures 3A-3E).

Administration of rmMFG-E8 Suppresses the Systemic
Inflammatory Response after Intestinal I/R

Proinflammatory cytokines are major contributors in the injury
of remote organs after intestinal I/R. We investigated whether
the cytokines TNF-«, IL-1B, and IL-6 were affected by the
treatment with rmMFG-ES8. Although blood levels of the
cytokines increased significantly after gut I/R (TNF-a by 5.6-
fold, IL-18 by 3.9-fold, and IL-6 by 96-fold), rmMFG-ES8

Figure 4.  Suppression of plasma cytokines by

recombinant milk fat globule epidermal growth factor

* 8 (rmMFG-E8) after intestinal I/R. The superior mes-
enteric artery (SMA) was occluded for 90 minutes,

followed by 4 hours of reperfusion. Blood cytokines

’—I—I were assessed by ELISA. Data are expressed as
means = SEM. *P < 0.05 versus sham; #P < 0.05

Sham _Vehicle rmMFG-EB versus vehicle by one-way analysis of variance and
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TABLE 1. LOCAL CYTOKINE SUPPRESSION BY RECOMBINANT
MURINE MILK FAT GLOBULE EGF-FACTOR 8 AFTER INTESTINAL
ISCHEMIA/REPERFUSION

Ischemia/Reperfusion

Cytokine
Organ (pg/mg protein) Sham Vehicle rmMFG-E8
Gut TNF-a 6.5+0.5 17.3 £ 3.2* 6.7 = 1.4#
IL-1B 244+ 2.6 62.5 = 12.7* 32.5 £ 8.44#
IL-6 53+04 14.3 £ 2.1* 9.6 £ 26
Lung TNF-a 6.2 0.5 7.7 1.7 50=x0.2
IL-18 33.7 £23 96.1 = 15.8* 36.6 * 2.8#
IL-6 159 £33 33.0 £ 4.5* 14.7 £ 2.9#

Definition of abbreviation: rmMFG-E8 = recombinant murine milk fat globule
epidermal growth factor 8.

C57BL6/] mice underwent intestinal ischemia/reperfusion for 90 min, followed
by 4-h reperfusion. Tissue cytokine levels were determined by ELISA and are
presented as means = SEM.

* P < 0.05 vs. sham, and T P < 0.05 vs. vehicle by one-way analysis of variance
and Student Newman Keul’s test (n = 6).

dramatically reduced the proinflammatory response (by 72, 42,
and 48%, respectively; Figures 4A-4C). To investigate whether
MFG-ES influences cytokine production in tissues, we analyzed
the cytokine protein levels in the small intestine and the lungs
using ELISA. Similar suppressive effects of rmMFG-E8 could
be found on tissue cytokine levels (Table 1).

Administration of rmMFG-E8 Attenuates ALI after
Intestinal I/R

The lungs are among the organs that are most severely affected by
intestinal I/R injury (26). Histopathological analysis of the lungs
showed moderate to severe injury with exudates, congestion,
cellular infiltrates, and intracellular hemorrhage (average histo-
pathological score, 9.7 * 0.8) (Figures SA and 5B). The cell
morphology was suggestive of a neutrophilic nature. We therefore
assessed the MPO activity in the lungs, which was equally elevated
by 3.3-fold after gut I/R (Figure 5C). Treatment with rmMFG-ES8
significantly reduced ALI histopathologically and biochemically
(Figures SA-5C). The histopathology score was reduced by 38%,
and MPO activity was suppressed by 47% (Figures 5B and 5C).

Pulmonary MFG-E8 Suppression and Apoptosis after
Intestinal I/R

Gut I/R suppresses pulmonary MFG-ES8 levels by 48% on an
mRNA level and by 49% on a protein level (Figures 6A and
6B). As a measure of apoptosis, the expression of cleaved
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caspase-3 protein in the lungs was markedly increased after gut
I/R (Figure 6C). Treatment with rmMFG-E8 decreased pulmo-
nary cleaved caspase-3 levels dramatically (Figure 6C) to levels
similar to those in sham animals. At the same time, we found
fivefold increased numbers of apoptotic cells in the pulmonary
tissue by TUNEL staining (Figure 6D). Treatment with
rmMFG-ES8, however, suppressed the number of detectable
apoptotic cells in the lungs after gut I/R injury (Figure 6D).

MFG-E8 Deficiency Increases Pulmonary Inflammation and
Potentiates ALI

To further elucidate the role of MFG-ES in gut I/R-mediated
ALI we investigated the inflammatory response and lung tissue
injury in MFG-E8-deficient mice. Compared with WT mice,
MFG-ES8 KO mice produced a nearly twofold increase in IL-13
and IL-6 protein levels in the lungs after gut I/R (Figures 7A
and 7B). This dramatic increase in proinflammatory cytokine
production in the lungs was associated with a further potenti-
ated ALI in MFG-E8 KO mice compared with their WT
controls, including increased congestion, exudates, interstitial
cellular infiltrates, and consolidation (Figures 8A and 8B).
Pulmonary neutrophil activity was also significantly increased
in MFG-E8 KO mice after gut I/R (Figure 8C).

Administration of rmMFG-E8 Is Protective after Intestinal I/R
in MFG-E8/~ Mice

To assess the effect of rmMFG-ES8 on intestinal I/R-induced
organ injury in MFG-E8~/~ mice, rmMFG-E8 (0.4 1g/20 g in
0.5 ml normal saline) or normal saline (Vehicle) were injected
intraperitoneally at the end of 90-minute SMA clamping. Lung
and blood samples were collected at 4 hours after reperfusion.
Proinflammatory cytokine (i.e., TNF-a, IL-18, and IL-6) levels,
MPO activities, cleaved caspase-3 levels in the lung, and
circulating levels of LDH, ALT, and AST were measured.
Administration of rmMFG-ES8 decreased pulmonary proinflam-
matory cytokine (i.e., TNF-a, IL-1B, and IL-6) levels, inhibited
neutrophil infiltration (MPO activities) and apoptosis (cleaved
caspase-3 levels) in the lung, and reduced circulating levels of
LDH, ALT, and AST after intestinal I/R in MFG-E8~/~ mice
(Figures 9A-9I).

Treatment with rmMFG-E8 Improves Survival after
Intestinal I/R Injury

The above results suggest that MFG-ES8 is beneficial in I/R-
mediated injury. We therefore performed a survival study in mice

Figure 5. Attenuation of acute lung injury (ALIl) by
recombinant murine milk fat globule epidermal
growth factor 8 (rmMFG-E8). The superior mesen-
teric artery (SMA) was occluded for 90 minutes,
followed by 4 hours of reperfusion. Lungs were
fixed and stained with H&E. (A) Representative
micrographs at original 100X and 400X magpnifi-
cation (inset). (B) Tissue injury was scored based on

the presence of exudates, hyperemia/congestion,
neutrophilic infiltrates, intraalveolar hemorrhage/
debris, and cellular hyperplasia. (C) Neutrophil
activity was assessed by myeloperoxidase assay.
Data are expressed as means = SEM. *P < 0.05
versus sham; #P < 0.05 versus vehicle by one-way
analysis of variance and Student Newman Keul's

HH 3

B C
o 0.25
5 16 %
o % ~ 0.20
0 12 4 g -
= *# o
g, I O 0.10
& = 005 =
5 o . . 0.00
- Sham  Vehicle rmMFG-E8
Gut I/IR

Sham Vehicle rmMFG-E8
Gut IR

test (n = 6 per group).



242

MFG-E8 mRNA (%) >

300
250
200
150
100

IL-1pB (pg/mg protein) >

(53]
o o

Sham

GutIR

Sham

-
N
o o

MFG-ES Protein (%) (I
N G~ 8
o » o » o

*#
*
WT KO WT KO
Sham Gut IR

Sham

GutI/R

B 100

= x#

g 80

o

3 60

g *

\g 40

© 20

= -
WT KO WT KO
Sham Gut I/R

AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 181 2010

[ ances
I

B—ar‘.’l.in-l---------[

#*

Gut IR

Caspase-:i-l

Figure 6. Decreased pulmonary murine milk fat
globule epidermal growth factor 8 (MFG-E8) after

intestinal ischemia-reperfusion (I/R) and restoration
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by Western blotting. Data are expressed as means =
SEM. *P < 0.05 versus sham by Student’s t test
(n = 6 per group). (C) Pulmonary levels of cleaved
caspase-3. (D) Lungs were stained with TUNEL
(green fluorescent) and counterstained with propi-
dium iodide (red). TUNEL-positive cells exhibit green
fluorescence.
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Figure 7. Murine milk fat globule epidermal growth factor 8
(MFG-E8) deficiency worsens the inflammatory response in the
lung of mice after gut ischemia-reperfusion (I/R). Four hours
postreperfusion after 90-minute superior mesenteric artery (SMA)
occlusion, pulmonary tissues were collected and assessed for (A)
IL-18 and (B) IL-6 (WT = wild type; KO = MFG-E8~/~). Data are
expressed as means + SEM. *P < 0.05 versus sham; #P < 0.05
versus WT-gut I/R by two-way analysis of variance and Student
Newman Keul’s test (n = 6 per group).

Figure 8. Murine milk fat globule epidermal growth
factor 8 (MFG-E8) deficiency potentiates acute lung injury
(ALI). The superior mesenteric artery (SMA) was occluded
for 90 minutes, followed by 4 hours of reperfusion. Lungs
were fixed and stained with H&E. (A) Photomicrographs
at original 100X and 400X magnification (inset). (B)
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#P < 0.05 versus WT-gut I/R by two-way analysis of
variance and Student Newman Keul’s test (n = 6 per

group).
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receiving rmMFG-ES8 at the beginning of reperfusion and com-
pared them with control mice treated with normal saline. All of
the control mice died within 24 hours (median survival time, 8 h;
95% confidence interval, 5.5-10.5; Figure 10). Seven of the 15
animals treated with rmMFG-ES8, however, were alive 24 hour
after gut I/R (median survival time, 20 h; 95% confidence interval,
15.0-32.5; Figure 10). Ninety-minute SMA clamping is a severe
model of gut ischemia in mice. Therefore, because all the animals
(treated and nontreated) died within 48 hours after gut I/R injury,
we could not reasonably show longer than 24-hour survival.

DISCUSSION

We have shown that intestinal I/R negatively affects lung
morphology and increases MPO and local cytokine production
consistent with ALI. Treatment with rmMFG-ES8 attenuates
organ injury and inflammation and improves survival. Treated
animals also displayed less apoptosis in their lungs. MFG-E8
KO mice showed a dramatically potentiated ALI and inflam-
mation, providing further evidence for the crucial role of MFG-ES
in I/R-mediated remote organ injury.

ALI is a syndrome of respiratory failure, resulting from
acute pulmonary edema and inflammation (2). Intestinal ische-
mia due to transient obliteration of the SMA causes vast local
tissue injury, and the reperfusion of the ischemic bowel leads to
a tremendous activation of the inflammatory response, leading
to a very severe clinical picture with multiple organ failure,
including ALI (27). Pathophysiologically, ALI is associated with
alveolar exudates and bleeding and with influx and activation of
immune cells with the release of abundant cytokines and
enzymes, which can be further complicated by infection and
ventilation-induced injury (3, 26). Impaired barrier function of
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the lung epithelium and endothelium plays a major role in the
development of ALI and ARDS, and one key aspect of this
failure is the loss of cells through apoptosis (2). In addition,
apoptosis plays a role beyond the initial phase of tissue injury
because it is central to the imbalances between inflammatory
resolution and the progression of ALI later in the disease (28).
Controlled tissue repair through the modulation of apoptosis or
apoptotic cell phagocytosis may prevent lung fibrosis, the pro-
gression of the disease, and its overall severity (2, 12, 26, 28).
MFG-ES is a secretory molecule that is mainly produced in
the spleen. It can also be found in significant amounts in the
lymph nodes and lungs (20, 29). It is mainly produced by
macrophages and dendritic cells and has been linked to the
opsonization of apoptotic cells. Hanayama and colleagues
discovered that MFG-ES8 plays a major role in the clearance
of apoptotic B cells in the spleen, which prevents the de-
velopment of autoimmune diseases (16, 19, 20). In mice,
MFG-ES is a 64-kD glycoprotein with two EGF-like domains
(E1 and E2) containing an RGD-motif that can bind certain
integrins (vitronectin receptor, avp3, or avB5) that are highly
expressed on macrophages and other phagocytic cells. These
domains are separated by a P/T-rich region from two coagula-
tion factor V/VIII-like domains (C1 and C2) that have a strong
affinity to PS. These properties make it an important factor in
binding apoptotic cells that express high amounts of PS on their
surface to phagocytes (19). Although PS-expressing apoptotic
cells can bind to other receptors on macrophages, including the
putative PS receptor and CD36, the binding to avp3 or avR5-
integrins via MFG-ES8 is required to induce their engulfment
(19). At very high concentrations, MFG-ES8 has been shown to
modulate the intrinsic coagulation cascade due to its competi-
tion for PS binding cites and to increase the prothrombin time
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Figure 10. Survival benefit in recombinant murine milk fat globule
epidermal growth factor 8 (rmMFG-E8)-treated mice after gut I/R
injury. The superior mesenteric artery (SMA) was occluded for 90
minutes, followed by 4 hours of reperfusion. Each group of mice
received one dose of rmMFG-E8 or normal saline intraperitoneally at
the beginning of reperfusion and was observed for 24 hours. Each point
in the figure shows the mean survival rate at each time point. *P < 0.05
versus vehicle by Kaplan Meyer log-rank test (n = 15 per group).

by 50% (30). It is also involved in the VEGF-dependent
neovascularization (31) and in the migration of enterocytes
and intestinal repair (32). It has been proposed to be beneficial
in atherosclerosis (33) and Alzheimer’s disease (34), although
the mechanism is still unclear. MFG-ES plays an important role
at the interface between phagocytosis of apoptotic cells and
inflammation in chronic and acute inflammatory diseases. We
have recently shown that a MFG-E8-dependent increase in
apoptotic cell clearance can prevent deaths from sepsis (21).
Both sepsis and mesenteric I/R lead to a systemic inflamma-
tory response (24). Gut I/R has also been shown to lead to
increased microbial translocation and the release of bacterial
toxins into the blood stream (4, 5). Activation of Toll-like
receptors has indeed been shown to suppress MFG-ES8 levels
in vitro and in vivo (29, 35). Only granulocyte/monocyte colony-
stimulating factor is known to modulate MFG-ES8 expression
(29). Whether other cytokines have the potential to change
MFG-ES expression and at what kinetics is unknown. We have
shown a clear suppression of MFG-ES in the spleen and lungs
4 hours after reperfusion of the 90-minute ischemic gut. The
suppression of MFG-E8 by 50%, as we have found in the lungs
of gut I/R mice, appears to be sufficient to impair phagocytosis
of apoptotic cells, as previously reported in a sepsis model (21).
Treatment with rmMFG-ES8 reduced the number of apoptotic
cells and suppressed local inflammation. Decreased apoptosis
by rmMFG-E8 after gut I/R is not mediated by a direct
antiapoptotic effect but through the stimulation of apoptotic
cell clearance (21). We do not have direct data showing the
clearance of apoptotic cells is impaired after gut I/R; however,
our previous studies (21) and others’ reports (16, 19, 20) have
clearly demonstrated that the decreased MFG-ES8 level is
associated with impaired apoptotic cell clearance. Our current
study also showed that the decreased MFG-E8 level and
accumulation of apoptotic cells in the lungs present after gut
I/R. Therefore, the beneficial effects of MFG-ES8 were possibly
due to enhanced clearance of apoptotic cells. We also found
that the pulmonary injury after gut I/R was attenuated after
treatment with rmMFG-ES, as evidenced by decreased tissue
injury and decreased neutrophil activity. Although the proin-
flammatory cytokines were generally suppressed in the small
intestine, lungs, and blood after treatment with rmMFG-ES, we
did not find any difference in the cytokine levels of the intestine
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Figure 11. Gut ischemia-reperfusion (I/R) induces apoptosis in various

cells and decreases apoptotic cell clearance by macrophages (M¢) through
down-regulation of murine milk fat globule epidermal growth factor
8 (MFG-EB) at the same time. Accumulated apoptotic cells may undergo
secondary necrosis, potentiating lung injury under such a condition.
Administration of recombinant MFG-E8 enhances apoptotic cell clearance
and therefore attenuates lung injury after gut ischemia-reperfusion (I/R).

and the blood between MFG-E8 KO mice and the WT control
mice 4 hours after reperfusion of the ischemic bowel. The lungs,
however, demonstrated a twofold increase of 1L-6 and IL-18 in
the MFG-E8 KO mice, indicating that in this model deficiency
of MFG-ES8 mostly affects the lungs. This implies that the lungs
are not only a victim of the systemic inflammatory response but
to a great extent contribute to the inflammation.

How the antiinflammatory effect of MFG-E8 works in this
ALI model remains unknown. However, it presents an immense
potential for exploration in the near future. The clearance of
apoptotic cells clearly suppresses the inflammatory responsive-
ness of macrophages (17, 28). Our recent study has shown that
MFG-E8-mediated apoptotic cell phagocytosis results in an
inhibition of MAPK and NFkB signaling pathways and there-
fore down-regulates proinflammatory responses (36). Because
alveolar macrophages are potentially the cells that lose MFG-
E8 after I/R, these may be primed by the deficit of the
suppressive effect of apoptotic cell phagocytosis to produce
and release more inflammatory cytokines (17). This could
explain the increased inflammation and injury in the lungs
and the release of inflammatory mediators into the circulation.
The mere removal of dying cells that have the potential to
release toxic and proinflammatory contents may be another
potential mechanism by which MFG-ES8 confers its beneficial
effect (37). All this needs to be elucidated in the future.

Under physiological conditions, a secondary (postapoptotic)
necrosis of apoptotic cells can be prevented through their fast
removal by phagocytes in tissues and circulation (38, 39). Hence,
the potential harm from apoptotic cells by leakage of their
dangerous contents (e.g., cytokines, enzymes, etc.) due to second-
ary necrosis can be abrogated (39-41). Several studies have shown
that excessive apoptosis has pathological consequences on the
immune system (42-46). Apoptotic cells undergoing secondary
necrosis may contribute to the proinflammatory response. In a
study by Hotchkiss and colleagues (47), pretreatment of animals
with apoptotic splenocytes worsens the outcome in a mouse
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model of sepsis, pointing out the detrimental effect of accumu-
lated apoptotic cells in the body. As summarized in Figure 11,
gut I/R induces apoptosis in various cells and decreases
apoptotic cell clearance through down-regulation of MFG-E8
at the same time. Accumulated apoptotic cells may undergo
secondary necrosis, potentiating lung injury under such a condi-
tion. The administration of rMFG-ES8 enhances apoptotic cell
clearance and therefore attenuates lung injury after gut I/R.
Thus, MFG-E8 may serve as a novel treatment option for ALI
after I/R, or of other etiology, by promoting tissue repair and
positively affecting morbidity and mortality in affected patients.
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