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Inflammatory bowel disease (IBD) is characterized by chronic inflammation of the digestive system and typically requires
lifelong medical care. Recombinant human MFG-E8 (rhMFG-E8) is a 364-amino acid protein, which promotes apoptotic cell
clearance and reduces inflammation. This study investigates the therapeutic effect of rhMFG-E8 on two well-established
mouse models of IBD. Acute mucosal injury leading to colitis was caused by exposing C57BL/6 mice to 4% dextran sodium
sulfate (DSS) in the drinking water over 7 days, and BALB/c mice to a single intrarectal dose of 2.75 mg of 2,4,6-
trinitrobenzene sulfonic acid (TNBS). Upon clinical onset of colitis (day 2 in the DSS model and day 1 in the TNBS model),
mice were treated with daily subcutaneous injections of rhMFG-E8 (60 or 120 μg/kg/day) or vehicle (saline) for 6 days.
Treatment with rhMFG-E8 significantly attenuated colitis in both models in a dose-dependent way. Treatment of
DSS-induced colitis with rhMFG-E8 (120 μg/kg/day) decreased weight loss by 59%, the colitis severity score by 71%, and
colon shrinkage by 49% when compared with vehicle. Similarly, treatment of TNBS-induced colitis with rhMFG-E8 (120 μg/
kg/day) decreased weight loss by 97%, the colitis severity score by 82%, and colon shrinkage by 62% when compared with
vehicle. In both models, the colons of animals receiving rhMFG-E8 showed marked reduction in neutrophil infiltration,
cytokine and chemokine expression, and apoptotic cell counts. In conclusion, rhMFG-E8 ameliorates DSS- and
TNBS-induced colitis, suggesting that it has the potential to become a novel therapeutic agent for IBD.
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Inflammatory bowel disease (IBD) refers to a group of
chronic and recurring inflammatory conditions of the diges-
tive system. The two major forms of IBD are ulcerative colitis
(UC), characterized by inflammatory mucosal lesions in the
distal colon, and Crohn’s disease (CD), characterized by
transmural lesions that can develop anywhere in the
gastrointestinal tract. IBD is relatively common, affecting
0.6–0.8% of the population in North America and Europe,
and in the last 50 years the incidence rates for CD and UC
have progressively increased worldwide.1 Chronic inflamma-
tion often leads to bleeding, obstruction, and fistula
formation, and up to 75% of patients with CD and 25% of
those with UC will require surgery.2 In the United States
alone, IBD accounts annually for 700 000 physician visits,
100 000 hospitalizations, and 119 000 disability cases.3

IBD has no cure and generally require lifelong medical care.
Traditional therapeutic approaches for IBD include amino-
salicylates, antibiotics, glucocorticoids, and immunomodula-
tors. Recently, FDA-approved biological agents targeting
integrin subunit alpha-4 (natalizumab) and tumor necrosis

factor alpha (TNF-α; infliximab, adalimumab, certolizumab
pegol) have produced a leap in therapeutic efficacy.4 However,
many patients are refractory to these biological treatments or
develop intolerance over time, and one in five patients treated
with biological agents will still require intestinal resection.5,6

The failure of conventional and emerging therapeutic agents
to induce lasting deep remission highlights a pressing need for
better forms of treatment.

Milk fat globule-epidermal growth factor-factor VIII
(MFG-E8) is a glycoprotein secreted by various cell types,
including lamina propria macrophages in the jejuno-ileum
and colon,7,8 where it promotes epithelial homeostasis,
enterocyte migration, and mucosal healing.8 MFG-E8 pro-
motes efferocytosis (the phagocytic clearance of apoptotic
cells) by bridging phosphatidylserine residues on the surface
of apoptotic cells with αVβ3 and αVβ5 integrins on the surface
of macrophages.7,8 Apoptotic epithelial cells are increased in
UC and CD,9,10 leading to barrier loss and exposure to
luminal contents.11 MFG-E8 also inhibits the release of pro-
inflammatory cytokines by immune cells via attenuation of
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the NF-κB pathway12 and suppresses neutrophil migration
into injured tissues.13 Moreover, there is an association
between low levels of MFG-E8 and colitis. Colon samples
from UC patients have decreased levels of MFG-E814 and
mice deficient for MFG-E8 develop a more severe form of
colitis,15 suggesting an intestinal protective role for MFG-E8.

The combination of MFG-E8’s intestinal protection and
anti-inflammatory activities makes MFG-E8 a therapeutic
candidate with the ideal profile to become an effective
treatment for IBD. Therefore, we generated recombinant
human MFG-E8 (rhMFG-E8)16 and used it to treat acute
colitis induced by dextran sulfate sodium (DSS) and by 2,4,6-
trinitrobenzene sulfonic acid (TNBS), two injury-repair
models with features reminiscent of UC17 and CD,18,19

respectively.

MATERIALS AND METHODS
Animals
Specific pathogen-free C57BL/6 and BALB/c mice were pur-
chased from Taconic (Albany, NY, USA) and from Jackson
Laboratory (Bar Harbor, ME, USA), respectively. Mice were
maintained under 12-h light cycles, given free access to food
and water, and allowed to acclimate for at least 1 week before
any experimental manipulation. All experiments involving
animals were reviewed and approved by the Feinstein
Institute for Medical Research’s Institutional Animal Care
and Use Committee.

Induction of Colitis Using DSS
Between days 0 and 7, male 8- to 12-week-old C57BL/6 mice
received drinking water containing 4% DSS (MW 36 000–
50 000; MP Biomedicals, Solon, OH, USA).20 A non-colitic
control group received water without DSS. Five animals were
studied in each group (non-colitic control, vehicle, and two
doses of rhMFG-E8). Colitic and non-colitic mice were
euthanized for tissue collection at day 8.

Induction of Colitis Using TNBS
Male 6- to 7-week-old BALB/c mice anesthetized with iso-
flurane were administered a single intrarectal dose of 2.75 mg
of TNBS (Sigma-Aldrich Corp, St Louis, MO, USA) dissolved

in 50% ethanol (day 0).21 Mice were held upside down for
5 min after administration of TNBS. A control group received
50% ethanol without TNBS. Ten animals were studied in each
group (control, vehicle, and two doses of rhMFG-E8). Colitic
and control mice were euthanized for tissue collection at day
7 post exposure to TNBS/ethanol.

Production of and Treatment with rhMFG-E8
Human Ex-M0438-B01 expression clone (GeneCopoeia Inc.,
Germantown, MD, USA) was expressed in E. coli, purified
using metal affinity chromatography, and rendered endotoxin
free by phase separation with Triton-X-114. The amino-acid
composition of the purified protein was analyzed by LCMS/
MS. Based on SDS-PAGE, rhMFG-E8 was over 99% pure and
was identified as human MFG-E8 with more than 95%
confidence.16 rhMFG-E8’s biological activity was confirmed
using the pHrodo succinimidyl ester efferocytosis assay.16

Mice were randomly divided to receive a total of six daily
subcutaneous injections of rhMFG-E8 (60 or 120 μg/kg/day),
or vehicle (saline), and treatment started immediately after
clinical onset of colitis (day 2 after the first administration of
DSS; day 1 after administration of TNBS).

Colitis Severity Assessment and Tissue Collection
Mice were evaluated daily for changes in body weight, stool
consistency, and the presence of blood in the stools (Table 1),
which were combined to calculate an overall colitis clinical
severity score, as previously described.15 After euthanasia,
each colon was carefully removed and measured. The
descending (in mice exposed to DSS and their non-colitic
controls) or transverse (in mice exposed to TNBS and their
non-colitic controls) colonic segments were promptly stored
in 10% formalin and in − 80 °C for further analysis.

Myeloperoxidase Activity Assay
Colon tissues were homogenized in KPO4 buffer containing
0.5% hexadecyltrimethylammonium bromide. Lysates were
centrifuged and the supernatant was diluted in reaction
solution. Hydrogen peroxide was added and the rate of
optical density change over 2 min was measured spectro-
photometrically at 460 nm.22

Table 1 Scoring system for clinical signs of colitisa

Score Weight loss (%) Stool consistency Blood in stools

0 ≤ 1 Normal stools (well-formed pellets) No blood

1 1o≤ 5

2 5o≤ 10 Loose stools (soft but well formed) Traces of blood (≤50% of surface)

3 10o≤ 20

4 420 Diarrhea (liquid stools) Gross bleeding (450% of surface)

aThe colitis clinical severity score is calculated by summing the scores for weight loss, stool consistency, and blood in stools.
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Quantitative Real-Time qPCR
Colonic total RNA was extracted with TRIzol (Life Technol-
ogies, Grand Island, NY, USA) and reverse-transcribed into
cDNA using murine leukemia virus reverse transcriptase
(Applied Biosystems, Foster, CA, USA). Quantitative real-
time polymerase chain reactions (qPCRs) were carried out
using SYBR Green PCR Master Mix and amplified in a 7300
thermocycler (Applied Biosystems). After normalization with
mouse β-actin, expression was determined as fold change
relative to the expression in non-colitic controls using the
2−ΔΔCt method.23 The primers used in this study are listed
in Table 2.

Histological Studies
Colon tissues were fixed in 10% phosphate-buffered formalin,
embedded in paraffin, sectioned at 5 μm, and stained with
hematoxylin and eosin (H&E). Histological examination was
performed by an investigator blinded to the interventions.
The crypt-epithelial injury score (range 0–16) was determined
by multiplying the crypt and epithelium damage score (0= no
damage, 1= basal third damaged, 2= basal two thirds
damaged, 3= only surface epithelium intact, 4= entire
crypt and epithelium lost) by a factor to reflect the percentage
of tissue affected (1= 0–25%, 2= 26–50%, 3= 51–75%,
4= 76–100%).15

Evaluation of Colonic Cell Apoptosis by TUNEL Assay
Colon tissue sections were deparaffinized and digested with
20 μg/ml proteinase K for 20 min at room temperature. After
washing, sections were stained with a green fluorescent-tagged
terminal deoxynucleotide transferase dUTP nick-end labeling
(TUNEL) kit (Roche Diagnostics, Indianapolis, IN, USA),
counterstained with DAPI, and examined under a fluores-
cence microscope (Nikon Eclipse Ti-S, Melville, NY, USA).
TUNEL-positive cells were counted in 10 fields (×200
magnification) per section, and groups were compared for
the average number of cells per field.

Statistical Analysis
Data were compared using one-way ANOVA followed by
the Student-Newman-Keuls method to detect pairwise

differences, considering a significance threshold of
P≤ 0.05. Unless otherwise specified, results are expressed as
mean± s.e.m.

RESULTS
rhMFG-E8 Ameliorates DSS- and TNBS-Induced Colitis
We studied the effect of rhMFG-E8 on DSS- and TBNS-
induced colitis, two injury-repair models of IBD. Mice were
exposed either to DSS from day 0 to day 7, or to a single dose
of TNBS on day 0, and disease severity was assessed using the
colitis severity score—a composite index combining changes
in body weight, stool consistency, and the presence of blood
in the stools.15 In mice exposed to DSS and treated with
vehicle, the colitis severity score increased markedly after day
4 and reached maximal severity at day 8. rhMFG-E8
decreased DSS colitis severity in a dose-dependent manner.
In mice exposed to DSS and treated with rhMFG-E8, day 8
colitis severity scores were 54.5% (60 μg/kg/day) and 29.1%
(120 μg/kg/day) of the scores of mice treated with vehicle
(Figure 1a).

In mice exposed to TNBS and treated with vehicle, the
colitis severity score reached maximal severity at day 1
(Figure 1b). Control mice, receiving ethanol, developed a
mild and transient form of colitis, an expected result of
ethanol’s intrinsic irritant properties. Between days 1 and 7,
colitis severity progressively decreased in all groups, but scores
improved significantly faster in the groups receiving rhMFG-
E8, in a dose-dependent manner. In mice exposed to TNBS
and treated with rhMFG-E8, day 7 colitis severity scores were
81.0% (60 μg/kg/day) and 43.8% (120 μg/kg/day) of the
scores of mice treated with vehicle (Figure 1b).

rhMFG-E8 also had a protective, dose-dependent effect on
colitis induced weight loss. Compared with their starting
weight, control non-colitic mice gained 3.4%, while mice
exposed to DSS and treated with vehicle lost 25.0% of their
body weight. Mice treated with rhMFG-E8 at 60 μg/kg/day
lost 17.0% of their starting body weight, and mice treated
with 120 μg/kg/day lost 10.2% (Figure 1c). Likewise, at day 7
TNBS control mice gained 3.2% while mice exposed to TNBS
and treated with vehicle lost 19.3% of their starting body
weight. Mice treated with rhMFG-E8 lost 9.2% (60 μg/kg/day)

Table 2 Primers used for qPCR

Name Transcript Forward primer Reverse primer

β-Actin NM_007393 CGTGAAAAGATGACCCAGATCA TGGTACGACCAGAGGCATACAG

TNF-α X02611 AGACCCTCACACTCAGATCATCTTC TTGCTACGACGTGGGCTACA

IL-1β NM_008361 CAGGATGAGGACATGAGCACC CTCTGCAGACTCAAACTCCAC

IL-6 NM_031168 CCGGAGAGGAGACTTCACAG GGAAATTGGGGTAGGAAGGA

KC NM_008176 GCTGGGATTCACCTCAAGAA ACAGGTGCCATCAGAGCAGT

MIP-2 NM_009140 CCCTGGTTCAGAAAATCATCCA GCTCCTCCTTTCCAGGTCAGT
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and 0.7% (120 μg/kg/day) of their starting body weight
(Figure 1d). Therefore, treatment with rhMFG-E8 was
associated with clinically significant amelioration of both
the DSS and TNBS models of colitis.

At the end of the observation period, all colons were
collected and measured to determine whether rhMFG-E8 had
an effect on the decrease in colon length and cecum size
characteristically associated with colonic inflammation. Com-
pared with the non-colitic control group (10.1± 0.3 cm), colons
of mice exposed to DSS and vehicle (6.3± 0.2 cm) were
shortened in length by 37.4%, while the colons of mice
treated with rhMFG-E8 decreased by 28.7% in the group
receiving 60 μg/kg/day (7.2± 0.1 cm), and by 18.8% in the
group receiving 120 μg/kg/day (8.2± 0.2 cm) (Figure 2a).
Similarly, colons of mice in the TNBS vehicle group
(7.7± 0.3 cm) were 27.8% shorter than those in the control
group (10.7± 0.3 cm), while the colons of mice treated with
rhMFG-E8 were shortened by 19.3% in the group receiving
60 μg/kg/day (8.6± 0.2 cm) and only 10.59% in the group

receiving 120 μg/kg/day (9.5± 0.2 cm) (Figure 2b). Preven-
tion of colonic shortening suggests that treatment with
rhMFG-E8 attenuated the submucosal edema and muscularis
mucosa hypertrophy typical of the DSS and TNBS models
of colitis.

rhMFG-E8 Preserves Histological Integrity and Reduces
Colonic Infiltration by Neutrophils in DSS- and TNBS-
Induced Colitis
Inflammation of the mucosa and submucosa is one of the
hallmarks of both UC and DSS-induced colitis. Thus, colon
segments were examined histologically to determine the
effects of rhMFG-E8 on histological integrity and the degree
of inflammation. In the DSS model, sections from the
descending colons of non-colitic controls had normal crypts
and no inflammatory cells, while those of mice treated
with vehicle featured numerous polymorphonuclear cells
in the luminal space, mucosa, and submucosa, destruction
of the normal crypt architecture, submucosal edema, and
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Figure 1 rhMFG-E8 ameliorates clinical signs of DSS- and TNBS-induced colitis. C57BL/6 mice were exposed to drinking water containing 4% DSS for 7
consecutive days, and received daily subcutaneous injections of rhMFG-E8 (60 or 120 μg/kg/day) or vehicle (saline) from day 2 to day 7 (n= 5/group).
BALB/c mice received a single intrarectal dose of TNBS at day 0, and received daily subcutaneous injections of rhMFG-E8 (60 or 120 μg/kg/day) or
vehicle (saline) from day 1 to day 6 (n= 10/group). (a) Mice exposed to DSS and treated with rhMFG-E8 experienced a dose-dependent reduction in the
colitis clinical severity score, a composite measure of weight loss, stool consistency, and blood in the stools. (b) Mice exposed to TNBS and treated with
rhMFG-E8 also had a dose-dependent reduction in the colitis clinical severity score, which peaked on day 1 and progressively decreased during the
observation period. (c) At day 8, mice exposed to DSS and treated with vehicle had a significant reduction in body weight, while mice treated with
rhMFG-E8 had a dose-dependent decrease in weight loss. (d) At day 7, mice exposed to TNBS and treated with vehicle also had a reduction in body
weight, while mice treated with rhMFG-E8 also experienced a dose-dependent decrease in weight-loss. Ctrl = control; Veh = vehicle; 60 = rhMFG-E8
60 μg/kg/day; 120= rhMFG-E8 120 μg/kg/day; *Po0.05 vs control; #Po0.05 vs vehicle.

rhMFG-E8 ameliorates chemical colitis in mice
Y Zhang et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 May 2015 483

http://www.laboratoryinvestigation.org


hyperplasia of the muscularis mucosa (Figure 3a). Treatment
with rhMFG-E8 was associated with a clear dose-dependent
reduction in the DSS-induced inflammatory infiltrate and
tissue injury (Figure 3a). Compared with the vehicle group,
the crypt-epithelial injury scores of mice treated with 60 μg/
kg/day decreased by 20.9%, and those of mice treated with
120 μg/kg/day decreased by 73.3%, respectively (Figure 3a).

In the TNBS model, sections of the transverse colon
segments from control mice had normal crypts and no
inflammatory infiltrates, while those of mice treated with
vehicle had transmural inflammation and neutrophil infiltra-
tion along with significant epithelial damage and marked
disruption of the normal crypt architecture (Figure 3b).
Tissues from mice treated with rhMFG-E8, on the other
hand, had a dose-dependent reduction in inflammation and
tissue injury (Figure 3b). Compared with mice treated with
vehicle, the crypt-epithelial injury score decreased by 60.9 and
87.0% in mice treated with rhMFG-E8 at 60 and 120 μg/kg/
day, respectively (Figure 3b).

Next, we measured myeloperoxidase (MPO) activity in the
colons to quantify their infiltration by neutrophils. In the DSS
model, the descending colon segments of vehicle-treated mice
had a 260-fold increase in MPO activity compared with those
of non-colitic controls (Figure 4a). Treatment with rhMFG-
E8 was protective, and MPO activity in the colons of mice
treated with 60 and 120 μg/kg/day was 24.7 and 49.8% lower,
respectively, than that in the vehicle group (Figure 4a).
Exposure to TNBS also resulted in marked neutrophil
infiltration, and MPO activity in the transverse colons of
mice treated with vehicle was 9.6-fold higher than that of
controls (Figure 4b). As in the DSS model, rhMFG-E8 was
associated with a significant, dose-dependent reduction in
MPO activity. Compared with vehicle, treatment with 60 and
120 μg/kg/day decreased the MPO activity by 66.5 and 76.4%,
respectively (Figure 4b). Therefore, rhMFG-E8 was associated
with a significant, dose-dependent attenuation of histological
damage to the colon and of its infiltration by neutrophils in
both DSS- and TNBS-induced colitis.
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rhMFG-E8 Decreases Expression of Pro-Inflammatory
Cytokines and Chemokines in DSS- and TNBS-Induced
Colitis
Histologically, treatment with rhMFG-E8 was associated with
decreased signs of inflammation of the colon. Therefore, we
measured the expression levels of TNF-α, interleukin (IL)-1β,
and IL-6, three cytokines known to be elevated and have a
crucial role driving up inflammation in both IBD and injury-
repair models of colitis.24 As expected, expression levels of
TNF-α, IL-1β, and IL-6 in the descending colons of mice
exposed to DSS and treated with vehicle were increased by
18.6-, 29.4-, and 119.6-fold compared with those of non-
colitic controls (Figure 5a). The descending colons from mice
exposed to DSS and treated with rhMFG-E8 showed a

significant dose-dependent reduction in the levels of these
cytokines. In mice treated with 60 μg/kg/day, TNF-α, IL-1β,
and IL-6 were 9.4-, 21.3-, and 85.4-fold; and in mice treated
with 120 μg/kg/day, they were 5.2-, 5.7-, and 43.1-fold those
of non-colitic controls, respectively (Figure 5a).

Likewise, mRNA expression levels of TNF-α, IL-1β, and
IL-6 were 3.5-, 3.0-, and 29.9-fold higher in the transverse
colons of mice exposed to TNBS and treated with vehicle
compared with those of mice not exposed to TNBS
(Figure 5b). Treatment with rhMFG-E8 was protective and
associated with a dose-dependent reduction in the levels of
these cytokines. In mice exposed to TNBS and treated with
rhMFG-E8, TNF-α, IL-1β, and IL-6 mRNA levels were
expressed at 1.9-, 1.4-, and 9.1-fold (60 μg/kg/day), and 1.2-,
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exposed to DSS (n= 5/group) or transverse colons of mice exposed to TBNS (n= 10/group) were collected at the end of the observation period,
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1.0-, and 4.3-fold (120 μg/kg/day) the levels of non-colitic
controls, respectively (Figure 5b).

Treatment with rhMFG-E8 was also associated with a
marked reduction in neutrophil infiltration. Thus, we next
determined the expression levels of keratinocyte chemoat-
tractant (KC) (CXCL1) and macrophage inflammatory
protein-2 (MIP-2) (CXCL2), two chemokines important for
neutrophil infiltration and known to be elevated in IBD and
injury-repair models of colitis.24 Expression levels of KC and
MIP-2 in mice exposed to DSS and treated with vehicle
increased by 56.7- and 196.9-fold, respectively, compared
with non-colitic controls (Figure 6a). In mice exposed to DSS
and treated with rhMFG-E8, however, levels of KC and
MIP-2 were 23.5- and 100.6-fold (60 μg/kg/day), and 13.6-
and 74.5-fold (120 μg/kg/day) the levels of non-colitic
controls, respectively (Figure 6a).

Similarly to what was observed in the DSS model, the
expression levels of KC and MIP-2 in mice exposed to TNBS
and treated with vehicle increased by 6.8- and 4.1-fold,
respectively, compared with mice exposed to TNBS and
treated with vehicle (Figure 6b). In mice exposed to TNBS
and treated with rhMFG-E8, however, levels of KC and
MIP-2 were 4.1- and 1.9-fold (60 μg/kg/day), and 2.1- and
1.4-fold (120 μg/kg/day) the levels of controls, respectively
(Figure 6b).

Therefore, treatment with rhMFG-E8 significantly reduced
the expression of neutrophil chemoattractants and pro-
inflammatory cytokines that initiate and perpetuate inflam-
mation in IBD.

rhMFG-E8 Decreases Apoptotic Cell Counts in DSS- and
TNBS-Induced Colitis
Increased apoptotic events are commonly observed in IBD
and injury-repair models of colitis9,10,25,26 and thought to
contribute to the pathogenesis of colonic inflammation.11

MFG-E8 is known to promote the clearance of apoptotic cells.
Hence, we quantified apoptotic events in the colon using
TUNEL. The descending colons of non-colitic controls had
2.5± 0.9 TUNEL-positive apoptotic cells per field, while those
of mice receiving DSS and treated with vehicle had 69.9± 12.5
apoptotic cells per field—a 28-fold increase (Figure 7a).
Apoptotic cells were mainly detected in the mucosal layer,
along with the destruction of the normal architecture of the
colonic epithelium. The colons of mice exposed to DSS and
treated with rhMFG-E8 had an average of 24.5± 3.4 (60 μg/
kg/day) and 9.7± 1.7 (120 μg/kg/day) apoptotic cells/field,
reflecting 65.0 and 86.2% less apoptotic cells than in the
vehicle group, respectively (Figure 7a).

Similarly, there were 112.7-fold more TUNEL-positive
apoptotic cells in the transverse colons of mice exposed to
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TNBS and treated with vehicle had than in those of controls
(Figure 7b), and treatment with rhMFG-E8 was associated
with a near-complete normalization in the amount of
apoptotic cells. The colons of mice exposed to TNBS and
treated with rhMFG-E8 92.5% (60 μg/kg/day) and 97.5%
(120 μg/kg/day) fewer apoptotic events than those of mice
treated with vehicle, respectively (Figure 7b). These results
indicate that treatment with rhMFG-E8 was associated with a
marked decrease in the number of apoptotic events in
the colon.

DISCUSSION
Our data demonstrate that treatment with rhMFG-E8 has
dose-dependent beneficial effects on relevant clinical, immu-
nological, and histological parameters in both DSS- and
TNBS-induced colitis, two well-established experimental

models widely used to screen therapeutic compounds for
the treatment of colitis.17 This is the first time the human
form of MFG-E8 is shown to ameliorate IBD, and the first
time MFG-E8 was used after induction of colitis and during
its most severe phase.

Recombinant murine (rm) MFG-E8 can prevent colitis
when given before disease induction7,27 and can attenuate
damage when given during the recovery phase of the
disease,15 suggesting a potential for the use of MFG-E8 as a
therapeutic agent for IBD. However, rodent proteins are not
suitable for clinical use. Therefore, we generated recombinant
human (rh) MFG-E8 and confirmed its ability to promote the
phagocytic clearance of apoptotic cells.16 We then induced
colitis and tested rhMFG-E8 in a more clinically relevant
setting, starting treatment after induction of colitis and at
time points when clinical signs of colitis, such as loose stools,
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Figure 7 rhMFG-E8 is associated with a reduction in the number of apoptotic cells in mice with DSS- and TNBD-induced colitis. The descending colons
of mice exposed to DSS (n= 5/group) or transverse colons of mice exposed to TBNS (n= 10/group) were collected at the end of the observation period
and submitted to the TUNEL assay for detection of apoptotic cells. While few apoptotic cells were detected in the descending colons of controls, mice
exposed to DSS (a) or TBNS (b) and treated with vehicle had numerous apoptotic cells, mainly in the mucosal and sub-mucosal layers. Compared with
the vehicle group, mice treated with rhMFG-E8 had a significant dose-dependent reduction in the number of apoptotic cells. Images: TUNEL-positive
apoptotic cells are stained green and nuclei are counterstained blue with DAPI, × 100. Lower panel: number of apoptotic cells per × 200 magnification
field. Ctrl = control; Veh = vehicle; 60 = rhMFG-E8 60 μg/kg/day; 120 = rhMFG-E8 120 μg/kg/day; *Po0.05 vs control; #Po0.05 vs vehicle.
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bleeding, and weight loss, were already starting to be evident.
We selected the subcutaneous route for rhMFG-E8 admin-
istration because it is a frequently used route for protein and
peptide medications (such as insulin).

The mechanism through which MFG-E8 operates to
ameliorate colitis is likely to comprise a combination of
MFG-E8’s known effects on the clearance of apoptotic cells,7,8

attenuation of the NF-κB pathway,12 suppression of neutro-
phil migration to sites of inflammation,13 and promotion of
intestinal mucosal homeostasis and healing.8 MFG-E8 pro-
motes the phagocytic clearance of apoptotic cells by bridging
phosphatidylserine residues on the surface of apoptotic cells
with αVβ3 and αVβ5 integrins on the surface of macro-
phages.28 An increased number of apoptotic crypt epithelial
cells is present in UC,9 CD,10 and animal models of IBD.25,26

In IBD, intestinal epithelial cell apoptosis disrupts the tight
junction barrier, exposing the immune system to luminal
contents and leading to mucosal inflammation.11 In our
study, the colons of mice treated with rhMFG-E8 had
significantly less apoptotic cells, suggesting that increased
clearance of apoptotic cells may have contributed to
amelioration of colitis by rhMFG-E8.

Inflammation has a key role in IBD’s perpetuation, severity,
and complications, and infiltration with inflammatory cells is
a characteristic finding of IBD. Accordingly, we observed a
large number of neutrophils and increased expression levels
of pro-inflammatory cytokines and chemokines in the
intestines of animals with colitis. It is fair to hypothesize that
the decreased levels of the neutrophil-attracting chemokines
KC (CXCL1) and MIP-2 (CXCL2) in the colons of mice
treated with rhMFG-E8 may have contributed to the reduced
neutrophil infiltration in these mice. How exactly rhMFG-E8
suppressed the expression of pro-inflammatory cytokines and
chemokines in the colon is unclear, but MFG-E8 binding to
αvβ3/αvβ5 integrin receptors has already been shown to
attenuate inflammation via a number of mechanisms,
including reduction of CXCR2 expression in neutrophils,13

promotion of anti-inflammatory macrophage reprogram-
ming,29 and suppression of the MAPK, p38, STAT-3, and
NF-κB pathways.12,30

In addition to its effects on apoptotic cell clearance and
inflammation, MFG-E8 is also important for the maintenance
of intestinal epithelial homeostasis, basal-apical enterocyte
migration along the colonic crypts, and mucosal healing.8 The
structure of the mucosa and crypts was significantly preserved
in mice treated with rhMFG-E8, suggesting that effects on
intestinal homeostasis and healing may also have contributed
to part of its protective effect on colitis.

rhMFG-E8 was given daily until tissue collection, and our
histological, gene expression, and TUNEL findings are fully
compatible with MFG-E8’s known effects on cells and tissues.
Although there is a possibility that our findings may not have
been a direct result from MFG-E8 activity, it is clear that they
did result from treatment of colitic mice with rhMFG-E8.

Doses of rmMFG-E8 used in proof-of-concept studies were
lower than the doses of rhMFG-E8 used in this study,
probably because a lower dose is required to prevent7,27 or
treat disease in the recovery phase15 as opposed to the early
clinical onset. It is also possible that the human form of MFG-
E8 may be less potent in the mouse, as the homology between
human and mouse MGF-E8 is only 56%. Nevertheless,
rhMFG-E8 is clearly active in rodents, as we have demon-
strated previously31–35 and in the present study. Therefore,
rhMFG-E8 is expected to have comparable beneficial effects
in humans with IBD.

The in vivo use of rhMFG-E8 appears to be safe, and it has
been used for ischemia and reperfusion, acute irradiation
syndrome, and sepsis with no measurable changes in hepatic
and renal function tests.31–35 We have injected mice with up
to 2560 μg/kg rhMFG-E8 intravenously, and observed no
alteration in liver transaminases (AST and ALT) 24 h later
(unpublished observations). More comprehensive studies,
however, will need to be conducted to exclude any toxicity.

Over the years, more than 50 mouse models of IBD have
been generated in an attempt to better recapitulate human
disease. Some chronic models of IBD (such as IL-10 knockout
mice and the T-cell transfer model) have immunologic,
clinical, and histological features more representative of
human UC and CD,36 and additional studies investigating
rhMFG-E8’s efficacy in such models are therefore warranted.
Ultimately, independent of its exact mechanism of action, our
results support rhMFG-E8’s potential to be developed as a
novel therapeutic agent for UC and CD.
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