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SED1/MFG-E8: A Bi-Motif Protein That Orchestrates
Diverse Cellular Interactions
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ABSTRACT

MFG-E8 was initially identified as a principle component of the Milk Fat Globule, a membrane-encased collection of proteins and triglycerides
that bud from the apical surface of mammary epithelia during lactation. It has since been independently identified in many species and by
many investigators and given a variety of names, including p47, lactadherin, rAGS, PAS6/7, and BA-46. The acronym SED1 was proposed to
bring cohesion to this nomenclature based upon it being a Secreted protein that contains two distinct functional domains: an N-terminal
domain with two EGF-repeats, the second of which has an integrin-binding RGD motif, and a C-terminal domain with two Discoidin/F5/8C
domains that bind to anionic phospholipids and/or extracellular matrices. SED1/MFG-E8 is now known to participate in a wide variety of
cellular interactions, including phagocytosis of apoptotic lymphocytes and other apoptotic cells, adhesion between sperm and the egg coat,
repair of intestinal mucosa, mammary gland branching morphogenesis, angiogenesis, among others. This article will explore the various roles
proposed for SED1/MFG-E8, as well as its provocative therapeutic potential. J. Cell. Biochem. 106: 957-966, 2009. © 2009 Wiley-Liss, Inc.
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I n most species examined thus far, SED1/MFG-E8 occurs as a
~53 kDa glycoprotein that possess a cleavable signal peptide,
followed by two N-terminal epidermal growth factor (EGF)-like
repeats and two C-terminal Discoidin/F5/8C domains (referred to as
F5/8C domains) (Fig. 1) [Stubbs et al., 1990; Larocca et al., 1991;
Couto et al., 1996; Ogura et al., 1996; Andersen et al., 1997; Ensslin
et al., 1998]. The second EGF domain also contains an arginine-
glycine-aspartic acid (RGD) integrin-binding motif that engages
oy B35 integrin heterodimers to facilitate cell adhesion as well as
induce integrin-mediated signal transduction [Andersen et al., 1997,
2000; Taylor et al., 1997; Ensslin and Shur, 2007; Raymond and
Shur, in press]. Since the EGF domains are highly homologous to
those that mediate binding between Drosophila Notch-1 and its
ligand, Delta, it has been suggested that the EGF repeats may pair
with one another to form SED1/MFG-E8 multimers, similar to the
ability of EGF repeats to multimerize other types of cell adhesion
molecules [Balzar et al., 2001].

The C-terminal F5/8C domains have sequence homology to the
animal lectin discoidin and the C2 domain of blood coagulation
Factor V and Factor VIII [Stubbs et al., 1990; Ogura et al., 1996].
Each F5/8C domain is composed of an eight-strand anti-parallel
B-barrel, from which two or three hypervariable loops extend from
the base [Shur et al., 2004; Lin et al., 2007; Shao et al., 2008]. The
exposed amino acid residues that compose these hairpin loops

dictate the protein’s binding specificity. In some instances, such as in
the discoidin protein from Dictyostelium and the chitobiase enzyme
from Arthrobacter, these loops mediate binding to carbohydrate
moieties on the surface of cells and in the extracellular matrix,
whereas coagulation Factor V, Factor VIII, and the second
C-terminal domain of SED1/MFG-E8 bind to anionic phospholipids
of cellular membranes [Reitherman et al.,, 1975; Andersen et al.,
1997, 2000; Macedo-Ribeiro et al., 1999; Pratt et al., 1999; Fuentes-
Prior et al., 2002; Shi et al., 2004, 2008]. Crystallographic analysis
suggests that hydrophobic residues of the F5/8C2 hairpin loops
insert into the lipid bilayer, whereas basic residues at the base of the
loop “dock” with the phospholipid headgroups [Macedo-Ribeiro
et al., 1999; Pratt et al., 1999]. While both F5/8C domains of SED1/
MFG-E8 maintain a similar overall structure to the C2 domains
of the blood coagulation factors, the second F5/8C domain of SED1/
MFG-E8 contains an amino acid substitution that results in
considerably higher affinity for phosphatidylserine membranes
than does the C2 domains of Factors V and VIII [Shao et al., 2008].

In mouse and rat, SED1/MFG-E8 also occurs as a ~66 kDa splice
variant that includes an O-glycosylated, 37 amino acid (56 amino acid
in rat) proline/threonine-rich sequence inserted between the second
EGF domain and the first discoidin domain [Oshima et al., 1999;
Burgess et al., 2006]. Expression of the two splice variants shows
spatial and temporal specificity. For example, the 53 kDa variant is

*Correspondence to: Barry D. Shur, PhD, Department of Cell Biology, Emory University School of Medicine, 615

Michael Street, Atlanta, GA 30322. E-mail: bshur@emory.edu

Received 25 December 2008; Accepted 30 December 2008 e DOI 10.1002/jcb.22076 e 2009 Wiley-Liss, Inc.
Published online 9 February 2009 in Wiley InterScience (www.interscience.wiley.com).



aBys

SED1/ EGE-1
MFG-E8
Del1 EGF-1 EGF-2

Fig. 1.  Structural motifs of SED1/MFG-E8 and Del1. Both proteins contain Notch like-EGF repeats, the second of which possess an RGD integrin-binding motif, as well as two
discoidin/F5/8 C domains that are able to bind phospholipid bilayers and/or extracellular glycosides via 2-3 hairpin loops projecting from the central barrel core. SED1/MFG-E8
and Del1 are believed to facilitate cell-matrix adhesion via RGD-dependent binding to cell surface a,B3/5 integrin receptors, whereas the discoidin/F5/8C domain is also thought
to bind to cell membranes via intercalation into the lipid bilayer. Alternatively, the discoidin/F5/8C domains may coordinate binding to extracellular glycoside substrates, similar
to that seen in the sugar-binding discoidin domains. Del1 contains a third EGF repeat not found within SED1.

expressed in many tissues including the mammary glands of virgin
female mice, whereas the 66 kDa variant shows limited tissue
distribution and predominates during the late stages of pregnancy
and during lactation [Oshima et al., 1999]. Nevertheless, the function
of the proline/threonine rich insertion is unknown. It may increase the
binding efficiency of SED1/MFG-E8 to phospholipids [Hanayama
et al., 2002] and/or increase the efficiency of secretion [Oshima et al.,
1999]. In this regard, it is interesting that when the two isoforms are
expressed in epidermal keratinocytes, the long form is secreted into
the culture supernatant, whereas the short form remains associated
with the cells [Watanabe et al., 2005].

MACROPHAGE REMOVAL OF APOPTOTIC LYMPHOCYTES

Given the known phospholipid binding specificity for the
C-terminal F5/8C domains, it is not surprising that SED1/MFG-E8
has been identified as a key regulator of apoptotic cell removal in
numerous systems [Hanayama et al., 2002; Leonardi-Essmann et al.,
2005; Fens et al., 2008]. The first and best-studied example pertains to
macrophage recognition of apoptotic lymphocytes in germinal
centers. Upon activation, phagocytes secrete SED1/MFG-E8 as they
encounter apoptotic cells. The C-terminal domains mediate attach-
ment to phosphatidylserine and phosphatidylethanolamine residues
exposed on the surface of the apoptotic lymphocyte, whereas the RGD
motif binds to a, integrins expressed on the advancing phagocyte
[Hanayama et al., 2002; Leonardi-Essmann et al., 2005]. As expected,
activated peritoneal macrophages harvested from SED1/MFG-E8-null
animals have a reduced capacity to engulf apoptotic cells compared
to wild-type [Hanayama et al., 2004]. Surprisingly though, these
macrophages can still bind apoptotic cells suggesting that SED1/
MFG-E8 is required for the process of engulfment rather than simply
functioning as a molecular bridge between cellular debris and the

phagocyte [Hanayama et al., 2004]. Mutation of the RGD motif'to RGE
has no effect on the protein’s binding to apoptotic cells, which is
mediated by the C-terminal domain; but rather blocks phagocyte
engulfment, further implicating integrin binding in this processes
[Asano et al., 2004]. Additionally, adult SED 1/MFG-E8-null animals
display characteristics of autoimmunity, including an enlarged
spleen, a marked increase in serum antibodies against DNA and
nuclear proteins, and glomerulonephritis, a condition caused by the
deposition of circulating antibodies in the kidney [Hanayama et al.,
2004]. These pathologies are phenocopied in wild-type mice injected
with RGE-mutant SED1/MFG-E8, which serves as a dominant-
negative protein inhibiting phagocytic engulfment of self-antigens
[Asano et al., 2004].

Analogously, the human homolog of SED1/MFG-E8 (hMFG-E8)
also binds phosphatidylserine and engages o,B; integrins
[Yamaguchi et al., 2008]. As expected, low levels of hMFG-E8
enhance phagocytosis, however, at high concentrations, engulfment
is inhibited in a dose-dependent fashion [Yamaguchi et al., 2008].
These results are of interest in light of the fact that some human
patients suffering from the chronic autoimmune condition systemic
lupus erythematosus have elevated serum levels of hMFG-E8
[Yamaguchi et al., 2008].

An interesting corollary has been suggested for microglial cells
that assume a phagocytic role in the clearance of apoptotic neurons.
Fractalkine is a chemokine expressed by non-hematopoietic cells,
such as endothelia, neurons, and glial cells, that when released
from the cell surface by the TACE protease, elicits a gradient-
dependent chemoattraction of macrophages and other immune cells
[Leonardi-Essmann et al., 2005]. Gene chip analysis of microglia
transcripts following exposure to fractalkine revealed significant
up-regulation of SED1/MFG-E8 [Leonardi-Essmann et al., 2005].
This raises the interesting hypothesis that fractalkine serves as both a
chemoattractant leading microglia to damaged neurons, as well as a
priming factor, inducing the production of SED1/MFG-E8 that
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will subsequently mediate engulfment of the apoptotic cell
[Leonardi-Essmann et al., 2005].

CLEARANCE OF MAMMARY EPITHELIAL CELLS

DURING INVOLUTION

SED1/MFG-E8 performs a similar function during the clearance of
apoptotic cells resulting from involution of the lactating mammary
gland. During the first 48 h of gland involution, apoptotic cells
are shed into the alveolar lumen where they are cleared by
“nonprofessional”” phagocytes, such as neighboring epithelial cells.
During this time, SED1/MFG-E8-deficient mice show an increased
level of apoptotic cells in the alveolar lumen, but the frequency of
apoptotic cells in the alveolar epithelium is similar to control
animals [Atabai et al., 2005]. This suggests that SED1/MFG-E8-null
cells have impaired phagocytosis. Consistent with this, primary
mammary epithelial cells from SED1/MFG-E8 mutants have
significantly lower phagocytic potential when compared to controls.
In later stages of involution, the residual milk fat globules and
apoptotic cells, both of which have high phosphatidylserine
content, are removed by macrophages that express high levels of
SED 1/MFG-ES8. In the absence of SED1/MFG-E8, the apoptotic cells
are not cleared efficiently and membranous material accumulates
within the gland, leading to duct ectasia and mastitis [Hanayama
and Nagata, 2005].

DIURNAL CLEARANCE OF PHOTORECEPTOR OUTER SEGMENTS
The phototransduction machinery of the retinal photoreceptors lies
adjacent to the retinal pigmented epithelium (RPE), which expresses
components that stabilize retinal adhesion as well as remove fragments
of the photoreceptor outer segments (POS) that are shed daily. Previous
studies indicated a requirement for «,Bs integrin in both retinal
adhesion and RPE-mediated phagocytosis of POS fragments [Nandrot
et al., 2004, 2006]. Since SED1/MFG-E8 is a known ligand for o35
integrins, and is localized to RPE, it raised the obvious possibility that
SED1/MFG-E8 could be the “link” between the integrin receptor on
RPE and shed POS fragments [Burgess et al., 2006].

The adhesion of the RPE to the neural retina is slightly (~20%), but
significantly decreased in SED1/MFG-E8-deficient mice, coincident
with the peak period of retinal adhesion [Nandrot et al., 2007].
Adhesion at non-peak times is unaffected in SED 1/MFG-E8-deficient
mice [Nandrot et al., 2007]. Since the loss of o5 leads to a much
greater loss of RPE-neural retina adhesion, the authors conclude that
SED1/MFG-E8 does not likely play a major role in retinal adhesion, as
does a,B5 [Nandrot et al., 2007]. However, the mice used in these
studies are not traditional SED1/MFG-E8 knockout mice, but rather,
express SED1/MFG-E8 that is engineered to remain membrane-bound
and not secreted, as is the wild-type protein [Atabai et al., 2005].
Consequently, the membrane-associated SED1/MFG-E8 may still be
able to partially mediate intercellular adhesion via integrin binding
[Nandrot et al., 2007]. Nevertheless, the lack of secreted SED1/
MFG-E8 leads to a dramatic reduction in phagocytosis of outer
segment markers [Nandrot et al., 2007]. Furthermore, RPE isolated
from SED1/ MFG-E8-deficient mice show reduced (~50%) binding
of POS, relative to RPE from control mice [Nandrot et al., 2007].
Finally, exogenous SED1/MFG-E8 can rescue the reduced binding of
mutant RPE, as well as promote binding of POS to RPE cell lines

[Nandrot et al., 2007]. These results support the notion that SED1/
MFG-ES8 is critical for the circadian removal of shed POS by the RPE
[Nandrot et al., 2007]. It should be noted that other investigators were
unable to confirm these studies using siRNA constructs to knockdown
SED 1/MFG-E8 mRNA in cultured RPE cells, as opposed to the use of
genetically-engineered mice [Burgess et al., 2006].

CLEARANCE OF APOPTOTIC CELL DEBRIS IN

ATHEROSCLEROTIC VESSELS

Recent data suggests that the opsonizing characteristics of SED1/
MFG-E8 may also function in removal of pathogenic plaques.
Atherosclerotic plaques accumulate cell debris, including apoptotic
cells, which leads to plaque progression and disease. Phagocytic
clearance of this apoptotic cell debris is critical for homeostatic
maintenance and activation of anti-inflammatory pathways. To
explore SED1/MFG-E8 function in the clearance of the athero-
sclerotic debris, ladler-/- mice, which are susceptible to athero-
sclerosis, were irradiated and reconstituted with either wild type
or Mfge8-deficient bone marrow [Ait-Oufella et al., 2007]. After
8 weeks on an atherogenic diet, the mice reconstituted with wild-
type bone marrow developed early lesions of atherosclerosis that
were devoid of apoptotic cells [Ait-Oufella et al., 2007]. However, in
mice reconstituted with Mjfge8-null marrow, the frequency of
apoptotic cells in lesions was markedly elevated, resulting in a 70%
increase in lesion size [Ait-Oufella et al., 2007]. Interestingly, this
phenotype is similar to that seen in «,Bs deficiency, which
participates in SED1/MFG-E8-mediated clearance of apoptotic cells
[Weng et al., 2003]. Furthermore, the accumulated apoptotic debris
is associated with decreased anti-inflammatory interleukins (IL-10)
in the spleen, and increased IFN+y in both spleen and atherosclerotic
arteries [Ait-Oufella et al., 2007]. These and other results suggest to
the authors that SED 1/MFG-E8 expression in bone marrow-derived
cells is critical for maintenance of the normal systemic immune
response [Ait-Oufella et al., 2007].

CLEARANCE OF Ap AMYLOID PLAQUES IN ALZHEIMER'S DISEASE
A recent study reported that cultured astrocytes express SED1/
MFG-E8, which can be found in their released exosomes [Boddaert
et al., 2007]. Similarly, SED1/MFG-E8 expression is readily seen in
astrocytes in cadaveric brains, but its expression is greatly decreased
in the vicinity of AB plaques in brains from Alzheimer’s disease (AD)
patients. mRNA levels are also reduced by 35% in AD brains as
compared to healthy controls [Boddaert et al., 2007]. Consistent with
a possible casual relationship between SED1/MFG-E8 expression
and the clearance of AP plaques, the authors report a direct
interaction between recombinant MFG-E8 and the AR 1-42 peptide;
substitution of the RGD motif with RGE inhibits interaction with the
AR peptide [Boddaert et al., 2007]. More directly, FITC-conjugated
AP peptide is taken up by blood-derived human macrophages,
which are inhibited by incubation with anti-SED1/MFG-E8
antibodies [Boddaert et al., 2007]. Finally, peritoneal macrophages
from SED1/MFG-E8-null mice have a severely reduced ability
to phagocytose AR 1-42 peptide [Boddaert et al., 2007]. These
data suggest that similar to resolution of atherosclerotic plaques,
SED1/MFG-E8 serves a role in preventing the accumulation of AR
amyloid.
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SED1/MFG-E8 MEDIATES SPERM-EGG BINDING

SED1/MFG-E8 was independently identified as a component of
porcine sperm that has binding affinity for glycoproteins of the egg
coat [Ensslin et al., 1998]. Sperm membranes where solubilized
and applied to affinity columns containing immobilized egg coat
glycoproteins [Ensslin et al., 1998]. Sequencing of the predominant
eluted protein resulted in identification of porcine SED1/MFG-ES,
originally named p47 [Ensslin et al., 1998]. The ability of SED1/
MFG-E8 to function as a sperm receptor for the egg coat was
confirmed by analysis of SED1/MFG-E8-null male mice, which are
sub-fertile in vivo and whose sperm are unable to bind eggs in vitro
[Ensslin and Shur, 2003].

Sperm acquire SED1/MFG-E8 during two phases of their
development. The first evidence of SED 1/MFG-E8 immunoreactivity
occurs in the Golgi complex of spermatogenic cells, where it is
presumably secreted onto the sperm surface [Ensslin and Shur,
2003]. However, the majority of sperm-associated SED1/MFG-ES8 is
derived from secretions of the initial segment of the epididymis,
where it binds to the anterior dorsal aspect of the sperm plasma
membrane, the area known to be responsible for mediating initial
adhesion to the egg coat [Ensslin and Shur, 2003].

Studies with truncated proteins indicate that the gamete binding
activity of SED1/MFG-E8 lies in the C-terminal F5/8C discoidin
domains [Ensslin and Shur, 2003]. The function of the EGF domains
in this circumstance remains uncertain, but it is thought that
integrin binding does not participate in sperm-egg adhesion in mice
[Ensslin and Shur, 2003]. One model for SED1/MFG-E8 function
during sperm-egg adhesion suggests that the two different F5/8C
domains have preferential binding affinities: the C2 domain binding

to exposed phosphatidylserine residues on the sperm membrane,
and the C1 domain binding to egg coat glycoproteins, analogous to
the C1 domain of Del1, a SED1/MFG-E8 homolog that binds to the
extracellular matrix (Fig. 2) [Ensslin and Shur, 2003; Shur et al.,
2004; Hidai et al., 2007]. Since two EGF repeats are capable of
mediating multimerization of other cell adhesion molecules, it is
possible that SED1/MFG-E8 functions during sperm-egg binding as
a dimer or multimer [Balzar et al., 2001; Ensslin and Shur, 2003].

More recent studies suggest that sulfation of SED1/MFG-E8 may
also be important for its activity in sperm-egg binding. TPST-2 is a
Golgi-localized sulfotransferase that mediates protein-tyrosine
sulfation in the male reproductive tract [Hoffhines et al., 2008].
Tpst-2 knockout mice are infertile, and their sperm exhibit reduced
motility and fertilizing capability [Hoffhines et al., 2008]. SED1/
MFG-E8 has been identified as substrate for TPST-2, and Tpst-2
knockout mice produce non-sulfated SED1/MFG-E8, which sug-
gests this post-translation modification is critical for its function in
fertilization [Hoffhines et al., 2008].

MAINTENANCE OF THE EPIDIDYMAL EPITHELIUM

The loss of SED1/MFG-E8 from the epididymal epithelium, where it
is normally secreted and associates with the sperm membrane,
produces unexpected epididymal pathologies [Raymond and Shur,
in press]. Most notable among these are detached epithelia and
spermatic granulomas, which result from the exposure of sperm-
associated antigens and a consequent immune response. This
phenotype is suggestive of a tissue-intrinsic role in the epididymis,
in addition to its role in sperm-egg adhesion. Using perfusion-based
fixative procedures, SED1/MFG-ES8 is found localized in basolateral
domains of epididymal epithelial cells in vivo, and similarly, SED1/
MFG-E8 is secreted both apically and basally from polarized

repeals

Fig. 2. Models for SED1/MFG-E8 function during sperm-egg binding. A: SED1/MFG-E8 binding to gamete surfaces appears to be mediated by the F5/8C domains, rather than
the EGF repeats. Consequently, the simplest model suggests that SED1/MFG-E8 could function as a monomer, with one F5/8C domain binding to the sperm membrane and the
other binding to the zona pellucida. B: Alternatively, SED1/MFG-E8 may facilitate sperm-egg binding as a dimmer, or oligomer, due to anti-parallel pairing of the EGF repeats,
similar to that reported for the EGF domains of Ep-CAM [Balzar et al., 2001]. Reprinted from Ensslin and Shur [2003].
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epididymal cells in vitro. The basolateral distribution of SED1/
MFG-E8 suggested that it may play a role in epididymal cell
adhesion. Quantitative in vitro assays demonstrate that SED 1/MFG-
E8 supports epididymal cell adhesion via RGD binding to oy integrin
receptors on epididymal epithelial cells. In support of these results,
epididymal cells from SED1/MFG-E8-null males show reduced
adhesion in vitro, a phenotype that can be rescued with exogenous
SED1/MFG-E8. These results suggest that SED1/MFG-E8 may
facilitate epididymal cell adhesion, and that its loss leads to
breakdown of the epididymal epithelium and consequent develop-
ment of spermatic granulomas [Raymond and Shur, in press].

MAINTENANCE AND REPAIR OF THE INTESTINAL EPITHELIUM

The epithelial lining of the gut undergoes continuous turnover,
with stem cells located deep within the crypts being induced to
differentiate into absorptive enterocytes and secretory cells as they
migrate out of the crypt onto the villus surface. Not surprisingly,
SED 1/MFG-E8 is expressed in murine macrophages of the intestinal
lamina propia, which led investigators to examine its potential
role in repair and maintenance of the intestinal epithelium [Bu
et al., 2007]. Unlike that reported in other systems, the addition
of exogenous SED1/MFG-E8 accelerates the rate of migration of
[EC-18 cells, an enterocyte cell line, in a PKC-dependent manner [Bu
et al., 2007]. The exogenous SED1/MFG-E8 binds to the posterior
region of the migrating cells, possibly to a patch of exposed
phosphatidylserine. In vivo, SED1/MFG-E8 is found on crypt cells
following injury, consistent with a potential role in epithelial repair.
More directly, anti-SED 1/MFG-E8 antibodies arrest the migration of
BrdU-labeled cells out of intestine crypts, and a similar reduction in
crypt cell migration is seen in SED1/MFG-E8-null mice [Bu et al.,
2007]. As shown by others [Miksa et al., 2006, 2007], SED1/MFG-E8
expression is dramatically reduced following sepsis, which is also
associated with reduced enterocyte migration from the crypts to the

A SED1SEDT B jota MAPK
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villus [Bu et al., 2007]. Remarkably, administration of SED1/MFG-
E8 to septic mice restores crypt cell migration. How SED1/MFG-E8
promotes migration of intestinal epithelial cells is unclear, but may
involve a relocalization of Arp2/3 and dissolution of actin-based
stress fibers, along with the establishment of a new lamellipodia [Bu
et al., 2007].

SED1/MFG-E8 FACILITATES MAMMARY GLAND

BRANCHING MORPHOGENESIS

In addition to its role in the clearance of apoptotic cells during
mammary gland involution, SED1/MFG-E8 also participates during
development of the mammary gland. SED1/MFG-E8-null females
show greatly diminished mammary glands, reflecting a severe
reduction in the frequency of branching from both epithelial
ducts and from terminal end buds, which are thin and poorly
developed [Ensslin and Shur, 2007]. During normal development,
the expanding epithelial tree develops from reciprocal inductive
interactions between the two cell types that constitute the double-
layered epithelial tube: luminal epithelial cells and myoepithelial
cells. SED1/MFG-E8 is expressed by the epithelial cells where it
binds to a,B3/s integrin receptors on myoepithelial cells, leading
to MAPK activation and subsequent cell proliferation and duct
outgrowth. The absence of SED1/MFG-E8 leads to a near total loss
of MAPK activation in myoepithelial cells, with a concomitant
reduction in cell proliferation and branching throughout the
epithelial tree (Fig. 3) [Ensslin and Shur, 2007].

SED1/MFG-E8 AND ITS HOMOLOG DEL1

PROMOTE VASCULARIZATION

Development endothelial locus-1 (Del1) is a structural and functional
homolog of SED1 that contains a signal sequence followed by three
EGF-like, and two C-terminal F5/8C/discoidin-like domains. Identi-
fied via an enhancer-trap event in a transgenic mouse, Dell is

(min} o 15 30 45 60 %0

myoepihelia

Fig. 3. The loss of SED1/MFG-ES is associated with reduced MAPK activation in myoepithelial cells of the developing mammary gland. A: Although the level of total MAPK
protein is similar between wild-type and SED1-null mammary gland organoids, as assessed by immunoblotting, the activated form of MAPK (P-MAPK) is greatly diminished in
SED1-null organoids. Activation of the 44 kDa MAPK is reduced by nearly 50%, whereas activation of the 42 kDa isoform is closer to normal levels. B: MAPK (brown stain) is
present in both the luminal and myoepithelial compartments, but activated MAPK (black arrows) is confined primarily to the myoepithelial compartment, consistent

with the expression of «, integrins on myoepithelial cells. MAPK activation is greatly reduced in the epithelial compartment of SED1-null organoids (P < 0.001). Bars = 0.05

mm. C: Most cells with activated MAPK colocalize with smooth muscle actin (SMA), indicative of myoepithelial cells (white arrows); whereas others lie adjacent or outside of the
SMA reactivity (pink arrows). Bars =0.05 mm. D: The addition of SED1/MFG-E8 to primary epithelial cell cultures leads to a transient activation of MAPK. E: Results suggest
that SED1/MFG-E8 is secreted by myoepithelial and/or basally from luminal epithelial cells. The RGD motif within the second EGF repeat binds «,35/3 integrins on myoepithelial

cells, whereas adhesion to luminal epithelial cells may be mediated by intercalation of the F5/8C domains into the phospholipid bilayers. Ligation of o, Bs/3 integrin induces

MAPK activation in myoepithelial cells, leading to proliferation of the epithelial compartment, duct elongation and branching. Reprinted from Ensslin and Shur [2007].
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secreted onto the extracellular matrix by endothelial cells during
embryonic vasculogenesis [Hidai et al., 1998]. In vitro studies suggest
that Dell serves autocrine and paracrine roles by supporting the
migration and proliferation of both endothelial cells and vascular
smooth muscle cells [Penta et al., 1999; Rezaee et al., 2002]. In this
regard, addition of Dell to chick chorioallantoic membrane assays
results in a potent pro-antigenic response suggesting a role in
vascularization [Penta et al., 1999]. This is consistent with the ability
of Del1 to increase vascular branching in the intestinal mesentery of
transgenic mice that over-express Dell [Hidai et al., 2005].

Further characterization indicates that Del1 serves as a ligand for
o35 integrins, inducing aggregation of focal adhesion proteins and
initiating intracellular signaling cascades including MAPK phos-
phorylation [Hidai et al., 1998; Penta et al., 1999; Rezaee et al.,
2002]. Dell is therefore thought to facilitate vascular wall
development and vascular remodeling by directing endothelial
angiogenesis, and migration and proliferation of vascular smooth
muscle cells, in-part through activation of anti-apoptotic pathways
[Penta et al., 1999; Rezaee et al., 2002]. Furthermore, endothelial
derived Del1 has been reported to inhibit leukocyte adhesion to the
endothelium, suggestive of an anti-inflammatory function for Del1
[Choi et al., 2008].

These findings are supported by the observation that endogenous
Dell is upregulated in ischemic hind limbs [Zhong et al., 2003].
Therapeutic delivery of Dell to the ischemic tissue, either through
protein-soaked implants or gene transfer, enhances disease recovery
by increasing vessel formation, capillary density, vascular flow, and
muscle function [Zhong et al., 2003; Ho et al., 2004]. Exogenous
Del1 appears to first engage o35 integrins leading to upregulation
of the Hox D3 transcription factor and subsequent increased
expression a3 integrins [Zhong et al., 2003]. Activation of o3
integrins through binding to Del1 or other ligands is then thought to
enhance vascular recovery by triggering an increase in endothelial
cell proliferation [Zhong et al., 2003].

In an analogous manner, SED1/MFG-E8 may facilitate neovas-
cularization in adult tissue through similar mechanisms. Unlike
Del1, SED1/MFG-ES8 is expressed in the vasculature of healthy adult
tissues including the aorta and hindlimb muscles [Silvestre et al.,
2005]. Ectopic expression of VEGF is pro-angiogenic in in vitro
assays, and increases capillary densities and angiography scores
in an ischemia recovery model in mice [Silvestre et al., 2005].
Importantly, ischemic muscle of SED1/MFG-E8-deficient mice is
unaffected by VEGF over-expression, while over-expression of
SED1/MFG-E8 in wildtype muscle induces recovery independent of
VEGEF [Silvestre et al., 2005]. These data suggest SED1/MFG-E8 is a
downstream effector of pro-angiogenic VEGF signaling [Silvestre
et al., 2005]. Further investigation into this pathway indicates that
SED1/MFG-E8 serves as a ligand for o33 and/or «,B5 integrins
that in turn elevates AKT phosphorylation, a known mediator of
endothelial cell survival and proliferation [Silvestre et al., 2005].

While these data support the substantial potential for Dell and
SED1/MFG-E8 in therapeutic neovascularization, other studies
indicate circumstances where inhibition of these proteins may also
be desirable. Dell was found to be misexpressed in naturally
occurring adult, human tumor tissues [Aoka et al., 2002]. In a disease
model developed to investigate this phenomenon, multiple tumor

cell lines transfected with Dell exhibit increased capillary density
and growth, and reduced apoptosis during tumor formation in nude
and syngeneic mice [Aoka et al., 2002]. Additional studies indicate
that Dell expression in tumor cells is activated by tumor-derived
growth factors, including VEGF, and support a role for Dell in
pathological angiogenesis [Aoki et al., 2005]. Furthermore, SED1/
MFG-ES8 is found in murine tumor cell lines and is up-regulated in
angiogenic islets and tumors of an in vivo model for pancreatic
carcinogenesis [Neutzner et al., 2007]. Interestingly, SED 1/MFG-E8-
deficient mice exhibit only a modest reduction in tumor frequency
and survival, and although vascular permeability and proliferation
of the tumors are somewhat reduced, other pro-angiogenic signals,
including FGF2 and Dell, are elevated suggesting tumorigenesis
circumvented the requirement for SED1/MFG-E8 [Neutzner et al.,
2007]. These data indicate that SED1/MFG-E8 and Dell may serve
similar roles in embryonic (Del1) and adult (SED1/MGF-E8) vascular
modeling, and point to each being a candidate for endovascular
enhancement as well as a target for anti-angiogenic/tumorigenic
therapies.

FACILITATING EXOSOME-FUNCTION IN DENDRITIC CELLS

An interesting feature of SED1/MFG-E8 secretion in all cell types
thus far examined is that it is found associated with exosomes—
small membrane-bound vesicles released from the cell upon fusion
of multivesicular bodies with the plasma membrane (Fig. 4) [Denzer
et al., 2000]. In this regard, SED 1/MFG-E8 is found as a predominant
component of the mammary fat globule released into milk, as well as
exosome-like vesicles called epididymosomes in the epididymis
[Gatti et al., 2005]. Early studies of SED1/MFG-E8’s association with
exosomes suggested it may be important for the formation and/or
secretion of exosome vesicles. For example, transfection of COS-7
cells with full-length SED1/MFG-E8 increases exosome secretion
three-to fourfold [Oshima et al., 2002]. Moreover, expression of
mutant constructs with either C-terminal F5/8C domain deleted
abolishes both cell-surface and exosome localizations of the protein.
The C2 domain, in particular, was found to be indispensible for
SED1/MFG-E8-dependent increase in exosome secretion [Oshima
et al., 2002].

Nevertheless, the significance of SED1/MFG-E8 association with
exosomes remains obscure. It is presently unclear if SED1/MFG-E8
association with exosomes simply reflects its means of transport to
the cell surface, or rather, has additional functional significance.
In this regard, epididymosomes are thought to influence sperm
maturation by bringing critical proteins in contact with the sperm
plasma membrane, where they can transfer from vesicles to the
plasma membrane in a zinc and pH-dependent mechanism [Sullivan
et al., 2005]. However, most insight into the function of exosome-
associated SED1/MFG-E8 has come from studies of dendritic cells.

Dendritic cells (DC) are professional antigen presenting cells that
contribute to tolerance and immunity by accumulating antigens
from their microenvironment. Circulating (immature), DC are highly
phagocytic, engulfing antigens and processing them into peptides
that are presented on the cell surface in association with Major
Histocompatibility Complexes (MHC). Under homeostatic condi-
tions, immature DC help to preserve tolerance; however, when an
antigen of pathologic origin is detected, DC initiate a maturation
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Fig. 4. SED1/MFG-ES8 is secreted in association with exosomes. A: SED1/MFG-E8 may be secreted as a soluble protein through classical mechanisms, however SED1/MFG-E8's

association with microvesicles suggests it is also secreted through non-classical pathways including (B) apocrine shedding, as occurs in the epididymis, and (C) fusion of
multivesicular bodies (MVB) with the apical plasma membrane. Both apocrine shedding and MVB fusion result in the release of microvesicles, called exosomes, into the

extracellular milieu.

process. The cell migrates to the lymph node, presenting antigen/
MHC and various other co-stimulatory molecules to T cells.
Although both immature and mature dendritic cells secrete
exosomes, the components and activity of these vesicles are
distinct, suggesting they have different functions depending on
the cell’s maturation state. In fact, exosomes secreted by mature DC
are 50- to 100-times more effective at inducing a T cell immune
response than are exosomes from immature DC [Segura et al., 2005].
On the other hand, exosomes from immature DC, which are known
to carry antigen/MHC complexes, are thought to amplify the
immune response by providing both immature and mature DC with
additional unique antigens for presentation to T cells [Segura et al.,
2005].

Not surprisingly, the discovery that SED1/MFG-E8 is highly
expressed by immature DC, but significantly reduced in mature DC,
haslead to several investigations into its function [Thery et al., 1999;
Miyasaka et al., 2004; Veron et al., 2005]. Given the well-
documented adhesive nature of SED1/MFG-E8, investigators
initially proposed that exosome-associated protein could facilitate
docking or uptake of secreted exosomes to target effector cells
[Thery et al., 1999; Miyasaka et al., 2004; Morelli et al., 2004; Veron
et al.,, 2005]. However, exosomes isolated from SED1/MFG-E8-
deficient mice are nearly as efficient in transferring antigen/MHC
complexes to recipient DC as vesicles isolated from wild-type mice,
indicating this is probably not the case [Veron et al., 2005].
Furthermore, SED 1/MFG-ES8 is not required for mature DC-mediated
T cell activation [Segura et al., 2005].

Alternatively, DC are known to phagocytose a wide range of
materials including pathogens, dying cells, and in some cases live
cells; therefore, a second hypothesis suggests that SED1/MFG-E8
secreted by immature DC may facilitate engulfment through
mechanisms similar to its well-characterized role in macrophage
clearance of apoptotic cells [Akakura et al., 2004]. One study
indicates that SED1/MFG-E8 binds to «,B5 integrins on immature
DC via its RGD motif, initiating a signal transduction cascade
through DOCK180 and Rac1 that potentiates phagocytosis [Akakura
et al., 2004]. Conversely, SED1/MFG-E8 and DOCK180 are both
down-regulated in mature DC, cells that exhibit reduced phago-
cytosis relative to their immature counterparts [Akakura et al.,
2004]. Importantly, the nature of SED1/MFG-E8 secretion either
soluble, or bound to exosomes, was not specifically addressed in this
study, and therefore the role of exosomes in this pathway remains
somewhat unclear.

The various roles established for SED1/MFG-E8 immediately
suggest a number of potential therapeutic opportunities. Onco-
logical studies indicate that SED1/MFG-E8 is expressed and often
up-regulated on the surface of breast carcinoma cells, and
antibodies against the protein have met with some success in
cancer diagnosis and therapy [Larocca et al., 1991]. More recently,
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investigators have been successful in priming cytotoxic T cells to
target SED1/MFG-E8-positive breast cancers [Liu et al., 2005]. In
this case, adeno-associated virus-based gene loading was used to
delivery SED1/MFG-E8 to dendritic cells, which in turn presented
the protein to cytotoxic T cells in the form of antigen/MHC
complexes [Liu et al., 2005]. Alternatively, fusion of the C-terminal
domains of SED1/MFG-E8 to a tumor antigen has been found
sufficient to target otherwise soluble antigen to secreted exosome-
like vesicles [Zeelenberg et al., 2008]. In this investigation, a
vesicle-associated tumor antigen induced a stronger T cell-mediated
immune response than did the same antigen secreted as a soluble
protein. As a result, tumors secreting vesicle-associated antigens
were slower growing, and a DNA-vaccine therapy featuring an
antigen-SED1/MFG-E8 fusion construct had a protective effect,
limiting tumor size in a mouse tumor progression model [Zeelenberg
et al., 2008].

As mentioned above, the clear involvement of SED1/MFG-ES,
and its homolog Del1, in angiogenesis raises a number of intriguing
possibilities regarding their potential clinical use. Investigators have
already applied these observations to enhance recovery of ischemia
in a rodent model. Finding that inappropriate activation of this
pathway initiates angiogenesis in developing tumors also suggests
that SED1/MFG-E8 antagonists could be used to arrest tumor
growth. How the SED1/MFG-E8 antagonists will be targeted to the
appropriate site is unclear, but workers have suggested that RGD-
bearing chemotherapeutic agents could be targeted to the SED1/
MFG-E8-dependent phagocytic activity of endothelial cells in
angiogenic tumors [Fens et al., 2008].

A number of studies also indicate that SED1/MFG-E8 expression
is dramatically reduced during sepsis, and in at least one instance,
exogenous administration SED1/MFG-E8 was able to reverse some
of the cellular defects associated with sepsis [Bu et al., 2007; Miksa
et al., 2007]. The decrease in SED1/MFG-E8 expression during sepsis
is also associated with a decrease in clearance of apoptotic cells,
an effect that can be partially rescued by the administration of
SED1/MFG-E8-containing exosomes collected from immature DC.
Exosome administration also leads to increased survival of septic
animals [Miksa et al., 2006]. In this regard, administration of the
cytokine, fractalkine, to septic animals, induces SED1/MFG-E8
expression and enhances clearance of apoptotic cells [Miksa et al.,
2007].

A few other therapeutic applications of SED1/MFG-E8 are less
well-defined, but none-the-less bare mentioning. One of the first
reported functions for SED1/MFG-E8 in breast milk was to prevent
rotavirus infection in breast-fed infants, and the protein has also
been found to block enterotoxigenic E. coli attachment to the
intestinal villi of piglets [Newburg et al., 1998; Kvistgaard et al.,
2004; Shahriar et al., 2006]. Together, these data raise the possibility
of supplementing formula with SED1/MFG-E8 to boost immunity
for formula-fed children. SED1/MFG-E8 has also been utilized
similarly to annexin V as a reagent for identifying apoptotic cells,
and recent membrane-binding studies reveal that the affinity of
SED1/MFG-E8 for phosphatidylserine-containing membranes is
more than 100-fold greater than that of Factor VIII C2 [Shi and
Gilbert, 2003; Venegas and Zhou, 2007; Shao et al., 2008]. In fact,
SED 1/MFG-E8 directly competes for the phospholipid binding sites

of Factor V and Factor VIII, therefore inhibiting prothrombinase and
Xase complexes that are activated during the coagulation cascade
[Shi et al., 2008]. These data suggest SED1/MFG-E8, perhaps even
the C2 domain alone, could serve as potent anti-coagulant, or
alternatively, a targeting molecule directing a therapeutic-of-
interest to phosphatidylserine-rich membranes [Shao et al., 2008].
Furthermore, SED1/MFG-E8 plays multiple roles during sperm
maturation and fertilization, and therefore opens the possibility of
using SED1/MFG-E8 antagonists as potential contraceptive agents.
Alternatively, since SED1/MFG-E8 is added to mature sperm post-
mieotically, it may be possible to enhance the fertilizing potential
of sperm with low fertilizing efficacy by the application of SED1/
MFG-E8 during intercourse.

These are just a few of the rich possibilities that present
themselves, reflecting the many distinct types of cellular interac-
tions mediated by SED1/MFG-E8. Although all of these potential
uses raise many more questions than they answer, it is clear that this
unusual multi-domain protein offers much potential for research
and therapeutics.
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