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METHOD, COMPOSITION AND KIT FOR
DETECTING PHOSPHATIDYLSERINE (PS) ON
CELL MEMBRANES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority on prior
U.S. Provisional Application Ser. No. 60/483,121, filed Jun.
30, 2003, and which is incorporated herein in its entirety by
reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] The work leading to the present invention was
supported by one or more grants from the U.S. Government,
including National Heart, Lung, and Blood Institute Grant
RO1 HL57867. The U.S. Government therefore has certain
rights in the invention.

BACKGROUND OF THE INVENTION

[0003] The present invention is generally directed to
detecting phospholipids, and more particularly to using
lactadherin or a fragment thereof as an agent for detecting
the presence of a phospholipid, such as phosphatidylserine
(PS), on a cell membrane.

[0004] Lactadherin is a MW 47,000 glycoprotein of milk
fat globules. It has also been known as PAS-6/7, indicating
the two glycosylation variants (Reference 1), bovine-asso-
ciated mucoprotein, BA-46, P47, and MFG-ES8 (Reference
2). Lactadherin has a domain structure of EGF1-EGF2-C1-
C2 in which EGF indicates epidermal growth factor homol-
ogy domains, and the C domains share homology with the
discoidin family including the lipid-binding “C” domains of
blood coagulation factor VIII and factor V (Reference 2).
The second EGF domain displays an Arg-Gly-Asp motif
(Reference 3) which binds to the a.,f5 and o f; integrins
(References 1 and 4-6). The second C domain binds to
phospholipids (Reference 6).

[0005] Inmilk fat globules, lactadherin lines the surface of
the phospholipid bilayer which surrounds the central trig-
lyceride droplet, apparently stabilizing the bilayer (Refer-
ence 7). In tissue sections lactadherin is found within the
milk ductules and localized on the apical portion of secre-
tory epithelium in the breast (Reference 7). Abundant
expression by breast carcinoma makes lactadherin a poten-
tial target for antigen-guided radiation therapy (Reference
8). Lactadherin also lines the apical surface of epithelia in
the biliary tree, the pancreas, and sweat glands (Reference 7)
and is synthesized by aortic medial smooth muscle cells
(Reference 9). Lactadherin has been identified as a zona
pellucida-binding protein on the acrosomal cap of sperm
(Reference 10). Function in these tissues remains unknown.
Stimulated macrophages, but not quiescent macrophages,
synthesize and secrete lactadherin in vitro (Reference 11).
Lactadherin then binds to apoptotic cells expressing phos-
phatidylserine and mediates phagocytosis of the dying cells
via interaction of the lactadherin EGF domain with mac-
rophage integrin(s).

[0006] We have recently found that, in vitro, lactadherin
functions as a potent anticoagulant (Reference 12). Homol-
ogy between the lactadherin and factor VIII C domains
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correlates with efficient competition for membrane binding
sites recognized by both factor VIII and factor V. Lactad-
herin inhibits the factor Xase complex, in which factor VIIT
functions, and the prothrombinase complex, in which factor
V functions. Lactadherin also inhibited the factor V1la-tissue
factor complex and competed with vitamin K dependent
factor IXa for membrane binding sites indicating a capacity
to block binding sites for non-homologous coagulation
proteins. The inhibitory properties of lactadherin contrasted
with those of annexin V. Although annexin V binds to
phosphatidylserine-containing membranes with high affin-
ity, it functions well as an anticoagulant only when the
phosphatidylserine content exceeds 4% and the membrane
curvature is very limited. By contrast, lactadherin was an
efficient anticoagulant on membranes with <4% phosphati-
dylserine and regardless of curvature. The in vitro antico-
agulant properties of lactadherin suggest the possibility that
it may have an anticoagulant function during some physi-
ologic or pathologic conditions (Reference 12).

[0007] Blood coagulation factor VIII and factor V bind to
phospholipid membranes via “C” domains which share
homology with lactadherin “C” domains (References
13-15). Remarkable features of membrane binding include
high affinity (K, approx. 2 nM) (Reference 16) and suffi-
cient specificity so that no plasma proteins compete for
membrane binding sites (Reference 17). Factor VIII binds
via stereo-selective interaction with the phospho-L-serine
motif of phosphatidylserine (Ptd-L-Ser) (Reference 18).
Factor V also exhibits stereoselective interaction with Ptd-
L-Ser (Reference 19). Both proteins associate rapidly with
membrane binding sites but have increased affinity con-
ferred by a second, slower binding interaction (Reference
20). Binding of factor VIII is enhanced by the presence of
phosphatidylethanolamine (PE) in the membrane (Reference
21), by unsaturated phospholipid acyl chains (Reference 22),
and by membrane curvature (Reference 21). The crystal
structures of the C2 domains of factors VIII and V suggest
that membrane binding is mediated by two pairs of hydro-
phobic residues displayed at the tips of p-hairpin turns
(References 23 and 24). Mutagenesis studies have confirmed
the role of these residues in phospholipid binding (Refer-
ences 25 and 26). The homology of the lactadherin C
domains with those of factors VIII and V suggests that
similar phospholipid binding properties may be mediated by
hydrophobic residues on putative f-hairpin turns. Indeed,
lactadherin has been found to bind Ptd-L-Ser adsorbed to
plastic (Reference 27) and to utilize primarily the C2 domain
in its lipid binding (Reference 6). Furthermore, the capacity
of lactadherin to quantitatively compete with both factor
VIII and factor V for membrane binding sites (Reference 12)
suggests that it has high aflinity for these membranes and a
similar mechanism of binding.

[0008] The discovery that lactadherin functions as a anti-
coagulant was the subject of U.S. Provisional Application
Ser. No. 60/386,562, filed Jun. 7, 2002, and International
Application No. PCT/US03/15404, filed Jun. 6, 2003, both
incorporated herein in their entirety by reference.

OBIECTS AND SUMMARY OF THE
INVENTION

[0009] The principal object of the present invention is to
provide an agent which can be used to detect the presence of
a phospholipid, such as phosphatidylserine, in a biological
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material. The agent includes lactadherin, a fragment of
lactadherin, a functional equivalent of lactadherin, or a
functional equivalent of a fragment of lactadherin.

[0010] An object of the present invention is to provide an
agent which binds to phosphatidylserine containing mem-
branes.

[0011] Another object of the present invention is to pro-
vide an agent which has a stereoselective preference for
binding to phosphatidylserine and preference for binding to
highly or sharply curved membranes.

[0012] Yet another object of the present invention is to
provide an agent which exhibits specificity for phospho-L-
serine moiety of phosphatidylserine and high affinity for
membrane binding sites similar to blood clotting factors VIII
and V.

[0013] Still yet another object of the present invention is
to provide an agent which binds to phosphatidylserine
containing membranes independently of Ca™ and/or phos-
phatidylethanolamine (PE).

[0014] An additional object of the present invention is to
provide an agent which exhibits a steep positive relationship
between phosphatidylserine content and number of binding
sites over a range of 0-2% of phosphatidylserine.

[0015] Lactadherin, a milk protein, contains discoidin-
type lectin domains with homology to the phosphati-
dylserine-binding domains of blood coagulation factor VIII
and factor V. Previously, we found that lactadherin func-
tions, in vitro, as a potent anticoagulant by competing with
blood coagulation proteins for phospholipid binding sites
(Reference 12). In the present invention, we determine the
membrane-binding properties that correlate to the antico-
agulant capacity. We labeled bovine lactadherin with fluo-
rescein and evaluated binding to membranes of composition
phosphatidylserine (Ptd-L-Ser):phosphatidylethanolamine-
:phosphatidylcholine, 4:20:76 supported by 2 um diameter
glass microspheres. Lactadherin bound saturably with an
apparent K, 0of 3.320.4 nM in a Ca™*-independent manner.
The number of lactadherin binding sites increased propor-
tionally to the Ptd-L-Ser content over a range 0-2% Ptd-L-
Ser and less rapidly for higher Ptd-L-Ser content. Inclusion
of phosphatidylethanolamine in phospholipid vesicles did
not enhance the apparent affinity or number of lactadherin
binding sites. The number of sites was at least 4-fold higher
on sonicated vesicles than on extruded vesicles of 0.1 pm
diameter, indicating that lactadherin binding is enhanced by
membrane curvature. Lactadherin bound to membranes with
synthetic dioleoyl Ptd-L-Ser, but not dioleoyl Ptd-D-Ser
indicating stereoselective recognition of Ptd-L-Ser. Factor
VIII and factor V each competed for 40-70% of the phos-
pholipid binding sites that bound lactadherin, but not the
residual 30-60%. We conclude that lactadherin resembles
factor VIII and V with stereoselective preference for Ptd-
L-Ser and preference for highly curved membranes. Lac-
tadherin differs from these proteins in recognizing a wider
range of phospholipid binding sites.

[0016] At least one of the above-noted objects is met, in
part, by the present invention, which in one aspect includes
detecting the presence of a phospholipid in a biological
material by subjecting a biological material to a binding
agent including lactadherin, a fragment of lactadherin, a
functional equivalent of lactadherin, or a functional equiva-
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lent of a fragment of lactadherin, allowing binding between
any phospholipid present and the binding agent, and detect-
ing the presence of any phospholipid bound to the binding
agent.

[0017] Another aspect of the invention includes blocking
or reducing binding of a protein to a binding site by
subjecting a binding site to a binding agent including
lactadherin, a fragment of lactadherin, a functional equiva-
lent of lactadherin, or a functional equivalent of a fragment
of lactadherin.

[0018] Another aspect of the invention includes detecting
phosphatidylserine-expressing cells by subjecting a biologi-
cal material including, or suspect of including, phosphati-
dylserine-expressing cells, to a binding agent including
lactadherin, a fragment of lactadherin, a functional equiva-
lent of lactadherin, or a functional equivalent of a fragment
of lactadherin, allowing binding between any cells present
and the binding agent, and detecting the presence of any
phosphatidylserine-expressing cells bound to the binding
agent. An example of a cell type for which lactadherin can
detect phosphatidylserine exposure is blood platelets. Blood
platelets circulate with no phosphatidyslserine expressed on
the outer membrane. However, platelets respond to some
agonists by translocating phosphatidylserine (PS) from the
inner leaflet of the plasma membrane to the outer leaflet
(References 28-30). Exposed PS supports assembly and
function of the prothrombinase and factor Xase complexes
on the platelet membrane (References 31 and 32). Unstimu-
lated platelets sequester PS on the inner leaflet of the plasma
membrane with an ATP-dependent pump, correlating to
absence of prothrombinase or factor Xase supporting activ-
ity (Reference 33). Thrombin is a strong platelet agonist, yet
its capacity to stimulate platelet PS exposure is uncertain
(References 29 and 30). Thrombin-stimulated platelets sup-
port function of the prothrombinase and factor Xase com-
plexes, suggesting that PS is exposed (References 34-36).
However, the failure of thrombin-stimulated platelets to
provide binding sites for annexin V has raised doubt as to
whether the prothrombinase and factor Xase activity is a
consequence of PS exposure (Reference 29). Lactadherin
can be used to detect PS exposure when the quantity of PS
exposed is sufficient to support blood coagulation but insuf-
ficient to support binding of annexin V.

[0019] Another aspect of the invention includes protecting
a biological material from the action of an enzyme by
subjecting a biological material to be protected from an
enzyme to a binding agent including lactadherin, a fragment
of lactadherin, a functional equivalent of lactadherin, or a
functional equivalent of a fragment of lactadherin, and
allowing binding between the biological material and the
binding agent to protect the biological material from the
enzyme.

[0020] Another aspect of the invention is to provide a
pharmacological bridge ligand, which includes lactadherin,
a fragment of lactadherin, a functional equivalent of lactad-
herin, or a functional equivalent of a fragment of lactad-
herin. The ligand would provide a bridge between phos-
phatidylserine on a membrane surface and an Integrin on a
cell. For example, lactadherin can be administered orally or
intravenously as a complex with phospholipid vesicles con-
taining a pharmaceutical agent or nutrient. Lactadherin
would lead to selective binding and/or engulfment of the
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phospholipid vesicles by cells which contain lactadherin-
binding integrins on their outer membrane.

[0021] Another aspect of the invention is to provide a
composition for detecting the presence of a phospholipid in
a biological material, which includes a binding agent includ-
ing lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, or a functional equivalent of a
fragment of lactadherin, and a suitable carrier.

[0022] Another aspect of the invention is to provide a kit
for detecting the presence of a phospholipid in a biological
material, which includes a binding agent including lactad-
herin, a fragment of lactadherin, a functional equivalent of
lactadherin, or a functional equivalent of a fragment of
lactadherin, and instructions for use of the binding agent.

[0023] Another aspect of the invention includes blocking
or reducing the procoagulant activity of a cell by subjecting
a cell to an agent including lactadherin, a fragment of
lactadherin, a functional equivalent of lactadherin, or a
functional equivalent of a fragment of lactadherin.

[0024] Another aspect of the invention is to provide a
probe for detecting the presence of a phospholipid in a
biological material, which includes a binding agent includ-
ing lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, or a functional equivalent of a
fragment of lactadherin.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] One of the above and other objects, novel features
and advantages of the present invention will become appar-
ent from the following detailed description of the invention,
as illustrated in the drawings, in which:

[0026] FIGS. 1A-B illustrate the binding of lactadherin to
lipospheres. FIG. 1B—The specificity of phospholipid bind-
ing sites for fluorescein-labeled lactadherin binding was
evaluated in a competition experiment in which varying
concentrations of lactadherin were mixed with 1 nM fluo-
rescein-lactadherin prior to the addition of lipospheres;

[0027] FIG. 2 illustrates the relationship between Ptd-L-
Ser content and number of lactadherin binding sites;

[0028] FIGS. 3A-D illustrate the relationship of mem-
brane curvature and Ptd-L-Ser content to binding of lactad-
herin. Sonicated vesicles (FIG. 3A), extruded vesicles-0.1
um diameter (FIG. 3B), and LMV (FIG. 3C) with the
indicated Ptd-L-Ser content FIG. 3D. The reduction in free
lactadherin with increasing vesicle concentrations was uti-
lized to fit vesicle-binding curves according to the formula
described under “Experimental procedures,” (smooth lines);

[0029] FIGS.4A-C illustrate the relationship of membrane
PE content, lipid charge, and Ca** to lactadherin binding.
FIG. 4A—Competition binding experiments like those
described in the legend to FIG. 4 were performed with
extruded vesicles of varying PE content. FIG. 4B—Com-
petition binding experiments were performed with vesicles
lacking Ptd-L-Ser and containing phosphatidylinositol or no
negatively charged lipid. FIG. 4C—Binding to lipospheres
was evaluated in the presence of 1.5 mM Ca** or 1.5 mM
EDTA with no Ca™;

[0030] FIGS. 5A-B illustrate the relationship of lactad-
herin binding to the stereochemistry of Ptd-L-Ser. FIG.
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5A—Binding of lactadherin to lipospheres displaying 2%
synthetic dioleoyl Ptd-L-Ser (@) vs. 2% synthetic Ptd-D-Ser
(0) vs. no phosphatidylserine (X) was evaluated by flow
cytometry. FIG. SB—The affinity of lactadherin for the
isolated had group of Ptd-L-Ser or Ptd-D-ser was estimated
in competition binding experiments with phospho-L-serine
(®) vs. phospho-D-setine (o) vs. phosphate (X). Phospho-
L-serine inhibited binding with a K; of 160 mM (smooth
line) whereas neither phospho-D-serine or phosphate inhib-
ited binding more than 25% at concentrations as high as 0.35
M;

[0031] FIGS. 6A-B illustrate competition of factor VIII
and factor V for lactadherin binding sites;

[0032] FIGS. 7A-D illustrate the relationship between
membrane composition and binding of lactadherin and
annexin V. FIG. A—Fluorescein-labeled lactadherin (closed
symbols) or annexin V (open symbols) at various concen-
trations, was mixed with lipospheres. FIG. 7B—Four nM
fluorescein-labeled lactadherin or annexin V was incubated
with lipospheres of various membrane compositions. FIG.
7C—Limited competition by annexin V for lactadherin
binding sites. F1IG. 7D—Limited competition by lactadherin
for annexin V binding sites;

[0033] FIGS. 8A-C illustrate expression of lactadherin and
annexin V binding sites on platelets stimulated with A23187.
FIG. 8A—Unstimulated platelets. FIG. 8B—Platelets
stimulated with 0.25 pM A23817 show increased binding of
lactadherin, not annexin V. FIG. 8C—Platelets stimulated
with 1.0 pM A23187 show some cells stained with either
lactadherin only and others stained with both lactadherin and
annexin V;

[0034] FIGS. 9A-F illustrate the relationship of binding
sites for lactadherin to the phospholipid-binding C2 domain
and to the integrin-binding EGF domain. Platelets were
stimulated by 0.25 uM A23187 (FIGS. A, C, E) or 10 uM
A23187 (FIGS. B, D, F) as described (FIGS. A, B); FIGS.
9A, B—Blockade of integrin function with echistatin and
EDTA does not affect lactadherin binding. FIGS. 8C,
D—Competition of PS-containing vesicles for lactadherin
binding sites on platelets. FIGS. 8E, F—Inhibition of lac-
tadherin binding to platelets by antibodies against the C2
domain.

[0035] FIG. 10A-D illustrate inhibition of factor Xa and
prothrombin production by lactadherin or annexin V on
platelets stimulated by A23187. FIG. 4A—Platelets were
stimulated by 10 pM A23187 and thrombin production was
measured. FIG. 4B—Platelets were stimulated by 0.5 pM
A23187 and thrombin production was measured. FIG.
4C—Platelets were stimulated by 10 uM A23187 and factor
Xa production was measured. FIG. 4D—Platelets were
stimulated by 0.5 uM A23187 and factor Xa production was
measured;

[0036] FIG. 11A illustrates expression of lactadherin bind-
ing sites on platelets stimulated via the PAR-1 thrombin
receptor,

[0037] FIG. 11B illustrates absence of expression of
annexin V binding sites on platelets stimulated via the
PAR-1 receptor;

[0038] FIG. 11C illustrates kinetic binding of lactadherin
(top S symbols) or annexin V (lower 5 symbols) for 25
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minutes after exposure to various concentrations of the
thrombin receptor activation peptide (concentrations
depicted adjacent to symbols, R column),

[0039] FIGS. 12A-C illustrate equilibrium binding of lac-
tadherin to platelets and exposure of platelet PS. in response
to stimulation via the PAR-1 receptor. FIG. 12A—Binding
of various concentrations of fluorescence-labeled lactad-
herin to platelets stimulated by 10 uM TRAP was measured
by flow cytometry. FIG. 12B—Addition of more rapid
exposure of fluorescence-labeled PS over the first two
minutes following addition of TRAP. inset Platelets stimu-
lated with A23187 exposed membrane PS and lost >90%
NBD fluorescence over 8 minutes FIG. 12C—Reversibility
of lactaderin binding site expression is after TRAP stimu-
lation;

[0040] FIG. 13A illustrates inhibition of factor Xa pro-
duction by lactadherin (@) and annexin V (A) bound to
platelets stimulated with TRAP.

[0041] FIG. 13B illustrates inhibition of thrombin produc-

tion by lactadherin (@) and annexin V (A) on platelets
stimulated by TRAP.

DETAILED DESCRIPTION OF THE
INVENTION

[0042] The present invention is directed to characterizing
the membrane-binding properties of lactadherin in the con-
text of the properties of factor VIII and factor V, and is
based, at least in part, on the discovery that lactadherin
resembles factor VIII and factor V in a high affinity, stereo-
selective recognition of Ptd-L-Ser and in preferential bind-
ing to highly curved membranes. Lactadherin differs from
factor VIII in requiring fewer Ptd-L-Ser molecules per
binding site and apparent indifference 1o PE.

Materials

[0043] Human factor V was obtained from Haematologic
Technologies Inc. (Burlington, Vt.). Recombinant human
factor VIII was a gift from D. Pittman of Genetics Institute,
Cambridge, Mass. Bovine brain phosphatidylserine (Ptd-I -
Ser), egg yolk phosphatidylethanolamine (PE), bovine liver
phosphatidylinositol, egg sphingomyelin, egg phosphatidyl-
choline (PC) and dioleoyl PC were obtained from Avanti
Polar Lipids (Alabaster, AL). Phospholipase D from strep-
tomyces, phospho-L-serine phospho-D-serine, L-serine and
D-serine were obtained from Sigma.

Purification and Fluorescein Labeling of Proteins

[0044] Lactadherin was purified from bovine milk as
previously described (Reference 1). Lactadherin, 0.2 mg in
0.2 ml phosphate-buffered saline, was concentrated 10-fold
by ultrafiltration with a Centricon YM-10 (Millipore, Bed-
ford, Mass.) followed by dilution to the starting concentra-
tion into 0.1 M sodium carbonate buffer, pH 9.0. Fluorescein
isothiocyanate (Molecular Probes, Eugene, Oreg.) 6 pl of 10
mg/ml solution in DMSO, was added to lactadherin and the
mixture was incubated for one hour at RT in the dark. Free
fluorescein was removed by gel filtration using a micro spin
column equilibrated with 0.1 M sodium carbonate, 0.1 M
betaine, 0.004% Tween-80, pH 9.0 (FluoReporter FITC
Protein Labeling Kit, Molecular Probes, Eugene, Oreg.).
Fluorescein-labeled lactadherin was concentrated approx.
10-fold by ultrafiltration using a Centricon YM-10, and
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diluted to approximately the original concentration in 0.15
M NaCl, 50 mM Tris-HC], pH 7.5. Labeling efficiency was
judged by comparison of absorbance at 490 nm to absor-
bance at 280 nm (correcting for fluorescein absorbance at
280 nm).

[0045] Factor VIII and factor V were labeled with fluo-
rescein maleimide (Molecular Probes, Eugene, Oreg.) as
previously described (References 17 and 37). Protein con-
centration of factor VIII was determined using a Micro-BCA
Assay (Pierce, Rockford, I11.) using bovine albumin as a
standard.

Synthesis of Ptd-L-Ser and Ptd-D-Ser

[0046] Ptd-L-ser and Ptd-D-ser were synthesized by enzy-
matic transphosphatidylation of dioleoyl PC by phospholi-
pase D and purified as previously described (Reference 38).
Briefly, 50 mg of dioleoyl PC was suspended in 2 ml of 50%
w/v L-serine or D-serine, 5% w/v octyl glucoside, 0.1 M
CaCl,, and 0.1 M Na Acetate and stirred for 3 hr at 45° C.
The reaction was stopped by addition of EDTA and phos-
pholipids were extracted with a 20:1 ratio of chloroform-
:methanol 1:1. Ptd-L-ser or Ptd-D-ser was purified from
phosphatidic acid and residual PC by carboxymethylcellu-
lose column chromatography (Reference 38). Fractions con-
taining Ptd-L-ser or Ptd-D-ser were identified and analyzed
for purity by thin layer chromatography on silica plates in a
solvent system of chloroform:methanol:acetic acid:water
25:15:4:2. Phospholipids were visualized by spraying the
plate with a 1:1 solution of molybdenum blue (Sigma, St
Louis, Mo.) with 4.2 M sulfuric acid.

Preparation of Phospholipid Vesicles

[0047] Phospholipid vesicles were prepared by evaporat-
ing chloroform from the desired phospholipids, resuspend-
ing in methylene chloride and re-evaporating twice under
argon. Large multilamellar vesicles were prepared by gently
swirling tris-buffered saline (50 mM Tris, 150 mM NaCl, pH
7.4) over the dried lipid suspension until all lipid was
suspended. Some of the large multilamellar vesicles were
then utilized to prepare small unilamellar vesicles by soni-
cation in a high intensity bath sonicator (Laboratory Sup-
plies, Inc. Hicksville, N.Y.) under argon until visually clear
(approx. 20 min.). Large unilamellar vesicles were made by
extruding large multilamellar vesicle suspensions 20 times
through two 2 stacked polycarbonate membranes (Millipore,
Bedford, Mass.) in a High Pressure Extrusion Device (Sci-
ema Technical Services, Vancouver, BC, Canada) under
argon as described previously (Reference 39). Phospholipid
concentration was determined by phosphorus assay (Refer-
ence 40). Vesicles were used fresh, or 1 ml aliquots were
quick-frozen in liquid nitrogen, stored at =0° C., and thawed
at 37° C. Storage at 4° C. before usage did not exceed 24
hours.

Flow Cytometry Phospholipid Binding Assay

[0048] Glass microspheres of 1.6 um nominal diameter
(Duke Scientific, Palo Alto, Calif.) were cleaned, size-
restricted and covered with a phospholipid bilayer as pre-
viously described (Reference 17). Membranes supported by
glass microspheres were washed three times in 0.15 M
NaCl, 0.02 M Tris-HCI, 0.1% defatted bovine albumin, 10
uM egg PC as sonicated vesicles; stored at 4° C.; and used
within 8 hours of synthesis. Fluorescein-labeled factor VIII
(4 nM) was incubated with lactadherin or annexin V for 15
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min at room temperature, the mixture was added to lipo-
spheres for an additional 10 minutes, and membrane-bound
fVIII was measured by flow cytometry. This procedure was
performed on 150 pl aliquots with an approximate lipo-
sphere concentration of 1x10%ml using a Becton Dickinson
FACSCalibur flow cytometer. Data acquisition was trig-
gered by forward light scatter with all photomultipliers in
the log mode. Noise was reduced during analysis by elimi-
nating events with forward and side scatter values different
from those characteristic of the lipospheres. Mean log fluo-
rescence was converted to linear fluorescence for values
depicted in the figures. Only experiments in which the
fluorescence histogram indicated a log normal distribution,
as judged by inspection, were analyzed quantitatively. Flow
cytometry experiments were performed in 0.14 M NaCl,
0.02 M Trizma-HCI, 0.1% bovine albumin, pH 7.5 with
CaCl, as specified for individual experiments.

[0049] Fluorescein-labeled lactadherin was incubated
with 10° lipospheres/ml in Tris-buffered saline, 1.5 mM
CaCl,, 0.1% BSA for 10 min. prior to evaluation of bound
lactadherin by flow cytometry. The final concentrations of
lactadherin were varied to estimate the affinity and stoichi-
ometry of bound lactadherin.

Data Analysis

[0050] The equilibrium binding of lactadherin to lipo-
spheres was fitted by non-linear, least squares data analysis
using the standard binding model (assuming a single class of
binding sites and that the fraction of bound lactadherin was
small at each concentration evaluated). For experiments
depicted in FIGS. 4A-C and 5A-B, data were normalized,
then subtracted from 1 (to prepare curves representing the
increasing fraction of bound lactadherin as a function of
phospholipid concentration). This treatment is justified by
assuming that the liposphere-bound lactadherin is propor-
tional to the free lactadherin concentration over a range of
0-1 nM (see FIGS. 1A-B). The derived phospholipid binding
curves were fitted to the equation: Lactering,,,,/Lacterin-
Tota=(Phospholipid/n)/(K;+Phospholipid/n), rearranged as

=Phospholipid/((Kpx#)+Phospholipid)
[0051] using the Prism 3.0 software package. “Phospho-
lipid” represents the total phospholipid concentration, “n” is
the ratio of phospholipid monomers per binding site, and K,
is the dissociation constant between a binding site and
lactadherin. Curves were fitted for the composite variable,
Kpxn because the data did not allow determination of both

variables for all conditions.
Results

[0052] We hypothesized that lactadherin would exhibit
membrane binding properties that resemble those of factor
VIII, e.g. recognition of specific phospholipid binding sites
and stereoselective interaction with Ptd-L-Ser. To test this
hypothesis we prepared lactadherin labeled with fluorescein
isothiocyanate as described above. The molar ratio of fluo-
rescein to lactadherin was 1.2 in the first labeling and 1.3 in
the 2" labeling.

[0053] Fluorescein-labeled lactadherin interacted with
phospholipid bilayers supported by glass microspheres
(lipospheres). The phospholipid composition was 4% Ptd-
L-Ser, 20% PE, with the balance as PC. After 10 minutes, we
measured bound lactadherin using flow cytometry (FIG.
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1A). Lactadherin bound saturably to lipospheres with half-
maximal binding at a lactadherin concentration of approxi-
mately 3 nM. We fitted binding data with the standard
binding model, which assumes equilibrium between a ligand
and a single class of binding sites (smooth line). The best fit
indicated a K, 0f3.3+0.4 nM. Displayed data are mean +SD
for 3 experiments with different batches of lipospheres.

[0054] Non-labeled lactadherin competed with fluores-
cein-labeled lactadherin (FIG. 1B) for membrane binding
sites. These data indicate that lactadherin binds to Ptd-L-Ser
containing membranes with high affinity and that binding is
not substantially altered by labeling lactadherin with fluo-
rescein isothiocyanate.

[0055] Inorder to evaluate the relationship between mem-
brane Ptd-L-Ser content and the binding of lactadherin, we
evaluated binding of fluorescein-labeled lactadherin to
membranes containing 1% Ptd-L-Ser (1) vs. 4% Ptd-L-Ser
(@) (FIG. 2). We observed saturable binding of lactadherin
to both membrane types. The apparent K, for membranes of
1% Ptd-L-Ser was within 2-fold of membranes with 4%
Ptd-L-Ser, while the fluorescence plateau of membranes
with 4% Ptd-L-Ser was 2.3-fold higher than for membranes
with 1% Ptd-L-Ser. This indicates that the major effect of
increased Ptd-L-Ser content is to increase the number of
Ptd-L-Ser binding sites rather than the affinity of lactadherin
for menibranes.

[0056] To explore the effect of membrane curvature on
formation of binding sites for lactadherin we performed
competition binding experiments (FIGS. 3A-D). Phospho-
lipid vesicles of varying diameter, and corresponding varia-
tion in membrane curvature, competed with lipospheres for
binding of 1 nM fluorescein-labeled lactadherin. Small
unilamellar vesicles, prepared by sonication (nominal diam-
eter of 20 nm (Reference 41)), exhibited the highest number
of binding sites for lactadherin (FIG. 3A). Only 20% of
lactadherin remained free to bind lipospheres when vesicles
of 16% Ptd-L-Ser were at a phospholipid concentration of
0.05 uM. The number of phospholipid monomers/binding
site 1s <60 under these conditions because the number of
binding sites must exceed the bound lactadherin concentra-
tion of 0.8 nM. This relationship places limits on the
apparent dissociation constant and binding site size for the
phospholipid vesicles. Because n<60 for sonicated vesicles
of 16% Ptd-L-Ser, the corresponding K, must be >0.2 nM
to preserve the constraints on these parameters imposed by
the standard binding model. These constraints are further
discussed below in detail.

[0057] Extruded vesicles (nominal diameter 73+25 nm
(Reference 39)) exhibited at least 4-fold fewer binding sites
and the minimum possible K, was 4-fold higher (FIG. 3B).
Large multilamellar vesicles (diameter >400 nm (Reference
42)) (FIG. 3C) exhibited the fewest binding sites. The ratio
of phospholipid monomers/binding site was 30-fold higher
than extruded vesicles (n=6000). However, the maximum
dissociation constant remained in the same range as the K’s
for sonicated and extruded vesicles. This result indicates
that, like factor VIII and factor V, lactadherin has a similar
affinity for membranes with greatly varying curvature, but
the number of phospholipid molecules per site can vary
substantially.

[0058] We used non-linear least squares curve fitting to
model our competition binding data (FIG. 3A-C smooth



US 2007/0249734 A1l

curves). A composite parameter, K,xn, was utilized to fit the
dissociation binding curves (FIG. 4D). Assuming that K,
does not vary substantially with membrane curvature, as
discussed above, the fitted curves indicate that sonicated
vesicles may have as many as 10-fold more lactadherin
bindings sites per phospholipid molecule than larger
extruded vesicles. Extruded vesicles have approximately
10-fold more sites/phospholipid monomer than large multi-
lamellar vesicles. For all vesicle types, the number of
phospholipid monomers per binding site increases approxi-
mately 50-fold as the Ptd-L.-Ser content drops from 16% to
1% with the steepest drop when Ptd-L-Ser=2%

[0059] We determined whether PE enhances binding of
lactadherin to membranes containing Ptd-I-Ser, as it does
for factor VIII (FIG. 4A). Accordingly, we utilized extruded
vesicles containing 0-20% PE and 1% Ptd-L-Ser for com-
petition binding experiments. The PE did not influence the
apparent number of binding sites or affinity for lactadherin.
Thus, lactadherin differs from factor VIII in exhibiting high
affinity binding that is independent of membrane PE content.

[0060] We determined whether a negatively charged phos-
pholipid other than Ptd-L-Ser will support binding of lac-
tadherin. Phosphatidylinositol was selected because it is the
second most abundant anionic phospholipid of eukaryotic
cells. Extruded vesicles with phosphatidylinositol competed
with lipospheres containing Ptd-L-Ser for binding of lactad-
herin (FIG. 4B). The results indicated that, although phos-
phatidylinositol is a negatively charged lipid, it does not
support high aflinity binding of lactadherin. PE did not alter
the lack of efficacy for phosphatidylinositol in supporting
high affinity binding of lactadherin.

[0061] All vesicles containing phosphatidylinositol sup-
ported low affinity binding of lactadherin (FIG. 4B). Control
vesicles containing only PC or a mixture of PC and sphin-
gomyelin also supported low affinity lactadherin binding.
This indicated that neither phosphatidylinositol nor PE have
a specific effect on membrane binding of lactadherin. Curve
fitting analysis for vesicles lacking Ptd-L-Ser indicated that
the product of Kxn was at least 20-fold greater than for
vesicles of comparable curvature containing 2% Ptd-L-Ser.

[0062] We determined whether Ca** influences membrane
binding of lactadherin (FIG. 4C). The results indicated
equivalent binding of lactadherin to membranes containing
4% Ptd-L-Ser in the presence of 1.5 mM Ca™ vs. no Ca*™.
These results indicate that lactadherin resembles factor VIII
(unpublished observations) and factor V (Reference 43) in
the characteristic of Ca**-independent membrane binding.

[0063] We determined whether lactadherin, like factor
VIII and factor V, exhibits stereoselective preference for
Ptd-L-Ser vs. Ptd-D-Ser (FIGS. 5A-B). Dioleoyl Ptd-D-Ser
and control Ptd-L-Ser were synthesized by transphosphati-
dylation of dioleoyl PC. We mixed the synthetic Ptd-D-Ser
or Ptd-L-Ser as 2% of total phospholipid with 20% PE and
the balance as PC. The phospholipid mixture was hydrated
and sonicated to form SUV as described above. These
vesicles and control vesicles lacking Ptd-L-Ser or Ptd-D-Ser
were used as a lipid source to prepare lipospheres with
which to evaluate the selectivity of lactadherin for Ptd-L-
Ser.

[0064] Lipospheres with membranes containing 2% syn-
thesized dioleoyl Ptd-L-Ser bound lactadherin with high
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affinity, comparable to Ptd-L-Ser from biologic sources.
Lipospheres displaying synthesized 2% Ptd-D-Ser did not
support binding of lactadherin above the level supported by
control membranes of PE:PC 20:80 (FIG. 5A). These results
indicate that lactadherin has a stereoselective affinity for
Ptd-L-Ser, but that the affinity for Ptd-D-Ser does not exceed
the affinity for PE.

[0065] To estimate the stereoselective affinity of lactad-
herin for the L-serine containing head group of Ptd-L-Ser,
we performed binding inhibition studies (FIG. 5B). Phos-
pho-L-Ser inhibited binding to lipospheres with half maxi-
mal concentration of 160 mM. In contrast, phospho-D-serine
caused a modest increase in membrane binding at low
concentrations and was at least 4-fold less effective as an
inhibitor. These results are consistent with stereoselective
binding of lactadherin to Ptd-L-Ser, but indicate that addi-
tional lipid component(s) are necessary to support high
affinity binding.

[0066] To explore the relationship between the phospho-
lipid binding sites recognized by lactadherin vs. factor VIII
or factor V, we performed competition binding experiments
(FIGS. 6A-B). We determined whether factor VIII would
compete with fluorescein-labeled lactadherin for binding to
lipospheres containing 4% Ptd-L-Ser (FIG. 6A). Ten min-
utes after lipospheres were added, liposphere-bound lactad-
herin was evaluated by flow cytometry. Concentrations of
factor VIII ranging from 0-4 nM displaced approximately
25% of bound lactadherin. However, intermediate concen-
trations of factor VIII, from 8-32 nM, led to increased
lactadherin binding. Finally, concentrations from 40-64 nM
factor VIII led to decreased lactadherin binding with a
plateau of approximately 70% of original binding. Because
the dissociation constant of factor VIII for lipospheres of this
composition is 4.8 nM, these results suggest that factor VIII
participates in a low level of positive cooperative binding
with lactadherin and competes for fewer than half of lac-
tadherin binding sites. Results are mean +SD for 9 such
experiments for FIG. 6A.

[0067] Factor V competed for approximately 70% of lac-
tadherin binding sites. In contrast to factor VIII, there was no
apparent cooperativity between factor V and lactadherin
(FIG. 6B). Together, the competition binding experiments
indicate that neither factor VIII nor factor V recognize all of
the phospholipid binding sites recognized by lactadherin.
Results represent two such experiments.

[0068] Our data identify membrane-binding properties of
lactadherin that are both similar to and different from those
of blood clotting factors VIII and V. Lactadherin exhibits
specificity for Ptd-L-Ser and high affinity for membrane
binding sites similar to factors VIII and V. Also, lactadherin
recognizes many more binding sites on membranes that are
highly curved as opposed to the more planar membranes
found in larger vesicles (References 21 and 44). In contrast
to factor VIII, but with similarity to factor V, lactadherin
recognizes many binding sites on membranes with a Ptd-L-
Ser content of less than four percent. Lactadherin differs
from factor VIII in binding which is independent of mem-
brane PE content (Reference 21).

[0069] Our discovery builds upon published data demon-
strating that lactadherin binds preferentially to phosphat-
dylserine. Prior reports indicated that lactadherin binds to
purified Ptd-L-Ser absorbed to a plastic surface (References



US 2007/0249734 A1l

4, 6 and 27). Our data demonstrates stercoselective prefer-
ence for the L-serine enatiomer of phosphatidylserine, indi-
cating that lactadherin binds when the Ptd-L-Ser content of
a membrane is in the physiologic range, and reporting the
affinity of lactadherin for Ptd-I.-Ser in a bilayer (References
17 and 45).

[0070] Pid-L-Ser is a diastereomer rather than a stereoi-
somer of Ptd-D-Ser and we considered the possibility that
different physical properties of the diastereomers might
influence phospholipid affinity of lactadherin. Ptd-L-Ser has
chiral centers at both the a.-carbon of serine and the f§-carbon
of the glycerol backbone. As such, Ptd-D-Ser has different
physical properties than Ptd-I.-Ser. For example, pure prepa-
rations of the two phospholipids undergo phase transitions
between L, and L, phases at temperatures that differ by 0.4°
C. (Reference 46). Thus, lactadherin’s selectivity for mem-
branes containing Ptd-L-Ser could be a consequence of the
physical properties of Ptd-L-Ser rather than chemical rec-
ognition of the phospho-L-serine head group by lactadherin.
This explanation seems unlikely for two reasons. First, when
Ptd-L-Ser and Ptd-D-Ser are dispersed in phospholipid
bilayers the measurable physical properties are not easily
distinguishable. For example, clustering of Ptd-L-Ser in
response to Ca*™* is not measurably different than clustering
of Ptd-D-Ser (Reference 46). Second, our experiments with
phospho-L-serine vs. phospho-D-serine indicated that lac-
tadherin interacts selectively with the phospho-L-serine
moiety (FIG. 5B). Thus, we believe the most likely expla-
nation for selective binding of lactadherin to membranes
with Ptd-L-Ser is a stereoselective binding of lactadherin to
Ptd-L-Ser that includes selective binding to the phospho-I.-
serine moiety.

[0071] SUV’s expose a smaller quantity of Ptd-L-Ser on
their outer surface compared to PC and a larger quantity on
the inner surface (References 47 and 48). The proportion of
Ptd-L-Ser to PC in the outer membrane leaflet may be
reduced by 60% when the Ptd-L-Ser content is =5% total
lipid, and by 50% when the Ptd-L-Ser content is =10%
(Reference 48). The asymmetric distribution of Ptd-L-Ser
apparently results from the high level of curvature strain in
SUV’s, which also produces asymmetric distribution of PE
and PC (References 49-52). Thus, while Ptd-L-Ser exposure
on vesicles with the exact compositions used in these studies
has not been measured, our SUV’s probably displayed less
Ptd-L-Ser in the outer membranes than the overall SUV
composition suggests. The implication for these studies is
that curvature strain per se may enhance binding site expres-
sion to a greater degree than our analysis suggests, offsetting
the reduced exposure of Ptd-L-Ser in the outer membrane
leaflet.

[0072] The physiologic relevance of lactadherin’s prefer-
ence for curved membranes may become evident in addi-
tional studies. We feel that lactadherin may bind preferen-
tially to convex cell surfaces such as pseudopods, or plasma
membrane vesicles such as those that enclose milk fat
droplets. Another possibility is that in vivo lactadherin may
induce membrane curvature rather than respond to it. For
example, lactadherin that is secreted into the mammary duct
could bind to plasma membrane Ptd-L-Ser or to a protein
receptor of mammary epithelial cells and induce regions of
convexity.

[0073] The limited capacity of factors VIII and V to
compete with lactadherin for membrane binding sites
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implies that these proteins recognize distinct binding sites
that do not overlap completely with those of lactadherin. For
clarity, we will use the term “contact site” to specify the
actual phospholipid clusters that interact with lactadherin
from the usage of “binding site” elsewhere herein. The data
in this report, combined with prior reports about factor VIII
and factor V, places some constraints upon the characteris-
tics of these contact sites. For example, the contact sites are
probably not larger than 40-50 phospholipid molecules with
20-30 molecules in the membrane leaflet facing the binding
protein (FIG. 3 and the accompanying text in the Results
section above). The sites for factor VIII is probably contain
more than one Ptd-L-Ser molecule while those for factor V
and lactadherin may contain a single Ptd-L-Ser molecule.
(Reference 20). Factor VIII and factor V do not compete
efficiently with each other for contact sites indicating that the
exact configuration of phospholipid molecules that either
protein recognizes is distinct and that the arrangement of
phospholipids is already present on the membrane when
binding occurs (References 17 and 37). In contrast, lactad-
herin competes for all the contact sites recognized by both
factor VIII and factor V (Reference 12). This suggests that
lactadherin is the least fastidious of the three proteins in its
contact site requirements.

[0074] Lactadherin’s membrane-binding requirements
contrast sharply with those of annexin V. While both pro-
teins bind preferentially to Ptd-L-Ser-containing mem-
branes, the relationship between Ptd-L-Ser content and
number of binding sites is distinct. Lactadherin exhibits a
steep positive relationship between Ptd-L-Ser content and
number of binding sites over the range of 0-2% Ptd-L-Ser.
In contrast, the relationship for Annexin V is sigmoidal with
very few binding sites for a composition of less than 4%
Ptd-L-Ser at physiologic Ca** concentrations and a steep
rise with Ptd-L-Ser content above that level (References 53
and 54). Lactadherin binds preferentially to regions of sharp
curvature while Annexin V binds preferentially to flat mem-
brane patches (Reference 55). Annexin V requires Ca™ and
has enhanced binding when PE is present (Reference 56).
Lactadherin is independent of Ca** and PE. Annexin V
molecules self-associate on the membrane leading to a
cooperative binding (Reference 57). A consequence of the
different membrane requirements is that annexin V exhibits
limited capacity to inhibit the factor Xase or the prothrom-
binase complexes unless the Ptd-L-Ser content is high and
the phospholipid vesicles have a large diameter (Reference
12). In contrast to annexin V, lactadherin inhibits both
enzyme complexes over the range of phospholipid compo-
sitions and vesicle curvatures which support enzymatic
activity.

[0075] Annexin V has found usage as a detector of cells
that express surface Ptd-L-Ser (References 29 and 58). Our
data predict that lactadherin might serve as a Ptd-L-Ser
probe that is complementary to annexin V. The two proteins
might bind to different cells or regions of cells that express
Ptd-L-Ser. Annexin V binds to apoptotic cells where the
phospholipid asymmetry between the inner and outer leaflets
of the plasma membrane has collapsed. In contrast, annexin
V does not bind to undifferentiated cells or malignant cells,
that express suflicient Ptd-L-Ser to support activity of the
prothrombinase and factor Xase complexes (Reference 59).
If lactadherin successfully identifies immature cells, malig-
nant cells, or certain cellular appendages then it is also
plausible that lactadherin or the lectin domain(s) of homolo-
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gous proteins could serve as pharmacologic targeting mod-
ules to identify or direct therapeutic agents to the Ptd-L-
Ser-displaying cells.

[0076] We hypothesized that lactadherin could be utilized
as a PS probe on physiologic membranes with less than 4%
PS. Our hypothesis was based on the observation that the
number of lactadherin binding sites on synthetic membranes
is approximately proportional to the PS content. In contrast,
annexin V requires a threshold membrane PS content of
greater than 1% before membrane binding is detectable
(Reference 54), We performed preliminary experiments to
confirm the differential relationship of lactadherin vs.
annexin V (FIG. 7A). Synthetic membranes of, 0.5%, 2%,
8% were supported by glass microspheres (lipospheres).
Membranes had the indicated PS content with a PS:PE ratio
of 1:4 and the balance as phosphatidylcholine Bound lac-
tadherin or annexin V was evaluated by flow cytometry after
10 min. Fluorescence values are normalized to the maxi-
mum fluorescence value for membranes of 8% PS Bound
fluorescein-lactadherin or annexin V was evaluated by flow
cytometry after 10 min. The results confirmed that the
number of lactadherin binding sites is proportional to PS
content while annexin V requires a threshold PS content
greater than 2% (FIG. 7A).

[0077] The quantity of lactadherin or annexin V bound to
lipospheres was compared as the PS content varied. The
concentration of either protein was fixed at 4 nM (FIG. 7B).
The results confirmed a near-linear relationship between
number of lactadherin binding sites over a PS content range
0f 0-4%. In contrast, the relationship between the PS content
and number of annexin V binding sites was sigmoidal. The
threshold for detectable annexin V binding appeared to be
approximately 2.5% PS.

[0078] We performed competition binding experiments to
determine whether lactadherin and annexin V could compete
with the other for the same binding sites (FIG. 7C). Fluo-
rescein-labeled lactadherin, 4 nM, was mixed with various
concentrations of unlabeled annexin V prior to addition of
lipospheres with 4% PS Unlabeled annexin V competed for
only about 40% of the lactadherin binding sites on mem-
branes with 4% PS. By comparison, unlabeled lactadherin
competed for approximately 70% of binding sites of annexin
V on membranes with 4% PS. (FIG. 7D) These results
indicate that the binding sites for lactadherin and annexin V
overlap but are not identical. They indicate, further, that the
presence of either protein at low concentrations would not
diminish the number of binding sites detected by the other
more than 50%.

[0079] We asked whether platelets have a stimulated state
when they bind lactadherin but not annexin V, consistent
with the hypothesis that platelets have the capacity to
regulate PS exposure at a level less than 2.5% PS (FIG.
8A-C). Platelets were incubated with fluorescein labeled
lactadherin and Alexa Fluor 647 labeled annexin V. Because
competition of either protein for the other’s binding sites
was <20% at these concentrations (FIG. 7C, 7D) we utilized
both proteins simultaneously. The gain on the flow cytom-
eter was set so that the intrinsic fluorescence of unstimulated
platelets placed the population in the lower left quadrant of
the display (FIG. 8A). Following stimulation by 0.25 pM
calcium ionophore (A23187-Sigma) platelet binding of lac-
tadherin increased while the binding of annexin V did not.
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Comparison with the unstimulated state indicates a net
increase of fluorescence to approximately 3-fold. (FIG. §B).
The cross-hair allows comparison of modal fluorescence
values for resting platelets vs. stimulated platelets.

[0080] When the A23187 concentration was increased to 1
1M, approximately half of the platelets remained in the left
lower quadrant, with increased bound lactadherin but no
increase in bound annexin V. The other half of the platelets
were stimulated by this A23187 concentration to bind much
more lactadherin and also annexin V. (FIG. 8C). When the
A23187 concentration was increased to 2 uM all of the
platelets expressed many lactadherin and annexin V binding
sites, equivalent to the upper population in FIG. 8C. These
results are consistent with an interpretation that platelets
exposed to 0.1-0.5 uM A23187 increase membrane PS to a
maximum <2.5% PS but that a concentration of A23187>1
uM leads to additional PS exposure that reaches a maximum
>2.5%. Lines on contour plots indicate 20% linear incre-
ments of maximum event density. Displayed panels are from
single experiments, representative of ten such experiments.

[0081] In order to confirm that binding of lactadherin to
platelets was not mediated by the RGD-containing EGF
motif, we performed binding experiments under conditions
that prevent integrin binding of lactadherin (Reference 6).
Fluorescein-labeled lactadherin was mixed with platelets
stimulated by A23187 in the present of 1.5 mM Ca*™, Data
showed that neither EDTA nor echistatin affected binding of
lactadherin to platelets stimulated with 0.25 uM or with 10
UM A23187 (FIGS. 9A and 9B). These results indicate that
>90% of lactadherin binding to stimulated platelets is not
mediated by RGD-integrin interaction.

[0082] To confirm that lactadherin binds to stimulated
platelets via the PS-binding C2 domain, we performed
control experiments with PS-containing phospholipid
vesicles and with a polyclonal antibody directed against
lactadherin C2. PS-containing vesicles displaced more than
50% of lactadherin from platelets stimulated with 0.25 uM
A23187 (FIG. 9C). Concentrations of sonicated vesicles at
greater than 6 pM phospholipid led to increased binding of
lactadherin to platelets (not shown). We attributed the
increase to fusion of vesicles with platelets, thus depositing
PS in the external membrane and possibly by perturbing the
native phospholipid asymmetry in the course of vesicle-
membrane fusion (References 60 and 61). PS-containing
vesicles displaced >90% of lactadherin from platelets stimu-
lated with 10 pM A23187 and there was no increase in
lactadherin binding as the vesicles concentration increased
(FIG. 9D). Fusion of PS-containing vesicles with the plasma
membrane of these platelets is unlikely to significantly alter
binding of lactadherin. A polyclonal antibody directed
against the lactadherin C2 domain inhibited lactadherin
binding to platelets by >80% for platelets stimulated at 0.25
and at 10 uM A23187. These results confirm that lactadherin
binds to stimulated platelets via the PS-binding motif of the
C2 domain.

[0083] We asked whether lactadherin and annexin V are
able to inhibit the procoagulant activity of stimulated plate-
lets attributed to exposed phosphatidylserine. We compared
the inhibitory effects of on thrombin formation (FIGS. 10A,
10B) and on factor Xa formation (FIGS. 10C, 10D). Plate-
lets were stimulated either by 0.5 (FIGS. 10A, 10C) or 10
uM A23187 (FIGS. 10B, 10D). We maintained the Ca™
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concentration at 1.5 mM to simulate plasma. Results showed
that lactadherin led to >98% inhibition of thrombin produc-
tion and >99% inhibition of factor Xa production for both
the high and low A23187 concentrations. In contrast,
annexin V was less effective, inhibiting 60-80% of platelet
prothrombinase activity and factor Xase activity on platelets
stimulated at both concentrations of A23187. These results
are consistent with the hypothesis that lactadherin detects
exposed platelet PS and has the capacity to block the
procoagulant activity of the exposed PS.

[0084] We asked whether thrombin-mediated stimulation
of platelets might cause small amounts of PS exposure,
analogous to A23187 concentrations of 0.1-0.5 uM (FIGS.
11A-C). Preliminary experiments showed that thrombin
caused increased binding of lactadherin (FIG. 11A) but not
annexin 5 (FIG. 11B). The quantity of lactadherin that bound
to platelets was approximately 25% of the binding that we
observed on platelets stimulated with 0.1-0.5 uM A23187.
Subsequent experiments, performed with TRAP rather than
thrombin, gave equivalent selective enhancement of lactad-
herin binding. However, usage of TRAP did not require
addition of thrombin inhibitors at later stages of the experi-
ment when the objective was to measure prothrombinase-
supporting platelet activity. Thus, experiments with TRAP
are displayed in FIGS. 11A-C, 12A-C and 13A-B. In order
to evaluate the effective stimulatory concentration, platelets
were stimulated with 0.04-10 uM TRAP. The results indi-
cated that half maximal lactadherin binding was stimulated
by 0.2-1 uM TRAP but that no concentration of TRAP
employed increases exposed binding sites for annexin V
(FIG. 110).

[0085] Control experiments were performed to confirm
that lactadherin binds to thrombin-stimulated platelets via
the PS-binding C2 domain. Binding was not inhibited by
calcium chelation or by echistatin, excluding platelet inte-
grins as the binding mediators. Binding to platelets was
inhibited by PS-containing phospholipid vesicles, equiva-
lent to inhibition of binding to platelets stimulated with 0.25
UM A23187. Greater than 80% of lactadherin binding was
inhibited by the polyclonal antibody against the lactadherin
C2 domain (FIG. 9E). These results confirmed that binding
of lactadherin to thrombin-stimulated platelets, like binding
to A23187-stimulated platelets, is mediated by the PS-
binding C2 domain of lactadherin.

[0086] To estimate the affinity of lactadherin for thrombin-
stimulated platelets, we varied the total lactadherin concen-
tration and measured the quantity bound to platelets (FIG.
12A). Lactadherin bound saturably to these stimulated plate-
lets. The best fit indicated a K, of 84+28 nM. There were
3200+700 lactadherin binding sites per platelet.

[0087] In order to estimate the rate and extent of PS
exposure on the platelet plasma membrane we utilized
fluorescence-labeled PS (Reference 62). Prior reports indi-
cate that platelets translocate NBD-PS to the inner leaflet of
the plasma membrane, like unlabeled PS. When stimulated
platelets transfer NBD-PS to the outer leaflet of the plasma
membrane it is rapidly exchanged into delipidated albumin
that is present in the buffer. Thus, translocation of NBD-PS
to the outer plasma membrane causes a net loss in cell
fluorescence. NBD-PS was loaded into membranes of rest-
ing platelets from donor vesicles prior to platelet purifica-
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tion. The rate and extent of platelet fluorescence loss provide
an estimate of the rate and extent of plasma membrane PS
exposure.

[0088] We found that platelet NBD-PS fluorescence
decreased after stimulation by TRAP or 10 uM A23187
(FIG. 12B). As illustrated by these data, approximately 25%
of platelet fluorescence is lost over 8 min. due to reduction
of NBD in the absence of a platelet agonist (Reference 63).
During the first minute after addition of TRAP the fluores-
cence loss was 12x1.8% vs. 522.5% for control platelets.
Stimulation with 10 pM A23187 led to the same rate of
fluorescence loss during the first minute but the rate was
maintaired so that after 8 min. >90% of NBD fluorescence
was lost (FIG. 12B inset). These results confirmed that
stimulation by TRAP causes platelets to expose approx. 7%
of plasma membrane PS over 1-2 minutes.

[0089] We asked whether TRAP-stimulated PS-exposure
is reversible (FIG. 12C). After stimulation by TRAP, plate-
lets were diluted to a concentration at which TRAP is no
longer an effective agonist for PS exposure (FIG. 12C). At
various times fluorescein-labeled lactadherin was added and
platelet fluorescence was recorded by flow cytometry. The
results indicated that lactadherin binding sites were maxi-
mally exposed by 5-10 min. following stimulation. At later
time periods the number of binding sites decreased, with
80% loss by 2 hr after addition of TRAP. These results
suggest that TRAP-stimulated expression of lactadherin
binding sites begin to decrease within 15 min. after stimu-
lation and are largely removed over the next hour.

[0090] We asked whether the procoagulant activity of
TRAP-stimulated platelets is inhibited by lactadherin or by
annexin V (FIGS. 13A-B). Annexin V inhibited approxi-
mately 90% of activity for both enzyme complexes at a
concentration of 50 nM and approached an inhibition pla-
teau with approximately 5-8% of residual activity. Lactad-
herin was a more effective inhibitor with at least 99%
inhibition of the Xase and prothrombinase complexes at 50
nM and inhibition plateaus with <1% residual activity (FIG.
13A). These results indicate that lactadherin is a competitive
inhibitor for >99% of procoagulant platelet phosphati-
dylserine and that annexin V is a less effective inhibitor.

[0091] The present invention shows that lactadherin can
be used to detect PS exposure on platelet membranes when
the PS content is too low to support binding of annexin V.
Using lactadherin, we have found that platelets stimulated
with 0.1-0.5 uM A23187 or with thrombin expose a small
fraction of PS. This low level PS exposure occurs during 1-2
minutes following platelet stimulation and is reversible.
Platelets stimulated at this level support the procoagulant
activity of the factor Xase and prothrombinase complexes.
The capacity of lactadherin to block this platelet procoagu-
lant activity indicates that the limited PS exposure is
required for function of the prothrombinase and factor Xase
complexes. Thus, our data suggest that transient exposure of
small quantities of membrane PS may be a physiologic
mechanism through which platelets regulate hemostasis.

[0092] Our data indicate that most platelet binding sites
for lactadherin are dependent upon interaction of lactadherin
with membrane PS. This result was anticipated because the
only platelet integrin which lactadherin has the demon-
strated capacity to bind, a.f, is present in low numbers on
the platelet membrane (Reference 64). Because binding was
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not measurably influenced by EDTA or echistatin, we con-
cluded that neither the o f; integrin nor other platelet
integrins contributed significantly to the observed binding.
Further evidence that lactadherin specifically binds exposed
PS includes the demonstrated selectivity of lactadherin for
phosphatidyl-L-serine, the capacity of an antibody against
the PS-binding C2 domain of lactadherin to block binding of
lactadherin to platelets, and the capacity of PS-containing
phospholipid vesicles to compete with platelets for lactad-
herin binding.

[0093] Prior evidence suggested that thrombin-stimulated,
intact platelets have the capacity to express limited quanti-
ties of PS. In particular, thrombin-stimulated platelets sup-
port both factor Xase and prothrombinase activities (Refer-
ences 34-36). Indeed, PS exposure on thrombin-stimulated
platelets has been previously reported (Reference 28). Par-
tial digestion of outer platelet membranes by phospholipases
has suggested that 8% of the outer membrane was PS.
However, these results were later thought to be partially or
entirely explained by the presence of platelet microparticles
(Reference 65). The exposure of PS on intact, thrombin-
stimulated platelets was called into doubt because annexin V
does not demonstrably bind to the membranes (References
29 and 30). Our data resolve the apparent conflict, indicating
that intact thrombin-stimulated platelets expose sufficient PS
to support binding of lactadherin but not annexin V.

[0094] In summary, the results of our studies/experiments
confirm that stimulated platelets expose and remove a small
fraction of membrane PS, establish a methodology for
detection of limited PS exposure on a cell membrane, and
provide a basis for testable predictions about PS exposure
and its physiologic consequences. This invention is the first
to confirm that intact, thrombin-stimulated platelets have the
capacity for limited, reversible PS exposure. Lactadherin
binding appears to be conveniently adaptable for in vitro
studies of PS exposure on platelets as well as nucleated cells.
Labeled lactadherin may also be useful as a reagent to image
PS exposure on a growing thrombus or a site of inflamma-
tion in vivo. The capacity of lactadherin to efficiently inhibit
platelet-supported prothrombinase and factor Xase com-
plexes suggest that lactadherin may be useful as a reagent to
test hypotheses about the importance of phosphatidylserine
for binding of individual blood clotting proteins to cell
membranes and for hypotheses about the importance of PS
for in vivo thrombosis and hemostasis.

[0095] Phospholipases, like lactadherin, bind to Ptd-L-Ser
or other negatively charged lipids in highly curved mem-
brane regions to initiate membrane digestion (Reference 66).
Thus, it is possible that occupation of curved membrane
regions with Ptd-L-Ser by lactadherin may protect milk fat
globules from premature digestion by phospholipases or
lipases in the epithelial cell, in milk, in the lumen of the GI
tract, or in blood.

[0096] A recent report demonstrated that in vitro macroph-
ages bind and engulf apoptotic cells by a mechanism in
which lactadherin functions as a bridge ligand (Reference
11). Lactadherin binds to phosphatidylserine on apoptotic
cells. The macrophages recognize bound lactadherin via the
RGD motif and use lactadherin to engulf the apoptotic cells.
Our data suggest that in vivo lactadherin might bind to cells,
cell membrane vesicles, and possibly lipoproteins that dis-
play Ptd-L-Ser and are curved. The immobilized cell, vesicle
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or particle could then be engulfed by phagocytes. In this way
lactadherin may assist in engulfment of fat globules, apo-
crine secretory vesicles, cellular microparticles. Alterna-
tively, these data suggest that lactadherin might be used as
a pharmacologic bridge ligand, targeting drug-laden lipo-
somes to macrophages or other integrin-displaying cells.

[0097] In conclusion, the data above indicate that lactad-
herin binds selectively to Ptd-L-Ser-containing membranes.
Like factors VIII and V, it binds preferentially to highly
curved membranes.

[0098] From the above, one can readily observe and
appreciate that lactadherin, a fragment of lactadherin, or a
functionally equivalent agent thereof, can be used to detect
the presence of a phospholipid, such as phosphatidylserine
and/or a phospho-L-serine moiety of phosphatidylserine, in
a biological sample, such as a membrane. It can be further
used to block or reduce binding of a protein to a binding site,
wherein the binding site includes a phospholipid or a lipo-
protein, including phosphatidylserine and/or a phospho-L-
serine moiety of phosphatidylserine. Other uses of lactad-
herin, a fragment of lactadherin, or a functionally equivalent
agent thereof, include detecting phosphatidylserine-express-
ing cells and protecting a biological material from the action
of an enzyme. Various other uses may be also made by those
skilled in the art by following the teachings of the present
invention and discovery.

[0099] A pharmaceutical composition including lactad-
herin or a fragment of lactadherin, or a functionally equiva-
lent agent thereof, may be prepared, in a conventional
manner. In particular, a pharmaceutical composition made in
accordance with the present invention would include lac-
tadherin or a fragment of lactadherin, or a functionally
equivalent agent thereof, in an amount sufficient to provide
therapeutic and/or prophylactic benefit, in combination with
one or more pharmaceutically or physiologically acceptable
carriers, diluents or excipients. Compositions of the present
invention may be formulated for any appropriate manner for
administration, including, for example, oral, nasal, intrave-
nous or intramuscular administration. Appropriate dosages,
duration and frequency of administration would be deter-
mined by known factors, such as the condition of the patient,
the type and severity of the disease and the method of
administration.

[0100] While this invention has been described as having
preferred sequences, ranges, steps, materials, or designs, it is
understood that it includes further modifications, variations,
uses and/or adaptations thereof following in general the
principle of the invention, and including such departures
from the present disclosure as those come within the known
or customary practice in the art to which the invention
pertains, and as may be applied to the central features
hereinbeforesetforth, and fall within the scope of the inven-
tion and of the limits of the appended claims.

[0101] All of the references discussed or cited herein are
hereby incorporated herein by reference.
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What is claimed is:
1. A method of detecting the presence of a phospholipid
in a biological material, comprising:

a) subjecting a biological material to a binding agent
selected from the group consisting of lactadherin, a
fragment of lactadherin, a functional equivalent of
lactadherin, and a functional equivalent of a fragment
of lactadherin;

b) allowing binding between any phospholipid present
and the binding agent; and

¢) detecting the presence of any phospholipid bound to the
binding agent.
2. The method of claim 1, wherein:

the phospholipid comprises phosphatidylserine.
3. The method of claim 1, wherein:

the phospholipid comprises a phospho-L-serine moiety of
phosphatidylserine.
4. The method of claim 2, wherein:

the biological material comprises a cell, a cell membrane,
a cell appendage, a cell fragment, a lipoprotein, or a
cellular particle.

5. The method of claim 4, wherein:

any binding in step b) is independent of any Ca*™ or
phosphatidylethanolamine.
6. The method of claim 4, wherein:

any binding in step b) is increased with increasing of cell
membrane curvature.
7. The method of claim 2, wherein:

any binding in step b) increases proportionally to the
content of phosphatidylserine over a range of about
0-2%.

8. The method of claim 4, wherein:

the cell membrane comprises a curved region.
9. A method of blocking or reducing binding of a protein
to a binding site, comprising:

subjecting a binding site to a binding agent selected from
the group consisting of lactadherin, a fragment of
lactadherin, a functional equivalent of lactadherin, and
a functional equivalent of a fragment of lactadherin.
10. The method of claim 9, wherein:

the binding site comprises a phospholipid or a lipoprotein.
11. The method of claim 10, wherein:

the phospholipid comprises phosphatidylserine.
12. The method of claim 10, wherein:

the phospholipid comprises a phospho-L-serine moiety of
phosphatidylserine.
13. A method of detecting phosphatidylserine-expressing
cells, comprising:

a) subjecting a biological material including, or suspect of
including, phosphatidylserine-expressing cells to a
binding agent selected from the group consisting of
lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, and a functional equivalent
of a fragment of lactadherin;

b) allowing binding between any cells present and the
binding agent; and
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¢) detecting the presence of any phosphatidylserine-ex-
pressing cells bound to the binding agent.
14. The method of claim 13, wherein:

the phosphatidylserine-expressing cells are selected from
the group consisting of apoptotic cells, malignant cells,
undifferentiated cells, immature cells, integrin-display-
ing cells, and a combination thereof.
15. A method of protecting a biological material from the
action of an enzyme, comprising:

a) subjecting a biological material to be protected from an
enzyme to a binding agent selected from the group
consisting of lactadherin, a fragment of lactadherin, a
functional equivalent of lactadherin, and a functional
equivalent of a fragment of lactadherin; and

b) allowing binding between the biological material and
the binding agent to protect the biological material
from the enzyme.

16. A pharmacological bridge ligand, comprising:

lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, or a functional equivalent of
a fragment of lactadherin.

17. A composition for detecting the presence of a phos-

pholipid in a biological material, comprising:

a) a binding agent selected from the group consisting of
lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, and a functional equivalent
of a fragment of lactadherin; and

b) a suitable carrier.
18. A kit for detecting the presence of a phospholipid in
a biological material, comprising:

a) a binding agent selected from the group consisting of
lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, and a functional equivalent
of a fragment of lactadherin; and

b) instructions for use of the binding agent.
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19. The kit of claim 18, wherein:

the phospholipid comprises phosphatidylserine.
20. The kit of claim 18, wherein:

the phospholipid comprises a phospho-L-serine moiety of
phosphatidylserine.
21. The method of claim 13, wherein:

the phosphatidylserine—expressing cells comprise blood
platelets or nucleated cells.
22. A method of blocking or reducing the procoagulant
activity of a cell, comprising:

a) subjecting a cell to an agent selected from the group
consisting of lactadherin, a fragment of lactadherin, a
functional equivalent of lactadherin, and a functional
equivalent of a fragment of lactadherin.

23. The method of claim 22, wherein:

the agent blocks or reduces the procoagulant activity of
the cell by binding with a phospholipid exposed on the
cell membrane.

24. The method of claim 23, wherein:

the phospholipid comprises phosphatidylserine.
25. The method of claim 24, wherein:

the cell comprises a blood platelet.
26. A probe for detecting the presence of a phospholipid
in a biological material, comprising:

lactadherin, a fragment of lactadherin, a functional
equivalent of lactadherin, or a functional equivalent of
a fragment of lactadherin.

27. The probe of claim 26, wherein:

the phospholipid comprises phosphatidylserine.
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