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Summary Phosphatidylserine (PS) and other anionic phos-
pholipids, which become exposed on the surface of prolifer-
ating endothelial cells, tumor cells and certain leukocytes,
have been used as targets for the development of clinical-
stage biopharmaceuticals. One of these products
(bavituximab) is currently being investigated in Phase 3 clin-
ical trials. There are conflicting reports on the ability of
bavituximab and other antibodies to recognize PS directly or
through beta-2 glycoprotein 1, a serum protein that is not
highly conserved across species. Here, we report on the gen-
eration and characterization of two fully human antibodies
directed against phosphatidylserine. One of these antibodies
(PS72) bound specifically to phosphatidylserine and to phos-
phatidic acid, but did not recognize other closely related phos-
pholipids, while the other antibody (PS41) also bound to
cardiolipin. Both PS72 and PS41 stained 8/9 experimental
tumor models in vitro, but both antibodies failed to exhibit a
preferential tumor accumulation in vivo, as revealed by quan-
titative biodistribution analysis. Our findings indicate that an-
ionic phospholipids are exposed and accessible in most tumor
types, but cast doubts about the possibility of efficiently
targeting tumors in vivo with PS-specific reagents.
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Abbreviations
PS Phosphatidylserine
β2GP1 Beta-2 glycoprotein 1
DPPS 1,2-Dipalmitoyl-sn-glycero-3-phosphoserine, sodi-

um salt
DPPA 1,2-Dipalmitoyl-sn-glycero-3-phosphate, sodium

salt
DPPC 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
DPPE 1,2-Dipalmitoyl-sn-glycero-3-

phosphoethanolamine
SM Sphingomyelin
CL Cardiolipin
PI Phosphatidylinositol

Introduction

Phosphatidylserine (PS) is the main anionic phospholipid con-
stituent of cellular membranes and is almost exclusively located
in the inner leaflet of the plasma membrane. Loss of phospholip-
id asymmetry, demonstrated mainly by migration of PS to the
outer leaflet of cell membrane, is a hallmark of apoptosis. In fact,
PS exposure is required for phagocytosis of apoptotic cells by
macrophages and fibroblasts [1]. Apoptosis-related PS exposure
is independent of the trigger of apoptosis and of cell type.

Surface exposure of PS has been reported to be a common
feature for the plasma membrane of cancer cells, tumor endo-
thelial cells and certain leukocytes [2–5], while this event ap-
pears to be rare in healthy tissues [6]. These claims were based
on staining experiments, performed both with Annexin V
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reagents and with monoclonal antibodies. As a consequence,
protein-based biopharmaceuticals, capable of selective PS rec-
ognition, have been proposed as tools for vascular tumor
targeting and for imaging applications in vivo [7–13]. In addi-
tion, the antibody-based blockade of PS has been reported to
increase tumor-derived antigen presentation by dendritic cells
and the generation of tumor-specific T cells [14, 15].

The mouse monoclonal antibody 3G4 and its chimeric anti-
body derivative (bavituximab) were initially claimed to directly
recognize PS on tumor endothelial cells, to target tumor blood
vessels in vivo and to potently inhibit cancer growth in tumor-
bearing mice [16–18, 15]. After the initial report of direct PS
recognition, 3G4 and bavituximab were shown to recognize
beta-2 glycoprotein 1 (Bβ2GP1^, a low-affinity PS binder)
and, thus, to recognize PS only indirectly. According to the
proposed mechanism, the 3G4 antibody would recognize PS
in the presence of human β2GP1, but not in the presence of the
mouse analogue of the protein [19]. This finding is not surpris-
ing, considering the fact that human and murine β2GP1 share
only 76 % identity [20]. However, according to previous re-
ports, the 3G4 antibody would be able to selectively localize to
tumor blood vessels in mice, without the injection of human
β2GP1 [19]. To the best of our knowledge, quantitative
biodistribution studies in tumor-bearing mice with 3G4 or
bavituximab have not been published.

More recently, Stafford et al. reported the isolation and char-
acterization of phage-derived human antibodies, which directly
bind to humanβ2GP1 andwhich allegedly selectively localize to
prostate tumors in mice [21]. A close inspection of the experi-
mental data, however, reveals that the tumor:blood ratios for this
antibody were low (1:1 48 h after intravenous administration)
and similar to the ones observed for an antibody of irrelevant
specificity in the mouse (used as negative control), which, how-
ever, exhibited a strikingly faster clearance. The negative control
antibody, which was used in F(ab’)2 format, appeared to clear
faster compared to other F(ab’)2 antibodies for which quantitative
biodistribution studies have been published [22].

In this article, we report on generation and characterization
of two monoclonal antibodies (PS41 and PS72) that directly
recognize phosphatidylserine in the absence of β2GP1. The
two antibodies strongly stained the majority of the experimen-
tal tumor models tested, with a staining pattern that was vas-
cular for certain tumors (e.g., U87) or more diffuse for other
neoplasms (e.g., HeLa, SKRC-52). Importantly, no staining
was detectable in healthy adult mouse organ sections.

Results

Generation and characterization of anti-PS antibodies

A large synthetic phage display library, containing>40 billion
human antibody clones [23], was used for the selection of

antibodies in a scFv format, specific to PS. 1,2-dipalmitoyl-
sn-glycero-3-phosphoserine, sodium salt (DPPS) (Fig. 1a)
was immobilized on Maxisorp plastic plates and binding
clones were isolated after 3 rounds of panning. The two anti-
bodies that gave the strongest signal in ELISA (PS41 and
PS72) were converted into small immune protein (SIP) format
[24, 25] (Fig. 1b), cloned and expressed in mammalian cells.
The antibody sequences differ at the level of the
complementarity-determining region (CDR) 3 loops, which
were the combinatorially mutated regions in the parental
phage display library (Fig. 1c).

SIP(PS41) and SIP(PS72) were purified to homogeneity
using affinity chromatography procedures. The antibodies
bound to DPPS-coated microsensor chips in a BIAcore anal-
ysis (Fig. 2). Monomeric preparations of scFv(PS41) and
scFv(PS72), obtained by size exclusion chromatography,
bound to the same chip, revealing a Kd of 65nM for PS41
and 25nM for PS72 [Supplementary Figure 1]. As a control
for binding studies, SIP(F8), an antibody specific to the
alternatively-spliced EDA domain of fibronectin, a marker
of angiogenesis, was used [26] (Fig. 2).

Reactivity of SIP(PS41) and SIP(PS72) towards
phospholipids immobilized on Maxisorp

In previous studies, the binding specificity of bavituximab,
3G4 and other anti-PS antibodies was tested in a panel of
phospholipid antigens [17], whose structure is shown in
Fig. 1a. We repeated similar direct ELISA experiments using
anionic phospholipids (DPPS, DDPA, PI and CL) and neutral
lipids (DPPE, DPPC and SM) as target antigens. SIP(PS72)
exhibited selective binding to PS and phosphatidic acid,
whereas SIP(PS41) also bound to cardiolipin (Fig. 3a).

Flow-cytometric analysis of MDA-MB-231 cells

The two antibodies avidly bound to MDA-MB-231 breast
cancer cells in a FACS experiment, compared to the
SIP(KSF) antibody [27], specific to hen egg lysozyme, which
was used as negative control (Fig. 3b).

Immunofluorescence on frozen tissue sections

Immunofluorescence procedures, performed in sections of
freshly frozen normal adult mouse organs and of 9 grafted
tumor types (of murine and human origin), revealed that both
PS72 and PS41 strongly stained the majority of the experi-
mental tumor models, while they did not stain normal
organs (Fig. 4). The F8 antibody was used as positive
control, confirming the previously reported pan-tumoral
specificity of this antibody [28, 26], while the anti-
lysozyme KSF antibody stained neither tumor sections
nor normal organs. In some cases (e.g., U87 tumors),
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the staining patterns for PS72 and PS41 were predomi-
nantly vascular, while for other tumors (e.g., K1735,
MDA-MB-231, SKRC-52, HeLa) a more diffuse stain-
ing pattern was observed.

Biodistribution studies

Radioiodinated preparations of SIP(PS41), SIP(PS72) and
SIP(F8) were in jec ted in to nude mice , bea r ing
subcutaneously-grafted SKRC-52 tumors. Twenty-four hours
after intravenous administration, SIP(F8) exhibited a prefer-
ential tumor uptake [5.2%ID/g in the tumor, compared to 0.51
%ID/g in blood], while SIP(PS41) and SIP(PS72) failed to
localize to the neoplastic lesions in vivo [Supplementary
Figure 2].

Discussion

We raised two fully human monoclonal antibodies, one of
which bound specifically to PS and to PA (PS72), while the
other antibody (PS41) also bound to CL, but neither recog-
nized other structurally similar phospholipids, as demonstrat-
ed by ELISA and BIAcore analyses. Using freshly frozen
sections of healthy murine tissues, as well as of human and
murine cancers, we confirmed strong expression of PS in 8/9
tumors and almost virtual absence in healthy murine tissues.
However, biodistribution studies of radioiodinated antibody
preparations in tumor bearing mice failed to show preferential
accumulation at the site of tumor, casting doubt at the utility of
PS as a target for antibody-mediated tumor targeting.

ELISA on a panel of structurally similar phospholipids,
comprising 4 anionic (DPPS, DPPA, PI and CL) and 3 neutral
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Fig. 1 a. Chemical formulas of
phospholipids that are used in the
study: 1,2-dipalmitoyl-sn-
glycero-3-phosphoserine, sodium
salt (DPPS), 1,2-dipalmitoyl-sn-
glycero-3-phosphate, sodium salt
(DPPA), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine
(DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine
(DPPE), sphingomyelin (SM),
cardiolipin (CL) and L-alpha-
phosphatidylinositol ammonium
salt (PI). b. Schematic represen-
tation of an scFv and SIP antibody
format. c. Sequences of PS41 and
PS72 with marked CDR regions
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lipids (DPPE, DPPC and SM), revealed specific binding of
SIP(PS72) to PS as well as to PA, while SIP(PS41) addition-
ally bound to CL. Binding results obtained with the PS41 and
PS72 antibodies suggest a higher degree of specificity com-
pared to the bavituximab-β2GP1 complex, which does not
discriminate between individual anionic phospholipids and
binds to PS, PI, PA and CL [17]. Binding to PI, which repre-
sents 7 % of plasma membrane total lipid content, may poten-
tially contribute to off-target effects. While representing only
1 % of plasma membrane’s lipid content, PA blood levels lie
in the nano-molar range [29], potentially requiring dose-
elevation of the administered antibody fragment, which rec-
ognizes both PA and PS, in order to first cover PA in the blood
and reach the targeted PS in the tumor. Also, blocking of PA
and its downstream metabolites like eicosanoids (e.g., prosta-
glandins), diacylglycerol or lyso-phosphatidic acid (LPA)
may interfere with important processes such as erythrocyte
aggregation, endothelial cell adhesion, thrombin generation
and blood clotting [30–32]. On the other hand, specificity to
CL (absent from plasma membrane) is likely to have little
effect on tumor targeting [33, 34, 32].

Bavituximab was raised using hybridoma technology
against endothelial cells pre-treated with an apoptosis-

inducing agent, which resulted in bavituximab being specific
to a serum component (β2GP1) [19, 17]. In contrast to this,
PS41 and PS72 were raised using antibody phage display
technology against pure phosphatidylserine adsorbed on plas-
tic surface. The ability of these antibodies to directly recognize
PS was confirmed in serum-free BIAcore analysis against
DPPS liposomes.

Bavituximab was studied in combination with docetaxel in
a placebo-controlled double-blind clinical trial in patients with
locally advanced or metastatic non-small-cell lung cancer.
Vial coding discrepancies were discovered at the time of
unblinding for the study and, to the best of our knowledge,
the trial results have not yet been published. In previous stud-
ies, bavituximab 3 mg/kg plus docetaxel showed overall sur-
vival of 11.7 months compared to 7.3 months in the combined
control arm [35].

The presence of PS on various cancer cell types had previ-
ously been reported, including those with poor treatment out-
comes, e.g., glioblastoma and melanoma [4]. In addition, PS
levels on the surface of tumorigenic and metastatic cell lines
appear to be much higher than in normal cells [5, 4]. In our
findings, PS staining was undetectable in healthy murine or-
gans, but an intense staining pattern was observed for various
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tumors (in particular, for HeLa, U87 gliomas, C1498
chloroma lesions of leukemia and K1735 melanoma). In the
case of F9, RAMOS and A375, staining was not as intense
and appeared to differ between SIP(PS41) and SIP(PS72).

As has been previously reported for other antibodies direct-
ed against PS [21], our antibodies failed to preferentially ac-
cumulate at the tumor site in a quantitative biodistribution
study. It is not clear, at present, whether affinity-matured an-
tibody variants may exhibit better targeting results. The anti-
EDA antibody F8, used as positive control in the study, had a
Kd=3 nM towards its cognate antigen [26]. In the past,
Annexin V has often been used as an imaging agent to detect
the presence of PS-positive cells in various conditions, includ-
ing cardiac allograft rejection [12], acute myocardial infarc-
tion [8], unstable atherosclerotic plaque [10], rheumatoid ar-
thritis [13], heart failure [9], dementia [11] and acute stroke
[36]. Additionally, 99mTc-labeled Annexin V has been used
for the imaging of chemotherapy-induced apoptosis in tumor
patients [37]. Annexin V binds specifically to PS on the ex-
tracellular surface of plasmamembranes in a cooperative man-
ner and is dependent on both the phospholipid composition
and Ca2+ concentration [38]. The cooperative nature of the
Annexin V–PS bond is reflected in the formation of two-
dimensional lattices of Annexin V molecules upon the initial
binding of the Annexin Vmolecule to the PS-containing bind-
ing site [39, 40]. This structure is stabilized by protein-protein
interactions, and it was demonstrated that up to 400 molecules
of Annexin V could bind to PS-expressing plasma membrane

even without the necessity for PS at high Ca2+ levels [41, 42].
The high-affinity binding of Annexin V to PS with a Kd of
less than 0.1 nM [43] may represent an important determinant
for in vivo targeting applications. Other factors such as anti-
body degradation in vivo and increased antibody clearance, as
DPL16 germline gene antibodies already demonstrated earlier
[44], may also explain the observed tumor targeting perfor-
mance of SIP(PS41) and SIP(PS72). At this moment in time,
we do not know the reasons for the inability of the two
anti-PS antibodies to preferentially localize to tumors.
An insufficient binding affinity or loss of immunoreac-
tivity upon radioiodination (not seen with other antibod-
ies in our lab) could be possible explanations.
Nonetheless, the clean staining patterns observed with
PS41 and PS72 in freshly-frozen sections of normal
organs, together with an intense staining of most cancer
specimens tested in our analysis, reinforce the rationale
for the choice of PS as an attractive (albeit difficult)
target for antibody-mediated pharmacodelivery applica-
tions in those indications for which immunohistochemi-
cal studies reveal a strong antigen expression (e.g., glio-
blastoma, melanoma and renal cell carcinoma).

Materials and methods

1,2-dipalmitoyl-sn-glycero-3-phosphoserine, sodium salt
(DPPS), 1,2-dipalmitoyl-sn-glycero-3-phosphate,

Fig. 3 a.Reactivity of SIP(PS41)
and SIP(PS72) towards
phospholipids immobilized on
Maxisorp. b. Flow-cytometric
analysis of MDA-MB-231 cells
using SIP(PS41), SIP(PS72) and
SIP(KSF)
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sodium salt (DPPA), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) were pur-
chased from Echelon Biosciences Inc. Sphingomyelin

from chicken egg yolk (SM), cardiolipin solution from
bovine heart (CL) and L-alpha-phosphatidylinositol
ammonium salt from Glycine max (PI) were procured
from Sigma.

Fig. 4 Immunofluorescence
staining of murine healthy tissues,
tumors xenografted in nude mice
and murine tumors grafted in
immunocompetent mice using
SIP(KSF), SIP(PS41), SIP(PS72),
SIP(F8) and anti-CD31 antibody.
SIP antibodies are shown in
green; they were detected using
rabbit anti-human-IgE IgG anti-
body, which was further detected
by donkey anti-rabbit IgG Alexa
Fluor 488 antibody. Vessels are
shown in red as the rat anti-
mouse-CD31 antibody was de-
tected by Alexa Fluor 594 goat
anti-rat IgG antibody
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Isolation of antibodies from phage display libraries

DPPS was dissolved as described in manufacturer’s instruc-
tions, followed by further dilution in methanol. Two hundred
μg/mL of the lipid solution was coated onto Maxisorp plates
(Nunc). After evaporation of the solvent under reduced pres-
sure, blocking was performed using 2 % bovine serum albu-
min (BSA) for 3 h. After two washing steps with phosphate-
buffered saline (PBS), Philo-DIAMOND library phage prep-
aration in 2 %BSAwas added to the DPPS-coated-wells and
incubated for 4 h at room temperature [23]. Unbound phage
particles were washed away with 30 washings with PBS.
Elution of phage particles was performed using 100 mM so-
lution of triethylamine. Subsequent TG1 E. coli infection and
phage amplification was performed according to the
established protocol [26]. Bacterial supernatants harboring
soluble single-chain variable fragments (scFv) were screened
by ELISA and positive clones were further assessed for their
ability to bind the immobilized antigen on a high-coating-
density chip using surface plasmon resonance on the
BIAcore3000 instrument (GE Healthcare).

Characterization of scFv antibody fragments

ScFv were expressed in TG1 E. coli and purified by affinity
chromatography from the culture supernatant using Protein A
Sepharose (Sino Biological) as described previously [45].
Purified scFvs were characterized by SDS-PAGE and size
exclusion chromatography (SEC) on S75 Superdex column
(GE Healthcare).

Sequencing of scFv genes

The DNAwas amplified by PCR using primers 5′-CAG GAA
ACA GCT ATG ACC ATG ATT AC-3′ and 5′-GAC GTT
AGT AAA TGA ATT TTC TGT ATG AGG-3′ (Sigma).
Sequencing was performed by GATC Biotech (Germany) ac-
cording to the standard Sanger method.

Cloning and expression of small immune proteins

ScFv obtained from library screening were reformatted into a
SIP format employing a previously described procedure [25,
24]. In brief, the scFv sequence was fused in frame with the
sequence of the CH4 domain of the human IgE secretory
isoform IgE-S2 using overlap extension PCR. The DNA frag-
ment was inserted into pcDNA3.1 vector using HindIII-NotI
restriction enzymes. The obtained plasmid was used to tran-
siently transfect Chinese hamster ovary cells (CHO-S) as de-
scribed elsewhere [46]. On Day 6 post-transfection SIPs were
purified from the culture supernatant by affinity chromatogra-
phy using Protein A Sepharose.

BIAcore studies

Liposome preparation of DPPS was prepared by dissolving
DPPS in chloroform. Chloroform was evaporated, and the
remaining lipid film was hydrated with PBS for 1 h. Small
size of liposome vesicles was achieved using a sonicator bath.
Sensor chip L1 was coated with the liposome preparation of
DPPS according to chip manufacturer’s instructions and used
for further kinetic measurements. The lipophilic sensor chip,
L1, is designed for direct capture of lipid vesicles and lipo-
somes while retaining the bilayer structure of the vesicle.
Monomeric fraction of bacterially produced scFvs from the
SEC analysis were isolated and used for affinity measurement
using BIAcore3000 instrument as described elsewhere [47].
Kinetic measurements of SIP(PS41) and SIP(PS72) were also
performed. The binding curves were analyzed with the BIA
Evaluation software. As a negative control, clinical-grade F8
antibody (specific to EDA of fibronectin) was used and did
not show any binding to L1 chip coated with PS.

Reactivity of SIP(PS41) and SIP(PS72) towards
phospholipids immobilized on Maxisorp

Phospholipids (DPPS, DPPA, PI, CL, DPPE, DPPC and SM)
were first dissolved according to manufacturer’s instructions
and were further dissolved in methanol. In line with the
ELISA experiment performed by Ran et al. [17], 50 μg/mL
of phospholipid solution in methanol was immobilized on
Maxisorp plates (100 μL per well). Upon evaporation of the
solvent under reduced pressure and blocking with 2 % BSA
for 2 h, decreasing concentrations of SIP(PS41) and
SIP(PS72) in 2 % BSA were incubated for 2 h, followed by
subsequent detection with rabbit anti-human-IgE-IgG (diluted
1:200 in 2%BSA, incubated for 2 h) and anti-rabbit-IgG-HRP
(diluted 1:1000 in 2 %BSA, incubated for 1 h). Rinsing with
PBS was performed in between all incubation steps. All mea-
surements were performed in triplicates.

Flow-cytometric analysis of MDA-MB-231 cells

MDA-MB-231 cells were cultivated in DMEM medium with
10 % FCS. The cells were detached using Acutase solution
(Sigma-Aldrich). The staining was performed with SIP(PS41)
and SIP(72), which were detected with rabbit anti-human-IgE
IgG (Dako), followed by Alexa Fluor 594 goat anti-rabbit IgG
antibody (Molecular Probes). The analysis was performed
using FACS Canto II (BD Biosciences) and the FlowJo 8.7
software.

Immunofluorescence on frozen tissue sections

Healthy tissues were excised from C57BL/6 mice while hu-
man tumor xenografts were grown subcutaneously and
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excised from BALB/c nude mice. Murine tumors were grown
and excised from appropriate mouse strains. K1735 was
grown in C3H mice, F9 in Sv129, while C1498 was grown
in C57BL/6. We harvested selected tissues immediately upon
the animal was sacrificed, and tissues were embedded in freez-
ing medium (Microm) and stored at −80 °C until sectioned.
Tissue sections (10 μm) were fixed for 10 min with ice-cold
acetone, rehydrated with PBS and blocked with 20 % FCS in
PBS. Purified SIP (PS41) and (PS72) were applied to slices at
a concentration of 2 μg/mL in 3 % bovine serum albumin and
incubated for 2 h. The CH4 domain of SIPs was detected with
rabbit anti-human-IgE IgG (Dako) (diluted 1:200, incubated
for 2 h), which was then detected by Alexa Fluor 488 goat
anti-rabbit IgG antibody (diluted 1:1000, incubated for 1 h)
(Molecular Probes). Blood vessels were detected with rat anti-
mouse-CD31 antibody (diluted 1:200, incubated for 2 h)
(Invitrogen) followed by donkey Alexa Fluor 594 anti-rat
IgG antibody (diluted 1:1000, incubated for 1 h) (Molecular
Probes). Nuclei were counterstained with DAPI (diluted
1.5000, incubated for 1 h) (Invitrogen). All commercial bind-
ing reagents were diluted according to the manufacturer’s rec-
ommendation in 3 % BSA solution. Rinsing with PBS was
performed in between all incubation steps. Slides were
mounted with fluorescent mounting medium (Dako) and an-
alyzed with a Zeiss AxioVision 4.7 image analysis software
(Carl Zeiss AG).

Biodistribution studies

The in vivo targeting performance of SIP fragments was eval-
uated by a quantitative biodistribution analysis as previously
described [48]. Briefly, purified antibody preparations were
radiolabeled with 125I using the Iodogen method [49, 50]
and injected into the tail vein of BALB/c nude mice bearing
subcutaneously implanted SKRC-52 tumor (about 10 μg per
mouse). Mice were sacrificed 24 h after injection. Organs
were weighed and radioactivity was counted with a
PackardCobra γ counter. Radioactivity content of representa-
tive organs was expressed as the percentage of the injected
dose per gram of tissue (%ID/g).
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