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ABSTRACT: Targeting Eph (erythropoietin producing hepatoma) receptors with monoclonal antibodies is being explored as
therapy for several types of cancer. To test whether simultaneous targeting of EphA2, EphA4, and EphB4 would be an effective
approach to cancer therapy, we generated a recombinant trispecific antibody using the variable domain genes of anti-EphA2, anti-
EphA4, and anti-EphB4 monoclonal antibodies. A multidisciplinary approach combining biochemical, biophysical, and cellular-
based assays was used to characterize the trispecific antibody in vitro and in vivo. Here we demonstrate that the trispecific
antibody is expressed at high levels by mammalian cells, monodispersed in solution, thermostable, capable of simultaneously
binding the three receptors, and able to activate the three targets effectively as evidenced by receptor internalization and
degradation both in vitro and in vivo. Furthermore, pharmacokinetic analysis using tumor-bearing nude mice showed that the
trispecific antibody remains in the circulation similarly to its respective parental antibodies. These results indicate that
simultaneous blockade of EphA2, EphA4, and EphB4 could be an attractive approach to cancer therapy.

KEYWORDS: trispecific antibody, tumor targeting, EphA2, EphA4, EphB4, differential scanning calorimetry,
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■ INTRODUCTION

Eph receptors (erythropoietin producing hepatoma) are the
largest receptor tyrosine kinase family of transmembrane proteins
with an extracellular domain capable of transducing signals from the
outside cell environment to the inside compartments, thus
influencing the growth and survival of cells directly by acting on
gene transcription or indirectly by affecting the production of
second messengers.1,2 Eph receptors are divided into either type A
or B, based on their interactions with ephrin ligands.3 There are
nine members of the A-type (EphA1−8 and EphA10) and five
members of the B-type (EphB1−4 and EphB6). Among Eph
receptors, EphA2, EphA4, and EphB4 are considered to be
potential targets for anticancer therapies because of their high
expression in a wide variety of human tumors and low expres-
sion levels in normal tissues.4 EphA2 is overexpressed in several
carcinomas including breast, lung, liver, gastrointestinal, prostate,
esophageal squamous cell carcinoma, ovarian cancer, and
melanoma;5 EphA4 is overexpressed in prostate cancer, colon
cancer, lung cancer, liver cancer, and melanoma;6 EphB4 is

abundantly expressed in several carcinomas including breast,
liver, gastrointestinal, leukemia, prostate, lung, and melanoma.7−13

One key to successful cancer treatment is the use of com-
binatorial therapeutic regimens comprising several therapeutic
agents.14 This type of combination therapy has been proven to
prolong survival, control disease progression, and improve
quality of life without excessive toxicity.14 Such therapy may
include the use of a combination of different small molecule
cytotoxic drugs or a combination of monoclonal antibodies and
small-molecule chemotherapeutic drugs.15−18 Yet another
approach successfully used in the treatment of tumors is the
combination of two or more monoclonal antibodies.19−24

The advantage of usingmonoclonal antibodies in cancer therapy
is their exquisite specificity, therefore reducing toxicity, the
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possibility to conjugate small molecule cytotoxic drugs, thereby
increasing targeted delivery of the cytotoxic drugs, the possibility
of targeting different epitopes on the same receptor, thus
lowering the rise of tumor escape mutants, and the possibility to
target tumor antigens that may be expressed at different stages of
the cancer development, thus improving therapeutic efficacy.
Clinical application of combinatorial antibody therapy is

hindered by a multitude of factors, primarily by problems
related to the development, production, and subsequently high
regulatory costs of each individual antibody.25 An alternative
approach to overcome these problems is to combine the binding
domains of two or more antibodies with different specificities
by means of antibody engineering, thus creating polyspecific
antibodies.26 Polyspecific antibodies are a class of biological
drugs engineered to simultaneously bind two or more target
antigens.
We have established an antibody technology platform that

allows rapid and efficient engineering of multiple binding sites in
a single molecule.27,28 Expanding upon our technology we report
herein the construction and characterization of a trispecific
antibody capable of simultaneously binding to three different
antigens (EphA2, EphA4, and EphB4), which are broadly
overexpressed on tumor cells. By employing a multidisciplinary
approach, we demonstrated that this trispecific antibody is highly
expressed in mammalian cells, monodispersed in solution,
thermostable, capable of simultaneously binding its three target
antigens, possesses pharmacokinetic properties similarly to its
parental antibodies, and last, but most importantly, has potent
in vitro and in vivo activity.

■ EXPERIMENTAL SECTION
Reagents and Cells Lines. All chemicals used were of

analytical grade. Restriction enzymes and DNA-modifying
enzymes were purchased from New England Biolabs. Oligonu-
cleotides were purchased from Life Technologies. Escherichia coli
Stbl3 cells used for plasmid amplification were purchased from
Life Technologies. Protein expression was carried out using
FreeStyle 293-F cell (Life Technologies). MIA PaCa-2 (human
pancreatic carcinoma cell line) and PC-3 (human prostate
adenocarcinoma cell line) cells were used for FACS, internal-
ization, receptor activation, and in vivo analyses.
Construction, Expression, and Purification of the

Trispecific and Parental Antibodies. Preparation of the
trispecific antibody was carried out using molecular biology
methods as described by Dimasi et al.27 Briefly, the VH of the
anti-EphB4 was linked to the VL of the anti-EphA4 using a
GGGGS linker; this DNA fragment was linked to the VH of the
anti-EphA4 using a (GGGGS)4 linker, and finally this DNA
fragment was linked to the VL of the anti-EphB4 using a GGGGS
linker. The final DNA fragment consisting of the anti-EphB4 and
anti-EphA4 binding domains was linked to the C-terminal domain
of the anti-EphA2 heavy-chain antibody using a AAAGGGGS
linker. The amino acid sequence of the trispecific antibody is
shown in Supplementary Figure 1. The parentals (anti-EphA2,
anti-EphB4, and anti-EphA4), negative isotype control (R347),
and trispecific antibodies were expressed and purified as described
by Dimasi et al.27 The purified proteins were then analyzed on a
12% SDS-PAGE under nonreducing and reducing conditions,
followed by Coomassie brilliant blue (Bio-Rad) staining.
ELISA and Flow Cytometry. Single and dual antigen

binding ELISA assays were carried out essentially as described
by Dimasi et al.27 Briefly, for the single antigen binding assay,
2μg/mLof antigens (humanEphA2-FLAG and humanEphA4-Fc

produced at MedImmune; and human EphB4-Fc-His purchased
from R&D Systems) were coated on ELISA plates. Serial dilution
of the trispecific antibody was added, and detection was carried
out using an antihuman-Fc HRP conjugate (R&D Systems).
Dual ELISA binding was carried out by direct immobilization of
the first antigen, followed by a serial dilution of the trispecific and
addition of the second antigen. Detection was carried out using
an anti-FLAG HRP conjugated antibody for the dual binding to
EphA4-EphA2 and EphB4-EphA2, respectively. For the dual
binding to EphA2-EphB4 an anti-His HRP conjugated antibody
was used for detection. Flow cytometry was used to assess the
binding capacity of the parental antibodies and the trispecific
antibody to human pancreatic carcinoma cells (MIA PaCa-2),
which express EphA2, EphA4, and EphB4. Cells were grown
in DMEM with 10% FBS and detached using Accutase
(e-Bioscience). Cells were washed and resuspended in 1% BSA
and 0.1%NaN3 in PBS. A total of 100 μL of cells at 1× 106 cells/mL
were dispensed into a 96 well microplate. All antibodies used were
biotinylated using NHS-PEG4-Biotin (Thermo Fisher Scientific)
following manufacturer’s protocol. The cells were then incubated at
4 °C for 1 h with their respective biotinylated antibodies (trispecific,
anti-EphA2, anti-EphA4, anti-EphB4, and R347) at a concentration
of 1 μg/mL. After washing with 1% BSA in PBS, the cells were
stained with Streptavidin-Alexa fluor 488 (Life Technologies). Cell-
associated fluorescence was analyzed with Guava flow cytometry
(EMD Millipore) and plotted using the program FlowJo (http://
www.flowjo.com). For competition binding experiments, EphA2
andEphB4 (20μg/mL) andEphA4 (10μg/mL)were preincubated
with the trispecific antibody (1 μg/mL) for 1 h at 4 °C.

Surface Plasmon Resonance Measurements. Binding
experiments were carried out using a BIAcore 3000 instrument
(BIAcore). Preliminary test binding experiments (data not
shown) indicated that stable binding (i.e., slow dissociation) was
observed when EphA2-FLAG was immobilized on the BIAcore
sensor chip. EphA2 immobilization was performed at a flow rate
of 10 μL/min using standard amino coupling. Briefly, the CM5
sensor chip surfaces were activated with a 1:1 mixture of 1-ethyl-
3-(3-(dimethylamino)propyl)-carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). EphA2-FLAG was prepared at
1 μM in 10 mM sodium acetate (NaOAc), pH 4, and then
injected over the activated flow cell surface. Following this,
unreacted active sites were capped by injecting 1 M solution of
ethanolamine over the surface. Separately, a blank surface was
also prepared on each chip using the identical coupling protocol
minus the EphA2-FLAG ligand. This blank surface was used as a
reference cell throughout the experiments and served to correct
for nonspecific binding. EphA2-FLAG was immobilized at a
density of about 3000 response units (RU). A flow rate of
75 μL/min was used for the test-binding measurements. For the
concurrent binding experiments, the trispecific, R347, EphA4,
and EphB4 were prepared at 500 nM in 10 mM HEPES buffer,
150 mM NaCl, 3 mM EDTA, and 0.005% Tweeen-20, pH 7.4,
and sequentially injected over EphA2-FLAG and control
surfaces. The earlier antigens were included in the mixture for
subsequent injections to ensure saturation binding of the earlier
antigens during the concurrent binding. Between injections,
the EphA2-FLAG surface was regenerated with 1 min injection
of 50 nM NaOH containing 1 M NaCl. The fully corrected
data were then generated using the BIAevaluation 4.1 software
(GE Healthcare, Pittsburgh, PA), and the figure was prepared
using Prism 5 software.

Analytical Ultracentrifugation. Sedimentation equili-
brium studies were carried out using a Beckman ProteomeLab
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XL-A analytical ultracentrifuge equipped with absorbance optics
(Beckman Coulter, Indianapolis, IN). Both parental and
trispecific antibodies were analyzed in PBS pH 7.4 and purified
by gel-filtration before loading into the analytical ultracentrifuge.
Sedimentation equilibrium was attained at a rotor temperature
of 25 °C and at a rotor speed of 42 000 rpm. Absorbance versus
radius scans were acquired in 0.002 cm radial increments at
280 nm. The distribution of molecular species (i.e., amounts of
material sedimenting at different rates) was obtained using the
program SedFit.29

Differential Scanning Calorimetry. Differential scanning
calorimetry (DSC) experiments, data analysis, and evaluation
were carried out using the same procedures as described by
Dimasi et al.27

Antibody Internalization. PC-3 cells were added to a
96 well U bottom plate at 1 × 106 cells per well. The cells were
washed twice with PBS and labeled with 5 μg of the control,
parental, or trispecific antibodies for 30 min on ice. Cells were
then washed twice with PBS and incubated with growth media at
37 °C for 0, 10, 20, 30, and 60 min. The cells were then fixed in
3.7% paraformaldehyde for 20 min, washed twice in PBS, and
permeabilized using 0.5% Triton X-100 in PBS for 5 min at room
temperature. The cells were again washed twice with PBS and
labeled with 1 μg of AlexaFluor-488 goat-μ-human IgG anti-
body (Life Technologies). The excess secondary antibody was
removed using two washes with cold PBS. The cells were
spun onto a coated slide and mounted with a coverslip with
Vectasheild Hardset mounting medium with DAPI (Vector
Laboratories,). Internalization was analyzed by confocal laser-
scanning microscopy at 63× magnification using a Leica SP5
microscope.
In Vitro Receptor Activation Assay. MIA PaCa-2 cells,

which express EphA2, EphA4, and EphB4, were plated on a
6-well plate at 1 × 106 cells/mL in DMEM (Life Technologies)
supplemented with 10% FBS and incubated for 2 days at 37 °C in
a humidified atmosphere containing 5% CO2. The cells were
then washed with cold PBS and incubated with parental anti-
bodies (anti-EphA2, anti-EphA4, and anti-EphB4) and trispecific
antibody at 10 μg/mL for 30min at 37 °C. An unrelated antibody
(R347) and no antibody treatments were used as negative
controls. After incubation the cells were washed twice with cold
PBS and lysed using 200 μL of lysis buffer (50 mM Tris-HCl pH
7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1%
aprotinin, 0.1% leupeptin, and 0.1% Na-vanadate) for 5 min at
room temperature. The lysate was collected in an eppendorf
tube, and cellular debris were removed by centrifugation at
10 000 rpm for 5 min. Total protein concentration was deter-
mined using the BCA method (Thermo Fisher Scientific).
Receptor immunoprecipitation was carried out using 50 μL of
streptavidin magnetic beads (Life Technologies) coupled with
biotinylated anti-EphA2 (MedImmune), anti-EphA4 (Life
Technologies), and anti-EphB4 (MedImmune) at 5 μg/mL.
The captured antibodies were washed twice using PBS and 0.1%
Tween-20. Protein (120 μg in total) was incubated with the
immobilized antibodies for 2 h at 4 °C under gentle rotation.
After three washes with cold lysis buffer, the samples were
resuspended in Laemmli SDS sample buffer and incubated for
10 min at 95 °C, and the supernatant was loaded on 10%
NuPAGE bis-tris gels (Life Technologies). Following electro-
phoresis, the gels were washed with water and then transferred
on PVDF membranes (Life Technologies). The membranes
were washed with water and blocked for 1 h at room temperature
with blocking buffer (30% Cold Fish Gelatin purchased from

Sigma-Aldrich), 0.1% BSA, and 0.1% Tween-20 in TBS buffer.
The membranes were then incubated for 1 h at room tem-
perature with an antiphosphotyrosine antibody 4G10 HRP
conjugate (EMD Millipore) diluted 1:1000 in TBS buffer.
After extensive washes with TBS, specific receptor phosphor-
ylation was detected by enhanced chemiluminescence (ECL)
as recommended by the manufacturer (Thermo Fisher
Scientific).

In Vitro Degradation of EphB4 and EphA2. PC-3 cells
were purchased from the American Type Culture Collection
and maintained in F-12 Kaighn’s media (Life Technologies)
supplemented with 10% heat inactivated Fetal Bovine Serum
(Life Technologies). Cells were maintained at 37 °C in a
humidified atmosphere containing 5% CO2. For the degradation
assay, PC-3 cells were plated at 3 × 105 cells per well in 6-well
plates (Falcon), incubated overnight, and treated with the
trispecific antibody or control antibodies at 66.7 nM. One set of
treated samples was harvested at 4 h for analysis of EphB4
degradation, and another set of treated samples was harvested at
24 h for analysis of EphA2 degradation. Cells were harvested by
carefully removing the treatment media and adding 100 μL of ice
cold 1% Triton-lysis buffer (Boston Bioproducts) containing
25 μg/mL Aprotinin (Sigma-Aldrich) and 10 μg/mL Leupeptin
(Sigma-Aldrich). The plates were rocked for 5 min at 4 °C, and
the lysates were collected and centrifuged at 10 000 rpm for
5 min at 4 °C. The supernatants were then collected, and the
total protein concentration was determined using BCA Protein
Assay kit (Thermo Fisher Scientific). For western-blot analysis,
20 μg of total protein was loaded onto a 10% bis-tris gel (Life
Technologies) and probed with an anti-EphA2 antibody (Life
Technologies) or an anti-EphB4 antibody (MedImmune). A
peroxidase conjugated goat antimouse antibody (Jackson
ImmunoResearch) was used as the secondary antibody. Protein
bands were visualized by chemiluminescence using ECLWestern
Blotting Substrate (Thermo Fisher Scientific) and exposing to
Kodak film. Similarly, the Western blot PVDF membranes were
also probed for GAPDH (Glyceraldehyde 3-phosphate dehy-
drogenase) using an anti-GAPDH antibody (Cell Signaling
Technology).

Pharmacodynamic (PD) and Pharmacokinetic (PK)
Analysis. PC-3 prostate adenocarcinoma cells were implanted
subcutaneously in the right flank of 7-week old nude mice
(Harlan Sprague−Dawley) with 5× 106 cells per mouse. Tumors
were allowed to progress to approximately 100 mm3 before
dosing with the trispecific antibody at 16.6 mg/kg body weight or
the parental anti-EphA2 or anti-EphB4 antibodies at 10 mg/kg
body weight. Tumors and serum were collected from three mice
per time point per dose group at 0, 1, 4, 8, 24, 48, 72, 120, and
144 h postdose. Tumors and serum were collected from three
mice, dosed with PBS, were harvested immediately after dosing
(0 h). Tumors and serum were stored at −80 °C prior to pro-
cessing. Tumors were homogenized in 1% Triton-lysis buffer
containing 25 μg/mL Aprotinin and 10 μg/mL Leupeptin for
30 s in Lysing Matrix A tubes (MP Biomedicals) on a Fast Prep
24 System (MP Biomedicals). The lysates were centrifuged at
10 000 rpm for 5 min at 4 °C, and the supernatants were
collected and analyzed for protein concentration by BCA
(Thermo Fisher Scientific). Proteins (30 μg in total) from the
tumor supernatants were loaded onto a 10% bis-tris gel and
analyzed byWestern blot for EphA2, EphB4, and GAPDH levels.
The protein bands were quantified by densitometry analysis
and normalized to the single protein band from the 0 h time point
PBS control present on each of the three blots. The serum
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samples were analyzed for the presence of either trispecific
antibody or parental anti-EphA2 or anti-EphB4 control antibod-
ies using an EphA2 or EphB4 binding ELISA. Maxisorp ELISA
96-well plates (Sigma-Aldrich) were coated with either human
EphA2 or EphB4 at 5 μg/mL in PBS pH 7.4, overnight at 4 °C.
Plates were blocked with 4% nonfat dry milk and then washed
with 0.1% Tween-20 in PBS. Serum samples (diluted 1:1000)
were loaded and incubated for 1 h at 22 °C. For both the
EphB4 and EphA2 binding ELISA, standard curves were
prepared with serial dilutions of purified protein from 1 μg/mL
to 10 ng/mL. The HRP conjugated secondary antibodies
used were goat-antimouse (ImmunoResearch) for the anti-
EphB4 control antibody ELISA. The HRP conjugated secondary
antibody used for both the anti-EphA2 control antibody
and trispecific antibody EphA2 ELISA was goat-antihuman
(Jackson ImmunoResearch). The procedures described in
this study were performed humanely under a protocol ap-
proved by MedImmune Institutional Animal Care and Use
Committee in a facility accredited by AAALAC International
(http://www.aaalac.org/).

■ RESULTS

Design, Expression, and Purification of the Trispecific
Antibody. The trispecific antibody was constructed by linking a
diabody anti-EphB4/anti-EphA4 to the carboxyl-terminus CH3
domain of an anti-EphA2 antibody. As shown in Figure 1A, the
V-domains of the diabody are in the orientation VHEphB4-Linker-
VLEphA4-Linker-VHEphA4-Linker-VLEphB4. The VHEphB4-VLEphA4
and VHEphA4-VLEphB4 are linked by a short five-amino-acid linker
(Gly-Gly-Gly-Gly-Ser), which restricts intrachain pairing of the
VHEphB4-VLEphA4 and VHEphA4-VLEphB4. A 20-amino-acid linker
(Gly-Gly-Gly-Gly-Ser)4 was used to link the VLEphA4-VHEphA4.
The EphB4 and EphA4 diabody was linked to the C-terminus of
the anti-EphA2 antibody using a linker with sequence Ala-Ala-
Ala-Gly-Gly-Gly-Gly-Ser. The amino acid sequence of the
trispecific antibody is shown in Supplementary Figure 1. A
cartoon representation of the trispecific antibody is shown in
Figure 1B, which shows potential domain orientation of the
diabody with binding sites of the trispecific antibody indicated by
black colored circles.
The trispecific antibody and parental antibodies were

transiently expressed in 293-F cells, which resulted in expression

Figure 1. Schematic representation of the trispecific antibody, SDS-PAGE and SEC-HPLC analyses. (A) Domain organization and diagram illustration
(B) of the trispecific antibody generated in this study. Domain and antigen specificities of the trispecific antibody are schematically labeled. The antigen
binding sites in the cartoon representation of the trispecific antibody are indicated using black colored circles. (C) SDS-PAGE analysis of protein A
purified trispecific antibody under nonreducing (line 2) and reducing conditions (line 4). The parental antibody anti-EphA2 is also shown under
nonreducing (line 1) and reducing conditions (line 3). The light and heavy chains under reducing conditions (line 3 and 4) are denoted with L and H,
respectively. The molecular mass standards are shown. (D) Size-exclusion HPLC chromatography of the trispecific antibody (blue chromatogram) after
purification by preparative gel-filtration and of the parental anti-EphA2 antibody (red chromatogram). Peak positions of molecular weight protein
standards (green chromatogram), trispecific (255 kDa), and parental antibody (150 kDa) are schematically labeled.
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levels of about 100 mg/L. The trispecific and parental antibodies
were purified by standard protein A affinity chromatography and
analyzed by reducing and nonreducing SDS-PAGE (Figure 1C).
The SDS-PAGE relative mobility of the purified proteins under
reducing conditions were consistent with the expected molecular
masses of about 25 kDa for the light chains of both the parental
and trispecific antibodies (Figure 1C, lines 3 and 4, lower bands),
of about 50 kDa for the parental antibody heavy chain
(Figure 1C, line 3, upper band), and of about 100 kDa for the
trispecific heavy chain (Figure 1C, line 4, upper band).
After protein A purification, the trispecific antibody was

analyzed by analytical SEC-HPLC, which revealed that 40%
(data not shown) of the affinity purified trispecific antibody was
forming soluble high-molecular weight aggregates. The mono-
mer was separated from the aggregate using preparative gel-
filtration chromatography and reanalyzed by analytical gel-
filtration chromatography (Figure 1D), showing that the purified
trispecific was 98% monomer. Furthermore, the monomeric
form eluted from the gel-filtration column had its expected
molecular weight of 255 kDa with a retention time of 7.7 min
(Figure 1D, blue chromatogram). This value is in agreement with
the intact molecular weight determined using mass spectrometry

(data not shown). As a comparison, the retention time for the
parental antibody anti-EphA2 was 8.6 min (MW 150 kDa;
Figure 1D, red-dashed chromatogram).

Sedimentation Velocity and Thermostability. The
trispecific and parental anti-EphA2 antibodies were analyzed by
sedimentation velocity to determine their monodispersity and
by differential scanning calorimetry (DSC) to determine their
thermostability. Monodispersity and thermostability are indica-
tions of manufacture feasibility. Figure 2A shows the normalized
sedimentation distribution plot at pH 7.4 for the trispecific
antibody (blue curve) and for the parental anti-EphA2 antibody
(red-dashed curve). The main peak of the trispecific antibody,
corresponding to the monomer, has a sedimentation coefficient
of 9.8 S (Svedberg) and represents 97% of the sample. For
comparison, the main peak for the parental anti-EphA2 antibody
has a sedimentation coefficient of 7.1 S corresponding to 98% of
the sample. There are also minor peaks (<3%) present for both
the trispecific and parental antibody samples, more clearly seen
in a 55-fold expanded plot of the sedimentation velocity (inset
to Figure 2A). Based on their sedimentation coefficients,
these peaks presumably correspond to unidentified fragments,
dimers, and trimers.

Figure 2. Size-distribution analysis and thermostability of the trispecific antibody. (A) Normalized sedimentation coefficient distribution plot for the
trispecific (blue curve) and anti-EphA2 parental antibody (red-dashed curve). The inset shows the same coefficient distribution plot for trispecific and
parental antibodies at an expanded vertical scale (magnification 55×) so the minor (<3%) aggregate and fragment components can be seen. The size
distribution analysis revealed that the trispecific antibody exists in solution as a major monodisperse form (97% monomeric) with a sedimentation
coefficient of 9.8 S. As a comparison, the parental antibody has a sedimentation coefficient of 7.1 S, which correspond to ∼98% of the sample. Thermal
unfolding transitions for the trispecific (B) and anti-EphA2 parental (C) antibodies obtained by differential scanning calorimetry (DSC). The black
curves represent the experimental baseline subtracted and concentration normalized endothermic transitions, while the other curves represent the
respective non-two-state transitions obtained by deconvolution analysis of the excess heat capacity. These curves are color coded such as the
deconvolution transition for the anti-EphA4 domain is red, the anti-EpB4 is orange, the CH2 domain is blue, the Fab domain is gold, and the CH3 domain
is magenta. Experimental endothermic curves normalized for concentration are shown as black lines in the insets in both panels C and B.
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As shown by differential scanning calorimetry (DSC) analysis,
the trispecific antibody undergoes endothermic unfolding at pH
6.0 with three transition peaks (Figure 2B and inset). These
observed endothermic transitions are typical for polyspecific
antibodies.27 The three endothermic transitions can be further
deconvoluted into five distinct endothermic unfolding tran-
sitions with a Tm of 52, 55, 68, 78, and 81 °C. By comparing the
deconvoluted unfolding transitions for the parental anti-EphA2
antibody (Figure 2C and inset) and the individual scFv-Fc,27

the five deconvoluted transition peaks for the trispecific antibody
can be assigned to the unfolding of the scFv anti-EphA4 (Tm of
52 °C), the scFv anti-EphB4 (Tm of 55 °C), the antibody CH2
domain (Tm of 68 °C), the antibody Fab domain (Tm of 78 °C),
and finally the antibody CH3 domain (Tm of 81 °C).
Concurrent Binding of the Trispecific Antibody to Its

Antigens. A number of independent but complementary assays,
using recombinant or membrane bound antigens, were used to
assess the binding of the trispecific antibody to its antigens.
ELISA was used to access the binding of the trispecific antibody
to individual or simultaneous pairs of antigens. FACS was used to
determine binding of the trispecific to cell surface antigens; and
BIAcore was used to test the simultaneous binding to all three
antigens. ELISA binding assay showed the trispecific antibody
binds individually to EphA2, EphA4, and EphB4 (Figure 3A,
blue, red, and green curves) and engages pairs of them simul-
taneously. For instance, the trispecific antibody simultaneously
binds to EphA2 and EphA4 (Figure 3A, orange curve); to EphA2
and EphB4 (Figure 3A, black curve); and to EphA4 and EphB4
(Figure 3A, violet curve). These experiments show that there is
no steric hindrance in the binding of the trispecific to the three
antigens and more importantly the diabody binds to its cognate
EphA4 and EphB4 antigens.
The binding to cell surface antigens was analyzed by FACS

using pancreatic carcinoma cells (MIA PaCa-2) that express
EphA2, EphB4, and EphA4. As shown in Figure 3B, the
trispecific antibody efficiently binds toMIA PaCa-2 cells, and this
binding is specifically blocked or diminished by incubating the
trispecific antibody with the three recombinant antigens. The
negative control antibody (R347) and the three parental anti-
bodies, anti-EphA2, anti-EphB4, and anti-EphA4, were used as
controls. The variability in the blocking experiments (Figure 3B)
may be due to different levels of antigen expression by the MIA
PaCa-2 cells.
BIAcore analysis was used to determine the simultaneous

binding of the trispecific antibody to EphA2 and EphA4, to
EphA2 and EphB4, and to the three antigens.
Preliminary test binding experiments (data not shown)

suggested that best binding responses are obtained when
EphA2 is immobilized on the BIAcore sensor chip. Figure 4A
shows that the trispecific binds concurrently to EphA2 and
EphA4; and Figure 4B shows that the trispecific binds con-
currently to EphA2 and EpB4. Next, we determined that the
trispecific binds concurrently to the three antigens. In fact, using
the EphA2 surface, the trispecific binds to EphA2, to EphA4, and
to EphB4 (Figure 4C), and the concurrent binding is retained
when the order of the last antigens is reverted EphB4 before
EphA4 (Figure 4D). These experiments show that the trispecific
binds concurrently to its cognate antigens irrespective of
sequence of binding events. Figure 4D shows that binding to
antigens is not detected when the isotype control antibody
(R347) is used.
Cellular Internalization of the Trispecific Antibody. To

confirm cellular uptake of the trispecific and parental anti-EphA2

antibodies, MIA PaCa-2 tumor cell lines, which express all three
target receptors (EphA2, EphA4, and EphB4), were incubated
with the trispecific antibody, parental anti-EphA2, and negative
control R347 antibody for 0, 10, 20, 30, and 60 min at 37 °C at a
concentration of 5 μg/mL to allow receptor-mediated internal-
ization. Receptor-mediated internalization was detected via
fluorescently labeled anti-Fc antibody using confocal laser-
scanning microscopy. Positive internalization was characterized
by bright fluorescence within the cell cytoplasm, together with a
decrease in membranous (extracellular) fluorescence. As seen in
Figure 5B,C, the parental anti-EphA2 and trispecific antibodies
were rapidly internalized after 10 min as shown by the intra-
cellular staining (green fluorescent color) with a pattern typical

Figure 3. Binding analysis of the trispecific antibody (TsAb)
determined using ELISA and FACS. (A) The binding of the trispecific
antibody to EphA2, EphA4, and EphB4 antigens is shown in blue, red,
and green, respectively. The simultaneous binding to EphA2 and
EphA4 is shown in orange, the simultaneous binding to EphA2 and
EphB4 is shown in black, and the concurrent binding to EphA4 and
EphB4 is shown in violet. ELISA analysis revealed that the trispecific
antibody is able to bind to its individual antigens and simultaneously
engage pairs of antigens. (B) Flow cytometry was used to assess the
binding capacity of the trispecific antibody to the cell surface antigens
(EphA2, EphA4, and EphB4) expressed on MIA PaCa-2 pancreatic
carcinoma cells. The cells were incubated with their respective
antibodies as shown and specific binding was visualized. The FACS
binding assay showed that the trispecific antibody binds to its cognate
antigens expressed on the cell surface. The binding of the trispecific
antibody is decreased upon preincubation of the trispecific antibody
with recombinant antigens.
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Figure 4. Cuncurrent binding of the trispecific to antigens using BIAcore. In these experiments EphA2 was immobilized on the BIAcore censor chip.
Simultaneous binding of the trispecific (TsAb) to EphA2 and EphA4 (A) and to EphA2 and EphB4 (B). Concurrent binding to the three antigens
(C,D). The trispecific antibody binds to its three antigens regardless of the sequence of antigen used, and the binding to antigens is specific since there is
no detectable binding when the isotype control antibody (R347) is used (D).

Figure 5. Internalization analysis of the trispecific antibody. Time course of receptor mediated internalization of the (A) negative control R347, (B) anti-
EphA2, and (C) trispecific antibodies. The antibodies were detected using AlexaFluor488 (fluorescent green color) labeled goat-γ-human IgG antibody.
The cell nuclei were stained with DAPI. Images were analyzed by confocal laser-scanning microscopy. This experiment showed that the trispecific
antibody efficiently internalizes into PC-3 prostate adenocarcinoma cells.
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of receptor mediated internalization. We did not detect
internalization in MIA PaCa-2 cells using the negative control
antibody R347 (Figure 5A). This data confirms that the
trispecific antibody is efficiently internalized in vitro similarly to
its anti-EphA2 parental antibody.
Receptor Phosphorylation by the Trispecific Antibody.

To identify intracellular tyrosine phosphorylation of EphA2,
EphA4, and EphB4 receptors mediated by the trispecific
antibody binding to the extracelluar domains of the reseptors,
MIA PaCa-2 cells were incubated with the trispecific antibody,

parental antibodies, and negative R347 control antibody
(Figure 6). Receptor phosphorylation was observed after 30 min
at 37 °C by receptor-specific antibody immunopurification
followed by antiphospotyrosine detection. As seen in Figure 6,
the trispecific antibody was able to induce tyrosine phosphor-
ylation of all three receptors. These results suggest that the
trispecific antibody is able to induce receptor activation in a
manner similar to agonistic antibodies (i.e., mimic the action of
endogenous ligands).

In Vitro and in Vivo Receptor Degradation Induced by
the Trispecific Antibody. Receptor degradation assays were
carried out in order to determine if the trispecific antibody
induces degradation of its target receptors both in vitro and
in vivo. PC-3 cells, which express EphB4 and EphA2, were chosen
because of their ability to proliferate into tumors upon injection
in nude mice. Unfortunately, PC-3 cells do not express EphA4
and therefore could not be assayed for degradation of this
receptor. Although MIA PaCa-2 cell lines do express EphA4,
EphA2, and EphB4, as described for the in vitro receptor phos-
phorylation, these cells could not be used for the in vivo receptor
degradation assays due to their low and variable tumor growth
rate. Upon in vitro incubation of PC-3 cells with the trispecific
antibody, both EphB4 (Figure 7A) and EphA2 (Figure 7B) are
efficiently degraded and even better than the individual anti-
EphA2 and anti-EphB4 parental antibodies. Next, we asked
whether the trispecific antibody induces degradation of its target
receptors in an in vivo tumor model system following systemic
administration. It is important to point out that in order to induce
in vivo receptor degradation the trispecific antibody must not
only reach the tumor site but also penetrate into the tumor.
Successful in vivo EphA2 and EphB4 degradation was verified by
inoculating PC-3 cells into nude mice and determining the level

Figure 7. In vitro degradation of EphB4 and EphA2 in PC-3 cells by the trispecific antibody. The cells were treated with the trispecific or control
antibodies (anti-EphA2, anti-EphB4, negative control R347 antibody or untreated) at 67 nM, as schematically shown. Trispecific and control antibodies
were incubated with PC-3 cells for 4 h for EphB4 degradation (A) and 24 h for EphA2 degradation (B). Western blots were probed with anti-EphA2,
anti-EphB4, and anti-GAPDH antibodies. The positions of EphB4, EphA2, and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) are
schematically shown. The molecular weights are reported in KDa.

Figure 6. Induction of receptor phosphorylation by the trispecific
antibody. MIA PaCa-2 cells were incubated with the trispecific and
parental antibodies as schematically shown. An isotype negative
antibody (R347) and no antibody treatments were included as
negative controls. After incubation the cells were lysed, and
phosphorylated EphA2, EphA4, and EphB4 were immunoprecipitated
using receptor specific antibodies. Western blots were probed with
antiphosphotyrosine HRP antibody and developed using enhanced
chemiluminescence (ECL). The respective phosphorylated EphA2,
EphA4, and EphB4 are schematically labeled. The molecular weights
are reported in KDa.
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of EphA2 and EphB4 expression upon trispecific or parental
antibody treatment. As seen in Figure 8, both EphB4 and EphA2
are efficiently degraded by the trispecific antibody better than
the respective parental anti-EphA2 and anti-EphB4 antibodies.

A possible explanation for the better in vitro and in vivo
degradation is the fact that the trispecific antibody, designed to
simultaneously engage three different antigens, may be able to
efficiently promote clustering of different receptors at the cell

Figure 8. In vivo time course degradation of EphB4 and EphA2 in PC-3 tumor-bearing nude mice dosed with the trispecific, anti-EphA2, or anti-EphB4
antibody. Tumor lysates were analyzed by Western blot for EphB4 (A) and EphA2 (C) protein expression. GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was used as control. The normalized densitometry values were plotted as mean of relative EphB4 (B) or EphA2 (D) expression using
GraphPad Prism software. The molecular weights are reported in KDa.
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surface (better than the individual parental antibodies), thus
improving efficiency of internalization and degradation.30

Pharmacokinetic Analysis of the Trispecific Antibody.
Pharmacokinetic analyses of the trispecific antibody and its
parental anti-EphA2 and anti-EphB4 antibodies were carried out
using PC-3 tumor-bearing nude mice. The plasma concentration
of the trispecific and parental antibodies were measured by
ELISA at specific time points. As shown in Figure 9, the trispecific

antibody was still detectable at 144 h (6 days) postdosing with
either EphA2 or EphB4 specific ELISA. In addition, the levels of
plasma concentration of trispecific antibody were comparable
with the levels of the individual parental antibodies. These data
suggest that the circulation of the trispecific antibody in an
in vivo tumor model system is similar to its respective parental
antibodies, indicating the trispecific antibody is stable in vivo.

■ DISCUSSION
Overexpression of Ephs and ephrins contributes to tumor
development by promoting tumor progression and metastasis.
Thus, a specific blockade of Ephs/ephrins signaling pathways
using antibody therapeutics could be an effective anticancer
therapy. Among the Ephs receptors, EphA2, EphA4, and EphB4
appear to be overexpressed in a large number of tumors including
breast, prostate, lung, and colon. Inhibition of EphA2-, EphA4-,
and EphB4-mediated signal transduction may represent a
reasonable approach for antitumor intervention. Monoclonal
antibodies developed to target specific receptors expressed
preferentially on tumor cells are approved for clinical use.
Moreover, a number of recent reports18−24,31−35 suggest that
using a combination of monoclonal antibodies (i.e., a cocktail of
two or more antibodies) to target different receptors or different
epitopes on the same receptor have superior therapeutic
efficacy over single antibody treatment. We believe that an
efficient therapeutic approach for cancer therapy would be the
simultaneous targeting of EphA2, EphA4, and EphB4 by using a
recombinant trispecific antibody.
We developed a trispecific antibody targeting EphA2, EphA4,

and EphB4 receptors and investigated whether simultaneously

targeting these three receptors would have a superior activity
over single antibodies both in vitro and in vivo.
The trispecific antibody we designed consists of a full-length

anti-EphA2 antibody followed by a diabody structure, compris-
ing the V-domains of the anti-EphA4 and anti-EphB4 antibodies.
We believe that this design is a generally applicable approach to
develop hexavalent, trispecific, Ig-like molecules with consid-
erable therapeutic potential. The trispecific antibody contains the
complete human Fc region to maintain Fc functions, like effector
functions and half-life, similar to traditional antibodies.
The trispecific antibody was expressed in mammalian cells and

purified using the traditional protein A affinity chromatography.
As demonstrated by analytical centrifugation, the purified
trispecific antibody is monodisperse in solution with minimal
aggregates. Differential scanning calorimetry analysis demon-
strated transition temperatures of the trispecific antibody similar
to its parental antibodies. Both monodispersity and transition
temperatures that resemble those of the parental antibodies
indicate the trispecific antibody has good biochemical and
biophysical properties, which are acceptable for pharmaceutical
development.
ELISA binding assay demonstrated the trispecific binds to its

respective antigens or pair of antigens concurrently. BIAcore
analysis revealed that the trispecific was capable of binding
concurrently to three antigens, indicating that each domain
independently binds to its cognate antigen. FACS experiments
also confirmed that the trispecific antibody binds to its cognate
targets expressed on carcinoma cells.
The concurrent binding of the trispecific to more than one

target resulted in improved agonistic activity of the trispecific
antibody over its respective parental antibodies as shown by
increased receptor phosphorylation, internalization, and degra-
dation both in vitro and in vivo. Unfortunately, the increased
agonistic activity did not translate into enhanced antitumor
activity over parental antibodies (data not shown), suggesting
no direct correlation between agonistic activity and antitumor
potency as reported by Kiewlich et al.36 However, antibody
mediated receptor internalization and subsequent degradation
are applicable to antibody drug conjugates, which warrant the use
of the trispecific antibody as an efficient vehicle to deliver
anticancer small molecule drugs to tumors.
Simultaneous evaluation of PK and PD from a single

intraperitoneal dose of antibodies showed a direct correlation
between trispecific antibody exposure and EphA2 or EphB4
degradation. Complete receptor degradation was observed at
antibody concentrations above ∼400 nM, and as antibody levels
dropped at later time-points (120 h and later) due to time-
dependent antibody elimination, receptor levels were observed
to increase. Presumably, multidosing could extend receptor
degradation exposure levels.
Lastly, we investigated serum circulation of the trispecific

antibody and showed that the trispecific antibody has similar
exposure to its respective parental antibodies following single
dose administration in nude mice.

■ CONCLUSION
Multispecific biologics, like the trispecific antibody described
herein, offer functionalities and targeting mechanisms unattain-
able with a single antibody or a mixture of two or more antibodies
including improved tissue specific targeting through avidity,
delivery of toxins, and receptor activation.
The trispecific antibody designed and characterized in this

study provides a molecular scaffold to generate biologic drugs

Figure 9. Trispecific antibody pharmacokinetic analysis in PC-3 tumor-
bearing nude mice. Serum samples were analyzed for the presence of the
trispecific antibody (green and red curves), parental anti-EphA2
antibody (black curve), or parental anti-EphB4 (blue curve) antibody
using EphA2 and EphB4 binding ELISA. The levels of trispecific
antibody in tumor-bearing nude mice are comparable to its respective
parental antibodies.
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that may be used to concurrently target three antigens, thereby
broadening the spectrum of targeted therapeutics in oncology. In
addition, combining three distinct binding functions into one
trispecific antibody may provide a simple manufactural option
over the mixture of individual antibodies.
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