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Development of an Anti-EphB4 Monoclonal Antibody
for Multiple Applications Against Breast Cancers
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The erythropoietin-producing hepatocellular carcinoma (Eph) receptors are the largest receptor tyrosine kinase
family. EphB4 is essential for cell adhesion and motility during embryogenesis. Pathologically, EphB4 is
overexpressed and contributes to poor prognosis in various tumors. Therefore, specific monoclonal antibodies
(mAbs) should be developed to predict the prognosis for multiple tumors with high EphB4 expression, in-
cluding breast and gastric cancers. This study aimed to develop specific anti-EphB4 mAbs for multiple ap-
plications using the Cell-Based Immunization and Screening method. EphB4-overexpressed Chinese hamster
ovary (CHO)-K1 (CHO/EphB4) cells were immunized into mice, and we established an anti-EphB4 mAb
(clone B4Mab-7), which is applicable for flow cytometry, Western blot, and immunohistochemistry (IHC).
B4Mab-7 reacted with endogenous EphB4-positive breast cancer cell line, MCF-7, but did not react with
EphB4-knockout MCF-7 (BINDS-52) in flow cytometry. Dissociation constant (Kp) values were determined to
be 2.9x107° M and 1.3x 10~ M by flow cytometric analysis for CHO/EphB4 and MCF-7 cells, respectively.
B4Mab-7 detected the EphB4 protein bands from breast cancer cells in Western blot, and stained breast cancer

tissues in IHC. Altogether, B4Mab-7 is very useful for detecting EphB4 in various applications.
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Introduction

B REAST CANCER IS a malignant tumor with overwhelm-
ingly high incidence in women. In 2020, there were
estimated 2,261,419 new breast cancer cases (11.7% of all
cancer cases) and estimated 684,996 deaths (6.9% of all
cancer deaths) worldwide.' In most developed countries,
breast cancer fatality rates have been declining in recent
years, owing to improved treatment strategies and earlier
detection techniques.”™ Breast cancer treatment currently
includes surgery, radiation therapy, chemotherapy, and mo-
lecular targeted therapy.>™’

Molecular targeted therapy depends on the subtype of
breast cancer. Breast cancers are categorized into clinico-
pathological surrogate intrinsic subtypes defined by immu-
nohistochemistry (IHC) testing of estrogen receptor (ER),
progesterone receptor (PR), human egidermal growth factor
receptor 2 (HER?2), and Ki-67 status. ~10 Breast cancer sub-
types can be largely classified into hormone receptor (ER or

PR)-positive luminal A, luminal B, HER2-positive, and
triple-negative breast cancer (TNBC).5'°

The erythropoietin-producing hepatocellular carcinoma
(Eph) receptors belong to the largest family of receptor tyro-
sine kinases in mammals.'' Eph receptors are physiologically
associated with angiogenesis, cell migration, vascularization,
axon guidance, and neurogenesis.'> The Eph family was first
discovered in human cancer cell lines in 1987,"% and is now
known to have two classes of receptors consisting of nine
EphA members and five EphB members in humans.'*

The extracellular region of the Eph receptor consists of a
ligand binding domain, followed by a cysteine-rich domain
(including the sushi and epidermal growth factor-like do-
mains) and two fibronectin domains.'>!'® The intracellular
side of the Eph receptor consists of a transmembrane region, a
tyrosine kinase domain, a sterile alpha motif, and a PDZ
domain. The EphA receptor binds promiscuously to ephrin A
ligands (five types) and the EphB receptor binds promiscu-
ously to ephrin B ligands (three types), but there may be
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cross-talk between the groups.'”>* In contrast to other Eph
receptors, EphB4 shows clear specificity for the ligand
ephrinB2 and very weak binding affinity for ephrinB1 and
ephrinB3.'¢

EphB4 and ephrinB2 are biologically essential for cell
adhesion, cell migration, stabilization, branching, and re-
modelin§ during embryogenesis for cardiovascular forma-
tion.?* " Mice lacking either EphB4 (expressed in veins) or
ephrinB2 (expressed in arteries) showed identical defects in
the formation of capillary connections between the network
of arteries and veins in the head and yolk sac, resulting in
embryonic lethal.** EphB4 and ephrinB2 create a repul-
sive effect between them and act to prevent the fusion of
veins with the arteries in adults. Phosphorylation of ephrinB2
triggers angiogenesis, and downstream inhibition of
phosphorylation-dependent or PDZ domain-dependent sig-
naling of the ephrinB2 prevents endothelial cell engraftment
and the appropriate association of endothelial cells with other
endothelial cells and with the pericytes.?

EphB4 is pathologically overexpressed in various mali%—
nant tumors, including breast cancer,33’35 lung cancer,%’ 8
gastric cancer,39 colorectal cancer,‘m’41 acute myeloid leu-
kemia,42 cervical cancer,43 glioma,44 ovarian cancer,“s’46
prostate cancer,‘”’48 thyroid cancer,49’50 and bladder can-
cer,”' 2 and contributes to poor prognosis. Mutations in the
phosphorylation site of the EphB4 intracellular region in lung
cancer promote tumor growth in vitro.>> EphB4 gene am-
plification has been found and correlated with higher tumor
stage in various tumors.>**>* Therefore, mutations, gene
amplification, and overexpression of EphB4 contribute to
malignant progression. EphB4 is involved in cell prolifera-
tion, migation, differentiation, and angiogenesis in various
cancers.””

Several data have been reported on the forward and reverse
signaling of EphB4 and ephrinB2 in tumors. EphB4 extra-
cellular domain can induce angiogenic responses by stimu-
lating ephrinB2 reverse signaling in cultured endothelial cells
and promote tumor growth.’® On the other hand, ephrinB2-
independent effects of EphB4 have also been reported in
tumors.*>>” Several reports have shown that high expression
of EphB4 in tumors causes activation of ligand-independent
downstream signaling, and the effect of EphB4 on cancer
malignancy in the absence of ephrinB2 has been exam-
ined.**® The ephrinB2 expression in breast and lung cancer
cell lines with high expression of EphB4 is very low com-
pared to normal cell lines.>”® Therefore, EphB4 may often
contribute to tumor malignancy by ligand-independent ef-
fects in cancer patients.

In breast cancer in particular, Eg)hB4 is expressed endog-
enously in numerous cell lines,>*** and the EphB4-positive
rate in immunohistochemical staining is high.®® In breast
cancer cell lines, the knockdown of EphB4 by small inter-
fering RNA results in reduced cell viability, activation of
caspase-8, and induction of apoptosis.** Furthermore, EphB4
knockdown in a mouse breast cancer xenograft model re-
sulted in significantly smaller tumors, induced apoptosis, and
reduced tumor vascular distribution.** Ding et al. reported
that overexpression of EphB4 caused gain-of-function ac-
tivity in HER2-positive breast cancer cell lines and resistance
to lapatinib, a dual HER2/epidermal growth factor receptor
inhibitor.®" Comparison of EphB4 mRNA expression levels
in four different clinicopathological surrogate intrinsic sub-
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types of breast cancer revealed that EphB4 transcription is
significantly higher in HER2-positive breast cancer and
TNBC than luminal breast cancer.®>

EphB4 could be a useful diagnostic target for prognosti-
cation and therapeutic targets of breast cancers. Therefore, a
specific monoclonal antibody (mAb) against EphB4 is nee-
ded to facilitate and ensure the diagnosis of breast cancer
subtype and to determine treatment strategies. In this study,
we report the establishment of a specific mAb against EphB4
for flow cytometric, Western blot, and immunohistochemical
analyses.

Materials and Methods
Plasmid preparation

Synthesized DNA encoding human EphB4 (Accession No.
NM_004444; Catalog No.: RC208559) was purchased from
OriGene Technologies, Inc. (Rockville, MD, USA). The
signal sequence was excluded and the EphB4 open reading
frame with an N-terminal PA16 tag or an N-terminal MAP
tag was subcloned into a pCAG-Ble vector (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) using an In-
Fusion HD Cloning Kit (Takara Bio, Inc., Shiga, Japan); the
recombinant expression vectors were named as pPCAG/PA16-
EphB4 and pCAG/MAP-EphB4 DNA with an N-terminal
PA16 and with an N-terminal MAP tag, respectively. The
amino acid sequences of each protein tag are as follows:
PA16 tag, 16 amino acids (GLEGGVAMPGAEDDVYV), and
MAP tag,®® 12 amino acids (GDGMVPPGIEDK).** The
clone NZ-1 (rat IgG,,, lambda) was used for PA16 tag,65 and
clone PMab-1 (rat IgG,,, kappa) was used for MAP tag.®*

Cell lines

Chinese hamster ovary (CHO)-K1 and P3X63Ag8U.1
(P3U1) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). MCF-7 was ob-
tained from the Cell Resource Center for Biomedical Re-
search Institute of Development, Aging and Cancer, Tohoku
University (Miyagi, Japan). CHO-K1 cells that overex-
press PA16-EphB4 (CHO/EphB4) and MAP-EphB4 (CHO/
MAP-EphB4) were generated by transfection of pCAG/
PA16-EphB4 and pCAG/MAP-EphB4 to CHO-KI1 cells,
respectively, using Lipofectamine LTX Reagent (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). Stable trans-
fectants were sorted using a cell sorter (SH800; Sony Corp.,
Tokyo, Japan) and cultivated in a medium containing
0.5 mg/mL of Zeocin (InvivoGen, San Diego, CA, USA). The
MCEF-7/EphB4-knockout (KO) cell line (BINDS-52) was
generated by transfection using CRISPR/Cas9 plasmids
(Assay ID: CRISPR710315_SGM) that target EphB4
(Thermo Fisher Scientific, Inc.). Plasmids were transfected
using a Neon Transfection System (Thermo Fisher Scientific,
Inc.). Stable transfectants were sorted using a cell sorter
(SH800).

CHO-K1, P3U1, CHO/EphB4, CHO/MAP-EphB4, MCF-
7, and BINDS-52 cells were cultured in a Roswell Park
Memorial Institute (RPMI)-1640 medium (Nacalai Tesque,
Inc., Kyoto, Japan). All media were supplemented with 10%
heat-inactivated fetal bovine serum (Thermo Fisher Scien-
tific, Inc.), 100 U/mL of penicillin, 100 ug/mL of strepto-
mycin, and 0.25 ug/mL of amphotericin B (Nacalai Tesque,
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Inc.). All cells were cultured in a humidified incubator at
37°C, 5% CO,, and 95% air.

Hybridoma production

Female BALB/c mice (5 weeks old) were purchased from
CLEA Japan (Tokyo, Japan). The animals were housed under
specific pathogen-free conditions. All animal experiments
were conducted by relevant guidelines and regulations to
minimize the pain and suffering of animals in the laboratory.
Animal experiments were approved by the Animal Care and
Use Committee of Tohoku University (Permit No.:
2022MdA-001). Mice were monitored daily for health during
the full 5-week duration of the experiment. A reduction of
more than 25% of total body weight was defined as a humane
endpoint. For splenectomy, mice were euthanized by cervical
dislocation and death was confirmed by respiratory arrest and
cardiac arrest.

To develop mAbs against EphB4, we used Cell-Based
Immunization and Screening (CBIS) method.®*""> Briefly,
two BALB/c mice were injected intraperitoneally with a
mixture of CHO/MAP-EphB4 cells (1 X 108/m0use) with
Imject Alum (Thermo Fisher Scientific, Inc.) as adjuvant only
at the first immunization; the second immunization was
performed 1 week after the first, and the third to fifth im-
munizations were performed at the same interval. Two days
after the fifth immunization as boost immunization, mice
were sacrificed and splenocytes were collected. The har-
vested spleen cells were subsequently fused with P3U1 cells
using Polyethylene Glycol (PEG) 1500 (Roche Diagnostics,
Indianapolis, IN, USA), and the hybridomas were grown in
an RPMI-1640 medium supplemented with hypoxanthine,
aminopterin, and thymidine for selection (Thermo Fisher
Scientific, Inc.) on ten 96-well plates. Culture supernatants
were screened by flow cytometry as described below.

Flow cytometry

Cultured cells were collected after brief exposure to 0.25%
trypsin and 1 mM ethylenediaminetetraacetic acid (EDTA;
Nacalai Tesque, Inc.). They were once washed with 0.1%
bovine serum albumin (BSA) in phosphate-buffered saline
(PBS) and treated with primary mAbs for 30 minutes at 4°C.
Fluorescein isothiocyanate-conjugated anti-EphB4 mAb
(clone: 04) was purchased from Abcam (Cambridge, MA,
USA). After washing cells twice with 0.1% BSA in PBS, the
cells were then treated with Alexa Fluor 488-conjugated anti-
mouse IgG (1:1000; Cell Signaling Technology, Inc., Dan-
vers, MA, USA) for 30 minutes at 4°C. After three washes,
cells were diluted with 100 uL and shaken before measure-
ment. Fluorescence data were collected using the SA3800
Cell Analyzer (Sony Corp.). The collected data were ana-
lyzed with FlowJo software (FlowJo, OR, USA).

Determination of dissociation constant
by flow cytometry

CHO/EphB4 and MCF-7 cells were suspended in 100 uL
of B4Mab-7 (0.006-50 pg/mL) serially diluted 1/2-fold, and
exposed for 30 minutes, and the cells were washed twice with
0.1% BSA in PBS. Then, 50 uL of Alexa Fluor 488-
conjugated anti-mouse IgG (1:200; Cell Signaling Technol-
ogy, Inc.) was added and exposed for 30 minutes. After
washing twice, the cells were transferred to a 96-well plate

NANAMIYA ET AL.

for measurement. Fluorescence data were collected using the
SA3800 Cell Analyzer. The collected data were analyzed
with FlowJo software. The dissociation constant (Kp) was
calculated by fitting binding isotherms to built-in, one-site
binding models in GraphPad PRISM 8 (GraphPad Software,
Inc., La Jolla, CA, USA).

Western blot analysis

Cell lysates were extracted from cultured cells using 1%
Triton X-100, and cell remnants were removed by centrifu-
gation. The cell lysates (10 ug) were boiled in sodium do-
decyl sulfate sample buffer (Nacalai Tesque, Inc.). These
proteins were then electrophoresed on 5%-20% polyacryl-
amide gels (FUJIFILM Wako Pure Chemical Corporation)
and transferred onto polyvinylidene difluoride (PVDF)
membranes (Merck KGaA, Darmstadt, Germany).

After blocking with 4% skim milk (Nacalai Tesque, Inc.)
for 1 hour, membranes were incubated with 1 pug/mL of
B4Mab-7 or 1 ug/mL of an anti-isocitrate dehydrogenase 1
(IDH1) mAb, RcMab-1,7¢ for 30 minutes. Then, the mem-
branes were incubated with peroxidase-conjugated anti-mouse
immunoglobulins (diluted 1:2000; Agilent Technologies, Inc.,
Santa Clara, CA, USA), or anti-rat immunoglobulins (diluted
1:10,000; Sigma-Aldrich Corp., St. Louis, MO, USA) for 30
minutes, respectively. Finally, the protein bands were visual-
ized using ImmunoStar LD (FUJIFILM Wako Pure Chemical
Corporation) and Sayaca-Imager (DRC Co. Ltd., Tokyo, Ja-
pan). All Western blot procedures were performed at room
temperature, and all primary and secondary antibodies were
diluted with 4% skim milk.

Immunohistochemical analysis

A formalin-fixed paraffin-embedded (FFPE) breast cancer
tissue microarray (Cat. No.: T8235721-5, Lot. No.: B904111)
containing 63 cases was purchased from BioChain Institute,
Inc. (Newark, CA, USA). The antigen retrieval was per-
formed using a direct autoclave treatment at 121°C for 20
minutes in EnVision FLEX Target Retrieval Solution High
pH (Agilent Technologies, Inc.), Peroxidase blocking was
performed by treatment with 3.0% H,O, for 10 minutes.
Blocking was then conducted using SuperBlock Blocking
Buffer (Thermo Fisher Scientific, Inc.).

Sections were then incubated with 10 ug/mL of B4Mab-7
(diluted by SuperBlock Blocking Buffer) or buffer control for
1 hour at room temperature, followed by treatment with an
Envision+ kit (Agilent Technologies, Inc.) for 30 minutes.
Antigen—antibody complexes were visualized using 3,3’-
diaminobenzidine tetrahydrochloride solution (Agilent
Technologies, Inc.) for 2 minutes, and sections were then
counterstained with hematoxylin (FUJIFILM Wako Pure
Chemical Corporation) for 5 minutes. The intensity of
staining was evaluated as 0, 1+, 2+, or 34+. Hematoxylin and
eosin (H&E) staining (FUJIFILM Wako Pure Chemical
Corporation) was performed using consecutive tissue sec-
tions at room temperature for 5 and 10 minutes, respectively.

Results

Establishment of anti-EphB4 mAbs

To establish anti-EphB4 mAbs, we employed the CBIS
method, using stable transfectants for both immunizations and
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flow cytometric screening (Fig. 1). Two BALB/c mice were
immunized with CHO/MAP-EphB4 cells. Hybridomas were
then seeded onto 96-well plates, and culture supernatants
positive for CHO/EphB4 and negative for CHO-K1 were se-
lected by flow cytometry. The positive count was 54/956 wells
(5.65%), which were cloned by limiting dilution. After several
additional screenings, an anti-EphB4 mAb, B4Mab-7 (IgG,,
kappa), was finally established. Subsequently, the specificity
and usefulness of B4AMab-7 were evaluated by flow cytometry,
Western blot, and immunohistochemical analyses.

Flow cytometric analyses

We next examined the B4Mab-7 reactivity against breast
cancer cell lines in flow cytometry. B4Mab-7 reacted with
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CHO/EphB4 cells in a dose-dependent manner (Fig. 2A),
whereas it did not react with parental CHO-K1 cells
(Fig. 2B). B4Mab-7 also showed a concentration-dependent
reactivity to breast cancer cell line, MCF-7 (Fig. 2C). These
results indicated that B4Mab-7 recognizes not only exoge-
nous EphB4 but also endogenous EphB4 on MCF-7 cells.
To confirm the specificity of B4Mab-7 against MCF-7, we
established EphB4-knockout MCF-7 (BINDS-52) by a
CRISPR/Cas9 system, and performed flow cytometry using
B4Mab-7 against BINDS-52. B4Mab-7 showed no reaction
against BINDS-52 cells (Fig. 2D). We also confirmed that a
commercially available mAb (clone 04) showed similar re-
activity to CHO/EphB4 and MCEF-7 cells, and never recog-
nized BINDS-52 cells (Supplementary Fig. S1). These results
suggest that B4AMab-7 is specific for EphB4 on MCF-7 cells.
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FIG. 1. Production of anti-EphB4 mAbs. The procedure of CBIS method. (A) The EphB4-overexpressed cell lines were
immunized into BALB/c mice by intraperitoneal injection. (B) Mouse spleens were harvested, fused with splenocytes and
myeloma cells, and seeded into 96-well plates. (C) Hybridoma screening was performed using flow cytometry to select
wells that did not react with the parental cell lines, but with the EphB4-overexpressed cell lines. (D) Positive wells were
cloned by limiting dilution. The specificity was confirmed using an EphB4-knockout breast cancer cell line. CBIS, Cell-

Based Immunization and Screening.
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FIG. 2. Flow cytometry using B4Mab-7. (A-D) CHO/EphB4, CHO-K1, MCF-7, and BINDS-52 (EphB4-knockout MCF-7)
were treated with 0.1 or 1 pg/mL of B4Mab-7, followed by treatment with Alexa Fluor 488-conjugated anti-mouse IgG. Filled,

negative control. CHO, Chinese hamster ovary.

Determination of the binding affinity of B4Mab-7

To investigate the binding ability of B4Mab-7, the ap-
parent Kp of B4Mab-7 for CHO/EphB4 and MCF-7 was
evaluated using flow cytometry. The Kp values of B4Mab-7
for CHO/EphB4 and MCF-7 were 2.9x10° M and
1.3x107° M, respectively (Fig. 3). These results indicated
that B4Mab-7 possesses a high binding affinity for
CHO/EphB4 and MCF-7 cells.

Western blot analysis

Then we examined whether B4Mab-7 is also useful in
Western blot analysis. B4Mab-7 detected strong signals of
100-130-kDa in CHO/EphB4 and MCEF-7 cells, but not in
CHO-K1 and EphB4-knockout MCF-7 (BINDS-52) cells
(Fig. 4A). These results suggest that B4AMab-7 specifically
and sensitively recognizes endogenous EphB4 in breast
cancer cell lines on Western blot analysis.

Immunohistochemical analysis against breast cancers

We next investigated whether B4Mab-7 applies to im-
munohistochemical analysis against FFPE breast cancer
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sections.>> > As depicted in Figure 5A, D, G, J, M, and P,
B4Mab-7 strongly stained the plasma membrane of breast
cancer cells, and weak staining was also observed in the
cytoplasm. B4Mab-7 stained the membranes of cancer cells
in 41 of 63 (65.1%) breast cancers (Fig. SA, D: score 3+,
Fig. 5G, J: score 2+, Fig. 5M, P: score 0; scores were divided
by the intensity of membrane staining). Treatment with
control buffer (Fig. 5B, E, H, K, N, and Q) and H&E staining
(Fig. 5C, F, I, L, O, and R) were performed on consecutive
breast cancer tissues.

B4Mab-7 also stained venous or lymphatic endothelial
cells (Supplementary Fig. S2B, arrows), although it did not
stain stromal tissues. These results indicate that B4Mab-7 is
useful for immunohistochemical analysis of FFPE tumor
sections. All staining results of B4Mab-7 for breast cancers
are shown in Table 1. B4Mab-7 could stain invasive ductal
carcinomas, invasive lobular carcinoma, adenocarcinoma,
fibroadenoma, and medullary carcinoma (Table 2).

Discussion

In this study, we successfully developed a specific anti-
EphB4 mAb, B4Mab-7, which can be adapted to any
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FIG. 3. Determination of the binding affinity of B4Mab-7. (A, B) CHO/EphB4 and MCF-7 cells were suspended in
100 pL of serially diluted B4Mab-7 (6 ng/mL to 50 pg/mL). Alexa Fluor 488-conjugated anti-mouse IgG was then added.
Fluorescence data were collected using the SA3800 cell analyzer.
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FIG. 4. Western blot analysis using B4Mab-7. Cell lysates
(10 pg) were electrophoresed, and proteins were transferred
onto PVDF membranes. After blocking, membranes were
incubated with 1 pg/mL of B4Mab-7 (A) or 1 pg/mL of an
anti-IDH1 mAb (clone: RcMab-1) (B). The membranes
were then incubated with peroxidase-conjugated anti-mouse
immunoglobulins and rat immunoglobulins, respectively.
IDHI, isocitrate dehydrogenase 1; PVDF, polyvinylidene
difluoride.

experimental methods. The CBIS method does not need pu-
rified proteins for immunization and screening, and could
target the three-dimensional structure of transmembrane pro-
teins. B4Mab-7 did not react with EphB4-knockout MCF-7
(BINDS-52), as shown in Figure 2D, although Eph family
proteins have been reported to be expressed in MCF-7 cells in
several studies.”””® Fox and Kandpal also demonstrated that
other Eph family RNAs were expressed in MCF-7.”° These
results indicate that B4Mab-7 might not react with other Eph
family proteins. In the future study, we will check whether
B4Mab-7 could crossreact with other Eph family proteins one
by one using flow cytometry.

Many anti-EphB4 mAbs are now commercially available,
as shown in Supplementary Table S1. As listed, anti-EphB4
mAbs are usually applicable for only one or two experimental
techniques. Therefore, B4Mab-7 is the first anti-EphB4 mAb,
which is useful for flow cytometry, Western blot, and IHC.
B4Mab-7 was developed using the CBIS method, whereas
almost all mAbs were developed using immunization of re-
combinant proteins or peptides; therefore, the CBIS method
using EphB4-overexpressed cell lines, as in this study, might
be the best way to obtain useful anti-EphB4 mAbs. The CBIS
method could be advantageous for the development of mAbs
to the other Eph receptors.

Although many mAbs against anti-Eph receptors, such as
anti-EphA2 mAbs,*** anti-EphA3 mAbs,”> % anti-
EphA10 mAbs,'” anti-EphB2 mAbs,'* and anti-EphB4
mAbs,105 106 have been developed, almost all mAbs have not
been used clinicallg/,107 excluding only a few anti-Eph re-
ceptor mAbs.*>?*?¢ 1C1 was a promising anti-EphA2 mAb
that showed agonist activity and caused phosphorylation and

FIG. 5. Immunohistochemical analysis by B4Mab-7 for
breast cancers. After antigen retrieval using EnVision FLEX
Target Retrieval Solution High pH, tissue arrays were incu-
bated with 10 pg/mL of primary B4Mab-7 for 1 hour at room
temperature, followed by treatment with Envision+ kit for 30
minutes. The color was developed using 3,3-diaminobenzidine
tetrahydrochloride for 2 minutes, and sections were then
counterstained with hematoxylin. (A, D) The 3+ staining
pattern (case 1), (B, E) The buffer control (case 1), (C, F) The
H&E staining (case 1). (G, J) The 2+ staining pattern (case 2),
(H, K) The buffer control (case 2), (I, L) The H&E staining
(case 2), (M, P) The negative staining pattern (case 3), (N, Q)
The buffer control (case 3), (O, R) The H&E staining (case 3).
Scale bar=100 pm. H&E, hematoxylin and eosin.

internalization of EphA2.%° Since 1Cl itself showed no an-

titumor effect, MEDI-547, an antibody-drug conjugate
(ADC) composed of the cytotoxic drug auristatin (toxin)
linked to 1C1, was created.”® MEDI-547 inhibited tumor
growth and metastasis in vivo. Although MEDI-547 was
moved to phase I clinical study, it was terminated due to
serious side effects such as treatment-related bleeding, co-
agulation events, and elevated liver enzymes at the starting
dose in 3/6 patients.”?

IITA4/KB004/ifabotuzumab is an anti-EphA3 mAb cur-
rently in development for the treatment of glioblastoma
multiforme.'® The phase I study of I[IA4 has been com-
pleted and the safety has been confirmed.'®® Interestingly, the
immunogen for IIIA4 uses LK63 human pre-B acute
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TABLE 1. RESULTS OF B4MAB-7 IMMUNOSTAINING IN 63 PATIENTS WITH BREAST CANCERS

No. Sex Age Organ Pathology diagnosis Differentiation TNM B4Mab-7
1 F 44 Breast Invasive ductal carcinoma Moderately T2N2M1 2+
2 F 58 Breast Medullary carcinoma Moderately T2N2M1 3+
3 F 40 Breast Invasive ductal carcinoma Moderately T2N1MO 1+
4 F 52 Breast Invasive ductal carcinoma Moderately T2N2M1 0
5 F 60 Breast Invasive ductal carcinoma Moderately T2N1M1 1+
6 F 57 Breast Invasive ductal carcinoma Moderately T2NOMO 3+
7 F 48 Breast Invasive ductal carcinoma Moderately T2NOMO 2+
8 F 66 Breast Invasive ductal carcinoma Moderately T2NOMO 0
9 F 58 Breast Adenocarcinoma Moderately T2N2M1 0

10 F 63 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

11 F 32 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

12 F 59 Breast Invasive lobular carcinoma Well T2N2MO 0

13 F 44 Breast Invasive lobular carcinoma Well T2N2MO 0

14 F 60 Breast Invasive lobular carcinoma Moderately T2N1MO 1+

15 F 44 Breast Invasive ductal carcinoma Moderately T2N2MO 3+

16 F 82 Breast Invasive ductal carcinoma Moderately T2N1M1 1+

17 F 58 Breast Adenocarcinoma Moderately T2N1M1 2+

18 F 57 Breast Invasive ductal carcinoma Poorly T3N3MO 1+

19 F 41 Breast Invasive ductal carcinoma Moderately T2N1MO 3+

20 F 44 Breast Invasive ductal carcinoma Moderately T2N2MO 0

21 F 78 Breast Invasive ductal carcinoma Moderately T2N1IMO 1+

22 F 60 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

23 F / Breast Invasive ductal carcinoma Moderately T2N1M1 1+

24 F 46 Breast Invasive ductal carcinoma Moderately T2N3M1 0

25 F 41 Breast Invasive ductal carcinoma Moderately T2N2MO 0

26 F 59 Breast Invasive ductal carcinoma Poorly T2NOMO 1+

27 F 45 Breast Invasive ductal carcinoma Poorly T2NOMO 0

28 F 43 Breast Invasive ductal carcinoma N/A T2N1M1 0

29 F 26 Breast Fibroadenoma N/A TINOMO 2+

30 F 40 Breast Invasive ductal carcinoma N/A TINOMO 0

31 F 38 Breast Fibroadenoma N/A T2NOMO 1+

32 F 51 Breast Invasive ductal carcinoma Moderately T2N2MO 0

33 F 45 Breast Invasive ductal carcinoma Poorly T2NOMO 1+

34 F 45 Breast Invasive ductal carcinoma Poorly T2N1MO 2+

35 F 47 Breast Invasive ductal carcinoma Moderately T2N1IMO 0

36 F 55 Breast Invasive ductal carcinoma Moderately T2N3M1 2+

37 F 58 Breast Invasive ductal carcinoma Moderately T3N3MO 1+

38 F 47 Breast Invasive ductal carcinoma Moderately T2NOMO 3+

39 F 38 Breast Invasive ductal carcinoma Poorly T2NOMO 1+

40 F 40 Breast Invasive ductal carcinoma Poorly T2NOMO 2+

41 F 57 Breast Invasive ductal carcinoma Poorly T2NOMO 0

42 F 42 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

43 F 60 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

44 F 58 Breast Invasive ductal carcinoma Moderately T2NOMO 0

45 F 41 Breast Invasive ductal carcinoma Moderately T2NOMO 0

46 F 50 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

47 F 60 Breast Invasive ductal carcinoma Moderately T2N2M1 0

48 F 53 Breast Invasive ductal carcinoma Moderately T2NOMO 3+

49 F 65 Breast Invasive ductal carcinoma Moderately T2NOMO 0

50 F 43 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

51 F 57 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

52 F 37 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

53 F 50 Breast Invasive ductal carcinoma Moderately T2N3MO 0

54 F 48 Breast Invasive ductal carcinoma Poorly T2N1IMO 0

55 F 50 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

56 F 53 Breast Invasive ductal carcinoma Moderately T2NOMO 3+

57 F 49 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

58 F 65 Breast Invasive ductal carcinoma Moderately T2N1IMO 0

59 F 43 Breast Invasive ductal carcinoma Moderately T2NOMO 2+

60 F 58 Breast Invasive ductal carcinoma Moderately T2NOMO 0

61 F 48 Breast Invasive ductal carcinoma Moderately T2NOMO 1+

62 F / Breast Invasive ductal carcinoma Moderately TxNxMx 2+

63 F / Breast Invasive ductal carcinoma Moderately TxNxMx 1+
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TABLE 2. RESULT OF B4AMAB-7 IMMUNOSTAINING IN 63 PATIENTS WITH BREAST CANCERS

B4Mab-7 immunostaining

Pathology diagnosis No. of cases 3+ 2+ 1+ 0 No. of positive cases
Invasive ductal carcinoma 55 6 12 18 19 36/55 (65.4%)
Invasive lobular carcinoma 3 0 0 1 2 1/3 (33.3%)
Adenocarcinoma 2 0 1 0 1 1/2 (50.0%)
Fibroadenoma 2 0 1 1 0 2/2 (100%)
Medullary carcinoma 1 1 0 0 0 1/1 (100%)

lymphoblastic leukemia cells,'® and it is the only anti-

EphA3 mAD that is adaptable to flow cytometry, Western
blot, and IHC like B4Mab-7.'% This fact supports the suit-
ability of immunization using cell lines for the development
of useful anti-Eph receptor mAbs.

Because Eph receptors are expressed in normal tissues and
have important physiological functions, targeting them with
conventional antibody drugs has been difficult. Therefore,
recently, naked antibodies have been applied to chimeric
antigen receptor-T cell therapy,''*!'! ADC,?0-21102112 pig.
pecific T cell engager,'®!'"? bispecific antibody,''*!'"> and
liposomes,''® to target Eph receptors. Bispecific antibodies
against EphA2/EphA3 reduced the clonogenicity of recurrent
glioblastoma in vitro and the tumoriigenic potential of xeno-
graft recurrent glioblastoma in vivo.'

In conclusion, we established an anti-EphB4 mAb,
B4Mab-7, which is applicable for flow cytometry, Western
blot, and IHC. In future studies, the heavy chain subclass of
B4Mab-7 should be modified from IgG; to IgG,, to enhance
effector function (antibody-dependent cellular cytotoxicity
and complement-dependent cytotoxicity) and its antitumor
effect on breast cancer in vitro and in vivo should be inves-
tigated.

Author Disclosure Statement

No competing financial interests exist.

Funding Information

This research was supported by Grant-in-Aid for the Japan
Society for the Promotion of Science (JSPS) Fellows Grant
No. 22J20977 (to R.N.), JST SPRING, and Grant No.
JPMISP2114 (to R.N.). This research was also supported, in
part, by the Japan Agency for Medical Research and Devel-
opment (AMED) under Grant Nos. JP22ama121008 (to Y .K.),
JP22am0401013 (to Y.K.), 23bm1123027h0001 (to Y.K.),
JP22ck0106730 (to Y.K.), and JP21am0101078 (to Y.K.).

Supplementary Material

Supplementary Figure S1
Supplementary Figure S2
Supplementary Table S1

References

1. Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statis-
tics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA
Cancer J Clin 2021;71:209-249; doi: 10.3322/caac.21660

10.

11.

12.

13.

14.

15.

16.

17.

. Allemani C, Weir HK, Carreira H, et al. Global surveil-

lance of cancer survival 1995-2009: Analysis of individual
data for 25,676,887 patients from 279 population-based
registries in 67 countries (CONCORD-2). Lancet 2015;
385:977-1010; doi: 10.1016/S0140-6736(14)62038-9

. Massat NJ, Dibden A, Parmar D, et al. Impact of

screening on breast cancer mortality: The UK Program 20
Years On. Cancer Epidemiol Biomarkers Prev 2016;25:
455-462; doi: 10.1158/1055-9965.EPI-15-0803

. Bleyer A, Welch HG. Effect of three decades of screening

mammography on breast-cancer incidence. N Engl J Med
2012;367:1998-2005; doi: 10.1056/NEJMoal206809

. Waks AG, Winer EP. Breast cancer treatment: A review.

JAMA 2019;321:288-300; doi: 10.1001/jama.2018.19323

. McDonald ES, Clark AS, Tchou J, et al. Clinical diagnosis

and management of breast cancer. J Nucl Med 2016;57
Suppl 1:9S5-168S; doi: 10.2967/jnumed.115.157834

. Fisusi FA, Akala EO. Drug combinations in breast cancer

therapy. Pharm Nanotechnol 2019;7:3-23; doi: 10.2174/
2211738507666190122111224

. Goldhirsch A, Winer EP, Coates AS, et al. Personalizing

the treatment of women with early breast cancer: High-
lights of the St Gallen International Expert Consensus on
the Primary Therapy of Early Breast Cancer 2013. Ann
Oncol 2013;24:2206-2223; doi: 10.1093/annonc/mdt303

. Prat A, Pineda E, Adamo B, et al. Clinical implications of the

intrinsic molecular subtypes of breast cancer. Breast 2015;24
Suppl 2:S26-S35; doi: 10.1016/j.breast.2015.07.008
Mohammed AA. The clinical behavior of different mo-
lecular subtypes of breast cancer. Cancer Treat Res
Commun 2021;29:100469; doi: 10.1016/j.ctarc.2021
.100469

Tuzi NL, Gullick WJ. Eph, the largest known family of
putative growth factor receptors. Br J Cancer 1994;69:
417-421; doi: 10.1038/bjc.1994.77

Lisabeth EM, Falivelli G, Pasquale EB. Eph receptor
signaling and ephrins. Cold Spring Harb Perspect Biol
2013;5:1; doi: 0.1101/cshperspect.a009159

Hirai H, Maru Y, Hagiwara K, et al. A novel putative
tyrosine kinase receptor encoded by the eph gene. Science
1987;238:1717-1720; doi: 10.1126/science.2825356
Darling TK, Lamb TJ. Emerging roles for Eph receptors
and Ephrin ligands in immunity. Front Immunol 2019;10:
1473; doi: 10.3389/fimmu.2019.01473

Himanen JP, Rajashankar KR, Lackmann M, et al. Crystal
structure of an Eph receptor-ephrin complex. Nature 2001;
414:933-938; doi: 10.1038/414933a

Kania A, Klein R. Mechanisms of ephrin-Eph signalling
in development, physiology and disease. Nat Rev Mol
Cell Biol 2016;17:240-256; doi: 10.1038/nrm.2015.16
Pasquale EB. Eph-ephrin promiscuity is now crystal clear.
Nat Neurosci 2004;7:417-418; doi: 10.1038/nn0504-417


http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1016/S0140-6736(14)62038-9
http://dx.doi.org/10.1158/1055-9965.EPI-15-0803
http://dx.doi.org/10.1056/NEJMoa1206809
http://dx.doi.org/10.1001/jama.2018.19323
http://dx.doi.org/10.2967/jnumed.115.157834
http://dx.doi.org/10.2174/2211738507666190122111224
http://dx.doi.org/10.2174/2211738507666190122111224
http://dx.doi.org/10.1093/annonc/mdt303
http://dx.doi.org/10.1016/j.breast.2015.07.008
http://dx.doi.org/10.1016/j.ctarc.2021.100469
http://dx.doi.org/10.1016/j.ctarc.2021.100469
http://dx.doi.org/10.1038/bjc.1994.77
http://dx.doi.org/10.1126/science.2825356
http://dx.doi.org/10.3389/fimmu.2019.01473
http://dx.doi.org/10.1038/414933a
http://dx.doi.org/10.1038/nrm.2015.16
http://dx.doi.org/10.1038/nn0504-417

Downloaded by Y ukinari Kato from www.liebertpub.com at 10/30/23. For personal use only.

174

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Himanen JP, Chumley MJ, Lackmann M, et al. Repelling
class discrimination: Ephrin-AS binds to and activates
EphB2 receptor signaling. Nat Neurosci 2004;7:501-509;
doi: 10.1038/nn1237

Forse GJ, Uson ML, Nasertorabi F, et al. Distinctive struc-
ture of the EphA3/Ephrin-A5 complex reveals a dual mode
of Eph receptor interaction for Ephrin-AS. PLoS One 2015;
10:e0127081; doi: 10.1371/journal.pone.0127081

North HA, Zhao X, Kolk SM, et al. Promotion of prolif-
eration in the developing cerebral cortex by EphA4 for-
ward signaling. Development 2009;136:2467-2476; doi:
10.1242/dev.034405

Murai KK, Pasquale EB. ‘Eph’ective signaling: Forward,
reverse and crosstalk. J Cell Sci 2003;116:2823-2832;
doi: 10.1242/jcs.00625

Depaepe V, Suarez-Gonzalez N, Dufour A, et al. Ephrin
signalling controls brain size by regulating apoptosis of
neural progenitors. Nature 2005;435:1244-1250; doi: 10
.1038/nature03651

Mignon L, Vourc’h P, Romero-Ramos M, et al. Trans-
plantation of multipotent cells extracted from adult skel-
etal muscles into the subventricular zone of adult rats.
J Comp Neurol 2005;491:96-108; doi: 10.1002/cne.20685
Jensen PL. Eph receptors and ephrins. Stem Cells 2000;
18:63-64; doi: 10.1634/stemcells.18-1-63

Salvucci O, Tosato G. Essential roles of EphB receptors
and EphrinB ligands in endothelial cell function and an-
giogenesis. Adv Cancer Res 2012;114:21-57; doi: 10
.1016/B978-0-12-386503-8.00002-8

Cheng N, Brantley DM, Chen J. The ephrins and Eph
receptors in angiogenesis. Cytokine Growth Factor Rev
2002;13:75-85; doi: 10.1016/s1359-6101(01)00031-4
Makinen T, Adams RH, Bailey J, et al. PDZ interaction
site in ephrinB2 is required for the remodeling of lym-
phatic vasculature. Genes Dev 2005;19:397-410; doi: 10
.1101/gad.330105

Zhang G, Brady J, Liang WC, et al. EphB4 forward sig-
nalling regulates lymphatic valve development. Nat
Commun 2015;6:6625; doi: 10.1038/ncomms7625.
Gerety SS, Wang HU, Chen ZF, et al. Symmetrical mutant
phenotypes of the receptor EphB4 and its specific trans-
membrane ligand ephrin-B2 in cardiovascular development.
Mol Cell 1999;4:403-414; doi: 10.1016/s1097-2765(00)
80342-1

Adams RH, Wilkinson GA, Weiss C, et al. Roles of
ephrinB ligands and EphB receptors in cardiovascular
development: Demarcation of arterial/venous domains,
vascular morphogenesis, and sprouting angiogenesis.
Genes Dev 1999;13:295-306; doi: 10.1101/gad.13.3.295
Wang HU, Chen ZF, Anderson DJ. Molecular distinc-
tion and angiogenic interaction between embryonic ar-
teries and veins revealed by ephrin-B2 and its receptor
Eph-B4. Cell 1998;93:741-753; doi: 10.1016/s0092-
8674(00)81436-1

Wang Z, Cohen K, Shao Y, et al. Ephrin receptor, EphB4,
regulates ES cell differentiation of primitive mammalian
hemangioblasts, blood, cardiomyocytes, and blood ves-
sels. Blood 2004;103:100-109; doi: 10.1182/blood-2003-
04-1063

de Muijnck C, van Gorkom Y, van Duijvenvoorde M,
et al. Evaluation of EphB4 as target for image-guided
surgery of breast cancer. Pharmaceuticals (Basel) 2020;
13:172; doi: 10.3390/ph13080172

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

NANAMIYA ET AL.

Kumar SR, Singh J, Xia G, et al. Receptor tyrosine kinase
EphB4 is a survival factor in breast cancer. Am J Pathol
2006;169:279-293; doi: 10.2353/ajpath.2006.050889
Brantley-Sieders DM, Jiang A, Sarma K, et al. Eph/ephrin
profiling in human breast cancer reveals significant asso-
ciations between expression level and clinical outcome.
PLoS One 2011;6:e24426; doi: 10.1371/journal.pone
.0024426

Zheng MF, Ji Y, Wu XB, et al. EphB4 gene polymor-
phism and protein expression in non-small-cell lung can-
cer. Mol Med Rep 2012;6:405-408; doi: 10.3892/mmr
.2012.936

Ferguson BD, Liu R, Rolle CE, et al. The EphB4 receptor
tyrosine kinase promotes lung cancer growth: A potential
novel therapeutic target. PLoS One 2013;8:¢67668;1; doi:
0.1371/journal.pone.0067668

Nanamiya R, Saito-Koyama R, Miki Y, et al. EphB4 as a
novel target for the EGFR-independent suppressive effects
of osimertinib on cell cycle progression in non-small cell
lung cancer. Int J Mol Sci 2021;22; doi: 10.3390/
ijms22168522

Yin J, Cui Y, Li L, et al. Overexpression of EPHB4 is
associated with poor survival of patients with gastric
cancer. Anticancer Res 2017;37:4489-4497; doi: 10
.21873/anticanres.11845

Stammes MA, Prevoo HA, Ter Horst MC, et al. Evalua-
tion of EphA2 and EphB4 as targets for image-guided
colorectal cancer surgery. Int J Mol Sci 2017;18:307; doi:
10.3390/ijms 18020307

Lv J, Xia Q, Wang J, et al. EphB4 promotes the prolif-
eration, invasion, and angiogenesis of human colorectal
cancer. Exp Mol Pathol 2016;100:402—408; doi: 10.1016/j
.yexmp.2016.03.011

Merchant AA, Jorapur A, McManus A, et al. EPHB4 is a
therapeutic target in AML and promotes leukemia cell
survival via AKT. Blood Adv 2017;1:1635-1644; doi: 10
.1182/bloodadvances.2017005694

Alam SM, Fujimoto J, Jahan I, et al. Coexpression of
EphB4 and ephrinB2 in tumor advancement of uterine
cervical cancers. Gynecol Oncol 2009;114:84-88; doi: 10
.1016/j.ygyno.2009.03.017

Tu Y, He S, Fu J, et al. Expression of EphrinB2 and
EphB4 in glioma tissues correlated to the progression of
glioma and the prognosis of glioblastoma patients. Clin
Transl Oncol 2012;14:214-220; doi: 10.1007/s12094-
012-0786-2

Kumar SR, Masood R, Spannuth WA, et al. The receptor
tyrosine kinase EphB4 is overexpressed in ovarian cancer,
provides survival signals and predicts poor outcome. Br J
Cancer 2007;96:1083-1091; doi: 10.1038/sj.bjc.6603642
Alam SM, Fujimoto J, Jahan I, et al. Coexpression of
EphB4 and ephrinB2 in tumour advancement of ovarian
cancers. Br J Cancer 2008;98:845-851; doi: 10.1038/sj
.bjc.6604216.

Sagar V, Vatapalli R, Lysy B, et al. EPHB4 inhibition
activates ER stress to promote immunogenic cell death of
prostate cancer cells. Cell Death Dis 2019;10:801; doi: 10
.1038/s41419-019-2042-y

Xia G, Kumar SR, Masood R, et al. EphB4 expression and
biological significance in prostate cancer. Cancer Res 2005;
65:4623-4632; doi: 10.1158/0008-5472.CAN-04-2667
Xuqging W, Lei C, Zhengfa M, et al. EphB4 is over-
expressed in papillary thyroid carcinoma and promotes the


http://dx.doi.org/10.1038/nn1237
http://dx.doi.org/10.1371/journal.pone.0127081
http://dx.doi.org/10.1242/dev.034405
http://dx.doi.org/10.1242/jcs.00625
http://dx.doi.org/10.1038/nature03651
http://dx.doi.org/10.1038/nature03651
http://dx.doi.org/10.1002/cne.20685
http://dx.doi.org/10.1634/stemcells.18-1-63
http://dx.doi.org/10.1016/B978-0-12-386503-8.00002-8
http://dx.doi.org/10.1016/B978-0-12-386503-8.00002-8
http://dx.doi.org/10.1016/s1359-6101(01)00031-4
http://dx.doi.org/10.1101/gad.330105
http://dx.doi.org/10.1101/gad.330105
http://dx.doi.org/10.1038/ncomms7625
http://dx.doi.org/10.1016/s1097-2765(00)80342-1
http://dx.doi.org/10.1016/s1097-2765(00)80342-1
http://dx.doi.org/10.1101/gad.13.3.295
http://dx.doi.org/10.1016/s0092-8674(00)81436-1
http://dx.doi.org/10.1016/s0092-8674(00)81436-1
http://dx.doi.org/10.1182/blood-2003-04-1063
http://dx.doi.org/10.1182/blood-2003-04-1063
http://dx.doi.org/10.3390/ph13080172
http://dx.doi.org/10.2353/ajpath.2006.050889
http://dx.doi.org/10.1371/journal.pone.0024426
http://dx.doi.org/10.1371/journal.pone.0024426
http://dx.doi.org/10.3892/mmr.2012.936
http://dx.doi.org/10.3892/mmr.2012.936
http://dx.doi.org/10.3390/ijms22168522
http://dx.doi.org/10.3390/ijms22168522
http://dx.doi.org/10.21873/anticanres.11845
http://dx.doi.org/10.21873/anticanres.11845
http://dx.doi.org/10.3390/ijms18020307
http://dx.doi.org/10.1016/j.yexmp.2016.03.011
http://dx.doi.org/10.1016/j.yexmp.2016.03.011
http://dx.doi.org/10.1182/bloodadvances.2017005694
http://dx.doi.org/10.1182/bloodadvances.2017005694
http://dx.doi.org/10.1016/j.ygyno.2009.03.017
http://dx.doi.org/10.1016/j.ygyno.2009.03.017
http://dx.doi.org/10.1007/s12094-012-0786-2
http://dx.doi.org/10.1007/s12094-012-0786-2
http://dx.doi.org/10.1038/sj.bjc.6603642
http://dx.doi.org/10.1038/sj.bjc.6604216
http://dx.doi.org/10.1038/sj.bjc.6604216
http://dx.doi.org/10.1038/s41419-019-2042-y
http://dx.doi.org/10.1038/s41419-019-2042-y
http://dx.doi.org/10.1158/0008-5472.CAN-04-2667

Downloaded by Y ukinari Kato from www.liebertpub.com at 10/30/23. For personal use only.

DEVELOPMENT OF ANTI-EPHB4 MAB

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

migration of papillary thyroid cancer cells. Tumour Biol
2012;33:1419-1427; doi: 10.1007/s13277-012-0392-5
Sharma GK, Dhillon VK, Masood R, et al. Overexpression
of EphB4, EphrinB2, and epidermal growth factor receptor
in papillary thyroid carcinoma: A pilot study. Head Neck
2015;37:964-969; doi: 10.1002/hed.23694

Xia G, Kumar SR, Stein JP, et al. EphB4 receptor tyrosine
kinase is expressed in bladder cancer and provides signals
for cell survival. Oncogene 2006;25:769-780; doi: 10
.1038/sj.0nc.1209108

Li X, Choi WW, Yan R, et al. The differential expression
of EphB2 and EphB4 receptor kinases in normal bladder
and in transitional cell carcinoma of the bladder. PLoS
One 2014;9:105326; doi: 10.1371/journal.pone.0105326
Ferguson BD, Carol Tan YH, Kanteti RS, et al. Novel
EPHB4 receptor tyrosine kinase mutations and kinomic
pathway analysis in lung cancer. Sci Rep 2015;5:10641;
doi: 10.1038/srep10641

Masood R, Kumar SR, Sinha UK, et al. EphB4 provides
survival advantage to squamous cell carcinoma of the
head and neck. Int J Cancer 2006;119:1236-1248; doi: 10
.1002/ijc.21926

Chen Y, Zhang H, Zhang Y. Targeting receptor tyrosine
kinase EphB4 in cancer therapy. Semin Cancer Biol 2019;
56:37-46; doi: 10.1016/j.semcancer.2017.10.002

Noren NK, Lu M, Freeman AL, et al. Interplay between
EphB4 on tumor cells and vascular ephrin-B2 regulates
tumor growth. Proc Natl Acad Sci U S A 2004;101:5583—
5588; doi: 10.1073/pnas.0401381101

Piffko A, Broggini T, Harms C, et al. Ligand-dependent
and ligand-independent effects of ephrin-B2-EphB4 sig-
naling in melanoma metastatic spine disease. Int J Mol Sci
2021;22; doi: 10.3390/ijms22158028

Aslam MI, Abraham J, Mansoor A, et al. PDGFRbeta
reverses EphB4 signaling in alveolar rhabdomyosarcoma.
Proc Natl Acad Sci U S A 2014;111:6383-6388; doi: 10
.1073/pnas.1403608111

Noren NK, Foos G, Hauser CA, et al. The EphB4 receptor
suppresses breast cancer cell tumorigenicity through an
ADbl-Crk pathway. Nat Cell Biol 2006;8:815-825; doi: 10
.1038/ncb1438

Wu Q, Suo Z, Risberg B, et al. Expression of Ephb2 and
Ephb4 in breast carcinoma. Pathol Oncol Res 2004;10:26—
33; doi: 10.1007/BF02893405

Ding J, Yao Y, Huang G, et al. Targeting the EphB4
receptor tyrosine kinase sensitizes HER2-positive breast
cancer cells to Lapatinib. Cancer Lett 2020;475:53-64;
doi: 10.1016/j.canlet.2020.01.032

Zhu M, Tang X, Gong Z, et al. TAD1822-7 induces ROS-
mediated apoptosis of HER2 positive breast cancer by
decreasing E-cadherin in an EphB4 dependent manner.
Life Sci 2021;285:119954; doi: 10.1016/j.1fs.2021.119954
Yamada S, Itai S, Nakamura T, et al. Detection of high
CD44 expression in oral cancers using the novel mono-
clonal antibody, C(44)Mab-5. Biochem Biophys Rep
2018;14:64-68; doi: 10.1016/j.bbrep.2018.03.007

Fujii Y, Kaneko MK, Kato Y. MAP tag: A novel tagging
system for protein purification and detection. Monoclon
Antib Immunodiagn Immunother 2016;35:293-299; doi:
10.1089/mab.2016.0039

Fujii Y, Kaneko M, Neyazaki M, et al. PA tag: A versatile
protein tagging system using a super high affinity antibody
against a dodecapeptide derived from human podoplanin.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

175

Protein Expr Purif 2014;95:240-247; doi: 10.1016/j.pep
.2014.01.009

Nanamiya R, Takei J, Asano T, et al. Development of anti-
human CC chemokine receptor 9 monoclonal antibodies for
flow cytometry. Monoclon Antib Immunodiagn Immun-
other 2021;40:101-106; doi: 10.1089/mab.2021.0007
Tanaka T, Asano T, Sano M, et al. Development of
monoclonal antibody PMab-269 against california sea lion
podoplanin. Monoclon Antib Immunodiagn Immunother
2021;40:124-133; doi: 10.1089/mab.2021.0011

Takei J, Asano T, Nanamiya R, et al. Development of
anti-human T cell immunoreceptor with Ig and ITIM
domains (TIGIT) monoclonal antibodies for flow cytom-
etry. Monoclon Antib Immunodiagn Immunother 2021;
40:71-75; doi: 10.1089/mab.2021.0006

Sayama Y, Kaneko MK, Takei J, et al. Establishment of a
novel anti-TROP2 monoclonal antibody TrMab-29 for
immunohistochemical analysis. Biochem Biophys Rep.
2021;25:100902; doi: 10.1016/j.bbrep.2020.100902
Sayama Y, Kaneko MK, Kato Y. Development and
characterization of TrMab-6, a novel anti-TROP2 mono-
clonal antibody for antigen detection in breast cancer. Mol
Med Rep 2021;23; doi: 10.3892/mmr.2020.11731

Asano T, Nanamiya R, Takei J, et al. Development of
anti-mouse CC chemokine receptor 3 monoclonal anti-
bodies for flow cytometry. Monoclon Antib Immunodiagn
Immunother 2021;40:107-112; doi: 10.1089/mab.2021
.0009

Kaneko MK, Sano M, Takei J, et al. Development and
characterization of anti-sheep podoplanin monoclonal
antibodies PMab-253 and PMab-260. Monoclon Antib
Immunodiagn Immunother 2020;39:144-155; doi: 10
.1089/mab.2020.0018

Furusawa Y, Kaneko MK, Kato Y. Establishment of
C(20)Mab-11, a novel anti-CD20 monoclonal antibody,
for the detection of B cells. Oncol Lett 2020;20:1961-
1967; doi: 10.3892/01.2020.11753

Furusawa Y, Kaneko MK, Kato Y. Establishment of an
anti-CD20 monoclonal antibody (C(20)Mab-60) for im-
munohistochemical analyses. Monoclon Antib Im-
munodiagn Immunother 2020;39:112-116; doi: 10.1089/
mab.2020.0015

Kato Y, Furusawa Y, Yamada S, et al. Establishment of a
monoclonal antibody PMab-225 against alpaca podopla-
nin for immunohistochemical analyses. Biochem Biophys
Rep 2019;18:100633; doi: 10.1016/j.bbrep.2019.100633
Ikota H, Nobusawa S, Arai H, et al. Evaluation of IDH1
status in diffusely infiltrating gliomas by immunohisto-
chemistry using anti-mutant and wild type IDHI anti-
bodies. Brain Tumor Pathol 2015;32:237-244; doi: 10
.1007/s10014-015-0222-8

Zadeh T, Lucero M, Kandpal RP. Artesunate-induced
cellular effects are mediated by specific EPH receptors and
ephrin ligands in breast carcinoma cells. Cancer Genomics
Proteomics 2022;19:19-26; doi: 10.21873/cgp.20300
Rezaie E, Amani J, Bidmeshki Pour A, et al. A new scfv-
based recombinant immunotoxin against EPHA2-
overexpressing breast cancer cells; High in vitro anti-cancer
potency. Eur J Pharmacol 2020;870:172912; doi: 10.1016/j
.ejphar.2020.172912

Fox BP, Kandpal RP. Invasiveness of breast carcinoma
cells and transcript profile: Eph receptors and ephrin li-
gands as molecular markers of potential diagnostic and


http://dx.doi.org/10.1007/s13277-012-0392-5
http://dx.doi.org/10.1002/hed.23694
http://dx.doi.org/10.1038/sj.onc.1209108
http://dx.doi.org/10.1038/sj.onc.1209108
http://dx.doi.org/10.1371/journal.pone.0105326
http://dx.doi.org/10.1038/srep10641
http://dx.doi.org/10.1002/ijc.21926
http://dx.doi.org/10.1002/ijc.21926
http://dx.doi.org/10.1016/j.semcancer.2017.10.002
http://dx.doi.org/10.1073/pnas.0401381101
http://dx.doi.org/10.3390/ijms22158028
http://dx.doi.org/10.1073/pnas.1403608111
http://dx.doi.org/10.1073/pnas.1403608111
http://dx.doi.org/10.1038/ncb1438
http://dx.doi.org/10.1038/ncb1438
http://dx.doi.org/10.1007/BF02893405
http://dx.doi.org/10.1016/j.canlet.2020.01.032
http://dx.doi.org/10.1016/j.lfs.2021.119954
http://dx.doi.org/10.1016/j.bbrep.2018.03.007
http://dx.doi.org/10.1089/mab.2016.0039
http://dx.doi.org/10.1016/j.pep.2014.01.009
http://dx.doi.org/10.1016/j.pep.2014.01.009
http://dx.doi.org/10.1089/mab.2021.0007
http://dx.doi.org/10.1089/mab.2021.0011
http://dx.doi.org/10.1089/mab.2021.0006
http://dx.doi.org/10.1016/j.bbrep.2020.100902
http://dx.doi.org/10.3892/mmr.2020.11731
http://dx.doi.org/10.1089/mab.2021.0009
http://dx.doi.org/10.1089/mab.2021.0009
http://dx.doi.org/10.1089/mab.2020.0018
http://dx.doi.org/10.1089/mab.2020.0018
http://dx.doi.org/10.3892/ol.2020.11753
http://dx.doi.org/10.1089/mab.2020.0015
http://dx.doi.org/10.1089/mab.2020.0015
http://dx.doi.org/10.1016/j.bbrep.2019.100633
http://dx.doi.org/10.1007/s10014-015-0222-8
http://dx.doi.org/10.1007/s10014-015-0222-8
http://dx.doi.org/10.21873/cgp.20300
http://dx.doi.org/10.1016/j.ejphar.2020.172912
http://dx.doi.org/10.1016/j.ejphar.2020.172912

Downloaded by Y ukinari Kato from www.liebertpub.com at 10/30/23. For personal use only.

176

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

prognostic application. Biochem Biophys Res Commun
2004;318:882-892; doi: 10.1016/j.bbrc.2004.04.102
Carles-Kinch K, Kilpatrick KE, Stewart JC, et al. Anti-
body targeting of the EphA2 tyrosine kinase inhibits
malignant cell behavior. Cancer Res 2002;62:2840-2847.
Coffman KT, Hu M, Carles-Kinch K, et al. Differential
EphA2 epitope display on normal versus malignant cells.
Cancer Res 2003;63:7907-7912.

Landen CN, Jr, Lu C, Han LY, et al. Efficacy and anti-
vascular effects of EphA2 reduction with an agonistic
antibody in ovarian cancer. J Natl Cancer Inst 2006;98:
1558-1570; doi: 10.1093/jnci/djj414

Merritt WM, Kamat AA, Hwang JY, et al. Clinical and
biological impact of EphA2 overexpression and angio-
genesis in endometrial cancer. Cancer Biol Ther 2010;10:
1306-1314; doi: 10.4161/cbt.10.12.13582

Gokmen-Polar Y, Toroni RA, Hocevar BA, et al. Dual
targeting of EphA2 and ER restores tamoxifen sensitivity
in ER/EphA2-positive breast cancer. Breast Cancer Res
Treat 2011;127:375-384; doi: 10.1007/s10549-010-1004-y
Ansuini H, Meola A, Gunes Z, et al. Anti-EphA2 anti-
bodies with distinct in vitro properties have equal in vivo
efficacy in pancreatic cancer. J Oncol 2009;2009:951917;
doi: 10.1155/2009/951917

Wesa AK, Herrem CJ, Mandic M, et al. Enhancement in
specific CD8+ T cell recognition of EphA2+ tumors
in vitro and in vivo after treatment with ligand agonists.
J Immunol 2008;181:7721-7727; doi: 10.4049/jimmunol
A181.11.7721

Hasegawa J, Sue M, Yamato M, et al. Novel anti-EPHA?2
antibody, DS-8895a for cancer treatment. Cancer Biol
Ther 2016;17:1158-1167; doi: 10.1080/15384047.2016
1235663

Bruckheimer EM, Fazenbaker CA, Gallagher S, et al.
Antibody-dependent cell-mediated cytotoxicity effector-
enhanced EphA2 agonist monoclonal antibody demon-
strates potent activity against human tumors. Neoplasia
2009;11:509-517, 502 p following 517; doi: 10.1593/neo
81578

Charmsaz S, Beckett K, Smith FM, et al. EphA2 is a therapy
target in EphA2-positive leukemias but is not essential for
normal hematopoiesis or leukemia. PLoS One 2015;10:
e0130692; doi: 10.1371/journal.pone.0130692

Jackson D, Gooya J, Mao S, et al. A human antibody-drug
conjugate targeting EphA2 inhibits tumor growth in vivo.
Cancer Res 2008;68:9367-9374; doi: 10.1158/0008-5472
.CAN-08-1933

Lee JW, Stone RL, Lee SJ, et al. EphA2 targeted che-
motherapy using an antibody drug conjugate in endome-
trial carcinoma. Clin Cancer Res 2010;16:2562-2570; doi:
10.1158/1078-0432.CCR-10-0017

Shitara K, Satoh T, Iwasa S, et al. Safety, tolerability,
pharmacokinetics, and pharmacodynamics of the afuco-
sylated, humanized anti-EPHA?2 antibody DS-8895a: A
first-in-human phase I dose escalation and dose expansion
study in patients with advanced solid tumors.
J Immunother Cancer 2019;7:219; doi: 10.1186/s40425-
019-0679-9

Annunziata CM, Kohn EC, LoRusso P, et al. Phase 1,
open-label study of MEDI-547 in patients with relapsed or
refractory solid tumors. Invest New Drugs 2013;31:77-84;
doi: 10.1007/s10637-012-9801-2

Sakamoto A, Kato K, Hasegawa T, et al. An agonistic
antibody to EPHA?2 exhibits antitumor effects on human

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

NANAMIYA ET AL.

melanoma cells. Anticancer Res 2018;38:3273-3282; doi:
10.21873/anticanres.12592

Vearing C, Lee FT, Wimmer-Kleikamp S, et al. Con-
current binding of anti-EphA3 antibody and ephrin-A5
amplifies EphA3 signaling and downstream responses:
Potential as EphA3-specific tumor-targeting reagents.
Cancer Res 2005;65:6745-6754; doi: 10.1158/0008-5472
.CAN-05-0758

Charmsaz S, Al-Ejeh F, Yeadon TM, et al. EphA3 as a
target for antibody immunotherapy in acute lymphoblastic
leukemia. Leukemia 2017;31:1779-1787; doi: 10.1038/
leu.2016.371

Vail ME, Murone C, Tan A, et al. Targeting EphA3 in-
hibits cancer growth by disrupting the tumor stromal mi-
croenvironment. Cancer Res 2014;74:4470-4481; doi: 10
.1158/0008-5472.CAN-14-0218

Swords RT, Greenberg PL, Wei AH, et al. KB004, a first
in class monoclonal antibody targeting the receptor tyro-
sine kinase EphA3, in patients with advanced hematologic
malignancies: Results from a phase 1 study. Leuk Res
2016;50:123-131; doi: 10.1016/j.leukres.2016.09.012

La Rocca F, Airoldi I, Di Carlo E, et al. EphA3 targeting
reduces in vitro adhesion and invasion and in vivo growth
and angiogenesis of multiple myeloma cells. Cell Oncol
(Dordr) 2017;40:483-496; doi: 10.1007/s13402-017-
0338-4

Day BW, Stringer BW, Al-Ejeh F, et al. EphA3 maintains
tumorigenicity and is a therapeutic target in glioblastoma
multiforme. Cancer Cell 2013;23:238-248; doi: 10.1016/j
.ccr.2013.01.007

Chu L, Wang A, Ni L, et al. Nose-to-brain delivery of
temozolomide-loaded PLGA nanoparticles functionalized
with anti-EPHA3 for glioblastoma targeting. Drug Deliv.
2018;25:1634-1641; doi: 10.1080/10717544.2018.1494226
Offenhauser C, Al-Ejeh F, Puttick S, et al. EphA3 pay-
loaded antibody therapeutics for the treatment of glio-
blastoma. Cancers (Basel) 2018;10:519; doi: 10.3390/
cancers10120519

Taki S, Kamada H, Inoue M, et al. A novel bispecific
antibody against human CD3 and ephrin receptor A10 for
breast cancer therapy. PLoS One 2015;10:¢0144712; doi:
10.1371/journal.pone.0144712

Mao W, Luis E, Ross S, et al. EphB2 as a therapeutic
antibody drug target for the treatment of colorectal cancer.
Cancer Res. 2004;64:781-788; doi: 10.1158/0008-5472
.can-03-1047

Krasnoperov V, Kumar SR, Ley E, et al. Novel EphB4
monoclonal antibodies modulate angiogenesis and inhibit
tumor growth. Am J Pathol 2010;176:2029-2038; doi: 10
.2353/ajpath.2010.090755

Stephenson SA, Douglas EL, Mertens-Walker I, et al.
Anti-tumour effects of antibodies targeting the extracel-
lular cysteine-rich region of the receptor tyrosine kinase
EphB4. Oncotarget 2015;6:7554-7569; doi: 10.18632/
oncotarget.3199

Janes PW, Vail ME, Gan HK, et al. Antibody targeting of
Eph receptors in cancer. Pharmaceuticals (Basel) 2020;13:
88; doi: 10.3390/ph13050088

Gan H, Cher L, Inglis P, et al. Preliminary findings of a
Phase I Safety and Bioimaging Trial of Kb004 (Ifabotu-
zumab) in patients with glioblastoma. Neurooncology
2019;21:6-6.

Boyd AW, Ward LD, Wicks IP, et al. Isolation and
characterization of a novel receptor-type protein tyrosine


http://dx.doi.org/10.1016/j.bbrc.2004.04.102
http://dx.doi.org/10.1093/jnci/djj414
http://dx.doi.org/10.4161/cbt.10.12.13582
http://dx.doi.org/10.1007/s10549-010-1004-y
http://dx.doi.org/10.1155/2009/951917
http://dx.doi.org/10.4049/jimmunol.181.11.7721
http://dx.doi.org/10.4049/jimmunol.181.11.7721
http://dx.doi.org/10.1080/15384047.2016.1235663
http://dx.doi.org/10.1080/15384047.2016.1235663
http://dx.doi.org/10.1593/neo.81578
http://dx.doi.org/10.1593/neo.81578
http://dx.doi.org/10.1371/journal.pone.0130692
http://dx.doi.org/10.1158/0008-5472.CAN-08-1933
http://dx.doi.org/10.1158/0008-5472.CAN-08-1933
http://dx.doi.org/10.1158/1078-0432.CCR-10-0017
http://dx.doi.org/10.1186/s40425-019-0679-9
http://dx.doi.org/10.1186/s40425-019-0679-9
http://dx.doi.org/10.1007/s10637-012-9801-2
http://dx.doi.org/10.21873/anticanres.12592
http://dx.doi.org/10.1158/0008-5472.CAN-05-0758
http://dx.doi.org/10.1158/0008-5472.CAN-05-0758
http://dx.doi.org/10.1038/leu.2016.371
http://dx.doi.org/10.1038/leu.2016.371
http://dx.doi.org/10.1158/0008-5472.CAN-14-0218
http://dx.doi.org/10.1158/0008-5472.CAN-14-0218
http://dx.doi.org/10.1016/j.leukres.2016.09.012
http://dx.doi.org/10.1007/s13402-017-0338-4
http://dx.doi.org/10.1007/s13402-017-0338-4
http://dx.doi.org/10.1016/j.ccr.2013.01.007
http://dx.doi.org/10.1016/j.ccr.2013.01.007
http://dx.doi.org/10.1080/10717544.2018.1494226
http://dx.doi.org/10.3390/cancers10120519
http://dx.doi.org/10.3390/cancers10120519
http://dx.doi.org/10.1371/journal.pone.0144712
http://dx.doi.org/10.1158/0008-5472.can-03-1047
http://dx.doi.org/10.1158/0008-5472.can-03-1047
http://dx.doi.org/10.2353/ajpath.2010.090755
http://dx.doi.org/10.2353/ajpath.2010.090755
http://dx.doi.org/10.18632/oncotarget.3199
http://dx.doi.org/10.18632/oncotarget.3199
http://dx.doi.org/10.3390/ph13050088

Downloaded by Y ukinari Kato from www.liebertpub.com at 10/30/23. For personal use only.

DEVELOPMENT OF ANTI-EPHB4 MAB

110.

111.

112.

113.

114.

kinase (hek) from a human pre-B cell line. J Biol Chem
1992;267:3262-3267.

Lin Q, Ba T, Ho J, et al. First-in-human trial of EphA2-
redirected CAR T-cells in patients with recurrent glio-
blastoma: A preliminary report of three cases at the
starting dose. Front Oncol 2021;11:694941; doi: 10.3389/
fonc.2021.694941

Cha JH, Chan LC, Wang YN, et al. Ephrin receptor A10
monoclonal antibodies and the derived chimeric antigen
receptor T cells exert an antitumor response in mouse
models of triple-negative breast cancer. J Biol Chem
2022;298:101817; doi: 10.1016/j.jbc.2022.101817
Sharma P, Roberts C, Herpai D, et al. Drug conjugates for
targeting Eph receptors in glioblastoma. Pharmaceuticals
(Basel) 2020;13:77; doi: 10.3390/ph13040077

Hammond SA, Lutterbuese R, Roff S, et al. Selective
targeting and potent control of tumor growth using an
EphA2/CD3-bispecific single-chain antibody construct.
Cancer Res 2007;67:3927-3935; doi: 10.1158/0008-5472
.CAN-06-2760

Janowicz PW, Houston ZH, Bunt J, et al. Understanding
nanomedicine treatment in an aggressive spontaneous
brain cancer model at the stage of early blood brain barrier
disruption. Biomaterials 2022;283:121416; doi: 10.1016/j
.biomaterials.2022.121416

177

115. Qazi MA, Vora P, Venugopal C, et al. Cotargeting ephrin
receptor tyrosine kinases A2 and A3 in cancer stem cells
reduces growth of recurrent glioblastoma. Cancer Res
2018;78:5023-5037; doi: 10.1158/0008-5472.CAN-18-
0267

116. Kamoun W, Swindell E, Pien C, et al. Targeting EphA?2 in
bladder cancer using a novel antibody-directed nanother-
apeutic. Pharmaceutics 2020;12:996; doi: 10.3390/
pharmaceutics12100996.

Address correspondence to:

Yukinari Kato

Department of Antibody Drug Development
Tohoku University Graduate School of Medicine
2-1, Seiryo-machi, Aoba-ku

Sendai

Miyagi 980-8575

Japan

E-mail: yukinari.kato.e6 @tohoku.ac.jp

Received: September 1, 2023
Accepted: September 18, 2023


http://dx.doi.org/10.3389/fonc.2021.694941
http://dx.doi.org/10.3389/fonc.2021.694941
http://dx.doi.org/10.1016/j.jbc.2022.101817
http://dx.doi.org/10.3390/ph13040077
http://dx.doi.org/10.1158/0008-5472.CAN-06-2760
http://dx.doi.org/10.1158/0008-5472.CAN-06-2760
http://dx.doi.org/10.1016/j.biomaterials.2022.121416
http://dx.doi.org/10.1016/j.biomaterials.2022.121416
http://dx.doi.org/10.1158/0008-5472.CAN-18-0267
http://dx.doi.org/10.1158/0008-5472.CAN-18-0267
http://dx.doi.org/10.3390/pharmaceutics12100996
http://dx.doi.org/10.3390/pharmaceutics12100996

