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Abstract

Breast cancer remains a leading cause of cancer mortality worldwide, underscoring the urgent need
for novel and effective therapeutic strategies. Eph receptor tyrosine kinases, particularly EphB4,
exhibit diverse roles in cancer biology, acting as either tumor promoters or suppressors depending
on the cellular environment and ligand engagement. EphB4 is frequently overexpressed in breast
cancer and contributes to dysregulated signaling and tumor progression through the abnormal
interaction with its ligand Ephrin-B2. We herein developed an improved anti-EphB4 monoclonal
antibody, EbsMab-7-mGza, which can be characterized as a subclass-switched IgGza variant designed
to enhance immune effector function, specifically antibody-dependent cellular cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC). Our findings showed that EbsMab-7-mGza
effectively blocked Ephrin-B2-induced ERK phosphorylation and proliferation in EphB4-positive
MCE-7 breast cancer cells but had no effect on EphB4-knockout (KO) MCEF-7 cells. Flow cytometry
confirmed high-affinity binding between EbsMab-7-mGz. and EphB4-expressing cells, whereas in
vitro assays demonstrated potent and selective ADCC and CDC activities against EphB4-positive
tumor cells. In vivo experiments showed that EbsMab-7-mGoa significantly suppressed tumor growth
in xenograft models bearing EphB4-overexpressing CHO-K1 and EphB4-positive MCF-7 tumors but
showed no therapeutic effect in EphB4-negative CHO-K1 or EphB4-KO tumors.
Immunohistochemical analysis revealed reduced Ki-67 proliferation indices in treated tumors,
supporting the antiproliferative effects of the developed antibody. Overall, these findings
demonstrate that EbsMab-7-mG2. exerts dual-action antitumor activity through ligand blockade and
immune effector engagement. Further evaluations in other EphB4-overexpressing cancers and in
combination with immune checkpoint inhibitors are warranted. Humanization and tumor-selective
engineering may enhance its clinical potential for precision oncology.

Keywords: antibody-dependent cellular cytotoxicity; complement-dependent cytotoxicity; EphB4;
Breast cancer; Ligand blockage

1. Introduction

Breast cancer remains one of the most common and lethal malignancies affecting women
worldwide, accounting for 11.7% of all cancer cases and 6.9% of cancer-related deaths globally in 2020
[1]. Despite improvements in early detection and systemic therapies, breast cancer continues to be
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the second leading cause of cancer-related death among women [2], highlighting the urgent need for
novel and more effective therapeutic strategies.

Eph receptor tyrosine kinases, which can be divided into EphA and EphB subclasses based on
their ligand binding specificities, represent the largest family of receptor tyrosine kinases [3,4]. EphB
receptors, including EphB4, initiate downstream signaling by interacting with transmembrane
Ephrin-B ligands. Among the EphB receptors, EphB4 has gained significant interest owing to its
context-dependent roles in cancer biology, specifically its ability to act as either a tumor promoter or
suppressor depending on the cellular environment and ligand availability [5].

EphB4 is frequently overexpressed in breast cancer and causes aberrant downstream signaling
through its often dysregulated interaction with Ephrin-B2 [6]. This dysregulation may be attributed
to not only altered ligand availability but also changes in receptor localization or clustering,
collectively enhancing ligand-dependent signaling through autocrine or paracrine mechanisms [5,7].
Notably, Xiao et al. demonstrated that stimulating EphB4 with Ephrin-B2 or an agonistic monoclonal
antibody in MCF-7 breast cancer cells activates the Ras/MEK/ERK signaling cascade, triggering
enhanced cell proliferation [8]. In contrast, the same EphB4 activation in endothelial cells suppressed
ERK activity and inhibited proliferation, illustrating the striking context-dependent function of
EphB4 [9]. These mechanistic insights highlight the biological complexity of EphB4 and its
significance as a context-specific therapeutic target. Altogether, these findings suggest that aberrant
ligand-mediated EphB4 signaling, sustained even under partial ligand dysregulation, may drive
malignant phenotypes via ERK pathway activation. Despite its context-dependent dual functionality,
EphB4 can serve as a potential oncogenic driver in this setting.

Given the oncogenic potential of ligand-induced EphB4 signaling in breast cancer cells, blocking
this pathway represents a promising therapeutic approach. In our previous work, we developed a
monoclonal antibody, B4Mab-7 (IgG: subclass), that targets EphB4 [10]. In the present study, we
engineered an improved version of this antibody, EbsMab-7-mGz., which can be characterized as a
subclass-switched IgGeza variant, in hopes of enhancing immune effector functions, such as antibody-
dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). This
antibody exhibits dual functionality by simultaneously blocking ligand-induced ERK signaling and
activating immune effector mechanisms. Although several therapeutic antibodies function through
either signaling modulation or immune-mediated cytotoxicity, studies have suggested that
combining both mechanisms in a single antibody can enhance antitumor efficacy [11,12].

As such, the current study aimed to evaluate the utility of EbsMab-7-mGza as a novel bifunctional
therapeutic candidate for EphB4-positive breast cancer by characterizing its mechanism of action and
demonstrating its antitumor efficacy both in vitro and in vivo.

2. Materials and Methods

2.1. Kaplan—Meier Survival Analysis

Kaplan-Meier survival analysis was performed for all members of the EPHB gene families using
the KMplot online tool (https://kmplot.com/analysis/), applying RNA-seq-based expression data
from breast cancer samples. Overall survival (OS) was selected as the endpoint, with a follow-up
threshold set at 120 months and censoring applied for data after such timepoint. Patients were
divided into high and low expression groups using an automatically selected cutoff chosen from
within the interquartile range to best separate survival outcomes. All other clinical and immune-
related covariates were left unrestricted. Summary results, which include cutoff values, expression
ranges, log-rank P values, and false discovery rates (FDR), are presented in Table S1.

2.2. Cell lines and cell culture

Chinese hamster ovary (CHO)-K1, MCF-7, BT-474, SK-BR-3, MDA-MB-468, and MCF10A cell
lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, United
States). The HBC5 cell line was provided by the JCRB Cell Bank (Osaka, Japan). CHO/EphB4 and
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EphB4-KO MCEF-7 (BINDS-52) cell lines were created in our previous study.[10] CHO-K1, HBC5, and
CHO/EphB4 cells were cultured in RPMI-1640 medium (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% heat-inactivated FBS (Thermo Fisher Scientific, Waltham, MA, USA), 100
U/mL penicillin, 100 ug/mL streptomycin, and 0.25 ug/mL amphotericin B (Nacalai Tesque). MCF-7,
BT-474, SK-BR-3, MDA-MB-468, and EphB4-KO MCE-7 cells were cultured in DMEM (Nacalai
Tesque) supplemented with 10% heat-inactivated FBS and the same antibiotics enumerated earlier.
MCF10A cells were maintained in Mammary Epithelial Cell Growth Medium (Lonza, Walkersville,
MD, USA) supplemented with growth supplements according to the manufacturer’s instructions. All
cells were incubated at 37°C in a humidified atmosphere containing 5% CO..

2.3. Recombinant Antibody Production

Anti-EphB4 monoclonal antibody (B4Mab-7, IgGi, kappa) was developed as previously
described [10]. To produce recombinant antibodies of the mouse IgGi and IgGza subclasses, Vi and
Vi cDNA were isolated from hybridomas producing B4Mab-7. Vu cDNAs were combined with the
Ch of mouse IgGi or IgGz and inserted into the pCAG-Ble vector (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan). Similarly, VL cDNA and mouse kappa light chain were inserted into the
PCAG-Neo vector (FUJIFILM Wako Pure Chemical Corporation). These vectors were then
introduced into ExpiCHO or BINDS-09 cells using the ExpiCHO Expression System (Thermo Fisher
Scientific, Inc) [13], after which the culture supernatants were harvested. B4Mab-7 and EbsMab-7-
mGz. antibodies were purified using Ab-Capcher (ProteNova Co., Ltd., Kagawa, Japan).

2.4. Western Blot Analysis

Western blot analysis was performed as described previously [14]. Cells were lysed using a
buffer containing 20 mmol/L HEPES (pH 7.5), 150 mmol/L NaCl, 1% (v/v) Triton X-100, 10% (v/v)
glycerol, 1 mmol/L EDTA, 50 mmol/L NaF, 50 mmol/L B-glycerophosphate, 1 mmol/L sodium
orthovanadate (NazVO,), and 25 ug/mL each of antipain, leupeptin, and pepstatin. For ERK
phosphorylation analysis, MCF-7 and EphB4-KO MCE-7 cells were serum-starved for 12 h and then
stimulated in 1% dialyzed FBS-containing medium with 5 pg/mL of recombinant human Ephrin-B2
(R&D Systems, Minneapolis, MN, United States) for 0, 5, 10, 15, 30, or 60 min. Cells were co-treated
with 5 ug/mL EbsMab-7-mGaa or the control PMab-231 for the indicated durations at 37°C. PMab-231
is a mouse IgGeza version of the anti-tiger podoplanin (PDPN) monoclonal antibody PMab-231 that
does not cross-react with human cells and has been previously reported as a control antibody [15].
Protein samples were separated by SDS-PAGE, transferred to PVDF membranes, and immunoblotted
with the primary antibodies listed later. Aside from cell lysates, a commercially available normal
human breast tissue lysate (Total Protein-Human Adult Normal Tissue: Breast, Novus Biologicals,
Littleton, CO, United States) was used to assess expression in normal breast tissue. Antibody binding
was detected using appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell
Signaling Technology, Danvers, MA, United States), followed by ECL detection (ECL Prime; Cytiva,
Tokyo, Japan). The primary antibodies used were as follows: anti-phospho-ERK1/2 (Thr202/Tyr204;
#4370, Cell Signaling Technology), anti-total ERK1/2 (clone C-9; sc-514302, Santa Cruz Biotechnology,
Dallas, TX, United States), anti-EphB4 (EbsMab-7-mG2.), anti-B-actin (D6A8) Rabbit mAb (HRP
Conjugate; #12620, Cell Signaling Technology), and anti-GAPDH (D16H11) XP® Rabbit mAb (#5174,
Cell Signaling Technology). Band intensities were quantified using ImageJ software.

2.5. Proliferation Assay In Vitro

Cell proliferation was evaluated using the MTS tetrazolium assay (CellTiter 96 Aqueous One
Solution Cell Proliferation Assay; Promega, Madison, WI, United States). Cells were plated into 96-
well plates at 2,000 cells per well in 100 uL of medium containing test agents such as antibodies or
recombinant Ephrin-B2. At the indicated time points (typically 0 to 3 days), 20 pL of MTS reagent
was added directly to each well (final volume 120 pL) and incubated for 30 min at 37°C. Absorbance
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was measured at 490 nm with a reference wavelength of 630 nm using a PowerScan HT microplate
reader (BioTek Instruments, Winooski, VT, United States). Triplicate wells were analyzed for each
condition, with the results being expressed as mean * standard deviation (SD). Statistical significance
was determined using the Mann-Whitney U test. *P < 0.05; **P < 0.01; n.s., not significant.

2.6. Flow Cytometry

The CHO-K1, CHO/EphB4, MCE-7, and EphB4-KO MCEF-7 cell lines were harvested using 1 mM
ethylenediaminetetraacetic acid (EDTA; Nacalai Tesque, Inc.) combined with 0.25% trypsin. Cells
were incubated with B4Mab-7, EbsMab-7-mGz, or a control blocking buffer (0.1% BSA in PBS) for 30
min at 4°C, followed by Alexa Fluor 488-conjugated anti-mouse IgG (1:2,000; Cell Signaling
Technology, Inc.) for an additional 30 min. Fluorescence data were acquired using the SA3800 Cell
Analyzer (Sony Corp., Tokyo, Japan) and analyzed using SA3800 software version 2.05 (Sony Corp.).

2.7. Determination of the Dissociation Constant (Kp) via Flow Cytometry

To determine the Ko, CHO/EphB4 and MCE-7 cells were resuspended in 100 uL of EbsMab-7-
mGz. at concentrations ranging from 0.001 to 20 ug/mL in a 1/2-fold serial dilution in the blocking
buffer and incubated for 30 min. After washing twice with 0.1% BSA in PBS, 50 uL of Alexa Fluor
488-conjugated anti-mouse IgG (1:200; Cell Signaling Technology, Inc.) was added, followed by a 30-
min incubation. Following the incubation, the cells were washed twice and plated into a 96-well plate
for measurement. Fluorescence data were acquired using the SA3800 Cell Analyzer and processed
using FlowJo software. The Ko was determined by fitting the binding isotherms to a one-site binding
model using GraphPad PRISM 6 (GraphPad Software, Inc., La Jolla, CA, United States).

2.8. ADCC

The ADCC assay was performed following previously published methods [16]. Briefly, 12
female BALB/c nude mice (5 weeks old) were purchased from Jackson Laboratories, Inc. (Kanagawa,
Japan). After removing the spleens, single-cell suspensions were prepared by passing the spleen
tissue through a sterile cell strainer (catalog number 352360; BD Falcon). To eliminate erythrocytes,
the splenocytes were lysed with ice-cold distilled water for 30 s, followed by immediate
neutralization with isotonic buffer. The remaining splenocytes were then resuspended in DMEM
supplemented with 10% FBS, forming the effector cell preparation. Target cells (CHO/EphB4, CHO-
K1, MCE-7, or EphB4-KO MCEF-7 [BINDS-5]) were labeled with 10 pig/mL calcein AM (Thermo Fisher
Scientific, Inc.) and resuspended in the same medium. Target cells (1 x 10* per well) were plated into
96-well plates, combined with effector cells at a ratio of 50:1, and treated with 100 pg/mL of EbsMab-
7-mGa2a or control PMab-231. After incubation at 37°C for 4.5 h, the amount of calcein released into
the supernatant was measured. Fluorescence intensity was detected using a microplate reader
(PowerScan HT; BioTek Instruments, Inc., Winooski, VT, United States) with excitation and emission
wavelengths of 485 and 538 nm, respectively. The percentage of lysis was calculated using the
following formula: fluorescence from target-effector cultures—spontaneous fluorescence of the target
cells alone / maximum fluorescence after complete lysis-spontaneous fluorescence x 100. Complete
cell lysis was achieved using a buffer containing 0.5% Triton X-100, 10 mM Tris-HCI (pH 7.4), and 10
mM EDTA. All experiments were conducted in triplicate.

2.9.CDC

The CDC assay was performed following established procedures [16]. Briefly, the cells were
labeled with 10 pug/mL calcein AM, suspended in the medium, and plated into 96-well plates at 1 x
104 cells per well. Rabbit complement (final dilution 1:10; Low-Tox-M Rabbit Complement; Cedarlane
Laboratories, Hornby, ON, Canada) and 100 ug/mL of EbsMab-7-mGza or control PMab-231 were
added to the wells. After 4.5 h of incubation at 37°C, calcein released into the supernatant was
measured, and fluorescence intensity was calculated as described in the ADCC section.
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2.10. Antitumor Activity In Vivo

All procedures involving animals were conducted in accordance with institutional guidelines
and received approval from the Animal Ethics Committee of the Institute of Microbial Chemistry
(Numazu, Japan; approval numbers 2024-001 and 2024-002). Female BALB/c nude mice (5 weeks old)
were obtained from The Jackson Laboratory and maintained under pathogen-free conditions.
Subcutaneous xenografts were created by injecting 5 x 10¢ CHO/EphB4, CHO-K1, MCF-7, or EphB4-
KO MCE-7 cells mixed with Matrigel (BD Biosciences) into the left flank of each mouse. Antibodies
(EbsMab-7-mGaa or control PMab-231) were then delivered intraperitoneally at a dosage of 100 pg
per mouse on days 7, 14, and 21 following cell inoculation. Thereafter, tumor volumes were measured
twice a week using calipers and calculated by multiplying the square of the shorter diameter by the
longer diameter and dividing the result by two.

2.11. Immunohistochemical analysis

Immunohistochemical analysis of mouse xenograft tumor tissues was performed as previously
described.[14] Briefly, paraffin-embedded tissue sections were cut and mounted on microscope
slides. After deparaffinization with xylene and rehydration through a graded ethanol series,
endogenous peroxidase activity was blocked with methanol containing hydrogen peroxide. Antigen
retrieval was performed by boiling the sections in 0.01 M sodium citrate buffer (pH 6.0) for 10 min.
The sections were then incubated for 60 min at room temperature with an anti-Ki-67 antibody (1:200
dilution; clone SP6, ab16667, Abcam, Cambridge, United Kingdom). Immunoreactivity was
visualized using 3,3'-diaminobenzidine with the ChemMate EnVision kit (Dako, Carpinteria, CA),
followed by counterstaining with hematoxylin. Stained sections were examined under a Nikon
Biophot microscope (Nikon, Tokyo, Japan), and images were captured with an ECLIPSE TE2000-U
microscope (Nikon). Ki-67-positive cells were quantified using e-Path image analysis software (e-
Path Co., Tokyo, Japan).

2.12. Statistical Analysis

All experiments were conducted in triplicate, with data being expressed as the mean + SD. In
most figures, error bars indicate mean + SD. In some figures, SD is shown in the positive direction
only, as noted in their corresponding legends. Statistical analyses were performed using either two-
way ANOVA followed by Tukey’s or Sidak’s multiple comparison tests or the non-parametric Mann—
Whitney U test, as appropriate. All analyses were conducted using GraphPad PRISM 10 software
(GraphPad Software, Inc., La Jolla, CA, United States).

3. Results

3.1. Development of a Class-Switched Anti-EphB4 Monoclonal Antibody and Analysis of EphB4 Expression
Across Breast Cancer Subtypes

To determine the clinical relevance of EphB4 expression in breast cancer, Kaplan—-Meier survival
analysis was first performed using RNA-seg-based datasets from KMplot. Among the EphB family
members, high EphB4 expression was significantly associated with poor OS among breast cancer
patients (Figure 1A), suggesting the potential oncogenic role of EphB4.

The mouse IgG1 monoclonal antibody B4Mab-7, previously developed by our group, specifically
recognizes EphB4-expressing tumor cells.[10] To enhance its effector functions, such as ADCC and
CDC, B4Mab-7 was class-switched into mouse IgGza format, resulting in the generation of EbsMab-7-
mGaa (Figure 1B). To examine EphB4 protein expression across cell models, Western blot analysis was
performed using lysates from CHO-K1, CHO/EphB4, MCF-7, and EphB4-KO MCEF-7 cells. Notably,
we found that EbsMab-7-mGz. triggered an increase in the expression of EphB4 in CHO/EphB4 and
MCEF-7 cells but not in CHO-K1 and EphB4-KO MCEF-7 cells (Figure 1C). Furthermore, EphB4 was
expressed in multiple breast cancer cell lines representing different subtypes, including BT-474
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(luminal B), SK-BR-3 (HER2+), MDA-MB-468 (basal-like), and HBC5 (triple-negative). However,
EphB4 was barely undetectable in MCF10A, a non-tumorigenic mammary epithelial cell line, and in
lysates of normal human breast tissue. Altogether, these findings indicate that EphB4 is frequently
overexpressed across diverse breast cancer subtypes relative to normal breast tissue.
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Figure 1. Prognostic significance of EphB4 expression in breast cancer and establishment of EbsMab-7-mGaa. (A)
Kaplan—Meier survival analysis of overall survival (OS) in breast cancer patients based on the expression levels
of EphB family genes (EphB1, EphB2, EphB3, EphB4, and EphB6) using RNA-seq data from KMplot. Among
these genes, high expression of EphB2 and EphB4 was significantly associated with poor prognosis (log-rank
P <0.05). Patients were then stratified into high and low expression groups using the optimal cutoff within the
interquartile range. (B) Generation of a mouse IgGza version of the anti-EphB4 monoclonal antibody (EbsMab-7-
mGza). The Viand Vi regions of B4Mab-7 (mouse IgGi1) were cloned into expression vectors containing mouse
IgG2a Cu and Cu regions. These vectors were transfected into BINDS-09 cells (Fut8-knockout (KO) ExpiCHO-S
cells) to produce EbsMab-7-mGoa. (C) Left: Expression of EphB4 and B-actin in CHO-K1 and CHO-EphB4-
overexpressing cells, as well as in MCF-7 and EphB4-KO MCEF-7 cells. Right: Expression of EphB4 and GAPDH
in normal human adult tissues, MCF10A (non-tumorigenic mammary epithelial cells), MCF-7, BT-474, SK-BR-3,
MDA-MB-468, and HBC5 cells.

3.2. Effect of EbsMab-7-mGz. on Ephrin-B2-Induced Cell Proliferation and ERK Signaling

Given that EphB4 is frequently overexpressed in breast cancer and associated with poor
prognosis, we sought to determine whether EphB4 contributes functionally to tumor cell behavior
upon ligand engagement. To this end, we examined the effects of Ephrin-B2, a known ligand of
EphB4, on cell proliferation. Intriguingly, Ephrin-B2 stimulation promoted the proliferation of MCF-
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7 cells but not EphB4-negative MCF10A cells, indicating ligand-dependent proliferative signaling
mediated by EphB4 (Figure 2A). However, co-treatment with EbsMab-7-mGz. significantly
suppressed Ephrin-B2-induced proliferation in MCF-7 but not in MCF10A cells (Figure 2B).
Furthermore, Ephrin-B2 stimulation promoted time-dependent ERK1/2 phosphorylation in MCF-7
cells, which was diminished by co-treatment with EbsMab-7-mGz. but not with control PMab-231
(Figure 2C). No such signaling was observed in EphB4-KO MCF-7 cells, confirming that EphB4
specifically activated the ERK pathway. These results suggest that EbsMab-7-mG2a inhibits Ephrin-
B2-induced ERK signaling associated with proliferation in EphB4-expressing breast cancer cells.

In contrast, treatment with EbsMab-7-mGa. alone did not alter cell proliferation in MCF-7, HBC5,
or MCF10A cells across a 3-day culture period, suggesting minimal basal agonistic or toxic activity
(Figure S1). Notably, although EphB4 displayed a relatively high endogenous expression in HBC5
cells, which represents a triple-negative breast cancer subtype, no growth-inhibitory effect was
observed in the absence of Ephrin-B2 stimulation, further supporting the specificity and ligand-
dependency of the antibody’s action.
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Figure 2. Inhibitory effects of EbsMab-7-mGza on Ephrin-B2-induced proliferation and ERK activation in EphB4-
expressing breast cancer cells. (A) Viability of MCF10A and MCEF-7 cells treated with recombinant Ephrin-B2 (5
pg/mL) or PBS for 3 days. Cell proliferation was assessed using the MTS assay. Ephrin-B2 significantly enhanced
the proliferation of MCF-7 cells but not MCF10A cells relative to PBS control. Values are expressed as mean +
SD (n = 6). Asterisks indicate statistical significance (**P < 0.01; n.s., not significant; Mann-Whitney U test). (B)
Viability of MCF10A and MCF-7 cells treated with recombinant Ephrin-B2 (5 pg/mL) in the presence of control
PMab-231 or anti-EphB4 antibody (EbsMab-7-mGza, 5 pg/mL) for 0 to 3 days. Cell proliferation was assessed
using the MTS assay and normalized to day 0 (set as 1.0). EbsaMab-7-mGz significantly suppressed Ephrin-B2-
induced proliferation of MCF-7 cells, whereas no significant effect was observed in MCF10A cells. Values are
expressed as mean + SD (n = 6). Asterisks indicate statistical significance (**P < 0.01; n.s., not significant; Mann—
Whitney U test). (C) Activation of ERK signaling in MCF-7 and EphB4-KO MCEF-7 cells after stimulation with
recombinant Ephrin-B2 (5 pg/mL) for the indicated time points (0-60 min). Cells were pretreated with either
control PMab-231 or EbsMab-7-mGza (5 pg/mL) prior to stimulation. ERK1/2 phosphorylation was analyzed
using Western blot analysis with anti-phospho-ERK1/2 and total ERK1/2 antibodies. Ephrin-B2 stimulation
increased ERK1/2 phosphorylation in parental MCF-7 cells, which was attenuated by EbsMab-7-mGz.. No
phosphorylation was observed in EphB4-KO MCEF-7 cells. Band intensities were quantified using Image]J. p-
ERK/ERK ratios normalized to the 0 min time point are shown below each band.
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3.3. Binding Activity of EbsMab-7-mGz. and B«Mab-7 Against EphB4-Expressing and Control Cells

As shown in Figure 3, both EbsMab-7-mGza and its parental antibody B4Mab-7 exhibited dose-
dependent binding to CHO/EphB4 and MCE-7 cells, as assessed by flow cytometry using increasing
antibody concentrations (0.01-10 pg/mL). In contrast, neither antibody showed detectable binding to
EphB4-negative CHO-K1 or EphB4-knockout MCEF-7 cells. These results confirm the high specificity
of both antibodies for human EphB4 and demonstrate that class switching to IgGza preserves target
recognition.
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Figure 3. Flow cytometry analysis of EphB4 binding to B4Mab-7 and EbsMab-7-mGz.. CHO-K1, CHO/EphB4-
overexpressing cells, MCF-7, and EphB4-KO MCE-7 cells were incubated with buffer (black histograms) or
increasing concentrations (0.01-10 pug/mL) of EbsMab-7-mG2. or B4Mab-7 (red histograms), followed by Alexa
Fluor 488-conjugated anti-mouse IgG. Fluorescence was then analyzed using the SA3800 Cell Analyzer.

3.4. Binding Affinity of EbsMab-7-mGza for EphB4-Expressing Cells
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Flow cytometry was used to performe a kinetic analysis of EbsMab-7-mGza binding to EphB4-
expressing cells. As shown in Figures 4A and B, the Ko of EbsMab-7-mGz was 5.4 x 10° M for
CHO/EphB4 cells and 8.5 x 107° M for MCE-7 cells, which endogenously express EphB4. These results
indicate that EbsMab-7-mGza exhibits high binding affinity for both overexpressed and endogenous
EphB4.

The affinity of EbsMab-7-mGza for MCF-7 cells was approximately 6.4-fold higher than that for
CHO/EphB4 cells, which may reflect differences in the density, glycosylation status, or the membrane
environment of EphB4 between the two cell lines. Overall, these results highlight the suitability of
EbsMab-7-mGaa for targeting EphB4-positive tumors given its high binding affinity with the same.
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Figure 4. Binding affinity and effector functions of EbsMab-7-mGoa. (A, B) Binding affinity of EbsMab-7-mGza
to CHO/EphB4 (A) and MCF-7 (B) cells. Cells were incubated with serial dilutions of EbsMab-7-mGza, followed
by Alexa Fluor 488-conjugated anti-mouse IgG. Fluorescence intensity was analyzed using the SA3800 Cell
Analyzer, while the Kb was calculated using GraphPad PRISM 6. (C, D) ADCC and CDC of EbsMab-7-mGza.
Calcein-labeled CHO-K1, CHO/EphB4, MCF-7, and EphB4-KO MCE-7 cells were treated with EbsMab-7-mGoa
or a control PMab-231. For ADCC (C), effector splenocytes were added. For CDC (D), rabbit complement was
used. Cytotoxicity was assessed by measuring calcein release into the medium. Data are presented as means +
SD shown in the positive direction only. Asterisks indicate statistical significance (**P < 0.01; n.s., not significant;
one-way ANOVA with Tukey’s multiple comparisons test).

3.5. Evaluating the ADCC and CDC Activities of EbsMab-7-mGza

EbsMab-7-mGaza exhibited significant ADCC activity against EphB4-expressing CHO/EphB4 and
MCEF-7 cells compared to the control PMab-231 but demonstrated no ADCC activity against EphB4-
negative CHO-K1 or EphB4-KO MCE-7 cells (Figure 4C). Similarly, CDC activity was observed in
CHO/EphB4 and MCEF-7 cells but not in CHO-K1 or EphB4-KO MCEF-7 (BINDS-52) cells (Figure 4D).
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Overall, these results indicate that EbsMab-7-mG2. selectively mediates immune effector-driven
cytotoxicity against EphB4-expressing cells, highlighting its therapeutic potential for targeting
EphB4-positive tumors.
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Figure 5. Antitumor activity of EbsMab-7-mG:z. against EphB4-overexpressing cells in vivo. CHO-K1 and
CHO/EphB4 cells were subcutaneously inoculated into BALB/c nude mice on day 0. EbsMab-7-mG2a (100 pg) or
the control PMab-231 (100 pg) was administered intraperitoneally on days 7, 14, and 21 (indicated by blue
arrows). (A, D) Tumor growth curves of CHO-K1 (A) and CHO/EphB4 (D) xenografts. Tumor volumes are
presented as mean = SD. * P < 0.05 (two-way ANOVA with Sidak’s multiple comparisons test). (B, E)
Representative images of resected tumors derived from CHO-K1 (B) and CHO/EphB4 (E) xenografts (scale bar:
1 cm). (C, F) Tumor weights at the endpoint from CHO-K1 (C) and CHO/EphB4 (F) xenografts. * P < 0.05 (two-
way ANOVA with Sidak’s multiple comparisons test).

3.6. Antitumor Efficacy of EbsMab-7-mGz. in CHO-Derived Xenograft Models

To assess the in vivo therapeutic potential of EbiMab-7-mGz., xenograft experiments were
subsequently performed using the previously described CHO-K1, CHO/EphB4, MCF-7, and EphB4-
KO MCE-7 cells. Antibodies were administered intraperitoneally once per week (100 pug/mouse) for
a total of three injections.

Our results for the CHO-K1 xenograft model (Figure 5A-C, Figure S2A) found no significant
differences in tumor volume over time (Figure 5A), macroscopic appearance of resected tumors
(Figure 5B), tumor weight upon sacrifice (Figure 5C), or body weight changes throughout the
treatment period (Figure S2A, left) between mice treated with EbsMab-7-mGz. and those receiving
control PMab-231. Representative images of mice upon sacrifice also showed no visible differences
in tumor burden between groups (Figure S2A, right). Furthermore, Ki-67 immunohistochemistry of
tumor sections revealed no significant difference in the proliferation index between the two treatment
groups (Figure 7A,B), suggesting that EbsMab-7-mG2. displayed no antitumor effects against EphB4-
negative cells.

In contrast, our results for the CHO/EphB4 xenograft model (Figure 5D-F, Figure S2B) found
that treatment with EbsMab-7-mGaa significantly inhibited tumor growth compared to control PMab-
231, as evidenced by reductions in the tumor volume over time (Figure 5D), size of the resected
tumors (Figure 5E), and tumor weight at sacrifice (Figure 5F). No significant difference in body
weight was observed between the two groups during the treatment period (Figure S2B, left),
indicating that the antibody treatment was well tolerated. Representative images of the mice upon
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sacrifice also showed a visibly reduced tumor burden in the EbsMab-7-mGz.-treated group (Figure
S2B, right). Ki-67 immunohistochemistry further confirmed the antitumor effects of EbsMab-7-mGoa,
which promoted a significant reduction in the proliferation index in CHO/EphB4 tumors compared
to those treated with control antibody (Figure 7C and D). Overall, these results demonstrate that
EbsMab-7-mGza exerts a potent antitumor effect in vivo against EphB4-overexpressing tumors by
inhibiting tumor cell proliferation.

3.7. Antitumor Efficacy of EbsMab-7-mGz. in MCF-7-Derived Xenograft Models

We subsequently examined the therapeutic efficacy of EbsMab-7-mGoa in a clinically relevant
model using MCF-7 breast cancer cells, which endogenously express EphB4 and EphB4-KO MCF-7
cells. The same dosing schedule, that is, intraperitoneal administration of antibody (100 pg/mouse)
once per week for 3 weeks, was employed.

In the MCF-7 xenograft model (Figure 6A-C, Figure S3A), EbisMab-7-mGz significantly
suppressed tumor growth compared to control PMab-231, as indicated by reductions in tumor
volume over time (Figure 6A), tumor size upon resection (Figure 6B), and tumor weight upon
sacrifice (Figure 6C). Body weight changes did not significantly differ between the two groups
(Figure S3A, left), with the representative images upon sacrifice demonstrating a visible reduction in
tumor size in the EbsMab-7-mGoa-treated group (Figure S3A, right). Consistent with these findings,
Ki-67 staining of tumor sections showed significantly decreased proliferation in the treated group
compared to controls (Figure 7E and F), supporting the antiproliferative effects of the antibody in
EphB4-expressing breast cancer.
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Figure 6. Antitumor activity of EbsMab-7-mG2. against MCF-7 and EphB4-KO MCEF-7 tumors in vivo. MCF-7
and EphB4-KO MCF-7 cells were subcutaneously inoculated into BALB/c nude mice on day 0. EbsMab-7-mG2a
(100 pg) or the control antibody PMab-231 (100 pg) was administered intraperitoneally on days 7, 14, and 21
(indicated by blue arrows). (A, D) Tumor growth curves of MCF-7 (A) and EphB4-KO MCE-7 (D) xenografts.
Tumor volumes are presented as mean + SD. * P < 0.05 (two-way ANOVA with Sidak’s multiple comparisons
test). (B, E) Representative images of resected tumors derived from MCF-7 (B) and EphB4-KO MCEF-7 (E)
xenografts (scale bar: 1 cm). (C, F) Tumor weights at the endpoint from MCF-7 (C) and EphB4-KO MCEF-7 (F)
xenografts. * P < 0.05 (two-way ANOVA with Sidak’s multiple comparisons test).
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Figure 7. EbsMab-7-mGaa-induced inhibition of tumor cell proliferation measured using Ki-67 staining.
Tumor sections derived from CHO-K1, CHO/EphB4, MCF-7, and EphB4-KO MCEF-7 xenografts were
immunohistochemically stained with anti-Ki-67 antibody to assess cell proliferation. Representative Ki-67
staining images (left panels) and quantification of Ki-67-positive cells (right panels) are presented for each group.
Mice were treated with EbsMab-7-mGza or the control PMab-231. e-Path image analysis software was used to
calculate the percentage of Ki-67-positive cells, which is presented as mean + SD shown in the positive direction

only. *p <0.05, ** P < 0.01 (one-way ANOVA with Tukey’s multiple comparisons test). n.s., not significant.

In contrast, no significant antitumor effects were observed in the EphB4-KO MCF-7 xenograft
model (Figure 6D-F, Figure S3B). In particular, tumor volume (Figure 6D), macroscopic appearance
(Figure 6E), tumor weight (Figure 6F), and body weight (Figure S3B, left) were all comparable
between the EbsMab-7-mGza and control antibody groups. Additionally, no visible tumor regression
was observed in mice (Figure S3B, right), with Ki-67 staining revealing no significant difference in
proliferation index between groups (Figure 7G and H). These results confirm that the antitumor
activity of EbsMab-7-mGaa is dependent on EphB4 expression in vivo.
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4. Discussion

The current study demonstrated that EbsMab-7-mGz, a subclass-switched anti-EphB4
monoclonal antibody, exerts potent antitumor activities against EphB4-positive breast cancer
through two mechanisms, namely ligand blockade and immune effector activation. This antibody
selectively inhibited Ephrin-B2-induced ERK phosphorylation and proliferation in EphB4-positive
MCE-7 cells but exhibited no effect in EphB4-KO or ligand-unstimulated cells, highlighting its
specificity (Figure 2). Consistent with these functional effects, flow cytometric analysis confirmed that
both EbsMab-7-mGza and its parental IgG: antibody B4Mab-7 selectively bound to EphB4-expressing
CHO/EphB4 and MCEF-7 cells in a dose-dependent manner, but not to EphB4-negative CHO-K1 or
EphB4-knockout MCE-7 cells, supporting the specificity of antigen recognition (Figure 3). Moreover,
subclass switching to IgGz. enhanced ADCC and CDC activity against EphB4-positive tumor cells in
vitro, with no cytotoxicity observed in EphB4-negative and EphB4-KO controls (Figure 2 and 4).

Xenograft models were used to confirm the in vivo efficacy of EbsMab-7-mGz.. Notably, our
findings showed that it significantly suppressed tumor growth and reduced Ki-67 positivity in
EphB4-expressing tumors, without affecting EphB4-negative or EphB4-KO tumors (Figures 5, 6, and
7). These results indicate that EphB4 expression is required for both the direct and immune-mediated
antitumor effects of the antibody, and suggest that the treatment selectively targets EphB4-positive
tumors without observable adverse effects in vivo.

Clinical studies targeting the EphB4-Ephrin-B2 axis in combination with immune checkpoint
inhibitors have shown promising results. In particular, soluble EphB4-human serum albumin (HAS)
combined with pembrolizumab yielded response rates of 45% and 52% in HPV-negative head and
neck squamous cell carcinoma and Ephrin-B2-positive urothelial carcinoma, respectively [17,18]. In
contrast, one study found that monotherapy with EphB4 blockade had no significant impact on
metastatic castration-resistant prostate cancer [19], highlighting the importance of tumor context and
therapeutic design. Unlike soluble receptor traps, EbsMab-7-mGz. offers dual-action through both
ligand blockade (Figure 2) and immune engagement (Figure 4), which may enable single-agent
efficacy or synergize with existing immunotherapies.

Future studies should therefore explore the therapeutic potential of EbsMab-7-mGz. in other
EphB4-overexpressing malignancies, including those in which EphB4 plays a functional role in tumor
progression and/or immune modulation. Given the observed context-dependence of EphB4
signaling, careful selection of cancer types and companion biomarkers, such as Ephrin-B2 expression
or downstream ERK activity, will be crucial for identifying responsive tumors. Apart from its
potential as a monotherapy, EbsMab-7-mGz. may be particularly effective in combination with
immune checkpoint inhibitors based on clinical studies showing synergy between EphB4 blockade
and pembrolizumab across multiple tumor types [17,18]. Comprehensive in vivo validation of
combination regimens, together with detailed immune microenvironment profiling, will certainly
support the design and development of evidence-based therapies.

To facilitate clinical translation, further optimization of EbisMab-7-mGz is warranted.
Humanization of the antibody backbone will be essential in reducing immunogenicity and enhancing
pharmacokinetic properties in humans. Moreover, given that the current version is not cancer-
specific, reengineering EbsMab-7-mGz. into cancer-specific monoclonal antibody (CasMab) format
may improve tumor selectivity and safety, especially by minimizing on-target off-tumor effects as
demonstrated with anti-PDPN CasMabs [20,21]. Additionally, the antigen recognition domain of
EbsMab-7-mGza could be incorporated into chimeric antigen receptor (CAR)-T cells to expand its
utility to cell-based immunotherapy. This modular strategy may be particularly valuable in solid
tumors wherein tumor-specific antigens are limited and off-tumor toxicity remains a major concern
[22]. Together, these findings suggest the need for continued development of EbsMab-7-mGza across
multiple modalities given its versatility and potential for precision oncology.
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paper posted on Preprints.org. Table S1: Kaplan-Meier survival analysis summary for EphB family genes in
breast cancer. Figure S1: EbsaMab-7-mGza alone does not affect cell proliferation.; Figure S2: Supplementary data
for Figure 5.; Figure S3: Supplementary data for Figure 6.
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