
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Matteo Simonelli,
Humanitas University, Italy

REVIEWED BY

David Akhavan,
University of Kansas Medical Center,
United States
Angelo Dipasquale,
Humanitas Research Hospital, Italy

*CORRESPONDENCE

Yoichi Naito

ynaito@east.ncc.go.jp

RECEIVED 22 May 2025
ACCEPTED 11 July 2025

PUBLISHED 06 August 2025

CITATION

Funasaka C, Naito Y, Kubota H, Ishiguro Y,
Fuse N, Wakabayashi M, Sato A, Yuda J,
Ishii G, Suzuki T, Takenouchi K, Nakatsura T,
Morita K, Inada Y, Tanaka M, Nakazawa Y,
Yagyu S and Doi T (2025) Trial in progress:
phase I study of non-viral gene-modified
CAR-T cell therapy for malignant solid tumors
expressing EPHB4 receptor (CARTiEr).
Front. Oncol. 15:1633324.
doi: 10.3389/fonc.2025.1633324

COPYRIGHT

© 2025 Funasaka, Naito, Kubota, Ishiguro, Fuse,
Wakabayashi, Sato, Yuda, Ishii, Suzuki,
Takenouchi, Nakatsura, Morita, Inada, Tanaka,
Nakazawa, Yagyu and Doi. This is an open-
access article distributed under the terms of
the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Study Protocol

PUBLISHED 06 August 2025

DOI 10.3389/fonc.2025.1633324
Trial in progress: phase I study of
non-viral gene-modified CAR-T
cell therapy for malignant solid
tumors expressing EPHB4
receptor (CARTiEr)
Chikako Funasaka1,2, Yoichi Naito1,2,3*, Hitomi Kubota4,
Yukiko Ishiguro4, Nozomu Fuse4, Masashi Wakabayashi4,
Akihiro Sato4, Junichiro Yuda1,5, Genichiro Ishii6,
Toshihiro Suzuki7, Kazumasa Takenouchi7, Tetsuya Nakatsura7,
Konomi Morita8, Yoichi Inada8, Miyuki Tanaka8,9,10,
Yozo Nakazawa8,9, Shigeki Yagyu8,10 and Toshihiko Doi1

1Department of Experimental Therapeutics, National Cancer Center Hospital East, Kashiwa,
Chiba, Japan, 2Department of Medical Oncology, National Cancer Center Hospital East, Kashiwa,
Chiba, Japan, 3Department of General Internal Medicine, National Cancer Center Hospital East,
Kashiwa, Chiba, Japan, 4Clinical Research Support Office, National Cancer Center Hospital East,
Kashiwa, Chiba, Japan, 5Department of Hematology, National Cancer Center Hospital East, Kashiwa,
Chiba, Japan, 6Department of Pathology and Clinical Laboratories, National Cancer Center Hospital
East, Kashiwa, Chiba, Japan, 7Division of Cancer Immunotherapy, Exploratory Oncology Research and
Clinical Trial Center, Kashiwa, Chiba, Japan, 8A-SEEDS Co., Ltd., Matsumoto, Nagano, Japan,
9Department of Pediatrics, Shinshu University School of Medicine, Matsumoto, Nagano, Japan,
10Center for Advanced Research of Gene and Cell Therapy (CARS), Shinshu University School of
Medicine, Innovative Research & Liaison Organization, Matsumoto, Nagano, Japan
Background: Ephrin type-B receptor 4 (EPHB4) is overexpressed on the surface

of various tumor cells, including cells from malignant bone and soft-tissue

tumors. AP8901 CAR-T cell therapy can specifically recognize and kill EPHB4

receptor-expressing malignant tumor cells by modifying the natural EPHB4

receptor ligand, ephrin B2. AP8901 is being developed via genetic

manipulation involving the “piggyBac transposon” and “genetically modified

feeder cell” methods, which enables the stable expression of CAR proteins in T

cells and prevents T cell exhaustion. AP8901 has demonstrated therapeutic

efficacy and tolerability in mice transplanted with rhabdomyosarcoma cells. We

planned a phase I study to evaluate the safety and efficacy of AP8901 for

metastatic solid tumors.

Methods: This is a single-center, single-arm, dose-escalation, phase I study to

evaluate the safety, tolerability, pharmacokinetics/pharmacodynamics, and

preliminary anti-tumor activity of a single intravenous dose of AP8901 in patients

with Ewing sarcoma or solid tumors expressing the EPHB4 receptor. Key inclusion

criteria include the following: subjects with histologically diagnosed Ewing

sarcoma or solid tumor with confirmed metastasis or recurrence/no standard

treatment for metastasis or recurrence, or refractory or intolerant to standard

treatment; measurable or evaluable disease according to the Response Evaluation

Criteria in Solid Tumors (RECIST) version 1.1; recent biopsy or surgical resection

specimens with prescreening immunohistochemistry positive for EPHB4 in ≥1% of
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tumor cells; ECOG performance status 0 or 1; and subjects expected to survive ≥3

months from the date of enrollment. This study is being conducted at the National

Cancer Center Hospital East, Japan.

Discussion: The advantage of AP8901 is that it is expected to prevent T cell

exhaustion and maintain its anti-tumor effect. This phase 1 study of AP8901 will

provide new evidence for the application of this novel CAR-T cell therapy in

patients with solid tumors, including Ewing sarcoma.
KEYWORDS

ewing sarcoma, solid tumor, EphB4, CAR-T cell therapy, piggyBac transposon
1 Introduction

Malignant neoplasms are the leading cause of death worldwide,

with 19,976,499 new cases of cancer diagnosed and 9,743,832 deaths

in 2022 (1). Approximately 21.8% of men and 18.5% of women are

considered at risk of developing cancer before the age of 75 years.

Cancer-related morbidity and mortality rates are both increasing as

the population ages. Although recent new chemotherapies,

molecularly targeted drugs, and immune checkpoint inhibitors

have improved treatment outcomes, improvements have been

limited to certain cancers, excluding rare cancers such as

sarcomas. New therapies are therefore needed to improve the

outcomes of these malignancies.

Malignant bone and soft-tissue tumors are among the rarest

types of cancer. Bone and soft-tissue sarcomas tend to occur more

frequently in children and young adults but are rare in older

individuals, accounting for only 3% of all tumors in adults.

According to estimates from cancer statistics in Japan, the

incidence of osteosarcoma is 0.59 per 100,000 population and

that of soft-tissue tumors is 3.60 per 100,000 population (1). Few

standard treatments are available for these cancers. Small round cell

sarcomas such as Ewing sarcoma and rhabdomyosarcoma are

highly responsive to chemotherapy and radiation therapy, and

multidisciplinary treatment combining surgery and these adjuvant

therapies has been established (2). However, for advanced cases of

refractory small round cell sarcomas that have relapsed after

treatment, the response rate to chemotherapy is low (2). Multiple

systemic chemotherapy regimens are used for the treatment of

relapsed Ewing sarcoma, such as cyclophosphamide/topotecan,

gemcitabine/docetaxel, high dose ifosfamide, and temozolomide/

irinotecan (3). However, the response to systemic chemotherapy is

approximately 30%–40% (3) and the survival of patients with

relapsed Ewing sarcoma is approximately 10%–20% (4). Thus, a

highly effective treatment for this patient population is needed.

Ephrin type-B receptor 4 (EPHB4) is a 185 kDa receptor-type

tyrosine kinase encoded by the EPHB4 gene located on

chromosome 7 (5). EPHB4 and its natural ligand ephrin B are

expressed on the plasma membrane and are involved in regulating
02
cell adhesion and cell motility during embryonic angiogenesis (6).

Expression of these genes is low or almost absent in mature tissues,

except in some organs (7). Thus, they may be a potential target for

anticancer therapy. EPHB4 protein was shown to be overexpressed

on the surface of tumor cells in malignant bone and soft-tissue

tumors and in breast, ovarian, lung, prostate, and colorectal cancers

(Table 1). EPHB4 is believed to be actively involved in promoting

cancer cell growth and deterioration in these types of cancers.

EPHB4 expression in malignant bone and soft-tissue tumors,

particularly rhabdomyosarcoma, has been suggested to be

associated with prognosis (8–10). Notably, EPHB4 was found to

be highly expressed in many malignant solid tumors in adolescents

and young adults, including malignant bone and soft-tissue tumors,

and breast and ovarian cancers (Table 1).

Chimeric antigen receptor (CAR) is an engineered chimeric

protein combining a single-chain antibody that binds to cell surface

antigens of cancer cells with intracellular signaling regions such as

CD28, 4-1BB, and CD3 chains, inducing T cell activation. CAR-T

cell cancer therapy kills cancer cells via a different mechanism to

conventional anticancer drugs or radiation therapy and is expected
TABLE 1 Expression of EPHB-4 in several cancers.

Cancer types Expression (%)

Rhabdomyosarcoma (8–10) Embryo type 5 %, 93.5 %

Lung cancer (11) 14 %

Breast Cancer (12, 13) 58 %-66.9 %

Colorectal cancer (14) 39 %

Esophagus cancer (15) 33 %

Uterus Cancer (16) 100 %

Ovarian Cancer (17) 86 %

Prostate Cancer (18) 66 %

Urothelial Cancer (19) 94 %

Mesothelioma (20) Epitheloid 85 %, sarcomatoid 38 %
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to be an effective treatment for refractory or resistant cancers. The

efficacy of CAR-T cell therapy has already been demonstrated in

hematopoietic tumors, such as acute lymphoblastic leukemia and

malignant lymphoma (21, 22). While CAR-T cell therapy is also

being investigated in relation to solid tumors, its reported

therapeutic efficacy is lower than in hematopoietic tumors (23),

possibly as a result of immune exhaustion of CAR-T cells.

Yagyu et al. have developed a technology to produce a variety of

CAR-T cells using a genetic manipulation technique involving the

“piggyBac transposon” and “genetically engineered feeder cell”

methods (23). The piggyBac transposon method uses piggyBac

transferase to achieve stable expression of the CAR protein in T

cells (24). The researchers developed an EPHB4-CAR-T cell (product

name AP8901) that can specifically recognize and kill malignant

tumor cells expressing the EPHB4 receptor by modifying ephrin B2,

the natural ligand of the EPHB4 receptor (Figure 1). The authors

developed and patented a new CAR-T cell production method using

a “non-viral gene modification”method that is distinct frommethods

for conventional CAR-T cells; this approach is cheaper, simpler, and

free from possible contamination by replication-competent viral

vectors. By combining these technologies, it is possible to produce

EPHB4-CAR-T cells that are rich inmemory T cells, which define the

anti-tumor effect of CAR-T cells, but which are less immune-

depleting and more effective. Transgenic CAR includes the

modified natural ligand of EPHB4, ephrin B2, which specifically

recognizes human EPHB4, a human IgG1 hinge region, human

CD28 (transmembrane domain and part of the intracellular

domain), and human CD3z (part of the intracellular domain)

(Figure 1) (25). When this CAR recognizes EPHB4-expressing cells,
Frontiers in Oncology 03
it induces transduced T cells to acquire effector functions such as

activation, proliferation, and cytotoxicity, which may in turn be

effective in killing EPHB4-positive tumor cells.

In a preclinical study, Yagyu et al. used the piggyBac transposon

method to produce EBHB4-CAR-T cells with a CAR-positive rate

of 77.7% in 14 days (24). The resulting EBHB4-CAR-T cells had a

higher CD4/CD8 ratio (0.214) and higher CD45RA+/CCR7+

positivity (62.9%), a known stem cell memory phenotype,

compared with control T cells (24). EPHB4-CAR-T cells also

demonstrated potent and durable efficacy against EPHB4-positive

RH30 rhabdomyosarcoma cells (25). A study investigating the

binding and killing potency of human EPHB4-CAR-T cells

against cynomolgus monkey EPHB4-expressing cells showed that

the EPHB4 CAR protein had similar binding potencies to human

and cynomolgus monkey EPHB4, and human EPHB4-CAR-T cells

recognized and reduced the number of cynomolgus EPHB4-

expressing cells, indicating that cynomolgus monkeys could be a

potential model for evaluating on-target/off-tumor toxicity (26).

Indeed, toxicity evaluation in cynomolgus monkeys showed no

differences in general condition, body weight, or food consumption

between the test and control groups during the observation period

and no differences between the two groups in terms of blood

biochemistry, coagulation function tests, or pathology at

necropsy (26).

These results suggest that AP8901 therapy may become a new

therapeutic option, with high efficacy, in patients with EPHB4-

positive solid tumors for whom there is currently no established

standard of care, especially solid tumors such as Ewing sarcoma and

other cancers with high EPHB4 expression detected by
FIGURE 1

Mechanism of AP8901. AP8901 is a CAR-T cell product that targets EPHB4 via a CAR construct incorporating a mutated form of ephrin B2, the
natural ligand of the EPHB4 receptor. The CAR molecule includes an IgG1 hinge, CD28 stalk, CD28 transmembrane and intracellular domains, and
the CD3z signaling domain. The CAR transgene is delivered into T cells via electroporation using a PB transposon system, which includes a
CAR-encoding transposon plasmid and a PB transposase plasmid. Stable integration of the CAR construct between ITRs enables sustained
expression in T cells. The product is manufactured using both the PB-based gene transfer and a genetically engineered feeder cell expansion
system. CAR, chimeric antigen receptor; EPHB4, Ephrin type-B receptor 4; ITRs, inverted terminal repeats; PB, piggyBac; TM, transmembrane.
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immunohistochemistry. We are therefore conducting a first-in-

human phase I study to evaluate the safety and efficacy of

AP8901 in patients with metastatic solid tumors.
2 Materials and analysis

2.1 Study setting

This is an open-label, single-arm, single-center phase I study to

evaluate the safety, tolerability, efficacy, and pharmacokinetic

profile of a single intravenous dose of AP8901 in patients with

metastatic or recurrent Ewing sarcoma or solid tumors expressing

the EPHB4 receptor.

2.1.2 Study eligibility
2.1.2.1 Inclusion criteria

The inclusion criteria are as follows:
Fron
1. Patients who provide free and voluntary written consent

to participate in the clinical trial;

2. Age ≥18 years on the date consent is obtained;

3. Histological diagnosis of Ewing sarcoma or solid tumor

with confirmed metastasis or recurrence;

4. No standard treatment for metastasis or recurrence;

5. Measurable or evaluable disease according to the Response

Evaluation Criteria in Solid Tumors (RECIST) guidelines,

version 1.1;

6. Most recent biopsy or surgical resection specimen with ≥1%

EPHB4-positive tumor cells by immunohistochemistry

with prescreening tests;

7. ECOG Performance Status 0 or 1;

8. Expected survival ≥3 months from the date of enrollment;

9. Adequate organ function measured by the following

laboratory tests taken within 7 days prior to enrollment

(same day of the week acceptable):
tiers in
i. Neutrophil count ≥1,000/mm3;

ii. Platelet count ≥100,000/mm3;

iii. Hemoglobin ≥8.0 g/dL;

iv. Serum creatinine ≤2.0 mg/dL or calculated

creatinine clearance (Cockcroft–Gault formula)

or measured value ≥50 mL/min (Cockcroft–Gault

formula: creatinine clearance value = (140 – age) ×

weight (kg)/(72 × serum creatinine value) (for

women, further multiply the obtained value

by 0.85);

v. Total bilirubin ≤2.0 mg/dL;

vi. Alanine aminotransferase and aspartate

aminotransferase ≤150 U/L;

vii. Prothrombin time ≤1.5 × upper limit of

normal (ULN);

viii. Activated partial thromboplastin time ≤1.5 × ULN;
10. Not pregnant. Women with childbearing potential require

a negative pregnancy test within 7 days prior to

enrollment (same day of the week is acceptable);
Oncology 04
11. Men and women with childbearing potential agree to use

contraception from the time of consent until ≥12 months

after AP8901 administration;

12. Patients wil l ing to participate in a long-term

observational study.
2.1.2.2 Exclusion criteria

The exclusion criteria are as follows:
1. Patients with a current overlapping cancer or history of

overlapping cancer within 2 years;

2. History of active overlapping cancer, except for intraepithelial

cancers such as basal cell or squamous cell carcinoma with

appropriate treatment, cervical intraepithelial carcinoma,

non-invasive breast cancer, and gastric intramucosal

carcinoma with complete resection. Iatrogenic ipsilateral or

bilateral breast cancer not considered as a double cancer if

curative treatment of one cancer has been completed and the

patient has been disease-free for ≥5 years;

3. Brainmetastases or spinal cord compression syndrome, unless

the patient is asymptomatic and does not require treatment;

4. Breast-feeding, even if breast-feeding has been interrupted;

5. Patients receiving systemic corticosteroids or systemic

immunosuppressive drugs; however, prednisolone

equivalent ≤10 mg/day is acceptable;

6. Patients receiving antineoplastic agents (e.g., chemotherapy,

molecular targeted therapy, antibody therapy, hormonal

therapy, endocrine therapy, and immunotherapy), other

unapproved drugs, surgical therapy, radiotherapy, and

radiopharmaceuticals within 14 days prior to registration;

7. Patients treated with live vaccines within 28 days prior

to enrollment;

8. Confirmed HIV infection;

9. Confirmed adult T cell leukemia virus infection;

10. Active hepatitis B (HB), diagnosed as follows:
i. HBs antigen positive;

ii. HBs antibody or HBc antibody positive; however,

patients may be enrolled if HBV-DNA is <20 IU/

mL (1.3 logIU/mL);
11. Confirmed active hepatitis C virus infection;

12. Active bacterial or viral infection or suspected of having

these infections;

13. History of at least one treatment with any gene therapy

(mRNA-based and DNA-based vaccines are acceptable);

14. H i s t o r y o f a l l o g e n e i c h ema t o po i e t i c s t em

cell transplantation;

15. Active autoimmune disease.
2.2 Treatment methods

AP8901 will be administered as a single intravenous dose.

AP8901 dosing will be conducted in dose-escalation studies with
frontiersin.org
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three to six participants at each level for the following three doses

(total n=6–18), starting with dose level 1.

Doses are calculated based on body weight at the time of peripheral

blood mononuclear cell collection. Autologous peripheral blood

mononuclear cells will be collected from enrolled patients by

apheresis for AP8901 production, after eligibility determination. If

the first peripheral blood mononuclear cell collection does not provide

the required cell volume for each dose level, these cells will not be used,

and a second peripheral blood mononuclear cell collection will be

performed. Patient-derived mononuclear cells will be filled into cell

transport bags following the protocol and transported to the

manufacturing facility at a controlled temperature of 2–8°C. The

CAR-T positivity rate (%) of CAR-expressing cells will be set at 5%,

and the shipment decision will be made after testing and

characterization. After being frozen in the program freezer following

the procedure manual, the samples will be stored in the vapor phase

(below −150°C) of a liquid nitrogen tank and transported to the

investigational sites. AP8901 will be produced using peripheral blood

mononuclear cells collected from the respective participants.

Enrolled patients will receive cyclophosphamide and

fludarabine the day before AP8901 administration (Day −8 to

Day −1) at the following doses and schedules: fludarabine (25

mg/m2 intravenous once daily for 3 days) and cyclophosphamide

(250 mg/m2 intravenous once daily for 3 days, starting at the time of

the first dose offludarabine). The following alternative regimen may

be used in patients with a history of cyclophosphamide-induced

grade 4 hemorrhagic cystitis or patients resistant to the most

recently administered cyclophosphamide-containing regimen of

lymphocyte-removal chemotherapy: cytarabine (500 mg/m2 IV

once daily for 2 days) and etoposide (150 mg/m2 IV once daily

for 3 days, starting at the time of the first dose of cytarabine).

An intravenous infusion of AP8901 will be administered after

completion of lymphocyte-removal therapy.
2.3 Endpoints

The primary endpoint is the incidence of dose-limiting toxicities

(DLTs) from the start of lymphocyte-depletion therapy until 28 days

after treatment with AP8901. DLTs are defined as adverse events

during the DLT assessment period for which a causal relationship

with AP8901 cannot be excluded. Adverse events are assessed using

the Common Terminology Criteria for Adverse Events (CTCAE)

version 5.1 (Table 2). Adverse events considered to be due to disease

progression are excluded from the definition of DLT.

Secondary endpoints are adverse events assessing using

CTCAE, objective response rate (ORR), disease control rate

(DCR), progression-free survival (PFS), overall survival (OS),

duration of response (DoR), and pharmacokinetics (CAR gene

copy number measurements).

We will also conduct the following exploratory analyses:

determination of the number of CAR-positive cells in peripheral

blood, phenotypic analysis of CAR-T cells, T cell receptor analysis

in CAR-T cells, single-cell RNA sequencing, cytokine testing,

plasma protein assay, functional analysis of CAR-T cells using
Frontiers in Oncology 05
AP8901 residues and residual samples from the AP8901

manufacturing process, and CAR gene expression analysis and

immunostaining using secondary cancer samples.
2.4 Follow-up

The assessment period for adverse events and treatment failure

is defined as the time from the date of peripheral blood

mononuclear cell collection to 1 year after the date of

administration of AP8901 in the last case.
2.5 Sample size

The study is conducted using a 3 + 3 design, commonly used in

phase I trials of anticancer drugs, to ensure subject safety. Three to

six patients will be clustered at each dose level, with an anticipated

planned enrollment of up to 18 patients. The trial targets EPHB4-

expressing solid tumors, including Ewing sarcoma. The Bone and

Soft-Tissue Tumor Registry estimates that there are 500–800

patients with primary bone sarcoma annually in Japan, including

an estimated 10% (50 patients) with Ewing sarcoma. The planned

enrollment period is 2 years, from October 2023 to September 2025,

and the planned follow-up period is up to 1 year from the date of

administration of AP8901 in the last patient.
2.6 Statistical analysis

DLT is calculated as the proportion at each dose level. The

proportion and 95% confidence interval will be estimated for ORR
TABLE 2 Definition of DLT.

Definition of DLT

Hematological
toxicity

• Grade 4 or Grade 3 thrombocytopenia with bleeding
• Grade 4 neutropenia lasting more than 5 days
• Febrile neutropenia of Grade 3 or above
• Red blood cell/platelet transfusion required If transfusion

of red blood cells or platelets is required.

Non-
hematological
toxicity

Grade 3 or higher non-hematologic toxicity except for the
following non-hematologic toxicities;
• Grade 3 CRS that can be controlled by anticytokine

therapy
• Grade 3 gastrointestinal symptoms that can be

controlled by supportive care
• Grade 3 or higher laboratory abnormalities that are

considered clinically unproblematic
• Grade 3 hypertension that can be controlled by

pharmacological therapy
Failure to administer AP8901 as prescribed due to Grade 3 or
higher non-hematologic toxicity for which a causal
relationship to lymphocyte-depleting chemotherapy cannot
be denied

General Any other toxicity (regardless of severity) deemed by the
investigator and the study coordinating committee to be of
any severity that is deemed equivalent to a DLT
DLT, dose-limiting toxicity; CRS, cytokine release syndrome.
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and DCR. The results for subgroups will be compared using Fisher’s

exact tests. PFS, OS, and DoR will be calculated by the Kaplan–

Meier method and comparisons between subgroups will be made

using the log-rank test and Cox proportional hazards model.
3 Discussion

This is a first-in human phase 1 study of EPHB4-CAR-T cell

therapy. The advantage of AP8901 is that it is expected to prevent T

cell exhaustion and maintain its anti-tumor effect. In a preclinical
Frontiers in Oncology 06
trial, EPHB4-CAR-T cells co-cultured with RH30 cells for 3 days

inhibited tumor cell proliferation with no attenuation of cytotoxic

activity (24). EPHB4-CAR-T cells also demonstrated activity in an

animal model, with no serious adverse events (24). Regarding

AP8901, potential cross-reactivity of EPHB4 CAR molecules with

other ephrin family member proteins is a potential concern, given

that the structure of ephrin proteins is highly conserved. We tested

the cross-reactivity of Recombinant Human Ephrin-B2 Fc Chimera

Protein with 5868 human membrane proteins and surface-

anchored secreted proteins (Figure 2). The AP8901 Recombinant

Human Ephrin B2 Fc Chimera Protein was suggested to bind to
FIGURE 2

Cross-reactivity test of Human Ephrin-B2 Fc Chimera Protein with human cell surface proteins. A cross-activity test was conducted with 5868
human membrane and surface-anchored secreted proteins and Recombinant Human Ephrin-B2 Fc Chimera Protein (4 µg/mL). The results
demonstrated that Recombinant Human Ephrin B2 Fc Chimera Protein binds specifically to EPHB4 and to the Eph family proteins EPHB2, EPHA2,
EPHA3, EPHB4, EPHA5, EPHA7, and EPHB6, with very weak reactivity with EPHA5 and EPHA7.
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EPHB4, but also to the Eph family proteins EPHB2, EPHA2,

EPHA3, and EPHB4, and very weak reactivity with EPHA5,

EPHA7, and EPHB6 was also suggested. However, human and

murine EPH family proteins are highly conserved, and the EPHB4

CAR protein can bind with murine EPH family proteins (Figure 2),

thus enabling the assessment of off-tumor toxicity in an

immunodeficient murine xenograft model. Indeed, a previous

preclinical study found no off-tumor toxicities in an

immunodeficient murine xenograft model treated with EPHB4

CAR-T cells (25). The potential on-target/off-target organ

toxicities include the following: central nervous system disorder,

eyes (inflammation of the cornea), cardiovascular injury, skin

disorder, nasopharyngitis, mastitis, musculoskeletal and

connective tissue inflammation, lymphadenitis, endometritis,

nephritis. We plan to monitor these syndromes with clinical and

laboratory findings during the observation period.

Additionally, we will monitor long-term survival as well as

second malignancies as a potential adverse effect of CAR-T cell

therapy (27). The current trial includes a supplemental 5-year long-

term follow-up study and specimen collection and analysis at the

time of second cancer occurrence.

In conclusion, this phase 1 study of AP8901 will provide new

evidence for the application of this novel CAR-T cell therapy in

patients with solid tumors, including Ewing sarcoma.
Author contributions

CF: Conceptualization, Investigation, Methodology, Project

administration, Writing – original draft, Writing – review &

editing. YCN: Conceptualization, Investigation, Methodology,

Project administration, Supervision, Writing – original draft,

Writing – review & editing. HK: Conceptualization, Investigation,

Methodology, Writing – original draft, Writing – review & editing.

YI: Conceptualization, Methodology, Writing – original draft,

Writing – review & editing. NF: Conceptualization, Methodology,

Supervision, Writing – original draft, Writing – review & editing.

MW: Conceptualization, Methodology, Supervision, Writing –

original draft, Writing – review & editing. AS: Conceptualization,

Methodology, Supervision, Writing – original draft, Writing –

review & editing. JY: Conceptualization, Investigation,

Methodology, Supervision, Writing – original draft, Writing –

review & editing. GI: Conceptualization, Methodology,

Supervision, Writing – original draft, Writing – review & editing.

TS: Methodology, Supervision, Writing – original draft, Writing –

review & editing. KT: Methodology, Writing – original draft,

Writing – review & editing. TN: Methodology, Supervision,

Writing – original draft, Writing – review & editing. KM:

Conceptualization, Methodology, Resources, Supervision, Writing –

original draft, Writing – review & editing. YI: Conceptualization,

Methodology, Resources, Supervision, Writing – original draft,
Frontiers in Oncology 07
Writing – review & editing. MT: Conceptualization, Methodology,

Resources, Supervision, Writing – original draft, Writing – review &

editing. YN: Conceptualization, Supervision, Writing – original draft,

Writing – review & editing. SY: Conceptualization, Funding

acquisition, Investigation, Methodology, Project administration,

Resources, Supervision, Writing – original draft, Writing – review &

editing. TD: Conceptualization, Funding acquisition, Project

administration, Supervision, Writing – original draft, Writing –

review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was

supported by the Japan Agency for Medical Research and

Development (AMED) grant provided to S.Y. (23ck0106659h0003,

24ck0106921h0001, 25ck0106921h0002).
Acknowledgments

We thank Susan Furness, PhD, from Edanz (https://

jp.edanz.com/ac) for editing a draft of this manuscript.
Conflict of interest

Authors KM and YI were employed by the company A-SEEDS

Co., Ltd. Authors MT, YN, and SY are shareholders of A-SEEDS

Co., Ltd. SY holds a leadership role, and YN also serves as a board

member of the company.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://jp.edanz.com/ac
https://jp.edanz.com/ac
https://doi.org/10.3389/fonc.2025.1633324
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Funasaka et al. 10.3389/fonc.2025.1633324
References
1. Vital Statistics of Japan Ministry of Health, Labour and Welfare. Cancer Statistics.
Japan (Vital Statistics of Japan, Ministry of Health, Labour and Welfare: Cancer
Information Service, National Cancer Center (2018). Available online at: https://
ganjoho.jp/reg_stat/index.html (Accessed March 3, 2025).

2. Davis LE, Malempati S. Ewing sarcoma in adolescents and young adults: diagnosis and
treatment. Clin Oncol Adolesc Young Adults. (2014) 4:21–31. doi: 10.2147/COAYA.S61451

3. Van Mater D, Wagner L. Management of recurrent Ewing sarcoma: challenges
and approaches. Onco Targets Ther. (2019) 12:2279–88. doi: 10.2147/OTT.S170585

4. Stahl M, Ranft A, Paulussen M, Bölling T, Vieth V, Bielack S, et al. Risk of
recurrence and survival after relapse in patients with Ewing sarcoma. Pediatr Blood
Cancer. (2011) 57:549–53. doi: 10.1002/pbc.23040

5. Helbling PM, Saulnier DM, Brändli AW. The receptor tyrosine kinase EphB4 and
ephrin-B ligands restrict angiogenic growth of embryonic veins in Xenopus laevis.
Development. (2000) 127:269–78. doi: 10.1242/dev.127.2.269

6. Noren NK, Lu M, Freeman AL, Koolpe M, Pasquale EB. Interplay between EphB4
on tumor cells and vascular ephrin-B2 regulates tumor growth. Proc Natl Acad Sci
U.S.A. (2004) 101:5583–8. doi: 10.1073/pnas.0401381101

7. PROTEIN ATLAS. Available online at: https://www.proteinatlas.org/
ENSG00000196411-EPHB4 (Accessed 11 February 2025).

8. Randolph ME, Cleary MM, Bajwa Z, Svalina MN, Young MC, Mansoor A, et al.
EphB4/EphrinB2 therapeutics in rhabdomyosarcoma. PloS One. (2017) 12:e0183161.
doi: 10.1371/journal.pone.0183161

9. Berardi AC,Marsilio S, Rofani C, Salvucci O, Altavista P, Perla FM, et al. Up-regulation
of EphB and ephrin-B expression in rhabdomyosarcoma. Anticancer Res. (2008) 28:763–9.

10. Aslam MI, Abraham J, Mansoor A, Druker BJ, Tyner JW, Keller C. PDGFRb
reverses EphB4 signaling in alveolar rhabdomyosarcoma. Proc Natl Acad Sci U.S.A.
(2014) 111:6383–8. doi: 10.1073/pnas.1403608111

11. Ferguson BD, Liu R, Rolle CE, Tan Y-HC, Krasnoperov V, Kanteti R, et al. The
EphB4 receptor tyrosine kinase promotes lung cancer growth: a potential novel
therapeutic target. PloS One. (2013) 8:e67668. doi: 10.1371/journal.pone.0067668

12. Huang G, Li M. The role of EphB4 and IGF-IR expression in breast cancer cells.
Int J Clin Exp Pathol. (2015) 8:5997–6004.

13. Kumar SR, Singh J, Xia G, Krasnoperov V, Hassanieh L, Ley EJ, et al. Receptor
tyrosine kinase EphB4 is a survival factor in breast cancer. Am J Pathol. (2006) 169:279–
93. doi: 10.2353/ajpath.2006.050889

14. Kumar SR, Scehnet JS, Ley EJ, Singh J, Krasnoperov V, Liu R, et al. Preferential
induction of EphB4 over EphB2 and its implication in colorectal cancer progression.
Cancer Res. (2009) 69:3736–45. doi: 10.1158/0008-5472.CAN-08-3232

15. Hasina R, Mollberg N, Kawada I, Mutreja K, Kanade G, Yala S, et al. Critical role
for the receptor tyrosine kinase EPHB4 in esophageal cancers. Cancer Res. (2013)
73:184–94. doi: 10.1158/0008-5472.CAN-12-0915
Frontiers in Oncology 08
16. Alam SM, Fujimoto J, Jahan I, Sato E, Tamaya T. Overexpression of ephrinB2
and EphB4 in tumor advancement of uterine endometrial cancers. Ann Oncol. (2007)
18:485–90. doi: 10.1093/annonc/mdl414

17. Kumar SR, Masood R, Spannuth WA, Singh J, Scehnet J, Kleiber G, et al. The
receptor tyrosine kinase EphB4 is overexpressed in ovarian cancer, provides survival
signals and predicts poor outcome. Br J Cancer. (2007) 96:1083–91. doi: 10.1093/
annonc/mdl414

18. Xia G, Kumar SR, Masood R, Zhu S, Reddy R, Krasnoperov V, et al. EphB4
expression and biological significance in prostate cancer. Cancer Res. (2005) 65:4623–
32. doi: 10.1158/0008-5472.CAN-04-2667

19. Li X, Choi WW, Yan R, Yu H, Krasnoperov V, Kumar SR, 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:e105326. doi: 10.1371/
journal.pone.0105326

20. Liu R, Ferguson BD, Zhou Y, Naga K, Salgia R, Gill PS, et al. EphB4 as a
therapeutic target in mesothelioma. BMC Cancer. (2013) 13:269. doi: 10.1186/1471-
2407-13-269

21. Park JH, Rivière I, Gonen M, Wang X, Sénéchal B, Curran KJ, et al. Long-term
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