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Abstract

Glypican-2 (GPC2) is a heparan sulfate proteoglycan that plays essential roles in enhancing receptor
signaling by recruiting heparan sulfate-binding ligands. Overexpression of GPC2 is observed in
pediatric cancers, including neuroblastoma and medulloblastoma, where it supports oncogenic
signaling and tumor progression. High-affinity GPC2 binders have been developed as effective
immunotherapies targeting tumors with GPC2 overexpression. In this study, we generated new anti-
GPC2 monoclonal antibodies using a flow cytometry-based high-throughput screening. Among the
clones, G=Mab-7 (IgGi, x) selectively bound GPC2-overexpressing Chinese hamster ovary cells
(CHO/GPC2), with no reactivity toward parental CHO-K1 cells in flow cytometry. Notably, G2Mab-
7 also recognized endogenous GPC2 in the human neuroblastoma cell line IMR-32. Specificity testing
showed that G:Mab-7 reacted with CHO/GPC2 and did not crossreact with other GPCs
overexpressed in CHO-K1. The dissociation constant (Kp) for G:Mab-7 was 2.3 x 10® M for
CHO/GPC2 and 4.2 x 10° M for IMR-32, indicating moderate binding affinity. Additionally, G2Mab-
7 can be used in western blotting and immunohistochemistry. Overall, these findings show that
G2Mab-7 is a versatile tool for basic research and a promising candidate for antibody-based therapies.

Keywords: glypican-2; monoclonal antibody; flow cytometry; western blotting;
immunohistochemistry

1. Introduction

Glypicans constitute a major class of extracellular matrix—associated heparan sulfate (HS)
proteoglycans [1,2]. In mammals, the glypican family comprises six members, glypican-1 (GPC1)
through glypican-6 (GPC6), which exhibit a high degree of amino acid sequence conservation across
species [3]. Despite this evolutionary conservation, individual glypicans exhibit distinct structural
features and exert nonredundant biological functions [4]. Owing to their ability to modulate multiple
signaling pathways, glypicans have garnered considerable attention for their critical roles in
development [4] and disease, particularly in tumor [5].

GPC2 acts as a context-dependent signaling co-receptor through its heparan sulfate (HS) chains.
GPC2 increases Wnt ligand availability and signaling strength, promoting cell proliferation and
survival [6]. GPC2 can influence the distribution and gradient formation of hedgehog ligands,
affecting developmental patterning [7]. Physiologically, GPC2 is mainly expressed during embryonic
and early postnatal development, particularly in the nervous system. GPC2 is involved in neural
progenitor proliferation, neuronal differentiation, axon guidance, and neural circuit formation [8-10].
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Therefore, GPC2 plays a role in early neural development, and its expression is significantly
decreased in most adult tissues [5,11].

High-risk neuroblastoma remains a highly aggressive pediatric cancer, with long-term survival
rates below 50% despite intensive multimodal chemoradiotherapy. This highlights a critical unmet
need for innovative treatment approaches [12]. GPC2 promotes tumor growth in high-risk
neuroblastoma and is transcriptionally controlled by MYCN [13]. GPC2 maintains oncogenic Wnt
signaling and encourages neuroblastoma cell growth and progression [14]. Therefore, GPC2 is an
immunotherapeutic target in high-risk neuroblastoma [13]. GPC2-directed immunotherapeutic
modalities, including chimeric antigen receptor (CAR) T cells, have been developed. Second-
generation GPC2 CAR T cell therapies demonstrate potent antitumor activity and a favorable safety
profile in preclinical models [15-19]. Notably, one of the GPC2 CAR T cell products is currently being
evaluated in a first-in-human phase I clinical trial (NCT05650749). In pediatric neuroblastoma and
other disialoganglioside 2 (GD2)-positive tumors, GD2 CART cells are also being evaluated for safety
and efficacy in several clinical trials [20-22]. These efforts have recently yielded the first compelling
clinical evidence supporting the therapeutic efficacy of CAR T cells in this pediatric embryonal tumor
[21]. Nevertheless, as observed with other highly potent CAR constructs and across solid tumor
indications, therapeutic resistance frequently emerges due to antigen downregulation under CAR-
mediated selective pressure [18,23], limited CAR T cell persistence, and the profoundly
immunosuppressive tumor microenvironment (TME) [24,25].

The single-chain variable fragment (scFv) derived from a monoclonal antibody (mAb) has been
a central focus of CAR design, as it plays a decisive role in determining antigen specificity and
therapeutic efficacy [26]. The scFv binding affinity critically influences the functional potency of CAR
T cells. In general, higher-affinity scFvs enhance CAR signaling and antitumor activity [27]. However,
excessively high antigen-binding affinity can impair CAR T cell serial killing capacity and persistence
[28]. Moreover, high-affinity scFvs may increase on-target, off-tumor toxicity by enabling recognition
of low-level antigen expression in normal tissues [29,30]. In addition to affinity, epitope selection is a
critical determinant of CAR T cell performance [31]. Therefore, the development of various mAbs is
essential for fine-tuning scFv to achieve an optimal balance between efficacy and safety.

Using the Cell-Based Immunization and Screening (CBIS) method, various mAbs against
membrane proteins, such as GPC5 [32], cadherins [33,34], and receptor tyrosine kinases [35,36] have
been developed. The CBIS method involves immunizing antigen-overexpressing cells and
performing high-throughput screening by flow cytometry. This study employed the CBIS method to
develop versatile anti-GPC2 mAbs.

2. Materials and Methods

2.1. Cell Lines

IMR-32 was obtained from the Japanese Collection of Research Bioresources (Osaka, Japan).
Chinese hamster ovary (CHO)-K1, mouse myeloma P3X63Ag8U.1 (P3U1), and human glioblastoma
LN229 were cultured as described previously [34].

2.2. Plasmid Construction and Establishment of Stable Transfectants

The cDNA of human GPC2 (NM_152742) was obtained from RIKEN RBC (Ibaraki, Japan). The
human GPC1-6 overexpressed CHO-K1 were established as described previously [32]. The mouse
GPC2 (NM_172412.2) cDNA was obtained from OriGene Technologies, Inc. (Rockville, MD, USA).
The mouse GPC2 cDNA was cloned into a pCAG-Ble-ssnPA16 vector. The plasmid was transfected
into CHO-K1, and stable transfectants were established as described previously [32].
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2.3. Production of Hybridomas

The female BALB/cAJcl mice (CLEA Japan, Tokyo, Japan) were immunized intraperitoneally
with LN229/GPC2 cells (1 x 108 cells/injection) and 2% Alhydrogel adjuvant (InvivoGen). After three
additional immunizations of LN229/GPC2 per week, a booster injection was administered two days
before harvesting the spleen cells from immunized mice. The hybridomas were generated as
previously described [32].

2.4. Flow Cytometry and Determination of Dissociation Constant Values

The cells were treated with primary mAbs in blocking buffer [0.1% bovine serum albumin (BSA)
in phosphate-buffered saline]. The cells were then stained with anti-mouse IgG conjugated with
Alexa Fluor 488 (Cell Signaling Technology, Inc.). The data were collected using an SA3800 Cell
Analyzer (Sony Corporation, Tokyo, Japan) and analyzed using Flow]Jo software (BD Biosciences,
Franklin Lakes, NJ, USA).

The fitted binding isotherms were used to determine dissociation constant (Kp) values, which
were used to build one-sided binding models in GraphPad Prism 6 (GraphPad Software, Inc., La
Jolla, CA, USA).

2.5. Western Blotting

Western blotting was performed using G:Mab-7 (0.1 pg/mL), CT3 (0.1 ug/mL), or a $-actin mAb
(clone AC-15, Sigma-Aldrich Corp., St. Louis, MO, 1 pg/mL) as described previously [34].

2.6. IHC Using Cell Blocks

All procedures of IHC were performed using VENTANA BenchMark ULTRA PLUS (Roche
Diagnostics, Indianapolis, IN, USA). The formalin-fixed paraffin-embedded (FFPE) cell sections were
stained with G2Mab-7 (1 pug/mL) or CT3 (0.1 pug/mL) using the ultraView Universal DAB Detection
Kit and BenchMark ULTRA PLUS.

3. Results

3.1. Development of anti-GPC2 mAbs

LN229/GPC2 was used as an antigen to develop anti-GPC2 mAbs (Figure 1A). Hybridomas were
generated by fusing LN229/GPC2-immunized splenocytes with P3U1 cells (Figure 1B). After colony
formation, hybridoma supernatants were screened for reactivity that was positive for CHO/GPC2
and negative for CHO-K1 (Figure 1C). Subsequently, anti-GPC2 mAb-producing hybridomas were
cloned by limiting dilution. A total of 16 clones were finally established. After screening for the
availability to flow cytometry, western blotting, and immunohistochemistry, a clone GaMab-7 (IgG,
k) was finally selected (Figure 1D).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 February 2026 d0i:10.20944/preprints202602.0197.v1

4 of 13

A. Immunization of GPC2-overexpressed cells

|, D —
_
i.p

GPC2-overexpressed inje.cl.ion
LN229 cells (5times)
BALB/cAdJcl Spleen
B. Production of hybridomas @
Myelomas Fusion Splenocytes

(P3U1) (B cells)

4+

") +

-0 -@®
4

Culture in HAT-supplemented medium (96 well plates)

C. Screening of supernatants by flow cytomet

> High throughput screening using flow cytometry

/-

CHO-K1 ' CHO/GPC2
D. Singl Il cloning of hybridom

}
@ @

Establishment of anti-GPC2 mAb-producing clones

Figure 1. Procedure of anti-GPC2 mAbs production. (A) LN229/GPC2 was intraperitoneally injected into
BALB/cAJcl mice. (B) The splenocytes were fused with P3U1 after five immunizations per week. (C) Selection of
the CHO/GPC2-positive and CHO-K1-negative supernatants of hybridomas. (D) Anti-GPC2-specific mAb-

producing hybridoma clones were established by limiting dilution.

3.2. Specificity of G:Mab-7 Against GPC Family Members

We previously established GPC1, GPC3, GPC4, GPC5, and PA16-GPCé6-overexpressed CHO-K1
cells (named as CHO/GPC1, CHO/GPC3, CHO/GPC4, CHO/GPC5, and CHO/GPC6) [32]. We next
investigated the specificity of G2Mab-7 to the cell lines used. As shown in Figure 2A, G:Mab-7
recognized CHO/GPC2 and did not react with other GPC-overexpressed CHO-K1. All GPC
expression was detected using the specific mAbs (Figure 2B). These results confirmed the specificity
of GaMab-7 to GPC2 among GPC family members.
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Figure 2. Specificity of Gz2Mab-7 in GPCs-overexpressed CHO-K1. (A) The GPCs (GPC1, GPC2, GPC3, GPC4,
GPC5, and PA16-GPC6)-overexpressed CHO-K1 cells were treated with 1 ug/mL of GaMab-7 (red) or control
blocking buffer (black), followed by treatment with anti-mouse IgG conjugated with Alexa Fluor 488. (B) The
expression of each GPC was confirmed by using 1 pg/mL of an anti-GPC1 mAb (1019718), 1 pg/mL of an anti-
GPC2 mAD (CT3), 1 ug/mL of an anti-GPC3 mAb (SP86), 1 ug/mL of an anti-GPC4 mAb (A21050B), 1 pug/mL of
an anti-GPC5 mAD (297716), and 1 pg/mL of an anti-PA16 mAb, NZ-1.

3.3. Flow Cytometry Using G2Mab-7 and CT3

We performed flow cytometry using the GaMab-7 and a commercially available anti-GPC2 mAb
(clone CT3) against CHO-K1 and CHO/GPC2. The G:Mab-7 and CT3 recognized CHO/GPC2 dose-
dependently from 1 to 0.001 ug/mL (Figure 3A), but did not recognize CHO-K1 even at 1 pg/mL
(Figure 3B). We next examined the cross-reactivity of GzMab-7 to mouse GPC2. As shown in Figure
3C, GaMab-7 showed cross-reactivity to mouse GPC2. CT3 did not recognize mouse GPC2 as
described previously [11]. We further investigated the reactivity of G:Mab-7 and CT3 against an
endogenous GPC2-expressing cell line, IMR-32. Gz2Mab-7 and CT3 showed similar dose-dependent
reactivity to IMR-32 (Figure 4). These results indicate that G:2Mab-7 recognizes human and mouse
GPC2 in flow cytometry.
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Figure 3. Flow cytometry analysis of GzMab-7 and CT3 against GPC2-overexpressed CHO-K1. (A and B)
CHO/GPC2 (A) and CHO-K1 (B) were treated with GeMab-7 or CT3 at the indicated concentrations (red) or
blocking buffer (black). (C) CHO-K1, CHO/GPC2, and CHO/mouse GPC2 were treated with GaMab-7 (10 pg/mL,
blue) or blocking buffer (black). The cells were incubated with anti-mouse IgG conjugated with Alexa Fluor 488.
The fluorescence data were collected using the SA3800 Cell Analyzer.
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Figure 4. Flow cytometry analysis of G2Mab-7 and CT3 against endogenous GPC2-positive neuroblastoma
IMR-32. IMR-32 was treated with G2Mab-7 or CT3 at the indicated concentrations (red) or blocking buffer
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(black). The cells were incubated with anti-mouse IgG conjugated with Alexa Fluor 488. The fluorescence data
were collected using the SA3800 Cell Analyzer.

3.4. Determination of Ko Values of G:Mab-7 and C13 by Flow Cytometry

The Ko values of G:Mab-7 were next determined using a flow cytometry-based assay. The Kb
values of GaMab-7 and CT3 for CHO/GPC2 were 2.3 x 108 M and 1.3 x 108 M, respectively (Figure
5). The Ko value of G:Mab-7 for IMR-32 was also determined as 4.2 x 10 M (Supplementary Figure
1). These results indicated that both G2Mab-7 and CT3 have similar moderate affinity to GPC2-
positive cells.
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Figure 5. Measurement of the binding affinity of G:Mab-7 and CT3. CHO/GPC2 was treated with serially
diluted GaMab-7 or CT3, followed by anti-mouse IgG conjugated with Alexa Fluor 488. The fluorescence data
were analyzed using the SA3800 Cell Analyzer. The Kb values were determined using GraphPad PRISM 6.

3.5. Western Blotting Using G2Mab-7 and CT3

We next examined whether G:Mab-7 is suitable for western blotting of whole-cell lysates from
CHO-K1, CHO/GPC2, and IMR-32. Gz:Mab-7 and CT3 detected a major 63 kDa and lower bands in
CHO/GPC2, but not in CHO-K1 (Figure 6A, B upper panels). CT3 was detected with high sensitivity
under the same exposure conditions. In a long exposure, G2Mab-7 could detect an endogenous 63
kDa band in IMR-32 (Figure 6A, B, lower panels). Smear bands were also detected at more than 63
kDa in CHO/GPC2 and IMR-32. -actin detected by AC-15 was used as an internal control (Figure
6C). These results indicate that G2Mab-7 can detect overexpressed and endogenous GPC2 in western
blotting.
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Figure 6. Western blotting using G:Mab-7. The cell lysates of CHO-K1, CHO/GPC2, and IMR-32 were
electrophoresed and transferred onto polyvinylidene difluoride membranes. The membranes were incubated
with 1 pug/mL of Ga:Mab-7 (A), 1 ug/mL of CT3 (B), or 1 pug/mL of AC-15 (an anti-p-actin, C), followed by

treatment with anti-mouse IgG conjugated with horseradish peroxidase.

3.6. IHC Using G2Mab-7 and CT3 in FFPE Cell Sections

We examined whether GzMab-7 is suitable for the IHC of CHO-K1 and CHO/GPC2 sections.
G:2Mab-7 showed membranous and cytoplasmic staining in CHO/GPC2 but not in CHO-K1 at 1
pg/mL (Figure 7A). CT3 could detect the membranous and cytoplasmic staining in CHO/GPC2 but
not in CHO-K1 at 0.1 ug/mL (Figure 7B), although 0.1 ug/mL of GzMab-7 could not detect GPC2,
indicating that the sensitivity of CT3 is much better in IHC than G2Mab-7.
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Figure 7. Immunohistochemistry using G2Mab-7 and CT3 in formalin-fixed paraffin-embedded cell blocks.
CHO/GPC2 and CHO-K1 sections were treated with 1 pg/mL of GaMab-7 (A) or 0.1 ug/mL of CT3 (B). All
procedures of immunohistochemistry were performed using VENTANA BenchMark ULTRA PLUS. Scale bar =
100 pm.

4. Discussion

This study demonstrated the property of a novel anti-GPC2 mAb, clone GzMab-7, established
by the CBIS method. In flow cytometry, GaMab-7 exhibited specificity to GPC2 among GPC family
members (Figure 2) and similar reactivity/affinity to GPC2-positive cells compared to CT3 (Figure 3-
5). Furthermore, Gz2Mab-7 can detect GPC2 in western blotting (Figure 6) and GPC2-positive cells in
IHC (Figure 7). Although we obtained 16 clones of anti-GPC2 mAbs, G:Mab-7 is a highly versatile
mAb, but others are only suitable for flow cytometry (http://www.med-tohoku-
antibody.com/topics/001_paper_antibody_PDIS.htm). Some of G2Mabs, including GzMab-7, exhibit
cross-reactivity to mouse GPC2 (Figure 3C), which is useful to assess the on-target, off-tumor toxicity
in mouse models. We will determine their binding epitope and affinity, which will be useful for
developing novel CARs. Since we have determined the epitope of various transmembrane (TM)
proteins including single TM [37], 2TM [38], 4TM [39], and 7TM [40] receptors, these strategies will
be applied to the determination of G:Mabs’ epitopes.

An anti-GPC2 mAb (CT3) used in this study was previously developed by immunization of the
membrane-proximal C-terminal region (exon 10) of GPC2 [11]. Surprisingly, CT3 was shown to bind
not only to the C-terminal region (immunogen) but also to the exon 3 fragment of GPC2 [11]. Negative
stain electron microscopy analysis revealed that CT3 formed a rigid and stable complex with GPC2
through interaction with exon 3 and exon 10 epitopes, which show close localization based on the 3D
structure [11]. The GPC2 exon 10-encoded region possesses two serine residues modified with HS.
CT3 was generated by the immunization of the C-terminal 50 amino acids of the GPC2 peptide [11].
Since the HS-binding ligands such as FGF, Wnt, and vascular endothelial growth factor ligands are
present in TME [41], the HS-modifications and ligand binding may influence the CT3 binding in vivo.
Therefore, the preparation of anti-GPC2 mAbs targeting different epitopes is considered important
for therapeutic applications.

CT3 has been developed for CAR T cells and has suppressed neuroblastoma growth in
preclinical mouse orthotopic and metastasis models [11,42]. Furthermore, the CT3 CAR T also
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demonstrated significant tumor regression in a patient-derived medulloblastoma xenograft, the most
common pediatric malignant brain tumor [43]. A study arm for pediatric GPC2-positive
medulloblastoma is planned in an upcoming clinical trial using the CT3 CAR T cells [44].
Additionally, CT3 is also applicable to IHC for GPC2-positive neuroblastoma, retinoblastoma, and
medulloblastoma [11]. Further study is essential to determine whether GzMab-7 can stain tumor
tissues with the automated slide-staining system used in this study, thereby ensuring standardized,
reproducible staining conditions.
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