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Abstract
Breast cancer patients with high levels of human epidermal growth factor recep-
tor 2 (HER2) expression have worse clinical outcomes. Anti-HER2 monoclonal an-
tibody (mAb) is the most important therapeutic modality for HER2-positive breast 
cancer. We previously immunized mice with the ectodomain of HER2 to create the 
anti-HER2 mAb, H2Mab-77 (mouse IgG1, kappa). This was then altered to produce 
H2Mab-77-mG2a-f, an afucosylated mouse IgG2a. In the present work, we examined 
the reactivity of H2Mab-77-mG2a-f and antitumor effects against breast cancers 
in vitro and in vivo. BT-474, an endogenously HER2-expressing breast cancer cell 
line, was identified by H2Mab-77-mG2a-f with a strong binding affinity (a dissocia-
tion constant [KD]: 5.0 × 10−9 M). H2Mab-77-mG2a-f could stain HER2 of breast cancer 
tissues in immunohistochemistry and detect HER2 protein in Western blot analysis. 
Furthermore, H2Mab-77-mG2a-f demonstrated strong antibody-dependent cellular 
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) for BT-474 cells. 
MDA-MB-468, a HER2-negative breast cancer cell line, was unaffected by H2Mab-77-
mG2a-f. Additionally, in the BT-474-bearing tumor xenograft model, H2Mab-77-mG2a-f 
substantially suppressed tumor development when compared with the control mouse 
IgG2a mAb. In contrast, the HER2-negative MDA-MB-468-bearing tumor xenograft 
model showed no response to H2Mab-77-mG2a-f. These findings point to the pos-
sibility of H2Mab-77-mG2a-f as a treatment regimen by showing that it has antitumor 
effects on HER2-positive breast tumors.
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1  |  INTRODUC TION

The receptor tyrosine kinase human epidermal growth factor re-
ceptor 2 (HER2, also known as ERBB2) is a type I transmembrane 
glycoprotein that controls cell development and survival. HER2 can 
form homodimers and heterodimers with related family members 
including EGFR, HER3, and HER4. The complexes initiate intracel-
lular signaling pathways like mitogen-activated protein kinase and 
phosphoinositide 3-kinase (PI3K)/Akt. The extracellular domain of 
HER2 is composed of four regions, domain I–IV. Unlike other family 
receptors, HER2 extracellular domain basically has an active struc-
ture; dimer formation with other molecules is possible even without 
a ligand.1,2 This structural characteristic is assumed to be the root of 
HER2's lack of ligand basis.3 It should be mentioned that HER2 and 
HER3 interactions create extremely potent mitogenic signals and 
have been implicated in cancer progression.4–6

Twenty percent of breast cancer patients have an overexpression 
of HER2, which is linked to a poor prognosis.7–10 Breast tumor inci-
dence and development are correlated with HER2 gene amplification 
and protein overexpression.11 Cell cycle progression, survival, angio-
genesis, migration, invasion, and tumorigenesis are all accelerated by 
aberrant activation of HER2.12–15 In order to forecast the effectiveness 
of anti-HER2 therapy, immunohistochemistry and/or in situ hybridiza-
tion are often used to evaluate the HER2 status of breast cancer.16 The 
development of HER2-targeted medicines has advanced significantly, 
and HER2 has grown in popularity as a cancer therapeutic target.17

Trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan 
(T-DXd) are antibody–drug conjugates (ADCs) in which the payload 
is attached to trastuzumab, a humanized anti-HER2 monoclonal anti-
body (mAb).18–20 Trastuzumab has been used to treat HER2-positive 
metastatic breast cancer. T-DM1 was authorized for HER2-positive 
advanced breast cancer by the US Food and Drug Administration 
(FDA) and the European Medicines Agency in 2013, while T-DXd 
was approved in the United States in 2019 for HER2-positive met-
astatic or unresectable breast cancer.21–23 Trastuzumab binds to 
HER2 domain IV, causing antibody-dependent cellular cytotoxicity 
(ADCC) and antibody-dependent cell phagocytosis.24–26 The extra-
cellular domain of HER2 has been seen in breast cancer patients' 
serum, but trastuzumab binding prevents this HER2 cleavage.27,28 
After connecting to the receptors, the ADCs are internalized by en-
docytosis, where they eventually release their payloads and cause 
cell damage. As a result, trastuzumab-based ADCs are potent weap-
ons that combine the dual antitumor action of trastuzumab with a 
cytotoxic payload. T-DM1 has been shown to preserve trastuzumab 
effects such as blocking HER2 ectodomain cleavage, inhibiting 
PI3K/Akt signaling, and engaging immune cells through Fc-gamma 
(Fcγ) receptors, resulting in ADCC.29 T-DXd is an ADC of the future 
that combines deruxtecan and trastuzumab. Due to the bystander 
impact of its potent payload on surrounding cells, T-DXd has been 
found to be effective not only on HER2-high tumor cells but also on 
HER2-low tumor cells.22,30 T-DXd is being tested in clinical studies to 
see whether it can be used to treat HER2-positive gastric and non-
small cell lung cancer.31,32

Pertuzumab, a therapeutic antibody authorized in 2012 for 
HER2-positive breast cancer, binds to the domain II of HER2, pre-
venting receptor dimerization with partner receptors and related 
signal transduction.33–35 Pertuzumab, although having ADCC effi-
cacy equal to trastuzumab, does not decrease HER2 shedding.27,35,36 
A potential mechanism for resistance to anti-HER2 therapy includes 
alteration of the HER2 ectodomain, which results in a reduction of 
anti-HER2 antibody binding affinity.37 Anti-HER2 treatments using 
distinct anti-HER2 mAb variants, such as binding epitopes, or in con-
junction with chemotherapy might pave the way for the continued 
development of HER2-targeted cancer therapies.

We previously created an anti-HER2 mAb (clone H2Mab-77; 
mouse IgG1, kappa) by immunizing mice with the ectodomain of 
HER2.38 H2Mab-77 could apply to flow cytometry, Western blot-
ting, and immunohistochemical analyses. To test its ADCC, com-
plement-dependent cytotoxicity (CDC), and antitumor efficacy in 
xenograft models, we also altered H2Mab-77 into a core-fucose-de-
leted and subclass-converted anti-HER2 mAb (H2Mab-77-mG2a-f). 
The activation of natural killer (NK) cells, which is enhanced by 
the antibody's Fc region binding to FcγRIIIa on NK cells, results in 
the destruction of target cells, including tumor cells, and facilitates 
ADCC.39 A core-fucose deletion in the Fc N-glycan has been shown 
to improve the binding of Fc to FcγRIIIa on effector NK cells.40,41 
This technique is also applied to clinically approved afucosylated 
mAb targeting CCR4, mogamulizumab (Poteligeo).42 In this work, we 
assessed the antitumor efficacy of H2Mab-77-mG2a-f against breast 
cancers.

2  |  MATERIAL S AND METHODS

2.1  |  Cell lines

Human breast cancer cell lines (BT-474 and MDA-MB-468), a human 
glioblastoma cell line (LN229), and CHO-K1 were obtained from 
the American Type Culture Collection. The HER2-overexpressed 
CHO-K1 (CHO/HER2) and LN229 (LN229/HER2) cell lines were de-
scribed previously.38,43,44 CHO-K1 and CHO/HER2 cell lines were 
cultured in Roswell Park Memorial Institute (RPMI)-1640 medium 
(Nacalai Tesque, Inc.). LN229, LN229/HER2, BT-474, MDA-MB-468, 
HEK293T, and HER2-knockout HEK293T (BINDS-23) cell lines were 
cultured in Dulbecco's modified Eagle's medium (DMEM; Nacalai 
Tesque, Inc.). Both media were supplemented with with 10% heat-
inactivated fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), 
100 μg/mL streptomycin, 100 units/mL penicillin, and 0.25 μg/mL 
amphotericin B (Nacalai Tesque, Inc.). The cells were maintained in a 
humidified incubator at 37°C with 5% CO2 and 95% air atmosphere.

2.2  |  Animals

The Institutional Committee for Experiments of the Institute of 
Microbial Chemistry (Numazu, Japan) authorized animal studies for 
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H2Mab-77-mG2a-f's antitumor efficacy (approval numbers 2022-
056, 2023-001, and 2023-018). Humane objectives for euthanasia 
were established as a loss of original body weight to a point >25% 
and/or a maximal tumor size >3000 mm3.

2.3  |  Antibodies

We cloned the VH cDNA of H2Mab-77 and the CH of mouse IgG2a into 
the pCAG-Ble vector (FUJIFILM Wako Pure Chemical Corporation) 
in order to change the subclass of H2Mab-77 from mouse IgG1 to 
mouse IgG2a (H2Mab-77-mG2a). Additionally, the pCAG-Neo vector 
(FUJIFILM Wako Pure Chemical Corporation) was used to clone the 
VL cDNA of H2Mab-77 and the CL cDNA of the mouse kappa light 
chain. The vector for H2Mab-77-mG2a was transfected into BINDS-
09, FUT8-knockout ExpiCHO-S cells. Using Ab-Capcher (ProteNova 
Co., Ltd.), H2Mab-77-mG2a-f, an afucosylated variant of the original 
antibody, was isolated. For the investigation of ADCC, CDC, and 
in vivo antitumor effectiveness, 281-mG2a-f (an afucosylated anti-
hamster podoplanin [PDPN] mAb) was employed as an afucosylated 
reference mouse IgG2a.45–47 Since 281-mG2a-f does not recognize 
human PDPN, it does not react with human breast cancer cells (BT-
474 and MDA-MB-468).

2.4  |  Flow cytometry

Cells were harvested using 0.25% trypsin and 1 mM ethylenediami-
netetraacetic acid (EDTA; Nacalai Tesque, Inc.). Subsequently, they 
were washed with 0.1% bovine serum albumin (Nacalai Tesque, Inc.) 
in phosphate-buffered saline (PBS), followed by treatment with 
H2Mab-77-mG2a-f (1 or 10 μg/mL) for 30 min at 4°C. Then, cells were 
incubated with Alexa Fluor 488-conjugated anti-mouse IgG (1:2000 
dilution; Cell Signaling Technology, Inc.), and fluorescence was 
measured using an SA3800 Cell Analyzer (Sony Corp.).

2.5  |  Determination of the binding affinity by 
enzyme-linked immunosorbent assay (ELISA) and 
flow cytometry

The serially diluted H2Mab-77 and H2Mab-77-mG2a-f (0.0006–
10 μg/mL) were added to HER2 ectodomain (HER2ec)-immobilized 
wells, followed by peroxidase-conjugated anti-mouse immunoglobu-
lins (1:3000 diluted; Agilent Technologies Inc.). Enzymatic reactions 
were conducted using 1 Step Ultra TMB (Thermo Fisher Scientific 
Inc.) followed by the measurement of optical density at 655 nm, 
using an iMark microplate reader (Bio-Rad Laboratories, Inc.).

After being suspended in 100 μL of serially diluted H2Mab-77-
mG2a-f (0.0006–10 μg/mL), the cells were incubated with 1:200 
of Alexa Fluor 488-conjugated anti-mouse IgG. The SA3800 Cell 
Analyzer (Sony Corp.) flow cytometer was then used to gather flu-
orescence data.

The binding isotherms were fitted into the built-in, one-site bind-
ing model in GraphPad PRISM 6 (GraphPad Software, Inc.) to calcu-
late the binding affinity.

2.6  |  Western blotting

Western blotting was performed using H2Mab-77-mG2a-f (1 μg/mL) 
and an anti-isocitrate dehydrogenase 1 (IDH1) mAb, RcMab-1 (1 μg/
mL), as described previously.38

2.7  |  Immunohistochemical analysis

After being autoclaved in EnVision FLEX Target Retrieval Solution 
High pH (Agilent Technologies, Inc.) for 20 min, paraffin-embed-
ded tissue sections from the breast cancer tissue array (Cat. No. 
T8235721-5, BioChain) were treated with 3% hydrogen peroxide for 
15 min at room temperature. After blocking using SuperBlock T20 
(Thermo Fisher Scientific, Inc.), the sections were incubated with 
H2Mab-77-mG2a-f (10 μg/mL) for 60 min and then with the EnVision+ 
Kit for mouse (Agilent Technologies, Inc.) for 30 min. The chromog-
enic reaction was performed as described previously.38

2.8  |  Antibody-dependent cellular cytotoxicity 
reporter bioassay

The ADCC reporter bioassay was performed using an ADCC 
Reporter Bioassay kit from Promega, following the manufacturer's 
instructions. Target cells (12,500 cells per well) were inoculated 
into a 96-well white solid plate. H2Mab-77-mG2a-f, H2Mab-77, and 
281-mG2a-f were serially diluted and added to the target cells. Jurkat 
cells stably expressing the human FcγRIIIa receptor, and a nuclear 
factor of activated T cells (NFAT) response element driving firefly 
luciferase, were used as effector cells. The engineered Jurkat cells 
(75,000 cells in 25 μL) were then added and cocultured with anti-
body-treated target cells at 37°C for 6 h. Luminescence using the 
Bio-Glo Luciferase Assay System (Promega) was measured with a 
GloMax luminometer (Promega).

2.9  |  Antibody-dependent cellular cytotoxicity of 
H2Mab-77-mG2a-f

The ADCC activity of H2Mab-77-mG2a-f was measured as described 
previously.48 Effector cells were obtained from the spleen of female 
BALB/c nude mice (Charles River Laboratories). In brief, the spleens 
were processed through a sterile cell strainer (352360, BD Falcon) 
to produce single-cell suspensions. A 10-s exposure to ice-cold, dis-
tilled water destroyed erythrocytes. Effector cells were washed with 
DMEM and resuspended in DMEM with 10% FBS. Calcein AM (10 μg/
mL) was used to mark the target cells (BT-474 and MDA-MB-468). In 
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96-well plates, target cells (2 × 104 cells) were seeded before effector 
cells (effector to target ratio, 50:1) and 100 μg/mL of either H2Mab-
77-mG2a-f or 281-mG2a-f was added. A microplate reader (Power Scan 
HT; BioTek Instruments, Inc.) with an excitation wavelength of 485 nm 
and an emission wavelength of 538 nm was used to analyze the calcein 
release into the medium after a 4.5-h incubation at 37°C.

This is how cytolyticity (% lysis) was determined: % lysis is cal-
culated as (E − S) / (M − S) × 100, where E denotes the fluorescence in 
effector and target cell cultures, S denotes the spontaneous fluores-
cence of only target cells, and M denotes the maximum fluorescence 
after treatment with a lysis buffer (10 mM Tris–HCl (pH 7.4), 10 mM 
EDTA, and 0.5% Triton X-100).

2.10  |  Complement-dependent cytotoxicity of 
H2Mab-77-mG2a-f

The following procedure was used to assess how well H2Mab-77-
mG2a-f induced CDC. With 10 μg/mL Calcein AM, the target cells 
(BT-474 and MDA-MB-468) were marked. Target cells (2 × 104 cells) 
were put in 96-well plates with 100 μg/mL of either H2Mab-77-
mG2a-f or 281-mG2a-f and rabbit complement (final dilution 1:10; 
Low-Tox-M Rabbit Complement; Cedarlane Laboratories). The 
amount of calcein released into the medium was measured during 
4.5-h incubation at 37°C.

2.11  |  Antitumor activities of H2Mab-77-mG2a-f in 
xenografts of breast cancer

BT-474 and MDA-MB-468 were mixed with DMEM and BD 
Biosciences' Matrigel Matrix Growth Factor Reduced. Subcutaneous 
injections were then given to the left flanks of BALB/c nude mice. On 
the seventh post-inoculation day, 100 μg of H2Mab-77-mG2a-f (n = 8) 
or 281-mG2a-f (n = 8) in 100 μL PBS was administered intraperito-
neally. Additional antibody injections were given on days 14 and 21. 
The tumor diameter was assessed on days 7, 10, 14, 16, 21, 24, and 
28 after breast cancer cell implantation. Tumor volumes were cal-
culated in the same manner as previously stated. The weight of the 
mice was also assessed on days 7, 10, 14, 16, 21, 24, and 28 following 
breast cancer cell inoculation. When the observations were finished 
on day 28, the mice were sacrificed, and tumor weights were as-
sessed following tumor excision.

2.12  |  Statistical analyses

All data are represented as mean ± standard error of the mean (SEM). 
Welch's t-test was conducted for ADCC activity, CDC activity, and 
tumor weight. ANOVA with Sidak's post hoc test was conducted 
for tumor volume and mouse weight. GraphPad Prism 8 (GraphPad 
Software, Inc.) was used for all calculations. p < 0.05 was considered 
to indicate a statistically significant difference.

3  |  RESULTS

3.1  |  Development of a core-fucose-deficient 
anti-HER2 mAb, H2Mab-77-mG2a-f

We previously created an anti-HER2 mAb, H2Mab-77 (mouse IgG1, 
kappa), by immunizing mice with the HER2 ectodomain. Flow cy-
tometry, Western blotting, and immunohistochemical tests revealed 
that H2Mab-77 has a high binding affinity.38

In this study, we changed the subclass of antibody to improve 
its antitumor efficacy. We altered the subclass of H2Mab-77 from 
mouse IgG1 to mouse IgG2a by joining the VH chain of H2Mab-77 
with the CH chain of mouse IgG2a because mouse IgG1 has no ADCC 
and CDC activity. In addition, utilizing BINDS-09 cells (ExpiCHO-S 
cells lacking FUT8 fucosyltransferase), an afucosylated mouse IgG2a 
form of H2Mab-77 (H2Mab-77-mG2a-f) was generated (Figure 1).

3.2  |  Analysis of H2Mab-77-mG2a-f reactivity 
against breast cancer cells by flow cytometry

In a previous study, the original H2Mab-77 (mouse IgG1, kappa) 
was found to be suitable for flow cytometry, Western blotting, 
and immunohistochemistry.38 In this study, an afucosylated form 
of the anti-HER2 mAb, H2Mab-77-mG2a-f, was generated. Similar 

F I G U R E  1  Generation of H2Mab-77-mG2a-f (mouse IgG2a) and 
H2Mab-77-mG2a-f (core-fucose-deleted mouse IgG2a) from the 
original anti-HER2 mAb, H2Mab-77 (mouse IgG1).
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F I G U R E  2  Flow cytometric analysis 
using H2Mab-77-mG2a-f. (A–D) CHO/
HER2 (A), CHO-K1 (B), HEK293T (C), and 
HER2-knockout HEK293T (BINDS-23) 
(D) cells were treated with H2Mab-77-
mG2a-f or H2Mab-77 (red) or buffer 
control (black), followed by Alexa Fluor 
488-conjugated anti-mouse IgG. (E, F) 
BT-474 (E) and MDA-MB-468 (F) cells 
were treated with H2Mab-77-mG2a-f 
followed by Alexa Fluor 488-conjugated 
anti-mouse IgG. Fluorescence data were 
analyzed using the SA3800 Cell Analyzer.

F I G U R E  3  Determination of the 
binding affinity of H2Mab-77-mG2a-f by 
ELISA and flow cytometry. (A) HER2ec 
was immobilized on immunoplates 
and then incubated with the serially 
diluted H2Mab-77 and H2Mab-77-
mG2a-f (0.0006–10 μg/mL), followed 
by peroxidase-conjugated anti-mouse 
immunoglobulins. Enzymatic reactions 
were conducted, and the dissociation 
constant (KD) was calculated using 
the optical density at 655 nm. (B) The 
binding affinity of H2Mab-77-mG2a-f was 
determined by flow cytometry in LN229/
HER2 and BT-474 cells. Serially diluted 
H2Mab-77-mG2a-f was added to the cells, 
followed by Alexa Fluor 488-conjugated 
anti-mouse IgG. Fluorescence data were 
collected using the SA3800 Cell Analyzer, 
and the KD was calculated.
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to the original H2Mab-77, H2Mab-77-mG2a-f successfully detected 
HER2 in HER2-overexpressed Chinese hamster ovary (CHO)-K1 
(CHO/HER2) cells (Figure 2A), but not in CHO-K1 cells (Figure 2B). 
Furthermore, both H2Mab-77 and H2Mab-77-mG2a-f reacted with 
HEK293T cells (Figure 2C), but not with HER2-knockout HEK293T 
(BINDS-23) cells (Figure 2D).

Next, we conducted flow cytometric analysis using H2Mab-77-
mG2a-f on two breast cancer cell lines, BT-474 and MDA-MB-468. 
BT-474 represents the luminal B type of breast cancer with positive 
expression of progesterone receptor (PR+), estrogen receptor (ER+), 
and HER2. In contrast, MDA-MB-468 is a triple-negative breast 
cancer lacking expression of PR, ER, and HER2.49 H2Mab-77-mG2a-f 
demonstrated recognition of endogenously expressed HER2 in BT-
474 at 1 or 10 μg/mL, while it showed no response to MDA-MB-468 
at either concentration (Figure 2E,F).

3.3  |  Determination of the binding 
affinity of H2Mab-77-mG2a-f to HER2 by ELISA and 
flow cytometry

We next evaluated the binding affinity of H2Mab-77 and H2Mab-
77-mG2a-f to purified HER2ec by ELISA. As shown in Figure 3A , 
H2Mab-77 and H2Mab-77-mG2a-f showed comparable disso-
ciation constant (KD) to HER2ec as 3.4 × 10−10 and 4.9 × 10−10 M, 
respectively. We next investigated the binding affinity of H2Mab-
77-mG2a-f using flow cytometry. The KD of H2Mab-77-mG2a-f to 
LN229/HER2 and BT-474 cells were determined to be 3.4 × 10−9 
and 5.0 × 10−9 M, respectively (Figure 3B). These findings indicate 
that H2Mab-77-mG2a-f can effectively recognize HER2 with a high 
binding affinity.

3.4  |  Western blot and immunohistochemical 
analyses using H2Mab-77-mG2a-f

Similar to the original H2Mab-77, H2Mab-77-mG2a-f detected the 
HER2 band with an estimated 180-kDa band in lysates generated 
from LN229, LN229/HER2, and BT-474 cells; no band was seen in 
MDA-MB-468 cells, which are HER2 negative (Figure 4A). For the 
internal control, an anti-IDH1 mAb (clone RcMab-1) was employed 
(Figure 4B). These findings revealed that H2Mab-77-mG2a-f may be 
employed in Western blotting to assess HER2 expression in cultured 
cells, including breast cancer cells.

The H2Mab-77-mG2a-f antibody was then utilized to target 
clinical specimens of a human breast cancer tissue array via im-
munohistochemistry analysis. Similar to the original H2Mab-77, 
H2Mab-77-mG2a-f identified HER2 on the plasma membrane of 
breast cancer tissue (Figure 4C,D). Table S1 summarizes the im-
munohistochemical study of breast cancer. H2Mab-77-mG2a-f 
effectively stained HER2 in 14 of 63 cases (22%) of breast can-
cer, showing its use in the immunohistochemical investigation of 

formalin-fixed paraffin-embedded tumor sections for identifying 
HER2.

3.5  |  Effector cell activation by H2Mab-77-mG2a-f 
against HER2-positive cells

The ADCC reporter bioassay is a bioluminescent reporter gene 
assay to quantify the biological activity of the antibody via 
FcγRIIIa-mediated pathway activation in an ADCC mechanism of 
action. To compare the ADCC pathway activation by H2Mab-77-
mG2a-f and H2Mab-77, we treated CHO/HER2 and BT-474 cells 
with serially diluted mAbs, and then incubated them with effec-
tor Jurkat cells, which express the human FcγRIIIa receptor and 
an NFAT response element driving firefly luciferase reporter. 
Furthermore, we also used afucosylated anti-hamster PDPN mAb 

F I G U R E  4  Detection of HER2 by Western blotting using 
H2Mab-77-mG2a-f. Cell lysates were electrophoresed and 
transferred onto PVDF membranes. After blocking, the PVDF 
membranes were incubated with H2Mab-77-mG2a-f (1 μg/mL) 
(A) or an anti-IDH1 monoclonal antibody (clone RcMab-1, 1 μg/
mL) (B), followed by incubation with peroxidase-conjugated 
anti-mouse immunoglobulins or peroxidase-conjugated anti-rat 
immunoglobulins. (C, D) Detection of HER2 in breast cancer 
specimens using immunohistochemical analysis with H2Mab-77-
mG2a-f. Tissue sections of human breast cancer were incubated 
with H2Mab-77-mG2a-f at a concentration of 10 μg/mL and then 
treated with the EnVision+ kit. Scale bar: 100 μm.
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(mouse IgG2a; 281-mG2a-f) as a control. As shown in Figure 5A , 
H2Mab-77-mG2a-f dose-dependently activated the effector in the 
presence of CHO/HER2 cells (EC50; 35.7 ng/mL; Figure 5A) and 
BT-474 cells (EC50; 44.4 ng/mL; Figure 5B). We confirmed that 
original H2Mab-77 (Figure 5C,D) and 281-mG2a-f (Figure 5E,F) 
could not activate the effector cells. These results indicated that 
H2Mab-77-mG2a-f exhibits superior ADCC activation activity com-
pared with H2Mab-77.

3.6  |  Antibody-dependent cellular cytotoxicity and 
CDC by H2Mab-77-mG2a-f against breast cancer

We next tested H2Mab-77-mG2a-f for ADCC against BT-474 cells 
(HER2-expressing breast cancer cell line) and MDA-MB-468 cells 
(HER2-negative breast cancer cell line). As shown in Figure 6A, 
H2Mab-77-mG2a-f demonstrated more ADCC (38.9% cytotoxic-
ity) against BT-474 cells than 281-mG2a-f, the control afucosylated 
mouse IgG2a (5.5% cytotoxicity; p < 0.001). In contrast, the ADCC 
activity of H2Mab-77-mG2a-f against MDA-MB-468 cells was 9.3% 
cytotoxicity, which was comparable to that of 281-mG2a-f (10.2% 
cytotoxicity).

Then, we looked to see whether H2Mab-77-mG2a-f had CDC 
against BT-474 and MDA-MB-468 cells. As indicated in Figure 6B, 
H2Mab-77-mG2a-f induced more cytotoxicity (60.5% cytotoxicity) 
in BT-474 cells than control afucosylated mouse IgG2a (26.1% cy-
totoxicity; p < 0.01). In contrast, the CDC activity of H2Mab-77-
mG2a-f was 11.4% cytotoxicity against MDA-MB-468 cells, which 
was comparable to that of 281-mG2a-f (9.3% cytotoxicity). These 
encouraging findings show that H2Mab-77-mG2a-f greatly im-
proves both ADCC and CDC activities against HER2-expressing 
breast cancer cells.

3.7  |  Antitumor activities of H2Mab-77-mG2a-f 
in the mouse xenografts of breast tumor cells

Tumor formation was observed on day 7 in 16 mice inoculated 
with either BT-474 or MDA-MB-468 cells. The mice bearing 
breast cancer were divided into two groups: one group received 
treatment with H2Mab-77-mG2a-f, and the other group served as 
the control and received 281-mG2a-f. Intraperitoneal injections 
of H2Mab-77-mG2a-f (100 μg) and 281-mG2a-f (100 μg) were ad-
ministered to the respective groups on days 7, 14, and 21 after 

F I G U R E  5  Antibody-dependent 
cellular cytotoxicity (ADCC) reporter 
assay by H2Mab-77-mG2a-f, H2Mab-77, 
and 281-mG2a-f in the presence of CHO/
HER2 and BT-474 cells. (A, B) Target cells 
(CHO/HER2 [A] and BT-474 [B]) were 
treated with serially diluted H2Mab-77-
mG2a-f. (C, D) Target cells (CHO/HER2 
[C] and BT-474 [D]) were treated with 
serially diluted H2Mab-77. (E, F) Target 
cells (CHO/HER2 [E] and BT-474 [F]) were 
treated with serially diluted 281-mG2a-f 
(mouse afucosylated IgG2a control). 
Then, Jurkat cells stably expressing the 
human FcγRIIIa receptor and an NFAT 
response element driving firefly luciferase 
reporter were added and cocultured. 
Luminescence was measured using the 
Bio-Glo Luciferase Assay System.
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cell inoculation. Tumor diameters were measured on days 7, 10, 
14, 16, 21, 24, and 28 following cell inoculation. In the BT-474-
bearing mice, the group treated with H2Mab-77-mG2a-f exhib-
ited significantly less tumor growth on days 24 (p < 0.01) and 28 
(p < 0.001) compared with the group treated with 281-mG2a-f 
(Figure 7A). The reduction in tumor volume achieved by H2Mab-
77-mG2a-f treatment was 36.6% on day 28. Conversely, there was 
no difference in tumor growth between the H2Mab-77-mG2a-f 
and 281-mG2a-f treatment groups in the MDA-MB-468-bearing 
mice (Figure 7B). Additionally, the tumor weight of the BT-474-
bearing mice treated with H2Mab-77-mG2a-f was significantly 
lower than that of the mice treated with 281-mG2a-f (45.1% re-
duction; p < 0.01, Figure 7C). However, no difference in tumor 
weight on day 28 was observed between the H2Mab-77-mG2a-f 
and 281-mG2a-f treatment groups in the MDA-MB-468-bearing 
mice (Figure 7D). Figure 7E,F show the resected tumors from 
the H2Mab-77-mG2a-f- and 281-mG2a-f-treated groups, respec-
tively, on day 28 after inoculation of BT-474 and MDA-MB-468 
cells. There were no significant differences in total body weights 
between the H2Mab-77-mG2a-f- and 281-mG2a-f-treated groups 

in both the BT-474- and MDA-MB-468-bearing xenografts 
(Figure 7G,H). The appearance of mice treated with H2Mab-77-
mG2a-f and 281-mG2a-f on day 28 after cell inoculation is shown 
in Figure S1. In summary, these results demonstrate the antitu-
mor effects of H2Mab-77-mG2a-f administration against HER2-
positive breast cancer xenografts.

4  |  DISCUSSION

Humanized anti-HER2 mAbs like trastuzumab and pertuzumab 
have helped patients with HER2-positive breast cancer live 
longer.19,21,50,51 Aside from monotherapy with these mAbs, com-
bined treatment with trastuzumab and pertuzumab has been shown 
to enhance outcomes.52 The membrane-bound p95 generated by 
the extracellular cleavage of HER2 by metalloproteinase has kinase 
activity in HER2-overexpressing cells.27 The inhibition of this cleav-
age by trastuzumab may be one of the factors suppressing prolifera-
tive signals. Furthermore, the antitumor effects of trastuzumab is 
probably mediated by indirect mechanisms such as ADCC activity.39 
In the future, we will look into the impacts of H2Mab-77-mG2a-f on 
dimer formation and HER2 shedding to better understand the mech-
anism of the antitumor action by H2Mab-77-mG2a-f.

The development of significant acquired resistance is a chal-
lenge for the therapeutic use of trastuzumab.53,54 Concerns have 
been raised that even strong ADCs, such as T-DM1, may develop 
resistance owing to diminished antigen binding, poor internalization, 
lysosomal degradation errors, and accelerated cellular drug clear-
ance by drug-efflux pumps.55 MUC4, a membrane-associated mucin 
known to mask membrane proteins, has been shown to inhibit tras-
tuzumab binding to HER2.56 Furthermore, MUC4 acts as an intram-
embranous ligand and activator of HER2, resulting in the inhibition 
of apoptosis in cancer cells.57

Antibodies have distinct activities depending on their bind-
ing epitopes, similar to trastuzumab and pertuzumab. The FDA-
approved margetuximab and trastuzumab have comparable 
epitopes and binding affinity; however, margetuximab has a 
greater binding capacity to the ADCC activator FcγRIIIa and a 
lower affinity for the immune activation inhibitor CD32B.58–60 
Patients with breast cancer who have low-binding FcγRIIIa al-
leles may also benefit from a combination of margetuximab and 
anti-HER2 treatments.61 When used in conjunction with tras-
tuzumab, the HER2-targeted humanized mAb 1E11 inhibits the 
growth of HER2-expressing gastric tumors by binding to the HER2 
domain IV, which does not overlap with trastuzumab.62 Therefore, 
one of the primary strategies for combating drug resistance is the 
development of antibodies with a variety of features, including the 
binding epitope. H2Mab-19,63 H2Mab-41,64 H2Mab-77,38 H2Mab-
119,65 H2Mab-139,66 H2Mab-181,67 H2Mab-214,68 and H2Mab-
25069 are anti-HER2 mAbs that we have previously established, 
and some of them were proved to have antitumor effects.48,63 In 
our early findings, these mAbs have different epitopes, including 
HER2 domains I, III, and IV. Trastuzumab and anti-HER2 antibodies 

F I G U R E  6  Investigation of the antibody-dependent cellular 
cytotoxicity (ADCC) and complement-dependent cytotoxicity 
(CDC) activities elicited by H2Mab-77-mG2a-f. (A) ADCC elicited by 
H2Mab-77-mG2a-f and 281-mG2a-f (control antibodies) targeting 
BT-474 and MDA-MB-468 cells. (B) CDC elicited by H2Mab-77-
mG2a-f and 281-mG2a-f (control antibodies) targeting BT-474 and 
MDA-MB-468 cells. Values are presented as the mean ± SEM. 
Statistical significance is indicated by asterisks (***p < 0.001, 
**p < 0.01, n.s., not significant, unpaired t-test).
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that target several epitopes actually have a stronger antitumor im-
pact than standalone therapies.70

H2Mab-77-mG2a-f effectively stained HER2 in 14 of 63 cases 
(22%) of breast cancer (Table S1), showing its use in the immuno-
histochemical investigation of formalin-fixed paraffin-embedded 
tumor sections for identifying HER2. However, the information of 
HER2-positive in the tissue microarray did not necessarily match the 
result of H2Mab-77-mG2a-f staining. Therefore, we speculated that 
the tissue microarray used in the study may not include the HER2-
positive region because HER2-overexpressing tumors are defined by 
strong and complete immunohistochemistry membranous staining 
of more than 10% of cells.

Syngeneic mouse models are useful to evaluate the intact 
antitumor immune system. A transgenic mouse model using the 
mouse mammary tumor virus promoter-controlled HER2 expres-
sion was developed to evaluate mu4D5 (the murine version of 
trastuzumab).71 The high level of HER2 expression was achieved 
in mammary gland epithelium of young virgin founder mice, which 
resulted in the development of mammary adenocarcinomas in fe-
male mice with metastasis.71 mu4D5 significantly reduced the inci-
dence and growth of mammary adenocarcinomas.71 Furthermore, 
the tumors could be propagated as allografts in wild-type mice by 
implanting a small piece of tumor into the mammary fat pad. Using 
the allograft model, they also evaluated T-DM1.72 The modified 

F I G U R E  7  Evaluation of the antitumor 
activity of H2Mab-77-mG2a-f in breast 
cancer xenograft models. (A, B) BT-474 
(5 × 106 cells) (A) and MDA-MB-468 
(5 × 106 cells) (B) were subcutaneously 
transplanted into the left flanks of mice. 
On day 7 after transplantation, 100 μg 
of H2Mab-77-mG2a-f and 281-mG2a-f 
(control) were intraperitoneally injected 
into mice. Additional antibody treatments 
were conducted on days 14 and 21. Tumor 
diameters were measured on days 7, 10, 
14, 16, 21, 24, and 28 after the inoculation 
of tumor cells. Values are presented as 
the mean ± SEM. Statistical significance 
is indicated by asterisks (***p < 0.001, 
**p < 0.01, n.s., not significant, ANOVA, 
and Sidak's multiple comparisons test). 
(C, D) Tumors of BT-474 (C) and MDA-
MB-468 (D) xenografts were resected 
from H2Mab-77-mG2a-f and 281-mG2a-f 
(control) groups. On day 28, tumor 
weight was measured from the excised 
xenografts. Values are presented as the 
mean ± SEM. Statistical significance is 
denoted by asterisks (**p < 0.01, n.s., 
not significant, unpaired t-test). (E, F) 
Resected tumors of BT-474 (E) and MDA-
MB-468 (F) xenografts from H2Mab-77-
mG2a-f and 281-mG2a-f (control) groups 
on day 28. Scale bar: 1 cm. (G, H) Body 
weights of mice inoculated with BT-474 
(G) and MDA-MB-468 (H) xenografts 
in H2Mab-77-mG2a-f and 281-mG2a-f 
(control) groups were recorded on days 
7, 10, 14, 16, 21, 24, and 28. Values are 
mean ± SEM. No statistical significance 
is indicated by n.s. (ANOVA and Sidak's 
multiple comparisons test).
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H2Mab-77-mG2a-f demonstrated ADCC and CDC activities de-
pending on HER2 expression as well as superior antitumor effects 
in xenograft models of HER2-positive breast cancer (Figures 6 and 
7). The abovementioned murine model system is useful to com-
pare the efficacy of H2Mab-77-mG2a-f with other HER2-targeted 
medicines.

Bispecific antibodies targeting HER2 × CD3 (ertumaxomab), 
HER2 × CD16, and HER2 × HER3 (zenocutuzumab: MCLA-128 and 
MM-111) are being developed in addition to naive antibodies.73–78 
Recently, progress has been made in the creation of bispecific an-
tibodies that target both the immune checkpoint molecules PD-1/
PD-L1 and HER2, with antitumor effects proven in preclinical an-
imals.79,80 In trastuzumab-resistant cancer models, bispecific an-
tibodies targeting immune checkpoint molecules and HER2 may 
be more successful than individual mAb treatments. The use of 
H2Mabs to create bispecific antibodies is another option for increas-
ing anti-HER2 treatment. Furthermore, attention has been drawn 
to chimeric antigen receptor-T (CAR-T) cell treatment, which pos-
sesses both antibody specificity and T cell cytotoxicity.81–83 While 
the FDA authorized the first CD19 CAR-T treatment for B-cell lym-
phoma in 2017, no CAR-T therapeutic targeting HER2 has yet to 
be produced.84 In preclinical settings, we previously showed that 
anti-PDPN CAR-T cells, in which we incorporated the created an-
ti-PDPN mAb into T cells, had strong antitumor efficacy and may re-
lease proinflammatory cytokines.85,86 The application of H2Mab-77 
to HER2-targeting CAR-T is expected for future treatment regimen 
for HER2-positive breast cancer.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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