
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 4

/1
2/

20
26

 1
1:

50
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The effect of Fc
aGraduate School of Systems Life Sciences, K

Fukuoka 819-0395, Japan. E-mail: mori.ta

yoshiki.958@m.kyushu-u.ac.jp
bDepartment of Biomolecular Engineering,

University, Furo-cho, Chikusa-ku, Nagoya 46
cDepartment of Applied Chemistry, Faculty

Motooka, Nishi-ku, Fukuoka 819-0395, Japa
dCenter for Future Chemistry, Kyushu Univ

819-0395, Japan
eInternational Research Center for Molec

Motooka, Nishi-ku, Fukuoka 819-0395, Japa
fInstitute of Nano-Life-Systems, Institutes o

University, Furo-cho, Chikusa-ku, Nagoya 46

† Electronic supplementary informa
https://doi.org/10.1039/d4ra03391d

‡ These authors equally contributed to th

Cite this: RSC Adv., 2024, 14, 22860

Received 8th May 2024
Accepted 6th July 2024

DOI: 10.1039/d4ra03391d

rsc.li/rsc-advances

22860 | RSC Adv., 2024, 14, 22860–
region affinity of protein-based
antibody-recruiting molecules on antibody-
dependent cellular cytotoxicity†

Hiroshi Tagawa,‡a Riku Saeki,‡a Chihaya Yamamoto,‡a Kenta Tanito,a Chihiro Tanaka,b

Shoki Munekawa,a Teruki Nii,ac Akihiro Kishimura,acde Hiroshi Murakami, bf

Takeshi Mori *acd and Yoshiki Katayama *acd

Previously, we reported anticancer molecules, Fc-binding antibody-recruiting molecules (Fc-ARMs), which

crosslink proteins on cancer cells with endogenous immunoglobulin Gs (IgGs) via their Fc region. The

mobilized IgGs on cancer cells can accommodate natural killer cells to induce antibody-dependent

cellular cytotoxicity (ADCC). Because previous Fc-ARMs utilized Fc-binding peptides, their affinity to IgGs

is weak, which resulted in the limited induction capability of ADCC. Previous Fc-ARMs also unitized small

molecular ligands to cancer cells, which limited their universal applicability to any cancer cells. A recent

study reported that protein-based Fc-ARMs might overcome the issues associated with non-proteinous

Fc-ARMs. Here, we examined the universality of a protein-based Fc-ARM by replacing its tumor-binding

domain with a human epidermal growth factor receptor 2 (HER2)-specific affibody (ZHER2:342). We also

examined the requirement of its Fc-binding domain affinity. We found that the Fc-ARMs accepted an

affibody as a tumor-binding domain to induce ADCC. Furthermore, the required residence time of the

complex between Fc-ARM and IgG was ∼102 min, which was comparable to that when monoclonal

antibodies bind to their specific antigens. However, we found that the extent of ADCC induced by Fc-

ARM was lower than that of conventional IgG-mediated ADCC, indicating that further enhancement of

the affinity of the antibody-binding terminus and tumor-binding terminus of Fc-ARM may be needed to

achieve ADCC equivalent to that of conventional IgG-mediated ADCC.
1. Introduction

Monoclonal antibody (mAb) drugs are immunoglobulin Gs
(IgGs) that specically bind to antigens on cancer cells. The Fc
regions of the bound IgGs are recognized by natural killer (NK)
cells via FcgRIIIa (CD16a), leading to the killing of cancer cells,
termed antibody-dependent cellular cytotoxicity (ADCC).1,2
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Because mAb drugs need to be expressed from mammalian cell
lines and require quality control related to the carbohydrate
chains on mAb that govern ADCC capability, mAb drugs are
expensive to produce.3 Spiegel et al. proposed the use of
antibody-recruiting molecules (ARMs) to overcome the difficulty
of using mAb.4–7 ARMs are non-proteinous bispecic molecules
that mobilize endogenous IgGs on cancer cells via cancer anti-
gens to induce ADCC.8 ARMs can bind to endogenous IgGs in
the blood, which results in their extended blood circulation
time allowing them to reach target cancer cells efficiently.8

ARMs contain a tumor-binding terminus (TBT) and antibody-
binding terminus (ABT) (Fig. 1A). Few endogenous IgGs recog-
nize ABT, and therefore, a limited fraction of endogenous IgGs
is utilized for ADCC.9–12 Recently, we developed a novel ARM,
termed Fc-ARM, whose ABT targets the Fc region of IgGs.13,14

Because the sequence of the Fc region is constant in each IgG
subtype, Fc-ARM can utilize a large fraction of IgGs (Fig. 1B and
S3†).15

The disadvantage of ARM and Fc-ARM is the instability of
ternary complexes of antigen/Fc-ARM/IgG formed on the cancer
cell surface (le side of Fig. 1B) because of the usage of small
molecules in the TBT and ABT.14 The instability of the ternary
complex might explain the weak induction ability of ADCC.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Structure of Fc-ARM containing a target-binding terminus (TBT) and antibody-binding terminus (ABT). (B) Schematic illustration
showing the activation of an NK cell by Fc-ARM via the crosslinking of FcgRIIIa and antigen. A complex model of HER2/Fc-ARM/IgG/FcgRIIIa is
shown in Fig. S3.† (C) 3D structure predictions of two types of Fc-ARMs. ZHER2:342 and Z domain were used as the TBT (red) and ABT (orange),
respectively.

Table 1 Affinity of Fc-ARMs to antigens and IgG

A-Z A-ZZ Peptide Fc-ARMb

Kd (nM) s (min) Kd (nM) s (min) Kd (nM) s (min)

Antigena 0.81 40 1.4 25 0.19 -
hIgG1-Fc 7.8 6.4 0.28 98 6.1 1.0

a The antigens of A-Z (and A-ZZ) and peptide Fc-ARM were HER2 and
folate receptor a, respectively. b Values of Kd and s are cited from ref. 13.
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Stable binding of a mAb to a cancer cell over a long period is
required to induce cell signaling via FcgRIIIa, an immunor-
eceptor tyrosine-based activation motif receptor (right side of
Fig. 1B).16 Thus, the overall stability of the ternary complex
should satisfy the threshold to induce cell signaling via
FcgRIIIa. In this sense, protein-based Fc-ARM should satisfy the
threshold because of the more stable binding of proteins to
targets than that of small molecules. Recently, Hong et al. re-
ported the use of two tandemly connected Z domains as the ABT
and an epidermal growth factor receptor (EGFR)-targeting
nanobody as the TBT.17 The Z domain was a molecule that
originated from Protein A of Staphylococcus aureus, with high
affinity for the Fc region.18–20 Nanobody is an antibody-
mimicking small protein that uses the Fv region of a camel
antibody as a scaffold. A high affinity nanobody to a target
antigen can be obtained from a library of mutants. Fc-ARMs
designed by Hong et al.17 were small and could be expressed
by Escherichia coli (E. coli). These Fc-ARMs successfully induced
© 2024 The Author(s). Published by the Royal Society of Chemistry
ADCC in vitro and suppressed tumor growth in vivo. Protein-
based Fc-ARMs are expected to be universally designed for
each target antigen because a TBT with a high affinity can be
obtained by screening a library of antibody-mimicking small
proteins.

This study was performed to extend our knowledge of
protein-based Fc-ARMs by examining their universality by
changing the TBT to an affibody, another platform of antibody-
mimicking small proteins using protein Z as a scaffold. In this
study, we used ZHER2:342, which has a high affinity to human
epidermal growth factor receptor 2 (HER2).21 We also investi-
gated the importance of having two Z domains in Fc-ARMs to
induce ADCC. We designed two Fc-ARMs, A-Z and A-ZZ, which
have single and double Z domains, respectively (Fig. 1C). We
found that the affibody was accepted as a TBT of Fc-ARM to
induce ADCC and double Z domains in Fc-ARM are required for
the induction of ADCC.
2. Material and methods
2.1 Preparation of Fc-ARMs

Genes encoding the fusion proteins of each protein-based Fc-
ARM were designed (Fig. S1†) and 15 bp of homologous
sequence for in-fusion were inserted at the N- and C-termini of
the genes, which were purchased from Integrated DNA Tech-
nologies. The purchased genes were inserted into a pET22b (+)
vector. The purchased genes and vector were amplied by PCR
using Takara PCR Thermal Cycler Dice (Takara). First, 0.5 mL of
RSC Adv., 2024, 14, 22860–22866 | 22861
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Fig. 2 Recruitment of fluorescence-labeled IgG (IgG-Fluor) via A-Z or A-ZZ to SK-BR-3 and MDA-MB-231 cells, which are HER2 positive and
negative, respectively. Cells were seeded and incubated overnight. Fluorescence-labeled IgG (1.0 mM) and each Fc-ARM (100 nM) were added.
Nuclei were stained with Hoechst 33 342 (blue). Scale bar = 20 mm.
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DpnI (New England Biolabs) was added to the PCR product of
the vector and incubated at 37 °C for 1 h. Then, 5 mL of 6× DNA
loading buffer dye (Thermo Scientic) was added to the vector
and insert sequences. Each reaction solution was loaded onto
a 1% agarose gel containing ethidium bromide (EtBr) prepared
using Agarose Kanto S. Agarose electrophoresis was performed
at 100 V for 30 min. The band at the target position was cut out
using a gel band cutter (Nippon Genetics), and gene extraction
was performed according to the Qiagen protocol. Then, the
Fig. 3 The effect of the concentration of Fc-ARMs and fluorescence-labe
cells were treated with increasing concentrations of Fc-ARM with an exc
cells were treated with increasing concentrations of IgG with Fc-ARM at a
intensity and the x-axis indicates the concentration of each sample. Two

22862 | RSC Adv., 2024, 14, 22860–22866
extracted DNA fragments were synthesized using In-Fusion®
Snap Assembly Master Mix (Clontech) according to the manu-
facturer's manual. Next, 5 mL of the prepared plasmid solution
was mixed with 50 mL of E. coli JM 109 competent cell (Takara)
and transformed by heat shock. The transformants were then
cultured overnight on LB agar medium (Kanto Chemical) con-
taining ampicillin sodium (100 mg mL−1). The resulting colo-
nies were selected and incubated (37 °C, 120 rpm, 14 h) in LB
medium containing sodium ampicillin (100 mg mL−1). The
led IgG on ternary complex formation on SK-BR-3. (A) and (B) SK-BR-3
ess amount of fluorescence-labeled IgG (1.0 mM). (C) and (D) SK-BR-3
concentration of 10 nM. The y-axis indicates the median fluorescence
experimental repeats were performed.

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra03391d


Fig. 4 ADCC induced by the combination of Fc-ARM and non-target
IgG. SK-BR-3 cells were treated with Fc-ARM (A) A-Z and (B) A-ZZ, and
IgG. Fc-ARM (10 nM) was added to the cells and incubated for 30 min.
After unboundmolecules were washed away, IgG (100 nM) was added.
The y-axis indicates the cellular cytotoxicity ratio and the x-axis indi-
cates the ratio of the number of NK cells to cancer cells.
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culture medium was centrifuged at 11 000 rpm for 1 min, and
the bacteria were collected and used for plasmid extraction
using plasmid buffer (Qiagen) according to the manufacturer's
protocol. Sequence analysis of the obtained plasmid DNA was
performed by Eurons Genomics (Tokyo, Japan), and the
plasmid was conrmed to have the sequence of interest. Each
Fc-ARM was prepared using an E. coli expression system.
Prepared plasmids were added to BL21(DE3) competent E. coli
(New England Biolabs), and transformation was performed by
heat shock (42 °C, 30 s). The E. coli were then cultured on LB
agar medium containing sodium ampicillin (100 mg mL−1) at
37 °C overnight. One of the resulting colonies was selected and
incubated (37 °C, 120 rpm, 6 h) in 5 mL of LB medium con-
taining sodium ampicillin (100 mg mL−1). The whole solution
was added to 1 L of LBmedium containing 100 mg mL−1 sodium
ampicillin and incubated (37 °C, 120 rpm) until the OD value
reached 0.6. Isopropyl b-D-thiogalactopyranoside was then
added at a nal concentration of 0.5 mM and the cultures were
incubated (17 °C, 120 rpm, overnight). Bacteria expressing the
protein of interest were then collected by centrifugation (4 °C,
2000×g, 20 min), suspended in 25 mL of PBS, and ultra-
sonicated. Centrifugation (4 °C, 8000×g, 20 min) was then
performed and the supernatant containing the protein of
interest was collected, ltered through a 0.22 mm lter, and
puried by a chromatography system for proteins (BioLogic Duo
Flow 10F QD system; Bio-Rad) using a His-Tag column (His-
Trap FF crude, 5 mL; Cytiva). The purication was performed
according to the protocol in the user manual of the column.
Aer chromatography, fractions with absorbance at 280 nm
were collected, and the molecular weight of the proteins was
© 2024 The Author(s). Published by the Royal Society of Chemistry
conrmed by SDS-PAGE. The fractions containing the protein of
interest were then concentrated by ultraltration, the solvent
replaced with 1 × PBS using PD-10 desalting columns packed
with Sephadex G-25 resin (Cytiva), and the concentration
determined by a UV-vis spectrophotometer (Denovix Inc., USA).
2.2 Cell culture

SK-BR-3 human breast cancer cells and MDA-MB-231 human
breast cancer cells were purchased from the American Type
Culture Collection (ATCC). KHYG-1/CD16a-158V cells were
kindly provided by Dr Y. Mishima (Japanese Foundation for
Cancer Research). SK-BR-3 cells were cultured in Roswell Park
Memorial Institute (RPMI)-1640 (Nacalai Tesque). MDA-MB-231
cells were cultured in Dulbecco's Modied Eagle Medium
(DMEM)-high (Nacalai Tesque). KHYG-1/CD16a-158V cells were
cultured in RPMI-1640 containing 10 ng mL−1 recombinant
human IL-2 (PeproTech). All the media were supplemented with
10% heat-inactivated fetal bovine serum (Nichirei Bioscience),
and 1% Antibiotic-Antimycotic Mixed Stock Solution (Nacalai
Tesque). Cells were cultured in a humidied atmosphere con-
taining 5% CO2 and 95% air at 37 °C. The cell lines were
checked for mycoplasma contamination using the MycoAlert
mycoplasma detection kit (Lonza).
2.3 Antibodies

The following antibodies were used: anti-CD20 (Ofatumumab,
Novartis), anti-HER2 (Trastuzumab, Chugai), and uorescein-
labeled IgG1 from human serum (Sigma-Aldrich).
2.4 Biolayer interferometry

Affinity measurements were performed against biotinylated
human IgG1 Fc protein (IG1-H8213, ACROBiosystems), bio-
tinylated human HER2/ErbB2 protein (HE2-H82 × 102, ACRO-
Biosystems), and biotinylated human EGFR protein (EGR-H82
× 103, ACROBiosystems) immobilized on Octet® SA Biosensor
(18-5019, Sartorius), using an Octet RED96 System (ForteBio),
following the manufacturer's instructions. The buffer of each
sample for biolayer interferometry was changed to buffer D
(50 mM HEPES-KOH pH 7.5, 300 mM NaCl, 0.05% (v/v) Tween
20, and 0.1% (w/v) PEG6000) using Bio-Gel P-6 Gel (1 504 134,
Bio-Rad) before the affinity measurement. The binding assay
was performed at 30 °C in buffer D. The binding assay steps
were as follows: equilibration for 60 s, association for 600 s, and
dissociation for 600 s. Analysis was performed using 1 : 1 global
tting in ForteBio Data Analysis soware v. 10.0.
2.5 Fluorescent microscopy

SK-BR-3 or MDA-MB-231 cells were seeded at 5 × 104 cells per
well in folate-free RPMI-1640 medium onto a 96-well glass
bottom microplate (Greiner Bio-One) and incubated for 24 h.
The cells were washed twice with 100 mL of PBS (−), and then
incubated with Fc-ARM (100 nM) and uorescein-labeled hIgG
(IgG-Fluor) (1000 nM) in RPMI-1640 medium containing 1%
Super Low IgG FBS for 30 min at 4 °C. Aer washing, cells were
RSC Adv., 2024, 14, 22860–22866 | 22863
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stained with Hoechst 33 342 (Life Technologies) and analyzed
by a BZ-8000 uorescent microscope (Keyence, Osaka, Japan).
2.6 ADCC assay

SK-BR-3 cells were washed with measurement medium (RPMI-
1640 medium containing 1% Super Low IgG FBS (Cytiva)).
Aer cell counting, SK-BR-3 cells were re-suspended in RPMI-
1640 medium containing 1% Super Low IgG FBS and diluted
to 1× 105 cells per mL. This suspension was seeded into 96-well
U-bottom plates (Greiner Bio-One) at 5 × 103 cells per well (50
mL per well). Then, 25 mL per well of Fc-ARM was added and
incubated for 10 min. Next, 25 mL per well of measurement
medium containing anti-HER2 antibody or anti-CD20 antibody
was added, and incubated for 10 min. Subsequently, KHYG-1/
CD16a-158V was added (100 mL per well at the indicated
effector/target ratio), and the plates were centrifuged (200×g, 5
min). Aer incubation at 37 °C under 5% CO2 for 16 h, the
plates were centrifuged and 100 mL of the supernatant was
transferred to a new 96-well plate (Thermo Fisher Scientic).
ADCC was evaluated using Cytotoxicity LDH Assay Kit-WST
(Dojindo) according to the manufacturer's instructions. The
absorbance at 490 nm was measured by Innite® 200 PRO M
Plex (TECAN). The nal concentration of each sample and
control is shown below.
2.7 Sample

Fc-ARMs (A-Z, A-ZZ): 10 nM, anti-CD20mAb: 100 nM, anti-HER2
mAb: 10 nM.

Cytotoxicity (%) was calculated using the following formula:

% cytotoxicity ¼ A1 � AE � A0

A100 � A0

� 100

A1:A490 with target cancer cells, effector NK cells, and sample.
AE:A490 with measurement medium containing 100 U mL−1 of
IL-2 and effector NK cells. A0:A490 with measurement medium
containing 5 × 103 target cancer cells. A100:A490 with measure-
ment medium containing 1% Triton X-100 and 5 × 103 target
cancer cells.
3. Results and discussion

We designed two Fc-ARMs with single and double Z domains (Z
or ZZ) as the ABT and HER2-targeting affibody21 as the TBT
(Fig. S1† for the sequences). Aer expression by E. coli, each Fc-
ARM was puried using a His-tag. The molecular weights of the
Fc-ARMs were conrmed by SDS-PAGE (Fig. S2†). We used
biolayer interferometry (BLI) to measure the affinities of Fc-
ARMs against the HER2 and Fc region of human IgG1
(hIgG1). We functionalized BLI sensor surface with each target
and Fc-ARMs were allowed to ow over the surface. The results
of the dissociation constant (Kd) and resident time (s) of
binding of the TBT and ABT of Fc-ARMs are summarized in
Table 1. The activation of NK cells is controlled by the residence
time of antibody binding to antigens. Usually, the residence
time of mAbs to antigens is in the range of 101–102 min.22,23

Although the Kd of Z (A-Z) was equivalent to that of the Fc-
22864 | RSC Adv., 2024, 14, 22860–22866
binding cyclic peptide (peptide Fc-ARM in Table 1),12 the resi-
dence time of Z was longer than that of the cyclic peptide,
indicating the slow dissociation rate of Z to IgG. The dissocia-
tion rate of protein–protein interactions is usually slower than
that of protein–peptide interactions.13,24 Notably, the residence
time of ZZ was longer by approximately two orders of magnitude
than that of the cyclic peptide, which is comparable to the
residence time of the binding of mAb to its target. Thus, the
resident time of ZZ was sufficient to induce ADCC. Further-
more, the affinity of TBT (affibody) to HER2 was comparable to
a previously reported value,21 and the residence time of TBT (101

min) was sufficient to induce ADCC.
Next, we veried whether the ternary complex of the target

antigen, Fc-ARM, and IgG could be formed on the cell surface.
As shown in Fig. 2, uorescence-labeled IgG was bound to SK-
BR-3 cells (HER2-positive) in the presence of each Fc-ARM. In
contrast, each Fc-ARM did not recruit IgG to MDA-MB-231 cells
(HER2-negative). These results showed that the ternary complex
formation is driven by the bispecic affinities of Fc-ARMs to the
target antigen and IgG.

We conducted a quantitative evaluation of the ternary
complex formation on SK-BR-3 cells. As shown in Fig. 3A and B,
10 nM of A-Z and A-ZZ achieved the maximum uorescent
intensity in the presence of 1 mM uorescence-labeled IgG.
When the Fc-ARM concentration was xed at 10 nM, the
recruited amount of IgG was saturated at 100 nM (Fig. 3C and
D). Based on these results, ADCC was induced by 10 nM of Fc-
ARMs and 100 nM of IgG.

ADCC activity was evaluated using Fc-ARM and an approved
mAb drug (ofatumumab, anti-CD20 human IgG1). Ofatumu-
mab exhibits ADCC-inducing ability25 and does not bind to SK-
BR-3 because it is a CD20-negative cell line. An anti-HER2 mAb
(Herceptin), used as a positive control, was previously shown to
induce ADCC in SK-BR-3 cells.26 SK-BR-3 cells were co-cultured
with human NK cells (KHYG-1/CD16a-158V) to induce ADCC.27

Importantly, the binding sites of the Z domain and Fcg receptor
against the Fc region of the antibody do not overlap.28,29 A
complex model of HER2/Fc-ARM/IgG/FcgRIIIa showed that this
complex can be formed on the interface between cancer and NK
cells without steric hindrance (Fig. S3†).

As shown in Fig. 4, anti-HER2 induced ADCC, and its extent
increased with NK cell/cancer cell ratio (E/T ratio). However,
anti-CD20 did not induce ADCC because of the absence of CD20
on SK-BR-3 cells. In contrast, in the mixture of Fc-ARM and anti-
CD20, ADCC was observed for A-ZZ and not for A-Z. This result
reected the difference in the affinity of both Fc-ARMs to the
antibody.

ADCC induced by the combination of A-ZZ and anti-CD20
was weaker than that induced by Herceptin. One of the
reasons for this might be that the overall stability of the ternary
complex was lower than that of the binary complex of
Herceptin/HER2 (residence time of Herceptin/HER2 was 250
min).30 Of note, the Fc region is a dimer, but each Z domain of
ZZ cannot bind simultaneously to the Fc region because of the
short spacer length between each Z domain (Fig. S4†). Thus,
elongating the spacer length of ZZ to allow simultaneous
© 2024 The Author(s). Published by the Royal Society of Chemistry
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binding may extend its residence time to induce more effective
ADCC.

Although the protein-based Fc-ARMs examined here induced
inferior ADCC than the conventional IgG-mediated ADCC, the
Fc-ARMs have advantages over mAb drugs including their ease
of preparation (expression by E. coli and no saccharide chain)
and smaller weight dose. Fc-ARMs were reported to have
extended blood retention probably via an FcRn-mediated
mechanism.13,17 Protein-based biologics generally suffer from
the induction of anti-drug antibodies that neutralize their
effects. We have not yet examined the induction of anti-drug
antibodies for Fc-ARMs but it was previously reported that the
antigenicity of antibody-mimicking small proteins such as
nanobodies and affibodies was low.31,32

4. Conclusion

Here, we designed protein-based Fc-ARMs composed of a HER2-
targeting affibody and Fc-binding Z or ZZ domain. We observed
that ZZ had amuch longer residence time (∼100min) to Fc than
that of Z, which was a critical difference in the induction of
ADCC. Because we also showed that TBT was exchangeable, the
protein-based Fc-ARM is a universal molecular design, in which
a small protein platform specically designed for targets can be
installed. ADCC induced by Fc-ARM was inferior to Herceptin-
mediated ADCC, indicating that further enhancement of the
affinity of the ABT and TBT of Fc-ARM will be needed to induce
ADCC equivalent to that of conventional IgG-mediated ADCC.
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