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Bispecific antibodies are artificial molecules that fuse two different antigen-binding sites of monoclonal
antibodies into one single entity. They have emerged as a promising next-generation anticancer
treatment. Despite the fascinating applications of bispecific antibodies, the design and production of
bispecific antibodies remain tedious and challenging, leading to a long R&D process and high production
costs. We herein report an unprecedented strategy to cyclise and conjugate tumour-targeting peptides
on the surface of a monoclonal antibody to form a novel type of bispecific antibody, namely the peptidic
bispecific antibody (pBsAb). Such design combines the merits of highly specific monoclonal antibodies
and serum-stable cyclic peptides that endows an additional tumour-targeting ability to the monoclonal
antibody for binding with two different antigens. Our results show that the novel pBsAb, which
comprises EGFR-binding cyclic peptides and an anti-SIRP-ac monoclonal antibody, could serve as
a macrophage-engaging bispecific antibody to initiate enhanced macrophage—cancer cell interaction
and block the "don't eat me” signal between CD47-SIRP-a, as well as promoting antibody-dependent
cellular phagocytosis and 3D cell spheroid infiltration. These findings give rise to a new type of bispecific
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Introduction

The concept of bispecific antibodies was first introduced in
1960 by Nisonoff and co-workers.*> They are designed to
recognise two or more different epitopes or antigens on single
or multiple target cells. This dual-targeting mechanism enables
the bispecific antibody to achieve therapeutic effects
unachievable by conventional monoclonal antibodies. One of
the mechanisms is the recruitment of immune cells to cancer
cells: the bispecific can bind to a tumour-specific antigen with
one arm and an immune cell marker such as CD3 on T-cells
with the other arm.? In this way, the bispecific can effectively
bring immune cells into direct contact with cancer cells,
promoting their destruction. Another mechanism involves
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simultaneously blocking two signalling pathways on target
cells, offering a synergistic therapeutic effect by inhibiting
multiple disease-related targets. This dual binding capacity of
bispecific antibodies opens avenues for innovative treatments
in oncology, autoimmune diseases, and beyond.** Hence, they
are regarded as the next generation of antibody-based thera-
peutic agents with the potential to improve clinical efficacy and
safety.®” Bispecific antibodies can be classified into IgG-like and
non-IgG-like structures.® IgG-like subtypes maintain the basic
structure of conventional IgG, typically incorporating two Fab
arms and an Fc region. This structure imparts a longer half-life
and stability, similar to natural IgG antibodies, and enables
them to engage the immune system effectively. In contrast, non-
IgG-like subtypes deviate from this traditional antibody struc-
ture. They are often smaller, lacking the Fc region, which can
result in shorter half-lives but potentially improved tissue
penetration (Fig. 1).>*°

These bispecific antibodies have been shown to significantly
improve survival chances of cancer patients compared to
monoclonal antibodies.* Blinatumomab, which is the first T-
cell-engaging bispecific antibody approved by the FDA in
2015, can target both CD19 on B-lineage leukemia and CD3 on T
cells.”* Such an engaging mechanism redirects the immune
cells to engage and destroy the target cancer cells. There is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic structures of the monoclonal antibody, different
1gG-like, non-1gG-like bispecific antibodies, and our novel peptidic
bispecific antibody (pBsAb).
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another T cell engager that binds to both PD-1 and CTLA4
currently in clinical trials.** There were eight approved bispe-
cific anti-bodies on the market by the end of 2022.** To date,
there are more than 150 bispecific antibodies at different stages
of clinical trials.'® Despite the aforementioned advantages and
potential applications, the production of bispecific antibodies
remains challenging, tedious, and expensive due to the extra
requirement in design considerations, extensive purification
steps, and more complicated quality control."”*° Thus, there is
a strong demand for a robust platform that can rapidly and
efficiently generate novel bispecifics for future research and
therapeutic development.

The use of biological approaches to generate bispecific anti-
bodies was started two decades ago®>* such as the knobs-into-
holes strategy,” strand-exchange engineered domain (SEED)
CH; heterodimers approach,* orthogonal Fab interface, and
CorssMab design.” Recently, chemical approaches®** to develop
bispecific antibodies has recently emerged, which shows advan-
tages in the bispecific antibody production. In 2010, Doppala-
pudi et al. introduced a novel technology for creating bispecific
antibodies, termed bispecific CovX-Bodies, which are generated
by fusing pharmacophore peptide heterodimers to a scaffold
antibody that effectively targets both vascular endothelial growth
factor and angiopoietin-2.>* Chudasama and co-workers reported
a simple plug-and-play approach to facilitate the generation of
bispecific molecules.” In 2023, they developed the bio-
orthogonal approach to generate Synthetic Antibodies (Syn-
Abs).* In this literature, we report a new strategy that allows
efficient design and generation of a new type of bispecific anti-
body, namely the peptidic bispecific antibody (pBsAb) (Fig. 1).
This novel pBsAb is composed of a monoclonal antibody that
covalently conjugated with tumour-targeting cyclic peptides,
which can be readily constructed using our recently reported
facile peptide cyclisation and protein conjugation reaction
(Fig. 2A).***” The key compound for this reaction is the bifunc-
tional linker 1 that consists of a dibromomethyl benzene (DBMB)
unit for peptide cyclisation with a bis-cysteine-containing
peptide,®* and an ortho-phthalaldehyde (OPA) for
phthalaldehyde-amine capture (PAC) protein conjugation.****
With the extraordinary stability in serum, cyclic peptides are ex-
pected to resist enzymatic degradation, which could significantly
enhance the half-life of the molecules.* With such an idea in
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Fig. 2 (A) Scheme of one-pot peptide cyclisation and (B) anti-body
conjugation and schematic representation of the mechanism of novel
EGFR x SIRP-a macrophage-engaging pBsAb.

mind, we used such a method to construct a novel pBsAb using
this robust approach.

Results and discussion

First, a proof-of-concept experiment was performed by cyclising
and conjugating EGFR-binding peptides (EBP) (AcNH-
CMYIEALDRYAC-CONH,) to a nonspecific human IgG that did
not have specificity against tumour cells. To this end, the linear
EBP was cyclised with a bifunctional linker via site-specific
dialkylation of the sulthydryl side chains of two cysteine resi-
dues in borate buffer (pH 8.5, 1 mM) for 1 h at room tempera-
ture (Fig. 2).** The resulting ortho-phthalaldehyde-
functionalised cyclic EBP peptide (labelled as cEBP-OPA) was
formed successfully, as characterised by high-resolution elec-
trospray ionisation (ESI) mass spectrometry (Fig. S1f). The
cEBP-OPA (1 mM) was then further reacted with the non-specific
human IgG antibody (50 uM) in phosphate-buffered saline
(PBS) (pH 7.4) via PAC reaction for 30 min at room temperature.
After removing the excess reagents using the Zeba Spin
Desalting Column (40K cut-off), the cyclic peptide-conjugated
antibody cEBP-IgG was obtained. The SDS-PAGE result
showed the increased molecular weight of the light chain and
heavy chain of the antibody (Fig. S21). The selective binding
ability of cEBP-IgG was then investigated by confocal micros-
copy, using EGFR-positive HT29 human colorectal adenocarci-
noma cells and EGFR-negative HeLa human cervical carcinoma
cells. Alexa Fluor 647 conjugated rabbit anti-human secondary
antibody (Abcam, USA) was used to visualise the cEGP-IgG. The
in vitro data showed that the cEBP-IgG was able to bind to the
EGFR-overexpressed HT29 cells but not the HeLa cells. In
comparison, the native IgG without peptide modification could
not bind to any cell surface (Fig. S31). The findings of this study
indicate that the conjugation of cyclic peptides onto non-
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specific IgG antibodies can confer an additional tumour-
targeting function on the antibody.

With the plausible preliminary data, we further use this
strategy to design a novel macrophage-engaging bispecific
antibody for immunotherapy. Macrophages are known to be an
important immune modulator capable of performing phago-
cytosis for cancer elimination and effective infiltration into
solid tumours.”” For immunotherapy, the macrophages may
have a reduced risk of cytokine release syndrome and T-cell
exhaustion. SIRP-o. (CD172a) is a macrophage receptor that
negatively controls the effector functions of cytotoxicity. When
SIRP-o. on the macrophage binds to CD47 on the cancer cells,
the “don't eat me” signal is activated, thereby inhibiting the
macrophage-mediated cancer cell phagocytosis. This mecha-
nism is often exploited by cancer cells to avoid immune
destruction. Consequently, targeting the SIRP-0-CD47 axis has
emerged as a promising therapeutic strategy in cancer immu-
notherapy, aiming to block this interaction and thereby
enhancing the immune system's ability to eliminate tumour
cells.*®* Therefore, SIRP-a. could be one of the possible targets
for de-signing the novel bispecific antibody. To link cancer cells
to the macrophage, cyclic EPB will be conjugated to the anti-
SIRP-o. monoclonal antibody as EGFR is known to be overex-
pressed in many cancer cells.*>*° Having such design, we expect
that after the construction of the novel pBsAb, the EBP can
target overexpressed EGFR on the cancer cell surface while an
anti-SIRP-o. monoclonal antibody was used to target SIRP-o. on
macrophages. This approach could bring macrophages and
cancer cells in proximity, improving cancer cell recognition,
and initiating antibody-dependent cellular phagocytosis (ADCP)
(Fig. 2B). Furthermore, it is anticipated that the pBsAb design
can block the SIRP-o. “don't eat me” checkpoint signal, thus
preventing the inactivation of macrophage-mediated phagocy-
tosis by CD47 on cancer cells.

To this end, a conjugation reaction between the cyclic
peptide and antibody was optimised to determine the optimal
conditions with the best bioactivities. First, different groups of
pBsAbs were produced by conjugating different amounts of
cEBP-OPA with a fixed amount of the anti-SIRP-o. mAb (100 nM)
in different mole ratios (5:1, 10:1, 20: 1, and 50: 1) according
to the aforementioned procedure. After purification with the
Zeba Spin Desalting Column (40K cut off) to remove excess
peptides, pBsAbs were characterised by SDS-PAGE (Fig. S4t) and
ESI mass spectrometry (Fig. 3). The results showed that the
pBsAb prepared by adding 20 equivalents of cEBP-OPA resulted
in an average of 9.6 peptide-to-antibody ratio. Then a detailed
target binding study of the novel pBsAb was performed to
determine the binding affinities against EGFR and SIRP-« using
enzyme-linked immunosorbent assay (ELISA). Our data showed
that the pBsAb prepared with 20 equivalents of peptides to
antibody gave the best binding affinity against EGFR compared
to the other conditions (Fig. S5t), while 50-fold excess of cEBP-
OPA led to denaturation and precipitation of the antibody. Size
exclusion chromatography analysis was also conducted and
showed no significant aggregation for the pBsAb after overnight
incubation in PBS (Fig. S67).
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Fig. 3 ESI mass analysis of the mAb and pBsAb prepared with different
equivalents (5, 10, and 20) of cEBP-OPA. The data revealed that an
average of 1.1 cyclic peptides was conjugated on the antibody when 5
equivalents of cEBP-OPA were added. An average of 2.4 cyclic
peptides were conjugated on the antibody when 10 equivalents of
cEBP-OPA were used, while the addition of 20 equivalents of cEBP-
OPA resulted in a 9.6 peptide-to-antibody ratio.

After optimising the conjugation conditions, the binding
ability of the pBsAb against EGFR was shown in a dose-
dependent manner with an ECj;, value of 2.6 nM (Fig. 4A). In
contrast, the monoclonal antibody (mAb) demonstrated no
binding activity against EGFR by the ELISA binding assay. Our
data, on the other hand, showed that the chemical modification
of the pBsAb did not significantly interfere with its SIRP-
o binding ability (ECs, = 0.12 nM) when compared to the native
mAb (ECso = 0.05 nM) (Fig. 4B). Furthermore, the protein-
protein interaction between CD47 and SIRP-a was found to be
inhibited in the presence of the pBsAb in our ELISA experiment,
showing the blockage of the interaction of CD47-SIRP-o. (Fig. S7
and S11%). In addition, we challenged the pBsAb with a serum
stability experiment to demonstrate the binding of the two
receptors after overnight incubation in serum. The data showed
that the binding affinities against EGFR and SIRP-o did not
decrease over time (Fig. S8t). All these results indicated that an
extra antigen-binding ability against EGFR could be incorpo-
rated into the monoclonal antibody to generate a novel bispe-
cific antibody by our facile reaction. It is noteworthy that
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* pBsAb o pBsAb
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Fig. 4 ELISA binding assay of the pBsAb and mAb against (A) EGFR and
(B) SIRP-a.. Data are expressed as the mean value + standard error of
the mean (SEM) of three independent experiments, each performed in
triplicate.
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although heterogeneous conjugated products could be
produced using our approach, our data confirmed that neither
Fab binding activity was significantly affected.

With the confirmed bispecificity of EGFR x SIRP-o. pBsAb,
the in vitro target binding experiment was further studied by
confocal microscopy. The SIRP-u-positive RAW264.7 murine
macrophage cells, the EGFR-positive A549 human lung carci-
noma cells and HT29 human colorectal adenocarcinoma cells,
as well as the EGFR-negative HeLa human cervical carcinoma
cells were incubated with the anti-SIRP-o. mAb or pBsAb (10 nM)
for 30 min at 4 °C, followed by Alexa 488-labelled secondary
antibody for 30 min. As shown in Fig. 5A the pBsAb showed
strong fluorescence on the surface of the RAW264.7, demon-
strating that both antibodies could bind with the SIRP-a. on the
RAW264.7 cell surface. For the binding with the EGFR, the
fluorescence signal could only be observed on the EGFR-positive
A549 and HT29 cells, but not the EGFR-negative HeLa cells,
while the anti-SIRP-o. mAb could not bind with these cells. Thus,
it illustrated that our novel pBsAb could selectively bind with
both EGFR and SIRP-a proteins on the cell surface. Similar
results were also obtained by flow cytometry (Fig. 5B). Upon
incubation with pBsAb (20 nM), a significant 15-fold difference
in fluorescence intensity could be observed between the EGFR-
positive A549 cells and the EGFR-negative HeLa cells, while

A. EGFR x SIRP-a pBsAb SIRP-a mAb
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Fig. 5 (A) Confocal microscopic images of RAW264.7, A549, HT29,

and Hela cells upon incubation with the mAb and pBsAb (10 nM),
followed by Alexa 488-labelled secondary antibody. (B) Flow cyto-
metric data of RAW264.7, A549, and Hela cells treated with the mAb or
pBsAb at different concentrations. Data are expressed as the mean
value + SEM of three independent experiments.
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incubation with mAb showed low fluorescence intensity in
these two cells. On the other hand, incubation of both anti-
SIRP-o. mAb and pBsAb showed similar fluorescence intensity in
RAW264.7 cells. These results were consistent with the ELISA
binding assay, which confirmed that under an in vitro envi-
ronment, the antibody could gain extra targeting ability against
EGFR on cancer cells via our novel approach.

Encouraged by the bispecificities of the pBsAb against EGFR
and SIRP-a, we further investigated the macrophage-engaging
property of the pBsAb. The initiation of the macrophage-
cancer cell interaction by the pBsAb was studied by the cell-cell
adhesion assay.* In brief, A549 cells (2 x 10° cells) were seeded
in a 12-well plate and cultured in the medium until 90-95%
confluency was reached. Then carboxyfluorescein succinimidyl
ester (CFSE)-labelled RAW264.7 macrophages (2 x 10° cells)
were added into each well in the presence of 20 nM of mAb,
pBsAb, or PBS as the control. After incubation for 10 min, the
cells were washed extensively with PBS. The number of green
labelled RAW264.7 cells that remained adhered at the bottom
was quantified using Image]. As shown in Fig. 6, a higher
number of macrophages could be detected in the presence of
the pBsAb, indicating enhanced macrophage-cancer cell
adhesion compared to the mAb and PBS negative control.
Additionally, we verified that similar outcomes are achievable
with the human monocyte cell line THP-1, following its differ-
entiation into macrophages. This demonstrates the cross-
reactivity of our pBsAb against human SIRP-a, further vali-
dating our findings (Fig. S107).

After confirming the macrophage-engaging property of our
pBsAb, we further investigated its antibody-dependent cellular
phagocytosis (ADCP) activity by confocal microscopy and flow
cytometry.”>>* As shown in Fig. 7A and B, upon treatment with
pBsAb (20 nM) in the co-culture of RAW264.7 macrophages
(prelabelled with CFSE) and A549, HT29, and HeLa cancer cells
(prelabelled with CellTracker Red CMPTX) for 24 h, intense red
fluorescence originating from the A549 cells was observed in the
cytoplasm of RAW264.7 macrophages. This indicated that
phagocytosis occurred to engulf the red-labelled cancer cells.
On the other hand, incubation with the anti-SIRP-o. mAb
resulted in a much lesser phagocytic activity (Fig. 7A and S97).
In addition, we also quantified ADCP activity using flow
cytometry. After pre-staining the macrophages and cancer cells,
they were co-cultured in a U-bottom 96-well plate at 1 : 1 ratio (1
x 10" cells) in the presence or absence of the pBsAb or anti-
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Fig. 6 (A) Fluorescence microscopy images of the cell-cell adhesion
experiment illustrating the adhesion of RAW264.7 macrophages
(green) to the monolayer of EGFR-positive A549 cells in the presence
of different antibodies at 20 nM or PBS. (B) Bar chart of the quantified
number of macrophages adhering to A549 cells.
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Fig.7 (A) Confocal microscopic images of the co-cultured RAW264.7 macrophages (green) and A549 cells (red) treated with the pBsAb or anti-
SIRP-a mAb (20 nM) for 24 h. The yellow arrow shows the phagocytic macrophages. (B) Enlarged confocal microscopic image of the phagocytic
macrophages (green) treated with the pBsAb (20 nM) for 24 h. (C) Flow cytometric quadrant analysis of the co-cultured RAW264.7 macrophages
(green) and A549, HT29, and Hela cells (red) treated with the pBsAb (20 nM) or anti-SIRP-a mAb (20 nM) for 2 h. The red squares show the
percentage of phagocytotic macrophages under different conditions. (D) Cancer cell viability assay of RAW264.7 macrophages against EGFR-
overexpressed (A549 and HT29) and EGFR-negative cells (HeLa) upon treatment with 50 nM of pBsAb and anti-SIRP-a mAb. Data are expressed
as the mean value 4+ SEM of three independent experiments. ****P < 0.0001 compared to the corresponding control of mAb, * no significant
difference. (E) Confocal image of the phagocytosis process. The macrophage (green) was engulfing the HT29 (red) in the presence of the pBsAb.
(F) Confocal Z-stack maximum projection microscopic images of HT29 cancer cell spheroids co-cultured with RAW264.7 macrophages (green)
upon treatment with the pBsAb or anti-SIRP-a mAb (50 nM) for 24 h. The dead cells were stained with Pl (red).

SIRP-oo. mAb (20 nM) for 2 h at 37 °C. The percentage of HT29 spheroid model. The three-dimensional tumour spheroid
phagocytosis was calculated as the population of phagocytic model is known to resemble the tumour situation in vivo more
macrophages among the total macrophages. The quadrant -closely than the monolayer setting.*® As shown in Fig. 7F, the Z-
analysis clearly showed that in the presence of the pBsAb, the stack maximum projection confocal images revealed that the
percentage of double-positive phagocytic macrophages against number of macrophages (green) inside the core of the spheroid
EGFR-positive A549 and HT29 cells increased by 2.0 and 2.5- treated with the pBsAb was significantly higher than that
fold, respectively, compared to the treatment with mAb control. treated with the anti-SIRP-o. mAb.
However, for the EGFR-negative HeLa cells, treatment with the In addition, an intensified red-fluorescent PI signal was
pBsAb or mAb showed a similar percentage of phagocytic observed in the core of the spheroid treated with the pBsAb.
macrophages, indicating there was no observable enhancement This set of data further supports our hypothesis that, in the
of phagocytotic activity (Fig. 7C). These results clearly illustrated = presence of the pBsAb, macrophages can effectively bind to and
that the ADCP activity was enhanced by our novel EGFR x SIRP- infiltrate the solid tumour core, leading to an enhanced anti-
o pBsAb. cancer effect. Collectively, these results suggest that our inno-
The ADCP anti-cancer activity of RAW264.7 macrophages vative and facile approach for generating this novel type of
was further determined by using a CellTiter-Glo Luminescent pBsAb has the potential to become a preferred method in
Cell Viability Kit (Promega, USA) to determine the viability of developing bispecific antibodies, ultimately improving cancer
cancer cells.** As shown in Fig. 7D, pBsAb treatment could recognition and immunotherapeutic efficacy.
significantly reduce the number of cancer cells, which indicated
that the pBsAb enhanced the anticancer effect against EGFR-
overexpressed cancer cells, compared to the unmodified anti-
SIRP-o. mAb at 50 nM. We also confirmed that the EGFR-binding
peptide itself did not contribute to any cytotoxicity effect
(Fig. S127). Lastly, we further investigated the macrophage
infiltration and ADCP anti-tumour effect in a three-dimensional

Conclusions

In this study, a novel and robust chemical method was devel-
oped for generating a new type of bispecific antibody, namely
the peptidic bispecific antibody (pBsAb), from a monoclonal
antibody. The EGFR X SIRP-a. pBsAb was derived from an anti-

11276 | Chem. Sci, 2024, 15, 11272-11278 © 2024 The Author(s). Published by the Royal Society of Chemistry
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SIRP-o. monoclonal antibody by conjugating EGFR-targeting
cyclic peptides on the protein surface using a robust one-pot
peptide cyclisation and antibody conjugation reaction. The
results demonstrated that the pBsAb was capable of binding
both the EGFR-overexpressed cancer cells and SIRP-a-expressed
macrophages, thereby initiating macrophage—cancer cell inter-
action, which enhanced EGFR-targeting antibody-dependent
cellular phagocytosis. The successful establishment of this
novel platform provides a means of rapid production of bispe-
cific antibodies for immunotherapy at a lower cost.
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