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enhanced target binding avidity
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ABSTRACT

Clinical studies have shown that combination therapy of antibodies targeting cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) significantly improves clinical benefit over PD-1
antibody alone. However, broad application of this combination has been limited by toxicities.
Cadonilimab (AK104) is a symmetric tetravalent bispecific antibody with a crystallizable fragment (Fc)-
null design. In addition to demonstrating biological activity similar to that of the combination of CTLA-4
and PD-1 antibodies, cadonilimab possess higher binding avidity in a high-density PD-1 and CTLA-4
setting than in a low-density PD-1 setting, while a mono-specific anti-PD-1 antibody does not demon-
strate this differential activity. With no binding to Fc receptors, cadonilimab shows minimal antibody-
dependent cellular cytotoxicity, antibody-dependent cellular phagocytosis, and interleukin-6 (IL-6)/IL-8
release. These features all likely contribute to significantly lower toxicities of cadonilimab observed in the
clinic. Higher binding avidity of cadonilimab in a tumor-like setting and Fc-null design may lead to better
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drug retention in tumors and contribute to better safety while achieving anti-tumor efficacy.

Introduction

The development of immuno-oncology (IO) therapies have
made substantial progress in recent years, and monoclonal
antibodies (mAbs) that target the immune checkpoint pro-
grammed cell death-1 (PD-1) have been accepted as the stan-
dard of care in a number of tumor types. Numerous
combination therapies with anti-PD-1 antibody to improve
the efficacy of PD-1 monotherapy have been widely investi-
gated. Current clinical studies have shown that combination
therapy of anti-cytotoxic T-lymphocyte antigen-4 (CTLA-4)
and anti-PD-1 antibodies could produce significantly
improved efficacy for some hard-to-treat cancer types, such
as renal cell cancer, gastric cancer, and small cell lung cancer,
but the application has been limited by severe toxicities.' ™
Therefore, new approaches to achieve the efficacy benefit of
PD-1 and CTLA-4 antibodies combination while lowering
toxicities present a promising direction of IO drug research.
Use of bispecific antibodies is one of the approaches being
explored.

Cadonilimab (AK104) is a human tetravalent bispecific
IgG1 antibody with symmetric IgG-single-chain variable frag-
ment (scFv) structure, with Fc-null design to eliminate anti-
body-dependent cellular cytotoxicity (ADCC), antibody-
dependent cellular phagocytosis (ADCP), complement-depen-
dent cytotoxicity (CDC), and cytokine release. Fc receptor-
mediated effector functions could eliminate or damage lym-
phocytes expressing PD-1 and CTLA-4 and thus reduce anti-
tumor activity. Moreover, studies have indicated that immune-
related adverse events (irAEs) caused by checkpoint-blocking
antibodies were related to recruitment of immune cells bearing
Fc receptor.””” Thus, removal of Fc receptor binding and

effector function was designed for cadonilimab to improve
the efficacy and safety of antibody drug. The first-in-human
phase 1 study (NCT03261011) and a phase 1b/2 study
(NCT03852251) showed that cadonilimab was safe with very
low incidence of grade >3 irAEs and exhibited promising
antitumor efficacy.'”'> Based on the encouraging results
from clinical trials, cadonilimab was approved by the China
National Medical Products Administration for recurrent or
metastatic cervical cancer in June 2022.

Here, we report that cadonilimab possess high binding
avidity especially to high density of PD-1 and CTLA-4 due to
its tetravalent design and could simultaneously bind different
cells expressing PD-1 and CTLA-4, respectively. By effective
blocking both PD-1 and CTLA-4 pathways, cadonilimab could
activate T cells by increasing interleukin-2 (IL-2) and inter-
teron-y (IFN-y) secretion to similar extent as compared with
anti-PD-1 and anti-CTLA-4 combination. With the elimina-
tion of Fc receptor binding, cadonilimab showed no ADCC,
ADCP, or CDC effect and manifested reduced secretion of
pro-inflammatory cytokines like IL-6 and IL-8. These features
may contribute to lower toxicities and enhanced anti-tumor
activity.

Results

Tetravalent design of cadonilimab based on co-
expression of PD-1 and CTLA-4 in tumor tissues

Expression of PD-1 and CTLA-4 in different cancers were
examined in The Cancer Genome Atlas (TCGA) PanCan
Atlas studies. As shown in Figure 1a, there was a significantly
positive correlation between the mRNA expression levels of

CONTACT Baiyong Li @ baiyong.li@akesobio.com @ Research and Development Department, Akeso Biopharma, Inc, Zhongshan, China

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19420862.2023.2180794&domain=pdf&date_stamp=2023-03-03

2 (&) X.PANGETAL.

o © ¢ 0 0 0 0 0 o o o

CTLA4 mRNA Log(value+1)

PD-1 mRNA Log(value+1)

Breast cancer (n=1082)

Cervical cancer (n=294)

Colorectal cancer (n=592)
Endometrial cancer (n=527)

Gastric cancer (n=412)

Head and neck squamous cell cancer (n=515)
Kidney renal clear cell cancer (n=510)
Liver cancer (n=366)

Lung cancer (n=994)

Ovarian cancer (n=300)

Thyroid cancer (n=498)

Anti-PD-1 region

| 1

Fc region

e

Anti-CTLA-4 region

Figure 1. Tetravalent design of anti-PD1/CTLA-4 bispesific antibody cadonilimab based on co-expression of PD-1 and CTLA-4 in tumor tissue. (a) Correlation analysis of
PD-1 and CTLA-4 mRNA expression levels in various tumor types from TCGA dataset using cBioportal. The X- and Y-axis represent the mRNA expression level
transformed by Log(value+1). TCGA, The Cancer Genome Atlas. (b) Schematic diagram of cadonilimab tetravalent structure.

PD-1 and CTLA-4 in breast, lung, stomach, colorectal, liver,
cervical, head and neck, and ovarian cancer (Pearson: R = 0.74,
P < 2.2e-16). Based on the co-expression status in tumors,
cadonilimab was designed as a symmetrical tetravalent bispe-
cific anti-PD-1/CTLA-4 antibody, constructed using Akeso
Biopharma PD-1 antibody penpulimab (AK105) and Akeso
Biopharma CTLA-4 antibody quavonlimab (AK107) (Figure
1b). The full amino acid sequence with annotation is shown in
Table 1. It is composed of two heavy chains of the IgGl
subclass and two light chains of the kappa subclass, which
are covalently linked through disulfide bonds, and the Fc null
was designed to eliminate Fc receptors-mediated effector func-
tion. Cadonilimab has two N-linked glycosylation sites,
Asn298 on Fc domain and Asn524 on the scFv domain, and
contains 1,854 amino acids and has an overall molecular
weight of approximately 200 kDa including oligosaccharides.
This molecular design has been described in the US Patent
16327076."> The tetravalent design of anti-PD1/CTLA-4 bis-
pecific antibody is postulated to gain enhanced binding avidity
in tumor tissues based on high-level co-expression of the
targets.

Characterization of binding and cellular activity to show
efficient PD-1 and CTLA-4 blocking and biological activity

Binding activity of cadonilimab to the antigens was evaluated
by enzyme-linked immunosorbent assay (ELISA) and fluores-
cence-activated cell sorting (FACS). As shown in Table 1,
compared with anti-PD-1 nivolumab and anti-CTLA-4 ipili-
mumab, cadonilimab shows similar binding activity with
immobilized human CTLA-4 and human PD-1 separately
and similar affinity in HEK293T cells stably transfected with
either human CTLA-4 (293 T-CTLA4 cells) or PD-1 (293 T-
PD1 cells). Compared with nivolumab and ipilimumab, cado-
nilimab shows similar competitive binding activity by blocking
human PD-1 from binding to its ligand (human PD-L1 and
human PD-L2) and blocking human CTLA-4 from binding to
human B7.1 and human B7.2. The assay in 293 T-PD-1 or
293 T-CTLA-4 cells showed that cadonilimab could competi-
tively bind to the cell surface CTLA-4 and PD-1, and the half-
maximal concentration (EC50) was similar to that of

nivolumab and ipilimumab (Table 2). Blocking of PD-1 and
CTLA-4 pathways leads to activation of T cells, accompanied
by increased T-cell proliferation and enhanced cytokine secre-
tion (IL-2, IFN-y). The ability of cadonilimab to promote T-
cell responses was examined in an assay system composed of
human peripheral blood mononuclear cells (PBMCs), dendri-
tic cells (DCs), and Raji cells. As shown in Figure 2, both IL-2
and IFN-y levels increase significantly in a trend of dose
dependence. Compared with nivolumab plus ipilimumab,
cadonilimab showed similar activity to increase IL-2 and
IFN-y secretion, the difference was not statistically significant.
All these data demonstrate that by blocking PD-1 and CTLA-4,
cadonilimab is able to promote T cell responses by elevating
IL-2 and IFN-y secretion and has similar efficacy in T-cell
activation with nivolumab and ipilimumab.

Tetravalent design of cadonilimab leads to higher avidity
binding to high density antigen and trans-binding of cells
expressing PD-1 and CTLA-4

In the tumor microenvironment (TME), enriched co-expres-
sion of PD-1 and CTLA-4 on tumor-reactive T cells was found,
while a relatively low expression of PD-1 and/or CTLA-4 was
reported in normal peripheral tissues.'* Cadonilimab has a
novel tetravalent form that is expected to have higher avidity
in TME but relatively low avidity in normal peripheral tissues.
To test this, high density of coated PD-1 and CTLA-4 (50 nM)
was used to mimic the antigen expression situation in the
TME, while low density of PD-1 (10 nM) was used to mimic
normal peripheral tissue. Cadonilimab showed 10-fold higher
binding avidity with co-expressed high density antigens than
with low-density PD-1, while PD-1 antibody showed similar
binding avidity in these two situations. This suggests cadoni-
limab may be able to achieve preferential tumor retention
while anti-PD-1 or anti-CTLA-4 monospecific antibody
could not (Figure 3).

The ability of antibodies to connect different target cells in
the TME may contribute to the accumulation of tumor-infil-
trating lymphocytes (TILs). To visually observe whether cado-
nilimab can bind CTLA-4 and PD-1 on two different cells
simultaneously (i.e., induce formation of cell doublets), an



Table 1. Cadonilimab full peptide sequence.

Cadonilimab
HC:

EVQLVESGGGLVQPGGSLRLSCAASGFAFSSYDMSWVRQAPGKGLDWVATIS
GGGRYTYYPDSVKGRFTISRDNSKNNLYLOMNSLRAEDTALYYCANRYGEAW
FAYWGQGTLVTVSSASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVT
VSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPS
NTKVDKKVEPKSCDKTHTCPPCPAPE.QIPSVFLFPPKPKDTLMI SRTPEV
TCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQ
DWLNGKEYKCKVSNKALPAPIEKTISKAKGQPREPQVYTLPPSRDELTKNQV
SLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKS
RWQQGNVFSCSVMHEALHNHYTQKSLSLSPGKGGGGSGGCCCSGCCGGSGCGCCGS
QVQLVESGAEVKKPGASVKVSCKASGYSFTGYTMNWVRQAPGQCLEWIGLIN
PYNNITNYAQKFQGRVTFTVDTSISTAYMELSRLRSDDTGVYFCARLDYRSY
WGQGTLVTVSAL S S S SQAVVTQEPSLTVSPGGTVTLT
CGSSTGAVTTSNFPNWVQQKPGQAPRSLIGGTNNKASWTPARFSGSLLGGKA
ALTISGAQPEDEAEYYCALWYSNHWVFGCGTKLTVLR

Cadonilimab

LC:

DIQMTQSPSSMSASVGDRVTFTCRASQDINTYLSWFQQKPGKSPKTLIYRAN
RLVSGVPSRFSGSGSGQDYTLTISSLQPEDMATYYCLQYDEFPLTFGAGTKL
ELKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQS
GNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKS
FNRGEC

MABS (&) 3

Notes: a. The CDR region are highlighted in blue. b. The fragment crystallizable (Fc) mutations at position Ala235, Ala236, and Ala238
are highlighted in red. c. The flexible linkers are highlighted in green. d. The underlined region is the human IgG1, kappa constant

region sequence.

Table 2. Comparison of cadonilimab with nivolumab and ipilimumab: target antigen binding and competitive binding with target antigen and ligand.

EC50 (nM) of antigen binding

EC50 (nM) of competitive binding

PELISA PEACS “ELISA FACS
PD1-hFc CTLA4-mFc 293 T-PD1 cell 293 T-CTLA4 cell
Antibody PD1-mFc  CTLA4-mFc 293 T-PD1 cell 293 T-CTLA4 cell PDL1-mFc PDL2-His B7.1-hFc-bio  B7.2-His PDL1-mFc B7.1-hFc-bio
Cadonilimab 0.051 0.079 1.812 3.09 0.792 1.429 1.052 0.718 2.62 3.93
Nivolumab 0.084 \ 1.503 \ 0.725 3.035 \ \ 1.53 \
Ipilimumab \ 0.033 \ 0.5363 \ \ 1.345 0.591 \ 1.64

Notes: a, fusion protein of mouse Fc with human PD-1 extracellular domain (PD1-mFc), and fusion protein of mouse Fc with human CTLA-4 extracellular domain
(CTLA4-mFc) was fixed onto the plates in the assays. ¢, fusion protein of human Fc with human PD-1 extracellular domain (PD1-hFc), and CTLA4-mFc was fixed onto
the plates; histidine-tagged human PDL-2 extracellular domain (PDL2-His) and human B7.2 extracellular domain (B7.2-His), and fusion protein of mouse Fc with
human PDL1 extracellular domain (PDL1-mFc), and biotinylated fusion protein of human Fc with human B7.1 extracellular domain (B7.1-hFc-bio) were used as
competition ligand in the assays. b, d, 293 T cells transfected with human PD-1 (293 T-PD1 cell) or CTLA-4 (293 T-CTLA4 cell) were used as target cells in the assay. d,

PDL1-mFc and B7.1-hFc-bio were used as competition ligand in the assays.

experiment is conducted to examine the presence of trans-
binding. CHO-K1 cells expressing CTLA-4 are seeded into
the plates and incubated with Jurkat cells expressing PD-1
stained with Hoechst 33342 at the presence of cadonilimab
or control antibodies, followed by a washing step. In samples
incubated with cadonilimab, strong adherence of Jurkat-PD-1
cells to CHO-K1-CTLA-4 cells can be observed, but in samples
incubated with nivolumab and ipilimumab, the cell complexes
are not observed (Figure 4a). We also observed the crosslink-
ing of cadonilimab with cells expressing PD-1 and CTLA-4 in
FACS assay, consistent results were obtained. CHO-KI1 cells
expressing PD-1 and CTLA-4 were labeled with CFSE and
CellTrace™ far-red, respectively. The crosslinking of cadonili-
mab with CHO-KI1 cells expressing PD-1 and CTLA-4 was
shown as CFSE/Far-red dual positive %. Compared to negative

control and isotype control, the combination of nivolumab
and ipilimumab mediated no crosslinking, while cadonilimab
mediated the crosslinking of CHO-K1 cells expressing PD-1
and CTLA-4 in a dose-dependent manner (Figure 4b). These
results demonstrate the ability of cadonilimab to bind different
cells expressing PD-1 and CTLA-4. This property, together
with enhanced antigen-binding avidity of cadonilimab in the
TME, may contribute to the accumulation of more TILs in
the TME.

To investigate whether the binding sequences to the two
targets influence avidity, the binding activity was detected by
adding PD-1 or CTLA-4 sequentially, using Fortebio Octet
molecular interaction system. As shown in Figure 4c, the
binding activity is similar regardless of whether the antibody
binds PD-1 or CTLA-4 first, indicating that cadonilimab could
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Figure 2. Cadonilimab induce IL-2 and IFN-y production in mixed lymphocyte reaction assays. (a, b) Cadonilimab promoted activation of human peripheral blood
mononuclear cells (PBMCs), which induced a more robust secretion of IL-2 and IFN-y in mixed culture of hPBMCs and human DCs; Compared with nivolumab plus
ipilimumab, cadonilimab did not significantly improve secretion of IL-2 and IFN-y. (c, d) Cadonilimab enhanced secretion of IL-2 and IFN-y in mixed culture of hPBMCs
and Raji-PDL1 cells. Data are shown as mean +SEM for n = 2 and analyzed using one-way ANOVA. *P < .05, **P < .01 and ***P < .001 vs. isotype control.

a Loading antigen: PD1-mFc (50nM) and CTLA4-mFc (50nM)
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Cadonilimab  3.69E-11 1.06E+06 3.92E-05 0.3261-0.5287
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Figure 3. Cadonilimab demonstrates preferential higher avidity binding to higher density of PD-1 and CTLA-4. In a Fortebio assay, cadonilimab showed higher binding
avidity with a (a) high density of PD-1 and CTLA-4, where PD-1 (50 nM) and CTLA-4 (50 nM) were loaded onto the sensor, compared with (b) that of a relative low
density of PD-1, where PD-1 (10 nM) was loaded onto the sensor. Penpulimab (parental PD-1 antibody of cadonilimab) showed similar binding avidity under these

antigen conditions (a) and (b).

simultaneously bind PD-1 and CTLA-4, and the binding activ-
ities of PD-1 arm and CTLA-4 arm are both stable.

Fc null design of cadonilimab results in the elimination of
Fc receptor-mediated effector functions and reduced the
release of proinflammatory cytokines

The majority of antibody effector functions is delivered by the Fc
through interaction with Fc receptors and Clq."> However,
engaging immune effector functions through Fc receptor and
complement interactions may be detrimental to the desired
therapeutic effect.'® For example, ADCC and ADCP can deplete
PD-1 expressing T cells and compromise the anti-tumor efficacy
of anti-PD-1 antibody.'” On the other hand, recent literature
also indicates that many irAEs are related to recruitment of

immune cells bearing Fc receptors.”® Thus, Fc mutations to
eliminate Fc-mediated effector functions were introduced into
cadonilimab for both safety and efficacy considerations.

Our results confirmed the lack of binding of cadonilimab to
Fc receptors and Clq, compared with strong binding of cado-
nilimab in hGIWT format (Table 3). Next, we tested the
functional consequences of the Fc mutation design. As
shown in Figure 5, compared with nivolumab, ipilimumab,
and penpulimab (Akeso Biopharma anti-PD-1 mono-specific
antibody) in hGIWT format and cadonilimab in hGIWT
format, cadonilimab significantly decreased Fc-mediated effec-
tor function (ADCC, ADCP, CDC, and antibody mediated
pro-inflammatory cytokine release).

Two key cytokines, IL-6 and IL-8, have been shown to
negatively affect both efficacy and safety of immuno-oncology
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Figure 4. Tetravalence binding of Cadonilimab to PD-1 and CTLA-4. (a) Trans-binding of Cadonilimab to CHO-K1-CTLA-4 cells (Orange cells) which transfected with human
CTLA-4, and Jurkat-PD1 cells (light blue cells) labeled with Hoechst 33342. Jurkat-PD1 cell which is a suspension lymphoblasts cell line became adherent to CHO-K1-CTLA-4
cells when co-cultured with cadonilimab, but not with nivolumab plus ipilimumab. (b) Crosslinking of cadonilimab with cells expressing PD-1 and CTLA-4 in FACS assay.
AK104 or control antibodies were added to a 1:1 mix of Far red-labeled CTLA-4-expressing CHO-K1 cells and CSFE-labeled PD-1-expressing CHO-K1 cells. (c) Cadonilimab
could bind to human PD-1 and CTLA-4 with similar binding activity regardless of binding PD-1 or CTLA-4 firstly. Cadonilimab was fixed onto the sensor in Fortebio assay,
and sequential binding to human PD-1 (PD1-hFc) and CTLA-4 (CTLA-4-hFc) or in reverse order was performed and measured.

therapy.'®** In our study, cadonilimab could significantly
decrease IL-6 and IL-8 secretion, compared with nivolumab
plus ipilimumab, and cadonilimab in hGIWT format (Figure 5).

Discussion

Here, we report the characterization of cadonilimab, a tetra-
valent bispecific antibody designed to achieve the biological
effect of simultaneous blockade of PD-1 and CTLA-4 path-
ways, while reducing toxicities to a level significantly lower
than that observed for combination theray of PD-1 and CTLA-
4 antibodies.

Our study shows that with high density co-expression of the
antigens PD-1 and CTLA-4, cadonilimab has 10-fold higher
binding avidity compared to the binding observed with low-
density expression of a single antigen. This observation is
consistent with the understanding of cooperativity of binding
at higher valency. This could facilitate cadonilimab retention
in area with high density of both antigens. Many studies have
demonstrated that PD-1 and CTLA-4 co-express at high level
in TILs and draining lymph nodes in TME but not in normal
peripheral tissues. The enhanced binding avidity of cadonili-
mab at high density of PD-1 and CTLA-4 could lead to pre-
ferential accumulation in TME, thus achieving efficacy with
less toxicity.

A key feature of bispecific antibodies is the ability to recog-
nize and bind two antigens simultaneously. Among the anti-
PD-1/CTLA-4 bispecific antibodies in clinical studies,
MEDI5752 and XmAb20717 are bivalent and MGDO019 and
cadonilimab are tetravalent. The bivalent antibodies would in
essence require the presence of both targets on the same cell.
For cells that only express one target, the binding potency for
the bivalent antibodies would likely be too low to achieve
sufficient target suppression. For cadonilimab, the anti-PD-1
arm and anti-CTLA-4 arm show a similar range of antigen-
binding affinity compared to nivolumab and ipilimumab,
respectively. This is different from MEDI5752 and
MGDO019,>** which both show low CTLA-4 blockade, and
the enhancement of CTLA-4 binding is dependent on PD-1
anchoring on antigen co-expressing cells. For cadonilimab, the
stable and high avidity binding to PD-1 and CTLA-4 contri-
bute to trans-binding to different cells expressing PD-1 and
CTLA-4. The trans-binding test in our study further con-
firmed cadonilimab could connect cells expressing PD-1 and
CTLA-4. The trans-binding activities of cadonilimab could
also contribute to TME retention of this bispecific antibody
in tumor tissues.

Among the four subclasses of human IgG (IgGl, IgG2,
IgG3, and IgG4), different subclasses have different effector
functions. With exceptions of penpulimab®® and prolgolimab
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Table 3. Cadonilimab with Fc null mutation abolished binding to FcyRla, FcyRllla_V158, FcyRllla_F158 and Clgq.

aFC\(R/‘°C1q Antibody KD (M) kon (1/Ms) kdis (1/s) Rmax (nm)
FcyRla Cadonilimab N.D.

Cadonilimab (hGTWT) 5.92E-09 3.06E+05 1.81E-03 0.53-0.62
FcyRlIlla_V158 Cadonilimab N.D.

Cadonilimab (hGTWT) 1.77E-07 1.21E+05 2.14E-02 1.56-1.61
FcyRllla_F158 Cadonilimab N.D.

Cadonilimab (hGTWT) 2.21E-07 1.12E+05 2.47E-02 0.39-0.64
Clq Cadonilimab N.D.

Cadonilimab (hGTWT) 2.53E-09 2.05E+06 5.17E-03 0.05-0.18

Notes: a, FcyRla, FeyRllla_V158 (FcyRllla 158 V alleles), FcyRllla_F158 (FcyRllla 158 F alleles) were fixed onto the sensor in Fortebio assays. b, antibodies were fixed onto

the sensor in assay for C1q binding affinity
Abbreviation: N.D. not detected.
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Figure 5. Cadonilimab with Fc null-mutations for both safety and efficacy concerns. (a) Antibody-dependent cell-mediated cytotoxicity (ADCC) activities were determined
by measuring lactase dehydrogenase (LDH) release from 293 T-CTLA4-PD1 cells. (b) Complement-dependent cytotoxicity (CDC) activities of cadonilimab, penpulimab in
hG1WT format, and ipilimumab and nivolumab were determined by measuring LDH release from CHO-K1-PD1-CTLA4 cells. (c) Antibody-dependent cellular phagocytosis
(ADCP) activities of cadonilimab, penpulimab in hGTWT format plus anti-CTLA-4 mAb in hG1WT format, and nivolumab plus ipilimumab were studied by examining
phagocytosis of CHO-K1-PD1-CTLA4 cells by murine bone marrow derived macrophages (MBMMes). (d, e) Cadonilimab decreased the release of inflammatory cytokines IL-8
and IL-6 from human peripheral monocyte-derived macrophages (HPMMs). Data are expressed as mean or mean +SEM and analyzed using one-way ANOVA. *P < .05 and

***P < .001 vs. isotype control; ###P < .001 vs. negative control.

(BCD-100),% all currently marketed anti-PD-1 antibodies are
of the IgG4 isotype. Compared to IgG4, IgG1 has more robust
CMC profile and is less prone to inherent complications
including in vivo interactions with other antibodies.”’”
Among the clinical-stage anti-PD-1/CTLA-4 bispecific anti-
bodies, cadonilimab, XmAb20717, and MEDI5752 are 1gGl,
and MGDO109 is an IgG4 antibody, and all four of these anti-
bodies have Fc mutations to either attenuate or completely
abolish Fc effector functions.

IgG1 can recruit complement more effectively than IgG4
and exerts therapeutic efficacy mainly via ADCC/ADCP,
eliminating Tregs and other immunosuppressive cells.”®
However, for cases where mAbs are intended to engage cell
surface receptors and prevent receptor-ligand interactions,
reducing effector function may be desired. Also, irAEs are
known to be related to recruitment of immune cells carrying
Fc receptors.®™ Fc engineering has been a strategy to mod-
ulate antibody effector functions.'® Among the bispecific
antibodies targeting PD-1 and CTLA-4 in clinical studies,
XmAb20717 and MGDO019 have a Fc-null design,
MEDI5752 is designed with Fc engineering to weaken
ADCC, and cadonilimab is designed with Fc null backbone
to eliminate Fc-mediated effector function and eliminate
production of pro-inflammatory cytokines, including IL-6

and IL-8. IL-6 plays a critical role in irAEs in patients who
received anti-PD-1 treatment.'®'® The immune-suppressive
effects of IL-6 on T-cell-mediated anti-tumor immunity has
been widely reported.”® An increase of IL-6 during treatment
was correlated with the poor clinical response to PD-1
blockade.*! In addition, high IL-8 levels have been associated
with attenuated efficacy of immune check-point inhibitor
therapy. In cancer patients, higher levels of IL-8 predicted a
worse clinical outcome and blockade of IL-8 improved anti-
tumor immune response.*” In our study, cadonilimab gener-
ates minimal IL-6 and IL-8 secretion when compared to
nivolumab and ipilimumab. This property may present a
mechanism of action of cadonilimab distinct from the com-
bination of anti-PD-1 and anti-CTLA-4 antibodies, which
may affect safety and efficacy.

The safety and efficacy of cadonilimab has been studied in
over a thousand cancer patients so far. In 2017, clinical studies
were started to evaluate cadonilimab in safety, tolerability,
pharmacokinetics, immunogenicity, pharmacodynamics and
efficacy in advanced solid tumors. This study
(NCT03261011) showed that AK104 can be given safely up
to 25.0 mg/kg in patients every three weeks with very low
incidence of serious adverse events (SAEs) and showed
encouraging anti-tumor activity when dosed >4 mg/kg.'® In



a Phase 2 registration study, cadonilimab monotherapy as
second-line or greater treatment for recurrent or metastatic
cervical cancer showed an objective response rate (ORR) of
33% and good safety profile.'’ The ORR for PD-1 antibody
monotherapy for this patient population is generally around
15%. The incidence of grade >3 irAEs for cadonilimab in this
trial was only 5%. For advanced gastric or gastroesophageal
junction adenocarcinoma, patients who received cadonilimab
plus chemotherapy achieved ORR of 65.9%, median progres-
sion-free survival (mPFS) of 7.10 months and median overall
survival (mOS) of 17.41 months.!* Based on the favorable
results, clinical studies to further evaluate the efficacy and
safety of cadonilimab monotherapy and combination therapy
are ongoing. As of January 2023, cadonilimab is included in 40
clinical trials registered in ClinicalTrials.gov, including five
phase 3 trials, covering a variety of tumor types.

Cadonilimab is a symmetric tetravalent bispecific antibody
with Fc null design. With such a molecular format, cadonili-
mab shows high binding avidity in high antigen density, could
eliminate Fc-mediated ADCC, ADCP, and ADCR, and mean-
while maintain T cell activation, which may all contribute to
the safety and efficacy of this novel molecule in cancer treat-
ment. Clinical trials data has also proved its safety and anti-
tumor efficacy. Cadonilimab potentially represents a new pro-
mising immunotherapy for cancer patients.

Materials and methods

mRNA expression of PD-1 and CTLA-4 in various tumor
types

As a website for cancer genomics dataset, the cBioPortal (https://
www.cbioportal.org/) was used for analyzing the mRNA expres-
sion of PD-1 and CTLA-4 from TCGA PanCan Atlas studies.”’
The mRNA expression data were downloaded via cBioPortal Plot
Sub-tool. The mRNA expression value from RNA-seq data were
scaled with Log(value+1) and the correlation analysis of PD-1 and
CTLA-4 mRNA expression levels in 11 tumor types were per-
formed using R version 4.1.0 software.

Antibody construction

Cadonilimab, a humanized symmetrical bispecific antibody
targeting both human PD-1 and CTLA-4, has an IgG-scFv
format, as reported in the literature.’® Briefly, to construct
the bispecific antibody, we fused the scFv of anti-CTLA-4
onto the C terminus of the heavy chain of anti-PD1 antibody
via a flexible (Gly4Ser) linker. The bispecific antibody consists
of two heavy chains (HC) and two light chains (LC), which are
covalently linked to form a symmetric tetravalent antibody
structure through disulfide bonds and were designed as a
human IgGl, kappa subclass. Mutations (L235A/L236A/
G238A) were introduced into the Fc region to eliminate bind-
ing to FcyRs and Clgq.

ELISA binding

The binding activity of cadonilimab to its antigens were
detected using ELISA. CTLA-4-murine Fc (CTLA-4-mFc)
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and PD-1-murine Fc (PD-1-mFc), which were prepared in
house by Akeso Biopharma, were, respectively, coated on 96-
well microplates. Cadonilimab was tested as a 7-point concen-
tration response curve with serial dilutions of 1:3 starting at a
top concentration of 1 pg/mL. Phosphate-buffered saline with
Tween® (PBST) was added to obtain plate blank values.
Horseradish peroxidase (HRP)-labeled goat anti-human IgG
(Supplier: Jackson, Catalog number:109-035-088) was used as
the detection antibody. The optical density (OD) values were
acquired by microplate reader and analyzed with SoftMax Pro
6.2.1 to create a Four Parameter Logistic (4PL) curve fit by
plotting the antibody concentration on the x-axis and OD on
the y-axis.

FACS binding

For cell surface binding with PD-1 and CTLA-4, 293 T-CTLA4
cells or 293 T-PD1 cells constructed by Akeso Biopharma were
used. Briefly, cells were collected and incubated with serially
diluted antibody. After washing with PBSA (PBS with 1% BSA
(Bovine Serum Albumins, purchased from Sigma, Cat.:
V900933-1 KQG)), cells were stained with fluorescein isothio-
cyanate (FITC) labeled goat anti-human IgG secondary anti-
body (Jackson, Cat.: 109-095-098). The analysis was
performed using a flow cytometer (BD FACSCalibur). Mean
fluorescence intensity (MFI) was acquired using Flowing soft-
ware. Binding activity of cadonilimab, ipilimumab (BMS, Lot.:
AAT3892), or nivolumab (BMS, Lot.: ABA0330) was deter-
mined by the competitive binding of EC50.

ELISA competitive binding

CTLA-4-mFc fusion protein was coated onto 96-well micro-
plates to determine the competition activity between cadonili-
mab and B7.1 and the competition activity between
cadonilimab and B7.2, respectively. Cadonilimab or ipilimu-
mab (constructed by Akeso Biopharma) was added with serial
dilutions of 1:3. B7.1-hFc-bio (constructed by Akeso
Biopharma) and B7.2-His (Supplier:Sino Biological, Inc.,
Catalog number:10699-H08H) were added to the microplates,
respectively. HRP-labeled streptavidin (Supplier: KPL, Catalog
number:14-30-00) and HRP-labeled mouse anti-His
(Supplier: Cwbio, Catalog number:CW0285M) were used as
the detection agents.

PD-1-hFc fusion protein (constructed by Akeso
Biopharma) were coated onto 96-well microplate to determine
the competition activity between cadonilimab and PD-L1 and
the competition activity between cadonilimab and PD-L2,
respectively. Cadonilimab or nivolumab (constructed by
Akeso Biopharma) was added with serial dilutions of 1:3.
PD-L1-mFc fusion protein (constructed by Akeso
Biopharma) and PD-L2-His fusion protein (Supplier: Sino
Biological, Inc., Catalog number:10292-H08H) were added to
the microplates, respectively. HRP-labeled goat anti-mouse
IgG (Supplier: Jackson, Catalog number:115-035-062) and
HRP-labeled mouse anti-His (Supplier: Cwbio, Catalog num-
ber:CW0285M) were used as the detection agents.
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Substrate was added for color development. The reaction
was stopped with 2M H,SO,, and the absorbance at 450 nm
was determined with a standard plate reader.

The OD values were acquired by microplate reader and
analyzed with SoftMax Pro 6.2.1 to create a Four Parameter
Logistic (4PL) curve fit by plotting the antibody concentration
on the x-axis and OD on y-axis.

FACS competitive binding

For cell surface competitive binding with PD-L1 and B7.1,
293 T-CTLA4 cells or 293 T-PD1 cells constructed by Akeso
Biopharma were used. Briefly, cells were collected and incu-
bated with serially diluted antibody. After washing with PBSA
(PBS with 1% BSA (Bovine Serum Albumins, purchased from
Sigma, Cat.: V900933-1 KG)), cells were incubated with B7.1-
hFc-bio (Akeso Biopharma) or PD-Ll-mFc (Akeso
Biopharma) at final concentration of 20 nM, respectively.
Then, cells were stained with FITC-labeled Streptavidin
(Biolegend, Cat.: 405202) or FITC-labeled anti-mouse second-
ary antibody (BD, Cat.: 555988). The analysis was performed
using a flow cytometer (BD FACSCalibur). MFI was acquired
using Flowing software. Competitive binding activity of cado-
nilimab, ipilimumab (BMS, Lot.: AAT3892), or nivolumab
(BMS, Lot.: AAG6552) was determined by competitive binding
EC50.

BLI analysis

Biolayer interferometry was performed by Fortebio OctetQKe
and Fortebio Octet Red96e. For Clq, the antibodies (50 pg/
mL) were immobilized onto FAB2G sensor. Gradient concen-
trations of Clq (1.25, 2.5, 5, 10, and 20 nM) were then flowed
over the chip surface. FcyRIa and FcyRIIIa(5 pug/mL) were
immobilized on the HIS1K sensor, respectively, and 2-fold
serially diluted antibody (50 nM to 3.12 nM for FcyRlIa,
500 nM to 31.25 nM for FcyRIlIla) flowed through the chip.
For human PD-1 and CTLA-4 mixture, PBST (pH 6.0) was
used as buffer solution, and human PD-1 and CTLA-4 mixture
(mol/mol: 1/1) were immobilized on AMC sensors; 3-fold
serially diluted antibody (0.27 nM to 200 nM) was flowed
over the chip surface. For human PD-1, PBST (pH 6.0) was
used as buffer solution and 10 nM human PD-1 was immobi-
lized on AMC sensors, and then 3-fold serially diluted anti-
body (0.27 nM to 200 nM) was flowed over the chip surface.
All the data were collected using Fortebio Data Acquisition 7.0
(or 12.0) and analyzed with Fortebio Data Analysis 7.0
(or 12.0).

Crosslinking of PD-1 and CTLA-4 expressing cells

Crosslinking of PD-1 and CTLA-4 expressing cells was
performed between CTLA-4-expressing CHO-KI1 cells
(Akeso Biopharma) and PD-1 expressing Jurkat cells
(Akeso Biopharma). Briefly, CHO-K1 was plated into the
12-well plates and allowed to adhere at 37°C in 5% CO,.
Thereafter, cadonilimab or control antibodies were added
to the plates and incubated for 1 hr followed by washing

with PBS (Akeso Biopharma). Jurkat cells were stained with
Hoechst 33342 (Biohao, Cat.: C0420) and washed with PBS,
then Jurkat cells were added into the plates with CHO-K1
cells and incubated for 20 min. After the incubation, sus-
pended Jurkat cells were removed by washing, and the
crosslinking between PD-1 and CTLA-4 expressing cells
was analyzed microscopically.

ADCC assay

ADCC activities were determined by measuring lactase dehy-
drogenase (LDH) release from cells. PBMCs from a healthy
volunteer were isolated using Ficoll-Paque™" Plus (GE, Cat.:
17-1440-02). 293 T-CTLA4-PD1 cells (Akeso Biopharma)
were seeded into 96-well plates at 3*10* cells per well and
incubated with cadonilimab, cadonilimab (hG1WT), or iso-
type control for 1 hour at room temperature. Thereafter,
PBMCs were added into the plates at 9.0 x 10> cells per well
and incubated in an incubator for 4 hours. Then, the LDH
activity in the supernatants was measured using LDH assay kit
(Roche, Cat.: 11644793001). ADCC activity was reported as
ADCC% and calculated as follows: ADCC% = ((OD of the
experimental group — OD of the negative control group)/(OD
of the positive control group — OD of the negative control
group))* 100%.

CDC assay

CDC activities were determined by measuring LDH release
from cells. On the assay day, the target cells (CHO-K1-PD1-
CTLA4 cells (Akeso Biopharma)) were harvested, washed with
assay medium (RPMI 1640 containing 1% fetal bovine serum
(FBS)) and then resuspended in assay medium. The cells were
seeded into 96-well plates at 3*10* cells/well. Serially diluted
antibodies at final concentration as indicated in figures were
then added into the assay plates containing target cells and
pre-incubated at room temperature for 10 min. Following the
pre-incubation, normal human serum (Quidel, Cat.: A113) at
final concentration of 2% was added and incubated for 4
hours. Four hours later, the LDH activity in the supernatants
was measured using LDH assay kit (Roche, Cat.
11644793001). To calculate the CDC%, the absorbance values
are substituted in the following equation: CDC% = ((OD of the
experimental group — OD of the negative control group)/(OD
of the positive control group — OD of the negative control
group))* 100%.

ADCP assay

Murine bone marrow-derived monocytes were isolated and
differentiated into macrophages in DMEM-CM (DMEM plus
10% FBS) containing murine macrophage-colony stimulating
factor (M-CSF, purchased from Peprotech, Cat.: 315-02)
(100 ng/mL) for 7 days in a 37°C incubator with 5% CO..
The medium was half-changed on day 3 and 5. Macrophages
were harvested on day 7 and resuspended in DMEM-CM.
The target cells (CHO-K1-PD1-CTLA4 cells constructed by
Akeso Biopharma) were collected and labeled with CFSE



(Biolegend, Cat.: 423801) (2.5 pM). Macrophages and target
cells were co-cultured in DMEM-CM with indicated antibo-
dies. DMEM-CM only and human IgGl group were set as
negative control and isotype control, respectively. The co-
culture cell mixtures were incubated at 37°C for 2 hours fol-
lowed by washing in 1% PBSA. Cells were stained with APC-
conjugated goat anti-mouse/human CD11b (Biolegend, Cat.:
101212) on ice for 40 minutes subsequently being washed in
1% PBSA. Cells were resuspended in 200 pL 1% PBSA and
analyzed with FACS Calibur (Becton Dickinson). The phago-
cytic index (P%) was calculated according to the following
formula: ADCP% = ((number of APC-CD11b+CFSE+ cells)/
(number of APC-CD11b+ cells)) * 100%.

ADCR assay

Human peripheral blood-derived monocytes were differen-
tiated into macrophages (HPMMs) in 1640-CM (RPMI
1640 medium plus 10% FBS) containing human M-CSF
(Peprotech, Cat.: 300-25) for 7 days in a 37°C incubator
with 5% CO,. The medium was half-changed on day 3 and
5. Fifty ng/ml IFN-y (Sinobiological, Cat.: 11725-HNAS-
100) was added for the final 24 hours of differentiation.
HPMMs were collected and seeded into 96-well plates for
further 24 hours of culture. CHO-K1-PD1-CTLA4 cells
constructed by Akeso Biopharma were collected and resus-
pended in 1640-CM, then co-cultured with HPMMs plus
indicated antibodies in an incubator for 24 hours. LPS
(Sigma, Cat.: L4391), medium, and hIgG was set as posi-
tive, negative control, and isotype control, respectively.
Following the incubation, the supernatants were harvested
for measurement of IL-8 and IL-6 using ELISA Kkits
(Dakewe, Cat.: 1110802, 1110602) according to the
instructions.

Data were expressed as the mean + SEM. Statistical signifi-
cance was determined by one-way ANOVA analysis within
GraphPad Prism software. P < .05 and P < .01 were considered
statistically significant and highly significant.

The secretion of IL-2 and IFN-y promoted by cadonilimab
in mixed culture of PBMCs and DCs

PBMCs were isolated from two healthy donors using Ficoll-
Paque™ Plus (GE, Cat.: 17-1440-02). PBMCs from one donor
were cryopreserved for later use. PBMCs from another donor
were used for DC induction. Specifically, monocytes were
isolated from PBMCs by adherence, then induced to differ-
entiate into imDCs by culturing for 3 days in the presence of
IL-4 (Peprotech, Cat.: 200-04) and GM-CSF (Peprotech, Cat.:
300-03). ImDCs were further stimulated to mDC by culturing
for an additional 2 days in the presence of IFN-y
(Sinobiological, Cat.: 11725-HNAS-100), GM-CSF, and LPS
(Sigma, Cat.: L4391). mDCs were harvested and cryopreserved
for later use.

One day before the assay, PBMCs were thawed and cultured
in complete medium overnight. On the assay day, mature DCs
were thawed and cultured in complete medium for 2 hours.
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Then, PBMCs and DCs were harvested and seeded into 96-well
assay plates at 1.0 x 10° cells/well and 1.0 x 10* cells/well,
respectively. Antibody were subsequently added into the assay
plates and incubated for 5 days in 37°C and 5% CO, incubator.
After the incubation, supernatants were collected for the mea-
surement of IL-2 and IFN-y by ELISA (Dakewe, Cat.: 1110202,
1110002).

The secretion of IL-2 and IFN-y promoted by cadonilimab
in mixed culture of PBMCs and Raji-PDL1 cells

SEB (Dianotech, Cat.: S010201)-stimulated PBMCs and Raji-
PD-L1 cells (Akeso Biopharma) were collected and plated into
96-well plates at 1.0 x 10°/well. Cadonilimab/penpulimab were
added into the assay plates at final concentration of 3, 30,
300 nM; nivolumab (Akeso Biopharma) was used as positive
control, and human IgG1 was set as isotype control. The assay
plates were then incubated for 3 days. Three days later, the
assay plates were removed from the incubator, and the super-
natants were then harvested for the measurement of IL-2 and
IFN-y by ELISA (Dakewe, Cat.: 1110202, 1110002).
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