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through 4-1BB signaling activation and fc
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Abstract

Background Agonistic monoclonal antibodies targeting 4-1BB/CD137 have shown preclinical promise, but their
clinical development has been limited by severe liver toxicity or limited efficacy. Therefore, a safe and efficient
immunostimulatory molecule is urgently needed for cancer immunotherapy.

Methods A novel anti-MSLNx4-1BB bispecific antibody (bsAb) was generated via antibody engineering, and its
affinity and activity were detected via enzyme-linked immunosorbent assay (ELISA), flow cytometry, and T-cell
activation and luciferase reporter assays. In vivo antitumour activity was assessed by establishing humanized mice
bearing human MSLN-expressing MC38 (MC38/hMSLN) or CT26 (CT26/hMSLN) cells, and safety was further evaluated
in cynomolgus monkeys.

Results We generated two humanized anti-MSLNx4-1BB bsAbs (HK013-G1/G4) by fusing an anti-4-1BB scFv to the
C-terminus of an anti-MSLN VHH with an intact Fc fragment from human IgG1 or IgG4. The two bsAbs were able to
block the binding of CA125 to MSLN and stimulate 4-1BB signaling pathway, which was strictly dependent on MSLN
expression. In particular, HK013-G1 retained Fc function and induced ADCC effect in tumour cells, whereas HK013-G4
did not. Strikingly, HKO13-G1 showed superior antitumour activity to HK013-G4 both in vitro and in vivo and
remained effective even in the presence of soluble MSLN. HK013-G1 enhanced antitumour immunity and induced
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durable antigen-specific immune memory to prevent rechallenged tumour growth, even at a dose as low as 1 mg/
kg. Furthermore, HK013-G1 did not induce nonspecific production of proinflammatory cytokines and showed good
tolerability up to the highest tested dose (30 mg/kg weekly) for 5 weeks, with no HKO13-G1-related adverse effects

observed in cynomolgus monkeys. In addition, the mean half-life of HKO13-G1 was approximately 61 and 97 h at

single doses of 3 and 30 mg/kg, respectively.

Conclusion The optimal anti-MSLNx4-1BB bsAb HK013-G1 exhibited synergistic antitumour effects by inducing an
ADCC effect (innate immunity) and stimulating the 4-1BB signaling pathway (adaptive immunity) upon cross-bridging
with MSLN with no systemic toxicity, which may offer the promise of an improved therapeutic window relative to that

of 4-1BB agonists.
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Background

The great success of immune checkpoint inhibitors and
T-cell engagers indicates that immunomodulation of the
immune system, either via blockade of inhibitory signals
or delivery of stimulatory signals, has an important role
in cancer therapy [1-3]. 4-1BB, also known as CD137 or
tumour necrosis factor receptor superfamily member 9
(TNFRSEF9), is an important costimulatory molecule that
is expressed on the surface of activated T cells and other
immune cells [4, 5]. Binding of 4-1BB to its ligand triggers
receptor oligomerization and immune signaling activa-
tion, thereby promoting T-cell proliferation and cytokine
release and enhancing the cytotoxicity of CD8+ T cells
[6]. Although several 4-1BB agonistic agents, including
urelumab (BMS-663513), utomilumab (PF-05082566)
and ZG033 (HuB6), have entered clinical trials, the prob-
lem of serious adverse events (AEs) or low clinical benefit
has not been resolved well [7-9].

The bispecific antibody (BsAb) targeting 4-1BB and
tumour-associated antigens (TAAs) has the advantage of
crosslinking 4-1BB only in the presence of TAAs; thus,
this development strategy is highly favored by the phar-
maceutical industry [10-12]. Mesothelin (MSLN) is a
tumour antigen highly expressed in various human can-
cers that can activate the NF-kB, MAPK and PI3K path-
ways and promote cell proliferation and migration and is
an attractive target for cancer therapy [13-15].

Here, we developed an anti-MSLNx4-1BB bispecific
antibody (bsAb), HK013, by fusing a single-chain variable
fragment (scFv) targeting 4-1BB at the C-terminus of an
anti-MSLN nanobody and confirmed that HK013 could
bridge MSLN-positive and 4-1BB-positive cells, activate
the 4-1BB costimulatory pathway and kill tumour cells
in a manner dependent on MSLN expression. Moreover,
HKO013-G1 showed better antitumour efficacy than its
IgG4 control HK013-G4, with no signs of toxicity in vitro
or in vivo.

Methods

Cell culture

The NCI-H226 (CBP60129), OVCAR3 (CBP60294) and
AsPC-1 (CBP60546) human tumour cell lines; the MC38
(CBP60825) and CT26 (CBP61189) murine colorectal
cancer cell lines; and the NK92 (CBP60980) cell line were
purchased from Cobioer Biosciences (Nanjing, China).
The human tumour cell lines were cultured in RPMI-
1640 (HyClone) supplemented with 10% fetal bovine
serum (FBS, Gibco). NK92 cells were maintained in
RPMI 1640 (HyClone) supplemented with 15% FBS, 0.2
mM inositol, 0.02 mM folic acid, and 200 U/ml recombi-
nant IL-2 (Novoprotein Scientific, Inc.). MC38 and CT26
cells were stably transfected to express human MSLN,
which were subsequently cultured in RPMI 1640 medium
supplemented with 10% FBS, 1% penicillin/streptomycin
(P/S, HyClone) and 1 mg/ml geneticin (Gibco). CHO-
K1/MSLN cells expressing full-length human MSLN
and CHO-K1/4-1BB cells expressing full-length human
4-1BB were generated via lentiviral transduction. CHO-
K1/FcyRIIA, CHO-K1/FcyRIIB and CHO-K1/FcyRI
cells were designed to express human FcyRIIA, FcyRIIB
and FcyRI on the cell membrane, respectively. All of
the engineered CHO-K1 cells were cultured in DMEM/
F12 (HyClone) supplemented with 10% FBS, 1% P/S and
1 mg/ml geneticin. HEK-293/NF«B-Luci/4-1BB cells
were genetically engineered, expressed human 4-1BB
and a luciferase reporter driven by NF«B and cultured in
DMEM (HyClone) supplemented with 10% FBS, 1% P/S,
1 pg/ml puromycin (Gibco) and 800 pg/ml hygromycin
B (Sangon Biotech, Shanghai). FcyRIlla (158 V) Jurkat
effector cells (GM-C05619) were purchased from Geno-
meditech (Shanghai, China). All the cell lines were cul-
tured at 37 °C in a humidified incubator with 5% CO2.

Protein expression and purification

The amino acid sequences for human MSLN and 4-1BB
were obtained from UniProt (https://www.uniprot.org/u
niprotkb, MSLN: Q13421, 4-1BB: Q07011), and those for
control antibodies, including urelumab (IMGT/mAb-DB,
ID: 373) and amatuximab (MORAb-009, IMGT/mAb-DB
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ID: 64), were obtained from IMGT/mAb-DB (http://
www.imgt.org/mAb-DB). The sequences of the antibod-
ies and the extracellular domains of the target proteins
that were fused to the Fc region of the mice or a 6xhexa-
histidine tag were synthesized, cloned and inserted into
the mammalian expression vector pcDNA3.4 TOPO
(Invitrogen), followed by transfection into the Expi293F
expression system (Gibco) in accordance with the manu-
facturer’s protocols. Proteins were purified via protein
A chromatography or Ni** chromatography (Cytiva) via
an AKTA Pure Chromatography System (GE Health-
care). Size exclusion chromatography over a Superdex
200 10/60 PG column (GE Healthcare) for antibodies was
implemented for further purification.

Enzyme-linked immunosorbent assay (ELISA)
Recombinant human MSLN-His or 4-1BB-mFc was dis-
solved in 0.5 M NaHCO; at 1 pg/mL and coated into the
wells of a Nunc Maxisorp plate. After being incubated
overnight at 4 °C and washed three times with PBS con-
taining 0.05% (v/v) Tween 20 (PBST), the 96-well plate
was blocked with 5% (w/v) milk in PBST at 37 °C for 2 h.
After washing with PBST, the plate was incubated with
4-fold serial dilutions of HK013-G1, HK013-G4, aMSLN
or a4-1BB parental protein in 1% (w/v) milk in PBST at
37 °C for 1 h and then washed three times with PBST. The
plate was incubated with anti-human Fc-HRP (Jackson),
which was diluted 6000-fold with 1% (w/v) milk in PBST,
for 30 min. After washing with PBST, 50 pL of TMB
(Thermo Scientific®) and H,SO, (stop solution) were
sequentially added to each well. Optical density was mea-
sured at 450 nm using VersaMax (Molecular Devices).
All tests were conducted in duplicate.

For the CA125/MSLN blockade assay, a Nunc Maxi-
sorp plate was coated with 5 pg/mL recombinant human
CA125-His (Kactus Biosystems) in carbonate buffer at
4 °C overnight. After blocking and washing, the plate
was incubated with 5 nM human MSLN-mFc and 10-fold
serial dilutions of the HK013-G1, HK013-G4 or aMSLN
parental protein at 37 °C for 1 h. After being washed
three times with PBST, the plate was incubated with anti-
mouse Fc-HRP (Jackson) for 30 min. After washing, 50
puL of TMB (Thermo Scientific™) and H,SO, (stop solu-
tion) were sequentially added to each well. Optical den-
sity was measured at 450 nm using VersaMax (Molecular
Devices). All tests were conducted in duplicate.

Flow cytometric analysis

For flow cytometry, we used high MSLN-expressing
human lung squamous cell carcinoma (NCI-H226),
moderate MSLN-expressing human ovarian carcinoma
(OVCAR3) and low MSLN-expressing human pan-
creas adenocarcinoma (AsPC-1) samples. A total of
2x10° cells were placed in PBS containing 1% BSA
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and incubated with 2-fold serially diluted HK013-G1,
HKO013-G4, aMSLN or a4-1BB parental protein for 1 h
at 4 °C. After being washed with suspension buffer, the
cells were incubated for 30 min at 4 °C with APC-labeled
antibodies against human IgG (Jackson). The cells were
subsequently washed, resuspended in 400 uL of PBS con-
taining 2% BSA, and subjected to flow cytometric analy-
sis via a CytoFlex analyzer (Beckman Coulter).

To determine the mechanism of cobinding by HK013-
G1, CHO-K1-h4-1BB cells stained with CFSE (5,6-car-
boxyfluorescein diacetate, succinimidyl ester; Invitrogen)
were cocultured with CHO-K1-hMSLN cells labeled with
the cell tracker Deep Red (C34565; Thermo Fisher) at a
ratio of 1:1 with specified concentrations of the tested
antibodies for 1 h in a 96-well plate. The percentage of
cobinding cells that were double positive was analyzed
via the CytoFlex system.

CD8 +T-cell activation assay

Human primary CD8 + T cells were isolated from PBMCs
via a kit (557766, BD). To test 4-1BB agonist activity,
2x10* CHO-K1-hPD-L1 or CHO-K1 cells were seeded
into 96-well plates precoated with 0.5 pg/mL anti-CD3
(BioLegend). After the cells were incubated overnight
and treated with 20 pg/mL mitomycin (Energy Chemi-
cal) for 3.5 h, the supernatant was aspirated, and 2 x 10*
CD8+T cells and serially diluted HK013-G1 or other
antibodies were added to each well and incubated in a
CO2 incubator at 37 °C. After 3 days, the concentration
of IEN-vy in the cell supernatant was measured via ELISA.

NF-kB luciferase reporter assay

To confirm the effect of 4-1BB stimulation by HK013-
G1, an NF«kB luciferase reporter gene assay was used
with different MC38/MSLN cells with different MSLN
expression levels. HEK-293/NF«B-Luci/4-1BB cells were
seeded at 1.5x 10* cells per well in a 96-well plate (Corn-
ing). Then, different MC38/MSLN cells with high, mod-
erate and low MSLN expression were added at 1.5x 10*
cells per well. Serially diluted HK013-G1, HK013-G4,
urelumab or the parental protein a4-1BB was cocultured
with the cells in a CO2 incubator at 37 °C for 18 h. Next,
an equal volume of firefly luciferase reagent was added,
and the luciferase activity was analyzed via a SpectraMax
(Molecular Devices).

To investigate the ability of HK013-G1 to induce 4-1BB
signaling activity in the presence of FcyR cross-linking,
HEK-293/NF«B-Luci/4-1BB cells and CHO-K1 cells with
different FcyR expression levels (CHO-K1/FcyRI, CHO-
K1/FcyRIIA, and CHO-K1/FcyRIIB cells) were seeded in
a 96-well plate and incubated with HK013-G1 and other
antibodies overnight in a CO2 incubator at 37 °C.
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Cytotoxicity assay

To test the antibody-dependent cell-mediated cytotox-
icity (ADCC) mediated by HK013, ADCC effector cells
(FcyRIlla Jurkat effector cells, 3 x 10* cells/well) and tar-
get cells (OVCAR3 cells, 3x10* cells/well) were seeded
in 96-well plates. Serially diluted HK013 or control anti-
body was added, and the samples were incubated at 37 °C
with 5% CO2 for 18 h. Luminescence was detected by a
SpectraMax following the addition of an equal volume of
firefly luciferase reagent.

HKO013-induced NK cell activity was tested in MSLN-
expressing human cancer cells via an LDH assay
(Dojindo). The procedures were performed in accordance
with the manufacturer’s protocol. Briefly, NK92 cells and
target cells were seeded in each well at an E: T ratio of
5:1, and serially diluted HK013 was added. HEK293 cells
were used as negative controls. After the mixture was
incubated at 37 °C and 5% CO2 for 3.5 h, 20 pL of lysis
solution was added, and the mixture was incubated for
30 min. Next, 50 pL of the supernatant was transferred
to a 96-well plate, and 50 pL of LDH working solution
was added to each well. The plate was incubated at room
temperature for 30 min in the dark, after which 50 pL of
stop solution was added. The optical density (OD) was
measured at a wavelength of 490 nm (Microplate reader,
Versa Max).

HKO013-mediated cytotoxicity in MSLN-expressing
cancer cells in PBMCs was detected via calcein retention
according to the manufacturer’s instructions (Yeasen,
Shanghai). NCI-H226, OVCAR3 or AsPC-1 target cells
were incubated with 10 uM calcein-AM in complete
medium for 30 min at 37 °C. After two washes with com-
plete medium, calcein-AM-labeled target cells (1x10*
cells/well) were seeded together with human PBMCs
(5 x 10° cells/well) and incubated with the indicated doses
of antibodies. The spontaneous release samples were
stained for target cells without effector cells, and the
maximum release samples were stained for target cells
with lysis solution. After 3 h of incubation at 37 °C in 5%
CO2, the supernatant was harvested and transferred to
new plates with excitation and emission wavelengths of
485 and 520 nm, respectively, via an FLx800™ Spectramax
(Bio-Tek).

Mouse models

Six- to eight-week-old human 4-1BB knock-in C57BL/6
and BALB/C mice were purchased from Gempharmat-
ech Co., Ltd. (JiangSu, China). The mice were housed
under SPF conditions, acclimated for 7 days prior to
use and kept on a 12/12-hour light/dark cycle with food
and water provided ad libitum. Human 4-1BB knock-
in C57BL/6 and BALB/C mice were subcutaneously
injected with MC38/MSLN tumour cells (1 x 10%/mouse)
or CT26/MSLN tumour cells (2 x 10®/mouse). When the
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tumour size reached ~50 mm?® (MC38/MSLN) or ~75
mm? (CT26/MSLN), the tumour-bearing mice were ran-
domly assigned to different study groups. Groups of five
animals each were intravenously administered HK013-
G1 or HK013-G4 at 1 or 6 mg/kg twice weekly for up to
3 weeks. The tumour volume was monitored twice per
week. The tumour length and width were measured. The
tumour volume was calculated according to the follow-
ing equation: 0.5 x length x width x width. The mice
were sacrificed once the tumour volume reached 3000
mma3. For the hepatotoxicity study, treated mice bearing
MC38/MSLN tumours were euthanized, and serum was
collected for AST/ALT detection. For the rechallenge
experiment, 1.25x10% CT26 cells were implanted sub-
cutaneously into the left flank of CT26/MSLN tumour
model mice that achieved complete remission 30 days
after the final vaccination.

In vitro cytokine release assay

PBMCs from healthy donors in RPMI-1640 medium
supplemented with 10% FBS in 96-well flat-bottom plates
(2% 10° cells/well) were treated with 10-0.1 pg/ml of the
tested antibodies for 48 h. The levels of the cytokines
IEN-y, TNF-a, IL-10, IL-2, IL-6, IL-4 and IL-17a in the
culture medium were measured via a cytometric bead
array assay (C60021, QuantoBio) according to the man-
ufacturer’s instructions. The fluorescence signals were
measured via the CytoFlex system.

Pharmacokinetics and toxicity study

Single- and repeat-dose studies were performed. In the
pharmacokinetic study, cynomolgus monkeys were intra-
venously injected with HK013-G1 at a single dose of 3
or 30 mg/kg (two males and two females in each group).
Serum samples for drug concentration determination
were collected from all animals before and after drug
administration for 5 min and 2, 8, 24, 48, 72, 120, 168,
240 and 288 h. Serum HKO013-G1 concentrations were
measured via sandwich ELISA using human MSLN-His,
human 4-1BB-mFc and HRP-conjugated goat anti-mouse
Fc antibody (Jackson). For the 5-week repeated-dose tox-
icity study, cynomolgus monkeys were given HK013-G1
(3 or 30 mg/kg) once a week for five i.v. infusions. Each
group consisted of two males and two females. Safety
and toxicity were assessed on the basis of standard
parameters.

These studies all have been approved by IACUC of
University of Science and Technology of China as the
proposal No. 2021-N(A)-083. We performed them in
strict accordance with the guidelines established by the
IACUC.
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Statistical analysis

Statistical analysis was performed via GraphPad Prism
9 software (GraphPad Software, Inc.). Two-tailed t tests
were used to compare the treatment groups with the con-
trol groups. A P value of <0.05 was considered to indicate
statistical significance.

Results

Characterization of the HK013 antibody

We designed an anti-MSLNx4-1BB bispecific antibody
for the two subtypes to compare their antitumour effects
(Fig. 1a). HK013-G1 was generated by fusing a single-
chain variable fragment (scFv) of an anti-4-1BB antibody
(HuB6, patent W(02021093753A1) at the C-terminus of
the heavy chain of a humanized anti-MSLN IgG1 nano-
body (R2G12, patent W02019246003A1) in a symmet-
ric manner. HK013-G4 was derived from HKO013-G1
by replacing IgGl with IgG4. HK013-G1/4 bound to
both human MSLN and 4-1BB proteins with an EC50 of
approximately 0.05 nM for the two antigens (Fig. 1b, Sup-
plementary Fig. sla-b), and the affinity of HK013-G1/4
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for human MSLN was more than tenfold greater than
that for human 4-1BB (Supplementary Table 1). Similarly,
these compounds could react against cynomolgus mon-
key MSLN and 4-1BB (Supplementary Fig. slc-d). More-
over, HK013-G1/G4 blocked CA125 binding to MSLN,
as did the mouse-human chimeric IgG1 monoclonal
antibody MORADb-009 (amatuximab), which implies that
the antibodies should inhibit the adhesion and viability of
cancer cells and increase chemosensitivity (Fig. 1c) [14,
16].

Next, we determined MSLN expression on the cell
surface and selected high-, moderate- and low-MSLN-
expressing NCI-H226, OVCAR3 and AsPC-1 cells as
representative cancer cell lines for further study (Supple-
mentary Table 2). As demonstrated by flow cytometry
analysis, HK013-G1/G4 bound NCI-H226, OVCAR3 and
AsPC-1 cells in a concentration-dependent manner, simi-
lar to the anti-MSLN IgG1 nanobody R2G12 (Fig. 1d).
Moreover, we confirmed that HK013-G1/G4 could effec-
tively link MSLN-expressing cells and 4-1BB-expressing
cells together (Fig. le).
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Fig. 1 Characterization of HKO13-G1. (a) Structural overview of HK013-G1/G4. (b) The activities of HK013-G1/G4 against human MSLN and 4-1BB proteins
were detected via ELISA. Anti-MSLN R2G12 and anti-4-1BB HuB6 were both used as positive controls. (c) The blockage of CA125 binding to the MSLN
protein by HK013-G1/G4 was measured via ELISA. MORAb-009 (MORAD) was used as a positive control. (d) The binding activities of HK013-G1/G4 to
MSLN-expressing cancer cell lines were evaluated via flow cytometry. MFI: mean fluorescence intensity. NCI-H226, OVCAR3 and AsPC-1 cells presented
high, moderate and low MSLN expression, respectively. The anti-MSLN IgG1 nanobody R2G12 was used as a positive control. (e) The capacity of HKO13-
G1/G4 cells to bridge MSLN-expressing and 4-1BB-expressing cells was evaluated via flow cytometry. The results are representative of three independent

experiments. *, P<0.05; **, P<0.01; *** P<0.001
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HK013-G1/G4 activates 4-1BB signaling in a manner
dependent on MSLN engagement

One of the biomarkers of 4-1BB signaling activation in
cytotoxic T cells is increased production of IFN-y [9,
17]. Therefore, we first assessed CD8 + T-cell activation
induced by HKO013-G1/G4. As expected, HK013-G1/
G4 induced potent IFN-y secretion, even more than
urelumab did when the concentration was not above 1
nM (P<0.05). Furthermore, HK013-G1/G4 activated
CD8+T cells to secrete IFN-y only when they were
cocultured with MSLN-positive cells. However, urelumab
still increased IFN-y secretion when the concentration
was not less than 1 nM (Fig. 2a). To further investigate
whether the 4-1BB signaling activity of HKO013 is strictly
dependent on MSLN engagement, we constructed a
detection system in which the luciferase reporter HEK-
293/NFkB-Luci/4-1BB cells were cocultured with dif-
ferent MSLN-expressing MC38 cells, including MC38/
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MSLN™, MC38/MSLN™¢ and MC38/MSLN" cells.
Consistent with the previous results, HK013-G1/G4
induced stronger 4-1BB signaling than urelumab did
in MC38/MSLN™4 (P<0.05) and MC38/MSLN" cells
(P<0.001). In MC38/MSLN"" cells, HK013-G1/G4 did
not exhibit obvious activity when the HKO013-G1/G4
concentration was not greater than 1 nM. However, ure-
lumab had a similar effect on all the MC38/MSLN cells
(Fig. 2b). These results demonstrated that HK013-medi-
ated activation of 4-1BB signaling is strictly dependent
on MSLN expression in the tumour environment.
Moreover, our results revealed that HK013-G1 and
HKO013-G4 had similar effects on 4-1BB signaling acti-
vation (Fig. 2a,b). However, they did not show the same
activation profiles of 4-1BB signaling when the treated
CHO-K1 cells expressed diftferent FcyRs (FcyRI, FcyRIIA
or FcyRIIB). HK013-G1 showed stronger activity than
HKO013-G4 did when the concentration was not less than
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Fig. 2 Immune activation ability of HK013-G1. (@) CD8+T cells cocultured with MSLN-expressing cells were treated with the indicated antibodies for 4
days. The IFN-y concentration in the medium was measured via ELISA. CHO-K1/vector cells were used as a negative control. Compared with urelumab,
* P<0.05; **, P<0.01. (b) Luciferase activity was determined in HEK-293/NFkB-Luci/4-1BB cells cocultured with different MSLN-expressing MC38/MSLN
cells after treatment with the indicated antibodies for 14 h. * P<0.05; ***, P<0.001. (c) Luciferase activity was determined in HEK-293/NFkB-Luci/4-1BB
cells cocultured with different FcyR-engineered CHO-K1 cells after treatment with the indicated antibodies for 14 h. All the experiments were performed

three times independently. * P<0.05; ** P<0.01
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0.1 nM, the FcyR was FcyRI (P<0.05), the concentra-
tion was not less than 10 nM, and the FcyR was FcyRIIA
(P<0.01). However, they presented a similar activity
curve in the presence of FcyRIIB (Fig. 2c). Our results
indicated that the Fc subtype of HK013 should not signif-
icantly affect 4-1BB signaling activity except under cer-
tain specific conditions, such as FcyRI and FcyRIIA.

HKO013-G1 effectively kills tumour cells in vitro

HKO013-G1 was designed to retain the Fc effector func-
tion through the adoption of the IgGl Fc region. The
ADCC reporter assay using the FcyRIIla Jurkat effector
HKO013-G1 induced an obvious ADCC effect in MSLN-
positive OVCAR3 cells in a dose-dependent man-
ner, which was superior to that of the positive control
MORAD-009. However, HK013-G4 had no significant
effect (Fig. 3a). Furthermore, HK013-G1 induced more
marked effects than HK013-G4 did on the induced cyto-
toxicity of human PBMCs and NK cell activity (P<0.01,
Fig. 2b,c). Therefore, HK013-G1 was selected for further
examination. As expected, HK013-G1 efficiently directed
NK92 cells to lyse MSLN-positive tumour cells, includ-
ing high-expressing NCI-H226, moderate-expressing
OVCAR3 and low-expressing AsPC-1 cells. However,
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no effect was observed in MSLN-negative HEK293 cells,
which indicated that HK013-G1 should have strict speci-
ficity for MSLN expression (Fig. 3d). Moreover, the IFN-y
release and NF-kB luciferase activity of HK013-G1 cells
did not significantly change in the presence of soluble
MSLN (sMSLN) (Fig. 3e). In addition, HK013-G1 had
no obvious complement-dependent cytotoxicity (CDC)
effect on MSLN-positive tumour cells (Supplementary
Fig. s2).

HKO013-G1 induces potent antitumour immunity in vivo

The in vivo antitumour activity of HK013-G1 was evalu-
ated in human 4-1BB knock-in mice bearing MSLN-pos-
itive tumours. In the MC38/MSLN model, HK013-G1
treatment had significant tumour-inhibitory efficacy at a
dose of 1 mg/kg compared with the PBS control (?<0.05)
and had a greater effect at the 6 mg/kg dose (P<0.01).
However, HK013-G4 had no significant effect at a dose of
1 mg/kg and had a tumour-inhibitory effect at a dose of
6 mg/kg (Fig. 4a). Specifically, HK013-G1 exhibited supe-
rior antitumour efficacy, with an 89% tumour growth
inhibition (TGI) rate at 6 mg/kg compared with the same
dose of HK013-G4, with a 70% TGI rate, which was near
the 63% TGI rate of 1 mg/kg HK013-G1 (Fig. 4b). In the
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Fig.3 Antitumour effects of HK013-G1 in vitro. (@) ADCC activity was detected after the indicated antibody treatment for 18 h. FcyRllla Jurkat effector and
target OVCARS3 cells were cocultured at E: T=1:1. (b) The cytotoxicity was measured via the calcein retention method. Calcein-AM-labeled OVCAR3 cells
were incubated with human PBMCs at an E: T ratio of 50:1 and treated with the serially diluted indicated antibody for 3 h. (c) The activity of HKO13 NK cells
was analyzed via an LDH assay. NK92 and target OVCAR3 cells were cocultured at an E: T ratio of 5:1 and treated with serially diluted HK013-G1/G4 for 3.5 h.
(d) The activity of HK013-G1 NK cells was measured via LDH assay. NK92 and NCI-H226, OVCAR3, AsPC-1 or HEK293 cells were cocultured at E: T=5:1 and
treated with serially diluted HK013-G1 for 3.5 h. (e) The reporter luciferase activity and IFN-y release induced by HK013-G1 did not significantly change
in the presence of 0.5 ug/mL soluble MSLN (sMSLN). All the experiments were performed three times independently. *, P<0.05; ** P<0.01; ***, P<0.001
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Fig. 4 Antitumour efficacy of HK013-G1 in humanized mouse models. (a) Human 4-1BB-KI C57BL/6 mice bearing MC38/MSLN tumours were treated
with HK013-G1/G4 (1 or 6 mg/kg) five times (n=5). The tumour volume was monitored twice per week. (b) Tumour growth inhibition (TGI) analysis for
(@). () Human 4-1BB-KI C57BL/6 mice bearing CT26/MSLN tumours were treated with HK013-G1 (1 or 6 mg/kg) or HK013-G4 (6 mg/kg) five times (n=5).
Tumour growth was measured twice per week. (d) Three mice in (B) with complete remission were rechallenged with 1.25 x 10° CT26 cells 30 days after

HK013-G1 treatment. * P<0.05; **, P<0.01

CT26/MSLN model, HK013-G1 reduced the tumour vol-
ume in both the 1 mg/kg and the 6 mg/kg groups com-
pared with the control (P<0.01). However, HK013-G4
did not markedly inhibit tumour growth even at a dose
of 6 mg/kg (Fig. 4c). For TGI, HK013-G1 had rates of
78% and 81% at 1 mg/kg and 6 mg/kg, respectively, and
6 mg/kg HK013-G4 had a 21% rate (Fig. 4d). Notably,
three out of the five mice in the two HK013-G1-treated
groups exhibited complete tumour regression, and all the
cured mice were protected against CT26/MSLN tumour
rechallenge. Although three CT26/MSLN tumours also
disappeared in the 1 mg/kg HK013-G1 group, the 6 mg/
kg HK013-G1 group presented complete tumour regres-
sion on d31, which occurred 16 days earlier than the
1 mg/kg HK013-G1 group did (Fig. 4e).

HKO013-G1 has high safety
To examine the possible nonspecific cytokine release
induced by HK013-G1, human PBMCs were incubated
with the tested antibodies for 2 days. Compared with the
IgG control, HK013-G1 did not increase the release of
inflammatory cytokines, including TNFa, IL-10, IL-17q,
IL-6, IL-2, IFNy and IL-4, similar to anti-4-1BB HuB6
(Fig. 5a, Supplementary Fig. s3).

Since HK013-G1 reacts to MSLN and 4-1BB in cyno-
molgus monkeys (Supplementary Fig. slc-d), in vivo

pharmacokinetic (PK) and toxicokinetic (TK) studies
were performed on cynomolgus monkeys intravenously
injected with 3 or 30 mg/kg HK013-G1. The mean half-
lives of HK013-G1 were approximately 61 h (2.5 days)
and 97 h (4 days) at single doses of 3 and 30 mg/kg,
respectively (Fig. 5b).

In the weekly 3 mg/kg dose study, the serum IL-6
level increased at 2 h after the first HK013-G1 injection
and gradually decreased to the control level or baseline
level on the next day. However, the IL-2 levels remained
stable at 43 days. In the repeated 30 mg/kg dose study,
the IL-6 level slightly increased, and the IL-2 content
first increased but then decreased (Fig. 5c). Moreover,
the proportion of T lymphocytes did not significantly
change, except that the ratios of CD45+CD3+T and
CD45+CD3+CD4+T cells mildly decreased in the
female monkeys treated with the 30 mg/kg dose. The
proportion of CD3-CD16+NK cells slightly increased,
except that the 3 mg/kg dose did not markedly change
after HK013-G1 treatment (Fig. 5d). No obvious adverse
symptoms occurred in the treated cynomolgus monkeys.

In addition, toxicity evaluation was also performed in
human 4-1BB-KI C57B6 mice bearing MC38/MSLN
tumours by intravenous injection of 10 mg/kg repeated-
dose antibodies (Supplementary Fig. s3a). HK013-G1
and HK013-G4 did not induce significant side effects,
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whereas two mice in the urelumab group presented ele-
vated serum AST and ALT levels and obvious immune
cell infiltration into the liver (Supplementary Fig. s3b-c).
Overall, HK013-G1 was well tolerated by mice and cyno-
molgus monkeys.

Discussion

Agonists against 4-1BB and other TNFRSF members
require effective crosslinking to induce receptor oligo-
merization, which generally employs FcyR engagement
[18-20]. However, owing to the wide distribution of Fc
receptors, ensuring the safety of one antibody drug with
an intact Fc is a great challenge [21]. Moreover, most
4-1BB agonists are inclined to induce global immune
activation and result in systemic toxicity; thus, a BsAb
drug design is favored for 4-1BB activation, which is
dependent on TAA expression [22—-24]. In this study, we
generated an optimized targeting agonist, HK013-G1, by
fusing the anti-4-1BB scFv to the C-terminus of the anti-
MSLN VHH, which contains a human IgG1 Fc domain.
HKO013-G1 was confirmed to stimulate 4-1BB signaling

in a manner dependent on the MSLN protein and effec-
tively killed MSLN-positive cancer cells without systemic
immune activation or associated hepatotoxicity.

The optimization strategies of HK013-G1 include three
main points. First, molecules with smaller molecular
weight are more likely to enter the tumour microenvi-
ronment, which is favorable for cancer immunotherapy
[25, 26]. The use of anti-MSLN VHH and anti-41BB scFv
can reduce the overall molecular weight of HK013-G1 to
~130 kDa, which is close to that of monoclonal antibod-
ies. We speculate that this phenomenon is conducive to
the diffusion of HK013-G1 into tumour tissues. Thus, it
can bind better to T cells and exert antitumour activity.
Moreover, the anti-MSLN VHH could block the inter-
action of CA125 with MSLN and prevent the prolifera-
tion and migration of tumour cells [16, 27]. Second, by
adopting a scFv targeting 4-1BB at the C-terminus of the
Fc domain, HK013-G1 could bridge MSLN- and 4-1BB-
expressing cells and mediate 4-1BB signaling activa-
tion in a manner strictly dependent on MSLN, similar
to the reported BsAb M9657 [28]. Third, the affinity of
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Fig. 6 Schematic illustration of the mechanism of action of HK013-G1. On the one hand, HKO13 mediates the induction of adaptive immunity by stimu-
lating 4-1BB signaling in T cells by simultaneously binding to MSLN expressed on tumour cells and 4-1BB expressed on T lymphocytes, resulting in the
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HKO013-G1 for MSLN was designed to be greater than
that for 4-1BB to ensure the specific targeting of MSLN-
positive cells and reduce possible toxicity. This design
was tested successfully in our previous BsAb HK010 [11].

The antitumour effect of HK013-G1 should depend
on both innate and adaptive immunity. As so far, most
BsAbs that target immunostimulatory receptors employ
IgG4 weakly bound to Fc receptors or IgG1 with silent
mutations; thus, they lack Fc-related functions, including
ADCC and CDC [29-31]. However, the ADCC effect is
very favorable for TAA targets in cancer immunotherapy
[32-34]. Therefore, we retained the ADCC function of

HKO013-G1 by adopting a human IgG1 subtype. HK013-
G1 has an ADCC effect through the interaction of its
Fc with the FcR on the surface of innate immune cells,
thereby inducing an innate immune response (Fig. 6). As
shown in Fig. 3a,b, HK013-G1 even had a stronger ADCC
effect than did MORAb-009/amatuximab with human
IgGl. However, HK013-G4 did not have this effect.
Therefore, HK013-G1 induced lysis of MSLN-positive
tumour cells when cocultured with human PBMCs, but
HKO013-G4 did not. On the other hand,, HK013-G1 medi-
ated the induction of adaptive immunity by stimulating
the 4-1BB signaling pathway by simultaneously binding
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to MSLN expressed on tumour cells and 4-1BB expressed
on T lymphocytes, resulting in the clustering of 4-1BB
molecules. Importantly, target cell lysis and T-cell activa-
tion by HK013-G1 were dependent on MSLN expression
in cancer cells with the high specificity, as these effects
were not observed in cancer cells lacking MSLN expres-
sion. In addition, previous studies have shown that the
shedding of soluble MSLN into tumours impairs the
efficacy of MSLN-targeted therapy [35, 36]. Although
HKO013-G1 possibly binds to soluble MSLN, it has no sig-
nificant effect on HK013-G1-induced T-cell activation
in vivo. Thus, the effect of soluble MSLN on the clinical
benefit of the drug would be greatly reduced. In addi-
tion, in the Fc receptor-mediated 4-1BB signal activation
reporter assay, HK013-G1 had much lower activity than
urelumab and was comparable to 4-1BB and HK013-G4.
Therefore, the selection of the IgG1 subtype for HK013-
G1 does not increase the risk of hepatotoxicity associ-
ated with Fc receptor occupancy. Moreover, our in vivo
study revealed that the antitumour efficacy of HK013-G1
was superior to that of HK013-G4, which indicated that
the superiority of HK013-G1 is dependent mainly on the
function of IgG1 Fc. In addition, HK013-G1 remained
effective even in the presence of sMSLN, similar to the
effects of the BsAb MSLN490 [15]. The high biological
activity, safety, and favorable pharmacokinetic properties
of HK013-G1 support studies testing its clinical activity
in patients with MSLN-expressing cancers.

At present, a variety of MSLN-targeted therapies have
been clinically applied to MSLN-positive solid tumours,
including mesothelioma, pancreatic cancer, ovarian can-
cer, and lung adenocarcinoma [37, 38], and some clinical
benefits have been shown, especially in ovarian cancer
[39]. The antitumour effects of HK013-G1 observed in
vitro and in mouse tumour models suggest that HK013-
G1 may play a therapeutic role in MSLN-positive solid
tumours. Additionally, Single-dose PK analysis revealed
that the mean half-lives of HK013-G1 were approxi-
mately 61 h (2.5 days) and 97 h (4 days) at 3 and 30 mg/
kg, respectively, which are within normal limits consider-
ing that HK013-G1 is composed of a nanobody [40, 41].
PK data from cynomolgus monkeys suggest that a weekly
dosing schedule may be sufficient to maintain an appro-
priate plasma drug concentration of HK013-G1 to exert
clinical antitumour activity.

In the cynomolgus monkeys, none of the tested
doses led to changes in the lymphocyte proportion,
and only the 30 mg/kg HK013-G1 led to an increase of
IL-6 release. As IL-6 is a central mediator of cytokine
responses in cytokine release syndrome (CRS), this phe-
nomenon may imply that high doses of HK013-G1 are
associated with a risk of causing CRS, an adverse event
that has been observed in MSLN-CAR-T-cell therapy
[42]. Therefore, the levels of IL-6 and other CRS-related
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cytokines, such as IFNy and IL-2, should be closely
monitored in clinical trials. On the other hand, anti-IL-6
receptor antagonists or corticosteroids, which are usu-
ally effective in the management of treatment-mediated
CRS in TCE or CAR-T-cell clinical trials [43, 44], could
be considered for use with HK013-G1.

Molecules bridging CD3e on T cells with MSLN on
cancer cells have entered the clinic, but owing to the
risk of CRS [43], the clinical dose of these drugs is low,
just as the dose of CD3-based TCEs in NHPs is mostly
at the microgram level; thus, it is difficult to obtain bet-
ter clinical benefits in solid tumours. However, bispecific
antibody based on costimulatory molecules, such as the
anti-CD40xMSLN molecule, are relatively safe; unfortu-
nately, its clinical benefit is poor [45, 46]. Therefore, we
developed HK013-G1 cells with both adaptive and innate
immunity. Despite changes in IL-6 release, HKO013-
G1 was remarkably well tolerated up to 30 mg/kg after
repeated administration without gross macroscopic find-
ings or dose-limiting toxicity. Notably, the Cmax at the
30 mg/kg dose was approximately 1 mg/kg (~7.75 uM),
which exceeded the maximum value in vitro for T-cell
activation and target cell lysis. The pharmacodynamics
and toxicology evaluation of HK013-G1 in NHPs suggest
the potential for a wide therapeutic window.

As a costimulatory molecule, 4-1BB can coordinate
with CD3 to promote T-cell proliferation and activa-
tion [47]. In fact, 4-1BB agonist antibodies have been
shown to enhance tumour-infiltrating T-cell expansion
and antitumour activity in combination with CD3-based
antibodies [48]. Additionally, tumour-infiltrating T cells
frequently coexpressed 4-1BB and PD-1 receptors in a
mouse tumour model, and the combination of PD-(L)1
inhibition and 4-1BB agonists had synergistic antitu-
mour effects [49, 50]. Moreover, many clinical trials of
anti-4-1BB in conjunction with anti-PD-(L)1 or anti-4-
1BB/PD-(L)1 bispecific antibodies are currently under-
way [5]. Similarly, clinical benefits from MSLN CAR-T
cells combined with anti-PD1 antibodies have also been
observed in patients with mesothelioma [51, 52]. Hence,
combining HK013-G1 with CD3-based TCE or PD-(L)1
inhibitors may be a useful strategy for improving clinical
benefits.

Conclusions

Together, we presented a novel humanized anti-
MSLNx4-1BB BsAb, HKO013-G1, with an IgGl Fc.
HKO013-G1 exhibited a potent antitumour effect only in
the MSLN-positive tumour microenvironment through
the induction of both innate and adaptive immunity. In
particular, HK013-G1 did not induce nonspecific pro-
duction of proinflammatory cytokines or obvious liver
toxicity. Our studies demonstrate that overcoming the
challenges that have hampered the clinical development
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of MSLN-targeted drugs for solid tumours may be pos-
sible. These results suggest that HK013-G1 has potent
antitumour activity and a safe safety profile and support
the clinical development of HK013-G1 in patients with
MSLN-positive tumours for whom better treatment
options are needed.
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