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Summary

Background Redirecting T cells to tumor cells using bispecific antibodies (BsAbs) is emerging as a potent cancer therapy. The
main concept of this strategy is to cross-link tumor cells and T cells by simultaneously binding to cell surface tumor-associated
antigen (TAA) and the CD3 chain. However, immune checkpoint programmed cell death ligand-1 (PD-L1) on tumor cells or
other myeloid cells upreglulated remarkablely after the treatment of CD3-binding BsAbs, leads to the generation of suppressed
microenvironment for immune evasion and tumor progression. Although this resistance could be partially reversed by anti-PD-
L1 treatment, targeting two pathways through one antibody-based molecule may provide a strategic advantage over the combi-
nation of BsAbs and immune checkpoint inhibitors. Methods We developed two novel BsAbs PD-1/c-Met DVD-Ig and IgG-
scFv both targeting PD-1 to restore the immune effector function of T cells and engaging them to tumor cells via binding to
cellular-mesenchymal to epithelial transition factor (c-Met). Binding activities, T cell activation and proliferation were analyzed
by flow cytometry. Cell Cytotoxicity and cytokine release were measured using LDH release assay and ELISA, respectively.
Anti-tumor response in vivo was evaluated by generate xenograft models in NOD-SCID mice. Results These bispecific anti-
bodies exhibited effective antitumor activity against high- and low- c-Met-expressing gastric cancer cell lines in vitro and
mediated strong tumor growth inhibition in human gastric cancer xenograft models. Conclusion The engagement of the PD-1/
PD-L1 blockade to c-Met-overexpressing cancer cells is a promising strategy for the treatment of gastric cancer and potentially
other malignancies.
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Introduction

Gastric cancer (GC) is the third leading cause of cancer-related
deaths worldwide and is a serious global health problem [1].
Despite improvements in surgical resection of the tumor and
adjuvant chemotherapy protocols, which are the main
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treatment strategies in GC, the prognosis of patients with ad-
vanced GC remains grim with a relatively low five-year over-
all survival (OS) rate [2, 3].

C-Met, a receptor-type tyrosine kinase is activated through
its ligand, hepatocyte growth factor (HGF), and promotes a
variety of tumorigenic responses including malignant progres-
sion, angiogenesis, epithelial-mesenchymal transition (EMT),
invasion, and metastasis [4]. As early as 2011, c-Met was
reported to be over-expressed in more than 50% of advanced
GC tumors [5]. Moreover, c-Met gene amplification and ex-
pression levels were considered to be associated with GC
aggressiveness [6, 7]. Combining chemotherapy with
rilotumumab, a completely harmonized monoclonal antibody
that targets HGF and prevents it from binding to c-MET, sig-
nificantly improved the OS in GC patients, suggesting that c-
Met might be a promising target for GC treatment [8].

T cells, the most powerful agents of the immune system,
play an important role in killing tumor cells [9]. Naturally IgG
antibodies fail to recruit cytotoxic T cells directly as they lack
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the Fc receptors. Engaging T cells with tumor cells via
bispecific antibodies (BsAbs) sis an attractive approach to har-
ness T cells for treating cancers [10, 11]. BsAbs combine
tumor-associated antigen binding specificity and T cell binding
potential into one molecule. The CD3 complex is convention-
ally used to trigger T cell activation, since it is widely expressed
on T cells, and more importantly, can activate cytotoxic T lym-
phocytes (CTLs) bypassing the pMHC restriction [12, 13].
Approval of blinatumomab targeting CD19 and CD3 by the
US-FDA further exemplifies the therapeutic potential of this
T cell engaging strategy [14]. Besides, numerous similar
BsAbs are under different stages of clinical development [11].

However, many studies have reported that the expression
of immune checkpoint molecule PD-L1 on the tumor cells and
myeloid cells is dramatically upregulated due to the secretion
of IFN-y after exposure to CD3-binding T-BsAbs, inducing
the formation of an immunosuppressive tumor microenviron-
ment with exhausted tumor-specific T cells [15-17]. Chang
et al. demonstrated that combining PD-1-blocking antibody
with anti-Trop2 or anti-CEACAMS T-BsAb induced stronger
anti-tumor activity than T-BsAb alone both in vitro and
in vivo [18]. Several studies have concluded that combining
PD-1/PD-L1 checkpoint blockade with T-BsAb treatment
could significantly augment anti-tumor responses compared
to T-BsAb as a single agent [19, 20].

Since Wu et al. reported that PD-L1 overexpression is
found in 42.2% of gastric cancer tissues in 2006 [21], numer-
ous studies have reported high PD-L1 expression in gastric
cancers and its association with lymph node metastasis and
poor survival [22, 23]. Recent trials with anti-PD-1
(pembrolizumab and nivolumab) and anti-PD-L1 (avelumab)
antibodies have shown the potential anti-tumor efficacy of
these agents in gastric cancer patients [24]. Among them,
pembrolizumab was approved for treatment of patients with
advanced or recurrent gastric cancer last year.

Collectively, these notions suggest that more effective GC
therapy could be achieved by rational combinatorial therapeu-
tic approaches. In this regard, we developed bispecific anti-
bodies PD-1/c-Met DVD-Ig and 1gG-scFv using previously
reported technologies with the goal of directing PD-1/PD-L1
checkpoint blockade to c-Met-expressing cells [25, 26]. This
novel bispecific technology is able to promote the selective
reactivation of anti-tumor T cells, and potentially, may offer a
feasible option for the treatment of gastric cancers via exerting
the dual function of blocking PD-1 and c-Met.

Materials and methods

Cell lines and reagents

Five GC cell lines including MGC803, BGC823, AGS,
MKN28 and HGC27 were kindly provided by professor

JianXin Gu from our institute. HEK293E, CHO and GC cell
lines MKN45 and IM95 were obtained from American Type
Culture Collection. CHO/hPD-1 EXD (CHO cells stably
express the extra cellular domain of human PD-1) was gener-
ated in our laboratory. HEK293E was cultured in FreeStyle™
293 Expression Medium (Gibco, Life technologies, Shanghai,
China) according to the supplier-recommended conditions.
CHO and all GC cell lines were maintained in RPMI-1640
medium (Sigma, Shanghai, China) containing 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA, USA) and 1%
penicillin/streptomycin (Hyclone, Shanghai, China) at 37 °C
and 5% CO2. Human peripheral blood mononuclear cells
(PBMCs) were isolated from fresh peripheral blood of
anonymized healthy volunteer donors after the centrifugation
on a density gradient using Ficoll-Paque PLUS (GE
Healthcare, Shanghai, China). C-Met specific inhibitor JNJ-
38877605 was purchased from Selleck Chemicals (Houston,
TX, USA). Recombinant Human HGF was obtained from
PeproTech (Rocky Hill, NJ, USA). PHA-L and IL-2, used as
the stimulation of human peripheral blood lymphocytes, were
purchased from Sigma-Aldrich (Shanghai, China) or
ProteinTech (Shanghai, China), respectively.

BsAbs expression and purification

PD-1/c-Met DVD-Ig or IgG-scFv molecules were generated
by transient co-transfection of the 2 plasmids encoding the
heavy- and light-chain respectively in HEK293E cells.
Immediately before transfection, cell density was adjusted to
1x 10° cells/ml, the co-transfection was performed using
polyethyleneimine (PEI, Polysciences, Shanghai, China) as
the transfection mediator. After 68 days of culture in flasks
on an orbital shaker platform rotating at 180 rpm at 37 °C, 8%
CO2, the supernatants were collected by centrifugation and
purified using one-step Protein A chromatography (GE
Healthcare, Shanghai, China) following the manufacturer’s
protocol. The purified antibodies were analyzed by SDS-
PAGE and western blotting under non-reduced or reduced
conditions and then pooled, concentrated, and stored in
2.0 mg/ml aliquots at —80 °C.

Flow cytometry

For binding property analysis, human gastric cancer cell lines
MKN45 and MGC803, which both express c-Met, were used
to determine the binding activity of the BsAbs to c-Met. CHO
stably expressed the extra cellular domain of human PD-1 was
used to determine the binding activity of the BsAbs to PD-1.
The cells were diluted in ice-cold PBS supplemented with 2%
FBS before adding DVD-Ig, IgG-scFv or IgG4. After 30 min
of incubation at 4 °C, the cells were washed and subsequently
incubated with the FITC-labeled goat anti-human IgG Fc
(Abcam, Shanghai, China). Subsequently, cells were
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incubated for 1 h at 4 °C, washed twice with PBS, and ana-
lyzed on a BD Biosciences FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA, USA).

In vitro cytotoxicity assays and T cell activation assays

MKN45 and MGC803 target cells were collected and re-
suspended in round-bottom 96-well plates (3 x 10° cells/well)
and were let to adhere to the bottom overnight. Purified DVD-
Ig or IgG-scFv at a concentration of 1 nM—50 nM and freshly
isolated PBMCs pre-stimulated with 1 pg/ml of PHA-L for
72 h at an E:T ratio of 16:1 were added to the cells. The
recommended controls were set up following the manufac-
turer’s instruction. An IgG4 antibody was used as a control.
After incubating for 48 h at 37 °C, 5% CO,, lactate dehydro-
genase (LDH) release was measured using a CytoTox 96®
Non-Radioactive Cytotoxicity Assay kit (Promega,
Madison, WI, USA). After the cytotoxicity assay, the remain-
ing cells were collected and used for T cell activation assay by
staining with a FITC-labeled anti-CD3 antibody and PE-
labeled anti CD69 antibody, both from Biolegend (San
Diego, CA, USA). The cells were then assayed by flow cy-
tometry and analyzed with FlowJo software (FlowJo, LLC,
Ashland, OR, USA).

Analysis of T cell proliferation

Pre-stimulated PBMCs (2 x 10° cells/well) labeled with CFSE
using the CellTrace Cell Proliferation Kit (Thermo Fisher
Scientific, Shanghai, China) were mixed with target cells
(MKN45 or MGC803, 1 x 10* cells/well) and the BsAbs.
The mixture was incubated in a 5% CO, incubator at 37 °C
for 5 days. The cells were collected and stained with the APC-
labeled anti-CDS antibody (Biolegend, Shanghai, China). The
CFSE fluorescence intensity for CD8-positive T cells was
quantitated by flow cytometry.

Enzyme-linked immune-sorbent assay (ELISA)

After pre-incubation with 1 pg/ml PHA-L for 3 days, PBMCs
were re-suspended to 6 x 10* per well in round-bottom 96-well
plates before co-culturing with MKN45 or MGC803 (3 x 10°
per well) at 37 °C. Different concentrations of PD-1/c-Met
DVD-Ig, IgG-scFv or IgG4 were added to the plates for each
reagent (final titration range of 0.01-10 pg/ml). Supernatants
were harvested after 48 h of culture and the concentration of
three different cytokines (IFN-y, Granzyme B and Perforin)
were determined using ELISA-based cytokine assay Kkits
(RayBiotech, Norcross, GA, USA) following the manufac-
turer’s instructions.
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Cell proliferation assays

GC cell lines MKN45 and MGC803 were cultured in 96-well
plates at a density of 3 x 10%/well (100 ul/ well). Treatments
(100 pl) comprising IgG4, DVD-Ig, IgG-scFv or
JNJ38877605 were added ranging from 0 to 0.5 uM to each
well for dose-response studies. Absorbance at 570 nm was
measured by spectrophotometry (BioTek, Vermont, USA)
4 h after being incubated at 37 °C with 20 ul of
alamarBlue® Cell Viability Assay Reagent (Thermo Fisher
Scientific, Shanghai, China).

Cell migration, invasion, and colony formation assays

The cell migratory and invasion abilities were tested using
8-um transwell inserts in 24-well plates (Corning Life
Science, Shanghai, China). For migration assays, MKN45
and MGCB803 cells were re-suspended in 200 pl serum-free
RPMI 1640 medium (3% 10° cells) and cultured in the upper
chamber. 700 pl of fetal bovine serum-conditioned medium
(10%)serum-containing medium with (+) or without (—) HGF
(100 ng/ml) was plated in the bottom wells. DVD-Ig, 1gG-
scFv, 1gG4 or JNJ38877605 were added in both inserts and
wells for each treatment. After 24 h of incubation at 37 °C, the
cells on the top of the chamber were removed with cotton
swabs. Cells that migrated to the lower side of the inserts were
fixed in methanol and stained with 0.5% crystal violet for
20 min, then counted in five random fields. For invasion as-
says, the inserts were coated with Matrigel basement mem-
brane matrix (50 pl/well) (BD Biosciences, Shanghai, China)
before adding the cells, Subsequent steps were performed in
the same way as described for cell migration assay.

For the colony formation assay, MKN45 or MGC803 cells
were pre-treated with DVD-Ig, 1gG-scFv, 1gG4 or
JNJ38877605 for 24 h. Next, the cells were thoroughly disso-
ciated and re-plated at a density of 500 cells per well. After
stimulation with HGF (100 ng/ml) for 30 min, the cells were
regularly cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum, and 1% penicillin and streptomycin
(Invitrogen Life Technologies, Shanghai, China) for 2 weeks.
Cell clones generated more than 50 cells were washed twice
with PBS, fixed in methanol for 15 min, and stained with
0.1% crystal violet (Sangon Biotech Co., Ltd., Shanghai,
China) for 15 min at room temperature. Viable colonies were
photographed and counted under a microscope (Olympus,
Tokyo, Japan). This procedure was repeated three times.

Western blotting

Cell lysate was prepared in RIPA cell lysis buffer (KangWei,
Beijing, China) and then centrifuged at 12000 rpm for 10 min
at 4 °C. The concentration of protein was quantified using a
bicinchoninic acid protein assay kit (Pierce, Rockford, IL,
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USA). A total of 20 pg protein was separated on 10% SDS-
PAGE gels and transferred to a 0.22-um PVDF membrane
(Millipore, MA, USA). After blocking with 5% skim milk in
TBST for 2 h at room temperature, the membrane was incubated
with primary antibodies overnight at 4 °C, After the addition of
secondary antibodies, the membrane was visualized with
Thermo Pierce chemiluminescent (ECL) Western Blotting
Substrate (Thermo, Waltham, MA, USA) using a
ImageQuant™ LAS 4000 system (GE healthcare, Shanghai,
China). Anti-E-cadherin (no. 20874—1-AP), anti-N-cadherin
(no. 22018-1-AP), anti-Snaill (no. 13099—1-AP) and anti-c-
Met (25869—1-AP) antibodies were obtained from ProteinTech
(Shanghai, China). Anti-pMet (Y 1234/6) (no. 3077S), anti-AKT
(n0.46918), anti-pAKT(S473) (no. 4060S), Anti-ERK1/2 (no.
4695S), anti-pERK1/2(T202/Y204) (no. 4370S), and HRP-
conjugated secondary antibodies (1:5000) were purchased from
Cell Signaling Technology. Rabbit anti-human GAPDH (1:5000,
CST, China) was used as an endogenous control.

In vivo efficacy

Approximately Six- to eight-week-old NOD/SCID mice (SLAC
Co. Ltd., Shanghai, China) were raised and treated under specific
pathogen-free (SPF) conditions. Single-cell suspensions of
MKN45 or MGC803 were implanted subcutaneously (S.C.) on
the right flank at 5 x 10° cells into these mice. When tumor
volumes reached an average of 50 mm3, the animals were ran-
domized divided into 3 treatment groups by tumor volume:
Vehicle (PBS as a negative control), DVD-Ig (10 mg/kg) and
IgG-scFv (10 mg/kg),which all administered intraperitoneally
(LP) 2 times per week. Freshly isolated PBMCs were expanded
using 200 IU/ml of IL-2 and cultured for 3 days before being
inoculated intraperitoneally (I.P.) on days 7, 21, and 35 after
initiation of the implantation. Tumor volume was monitored 2
times per week by measuring the large and small diameters of
each tumor with a caliper, and calculated according to the for-
mula V = (length x width?)/2. At the end of the experiment, the
mice were sacrificed for obtaining the tumors.

Immunohistochemical staining

The immunohistochemical detection was performed following
the standard laboratory protocols. Briefly, after
deparaffinization and rehydration, the tissue sections were in-
cubated with 3% hydrogen peroxide in methanol at room tem-
perature for 10 min to quench endogenous peroxidase. Antigen
retrieval was performed by immersing slides in 0.01 M sodium
citrate buffer (pH 6.0) for 15 min in a water bath at 95 °C before
cooling and rinsing once with PBS, and then blocked for
30 min using bovine serum albumin (1%) at room temperature.
The sections were incubated with Anti-Ki67 (ProteinTech,
cat#27309—-1-AP), anti-VEGF (ProteinTech, cat#19003—1-
AP), anti-MMP-9 (Cell SignalingTechnology, cat#13667)

overnight at 4 °C. Subsequently, the sections were incubated
with the HRP-conjugated secondary antibodies for 60 min, and
developed using Steady DAB/Plus (Abcam, Shanghai, China).
All images were captured from tumor sections using Olympus
BX53 microscope and DP controller software (Olympus,
Tokyo, Japan).

Statistical analysis

Student’s t test was performed using GraphPad Prism version
6.0 (GraphPad Software, San Diego, CA) when evaluating the
data and differences were considered statistically significant
when p <0.05 (*, P<0.05; **, P<0.01), error bars represent
standard deviation.

Results

Design, expression, and purification of PD-1/c-Met
DVD-lg and IgG-scFv

PD-1/c-Met DVD-Ig and IgG-scFv were constructed using
standard DNA recombination technologies. For facilitating
secretion into cell culture supernatants, all constructs were
equipped with an N-terminal signal peptide. Schematic struc-
tures of the fusion proteins are shown in Fig. 1a. The novel
recombinant BsAbs were purified from cell culture superna-
tants by Protein A affinity chromatography and analyzed by
SDS- PAGE and immunoblotting. As shown in Fig. 1b, under
reduced SDS-PAGE conditions, both PD-1/c-Met DVD-Ig
and IgG-scFv were observed as two bands at the estimated
molecular weight. Under non-reduced conditions, both the
BsAbs were observed as a single band around 210 kDa.
This was further confirmed by western blot analysis using
an anti-IgG Fc antibody.

Quantitative real-time PCR was performed to evaluate the
expression of c-Met and PD-L1 in seven gastric cancer cell
lines. The results shown in Fig. 1c¢ indicated that IM95,
MKN45, HGC27, MGC803, AGS, BCG823, and MKN28
expressed c-Met (MKN45 >MKN28 > AGS >BCG823 >
MGC803 >IM95>HGC27) and PD-L1 (MKN28 >
BCG823 > MKN45 >MGC803 > AGS >IM95 > HGC27).
The qPCR results were consistent with the western blot data
(Fig. 1d). This suggested that c-Met was highly expressed in
GC cell lines and may play a noticeable role in GC progres-
sion. After determining the subcutaneous tumorigenicity of
the seven GC cell lines in NOD-SCID mice and comparing
the expression levels of c-Met and PD-L1, we chose MKN45
and MGCB803 cell lines for subsequent in vitro and in vivo
assays. Since the two cell lines expressed relatively high levels
of PD-L1, but significantly different levels of c-Met, it is fea-
sible to evaluate whether the anti-tumor potency is target-
dependent.
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Fig. 1 Generation of PD-1/c-Met DVD-Ig and IgG-scFv bispecific
antibodies a Schematic diagram of the BsAbs with PD-1 and c-Met
specificities. (Gly,4Ser); linkers (grey cylinder) were constructed
between the PD-1 and c-Met sections. b The BsAbs were expressed in
HEK293E cells and then affinity purified with Protein A. Coomassie
staining of SDS-PAGE and representative western blot analysis under
reduced or non-reduced conditions. ¢ Histogram displaying the relative
mRNA expression of c-Met and PD-L1 in seven gastric cancer cell lines

Using flow cytometry analysis, we tested the binding potential
of each of the two arms of the novel BsAbs to their respective
targets. The results revealed that both DVD-Ig and IgG-scFv
strongly bound to MKN45 and CHO/hPD-1 ECD (PD-1-
transfected CHO cell line), and weakly bound to MGC803 cells,
which have a much lower expression of c-Met than MKN45
(Fig. le). This result indicated that the binding potency of the
BsAbs to c-Met is dependent on the expression level of this target
tumor antigen. Collectively, these data suggested that both PD-1/
c-Met DVD-Ig and IgG-scFv were able to bind to the corre-
sponding antigens, demonstrating their dual specificities.
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(IM95, MKN45, HGC27, MGC803, AGS, BCG823 and MKN28). d The
expression level of c-Met protein in gastric cancer cell lines was
examined by western blot analysis. e Flow cytometry results showing
specific binding of DVD-Ig or IgG-scFv to c-Met in MKN45, MGC803
and to PD-1 in CHO/hPD-1 ECD (CHO cells that overexpress the
extracellular domain of human PD-1). A FITC-conjugated anti-human
IgG Fc antibody was used to detect the binding signal

PD-1/c-Met DVD-Ig and IgG-scFv mediates T cell
cytotoxicity, activation and proliferation
in the presence of c-Met-expressing GC cells

PD-1 is expressed mostly on activated T lymphocytes, while
the expression is extremely low on resting T cells [16].
Phytohemagglutinin-L. (PHA-L) was used for stimulating the
isolated PBMCs before they were used as effector cells.

To confirm the ability of PD-1/c-Met DVD-Ig and IgG-
scFv to mediate antigen-specific cytotoxic responses in vitro,
MKN45, and MGC803 cells were tested as target cells using
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16:1 effector: target ratio (E:T) in the presence of increasing
concentrations of DVD-Ig, IgG-scFv or IgG4. As shown in
Fig. 2a, DVD-Ig and IgG-scFv induced significant cell killing
in MKN45, almost 2.5-fold higher than in MGC803 at 50 nM
BsAb. Minimal cytotoxic level was observed with [gG4 treat-
ment due to the stimulation of the effector cells, no significant
anti-tumor activity was detected because of the presence of
PD-1/PD-L1 blockade between T cells and tumor cells or
myeloid cells.

In addition, elevated expression of activation markers
CD69 was observed for CD3™T cell subsets upon stimulation
with PHA-L. However, T cell activation was limited to a

certain range due to the existence of PD-1/PD-L1 blockade
between T cells and tumor cells or myeloid cells mentioned
above. The expression of CD69 was significantly up-
regulated upon the treatment of PD-1/c-Met DVD-Ig or IgG-
scFv, suggesting that T cell activation may be partly sup-
pressed by the interaction of PD-1 and PD-L1 after stimulated
by PHA-L, and later recovered with the addition of the
BsAbs.(Fig. 2b).

We next investigated whether DVD-Ig and IgG-scFv affect
T- cell proliferation by co-culturing CFSE-labeled PBMCs,
target cells (MKN45 or MGC803), and the BsAbs. As shown
in Fig. 2c, DVD-Ig and IgG-scFv in the presence of effector
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cells and target cells led to multiple populations of diluted
CFSE signals measured by flow cytometry, implying several
rounds of T cell proliferation. A low level of cell division was
also induced with IgG4 treatment or in the absence of BsAbs
or target cells, consistent with the low level of activation ob-
served above. This further proves the hypothesis that the
BsAbs can reverse the silencing of T cells.

Cytokines released by PD-1/c-Met DVD-Ig
and IgG-scFv redirected T cells

Cytokine release was measured using commercial ELISA kits.
Different titers of PD-1/c-Met DVD-Ig, 1gG-scFv or 1gG4
were added to a mixture of pre-stimulated PBMCs and GC
cell lines (E:7=20:1). The levels of IFN-y, granzyme B, and
perforin were measured after 48 h. DVD-Ig induced higher
cytokine release from human PBMCs than IgG-scFv in a
dose-dependent manner when incubated with c-Met and GC
cell lines. Additionally, in the presence of MKN45, the secre-
tion levels of IFN-y, granzyme B, and perforin were signifi-
cantly higher than in the presence of MGC803, reflecting a
likely correlation between c-Met expression and BsAb poten-
cy. DVD-Ig (10 pg/ml) treatment on MKN45), resulted in the
increased secretion of IFN-y (920.11 pg/mL vs 453.56 pg/
mL), granzyme B (570.88 pg/mL vs 357.28 pg/mL), perforin
(194.89 pg/mL vs 163.82 pg/mL), (2-, 1.6-, and 1.2-fold
higher) compared to treatment on MGC803. IgG-scFv treat-
ment also induced a similar cytokine secretion pattern (Fig. 3).

These data collectively demonstrated that the IgG-scFv
format is considerably less potent than the DVD-Ig format in
inducing cytokine release, and that the potency is somehow
dependent on the expression of c-Met.

PD-1/c-Met DVD-Ig and IgG-scFv inhibit GC cell
growth via the HGF/c-Met/ERK1/2 way

Given that c-Met is highly expressed in GC cell lines and
potentially correlated with GC progression, we determined
whether PD-1/c-Met DVD-Ig or IgG-scFv could affect GC
cell growth via the HGF/c-Met signaling pathway in the ab-
sence of effector cells. Cell viability assay suggested that treat-
ment with the BsAbs significantly inhibited gastric cancer cell
growth in a dose-dependent manner, similar to c-Met inhibitor
JNJ-38877605 treatment (Fig. 4a). Colony formation assays
showed suppressed GC cell growth, validating the cell viabil-
ity assay results. As shown in Fig. 4b, ¢, HGF-induced colony
formation was dramatically inhibited with BsAbs or JNJ-
38877605 treatments in both MKN45 and MGCS803 cells.
We next assessed the effect of BsAbs on c-Met phosphor-
ylation and HGF/c-Met signaling pathways in these two cell
lines. HGF-induced Met phosphorylation at the pY1234/1235
sites was significantly reduced with the treatment of the
BsAbs or JNJ38877605 (Fig. 4d). Moreover, the

@ Springer

phosphorylation levels of the downstream molecules Akt
and Erk1/2 showed a similar pattern of inhibition following
the same treatments. These data collectively suggested that
PD-1/c-Met DVD-Ig or IgG-scFv exhibit a strong antagonistic
effect on HGF-dependent activation of c-Met and the down-
stream signaling of HGF/Met as anti-c-Met antibodies. Since
Akt/Erk1/2 signaling plays a central role in the process of
cancer cell growth [27], it may be speculated that the BsAbs
inhibit GC cell growth by inactivating the HGF/c-Met/ERK 1/
2 signaling pathway.

PD-1/c-Met DVD-lg and IgG-scFv inhibit HGF-induced
migration, invasion, and EMT of GC cells

We further determined the effects of DVD-Ig and IgG-scFv on
HGF-stimulated gastric cancer cell migration and invasion
using trans-well chamber assays. As shown in Fig. 5a, b,
24 h of stimulation with HGF caused a significant increase
in cell migration and invasion, and these effects were reverted
dramatically in response to treatment with 100 nM DVD-Ig or
IgG-scFv. This inhibitory effect was also observed with JNJ-
38877605 but not with 1gG4.

The HGF/c-Met signaling pathway is involved in
epithelial-mesenchymal transition (EMT), a developmental
process that increases the invasive and metastatic potential
of the cells and plays a crucial role in tumor cell migration
and invasion [28]. We further investigated essential EMT-
related biomarkers including E-cadherin, N-cadherin, and
Snaill by western blot assay. As shown in Fig. 5c, d, epithelial
cell marker E-cadherin was down-regulated, and mesenchy-
mal cell markers (N-cadherin, Snaill) were up-regulated after
HGF stimulation in both MKN45 and MGC803 cells, dem-
onstrating that HGF could promote EMT transformation in
GC cells. In line with the above observations, we found that
treatment with DVD-Ig, IgG-scFv, or INJ38877605 restored
E-cadherin expression and attenuated N-cadherin and Snail
expression, suggesting the EMT phenotype of GC cells was
reversed. These findings revealed that DVD-Ig and IgG-scFv
could suppress cell migration and invasion by inhibiting the
HGF-induced EMT process in human GC.

In vivo evaluation in gastric cancer xenograft model

To evaluate the in vivo efficacy of PD-1/c-Met DVD-Ig and
IgG-scFv, the gastric cancer cell lines MKN45 (c-Met"€") and
MGC803 (c-Met'®Y) were used to generate xenograft models
in NOD-SCID mice. Treatment schedule of either vehicle
(PBS), DVD-Ig or IgG-scFv is shown in Fig. 6a. At days 7,
21 and 35, PBMCs were administered intraperitoneally to the
mice at an E:T ratio of 2:1. As shown in Fig. 6b, c, the average
weight of the tumors collected from MKN45 or MGC803
xenografts treated by the BsAbs were significantly reduced
in comparison with tumors from the vehicle-treated mice.



Invest New Drugs (2019) 37:876-889

883

Fig. 3 Cytokine release induced MKN45 MGC803
by PD-1/c-Met DVD-Ig or IgG- 15000 lgG-scFy 10000 \gG-schv
scFv. Soluble IFN-y, granzyme 5 DVDd i D
B, and perforin release were = - -+ 9G4 ’ 75049 - 9G4 ’
detected from the co-cultured cell E 4 10004 g ¢
supernatants using ELISA Kkits. g
Effector PBMC and targets z-> L 500+
(MKN45 and MGC803) E:T ratio w 500+
20:1, time point of 48 h. Mean o 250+
values of 3 independent data sets
are shown 0-— r I ' r o
N o N N o
° o N R
800- 400-
= -+ lgG-scFv
%, goo] = DVD 300-
8 - lgG4
o
@
£ 400+ 200+
S
N
g
& 200~ 100
0= q J g 5 0= T T T
N N Q $ N
AN S S R NN .9@
507 o 1gGscFv 2009 . jgG-scv
= DVD-lg -=- DVD-lg
2004
?E;, - 1gG4 1504 o 9G4
‘g: 150+
= 100+
€ | 1001
a
50- 50+
c L] L] L] L] L] c \| °| °l Ql T
N o $ o $
S & &S N

Additionally, tumor growth was remarkably slower
with the administration of DVD-Ig or IgG-scFv com-
pared to the control mice. Complete regression was
not observed in MKN45 or MGC803 tumor xenografts
(Fig. 6d). This demonstrated that the expression of c-
Met did not affect the sensitivity of the BsAbs.
Importantly, there were no signs of body weight loss
and obvious toxicity in these mice until the end of the
experiments, which suggested the safety of PD-1/c-Met
DVD-Ig and IgG-scFv for clinical use.

We next investigated the anti-tumor mechanisms of
PD-1/c-Met DVD-Ig and IgG-scFv in vivo using
Ki67, VEGF-A and MMP-9 antibodies for IHC anal-
ysis. Treatment with PD-1/c-Met DVD-Ig or IgG-scFv
significantly reduced the percentage of Ki67-positive
cells and VEGF-A-positive as well as MMP-9-positive
cells compared to IgG4 treatment (Fig. 7a), suggest-
ing that the BsAbs could prevent tumor growth by
suppressing cell proliferation, angiogenesis, and
metastasis.

Conc of IlgG4 or BsAb:ug/ml

Discussion

In this study, we describe a novel class of c-Met-specific BsAbs
(PD-1/c-Met DVD-Ig and IgG-scFv) that engage active T cells
to c-Met-expressing gastric cancer cells through the PD-1/PD-
L1 blockade. The BsAbs exhibited strong binding to the corre-
sponding antigens PD-1 or c-Met and efficient T cell-mediated
killing of gastric cancer cells both in vitro and in vivo.

To date, extraordinary clinical benefits of T cell-redirecting
BsAb (T-BsAb) have been demonstrated [29]. The common
concept of T-BsAb is that it activates T cells bypassing the
pMHC restriction by binding to the CD3 complex and
redirecting the response to tumor cells by binding to tumor-
specific antigens [30]. An obvious obstacle for this activation
is the up-regulation of immunosuppressive molecules like PD-
L1 in the tumor microenvironment due to the secretion of
IFN-y by T cells, often leading to tumor immune escape
[17]. Although combing PD-1/PD-L1 blockade with T-
BsAbs is a feasible strategy to mitigate this drawback,
targeting two pathways through one antibody-based molecule

@ Springer
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Fig. 4 PD-1/c-Met DVD-Ig or IgG-scFv inhibit proliferation and
antagonize c-Met signaling in MET-amplified GC cell lines a Anti-
proliferative effects of PD-1/c-Met DVD-Ig or 1gG-scFv compared to
IgG4 against MKN45 and MGC803 cells. b and ¢ HGF-induced colony
formation of MKN45 or MGC803 cells was inhibited by PD-1/c-Met

may offer another rational choice. In this regard, we generated
novel bispecific antibodies that redirected activated T cells to
tumor cells and block the immunosuppressive PD-1/PD-L1
checkpoint simultancously. Since PD-L1 was not only
expressed on tumor cells, but also on various myeloid cells
such as macrophages and DCs [31], the BsAbs could
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DVD-Ig or IgG-scFv. d The activation of c-Met downstream molecules
was suppressed by PD-1/c-Met DVD-Ig or 1gG-scFv. JNJ-38877605
used here is a MET kinase inhibitor. Independent experiments were
performed at least three times (mean+s.d.). *P<0.05, **P<0.01. The
results from a representative experiment are shown

additionally block potential PD-L1-mediated immunosup-
pressive effects to maximize the anti-tumor efficacy. The in-
terplay of the cells mediated by IgG-scFv (one of our BsAbs)
in the tumor microenvironment is illustrated in Fig. 7b.
However, the mechanism of how other related factors affect
the potency needs to be explored.
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Fig.5 PD-1/c-Met DVD-Ig or IgG-scFv inhibits HGF-induced migration
and invasion of GC cells a and b HGF-stimulated MKN45 or MGC803
migration and invasion were suppressed by PD-1/c-Met DVD-Ig or IgG-
scFv. The relative quantitative determinations of migrated and invasive
cells were calculated with 5 fields counted per experiment. ¢ and d The

Both PD-1/c-Met DVD-Ig and IgG-scFv are designed
using the whole 1gG4-like skeletal structure owing to its intact
binding property to neonatal Fc receptor (FcRn). This allowed
increased antibody exposure and longer plasma half-life than
non-IgG formats [32]. Furthermore, a recent study reported
that FcyR engagement by anti-PD-1 Abs resulted in dimin-
ished in vivo activity [33], confirming that I[gG4 should be an
ideal choice for antibody isotype. In our study, we used
Human IgG4 due to its low affinity to FcyR, reducing the risk
of off-target FcyR-mediated ADCC and subsequent cytokine
storm [34]. Furthermore, the BsAbs are both generated using
the appended IgG format. Dual Variable Domain-Ig (DVD-Ig)
was engineered by appending the VL and VH domains of c-

MGC803
Protein expression
levelrelative to GAPDH

effect of PD-1/c-Met DVD-Ig or IgG-scFv on the EMT process of
MKN45 or MGC803 cells was analyzed by western blot. The relative
expression normalized by GAPDH was analyzed by Image J software and
shown as mean=+S.D., *P < 0.05, **P <0.01

Met IgG with similar domains from PD-1 IgG while [gG-scFv
was constructed by fusing the scFv of c-Met nto the C-
terminus of the heavy chain of PD-1 IgG backbone [26, 35].
This dhomodimerized BsAbs are able to match the functional
VH/VL pairs accurately and circumvent the mismatched
pairing of the heavy chain and light chain, which is a general
concern of manufacturing heterodimeric BsAbs [36]. Another
potential advantage is that the additional Ag-binding units
provide a higher specific binding capacity [37]. In line with
this, both the BsAbs in this study could redirect T cells to kill
MGC803, which possess a significantly lower expression lev-
el of c-Met than MKN45, with a potency similar to or even
higher than that of JNJ-38877605 in suppressing cell
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Fig. 6 PD-1/c-Met DVD-Ig or IgG-scFv inhibits tumor growth in c-Met
(+) gastric cancer xenograft models a A schematic overview of the
treatment schedule. b Representative images of tumors obtained from
the NOD/SCID mice injected subcutancously with MKN45 cells and
the quantification of tumor weight in MKN45 xenograft. ¢
Quantification of tumor weights in MGC803 xenograft. d MKN45 or

proliferation, migration, and invasion. Of note, there was a
concern about steric hindrance of the two binding sites in
DVD-Ig format [26], interestingly, our data showed that
DVD-Ig had a stronger binding potency than IgG-scFv, and
exhibited more effective anti-tumor activity in in vitro and
in vivo studies, thus further intensive studies are needed to
explain this mechanism.

In this study, we selected c-Met as the target tumor antigen
since c-Met has been regarded as a promising target for cancer
therapy by numerous preclinical studies [38, 39]. Despite its
strict regulation during normal tissue development, in cancer
cells c-Met is highly activated via overexpression,
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—— Days post implantation

MGC803 xenografts were treated with i.p vehicle (PBS, black),
10 mg/kg DVD-Ig (blue), or 10 mg/kg IgG-scFv (red). Left: Individual
mice tumor growth plots versus days post-implantation are shown. Right:
Mean tumor volume changes of established MKN45 or MGC803
xenografts from tumor implantation. Error bars represent SEM.*,
P<0.05. **P<0.01

amplification, or mutation, resulting in the activation of dif-
ferent intracellular signaling pathways responsible for promot-
ing proliferation and invasiveness [4, 40]. Our results demon-
strate the potent in vitro and in vivo antitumor efficacy of our
BsAbs. No obvious toxicity and side effects were observed in
the NOD-SCID mice till the end of treatment. C-Met may not
be an ideal target for clinical use of T cell redirection since it is
wildly expressed in normal tissues increasing the possibility of
‘on-target off-tumor” effects [41]. More importantly, a previ-
ous study in our lab suggested that a PD-1 monoclonal anti-
body displayed stronger tumor growth inhibition than a BsAb
constructed in another form but still targeting PD-1 and c-Met.
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Fig. 7 IHC staining of tumor sections and schematics showing the
mechanism of anti-tumor potent for PD-1/c-Met 1gG-scFv a
Representative images of Ki67, VEGF-A and MMP-9 expression in
human MKN45 gastric tumor xenografts grown in NOD-SCID mice as
detected by Immunohistochemistry staining. Magnification: 200x. b
Redirecting T cells to tumor cells by binding to tumor-expressed c-Met
as well as to PD-1 on the T cells, the cross-linking of the two cells triggers

We speculate that the BsAb may mimic HGF and induce a
productive homodimerization of c-Met, leading to c-Met sig-
naling pathway activation rather than inhibition. This is sim-
ilar to other bivalent c-Met-targeted antibodies described by
several studies [42, 43]. Based on the notions above, choosing

PD-L1 expressionT ' PD-L1

o o Y po-1
' C-Met

§ 1gG-scFv

T cell activation, which releases cytotoxic granules including perforin and
granzyme to kill tumor cells. Besides, the secretion of IFN-y upregulates
the expression of PD-L1 on tumor cells, yet blockade of the PD-1/PD-L1
interaction by the BsAbs could maintain the activation of T cells.
Moreover, blocking PD-1/PD-L1 checkpoint could also reactivate T
cells silenced by suppressive myeloid cells such as macrophages and
NK cells

more tumor-specific antigens like CEA or PSMA to generate
BsAbs would be an alternative for the treatment of multiple
types of solid cancers [44].

Taken together, this study presents the first demonstration
of a successful DVD-Ig and IgG-scFv platform to provide a
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synergy between PD-1/PD-L1 blockade and c-Met-targeted
therapy, raising the prospects for extending to other tumors
with elevated levels of c-Met or dysregulation of the HGF/c-
Met signaling pathway, and to some extent, serving as an
alternative to current cancer immunotherapy.
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