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Introduction: Overexpression of c-Met, or hepatocyte growth factor (HGF) receptor, is
commonly observed in tumor biopsies and often associated with poor patient survival, which
makes HGF/c-Met pathway an attractive molecular target for cancer therapy. A number of
antibody-based therapeutic strategies have been explored to block c-Met or HGF in cancers;
however, clinical efficacy has been very limited, indicating that blockade of c-Met signal
alone is not sufficient. Thus, an alternative approach is to develop an immunotherapy
strategy for c-Met-overexpressing cancers. c-Met/CD3 bispecific antibody (BsAb) could
bridge CD3-positive T lymphocytes and tumor cells to result in potent tumor cell killing.
Materials and Methods: A bispecific antibody, BS001, which binds both c-Met and CD3,
was generated using a novel BsAb platform. Western blotting and T cells-mediated killing assays
were utilized to evaluate the BsAb’s effects on cell proliferation, survival and signal transduction
in tumor cells. Subcutaneous tumor mouse models were used to analyze the in vivo anti-tumor
effects of the bispecific antibody and its combination therapy with PD-L1 antibody.

Results: BS001 showed potent T-cell mediated tumor cells killing in vitro. Furthermore,
BS001 inhibited phosphorylation of c-Met and downstream signal transduction in tumor
cells. In A549 lung cancer xenograft model, BS001 inhibited tumor growth and increased the
proportion of activated CD56" tumor infiltrating lymphocytes. In vivo combination therapy
of BS001 with Atezolizumab (an anti-programmed cell death proteinl-ligand (PD-L1) anti-
body) showed more potent tumor inhibition than monotherapies. Similarly, in SKOV3
xenograft model, BSO01 showed a significant efficacy in tumor growth inhibition and
tumor recurrence was not observed in more than half of mice treated with a combination
of BS001 and Pembrolizumab.

Conclusion: c-Met/CD3 bispecific antibody BS001 exhibited potent anti-tumor activities
in vitro and in vivo, which was achieved through two distinguished mechanisms: through
antibody-mediated tumor cell killing by T cells and through inhibition of c-Met signal
transduction.
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Introduction

c-Met is the receptor for hepatocyte growth factor (HGF) and belongs to the
receptor tyrosine kinase (RTK) family proteins. c-Met is often aberrantly expressed
and constitutively activated in many types of human cancers such as in lung,
ovarian, and liver cancers, suggesting that c-Met is a promising therapeutic target
for cancers.' > The HGF/c-Met signaling pathway plays a key role in growth factor-
stimulated proliferation, epithelial-mesenchymal transition-dependent metastasis,

4,5
1.

and AKT-regulated survival.™” HGF forms a tight complex with c-Met and initiates

dimerization of the receptor and phosphorylation of multiple tyrosine residues in
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the intracellular kinase domain of c-Met, thereby activat-
ing multiple signal cascades in tumor cells. These down-
stream signals within the cell are closely related to cell
proliferation, invasion and metastasis.®

Several kinase inhibitor and monoclonal antibody-
based therapeutics have been tested in clinical studies to
inhibit the HGF/c-Met signal transduction by blocking the
binding of HGF to c-Met or for direct targeting of c-Met
on the cell surface.”'" Conventional bivalent antibodies
often cause c-Met auto-activation due to antibody-
mediated c-Met dimerization. In order to avoid antibody-
induced c-Met activity, several approaches have been
developed. Emibetuzumab, a full-length antibody against
c-Met, can inhibit c-Met signaling by inducing endolyso-
somal-mediated degradation of c-Met, thus diminishing
c-Met signaling.'? Onartuzumab, a c-Met-targeted mono-
valent antibody, can block HGF/c-Met interaction while
c-Met
nature.'*'* Despite the success of these antibodies in pre-

avoiding activation due to its monovalent
clinical models, overall, clinical development of c-Met-
targeting antibody therapeutics has been very challenging.
Several HGF antibodies have also been evaluated in clin-
ical trials. Rilotumumab'® and ficlatuzumab'® are two
monoclonal antibodies against HGF. They inhibit HGF/
c-Met binding, but both failed to improve clinical out-
comes. Taken together, it seems that sole inhibition of
HGF/c-Met signal is likely insufficient to achieve clinical
efficacy. New strategies are needed to target c-Met to
exploit it as a tumor marker.

T-cell-dependent bispecific (TDB) antibodies could
effectively trigger the cytotoxicity of effector cells toward
tumor cells.'”'® A c-Met targeting, T-cell mediating BsAb
has a potential to generate therapeutic benefit to c-Met over-
expressing tumors. Among T-cell mediating bispecific anti-
bodies, blinatumomab is a BsAb with two single-chain vari-
able fragment (scFv) targeting CD3 and CD19, respectively,
and has gained market approval for treatment of CDI9
positive leukemia.'” However, blinatumomab requires con-
tinuous intravenous infusion due to its short half-life, which
has severely limited its clinical use. It is apparent that a BsAb
with a longer half-life time would have great advantages.

In this study, we generated a novel bispecific antibody,
named BS001. This BsAb has a monovalent, asymmetric
structure to avoid c-Met auto-activation and an IgG1 Fc to
extend drug half-life time. It specifically binds to c-Met
and CD3, eliciting the T-cell mediating tumor cell killing.
Both in vitro and in vivo results demonstrated its thera-
peutic effects against c-Met-positive tumor models, and,

moreover, can show increased therapeutic benefits in com-
bination with PD-1/PD-L1 antibodies.

Materials and Methods

Clinical Samples

Human lung, ovarian, breast cancer samples were obtained
from Tongji Hospital, Shanghai, China with written
informed consent from the donors. The study was per-
formed according to the Declaration of Helsinki and was
approved by the Institutional Ethics Committee of Tongji
Hospital in Shanghai, China. Excised tumor tissues were
paraffin-embedded and sectioned for immunohistochemis-
try staining of c-Met antibody (ab51067; Abcam,
Cambridge, UK). Human peripheral blood was obtained
from Changhai Hospital Blood Center (Shanghai, China)
with written informed consent from the donors.

Database Search

c-Met gene expression in lung adenocarcinoma, lung squa-
mous cell carcinoma, ovarian cancers, and their respective
normal tissues was analyzed using the TCGA database,*”
represented as logy(Transcripts Per Million+1). Box-
whisker plots showing the expression of c-Met without
restrictions in stage, gender, race or grade were analyzed
using UALCAN.?' Overall survival (OS) of lung adeno-
carcinoma and ovarian cancer patients was analyzed using
KMplotter.”* c-Met-high and c-Met-low expression groups
were compared without restrictions in stage, gender, race
or grade in the above two tumor types. P value was
calculated in the Kaplan—Meier curves.

Cell Lines and Cell Culture

A549, SKOV3, HepG2, MDA-MB-231, and MDA-MB
-468 cells were purchased from American Type Culture
Collection (Rockville, MD, USA) and cultured in
Dulbecco’s modified Eagle medium (Hyclone, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(Cegrogen, Stadtallendorf, Germany), 100 U/mL penicillin
(Gibco, Waltham MA, USA), and 100 pg/mL streptomy-
cin (Gibco, Waltham MA, USA) at 37°C and 5% CO2.
Peripheral blood mononuclear cell (PBMC) from donors
were cultured in RMPI 1640 (100 U/mL penicillin, 100
png/mL streptomycin, 10% heated fetal bovine serum, 300
U/mL IL2; Gibco, Waltham MA, USA). Chinese hamster
ovary (CHO) cells were cultured in a serum-free medium
according to our previous report.”®> All Cell lines were
tested for no contamination.
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Reverse Transcription-Polymerase Chain

Reaction (RT-PCR)

Total RNA was extracted from A549, SKOV3, HepG2,
and MDA-MB-468 cells using TRIzol reagent (Solarbio,
Beijing, China) and reverse-transcribed with Reverse
(Solarbio, China).
Quantitative PCR was performed on a LightCycler96
instrument (Roche) using SYBR Green PCR Kit
(Solarbio, Beijing, China). The qPCR profile of the reac-
tion was 95°C for 5 min, followed by 40 cycles of dena-
turation at 95°C for 10 s, annealing at 60°C for 10 s, and
extension at 72°C for 30 s. The primers used were as
follows: c-Met, forward (5’ -ACA GTG GCA TGT CAA
CAT CGC T-3) and reverse (5’ -GCT CGG TAG TCT
ACA GAT TC-3"); GAPDH, forward (5' -CAA TGA CCC
CTT CAT TGA CC-3') and reverse (5' -GAC AAG CTT
CCC GTT CTC AG-3'). GAPDH mRNA expression was
measured as an endogenous control, and MDA-MB-468

Transcription ~ System Beijing,

cells were as the calibrator sample.

Immunofluorescence Staining

A549, SKOV3, HepG2, and MDA-MB-468 cells were
coated on glass bottom plates before staining, then fixed
with 4% paraformaldehyde for 30 min, blocked with BSA
buffer and stained with c-Met antibody (ab51067, Abcam,
Cambridge, UK). For tumor immunofluorescence staining,
samples were fixed immediately in 4% paraformaldehyde
overnight at 4°C and stained with CD3 antibody (ab16669,
Abcam, Cambridge, UK), PD-L1 antibody (ab205921,
Abcam, Cambridge, UK) and Alexaflur-488/594 labeled
antibody (Molecular Probes, Eugene, USA).

Western Blot Analyses

Cells were lysed in RIPA buffer (Solarbio, Beijing, China),
supplemented with protease (B14001; Bimake, Houston,
TX, USA) and phosphatase inhibitor cocktails (B15001;
Bimake, Houston, TX, USA). The protein concentrations
were measured by BCA Protein Assay Kit (Beyotime,
Shanghai, China) and heat denatured in the presence of
reducing agent. A total of 20 pg protein were subjected to
10% SDS-PAGE (EpiZyme, Shanghai, China), and trans-
ferred to polyvinylidene fluoride (PVDF) membranes
(Millipore). Membranes were blocked in 5% bovine
serum albumin and probed with primary antibodies over-
night at 4°C, and then incubated with the relevant second-
ary antibody for 2 h at room temperature. Bands were
visualized by Electrochemiluminescence (ECL) and

quantified using Imagel] software (NIH, Bethesda, MD,
USA). Protein bands were quantified relative to the load-
ing control (GAPDH).

The receptor phosphorylation assay was performed
using A549 cell (5X10° cells/well) and a dose—gradient
curve of BS001 for 8 h or JNJ-38,877,605 for 2 h or the
combined treatments.>* Then, the cells were supplemented
with 100 ng/mL HGF, incubated for 30 min, and then lysed.
This assay was also performed with the parental monova-
lent c-Met antibody produced by ourselves.”® The antibo-
dies used in Western blotting included c-Met (ab51067,
Abcam, Cambridge, UK), phospho-c-Met (3077S),
MAPK (4696S), phospho-MAPK (4376S), AKT (46918S),
phospho-AKT (13038S) from Cell Signaling Technology
(Boston, MA, USA), STAT3 (A1192, Abclonal, Wuhan,
China), phospho-STAT3 (AP0070; Abclonal, Wuhan,
China), GAPDH (A5028, Bimake, Houston, TX, USA),
anti-rabbit-IgG-HRP (A120-111P, Bethyl Laboratories,
Montgomery, TX, USA), and anti-mouse-IgG-HRP(A90-
131P, Bethyl Laboratories, Montgomery, TX, USA).

Construction and Expression of Bispecific
Antibody (BS001)

For the construction of c-Met/CD3 bispecific antibody
BS001, the variable regions of antibody heavy and light
chains of an anti-c-Met antibody were cloned from a murine
hybridoma cell line generated in our laboratory;** the anti-
CD3 single-chain antibody sequence was based on OKT3
scFv (GenBank: AND42858.1). The monovalent asym-
metric  bispecific antibody includes three chains
(Figure 2A) constructed using the polymerase chain reac-
tion (PCR). To express BS001, the light and heavy expres-
sion vectors were co-transfected into CHO cells for stably
expression. The recombinant antibodies were purified by
Protein A affinity chromatography (Thermo Scientific,
Waltham, MA, USA) and followed by gel filtration chro-
matography. The antibody was analyzed by analytic size
exclusion chromatography in a Zenix SEC-300 column
(Sepax Technologies, Newark, PA, USA) using an Agilent
1100 HPLC system (Agilent Technologies, Santa Clara,
CA, USA). Protein samples were subjected to 10% SDS-
PAGE (EpiZyme, Shanghai, China) and dyed with

Coomassie brilliant blue.

Antibody Ligand Binding
Lung cancer cell line A549, ovarian cancer cell line SKOV3,
and breast cancer cell line MDA-MB-231 (1 x 10° cells/mL,
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100 pL), human PBMC, CD3*T, CD4*Tand CD8"T (1 x 10’
cells/mL, 100 pL) were separately treated on ice forl h with
indicated concentration (0.0001 to 100 pg/mL) of BS001 and
the monovalent c-Met antibody, then for 30 min with IgG Fc-
APC (409,306, Biolegend, San Diego, CA, USA) and ana-
lyzed by fluorescence-activated cell sorting (FACSCalibur,
BD Biosciences, San Jose, CA, USA). Data were analyzed
software (TreeStar, Ashland,

using FlowJo7.6.2 Inc.,

OR, USA).

PBMC/Pan-T lIsolation

PBMCs were separated from the blood of healthy donors or
mice using lymphocyte separation medium (Tbdscience,
Tianjin, China). Human CD3'T cells were microbeads-
isolated from PBMC using a pan T cell isolation kit
(130-096-535; Miltenyi Biotec, Teterow, Germany) by nega-
tive selection according to the manufacturer’s protocol.
CD4'T or CD8'T cells were isolated using positive selection
(130-096-533, 130-045-201; Teterow; Miltenyi Biotec). The
purified T cells were maintained in the presence of IL-2 (300 U/
mL; Peprotech, NJ, USA) for up to 2 weeks.

In vitro Co-Culture and Killing Assay
A549 and SKOV3 cancer cells were co-cultured with indi-
cated concentrations (0—10pg/mL) of BS001 for 30 min and
then PBMC cells. After 1 h, unbound cells were aspirated
together with supernatant for subsequent FACS analysis
using FITC-CD3 (561,807), APC-CD4 (561,841), and PE-
CDS8 (561,950) from BD Pharmingen (San Diego, USA). In
vitro cytotoxicity assays, A549, SKOV3, and MDA-MB
-231 cancer cells were co-cultured with PBMC (E:
T=10:1) in 96-well plates (Corning, NY, USA), and indi-
cated concentrations of BS001 or control parental anti-
c-Met antibody (monovalent) were added. The plate was
incubated at 37°C for 8 h, and the levels of released LDH
were detected by CytoTox 96 (Promega, Madison, WI,
USA) and calculated.”® There are four cell-culture repli-
cates for each condition and three donors of each experi-
ment. Cytotoxicity was calculated following the formula:
(Experiment LDH - Effector spontaneous LDH - Target
spontaneous LDH)/(Target maximum LDH-Target sponta-
neous LDH).

Microbeads-isolated CD3 T and SKOV?3 cells were co-
cultured with 1pg/mL BS001 antibody and photographed
after 1 h. BsAb-mediated CD3"T or CD8'T cytotoxicity of
A549 and SKOV3 cells withl pg/mL BS001 antibody was
measured as described assays (E:T=1:1). PerCP-Cys5.
5-CD69 (560,738, BD Pharmingen, San Diego, USA)

and V450-Interferon (IFN)-y (562,988, BD Pharmingen,
San Diego, USA) was used for co-cultured T cell activa-
tion and secretion detection.

Xenograft Mouse Models

All the procedures relating to animal care, handling, and
treatment were performed according to the Directive 2010/
63/EU in Europe approved by the Animal Research Ethics
Committee at Tongji University (No. TILAC-018-032).
Nude mice were obtained from the Shanghai SLAC
Laboratory Animal Co., Ltd. (Shanghai, China) and fed
in a pathogen-free environment.

On day 0, 5 x 10° A549 cells and 5 x 10° human
PBMCs were pre-mixed and inoculated in the right flank
of the 6- to 8-week-old nude mice (100pL/m0use).27
One day after inoculation, the mice were randomized
into groups (n = 6/group) and then injected intravenously
with different concentration of BS001 (0, 4, 10, 25 mg/kg)
in 100 pL of PBS per mouse every 3 days. After 18 days
under administration, animals were euthanized and tumors
were collected, dissected into small pieces, and incubated
with 0.1% Collagenase Type 1 (17,100-017; Invitrogen,
Waltham MA, USA) supplemented Hanks’ balanced salt
solution medium (2,005,368; Gibco, Waltham MA, USA)
for 20 min at 37°C. Primary cells were harvested, washed,
resuspended in HBSS containing 1% bovine serum albu-
min, and stained with FITC-CD3 (561,807), PE-CDS8
(561,950), PE-Cy7-CD25 (557,741), BV510-CD56
(563,041) from BD Pharmingen (San Diego, USA) and
analyzed by FACS.

In drug combination experiments, for A549 models,
5 x 10° cells were injected subcutaneously into the flanks
(100uL/mouse). PBMCs (5 x 107 cells/mouse) were
injected in the tail vein (n = 6/group) when all tumors
reached the size of 50 to 150 mm>(no PBMC injection in
vehicle group). Mice were randomly divided into 4 groups
with the similar mean tumor size and treated with PBS,
BS001 antibody (10 mg/kg), PD-L1 antibody (5 mg/kg;
Atezolizumab, Roche, Mannheim, Germany), or their
combination (BS001 and PD-L1 antibody) per mouse
twice a week for a total of five doses. Mouse body weight
was determined with an electronic scale. On day 7 and day
14 of BS001 and anti-PD-L1 combination experiment in
A549 model, peripheral blood of three samples from each
group was obtained and AST/ALT levels in serum were
measured with detection kit (C0010-2, C009-2; Nanjing
Jiancheng Biotec, China).
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Similarly, for SKOV3 model (5 x 10° cells/mouse, E:
T=10:1), mice were treated with vehicle (PBS), BS001
antibody (10 mg/kg), or BS001 with PD-1 antibody
(10 mg/kg; Pembrolizumab, Merck & co., NJ, USA)
twice a week. Tumors were measured with a caliper on
the indicated days and tumor volume (mm®) was calcu-
lated using the following formula: (length x width?)/2.
Tumor volume was analyzed by two-way ANOVA analy-
sis (GraphPad Prism v6, La Jolla, CA, USA).

Statistical Analysis

Statistical analysis was performed using Prism 6 (GraphPad
Software Inc., La Jolla, CA, USA). Results are shown as the
means + SEM, which were calculated from at least triplicate
technical or biological replicates. Statistical significance
was analyzed by unpaired two-tailed ¢ test unless otherwise
indicated. Differences were considered significant at
p <0.05.

Results
c-Met Gene Expression in Tumor

Specimens and Cell Lines

To quantitate c-Met expression in tumor biopsies, a panel
of carcinoma tissues and adjacent tissues from lung ade-
nocarcinoma, lung squamous cell carcinoma, and ovarian
cancer patients were stained using a c-Met antibody.
Immunohistochemistry analysis of those specimens
revealed that all tumor cells were c-Met positive at 1-3"
scores, whereas cells in the adjacent tissues were negative,
suggesting that c-Met overexpression is tumor-cell specific
(Figure 1A, Figure S1A). Consistently, RNA-seq data at
the TCGA also showed that the transcriptional levels of
c-Met gene were higher in lung adenocarcinoma, lung
squamous cell carcinoma, and ovarian cancer compared
to that in their respective normal tissues (Figure 1B). The
Kaplan—Meier curves suggested a trend that a higher
c-Met expression level is related to a poorer patient survi-
val in lung adenocarcinoma (p = 0.02) and ovarian cancer
(» = 0.023) (Figure 1C).

We also identified several tumor cell lines that express
c-Met mRNA at increased levels (1.5-2.84-fold increase in
copy number by RNA-seq) than c-Met-negative MDA-MB
-468 cell line (Figure 1D). c-Met expression in these cells
were further confirmed at the protein level by Western blot-
ting (Figure 1E) and immunofiuorescence (Figure S1B). In
flow cytometry analysis, A549, SKOV3, and HepG2 cells

showed positive staining with c-Met antibody (Figure 1F)
and were chosen for further analysis.

Expression and Activities of a c-Met/CD3
Bispecific Antibody

To generate a bispecific antibody for c-Met-targeted immu-
notherapy, we constructed a novel BsAb, BS001, that contains
an anti-CD3 scFv attached to the N-terminus of the heavy
chain of a monovalent, single-arm, anti-c-Met antibody
(Figure 2A). This asymmetric antibody was expressed in
CHO cells with a good yield in transient expression as well
as stable cell lines. After protein A and gel filtration chroma-
tographies, the bispecific antibody reached over 99% in purity
as assessed by size exclusion HPLC (Figure 2B). SDS-PAGE
analysis confirmed the correct molecular weights of three
respective bands of the antibody in both reducing and non-
reducing gels (Figure 2C). In flow cytometry analyses, BS001
showed high binding activity to c-Met-positive A549 and
SKOV3 cells but not to c-Met-negative MDA-MB-231 cells
(Figure 2D). BS001 could bind to human PBMC isolated from
different donors, and dose-dependently bind to CD3"T (both
CD4'T and CD8'T), consistent with the expected biological
activity of the anti-CD3 scFv in this antibody (Figure 2E,
Figure S1C). Therefore, this bispecific antibody has binding
activities to both c-Met and CD3 on cell surface.

BSO0I-Mediated Tumor Cell Killing by
T-Cells

To evaluate whether BS001 bispecific antibody can trigger
effector cell-mediated cytotoxicity to tumor cells, A549 or
SKOV3 tumor cells were co-cultured with human PBMC.
The tumor-killing effect was further quantitated, in which
increasing concentrations of BS001 resulted in increased
tumor cell lysis in a dose-dependent manner (Figure 3A).
This effect was not seen or minimal in c-Met-negative or
very low expression tumor cells, such as MDA-MB-231
cells (Figure 3B). To make a clear elucidation, addition of
BS001 antibody to the co-culture systems caused the cells
from PBMC compartment (presumably CD3'T cells)
became attached to tumor cells at bottom of culture dishes,
subsequently death of tumor cells in the co-cultures
(Figure 3C). The numbers of suspended PBMC (not
attached to tumor cells) cells in the cultures decreased
with increasing concentrations of the bispecific antibody
as shown by FACS (Figure S2B). Similarly, BS001-
mediated cytotoxicities were also shown in the co-culture
systems of tumor cells and purified T lymphocytes
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(Figure 3D, Figure S2C). Thus, this bispecific antibody can
effectively direct CD3-positive cells to c-Met-expressing
tumor cells (Figure 3E), and killing of tumor cells. To figure
out the possible killing mechanism on different tumor cells,

co-culturing A549 or SKOV3 cells with purified T cells
from individual donors was shown that BS001 promoted
CD69 expression (an early activation marker) and IFN-y
secretion within CD3"T cells (Figure 3F, Figure 3G).
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Figure 2 C-Met/CD3 (BS00I) antibody expression and activities.

Notes: (A) Structure diagram of c-Met/CD3 bispecific antibody; (B) In size-exclusion HPLC, purified BSOO| showed a single peak with a retention time consistent with its
expected molecular weight of 125 kDa. Purity: 99.35%; (C) Integrity of the purified BS00| protein analyzed by SDS-PAGE. Under denaturing, reducing and non-reducing
conditions, three chains of BSO0| were observed at the expected size of 75, 28, and 26 kDa; (D) Flow cytometry analyses of BSO0I in c-Met binding to A549, SKOV3, and
MDA-MB-231; (E) Flow cytometry analyses of BS00I in CD3 binding to PBMC and human CD3*T from 2 donors.

Abbreviations: HPLC, high-performance liquid chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; PBMC, peripheral blood mono-

nuclear cell; MFl, mean fluorescence intensity.

BSOOI Inhibits c-Met Phosphorylation and

Downstream Signal Transduction

After determining that BS001 bispecific antibody induces
T-cell mediated tumor killing, we tested whether BS001 with
monovalent nature could block the interaction between HGF
and c-Met, thus, potently inducing tumor cell apoptosis. When
increasing concentrations of BS001 protein was added to cul-
tured A549 cells and stimulated by HGF, BS001 showed dose-
dependent inhibition on HGF-induced phosphorylation of
c-Met. To determine whether inhibition of receptor phosphor-
ylation affect downstream signal transduction of c-Met, phos-
pho-AKT, phospho-STAT3, and phospho-MAPK in A549
cells treated with BS001 were measured. BS001 potently
inhibited HGF-induced phospho-AKT, phospho-MAPK, and
phospho-STAT3 (Figure 4A, Figure SI1G). Furthermore,
BS001 has an equivalent inhibition on c-Met phosphorylation

to a small-molecule inhibitor, JNJ-38,877,605 both at 0.5 uM
(Figure 4B). Moreover, the combined treatment of 0.5 pM
BS001 and 0.5 uM JNJ-38,877,605 showed higher inhibition
of phospho-c-Met and phospho-STAT3 than monotherapy
in vitro (Figure 4C, Figure 4D). These data suggested that
blocking the HGF-stimulated ¢c-MET pathway by BS001 is
an effective targeted therapy, providing possibilities with com-
bined use of the macromolecule and small molecule.

BSOO! Inhibits Tumor Growth in
Xenograft Models

The in vivo anti-tumor efficacy of BS001 was evaluated in
adoptive transfer xenograft tumor models. A549 cells and
PBMC were mixed and implanted into immunodeficient
nude mice as demonstrated in the methods. As shown in
Figure 5A, BSO001 inhibited tumor growth in dose-
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Figure 3 BS00|-mediated T-cell engagement and killing of tumor cells.

Notes: (A and B) PBMC killing activity on A549, SKOV3 and MDA-MB-231 cells (E:T=10:1) mediated by BSO0| and control parental anti-c-Met antibody (monovalent) at doses of
0.0001—10 pg/mL was analyzed by LDH detection. The results were shown as mean * SEM; (C) FACS analyses for the PBMC before the addition to the attached tumor cells as “initial
lymphocytes” were shown in Figure S2A. Percentage increases of attached CD3™T (initial ratio—test ratio) and ratios of CD8"T/CD3"T cells attached to tumors after co-culture at doses
of 0—10ug/mL BS00| were calculated with the following formula: CD8" (initial ratio—test ratio)/CD3 (initial ratio—test ratio); (D) CD3* Tor CD8™T cytotoxicity of A549 and SKOV3 cells
mediated by |ug/mL BS001. The percentage of cytotoxicity was calculated with the following formula: (% of tumor cells in effectors plus BS001) — (% of tumor cells in effectors); (E) Co-
culture of SKOV3 and microbeads-sorted CD3T cells (E:T=1:1) with | pg/mL BS00I for | h in 6-well plate. Photograph showed BS00|-mediated binding of tumor cells and T cells
(plotted by the arrows); (F) CD69 expression in CD3"T cells with or without | pg/mL BSOO| treatment was detected by FACS. N = 6 donors for each group. Data shown represent the
CD69 expression level of CD3™T cells from individual donors. **p < 0,001 by unpaired two-tailed t-test; (G) IFN-y protein levels in CD3*T cells with or without | ug/mL BS00I
treatment was detected by FACS. N = 6 donors for each group. Data shown represent the IFN-y expression level of CD3*T cells from individual donors. *p < 0.05 by unpaired two-tailed
t-test.

Abbreviations: FACS, fluorescence-activated cell sorting; LDH, lactate dehydrogenase; IFN-y, interferon-y.

dependent manner compared to that of the control group
on day 18 (p < 0.01). At 4 mg/kg BS001, tumor growth
was inhibited by approximately 50%, while 10 or 25 mg/
kg inhibited tumor growth by nearly 100%. Flow

cytometry of isolated tumors showed that tumor infiltrated
CD3'CDS8'T cells in the 4 and 10 mg/kg groups were
higher than those in the control group, indicating that the
bispecific antibodies effectively recruited and maintained

3208  submit your manuscript Drug Design, Development and Therapy 2020:14

Dove


https://www.dovepress.com/get_supplementary_file.php?f=254117.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove

Huang et al

A B

HGF(100ng/ml) - + + + + +
3.0+
BS001 (pm) - - 0.1 05 10 - 2
INFGM) - - - = = 05 gyl
CMET |——--—-| %1.0-
PCMET | Lo N 0 e b B | 2
HGF - g
JNJ(uM) -
AKT [ -
AT [N
— - 3
wre [ Sommm
©
P-MAPK [ - o e - O
HGF . -
GAPDH | memsessempembemp oo
JNJ(pM)

C D

HGF (100ng/mL) + + + + + +

BSO01 (um) - 05 - 0.1 05 1.0

INJ (um) - - 05050505
CMET [ —————| g
pover TS |
p-STAT3 [ = &8 55 W &8 H:Fo.s- .
GAPDH (S ESEPEIEEES o

p-STAT3
2.0 *
i ek
K] ey 3
E
£ 1.5
c
k]
7]
7]
0 1.04
g
[0}
[0}
=
5 0.5
[0}
14
0.0-
+ + + + + HGF - + + + + +
0.1 0.5 1.0 BS001(uM) - - 0.1 0.5 1.0 -
S 0.5 INJ(uM) - - - S & 05

Relative expression levels

+ + + + + HGF - + + + + +
0.1 0.5 1.0 BS001(uM) - - 0.1 0.5 1.0 -
- 0.5 INJ(pM) - - - - - 0.5
p-STAT3
1.2 *
ok
K]
2 .
5 0.94
7]
@
o
Qo
8 0.6
£
©
]
o
0.3-
+ + + + + HGF + + + + + +
0.5 0.1 0.5 1.0 BS001(uM) - - 0.5 0.1 0.5 1.0
0.5 - 0.5 05 05 INJ(uM) - 0.5 - 0.5 05 05

Figure 4 BSO0| inhibits HGF-mediated c-Met phosphorylation and downstream signal transduction.

Notes: (A) A549 cells were treated with the indicated concentrations of BS00| for 8 h or |NJ-38,877,605 for 2 h, and then stimulated with or without HGF (100 ng/mL) for
30 min. Total cell lysates were evaluated by Western blotting using indicated antibodies. GAPDH expression was used as an internal control, N = 3 for each group; (B)
Analyses of inhibition on the phosphorylation of c-Met and downstream signal by dosages of BS00| and JNJ-38,877,605. The results were shown as mean + SEM. *p < 0.05,
*p < 0.01, vs HGF group by unpaired two-tailed t-test; (C) A549 cells were treated with the indicated concentrations of BS00| for 8 h, JNJ-38,877,605 for 2 h or the
combined groups, and then stimulated with HGF (100 ng/mL) for 30 min. Total cell lysates were evaluated by Western blotting using indicated antibodies. GAPDH
expression was used as an internal control, N = 3 for each group; (D) Analyses of inhibition on the phosphorylation of c-Met and downstream STAT3 signal by dosages of
BS001, JNJ-38,877,605 and the combined groups. The results were shown as mean * SEM. *p < 0.05, *p < 0.01.

Abbreviations: HGF, hepatocyte growth factor; STAT3, signal transducer and activator of transcription 3; AKT, v-Akt gene expression protein, also referred to as PKB
(Protein kinase B); MAPK, mitogen-activated protein kinase; JNJ-38,877,605, a c-Met inhibitor.

T cells (Figure 5B, Figure S3A). Flow cytometry analyses
also showed that ratios of CD56'T lymphocytes, which
indicates T cell activation, increased in the 4 and 10 mg/kg
of BS001 groups (Figure 5C, Figure S3BD), suggesting
that the bispecific antibody promotes an immune response

against the tumors. On the other hand, increased PD-L1
expression was observed in A549 tumor tissues treated
with the BS001 (Figure SDE), a tumor cell response that
may compromise activated T cells by inducing PD-1 signal
in T lymphocytes.
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Figure 5 BSO0| inhibits tumor growth in xenograft A549 models.

Notes: (A) Tumor volume of treatments with 0, 4, 10, 25 mg/kg BS00! in nude mice. N = 6 for each group. Data were shown as mean * SEM. *p < 0.05 by two-way ANOVA,; (B)
Flow cytometry of immune populations from A549 tumors treated dosages of BS00| when stripped on day 18. CD3"CD8"T cells were stained from the bulk tumor and analyzed by
FACS. Data were shown as mean + SEM of three mice from 0, 4mg/kg BS00| and two mice from |0mg/kg group. Most tumors in 1025mg/kg BSO0| groups were nearly 100%
inhibition and tiny for analysis; (C) Among dissected A549 tumors from different treatments, CD56" was detected in infiltrating CD3", CD8", and CD25"T cells by FACS.
Percentages of CD56"T cells in the 0, 4 and 10 mg/kg BS00| groups were calculated and analyzed. The results were shown as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0,0001 by
unpaired two-tailed t-test; (D and E) Immunofluorescence staining analyses of frozen sections revealed infiltrated CD3" T cells (green), surrounded by tumor cells expressing high
PD-LI (red) from the 10mg/kg group. Bar:100um. The results were shown as mean + SEM. ¥*p < 0.001 by unpaired two-tailed t-test.

Abbreviations: FACS, fluorescence-activated cell sorting; PD-LI, programmed cell death protein ligand-1.

respectively (p < 0. 0001) (Figure 6A). Addition to the
tumor growth curve, weight of isolated tumors (18 days
post treatment, Figure 6B) demonstrated that BS001/anti-
PD-L1 combination therapy resulted in more potent tumor

Combination Treatment of BS00| and
PD-1/PD-L|1 Antibody

Since upregulation of PD-L1 was observed in the tumors
treated with BS001, we tested combination therapy of BS001

with PD-L1 antibody to explore whether blocking immune
checkpoint PD-1/PD-L1 pathway can enhance anti-tumor
efficacy of BS001. At 10 mg/kg of BS001 or 5 mg/kg of anti-
PD-L1 antibody, BS001 monotherapy showed modest tumor
growth inhibition compared to PBS and PD-L1 group,

inhibition than monotherapies alone (p < 0.05) (Figure 6C).
For drug safe evaluation, the mice in all treatment groups did
not show significant body weight reduction (Figure 6D) over
the administration period. AST/ALT in mice serum did not
change significantly during treatment (Figure S3E). Similar

submit your manuscript

3210

Dove

Drug Design, Development and Therapy 2020:14


https://www.dovepress.com/get_supplementary_file.php?f=254117.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove

Huang et al
A A549 B
20007 o vehicle
-e- PBMC
PBMC+aPDL1 ‘ )
— —— PBMC+BS001 ” ” n. G Vehicle
g 15001  — PBMC+BS001+aPDL1 § '
: RGP NH -
g ki -
*kkk
S 1000+
5 ’ a ®>* » PBMC+BS001
S
E P=0.06 9 a % PBMC+BS001
E 500+ | ’ ’ a ’ 3 +aPDL1
.’ ,' g 3 “ PBMC+aPDL1
[ T antibody injections v a —
0 r 3 T !
T T 5 T 10 T 15 T 20
Days post treatment
C D 1.5+ -=~ \Vehicle
20 -e- PBMC
27 PBMC+aPDL1
. il , —— PBMC+BS001
. e —— PBMC+BS001+aPDL1
D15 o 1-°"‘!—6ﬁ | ns
5 2
g 1.0 [ — '5)
5 o
S = 05
2 0.5- T
0.0- T antibody injections
e N\G o N N 0.0 T T T 1
N S & &° £© 5 10 15 20
N < Q & X ?xo (# T T T T
Q¥ D
ays post treatment
E SKOV3
20009 -~ Vehicle 20001 -e- Vehicle
-=- BS001 10mg/kg + aPD1 10mg/kg = BS001+aPD1
% 1500- —~ 1500
£ €
Y E
IS )
2 1000+ e E 1000+
: s 3
IS o]
2 500- - E 500
I_
T antibody injections

o 45 H10f 194 0 $25 30
Days post treatment

Figure 6 Combination treatment with BSO0!| and PD-1/PD-LI antibody.
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Notes: (A) In A549, tumor volume measured for treatments with vehicle, BS001, anti-PD-L1 antibody and combination therapy in PBMC-engrafted nude mice on the indicated
days. N = 6 for each group. The results were shown as mean + SEM. ***5 < 0,0001 by two-way ANOVA; (B) Photograph of dissected tumors from five groups: vehicle, PBMC,
PBMC+BS001, PBMC+BS001+0aPD-LI, PBMC+aPD-LI. Bar:2cm; (C) Weight of dissected tumors from the above five groups. The results were shown as mean + SEM. *p < 0.05,
¥p < 0.001 by two-tailed t-test; (D) Body weights were measured and fold-changes in all groups were calculated. The results were shown as mean + SEM. n.s, no significant
difference; (E) In SKOV3 model, tumor volumes measured on the indicated days, plotted for BS00| treatment, BSO0 | combined with PD-1 antibody and control groups. The results
were shown individual tumor growth in response to BS00| and anti-PD-| combination group. The results were shown as mean + SEM. ***p < 0.0001 by two-way ANOVA
Abbreviations: PBMC, peripheral blood mononuclear cell; PD-(L)1, programmed cell death protein (ligand)-1.
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results were also seen in the combination therapy of BS001
and PD-1 antibody in SKOV3 model. BS001/anti-PD-1 com-
bination therapy resulted in more potent tumor inhibition
than BS001 monotherapies alone. Tumors in 3/5 mice were
completely inhibited in the combination therapy group
(Figure 6E).

Discussion

c-Met is an RTK with physiological functions in the nor-
mal tissues of mesenchymal origin.*® Given c-Met’s pro-
found roles in cell survival, proliferation, and migration, it
is not surprising that this signal pathway is exploited by
many tumors and become a common feature of cancer.”’
In this study, we confirmed c-Met over-expression in pro-
tein level within all tumor tissues. Our database analysis
also showed that c-Met gene expression is elevated in
transcription level in a variety of tumors. Additionally,
c-Met expression on cell surface might be up-regulated
after RTK (eg EGFR)-targeted therapy, which often leads
to tumor resistance.’®>' The c-Met expression pattern
makes it strong rational for targeted antibody therapy,
although several attempts on antibody therapeutics to
c-Met have failed.*?* Here we explore a bispecific anti-
body approach to target this tumor surface protein in
a different angle.

We designed a novel bispecific antibody that can bind
to c-Met and CD3. Each of this antibody molecule can
bind to only one CD3 and one c-Met protein targets. This
monovalent nature allows the bispecific antibody to avoid
undesired activation of T-cells by crossing link CD3 or
triggering c-Met signal by receptor dimerization in tumor
cells. The structure of CD3 scFv does not affect the bind-
ing activity of c-Met in vitro (Figure S1C). This BsAb has
a human IgG1 Fc to extend drug half-life time.

Anti-tumor efficacy of this bispecific antibody was
demonstrated in both in vitro and in vivo models. In addi-
tion, this bispecific antibody has its unique dual mechan-
isms in tumor killing, besides that it induces T cell-mediated
killing by bridging T-lymphocytes and tumor cells, it also
inhibits c-Met-phosphorylation by blocking HGF/c-Met
interaction. In the clinic, high c-Met phosphorylation levels
were seen in many cancers and correlated with poor
prognosis.*> BS001 inhibited HGF-mediated signaling
pathway similar to small molecular inhibitor, which could
potentially benefit tumor therapy in clinic through combi-
nation of BS001 with c-Met-targeting small-molecule drugs
to increase efficacy and reduce adversary effects. In

addition to disruption of oncogenic signaling pathways,
BS001 can efficiently recruit T cells to kill tumor cells as
demonstrated in our in vitro studies. Comparing to the
cytotoxicity caused by PBMC, Fc-mediated killing includ-
ing ADCC effect was very weak by introducing CD3-
depleted PBMC as effector cells (Figure S1D). Given the
widespread high-expression of c-Met in various tumors,
T cell recruiting effect is a novel and more advantageous
strategy compared to the mere inhibition of c-Met signal
transduction. The cytotoxic potential of the different CD3"
subsets (CD4", CD8", even NKT) would be informative for
the characterization of the cytotoxicity mediated by this
antibody. Hence, the dual mechanism of BS001 makes the
BS001 a unique modality to provide a new therapy for
cancer.

In flow cytometry analyses, BS001 did not show binding
activity to murine hepal-6 or MC38 cancer cells that both
expressed murine c-Met (Figure S1E). Since c-Met antibody
used in this study is not cross-reactive to murine c-Met, it
would be hard to evaluate toxicity evoked by this bispecific
antibody in the xenograft model. The cytotoxicity of BS001
on normal c-Met expressing human cells 293T was assessed
in vitro, and BS001 showed weak cytotoxicity on 293T as
same as MDA-MB-231 (Figure S1F). Future studies were
needed to support the safety of the BsAb. As well, the
efficacy of BS001 depending on the inhibitory action on
c-Met was not properly evaluated in the mouse model.
Here, we focused on tumor immunotherapy by CD3 target-
ing. For solid tumors, it has been a real challenge to achieve
clinical efficacy using bispecific antibodies. Many efforts
have been made to achieve this goal. Lan et al recently
developed trispecific antibodies interacted with CD38, CD3
and CD28 which enhance the therapeutic efficacy of tumor-
directed T cells through T cell receptor co-stimulation.>®
Moreover, bispecific antibodies targeting other host immune
cells are also under development in several models.*” For
example, CD89 epitope of macrophages and neutrophils,***
CD16 epitope and NKp46 of NK cells.**!

It is an interesting finding that BS001 treatment caused
increased PD-L1 expression in lung cancer.*” IFN-y from
lymphocytes induces PD-L1 expression, which might be an
explanation to this.**** PD-L1 plays a key role in tumor
developing immune evasion to immune surveillance.*
Immune checkpoint inhibitors such as PD-1/PD-L1 antibo-
dies have been approved to overcome these when treating
multiple malignancies; showing remarkable long-term ben-
efit for the patients who respond to the therapy. However,
overall patients’ response to the immune checkpoint
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antibodies was still too low in many types of cancers (eg-

10-20%). For those unresponsive patients, combining anti-

body drugs with different mechanisms might improve the
effects of immunotherapy.*® BS001 and PD-1/PD-L1 anti-
body combination therapy showed better outcome than

monotherapy, which may represent a new option for

patients.

Conclusion

In this study, we designed a novel bispecific antibody
BS001 targeting both c-Met and CD3 to potentiate tumor
lysis via T cell recruitment. This bispecific antibody can

also block c-Met signal transduction. The dual effects of

T-cell mediated tumor killing and c-Met signal inhibition

may maximize the c-Met-targeted therapy. BS001 exhib-

ited potent anti-tumor efficacy in vitro and in vivo.
Combination of BS001 with PD-L1 antibody can further
increase therapeutic effect in tumor models.
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