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ABSTRACT

Chimeric antigen receptor (CAR) T cell is a promising method in cancer immunotherapy but faces many
challenges in solid tumors. One of the major problems was immunosuppression caused by PD-1. In our
study, the expression of c-Met in GC was analyzed from TCGA datasets, GC tissues, and cell lines. The c-Met
CAR was a second-generation CAR with 4-1BB, cMet-PD1/CD28 CAR was c-Met CAR adding PD1/CD28
chimeric-switch receptor (CSR). In vitro, we measured the changes of different subgroups, phenotypes and
PD-1 expression in CAR-T cells. We detected the secretion levels of different cytokines and the killing
ability of CAR-Ts. In vivo, we established a xenograft GC model and observed the anti-tumor effect and off-
target toxicity of different CAR-Ts. We find that the expression of c-Met was increased in GC. CD3*CD8*
T cells and CD62L*CCR7* central memory T cells (Tcy) were increased in two CAR-Ts. The stimulation of
target cells could promote the expression of PD-1 in c-Met CAR-T. Compared with Mock T, the secretion of
cytokines as IFN-y, TNF-q, IL-6, IL-10 secreted by two CAR-Ts was increased, and the killing ability to c-Met
positive GC cells was enhanced. The PD1/CD28 CSR could further enhance the killing ability, especially the
long-term anti-tumor effect of c-Met CAR-T, and reduce the release level of IL-6. CAR-Ts target c-Met had
no obvious off-target toxicity to normal organs. Thus, the PD1/CD28 CSR could further enhance the anti-
tumor ability of c-Met CAR-T, and provides a promising design strategy to improve the efficacy of CAR-T in
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GC.

Introduction

Gastric cancer (GC) is a common malignant tumor with
a heavy burden all over the world. According to the latest
global cancer statistics, there were more than 1 million new
cases and about 783,000 deaths of GC in 2018, making it as the
third leading cause of cancer-related death globally." East Asia
is the most serious region of GC in the world." Although in
recent years, with the development of surgical technology,
radiotherapy, neoadjuvant chemotherapy, the prognosis of
GC has improved, but in most countries, the 5-year survival
rate was only 20-40%.> Therefore, it is very important to find
a new treatment strategy that can prolong the life of patients.
The immune system plays an important role in the occur-
rence and development of cancer.” Immunotherapy is
a promising tumor treatment method.* In recent years,
a variety of immunotherapies, including adoptive cell therapy
(ACT)>° and immune checkpoint inhibitors (ICI),”® have been
deeply studied and widely used. Chimeric antigen receptor
(CAR) T cell therapy is a novel kind of ACT. CAR-Ts are
T cells transformed with a single-chain variable fragment
(scFv) of the antibody of tumor associated antigen (TAA) to
recognize tumor cells and activate T cells in a major histocom-
patibility complex (MHC) independent manner.”'® CAR-Ts
have achieved remarkable clinical effects in blood tumors.'"'?

In the basic research of CAR-T in GC, since 2015, researchers
have developed CARs targeting NKG2DL,'>'* CEA,!>1¢
HER2,'"'® FOLRL"’ Claudin 18.2,”° Mesothelin,”"** Trop2,*
PSCA,** PD-L1,%® and so on, and optimized the design of CAR,
such as CARs secreting cytokines,'”” CARs with multi-target
tandems.” In clinical trials, a number of CAR-T targeting
digestive system tumors are under investigation but have not
yet achieved significant results.”*">* Thus, it is necessary to find
a more suitable target for CAR-T of GC.
Mesenchymal-epithelial transition factor (c-Met) is
a receptor tyrosine kinase (RTK) encoded by MET proto-
oncogene. The natural ligand of c-Met is hepatocyte growth
factor (HGF), so c-Met is also called hepatocyte growth factor
receptor (HGFR). A large number of studies have shown that
the amplification or over-expression of MET can lead to a poor
prognosis in GC patients.’>”! A meta-analysis of 14 indepen-
dent studies showed that increased c-Met expression was sig-
nificantly associated with decreased overall survival (HR 2.82,
95% CI 1.86-4.27) in GC.*? In view of this, scientists consid-
ered the HGF/c-Met signaling pathway as a target for molecu-
lar targeted therapy of GC, and have successively developed the
monoclonal antibodies of Rilotumumab (AMG102) targeting
HGF,” and Onartuzumab (MetMab) targeting c-Met™ in
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clinical trials, and achieved better clinical results. Therefore, we
consider c-Met as a target for CAR-T of GC.

The occurrence and development of tumors are closely
related to immune escape,”” and immune checkpoints play an
important role in immune escape.”® Programmed cell death
protein 1 (PD-1) and its ligand PD-L1 are important immune
checkpoint proteins. Scientists have developed PD-1 monoclo-
nal antibodies nivolumab,”” pembrolizumab,*® toripalimab,*
SHR-1210,*° PD-L1 monoclonal antibody avelumab,*! and
conducted a large number of clinical trials on GC.** Through
a meta-analysis study, we found that these antibodies have
a better anti-tumor efficacy in GC patients with PD-L17,
MSI-H, or EBV."” The presence of the immunosuppressive
microenvironment will reduce the efficacy of CAR-T in solid
tumors. The PDI1/CD28 chimeric-switch receptor (CSR)
improves immunosuppression by fusing the extracellular
domain of PD-1 with the transmembrane and intracellular
domains of CD28, thus transforming the inhibitory signal of
PD-1 into the activation signal of CD28.*> CAR-Ts with PD1/
CD28 CSR had a better anti-tumor effect than CAR-T com-
bined with PD-1 antibody.**

In this study, we used c-Met, a target for molecular targeted
therapy of GC widely expressed on the surface of GC cells, as
the target of CAR-T and detected the efficacy and safety of
c-Met CAR-T in vitro and in vivo. The structure of PD1/CD28
CSR was optimized in cMet-PD1/CD28 CAR-T in order to
enhance the efficacy of c-Met CAR-T by reversing PD-1
immunosuppression.

Materials and methods
Bioinformatics analysis

In order to study the expression of MET gene in GC, we
downloaded the gene expression RNAseq data of gastric
adenocarcinoma and normal gastric tissue from the TCGA
GTEx dataset and the phenotype data from the TCGA
STAD dataset in UCSC Xena (https://xenabrowser.net/) at
December 16, 2019.* The expression of MET gene and its
relationship with molecular type, clinicopathological stage,
and Lauren type in GC patients were analyzed using R and
RStudio software.

Immunohistochemistry (IHC)

With the approval of the Ethics Committee of Lanzhou
University Second Hospital and the informed consent of
patients, paraffin sections of GC and adjacent tissues from 50
patients with GC who were operated in Lanzhou University
Second Hospital were obtained from the Department of
Pathology. The steps of IHC are as follows: Following depar-
affinization, rehydration, and antigen repair, sections were
exposed in 3% H,O, to eliminate endogenous peroxidase
activity. Blocked in 3% bovine serum albumin (BSA) for
30 min at room temperature (RT), Rabbit anti-Met monoclo-
nal antibody (Abcam, USA) was incubated as primary antibody
overnight at 4 °C, followed by HRP-labeled Goat anti-Rabbit
IgG (H + L) (Beyotime, China) as secondary antibody for
1 hour at RT. It is then colored by DAB and counterstained

by hematoxylin. The average optical density (AOD) of THC
images was quantitatively analyzed by Image] software. The
results of IHC were determined by a professional pathologist.
The staining intensity was divided into 0 (non), 1+ (weak), 2+
(medium) and 3+ (strong). The staining area was divided into
0 (non), 1+ (<25%), 2+ (25%-50%), 3+ (>50%).
H-score = staining intensity X staining area.

Cell lines

Human GC cell lines (AGS, BGC-823, HGC-27, MGC-803,
MKN-45, SGC-7901) and 293 T were purchased from Cell
Culture Center of Chinese Academy of Medical Sciences
(Beijing, China). GES-1 (human gastric mucosal epithelial
cells) was stored in our laboratory. All the cell lines were
identified by STR (short tandem repeats). GC cell lines were
cultured in RPMI-1640 medium containing 10% fetal bovine
serum (FBS). 293 T was cultured in DMEM high glucose
medium containing 10% FBS. HGC27-OE was HGC-27
infected with MET over-expression lentivirus and screened by
puromycin. MKN45-Luc is MKN-45 infected with Luciferase-
Puromycin (Luc-Puro) lentivirus and screened by puromycin.

Chimeric antigen receptor plasmid design

The c-Met overexpression plasmid (MET-OE) used the
mRNA coding region (CDS) of human MET gene transcript
2 (NM_000245) as the over-expression region. GV341-Puro
(Shanghai Genechem Co., Ltd, China) was used as vector
plasmid, digested by Agel/Nhel. The c-Met CAR plasmid is
a second-generation CAR composed of c-Met scFv and
CD8a signal peptide, hinge region, transmembrane region,
and 4-1BB, CD3{. The c-Met scFv was designed according
to the heavy and light chains of the humanized c-Met
monoclonal antibody Onartuzumab (patent number: WO
2013/003680 Al). GV401-eGFP (Shanghai Genechem Co.,
Ltd., China) was used as vector plasmid, digested by
BamHI. The cMet-PD1/CD28 CAR was a PD1/CD28 CSR
structure added to c-Met CAR. The PD1/CD28 CSR was
the extracellular domain of PD-1 (AA 1-155) combined
with the transmembrane and cytoplasmic domains of
CD28 (AA 141-220). Blank GV401 vector was used as the
plasmid for Mock T as negative control.

Plasmids and lentivirus production

Vector was digested by High-Fidelity Restriction Enzyme
(NEB, USA), target gene was amplified by Super-Fidelity
DNA Polymerase (Vazyme, China), and then recombined
them with DNA ligase (Vazyme, China). The recombined
vectors were transformed and amplified in E. coli. The target
plasmids were extracted from E. coli (TTANGEN, China).

Lentivirus were produced in 293 T cells via Lipofectamin
2000 Transfection Reagent (Invitrogen, USA). The target plas-
mids, core plasmids, and envelope plasmids were transfected at
the ratio of 4:3:2 followed by concentrating lentivirus from
supernatant 3 days after transfection by ultracentrifugation
(Beckman) for 2 h at 25 000 rpm.
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Generation and culture of CAR-T cells

A 6-well plate was coated with 1 pug/mL of anti-CD3 (clone
OKT3) and anti-CD28 (clone CD28.2) antibodies at 4 °C,
overnight, 1 day before blood collection. Peripheral blood
mononuclear cells (PBMCs) were isolated from the blood of
healthy donors. The use of human PBMCs was approved by
the Ethics Committee of Lanzhou University Second
Hospital, and all donors gave informed consent. The day
of blood collection was signed as d0. After 4-hour culture,
the suspension cells were transferred to the 6-well plate
already coated with CD3 and CD28 antibodies. Then,
a new 6-well plate was coated by 50 pg/mL of
RetroNectin (Takara, Japan) at 4 °C, overnight, on do0.
After 18-hour stimulation by CD3/CD28 antibodies, the
suspension cells were transferred into the RetroNectin
coated 6-well plate and infected by lentivirus at
MOI = 10, 5 pg/mL of polybrene was used as an infection
promoting agent. The day of lentivirus infection was
marked as d1. CAR-T cells were cultured in X-VIVO 20
Serum-free Medium (Lonza, Switzerland) containing
200 U/mL of Recombinant Human IL-2 (PeproTech,
USA). The cell density was kept at 1 x 10°/mL, the medium
was changed every 3 days.

Real-time PCR (RT-PCR)

The total RNA was extracted from GC cell lines or CAR-Ts by
TRIzol (Invitrogen, USA), chloroform, isopropanol, ethanol,
and dissolved in RNase-Free water. Then, RNA was reversely
transcribed through PrimeScript RT reagent Kit with gDNA
Eraser (Takara, Japan) and quantitated by TB Green Premix Ex
Taq (Takara, Japan) according to the manufacturer’s instruc-
tions. GAPDH was used as internal control and calculated by
2744 Primers: GAPDH-F: AGGTCGGAGTCAACGGATTT,

GAPDH-R: TGACGGTGCCATGGAATTTG; MET-F:
ATGAGAGCTGCACCTTGACT, MET-R: CACCAGCC
ATAGGACCGTAT; PD-L1-F: GAAAGTCAATGCCCC

ATACAAC, PD-L1-R: GGACTTGATGGTCACTGCTTGT;
CD3(-F: GAGGAGTACGATGTTTTGGAC, CD3(-R:
CTGTACTGAGACCCTGGTAAA; c-Met scFv-F: AGCA
GTACTACGCCTACCCT, c-Met scFv-R: ATGCAGCC
AGTAGCTTGTGA; PD1/CD28-F: GTGACTTCCACAT
GAGCGTG, PD1/CD28-R: TCCGGGAAATAGGGGACTTG.

Western blot (WB)

GC cell lines were harvested, lysed by RIPA Lysis Buffer
(Solarbio, China), then boiled to prepare for protein. After
electrophoresis and PVDF membrane transfer, the target
PVDF membrane was blocked, incubated with primary anti-
body Rabbit anti-Met monoclonal antibody (Abcam, USA) or
Rabbit anti-GAPDH Polyclonal antibody (proteintech, China)
and secondary antibody HRP-conjugated Goat Anti-Rabbit
IgG (H + L) (proteintech, China), and then exposed by electro-
chemiluminescence (ECL) (Solarbio, China).

ONCOIMMUNOLOGY €1901434-3

Flow cytometry (FCM)

c-Met and PD-L1 expressions on the surface of GC cell
lines: anti-c-Met FITC (clone eBioclone 97), anti-CD274 PE
(clone MIH1) (eBioscience, USA) were added to the GC
cells, incubated at 4 °C for 30 min, washed with cold
phosphate-buffered saline (PBS), and resuspend in 200 pL
PBS followed by the detection with BD FACSCalibur, ana-
lyzed by FlowJo software.

Infection efficiency: Firstly, the positive rate of eGFP was
detected at d6. Secondly, Biotinylated Recombinant Protein
L (AcroBiosystems, China) was used as primary antibody, incu-
bated at 4 °C for 1 hour, washed with PBS, and PE Streptavidin
(Biolegend, USA) was used as secondary antibody, incubated at
4 °C for 1 hour, and tested by FCM after washing.

Cell subgroups and phenotype of CAR-Ts: CAR-Ts were
collected at d9-12, and anti-CD3 PE (clone OKT3), anti-CD4
APC (clone OKT4), anti-CD8a APC (clone HITS8a)
(MultiSciences, China) were used to detect the proportion of
CD3*CD4" and CD3"CD8" T cells. Anti-CD45RO PE (clone
UCHL1), anti-CD62L PE (clone DREG-56), anti-CCR7 APC
(clone G043H?7) (Biolegend, USA) were used to detect the phe-
notype of central memory T (Tcy) cells in CAR-Ts.

Activation phenotype of CAR-Ts: CAR-Ts were collected
at d9-12, co-cultured with target cells MKN-45 at an effec-
tor:target ratio of 2:1, anti-CD25 APC (clone BC96), anti-
CD69 PE (clone FN50), anti-CD71 APC (clone CY1G4)
(Biolegend, USA); anti-HLA-DR PerCP/Cy5.5 (clone LN3)
(eBioscience, USA) were used to detect the changes of
activation phenotype about CAR-Ts before or after stimu-
lated by target cells.

PD-1 expression on CAR-Ts: CAR-Ts were collected at d9-
12, co-cultured with target cells MKN-45 at an effector:target
ratio of 2:1, anti-CD3 PerCp/Cy5.5 (clone OKT3)
(MultiSciences, China) and anti-PD-1 PE (clone J105)
(eBioscience, USA) were used to detect the change of PD-1
expression on CAR-T's before or after stimulated by target cells.

Cytokine release assays

CAR-Ts (1 x 10°) and MKN-45 were co-cultivated for 24 hours
at an effector:target ratio of 5:1. The supernatant was collected,
and human IFN-y, TNF-a, IL-6, IL-10 ELISA Kit
(MultiSciences, China) were used to detect the concentration
of cytokines in the supernatant according to the manufac-
turer’s instructions.

Cytotoxicity Assay

CAR-T's were collected at d12-15, co-cultured with target cells
(1 x 10% at the effector:target ratios of 1:1 5:1, 10:1, for
24 hours, MKN-45, HGC-27, HGC27-OE were used as differ-
ent target cells, respectively. The supernatant was collected and
the CytoTox96 Non-Radioactive Cytotoxicity Assay (Promega,
USA) was used to detect lactate dehydrogenase (LDH) release
according to the manufacturer’s instruction.
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CD107a degranulation reaction

CAR-Ts and MKN-45 (1 x 10°) were co-cultured in a 96-well
plate at a ratio of 5:1, and 5 pL/100 pL of anti-CD107a PE
(clone H4A3) (eBioscience, USA) was added to the co-culture
medium, incubated in the dark for 4 hours. Monensin Solution
(eBioscience, USA) was added to the co-culture medium for
another 8 hours. Then, cells were collected and anti-CD3
PerCP/Cy5.5 (clone OKT3), anti-CD8a APC (clone HIT&8a)
(MultiSciences, China) were added at the same time. The
CD3"CD8"CD107a" cells were detected by FCM.

In vivo experiments

Animal experiments were approved by the Institutional
Animal Care and Use Committee of Lanzhou University
Second Hospital, comply with the animal welfare. Female
NOD-SCID mice aged 4-6 weeks were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd.
and housed in the SPF animal experiment center of Lanzhou
University Second Hospital. The maximum diameter of the
tumors did not exceed 15-20 mm.

For the MKN45-Luc xenograft models, 1 x 10° MKN5-Luc
cells in 100 pL PBS were injected subcutaneously into one side
of flank. Two weeks later, when the tumor nodes were palpable,
the mice were randomly divided into three groups (Mock T,
c-Met CAR-T, cMet PD1/CD28 CAR-T). Then, mice were
intratumorally injected with 5 x 10° CAR-Ts, twice, on d0
and d7. Every 7 days, the bioluminescence images were
acquired using In-Vivo FX PRO (Bruker), and the tumor
volume was calculated by the formula: V = /6 x Lx W? =
0.52 x L x W.” Besides, the body weight was analyzed every
7 days.

HE staining

On d28 (CAR-Ts group) or when the tumor diameter was
more than 15-20 mm (Mock T group), the mice were sacrificed
by cervical dislocation, and the stomach, small intestine, heart,
liver, spleen, lung, kidney from each groups were collected, and
fixed in 4% paraformaldehyde for 24 hours. The tissue was
paraffin-embedded and sliced into 4-um sections, baked at 65 °
C for 1 h, deparaffinized in xylene, rehydrated by graded
ethanol, stained with hematoxylin and eosin (HE).

Statistical analysis

Data are displayed as mean + SD. Statistical significance tests
were analyzed by Student’s t-test or variance. p < .05 indicates
statistical significance. All statistical analysis and charts were
performed by GraphPad Prism V8.3 software.

Results
C-Met expression was increased in GC

By bioinformatics analysis, we found that the transcription
level of MET gene in GC tissues was significantly higher than
that of normal gastric tissues (p < .0001). In addition, in
molecular type, the MET transcription level of microsatellite

instability (MSI) was higher than that of microsatellite stability
(MSS) (p = .0025). In clinicopathological stage, the MET tran-
scription level of stage III-IV was higher than stage I-II
(p = .045). In Lauren type, the MET transcription level of
intestinal type was higher than that of diffuse type (p = .019)
(Figure 1a). Through the analysis of IHC staining of GC and
adjacent normal tissue sections from 50 patients, it was found
that the AOD and H-score of c-Met from GC tissue were
significantly higher than that of adjacent tissue (p < .0001)
(Figure 1b). PCR, WB and FCM were used to detect the MET
gene transcription, c-Met protein expression, and c-Met
expression on cell surface of 7 GC or gastric mucosal epithelial
cells including GES-1, AGS, BGC-823, HGC-27, MGC-803,
MKN-45 and SGC-7901. It was found that MKN-45 has the
highest c-Met expression and HGC-27 has the lowest in the
above 7 cell lines (Figure 1c, D, E). These two cell lines were
used in the following experiments. HGC-27 infected with
MET-OE lentivirus could over-express c-Met in HGC-27 and
construct HGC27-OE cells successfully which was confirmed
by PCR, WB and FCM (p < .001) (Figure 2a).

CAR-T could be successfully constructed by lentivirus

The structure of CAR-Ts is shown in Figure 2b. c-Met CAR
and cMet-PD1/CD28 CAR lentivirus have a high infection
efficiency at MOI = 10, the infection efficiency of c-Met
CAR-T was 59.78 + 9.83%, and the infection efficiency of cMet-
PD1/CD28 CAR-T reached 45.51 + 6.65% (Figure 2c). Protein
L can combine with the k light chain of scFv in CAR. When
MOI = 10, according to the proportion of Protein L positive
cells (minus Mock T), the infection efficiency of c-Met CAR-T
was 54.81 + 3.97%, and that of cMet-PD1/CD28 CAR-T was
4521 + 6.89% (Figure 2d). qRT-PCR showed that the tran-
scription levels of c-Met scFv and PD1/CD28 CSR were sig-
nificantly increased (p < .0001) after infection by MOI = 10
(Figure 2e). In addition, c-Met CAR-T and cMet-PD1/CD28
CAR-T made by lentivirus have a good proliferation activity.
On the 15th day after infection, the expansion fold reached 20
times (figure 2f).

CD8" T cells and CD62L*CCR7"* central memory T (T¢y)
cells in CAR-Ts were increased

On the d9 after infection, the proportions of CD3"CD4",
CD3*CD8" subgroups and Tcy phenotype of CD45ROT,
CD62L"CCR7" were detected. Compared with Mock T, the
ratio of CD3"CD8" was increased in c-Met CAR-T (p = .040),
but there was no significant change in CD3*CD4" (p = .155).
Compared with Mock T, the proportion of CD3*CD8" in
cMet-PD1/CD28 CAR-T was increased (p = .018), and that of
CD3*CD4" was decreased (p = .045). Compared with c-Met
CAR-T, the proportion of CD3*CD4* and CD3"CD8" in
cMet-PD1/CD28 CAR-T were not significantly changed
(Figure 3a). In the central memory phenotype, compared
with Mock T, the proportion of CD62L"CCR7" in c-Met
CAR-T was increased (p = .007), but no difference on
CD45RO" (p = .238). Compared with Mock T, the proportion
of CD62L*CCR7* was increased (p < .0001) in cMet-PD1
/CD28 CAR-T, and the CD45RO" also increased (p = .027).
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Figure 1. The expression of c-Met was increased in the tissues and cells of gastric cancer. A, Differences in the expression of MET gene in gastric cancer and normal
tissues, and the relationship between MET gene expression and microsatellite stability, pathological stage, Lauren classification in gastric cancer tissues. MSS:
microsatellite stability, MSI: microsatellite instability. B, Inmunohistochemical staining of c-Met in and adjacent tissues (a ~ ¢) and gastric cancer (d ~ f), and statistical
analysis of AOD (g) and H-score (h), n = 50, (a ~ e) 200X, (f) 400 x . AOD: average optical density. C, Transcription levels of MET and PD-L1 genes in different gastric
cancer cell lines detected by PCR, n > 3. D, Expression levels of c-Met protein in different gastric cancer cell lines detected by WB, n > 3. E, Expression levels of c-Met on
the surface of gastric cancer cell lines detected by FCM, n > 3. Column charts show mean + SD, compared with GES-1 * p < .05, ** p < .01, *** p < .001, **** p <.0001,
p values were determined by two-tailed, unpaired Student’s t test, or one-way ANOVA with Dunnett post hoc test.

Compared with c-Met CAR-T, the proportion of
CD62L"CCR7" in cMet-PD1/CD28 CAR-T was increased

(p .009), but CD45RO" did not change significantly
(p = .059). The proportion of CD62L*CCR7" Ty in two CAR-
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Figure 2. The structure and infection efficiency of CAR-Ts. A, c-Met expression in HGC27-OE cells after the infection of MET-OE lentivirus detected by (a) gRT-PCR, (b) WB,
(c) FCM. B, The structures of c-Met CAR, cMet-PD1/CD28 CAR plasmids and PD1/CD28 CSR. C, The infection efficiency of c-Met CAR-T and cMet-PD1/CD28 CAR-T at
MOI = 10 determined by eGFP*. D, The infection efficiency of c-Met CAR-T and cMet-PD1/CD28 CAR-T at MOI = 10 determined by Protein L*. E, Gene transcription levels
of c-Met scFv and PD1/CD28 CSR after infection detected by PCR. CSR: chimeric-switch receptor, scFv: single-chain variable fragment. F, The proliferation of Mock T,
c-Met CAR-T, cMet-PD1/CD28 CAR-T after lentivirus infection. Column charts represent mean + SD, n > 3, *** p < .001, **** p < .0001, p values were determined by two-
tailed, unpaired Student'’s t test or one-way ANOVA with Dunnett post hoc test.
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Figure 3. The changes of subgroups and central memory phenotype of CAR-Ts. A, Changes of CD3"CD4" and CD3*CD8" subgroups in two CAR-Ts. B, Changes of
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Ts was increased, indicating that the PD1/CD28 CSR structure
may further increase the proportion of CD62L*CCR7" Tcy
cells (Figure 3b).

The activated phenotype and PD-1 expression were increased
in c-Met CAR-T after being stimulated by target cells

At d9~ d12 after infection, c-Met CAR-T were co-cultivated
with the target cell MKN-45 for 24 hours at a ratio of effector:
target = 2:1. FCM found that the early activation marker CD69

and mid-term activation marker CD71 in both Mock T and
c-Met CAR-T were increased after stimulation by MKN-45
(p < .05), while the expression of activation marker CD25
and HLA-DR did not change significantly (Figure 4a). FCM
found that the expression level of PD-1 in cMet-PD1/CD28
CAR-T was significantly higher than that of c-Met CAR-T
(p = .0003), indicating that the PD1/CD28 CSR was infected
successfully. At d9~ d12, two CAR-Ts were co-cultured with
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carried out by one-way ANOVA with Sidak post hoc test.
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Figure 5. The cytokine secretion, killing capacity, degranulation level were increased in two CAR-Ts. A, Different secretion levels of IFN-y, TNF-q, IL-6, IL-10 in c-Met CAR-
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MKN-45 at the 2:1 effector:target ratio for 24 h. After co-
cultivation, the expression of PD-1 in Mock T, c-Met CAR-T,
cMet-PD1/CD28 CAR-T was increased (p < .05), indicating
that the stimulation of target cells could promote the expres-
sion of PD-1 in CAR-Ts (Figure 4b).

PD1/CD28 stimulated the secretion of IFN-y and TNF-a,
inhibit the secretion of IL-6 in CAR-Ts

At d12-d15 after infection, the effector (CAR-Ts) and target
cells (MKN-45, HGC-27, HGC27-OE) were co-cultured at the
ratio of 5:1 for 24 hours, then the supernatant was collected.
The cytokine secretion in the supernatant was detected by
ELISA. We found that compared with Mock T, the secretion
of IFN-y and TNF-a was increased in c-Met CAR-T
(p < .0001), and the inflammatory factor IL-6 and immuno-
suppressive factor IL-10 also increased (p < .0001). Compared
with c-Met CAR-T, PD1/CD28 CSR could further increase the
secretion level of IFN-y and TNF-a (p < .001), while reducing
the secretion of IL-6 (p < .0001). In addition, the level of
cytokine release was related to the c-Met expression on the
surface of target cells. In HGC-27 cells, which with very low
c-Met expression, stimulate the CAR-T with a low level of
cytokine secretion. After stimulation of CAR-Ts with HGC27-
OE which over-expressed MET, the secretion levels of the
above four cytokines were significantly increased (p < .0001)
(Figure 5a).

PD1/CD28 further enhanced the killing ability of c-Met CAR-
T on target cells and increase the level of CD107a degranulation

At d12-d15 after infection, different effectors (CAR-Ts) and
target cells (MKN-45, HGC-27, HGC27-OE) were co-cultured
at different effector:target ratios of 10:1, 5:1, 1:1 for 24 hours,
the supernatant of the co-culture medium was collected, and
the killing activity of CAR-Ts was reflected by the amount of
LDH release. In MKN-45 and HGC27-OE cells, the LDH
release level of c-Met CAR-T was higher than that of Mock
T when the effect target ratio was 5:1 or 10:1 (p < .0001), and
the LDH release level of cMet-PD1/CD28 CAR-T was higher
than that of c-Met CAR-T at these two ratios (p < .01) (Figure
5b), indicating that the killing activities of CAR-Ts against
c-Met positive GC cells (MKN-45, HGC27-OE) were gradually
increased with the increase in the effector:target ratio, and
PD1/CD28 CSR could further enhance the killing ability of
c-Met CAR-T. If the target cell was HGC-27, in which c-Met
expression was very low, the LDH release level did not improve

Heart

Mock T

c-Met CAR-T

Liver
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significantly when the effector:target ratio increased (Figure
5b). However, if the target cell was HGC27-OE which over-
expressed c-Met, when the effector:target ratio was 5:1 or 10:1,
the killing abilities of two CAR-Ts on HGC27-OE were sig-
nificantly improved than HGC-27 (p < .0001) (Figure 5b),
indicating that the killing ability of c-Met CAR-T to target
cells depends on the expression of c-Met on target cells.

At d12~ d15, effector (CAR-Ts) and target cells (MKN-45)
were co-cultured at the ratio of 5:1 for 12 hours. According to
FCM, we found the CD107a expression level on the surface of
c-Met CAR-T was higher than Mock T (p = .032), and cMet-
PD1/CD28 CAR-T could further increase the CD107a degra-
nulation level than c-Met CAR-T (p = .030) (Figure 5c).

c-Met CAR-T and cMet-PD1/CD28 CAR-T had obvious
inhibitory effects on c-Met positive subcutaneous GC tumors,
and no obvious off-target toxicity to normal organs in vivo

In the subcutaneous GC tumor mouse model made by
MKN-45, both ¢-Met CAR-T and cMet-PD1/CD28 CAR-T
treatments could decrease the total bioluminescence intensity
and tumor volume than Mock T (p < .01). We find that the
bioluminescence intensity and tumor volume in Mock T group
gradually increased with time, while the bioluminescence
intensity and tumor volume decreased significantly after the
c-Met CAR-T and cMet-PD1/CD28 CAR-T treatment.
Furthermore, on day 21 after CAR-T treatment, the total
bioluminescence intensity and tumor volume of cMet-PD1
/CD28 CAR-T treatment group were significantly less/smaller
than those of c-Met CAR-T group (p < .01) (Figure 6b, C, D).
Besides, in the CAR-Ts treatment groups, mice were sacrificed
and normal tissues of important organs were collected at d28.
From HE staining of stomach, small intestine, heart, liver,
spleen, lung and kidney, we found that neither c-Met CAR-T
nor cMet-PD1/CD28 CAR-T caused inflammation or necrosis
of normal tissues in these normal tissues of important organs
(Figure 7).

Discussion

In this study, we designed c-Met CAR-T and verified its effi-
cacy and safety in GC through in vitro and in vivo experiments.
Then, we optimized the design of CAR-T by adding PD1/CD28
CSR, constructed cMet-PD1/CD28 CAR-T, to increase the
anti-tumor efficacy and improve the security of c-Met CAR-T.

By analyzing the stomach adenocarcinoma data in the
TCGA database, we found that the MET gene transcription

Spleen

Lung Kidney

b\ Y

Figure 7. HE staining of normal tissues of stomach, small intestine, heart, liver, spleen, lung and kidney in different CAR-T treatment groups.
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level of tumor tissue was much higher than that of normal
tissue. Specifically, the transcription level was higher in GC
patients with microsatellite instability (MSI), pathological stage
II-1V, or intestinal type of Lauren type. By IHC of tissues from
GC patients, we found that c-Met was expressed in cell mem-
brane and cytoplasm, and the expression of c-Met in GC
tissues was higher than that in adjacent normal tissues. These
results provided strong support for the selection of c-Met as the
target of CAR-T.

Scientists have developed one to four generations of CAR
structures, of which the second-generation CAR has the struc-
ture of CD3{ (T cell activation signal I) and costimulatory
molecule CD28 or 4-1BB (T cell activation signal II), which
is most commonly used in the current research.*® Studies have
shown that the 4-1BB co-stimulation structure in CAR-T
could inhibit CAR-T cell depletion and led to a longer persis-
tence than CD28.*” Therefore, we used the 4-1BB second-
generation CAR as our design. In view of the high expression
of c-Met in GC tissues and GC cells, and the application of
c-Met in molecular targeted therapy of GC, we chose c-Met as
the target of CAR-T for GC. The anti-c-Met scFv was designed
according to the gene sequence of heavy chain and light chain
of c-Met antibody Onartuzumab. When using lentivirus for
infection, the efficiency was more than 50%. Only two studies
on c-Met CAR-T have been carried out. In 2017, Carl June’s
team constructed a c-Met CAR-T based on c-Met antibody,
and studied the efficacy and safety of c-Met CAR-T in breast
cancer in basic and clinical trials.*® In the same year,
Thayaparan et al. designed a c-Met CAR based on the N and
K1 domains of HGF which is the natural receptor of c-Met, and
verified its efficacy in mesothelioma.*’ The above two c-Met
CAR-T studies have shown that c-Met CAR-T has a better
anti-tumor effect and higher safety. Our study found that
CD8" T cells, CD62L"CCR7" Ty cells, CD69", CD71" acti-
vated phenotypes were increased in c-Met CAR-T, the secre-
tion of cytokines such as TFN-y, TNF-a, IL-6 were increased,
and the killing activity of c-Met-positive GC cells was
enhanced. However, the stimulation of target cells significantly
increased the expression of PD-1 on c-Met CAR-T, and this
may have a negative impact on the anti-tumor efficacy of
CAR-T.

The efficacy of CAR-T clinical trials in solid tumors was not
as significant as that in hematological tumors, which may be
related to the complex immune microenvironment and the
widespread existence of immunosuppressive signals in solid
tumors.”>”' Immune checkpoint inhibitor (ICI) plays an
important role in the immunotherapy of gastric cancer.” In
view of the different anti-tumor principles and respective
advantages of ICI and CAR-T, scientists have proposed many
strategies for the combined application of ICI and CAR-T and
found the combination has a synergistic effect. In 2013, John
et al. found that combining the PD-1 antibody pembrolizumab
with HER2 CAR-T could enhance the inhibitory effect of CAR-
T on tumor growth.”” Gargett et al. found that PD-1 blockade
could reduce GD2 CAR-T cell death caused by repeated anti-
gen stimulation and improve CAR-T survival.”” In 2017,
researchers from the University of Pennsylvania reported
a case report of a patient with diffuse large B-cell lymphoma
that failed in CDI19 CAR-T treatment; however, after

combining with PD-1 monoclonal antibody pembrolizumab,
the CD19 CAR-T amplification was enhanced, and an obvious
anti-tumor reaction was appeared.”* However, this combina-
tion of CAR-T and ICI may directly increase toxic and adverse
effects. In addition to combination therapy, some scholars
considered knocking out the expression of PD-1 on CAR-T
cells, and they used technologies such as CRISPR/Cas9,”>°
TALEN” to generate PD-1 knockout CAR- T cells, thereby
eliminating the immunosuppression caused by PD-1/PD-L1
and improving the efficacy of CAR-T. In Ren J's study, they
simultaneously knocked out three genes, TCR, 2 microglobu-
lin, and PD-1 by CRISPR/Cas9 and generated allogeneic uni-
versal CAR-Ts.”® However, it has been confirmed that proper
PD-1 expression can protect CD8" T cells from over stimula-
tion, excessive proliferation, and terminal differentiation. The
complete deletion of PD-1 may lead to the failure of CD8"
T cells.”® Therefore, completely knocking out PD-1 may
adversely affect the activity of CAR-T. In addition to the
above two methods, adding a gene sequence which can secrete
PD-1 or PD-LI antibody in CAR structure could make CAR-T
secrete PD-1/PD-L1 antibody by paracrine or autocrine while
binding with tumor cells. It can not only eliminate immuno-
suppression but also reduce the adverse effects of systemic
application of PD-1 inhibitors. In 2016, Suarez et al. inserted
a PD-L1 antibody fragment in the CAR-T targeting carbonic
anhydrase IX (CA[]) and found that the immunosuppressive
molecules PD-1, Tim3, and LAG3 in this CAIX CAR-T were
down-regulated and the ability of NK cells recruitment was
enhanced.®® Yuan et al. constructed a dual-function CAR-T
targeting c-Met and PD-1 and found that it not only blocked
PD-L1 but decreased the expression of LAG-3 and TIM-3."!
Similarly, CD19 CAR-T containing anti-PD-1 scFv can also
limit the up-regulation of PD-1 in CAR-T cells after antigen
stimulation and enhance the proliferation ability of CAR-T.*
In addition, Rafiq et al. found that the PD-1 antibody-secreting
CAR-T could survive longer, and because the secreted PD-1
antibody is localized near the tumor, it could avoid the related
toxicity caused by systemic application of ICL°> However, the
design of adding the PD-1/PD-L1 antibody gene sequence to
the CAR plasmid greatly increases the length of CAR plasmid
which will improve the difficulty of CAR-T cell infection. The
above strategies have certain advantages, but they have their
own disadvantages.

The design of PD1/CD28 CSR could reverse the PD-1
inhibitory signal. The chimeric-switch receptor artificially
combined extracellular domain of PD-1 with the transmem-
brane and cytoplasmic domains of CD28. In 2012, Prosser et al.
designed this PD1/CD28 CSR and transferred it into CTL cells.
They found that the PD1/CD28 structure could increase the
phosphorylation levels of ERK and Akt and enhance the pro-
liferation of CTL cells and secretion ability of cytokines.*’ In
2013, Ankri et al. compared the structure of PD1/CD28 and
PD1/4-1BB chimeric-switch receptors and found PD1/CD28
secreted higher levels of cytokines such as IFN-y and IL-2.°* In
2016, the team of Yangbing Zhao and Carl June from the
University of Pennsylvania introduced this PD1/CD28 CSR
into CAR-T to construct mesothelin (MSLN) and prostate
stem cell antigen (PSCA) CAR-Ts. They found that the anti-
tumor effects of these PD1/CD28 CAR-Ts were better than the



combined therapy of CAR-T and PD-1 antibody
pembrolizumab.44 In addition to the PD1/CD28 CSR, which
could convert the PD-1 inhibitory signal into the CD28 activa-
tion signal, the over-expression of PD-1 extracellular domain
on CAR-T can also competitively bind to the PD-L1 on tumor
cells, which could hinder the signal transduction of PD-1/PD-
L1.% In view of the advantages and disadvantages of the above
schemes, we adopted the design of PD1/CD28 CSR in c-Met
CAR-T.

In our study, we found the proportion of CD3"CD8" T cells
and CD62L"CCR7" central memory T cell (T¢cy;) phenotype in
c-Met CAR-T were increased. What's more, the ratio of CD8"
T cells and CD62L*CCR7" T¢ys in cMet-PD1/CD28 CAR-T were
further increased than c-Met CAR-T. The stimulation of target
cells MKN-45 could increase the expression of activated pheno-
type CD69 and CD71 in c-Met CAR-T. All these changes in cell
subgroups and phenotype may help to increase the anti-tumor
activity of CAR-T.

The combination of CAR-T and tumor cells would stimu-
late the secretion of IFN-y by CAR-T cells, which can promote
the expression of PD-L1 on tumor cells and suppress the anti-
tumor immune response through PD-1/PD-L1 signals.®>®” In
our research, we found that the expression of PD-1 on c-Met
CAR-T cells would increase after the stimulation by target cells
(MKN-45). Therefore, we design PD1/CD28 CSR structure in
CAR-T, in order to reduce the immunosuppression caused by
PD-1 over-expression.

In terms of the cytotoxicity to target cells, our study found that
the Kkilling effect of c-Met CAR-T on GC cells depends on the
expression of c-Met on the cell surface. The cytotoxicity was weak
against the target cells with low expression of c-Met (HGC-27), but
was strong against the target cells with high expression of c-Met
(MKN-45, HGC27-OE). Besides, the CD107a degranulation reac-
tion of c-Met CAR-T was stronger than blank control (Mock T).
Compared with c-Met CAR-T, the killing ability of cMet-PD1
/CD28 CAR-T against target GC cells with high expression of
c-Met (MKN-45, HGC27-OE) was further enhanced, and
CD107a degranulation reaction was also enhanced. In terms of
cytokine secretion, we found that after co-culture with c-Met-
positive GC cells (MKN-45, HGC27-OE), the secretion of anti-
tumor cytokines such as IFN-y and TNF-a in c-Met CAR-T was
increased. But the secretion of the immunosuppressive factor IL-
10 and the inflammatory factor IL-6 was also increased. It has been
confirmed that the abnormal increase in IL-6 secretion was related
to adverse reactions such as cytokine release syndrome (CRS)
caused by CAR-T.*® After optimization by PD1/CD28 CSR, the
secretion of IFN-y and TNF-a was further increased in cMet-PD1
/CD28 CAR-T compared to c-Met CAR-T. However, the secretion
of the inflammatory factor IL-6 was decreased in cMet-PD1/CD28
CAR-T. It indicated that the PD1/CD28 CSR could enhance the
anti-tumor effect and reduce the incidence of CRS.

Through in vivo animal experiments, we found that both c-Met
CAR-T and PD1/CD28 CAR-T could significantly inhibit the
growth of gastric cancer subcutaneous tumor in mouse model
and did not cause serious off-target toxicity on normal stomach,
small intestine, heart, liver, spleen, lung and kidney. PD1/CD28
CSR structure could further inhibit the growth of subcutaneous

ONCOIMMUNOLOGY €1901434-13

tumor model than c-Met CAR-T, especially, significantly improve
the long-term anti-tumor effect (d21) which may be related to the
increase in central memory phenotype confirmed by cell
experiments.

In addition to enhancing the function of CAR-T cells
and improving the immunosuppressive microenvironment,
homing and infiltration of tumor cells is also important to
CAR-T. Chemokine and chemokine receptors play a key
role in mediating the directed migration of CAR T cells.
In 2018, Adachi K et al. developed a kind of CAR-T that
could secrete IL-7 and CCLI19. It was found that the
secretion of cytokine IL-7 and chemokine CCL19 could
promote the infiltration of T cells and dendritic cells (DC)
in tumor tissue, reduce T cell depletion, and improve the
anti-tumor activity of CAR-T.*” In addition, IL-7 and
CCL21 also significantly improve the proliferation and
chemotaxis of CAR-T cells, enhancing the survival and
infiltration of CAR-T and DC; besides, CCL21 could inhi-
bit tumor angiogenesis.”” The modification of IL-8 recep-
tor CXCR1 or CXCR2 significantly enhanced the
migration and persistence of CAR-T cells in tumors.”!
CAR-T cells expressing CXCR2 modified by integrin
avP6-CAR migrated more effectively to tumor cells produ-
cing IL-8 receptors.””> CCR4 could promote the migration
of CD30 CAR-Ts to Hodgkin’s lymphoma cells that
secreting CCL17 and CCL22,”” and CCR2b could improve
the tumor homing of Meso CAR-T.”* Chemotherapeutic
drugs such as doxorubicin or docetaxel could promote the
secretion of CXCR3 ligand CXCL9, 10, 11, thus promoting
the transport of T cells to tumor.”>’® In addition to
chemokines, some scientists also consider targeting
tumor extracellular matrix (ECM), which contain cancer-
associated stromal cells (CASCs) and heparan sulfate pro-
teoglycan. Fibroblast activation protein (FAP) is the sur-
face mark of CASCs, and FAP CAR-T could inhibit tumor
matrix formation and angiogenesis by targeting FAP"
CASCs.”” CAR-T cells expressing heparanase could
degrade heparan sulfate proteoglycan, destroy ECM, and
enhance the invasive ability and anti-tumor activity of
GD2 CAR-T.”® In our research, we used intratumoral
injection of CAR-T cells in vivo experiments, and CAR-T
cells were directly located inside the solid tumor. In
further research, we need to consider intravenous injec-
tion of CAR-T, and ways to enhance the chemotaxis of
CAR-T and tumor infiltrating lymphocytes.

In conclusion, c-Met CAR-T has an effective cytotoxicity on
c-Met positive GC cells in vitro and can significantly inhibit the
growth of GC tumor models in vivo without off-target toxicity.
PD1/CD28 CSR can further enhance the anti-tumor activity of
c-Met CAR-T, increase the proportion of central memory T cells,
prolong the long-term anti-tumor effect, and reduce the secretion
of inflammatory factor IL-6, which could reduce the incidence of
cytokine release syndrome.

Our study provides a new research direction and design idea for
the development of CAR-T for GC. The application of PD1/CD28
CSR plays a positive role in improving the efficacy of CAR-T in
solid tumors. The efficacy and safety of c-Met CAR-T and cMet-



e1901434-14 (&) C.CHEN ET AL.

PD1/CD28 CAR-T for advanced GC patients should be verified by
PDX model and clinical trials in the following research.
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