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Abstract

Recently, chimeric antigen receptor T cell (CAR-T) therapy has received increasing attention as an adoptive cellular immu-
notherapy that targets tumors. However, numerous challenges remain for the effective use of CAR-T to treat solid tumors,
including ovarian cancer, which is an aggressive and metastatic cancer with a poor therapeutic response. We screened for an
effective anti-MSLN single-chain Fv antibody with comparable binding activity and non-off-target properties using human
phage display library. A second-generation of anti-MSLN CAR was designed and generated. We demonstrated the efficacy
of our anti-MSLN CAR-T cells for ovarian cancer treatment in an in vitro experiment to kill ovarian tumor cell lines. The
anti-MSLN CAR-T cells impeded MSLN-positive tumor growth concomitant with a significant increase in cytokine levels
compared with the control. Then, we demonstrated the efficacy of anti-MSLN CAR-T cells in an in vivo experiment against
ovarian cancer cell-derived xenografts. Furthermore, we herein report three cases with ovarian cancer who were treated with
autologous anti-MSLN CAR-T cells and evaluate the safety and effectiveness of adoptive cell therapy. In this investigator-
initiated clinical trials, no patients experienced cytokine release syndrome or neurological symptoms over 2 grads. Disease
stabilized in two patients, with progression-free survival times of 5.8 and 4.6 months. Transient CAR expression was detected
in patient blood after infusion each time. The tumor partially subsided, and the patient’s condition was relieved. In conclu-
sion, this work proves the efficacy of the anti-MSLN CAR-T treatment strategy in ovarian cancer and provides preliminary
data for the development of further clinical trials.
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NSCLC Non-small cell lung cancer

PBMC  Peripheral blood mononuclear cells
PET Positron emission tomography

PR Partial response

SD Stable disease

WBC White blood cell

Introduction

Ovarian cancer is one of the most malignant gynecologi-
cal malignancies with multiple recurrences and a very high
mortality rate [1]. According to data released by the Inter-
national Agency for Research on Cancer (IARC), there were
310,000 new ovarian cancer patients worldwide in 2020,
of who 210,000 died [2]. Currently, the treatment of ovar-
ian cancer is still based on surgical resection, radiotherapy,
chemotherapy, and targeted therapy. However, 55-75% of
patients who experience remission after first-line treatment
relapse within 2 years, which results in a 5-year survival
rate of less than 40% [3, 4]. Many patients with advanced
ovarian cancer often fail to eradicate tumor lesions follow-
ing surgery, leading to tumor recurrence and progression
[5, 6]. Therefore, it is crucial that new treatment methods
be explored.

According to the clinical data reported so far, the overall
therapeutic effect of immune checkpoint inhibitor mono-
therapy in ovarian cancer is unsatisfactory. Of the adoptive
immune cell therapies, chimeric antigen receptor T cell
(CAR-T) therapy has developed the fastest and has yielded
significant positive results in the treatment of hematologi-
cal diseases [7]. CAR-T cell therapy uses a type of T cell
that is genetically engineered to produce artificial T cell
receptors. CARs are recombinant receptors, usually com-
posed of extracellular antigen recognition domains, which
are derived from single-chain variable fragments (scFv) of
antibodies, transmembrane domains that anchor in the cell’s
plasma membrane and cells that deliver T inner domain [8,
9]. The first-generation CARs contain an intracellular signal
component, usually a CD3( chain, that recognizes the target
antigen and activates T cells but only produces short-term
proliferative activity and low levels of cytotoxicity [10]. The
addition of another costimulatory molecule (CD28, 4-1BB,
or OX40) enabled the second-generation CARs to maintain
proliferation and release cytokines [11]. At the same time,
additional clinical trial results demonstrated the durability
and stability of second-generation CAR-Ts in the body [12].
Since the first CAR-T cell therapy was approved by the US
Food and Drug Administration (FDA) in 2017, the CAR-T
therapy has made great achievements in the treatment of
hematomal[13]. Currently, four CAR-T therapies targeting
CD19 for B-cell malignancies and two targeting BCMA for
the treatment of relapsed or refractory multiple myeloma has

@ Springer

been successfully marketed worldwide [14, 15]. However, no
CAR-T cell therapy project for ovarian cancer has yet been
approved by the FDA or analogous drug administrations in
other countries. Most CAR-T research on ovarian cancer
is still at the preclinical research stage, and the resultant
CAR-T cell functions are still limited in treatment [16, 17].

The recognition of tumor cells by CAR-T cells is deter-
mined by tumor-associated antigens from the perspective of
treatment strategies. Mesothelin (MSLN), a glycosylphos-
phatidylinositol-anchored membrane glycoprotein, is highly
expressed in many malignancies, including mesothelioma,
non-small cell lung cancer (NSCLC), pancreatic cancer,
and ovarian cancer, but has a highly restricted expression
in normal adult tissues, such as the mesothelial lining of the
pleura, peritoneum, and pericardium [18, 19]. This expres-
sion pattern makes MSLN an attractive target antigen and
has resulted in clinical trials for a variety of therapeutics
[20]. To date, MSLN has been used as a target for CAR-T
cells against solid cancers, including mesothelioma, lung
cancer, breast cancer, and pancreatic cancer [21]. Numerous
preclinical studies have evaluated the safety and effective-
ness of MSLN-targeting CAR-T cell therapy [17, 22, 23].

Although CAR-T therapy has proved highly efficacious
against hematological tumors, several challenges remain
for CAR-T therapy in the treatment of solid tumors, includ-
ing ovarian cancer. Here, we screened for novel, effective
scFv sequences with which CAR-T cells are constructed and
implemented these CAR-T cells in clinical studies on ovarian
cancer patients. A human anti-MSLN CAR that exhibited
strong cytokine secretion and cytotoxicity on ovarian can-
cer cells in vitro and in vivo was designed and constructed.
Furthermore, we evaluated the safety and efficacy of the
anti-MSLN CAR-T cells on patients with advanced MSLN-
positive ovarian malignancies by administering autologous
CAR-T cells. Our research shows that anti-MSLN CAR-T
cells have strong antitumor activity against MSLN-positive
ovarian cancer cells and provide a promising immunothera-
peutic strategy for the treatment of ovarian cancer.

Materials and methods
Screening anti-MSLN scFv.

Three rounds of panning were performed in immune tubes
coated with recombinant MSLN using a fully human scFv
phage display library, which had been previously con-
structed in our lab. Briefly, for the panning, a MSLN-His
tag protein, and a phage-displayed natural scFv nanobody
library were utilized as starting materials. Streptavidin-
containing magnetic beads were added to bind with the
biotin-containing MSLN-his protein and then incubated
with the scFv-antibody library. Next, unbound phages
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were removed by washing five times with 0.05% (v/v)
Tween-20/PBS and twice with PBS; bound phages were
eluted with 300 pL of 0.2 M glycine hydrochloride (pH
2.2) and neutralized with 45 pL of 1 M Tris—HCI for use in
subsequent panning rounds. Changing the MSLN-His tag
protein coating volume and washing conditions for each
panning (three times in total) successively removed weakly
bound phages and retained as many strongly bound phages
as possible.

After infection of the -E.coli TG1 Strain, the solid
medium plate was coated, and the enriched clones obtained
from the third round of panning with strong binding abil-
ity were monoclonalized. Then, the monoclonal culture
supernatant was used for enzyme-linked immunosorbent
assay (ELISA) screening, and the nucleic acid sequence
of the single clone was determined. If the absorbance sig-
nal was three times greater than the absorbance obtained
with the BSA control, then the phage-scFv clone was con-
sidered a positive clone. The signal peptide of secreted
luciferase, the antigen-binding site of nanobody, and the
coding sequence of human IgG2Fc and His tag were con-
nected, and then the mammalian expression vector was
constructed along with frame reading. HEK293F cells
were transfected, and the supernatant was retained for anti-
body purification using rProtein A magarose beads (Smart-
Lifescience). low cytometry was used to detect the binding
ability of MSLN antigen and purified antibody to screen
out sequences with high affinity. Then the antibodies were
further co-incubated with targeted cells expressing differ-
ent MSLN antigens to screen out highly specific antibody
sequences.

Real-time binding kinetics analysis

The binding kinetics of G11 antibody against MSLN was
analyzed by Bio-Layer Interferometry (BLI) according to
the manufacturer's instruction. The kinetic constants includ-
ing ka, kdis, and KD were analyzed by using ForteBio data
analysis software ver. 7.1.

Construction of a basic second-generation
of anti-MSLN CAR-T cell

The extracellular portion of the chimeric antigen receptor
(CAR) molecule is typically generated from a monoclonal
antibody against the target. The variable heavy (VH) and
variable light (VL) chains, also known as the single chain
variable fragment (scFv), from the antibody sequence are
connected by a linker to form the antigen specific region
of the CAR molecule. The hinge or spacer region anchors
the scFv to the transmembrane region that traverses the cell

membrane. Intracellularly, the costimulatory domain and
CD3( chain signal once the scFv portion of the CAR recog-
nizes and binds tumor antigen.

Cells and culture conditions

HEK?293 (human embryonic kidney 293 cells), Hela (human
cervical carcinoma cell line), Ovcar3 (human ovarian cancer
cells), SKOV3 (human ovarian adenocarcinoma), Tov-21g
(human ovarian clear cell carcinoma) and Huh7 (human liver
cancer cells) cell lines were obtained from the American
Type Culture Collection (ATCC). Peripheral blood mononu-
clear cells (PBMCs, TPCS#PB025C) of normal people were
purchased from the miles-bio of Shanghai. The patient’s
PBMCs were provided by the partner hospital for scientific
research. The HEK293 MSIN* was generated by transfecting
the parental cell line with a lentiviral supernatant containing
MSLN. Prior to the experiment, all cell lines were identified
and validated, and routine tests were performed on myco-
plasma. All cells are cultured in the recommended medium
supplemented with FBS at 37 °C in an atmosphere of 5%
carbon dioxide.

T cell isolation and retroviral transduction

PBMCs from healthy donors and ovarian cancer patients
were isolated by Lymphoprep (Stemcell, Canada), and then
T cells were isolated from the cells by negative selection
using EasySep™ Human T Cell Isolation Kit (Stemcell,
Canada). Then activated using anti-human CD3 and CD28
microspheres (Miltenyi, Germany) at a 3:1 bead to cell ratio
on day 0. Purified T cells were cultured in 5% FBS X-VIVO
Serum-free Hematopoietic Cell Medium (Lonza, Switzer-
land) supplemented with recombinant human IL-2 (300 IU/
mL). Detection of the CAR-T cell positive rate and detection
of cell phenotype was performed following lentivirus infec-
tion and continuous culture for 48 h after T cell isolation.
Using anti-MSLN CAR-T cells, paired (from same donor)
untransduced T cells, activated and cultured for equivalent
time, served as control T cells or Mock CAR-Ts.

Retrovirus production and transduction of primary
T cells

Transient transfection of 293 T cells with plasmids for
MSLN-CAR constructs, RDF plasmid encoding the RD114
envelope, and PegPam3 plasmid encoding the MoMLYV gag-
pol was used to generate retroviral supernatants. T cells
sorted in the previous step were resuspended with 100 pL
of MSLN CAR-TSs lentivirus and inoculated in 96-well plates
for 4 h to incubate. Then transferred cells to into 24-well
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plates. After 48 h, cells were washed and replated in cul-
tured in X-VIVO Serum-free Hematopoietic Cell Medium
and maintained in incubators at 37 °C with 5% CO,. In addi-
tion, replenished with fresh medium and IL-2 every 2 days.

Flow cytometry

The antibodies used in this study, including anti-CD3-
FITC, CD4-PE, CD8-APC, CD45RA-PC7, CD62L-PB450,
CD45RO-APC and CCR7-PE were purchased from BD (San
Diego, CA), and monoclonal antibodies at 1:100 dilution.
Anti-MSLN antibody was from R & D Systems. Isotype-
matched control mAbs were applied in all the procedures.
All FACS-related staining procedures were kept out of dark
at room temperature. Cells were washed with washing buffer
or 3 times after incubation for 30 min at 4 °C and then all
samples were acquired on a CytoFLEX S (Beckman Coulter,
Indianapolis, IN), and data were analyzed using Kaluza 2.1
Flow Analysis Software (Beckman Coulter Life Sciences).

Impedance-based kinetics cell lysis assay

Real-time impedance analysis of cell lysis kinetics was
evaluated over 50 h. HEK293, Huh7, Hela, Ovcar3 and
Skov3 cells were plated in a 96-well resistor bottom plate
at 2.0x 10* cells per well. After cultured for 24 h, effector
T cells were added into the unit at different effector/target
cell (E: T) ratios (8:1, 4:1, 2:1, and 1:1). Impedance was
measured at 28 s intervals. The impedance-based cell index
for each well and time point was normalized with the cell
index before adding T or CAR-T cells. The kinetics of cell
lysis was evaluated as the change in normalized cell index
over time.

Mouse tumor models

Female B-NDG mice (6 weeks) were purchased from Biocy-
togen (Beijing). All procedures were conducted in conform-
ity with guidelines of the National Institutes of Health and
Institutional Animal Care and Use Committee. And the ani-
mal experiments were approved by the Nanjing Normal Uni-
versity Animal Faculty. Mice were maintained under specific
pathogen-free conditions for 3 days, then an equal number
of Ovcar3 cells (1 x 10’/per mouse) were subcutaneously
implanted on the right of the same B-NDG mice, respec-
tively. On the 29th day, all mice were randomly divided into
5 groups (n=~6/group) and different groups were treated with
PBS, 1 x 10’ Mock CAR-T cells and different doses of anti-
MSLN CAR-T cells at one time (1x 107, 3% 10° and 1x 10°).
Then we changed the administration method and doses of
CAR-T cells in the next hela cell cdx animal model. Hela
cells (1x 10”/per mouse) were subcutaneously implanted on
the right of the same B-NDG mouse. On the 16th day, all
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mice were randomly divided into 5 groups (n= 10/group)
and different groups were treated with PBS, 5 x 10° Mock
CAR-T cells and lower different doses of anti-MSLN CAR-T
cells (5x 10°, 2.5x 10° and 1 x 10%). 10%, 30%, 60% of the
total dose was administered by tail vein injection for three
consecutive days. In the Tov-21g model, we first subcuta-
neously inoculated B-NDG mice with 1 x 107 tumor cells.
When the tumor volume grows to be large enough without
extravasation, the tissue is removed under aseptic conditions
and cut into tumor pieces with a volume of 3—4 mm?® and
inoculated into new NDG mice. Due to uneven tumor forma-
tion, only 12 were used for the experiment. We divided them
into two groups and administered PBS and 1x 10’ CAR-T
cells through the tail vein, respectively. Tumor growth was
measured with caliper, and tumor volume was calculated
using the formula volume = (length X width X width) x 0.5.
Survival time was defined as the time when tumor volume
reaches 1200 mm?. Collect blood from mice before execu-
tion for blood routine and blood biochemical testing.

Immunohistochemistry (IHC)

Tissues were fixed with formalin and embedded in paraf-
fin until further processing. Then 3-mm-thick sections were
deparaffinized and treated with a heat-induced antigen IHC
Tek epitope retrieval solution (IHC World) for 30 min.
Slides were then blocked with tris-NaCl (TNB) blocking
buffer (PerkinElmer) and stained with anti-human CD3e
antibody (Abcam, Grand Island, NY) or anti-human MSLN
antibody (Abcam, Grand Island, NY) in the blocking solu-
tion overnight at 4 °C. Secondary antibodies were added
after rinsing the section for 1 h at room temperature, and the
results were visualized with a ChemMate Envision Detec-
tion Kit (DakoCytomation). Images were obtained using the
3DHISTECH Panoramic digital slide scanner and the associ-
ated CaseViewer software (3DHISTECH).

Measurement of cytokines

The Human IL-2, TNF-a, IFN-y kit of the R&D Biological
ELISA Development Kit were used to measure concentra-
tions of culture supernatant and animal serum according
to the manufacturer's instructions. Briefly, 2 X 10* cultured
tumor cells seeded in 96-well plates and cultured for 24 h.
Then cocultured with T cells, Mock CAR-T and MSLN
CAR-T at an effector-to-target ratio of 1:1, 2:1, 4:1, 8:1. Cell
culture supernatants were collected at 72 h, centrifuged, and
frozen until the time of assay. Blood of mice and patients
was left at room temperature for 20 min to clot and get serum
by centrifugation. Each experiment was independently per-
formed in triplicate.
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Clinical trial design and specimen collection

Here, we report the results of an investigator-Initiated clini-
cal study conducted in accordance with the principles of the
Declaration of Helsinki to evaluate the safety and pharma-
cokinetic characteristics of MSLN CAR-T in humans and
to perform preliminary exploration of its antitumor activity.

Patients who were screened for MSLN expression must
have relapsed at least twice within 2 years, following the
criteria described in the Guidelines for the Diagnosis and
Treatment of Ovarian Malignant Tumors (2018 edition).
Their MSLN expression status was determined via immu-
nohistochemistry (IHC) staining of fresh tumor samples
or archived samples collected at local laboratories within
6 months before enrollment. MSLN expression was evalu-
ated using a 4-point scale, with 0 indicating no MSLN
expression (< 1%); 1+, weak expression (1-25%); 2+,
medium expression (25-50%); and 3 +, strong expression
(>50%). Patients were eligible if they were 18 years or
older, had histologically confirmed positive expression of
ovarian epithelial cells, were not amenable to potentially
curative surgical resection, or had at least one prior chemo-
therapy regimen that included pemetrexed and cisplatin or
carboplatin. Informed consent for specimen uses for research
purposes was obtained from all patients.

Patients who met all screening criteria for obtaining
peripheral blood mononuclear cells (PBMC) for the gen-
eration of autologous anti-MSLN CAR-T cells were pre-
treated with fludarabine 3-5 days before receiving intrave-
nous anti-MSLN CAR-T cells. The treating physician was
able to adjust the lymphodepletion regimen according to the
patient’s disease condition. Two subjects (patient 002 and
patient 003) were determined to be unfit for lymphodepletion
due to heavy tumor burden and extremely elevated carbohy-
drate antigen 125 (CA12-5).

After lymph depletion, the patients received a cycle of
anti-MSLN CAR-T cells therapy under observation and were
not discharged from the hospital until their absolute neutro-
phil count returned to the normal range. In our study, anti-
MSLN CAR-T cells were administered from a starting split
dose (1 x 10° CAR-positive cells/kg) and gradually increased
until the final total dose of the split infusion was reached.
The maximum dose would be de-escalated if there was a
dose-limiting toxicity (DLT) related to the CAR-T treat-
ment. The total dose was administered in three sequential
split infusions over the treatment cycle. The proportion of
cells in each batch of infusion is 10, 30, and 60% of the total
cell dose. The volume of cell suspension in each infusion is
110 ml, and the infusion is completed within 30 min. In the
absence of toxicity or disease progression, these patients
could receive additional cycles of anti-MSLN CAR-T cells
treatment.

Patient response and progression were evaluated by
the researcher via computed tomography (CT) and posi-
tron emission tomography (PET) scans as well as physical
examinations before each cycle of infusion. Following the
Solid Tumor Response Evaluation Criteria (RECIST) Guide-
lines (Version 1.1) and before each cycle of administration,
serum was collected from patients treated with anti-MSLN
CAR-T cells for the detection of physiological and biochemi-
cal indicators. At the same time, each patient’s CAR-T cell
DNA copy number, cytokine levels, and tumor marker gene
expression were monitored after CAR-T cell infusion. Spe-
cial attention was given to CAR-T-related infusion reactions,
such as neurotoxicity and CRS.

gRT-PCR analysis of MSLN CAR-T DNA copy numbers

Real-time fluorescent qPCR was applied to determine the
MSLN CAR-T DNA copy numbers in PBMC of three
patients. Genomic DNA was extracted from patient PBMCs
using a QIAamp DNA Blood Mini Kit (QIAGEN) before
and after CAR T-cell infusion. The forward primer 5'-ACC
TGGTCGACAATCAACC-3', reverse primer 5'-AAGCAG
CGTATCCACATAGC-3’, and TagMan probe 5'-FAM-CAA
AATTTG TGAAAGATTGACTGGT-TAMRA-3’ were used
in the qPCR assay.

Results
Screen of humanized anti-MSLN scFv

Increased MSLN expression has been associated with
a poor prognosis for patients with ovarian cancer [22].
The Kaplan—Meier analysis revealed that higher MSLN
expression was associated with poor prognosis in patients
with ovarian cancer (Fig. S1A). CAR-T immunotherapy
targeting MSLN may be an effective means for the treat-
ment of ovarian cancer. To obtain humanized antibody
sequences for the anti-MSLN CAR-T therapy of ovarian
cancer, a human scFv phage-displayed library was con-
structed based on a phagemid pcDNA 3.4 vectors and
used for three rounds of liquid-phase panning (Fig. 1A).
MSLN-binding clones were clearly enriched in screen-
ing (Fig. 1B). A monoclonal phage ELISA was employed
to verify that these 14 positive phage clones specifically
interacted with the MSLN protein but not with the nega-
tive control protein BSA (Fig. 1C). Based on the screened
scFv, 14 full-length antibodies were constructed by fusing
the VH and VL with a modified human IgG1. Yields for all
produced antibodies are listed in Table S1. Even at a con-
centration of 10 ug/mL, six clones, including MB2, did not
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Fig.1 Selection and expression of anti-MSLN scFv antibodies by
phage display. A Scheme of phagemid vector pcDNA3.4 used for
scFv display. B Enrichment of phage-displayed scFvs after each
round of panning, and the output phages will be used for monoclo-
nal screening. C Screening of positive clones bind to hMSLN by
monoclonal phage ELISA. Each phage-displayed scFv was tested
against hMSLN or BSA. D The antibody (ug/ml) with serial two-

exhibit significant affinity for MSLN-positive tumor cells.
Another eight antibodies with significant affinity were
used for further detection (Fig. 1D). Antibodies which
bound specifically to target cells and did not attack non-
target cells were screened out via co-incubation with the
MC-F7, Huh7, HEK293, and Ovcar3 cell lines. Four anti-
bodies (MB37, MB38, MB50, and MB92) showed strong
binding to MSLN-negative cells and could not be used
as candidate antibodies for further CAR-T construction
(Fig. 1E). Affinity is an important antigen-binding domain
parameter as it fundamentally determines CAR-T cell
functioning. Therefore, we tested the binding of G11 anti-
body to the MSLN antigen via surface plasmon resonance.
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ative cell lines. F BLI sensor grams of G11cloned binding to biotin-
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The G11 antibody exhibited high affinity (KD =2.35 nM)
and a slow dissociation rate (Fig. 1F). Based on the above
evaluation, we applied the G11 sequence to subsequent
CAR-T studies owing to its comparable binding activity
and non-off-target properties.

Construction and characterization of anti-MSLN
CAR-T cells

We developed a second-generation, humanized CAR con-
struct targeting MSLN, MSLN* CAR-T cells with the CD28
intracellular signal domain and CD3( intracellular signal
domain (Fig. 2A). The G11 scFv of the MSLN antibody
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was obtained via antibody screening, as described above.
A mock CAR with the same intracellular stimulation signal
except for the MSLN antibody scFv structure was designed
to eliminate interfering intracellular signals. The transduc-
tion efficiency of MSLN™ was stabilized at about 70.52%
via FACS flow cytometry (Fig. 2B). Previous studies have
demonstrated that T cell differentiation can significantly
impact the outcome of immunotherapy. To ensure the quality
and efficacy of the generated CAR-T cells, 12 days follow-
ing lentiviral transduction, we determined the composition,
and phenotypes of T cells, mock CAR-T and anti-MSLN
CAR-T cells via flow cytometry analysis. The CD41/ CD8",
CD45RA/CD62L and CD45RO/CCR?7 ratio were not differ-
ent among three groups cells as showed in Fig. 2C-E.

Anti-MSLN CAR-T cells repress cancer cells in vitro

Through flow cytometry, we detected the expression of the
MSLN antigen in several cancer cell lines (Huh7, Hela,
Skov3, and Ovcar3) and in HEK293 cells. The results indi-
cated that MSLN was highly expressed in Ovcar3 and Hela
cells but not in HEK293 cells and Huh7 cells (Fig. 3A). To
determine the cytotoxicity, anti-MSLN CAR-T cells, or con-
trol T cells were co-cultured with the different cancer cell
lines listed above. The results indicated that anti-MSLN-
CAR-T cells efficiently poisoned MSLN-positive cell lines
but not MSLN-negative (Huh7, HEK293) cells (Fig. 3B).
Morphological analysis further verified the killing efficacy
of anti-MSLN CAR-T cells on MSLN-positive cancer cells
(Fig. 3C). On the contrary, the control T cells demonstrated
low cell-killing ability. Consistently, significant amounts of
interferon-y (IFN-y), interleukin-2 (IL-2), and tumor necro-
sis factor alpha (TNF-a) were detected in the co-culture
medium containing anti-MSLN CAR-T cells and MSLN-
positive cancer cell lines but not in that containing MSLN-
negative cells (Fig. 3D). To confirm the specificity of anti-
MSLN CAR-T cells in killing MSLN-positive tumor cells,
we constructed an MSLN antigen-overexpression stable
HEK293 cell line (HEK293MSIN*) (Fig. 3E) and conducted
in vitro killing experiments. Our data confirmed that anti-
MSLN CAR-T cells, but not control CAR-T cells, exerted
a significant lysis effect on HEK293MSIN* cells compared
with control HEK293 cells (Fig. 3F and Fig. S1B).

Anti-MSLN CAR-T cells impede CDX tumor in vivo

To test the effect of anti-MSLNCAR-T cells in vivo, a CDX
model derived from Ovcar3, Hela and Tov-21 g cells were
constructed. The treatment groups of Ovcar3 were given
a single tail intravenous injection of anti-MSLNCAR-T
cells at various doses (1 X 107, H; 3% 10°% M; or 1x10°,
L; cells in 200 pL of PBS), and the control groups were
treated with PBS or Mock CAR-T cells (Fig. 4A). Tumor

volume was significantly inhibited in mice treated with anti-
MSLN CAR-T cells but was not inhibited in mice treated
with PBS or Mock CAR-T cells (Fig. 4B). No significant
difference was observed in the body weight of mice between
each group, except for the high-dose anti-MSLN CAR-T
group (Fig. 4C). Before killing the mice, animal blood sam-
ples were collected to evaluate the toxicity of the CAR-T
treatment on experimental animals via blood index analy-
sis. The white blood cell (WBC) count, mean corpuscular
hemoglobin concentration, and mean corpuscular volume
in mice with tumor formation were significantly different
from those in the original batch of tumor-free B-NDG mice.
After CAR-T treatment, the WBC level of tumor-infected
mice returned to normal, but other indicators were not sig-
nificantly improved (Table. S2). After 23 days since the
anti-MSLN CAR-T cell therapy, the tumors completely dis-
appeared in the high- and medium-dose treatment groups,
and only one small tumor mass was detected in the low-
dose group at 42 days. On the contrary, Mock CAR-T cells
and PBS did not reduce tumor burden in the control groups
(Fig. 4D and Fig. S1C). In addition, 7 days after CAR-T
cell injection, the serum cytokine (IL-2, TNF-a, and IFN-y)
levels were higher in the anti-MSLN CAR-T cells treatment
groups than in the control groups (Fig. 4E). The infiltra-
tion of anti-MSLN CAR-T cells in the Ovcar3 CDX model
was further verified via IHC staining (labeled by CD3) at
the endpoint. More tumor cells in anti-MSLN CAR-T cell-
treated mice were deformed and destroyed than in Mock
CAR-T cell-treated mice, which showed an increase in T cell
infiltration (Fig. 4F). Hematoxylin and eosin (H&E) stain-
ing showed that the parenchymal organ structure (includ-
ing the heart, liver, spleen, lung, kidney, and brain) of the
high-dose anti-MSLN CAR-T cells-treated mice were not
damaged (Fig. S1D).

The treatment groups of Hela were given different per-
centages of total dose (5 X 108, H; 2.5% 10% M; or 1 x 10°,
L; cells in 200 puL of PBS).by tail vein injection for three
consecutive days (Fig. S2A). Tumor volume was signifi-
cantly inhibited in mice treated with anti MSLN CAR-T cells
but was not inhibited in mice treated with PBS or Mock
CAR-T cells (Fig.S2B). And no significant difference was
observed in the body weight of mice between each group
(Fig.S2C). The tumor inhibitory rate of anti-MSLN CAR-T
in low, medium and high dose groups was 50.40, 51.48 and
82.48%, respectively, on day 43 after treatment (Fig.S2D)
More antitumor activities were also observed in Tov-21g cell
in vivo and in vitro models (Fig.S3A-E).

These results indicate that our anti-MSLN CAR-T cells
can eliminate MSLN™* tumors, especially on ovarian cancer
in vitro and in vivo.
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«Fig. 2 Characterization of anti-MSLN CAR-T cells. A Schematic
representation of retroviral CAR constructs of the humanized scFv
(G11), linked to the CD8a Signal peptide, intracellular signaling
domains CD28, (G4S)3 Linker, and CD3( in tandem. B Propor-
tion of MSLN virus-infected isolated human T cells determined by
flow cytometry. T cells and mock CAR-T cells served as controls.
C, D and E Cell phenotype of anti-MSLN CAR-modified T cells
was assessed by flow cytometry. Twelve days after lentivirus CAR
transduction, the subsets and phenotype of T cell, Mock CAR-T and
MSLN CAR-T cells were analyzed by FACS, including the expres-
sion of CD4, CD8, CD62L, CD45RA, CCR7 and CD45RO

Preclinical tissue crossover experiment based
on G11-MSLN antibody

Before the clinical trial, a cross-reactivity test was con-
ducted on the positive tissues with a high expression of
MSLN and biotin-labeled G11 to distinguish between tar-
get organs bound “on-target” and nontarget organs bound
“off-target” as well as to evaluate G11 toxicity. IHC revealed
that the MSLN-positive tissues were significantly stained
by biotin-labeled G11 at 2 or 20 pg/mL but not by control
Biotin-Human IgG1 (Fig. S4). Then, the specific binding of
Biotin-G11 to 11 kinds of tissues (performed in triplicate)
originating from three different donors (donation from Nan-
jing First Hospital) was evaluated via IHC. Compared with
the negative control group, the Biotin-G11 20 pg/mL group
had specific reactions with eight tissues (incidence rate,
1/3-3/3), namely, the thymus, heart, lungs, kidney, fallopian
tube, uterus, placenta, and skin (Table S3). Lower concentra-
tion of Biotin-G11 (2 pg/mL) only specifically reacted with
five tissues, namely, lung, fallopian tube, uterus, placenta,
and skin. These data provide references for animal experi-
ments, suggesting possible toxic reactions, and provide a
reference for future clinical safe drug use in humans.

Patient characteristics

Three patients with chemotherapy-refractory metastatic
ovarian cancer received anti-MSLN CAR-T cells immuno-
therapy for several months. The hospital pathology depart-
ment performed IHC staining and found that patient tumors
were positive for MSLN: patient 001 had a staining intensity
score of 2+, and the other two patients had staining inten-
sity scores of 1+ (Fig. S5A; see Table 1 for patient baseline
data). No patient had achieved even partial response (PR)
with the most recent chemotherapy-containing salvage regi-
men before joining the anti-MSLN CAR-T therapy regimen.
In this study, the patients administrated multiple planned
anti-MSLN CAR-T cell infusions, and their malignant tumor
responses were regularly assessed.

Preparation of anti-MSLN CAR-T cells using PBMCs
of patients

Anti-MSLN CAR-T cells were prepared by using PBMCs
from these three severely affected patients and tested the
killing effect of CAR-T cells from two patients on cancer cell
lines in vitro (Fig. S5B). Microscopic examination revealed
that the MSLN CAR-T cells produced using the patients’
PBMC had a significant killing effect on the target cells that
expressed MSLN. Cell CAR expression was measured via
flow cytometry 1 to 3 days before each infusion. About 70%
(range, 58.04-83.04%) of infused T cells expressed anti-
MSLN CAR (Fig. S6), negative mycoplasma, negative bac-
terial and fungal cultures.

Patients with advanced ovarian cancer experience
remission with anti-MSLN CAR-T immunotherapy

Based on the preclinical results, we conducted an investiga-
tor-Initiated clinical study on advanced ovarian carcinoma
patients with MSLN expression to further explore the clini-
cal safety and feasibility of the anti-MSLN CAR-T cells
therapy. The clinical trial design is described in Fig. SA.
Three patients were enrolled based on the patient inclusion
and exclusion criteria and received anti-MSLN CAR-T cells
therapy. The dose per infusion is presented in Table S4. The
anti-MSLN CAR-T cells therapy was tolerable in patients
who had low tumor burdens and were in good clinical condi-
tion, even for doses reached to 3 x 10’ CAR-positive cells.
As shown in Table. 2 and Table S1, chemotherapy-related
myelosuppression was observed in two patients, determined
by the investigators to be unrelated to our study drug, and
one patient had asymptomatic increases in serum Crea after
multiple dosing. And no greater than grade 2 neurotoxicity
and CAR-T-related infusion reactions were observed in any
patients.

We next evaluated the antitumor activity of MSLN
CAR-T from three patients. Two patients were alive at the
time of data analysis, and three patients were assessed by
stages according to the standard RECIST (Version 1.1)
(Fig. 5B). For patient 001, after the first infusion of CAR-T
cells, tumor lesions were significantly reduced (by 23%)
despite the patient not achieving PR. Unfortunately, the
patient suddenly died due to an unknown cause 200 days
after CAR-T cell infusion. For patient 002, within 8 months
after anti-MSLN CAR-T cells reinfusion, metastases did not
decrease, and overall tumor lesions did not develop. The
patient did not suffer any toxic effects and was evaluated by
stage stable disease (SD). For patient 003, incomplete data
showed that after the infusion of CAR-T cells, the overall
volume of the tumor increased by 30% compared with that
of the baseline tumor. Representative images from CT scans
used to monitor metastatic lesions are presented in Fig. 5D.
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reductions in the serum CA12-5 levels after anti-MSLN
CAR-T cells infusion (Fig. 5D).

To evaluate the pharmacokinetic characteristics of
MSLN-CAR-T cells, the anti-MSLN CAR copy numbers

We monitored the serum CA12-5 levels throughout the
studies. Patients who had clinically meaningful antitumor
activity of progressive disease or SD had high-percentage
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«Fig.3 Tumor cells elimination capacity in vitro. A Detection of
MSLN expression in five human cell lines, including HEK293, Huh7,
Hela, Skov3 and Ovcar-3 cells by flow cytometry. Cells were incu-
bated with anti-MSLN antibody (blue) or its corresponding isotype
control (red). Same below. B A real-time cytotoxicity assay (xCELLi-
gence RTCA SP) was used to evaluate the lysis of the indicated tumor
cells. Tumor cells treated with mock CAR-T (E7) cells or MSLN
CAR-T (E*) cells at the indicated E/T ratios over a 50-h period. The
NC group did not add other cells to co-incubate as a control. Same
below. C Lysis of spheres of target ovarian cancer cell cultures in the
presence of anti-MSLN CAR-T cells at different effector: target ratios
(E: T). (Scale bar: 200 pm). D The release of cytokines of tumor cells
after co-cultivation with anti-MSLN CAR-T cells. (n=3) E Lenti-
virus-mediated MSLN overexpression in HEK293 cell line by flow
cytometry. F The real-time cytotoxicity assay is used to evaluate the
lysis of MSLN CAR-T on HEK293 MSLN+ cells. mean + SD; two-way
ANOVA, “*P<0.001, P <0.0001

were monitored weekly in the first month after infu-
sion and monthly thereafter (Fig. 6A). These CAR copy
numbers in the peripheral blood of patient 001 rapidly
increased within 1 week after each reinfusion and lasted
longer than 36 days according to the monitoring conducted
in the later period of the study. The symptoms of intestinal
obstruction were relieved after the first two infusions and
disappeared after the third. For patient 002, the CAR-T
cell DNA copy number peaked at 4 days after MSLN cell
infusion and remained above the baseline for more than
3 weeks. For patient 003, a significant increase in DNA
copy number was observed only after the second reinfu-
sion of CAR-T cells.

A large number of cytokines can recruit and activate
more immune cells and cause a wider range of anti-tumor
immune effects, but there are also hidden dangers of causing
cytokine release syndrome. CRS is a major clinical concern
for patients receiving CAR-T cell therapy. We monitored
the patients’ cytokine serum levels and body temperatures
during the study period (Fig. 6C and Fig. 6D). All patients
experienced grade 1 fever. The anti-MSLN CAR-T cells pro-
duced cytokines in a MSLN-specific manner. For patients
001 and 002, the IL6 levels peaked at 105.89 and 189.01 pg/
mL, respectively, at the same time that their body tempera-
ture increased. Three subjects experienced low-grade CRS
(grade 1). This is consistent with the CRS clinical obser-
vation results of other patients who received anti-MSLN
CAR-T cells infusion. We did not see the occurrence of
clinical adverse reaction symptoms such as nausea, vomit-
ing, diarrhea, asthenia, asthenia and headache that can be
judged as DLT.

Discussion

Ovarian cancer is one of the most lethal gynecologic malig-
nancies among women, with a 5-year patient survival of
not more than 30% [24]. Although targeted therapy has

improved the prognosis of ovarian cancer patients, the
5-year survival rate for most ovarian cancer patients is still
unsatisfactory [25]. Therefore, there is an urgent need to
formulate targeted strategies to improve the clinical outcome
of patients with ovarian cancer and prolong their survival.

The applications of CAR-T cells have achieved remark-
able success in hematologic malignancies. Two CAR-T
products approved by the US FDA for the treatment of acute
lymphocytic leukemia have demonstrated the potential clini-
cal application of this therapy [26, 27]. Despite tremendous
progress in the development and availability of CAR-T
cell therapy, ovarian cancer remains largely incurable, and
patients in relapse or with refractory disease have a poor
prognosis. CAR-T cells have exhibited dramatic efficacy in
a small number of patients with ovarian cancer, whereas
several patients are still in remission after infusion [28]. To
generate more effective CAR-T cells, it is crucial to select
appropriate antigens to kill tumor cells with minimum toxic-
ity. We selected MSLN as the target for our second-genera-
tion CAR structure owing to its high expression in ovarian
cancer [29].

Barriers to effective CAR-T cell therapy in the clinic
include immunogenicity of murine CAR-T, severe toxicities,
immunosuppression in the tumor microenvironment, lim-
ited antitumor activity, antigen escape, restricted trafficking,
poor persistence, and migration [30]. CARs are designed to
enable T cells to have the ability to target specific proteins,
and their single-chain antibody component allows CAR-T
to specifically recognize tumor cell surface antigens [31].
Biotherapeutic molecules with nonhuman sequences can
cause immune responses. The majority of CARs used in
clinical trials are mouse-derived, which can lead to humoral
and CD8* T cell-mediated immune responses resulting in
immune rejection [32]. Reintroduction of CAR-T cells
containing a mouse component into patients who develop
CD197 relapse following initial treatment is largely ineffec-
tive [33]. In addition, clusters of mouse CAR receptors on
the cell surface can generate tonic signals that lead to T cell
depletion. In 2016, CAR-T with humanized scFv entered
clinical trials, and humanized CARs exhibited similar cyto-
toxic activity to mouse CARs but with enhanced persistence
due to lower immunogenicity [6]. For example, affinity is a
particularly important antigen-binding domain parameter as
it determines CAR function[30]. To recognize antigens on
tumor cells, induce CAR signaling, and activate T cells, the
CAR’s antigen-binding affinity must be sufficiently high but
not high enough to result in activation-induced death of the
CAR-expressing T cell or to trigger toxicities [34]. A new
study shows that low-affinity CAR T cells exhibit reduced
phagocytosis, prevent rapid antigen loss, and increase CAR
T cell expansion[35]. Therefore, deciding which humanized
antibody domain to use is critical when developing effective
CAR-T cell therapy.
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Table 1 Patients baseline data
Patient No Age (at infusion ~ Sex Weight (kg) Malignancy No. of Prior Staging
in years) Therapies of ovarian
cancer
001 59 Female 61 Serous Papillary Cystadenoma of Ovary 3 v
002 66 Female 47 Endometrioid carcinoma of the ovary 5 v
003 57 Female 65 Bilateral ovarian adenocarcinoma 3 v

All prior diagnoses and therapies for each patient are listed in Data Supplement

In the present study, we screened anti-MSLN antibod-
ies through a scFv phage-displayed library designed to
contain the heavy- and light-chain fusion variable regions
encoded by human antibody genes. The isolated phage
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humanized with different affinities for MSLN, respec-
tively, to construct CAR-T cells. Humanized anti-MSLN
CAR-T cells were evaluated for their tumor-killing ability
on MSLN-positive cancer cell lines in vitro. We found that
CAR-T cells synthesized by the G11-MSLN sequence had
strong killing effect and dose-dependent antitumor activ-
ity. Subsequently, we evaluated the antitumor ability of
humanized anti-MSLN CAR-T cells on B-NDG mouse
models of ovarian cancer. Our results indicate that MSLN
CAR-T induced significant cytokine release, which led to
complete tumor regression in vivo.
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stages of treatment. C Representative CT images of patients before
and after CAR-T treatment. The solid blue lines indicate the long and
short diameters of the tumor. The blue arrows mark the location of
the tumor and lymph nodes. D Daily patient body temperature dis-
tribution chart. Changes in patient body temperature before and after
reinfusion were monitored. Fever without patients requiring pharma-
cological intervention

A phase I clinical trial[36] evaluated the safety and effi-
cacy of aPD1-MSLN-CAR-T in subjects with MSLN-posi-
tive advanced solid tumors who had failed standard therapy.
The doses of CAR-T cells were 5x 10%kg, 5x 107/kg and
1 x 10%/kg, respectively, and subjects received precondition-
ing for 3 consecutive days fludarabine and Cyclophospha-
mide before cell infusion. The survival time (PFS) of 10
subjects was 97 days. The adverse events were mild fatigue
and fever, abdominal pain in 1 (10%) patient, cytokine
release syndrome (both grades 1 and 2) observed in 10
(100%) patients. Another phase I clinical trial[37] evaluated
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Fig.6 Expansion of CAR-T cells and levels of CA125 and cytokines
during treatment. A Detection of MSLN-CAR-T in blood during
immunotherapy. Anti-MSLN CAR-T expansion and persistence in
the peripheral blood was detected by gPCR. Blue arrows indicate the
time points of each reinfusion of CAR-T cells. B Cytokine dynam-

the safety, efficacy and PK of lentiviral-transfected MSLN-
specific CAR-T (Lenti-CART-Meso) cells in subjects with
advanced solid tumors who had failed chemotherapy feature.
The proliferation and survival time of Lenti-CART-Meso
cells in peripheral blood were detected by qPCR before and
after infusion. The PK results showed that the number of
Lenti-CART-Meso cells in the peripheral blood of subjects
reached a peak at about 6 to 14 days, and then the level of
Lenti-CART-Meso cells decreased significantly. At the sec-
ond month, 15 subjects were Lenti-CART-Meso cells were
not detected in 9 cases. In our clinical trials, three patients
with mesothelioma were treated in a clinical trial of MSLN-
CAR-T treatment and retrospectively evaluated for antitumor
response and OS. The MSLN CAR-T produced from G11

Days after infusion (d)

Days after infusion (d)

ics after sevaral CAR-T infusions. Concentrations of IL-2, 4, 6, tumor
necrosis factor (TNF-a) and interferon (IFN-y), etc. were measured
by flow cytometry. C Detection of plasma CA125 levels in hospital
medical laboratory. The curve starts from the day first time infusion
CAR-T cells

sequences also showed strong antitumor activity and low
toxicity.

The two main safety concerns associated with the use of
CAR-T treatment are the neurotoxicity and cytokine storms
associated with immune responses. Our current three-case
preliminary clinical study demonstrated that there was no
grade 2—4 adverse events or major complications in our
study; one patient achieved CR and two patients achieved
SD. Taken together, our data indicate that MSLN CAR-T
cell therapy would provide a promising immunotherapeutic
approach for advanced ovarian cancer. The limitations of the
study are the more patients are needed to validate the clini-
cal responses observed in the current case. Thus, based on
the safety and effectiveness test results in this study, we are
preparing to conduct a formal phase I clinical trial.
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Conclusions

In summary, our findings confirm that our second-generation
anti MSLN CAR-T cells targeting MSLN showed effective
anti-tumor effect on MSLN-positive cancer cells in vitro and
in vivo. The preliminary clinical data demonstrated that our
anti-MSLN CAR-T cells may exert potent antitumor activi-
ties in patients with ovarian cancer. These data suggest a
potential value of using anti-MSLN CAR-T to treat ovarian
cancer patients in the clinic. Our study implicated an effec-
tive strategy in the treatment of ovarian cancer by using anti-
MSLN CAR-T immunotherapy to provide alleviation from
tumor and hopefully prolong patient life.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-022-03238-w.
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