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Since the approval of chimeric antigen receptor (CAR) T cell
therapy targeting CD19 by the FDA, CAR-T cell therapy has
received increasing attention as a new method for targeting tu-
mors. Although CAR-T cell therapy has a good effect against he-
matological malignancies, it has been less effective against solid
tumors. In the present study, we selected mesothelin (MSLN/
MESO) as a target for CAR-T cells because it is highly expressed
by solid tumors but only expressed at low levels by normal tis-
sues. We engineered a third generation MSLN-CAR comprising
a single-chain variable fragment (scFv) targetingMSLN (MSLN-
scFv), a CD8 transmembrane domain, the costimulatory do-
mains from CD28 and 4-1BB, and the activating domain
CD3z. In vitro, MSLN-CAR-T cells killed various solid tumor
cell lines, demonstrating that it could specifically kill MSLN-pos-
itive cells and release cytokines. In vivo, we investigated the ef-
fects of MSLN-CAR-T cell therapy against ovarian, breast, and
colorectal cancer cell-line-derived xenografts (CDX) and
MSLN-positive colorectal and gastric cancer patient-derived xe-
nografts (PDX). MSLN-CAR decreased the growth of MSLN-
positive tumors concomitant with significantly increased
T cells and cytokine levels compared to the control group. These
results indicated that modified MSLN-CAR-T cells could be a
promising therapeutic approach for solid tumors.

INTRODUCTION
Malignant tumors seriously endanger human health and life. The
Global Cancer Statistics 2018 estimated that there would be 18.1
million new cancer cases (17.0 million excluding nonmelanoma
skin cancer) and 9.6 million cancer deaths (9.5 million excluding non-
melanoma skin cancer) in 2018.1 The top ten most common cancers
are solid tumors. For both sexes combined, lung cancer is the most
commonly diagnosed cancer (11.6% of total cases) and the leading
cause of cancer death (18.4% of the total cancer deaths), closely fol-
lowed by female breast cancer (11.6%), colorectal cancer (10.2%),
and prostate cancer (7.1%) for incidence and colorectal cancer
(9.2%), stomach cancer (8.2%), and liver cancer (8.2%) for mortality.2

At present, the treatment of solid tumors is still mainly based on sur-
gical resection, radiotherapy and chemotherapy, and targeted ther-
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apy; however, these methods often fail to eradicate tumor lesions,
leading to tumor recurrence and progression.

Immunotherapy is a promising treatment option for hematological
and solid tumors.3 Chimeric antigen receptor (CAR) T cells are genet-
ically engineered T cells, characterized by their tumor-specific, major
histocompatibility complex-independent, and immune-mediated
cytolytic actions.4 In 2017, two CAR-T cell therapies against acute
lymphoblastic leukemia (ALL) and advanced lymphomas were
approved by the US Food and Drug Administration (FDA). There-
fore, CAR-T cell therapy might represent a potential cure for cancer
patients. However, compared to hematological cancers, the response
rates of CAR-T cell therapy against solid cancers have been less suc-
cessful. Currently, there is an increased effort to modulate the immu-
nosuppressive tumor microenvironment and enhance the CAR-T cell
antitumor effects in solid cancers.5

The CAR is a fusion protein consisting of three components: an extra-
cellular antigen recognition domain, which is a single-chain variable
fragment (scFv) that recognizes the tumor-associated antigen (TAA);
intracellular signaling domains (e.g., OX40, CD28, and 4-1BB
[CD137]) involved in the activation and the killing effect of T cells;
and a CD3z T cell activating domain. These components help target
and wipe out tumor cells.6 Mesothelin (MSLN) is a 40-kDa membrane
protein attached to the cell surface by phosphatidylinositol and is
reportedly expressed by solid tumors.7–10 A recent study used MSLN
to target various solid cancers;9–11 however, the use of modified
MSLN-CAR-T cells to treat solid tumors requires further investigation.
thor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. High expression of MSLN in CRC and OC samples

(A and B) MSLN expression was detected in CRC, CPC, OC, and OB tissues. CRC, colorectal cancer; CPC, colorectal para-cancerous tissue; OC, ovarian cancer tissue

sample; OB, ovarian benign tissue. Scale bar, 100 mm. (C and D) Comparison of MSLN expression level between CRC and CPC or OC and OB groups. Stacked bar graph

was derived from the Tables 1 and 2. High positive means positive target expression >50%, medium positive means positive target expression 20%~50%, and low positive

means positive target expression <20%.
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Patient-derived xenograft (PDX) models have been widely used in
translational cancer research because they faithfully resemble the
original tumors and maintain this similarity across passages.12–15

In this study, we generated gastric and intestinal cancer PDX
models with strong MSLN expression and cell line-derived xeno-
graft (CDX) models of different cancer types that express MSLN.
We found that MSLN-CAR-T cells had a good anti-tumor effect
against all of the tumor models. Our study indicated that
MSLN-CAR-T cells could represent a new therapy for patients
with solid tumors.

RESULTS
High MSLN expression in ovarian and colorectal cancer

MSLN levels were measured in 72 cancer tissues (19 ovarian, 53
colorectal) and 38 non-cancerous tissues (13 ovarian benign
[OB] tissue, 25 colorectal para-cancerous [CPC] tissue) by immu-
nohistochemistry (IHC). Although MSLN was expressed in both
cancerous and non-cancerous tissue, there was a large difference
in expression levels between the two groups (Figures 1A and
1B). Among the 53 colorectal cancer and 25 adjacent tissue sam-
ples, we identified three groups of MSLN-positive samples: high
(>50%), medium (20% to 50%), and low (<20%). There was a
MSLN expression rate of 55% for the colorectal cancer samples,
while the rate of the adjacent tissue samples was only 16% (Table
1; Figure 1C). Similarly, we found a 63% MSLN expression rate for
the 19 ovarian cancer samples, but MSLN was only expressed in
15% of the 13 non-cancerous normal ovaries (Table 2; Figure 1D).
The MSLN expression levels in all the positive ovarian cancer sam-
ples were above the medium level. According to the experimental
results, a significantly higher expression of MSLN was found in
ovarian and colorectal cancer tissue samples, while negative and
lower expression levels were observed in normal ovarian and colo-
rectal tissue samples. Although we only evaluated MSLN expres-
sion in intestinal and ovarian cancer and non-cancerous tissue,
our results were comparable to those reported previously.16

Together, these data indicate that because of the high expression
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Table 1. MSLN positivity rate in CRC and CPC samples

Totals High positive Medium positive Low positive Negative Positive rate (%)

CRC 53 0 12 17 24 54.7

CPC 25 0 0 4 21 16

CRC, colorectal cancer tissue; CPC, colorectal para-cancerous tissue
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of MSLN in solid tumors compared to normal or adjacent tissue,
MSLN could be an important therapeutic target for ovarian and
colorectal cancer. Its tumor specificity would increase the safety
of this approach.

Construction of third generation MSLN-CAR-T cells targeting

MSLN

To treat solid tumors, we designed a third generation CAR-T-target-
ing MSLN: the TAA on the cancer cell surface. We engineered a len-
tiviral vector to express a scFv of antibody that recognized MSLN
(MSLN-scFv), a CD8 transmembrane domain, the costimulatory
domains from both CD28 and 4-1BB, and the T cell activating
domain CD3z to generate MSLN-CAR (Figure 2A). The surface
expression of MSLN-CAR on activated T cells was determined by
flow cytometry using biotinylated human MSLN. We found that
38% of the infected T cells were MSLN-CAR-positive (MSLN-
CAR-T cells; Figure 2B). This positive rate was confirmed by multi-
ple experiments (Figure 2C), which indicated that MSLN-CAR-T
cells could specifically target MSLN. In addition, the expression of
the CD3z from the CAR structure was significantly upregulated in
MSLN-CAR-T cells compared to the negative control T cells
7 days after infection (Figure 2D). The size of endogenous CD3z
in T cells is about 19 kD, and the predicted size of the recombinant
MSLN-CAR protein was 72 kD, which is consistent with the western
blot results (Figure 2D).

Characterization of lymphocytic phenotypes of MSLN-CAR-T

cells

We determined the composition and phenotypes of CD4+ and CD8+

T cell subsets between the control T cells and MSLN-CAR-T cells by
flow cytometry. Previous studies have shown that T cell differentia-
tion can significantly impact the outcome of immunotherapy. Using
surface CD45RA, CD62L, CCR7, and CD95 antigens, CD4+ and
CD8+ T cells can be subdivided into T stem cell memory (Tscm;
CD45RA+ CCR7+CD62L+CD95+), T effector memory (Tem;
CD45RA–CCR7–), T central memory (Tcm; CD45RA–CCR7+), and
T effector (Teff; CD45RA+CCR7–) cells. Tscm cells cause a more
sustained anti-tumor effect compared to Tcm cells.17 Our results indi-
cated that CD4+ and CD8+ Tscm accounted for the highest propor-
tion of T cells (Figure 3A).

When we evaluated checkpoint biomarkers, we found discrepancies
between the lentivirus-infected and uninfected T cell samples;
TIM3 and PD1 proteins significantly reduced (Figure 3B). Whether
these changes could cause a positively regulated tumor immune
558 Molecular Therapy: Oncolytics Vol. 20 March 2021
response requires further investigation and is beyond the scope of
this paper.

Evaluation of the anti-tumor capacity of MSLN-CAR-T cells

in vitro

We selected ovarian (SKOV3, OVCAR3, ES2), gastric (AGS), intesti-
nal (HCT116), breast (MCF7), and cervical (HeLa) cancer cell lines to
evaluate the antitumor effects of MSLN-CAR-T cell in vitro. Flow cy-
tometry confirmed that all cell lines, except ES2, were MSLN-positive
(Figure 4A). To determine the cytotoxic activity, we co-cultured
MSLN-CAR or control T cells with the above cell lines (effector
[E]: target [T] = 2.5:1), and then assessed cytotoxicity by real-time
cell analysis (RTCA) monitoring. The results showed that MSLN-
CAR-T cells efficiently poisoned all MSLN-positive cell lines but
not MSLN-negative ES2 cells. In contrast, the negetive control
(NC)-T cells and the MSLN-CAR-T cells have a significant difference
in cell killing ability (Figure 4B; Figure S1). Consistent with the RTCA
data, significant amounts of interferon-g (IFN-g) and tumor necrosis
factor alpha (TNF-a) were released into the medium 24 h after the co-
culturing of the MSLN-CAR-T cells with the MSLN-positive cancer
cell lines but not with ES2 cells (Figure 4C). In order to visually
observe the killing effect of MSLN-CAR-T cells on target cells, we
repeated the killing experiment on HCT116 in an ordinary 96-well
plate, and representative bright-field images were shown in Figure 4D.
The results clearly showed that the HCT116 cells in the CAR-T cell
group were significantly reduced and the CAR-T cells clumped in
the vicinity of the tumor cells.

Anti-tumor efficacy of MSLN-CAR-T cells against ovarian

cancer in vivo

To determine the anti-tumor effect of MSLN-CAR-T cells against
ovarian cancer, we used the SKOV3 CDX model (n = 4). This
MSLN-positive ovarian cancer model was selected due to its rapid
cell growth and short time for tumor establishment. A schematic of
the experimental events and nodes for the in vivomodel construction
and treatment is presented in Figure 5A. During the 7 days after the
injection, the tumor size of the two groups of mice showed an upward
trend. However, starting from the 7th day, the tumors of the mice in-
jected with MSLN-CAR-T cells began to weaken significantly until
they completely subsided on the 17th day and the presence of tumors
was not detected at all while tumors of mice treated with control
T cells expanded rapidly (Figure 5B). We also observed that the
mice in the control T cells-treated groups were in a state of malaise
at the later stages of tumor development; however, the mice treated
with MSLN-CAR-T cells remained in good condition and there was



Table 2. MSLN positivity rate in OC and OB samples

Totals High positive Medium positive Low positive Negative Positive rate (%)

OC 19 6 6 0 7 63.2

OB 13 0 0 2 11 15.3

OC, ovarian cancer tissue; OB, ovarian benign tissue
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no significant difference in weight at the endpoint of the study be-
tween the two groups (Figure 5C).

Anti-tumor efficacy of MSLN-CAR-T cells against breast cancer

in vivo

We also evaluated the efficacy of MSLN-CAR-T cells in vivo using the
MCF7 breast cancer CDX model. 10 days after the cell inoculation,
the mice were divided into the NC-T and MSLN-CAR-T groups
(n = 3; Figure 6A). There were significant differences in tumor size
between the MSLN-CAR-T and NC-T groups (Figure 6B). No signif-
icant difference was observed in body weight between the two exper-
imental groups throughout the experiment (Figure 6C).

Anti-tumor efficacy of MSLN-CAR-T cells against colorectal

cancer in vivo

The effect of MSLN-CAR-T cell therapy on colorectal tumors was
examined using the HCT116 CDX model. 10 days after tumor cell
inoculation, the mice were divided into three groups (n = 4) treated
with PBS, NC-T cells, or MSLN-CAR-T cells (Figure 7A). 13 days
after injection, the tumors of the MSLN-CAR-T group were signifi-
cantly smaller than those of the other two groups. By day 24, the tu-
mors in the PBS and NC-T groups reached the size endpoint of
1,500 mm3, and the mice had to be euthanized. However, the tumors
in the MSLN-CAR-T group remained small even at day 28 (Fig-
ure 7B). The mice in the CAR-T group were euthanized on day 28,
and the tumors were compared to the other experimental groups. Dif-
ferences in tumor size and weight were observed (Figures 7D and 7E).
Throughout the experiment, there were no significant body weight
changes among the three groups (Figure 7C). On day 20 (10 days after
MSLN-CAR-T cell injection), peripheral blood was collected from the
mice and analyzed for CD3. The CAR-T group hadmore CD3+ T cells
(Figure 7F). In contrast, the NC-T cells were only found in small fre-
quency in the peripheral blood. We observed some differences in
IFN-g expression among the groups, but the differences did not reach
statistical significance. These differences may be due to variations in
IFN-g expression in individual animals (Figure 7G). IHC on the tu-
mor tissues taken from these mice showed that the MSLN-CAR-T
group had higher GramB expression levels compared to the other
groups (Figure 7H). Therefore, the MSLN-CAR-T cells had signifi-
cant anti-tumor efficacy against a colorectal cancer CDX model.

Anti-tumor efficacy of MSLN-CAR-T cells against different PDX

models in vivo

To confirm the effects, we observed with CDX models, we conducted
MSLN-CAR-T cell therapy efficacy studies using gastric and colo-
rectal cancer PDX mouse models (PDX-Gast0020 and PDX-
col0092, respectively). The H&E staining and MSLN IHC results on
the PDX tumors are shown in Figure 8A. The PDX-col0092 mice
were randomly divided into MSLN-CAR-T (n = 5) and NC-T groups
(n = 10) when the average tumor volume of each group was 25 mm3.
The two groups were injected with MSLN-CAR-T cells or NC-T,
respectively. And when the tumors in the NC group grew to
1,000 mm3, 5 mice were selected to be injected with MSLN-CAR-T
to observe the pharmacological effects of MSLN-CAR-T on large-vol-
ume tumors (Figure 8B). Whether small or large tumor volume of the
tumor, MSLN-CAR-T cells can show a good anti-tumor effect, and
both the effective start time reflected on day 7 after injection. And
in the drug efficacy experiment of large tumors, tumors with a
maximum volume of 1,500 mm3 can still be eliminated and finally
stabilized at the very small tumor stage (Figure 8C). During the whole
experiment, the weight of the mice did not change abnormally, but
after 120 days of the experiment, one of the mice in the small tumor
group was observed obvious xenogenic graft versus host disease
(GvHD), which showed significant hair loss. But until the end of
the experiment, the mice in the drug effect group did not die (Figures
8D and 8E). When the experiment reached the endpoint, we per-
formed tumor genome quantitative PCR (qPCR) detection on three
mice in the large tumor group that still had tumors, and the results
showed that the tumors still had theMSLN-CAR genome (Figure 8F).
For PDX-Gast0020, MSLN-CAR-T cells were injected only once (Fig-
ure 8G). The PDX-Gast0020 tumors rapidly progressed in the NC-T
group. In contrast, MSLN-CAR-T cells demonstrated good anti-tu-
mor efficacy against these colorectal cancer tumors (Figures 8H
and 8I).

DISCUSSION
Despite the various treatments available for solid tumors (e.g., sur-
gery, radiotherapy, chemotherapy, and targeted therapy), the prog-
nosis for patients with solid tumors remains poor.18,19 Therefore,
more effective solid cancer therapies are still needed. The concept
of CAR-T cell therapy was first mentioned in the 1980s; however,
CAR-T technology did not demonstrate in vivo anti-tumor effects
due to the structural limitations at the time.20 In recent years, struc-
ture-modified and high-efficiency CAR-T cell therapy has been effec-
tive in vivo.21,22 Two CAR-T cell products for acute ALL and
advanced lymphoma have demonstrated the potential clinical appli-
cation of this therapy. Moreover, the extraordinarily efficient CD19
CAR-T cell therapy against hematologic malignancies suggests the
possibility of CAR-T cell therapies against solid tumors.23,24

To generate more effective CAR-T cells, it is crucial to select appro-
priate antigens to decrease tumor cells with minimum toxicity. An
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Figure 2. Characterization of 3rd-generation MSLN-CAR-T cells targeting MSLN

(A) Schematic diagram of the MSLN-CAR-T transgene. (B) Proportion of M284bz infected primary human T cells determined by flow cytometry. (C) Histogram of the MSLN-

CAR-T rate of M28z10 CAR infected cells and its control cells in three repeats. (D) The exogenous CD3z level detected by western blotting (mean ± SEM; ns, not significant;

p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).
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ideal solid tumor CAR-T-target should be significantly overexpressed
in cancer cells but very lowly expressed or absent in non-vital normal
tissue.25 MSLN is a cell-surface antigen, which is highly expressed in a
variety of cancers, including mesothelioma, lung, ovarian, and breast,
but expressed at low levels in normal tissues.8 We selected MSLN as
the target for our third generation CAR structure because of its high
expression in solid tumors, and we generated effective MSLN-CAR-T
cells.

To date, there have been reports of CAR-T cell therapy targeting
MSLN in solid tumors that not only demonstrated the effectiveness
of this method but also established its safety.10,11,26 Our study
expanded the scope of MSLN targets to breast, ovarian, gastric, and
colorectal cancer. Our approach still used a lentiviral plasmid as the
gene delivery medium. There have been many reports describing
non-viral vectors. Beatty et al.10 used mRNA as the vector in a clinical
phase 1 trial, demonstrating the validity of MSLN-CAR-T cell ther-
apy. However, mRNA has a short half-life in cells, and its long-
term sustained effect in the body is poor, which is reflected in the
results. Other methods include electrotransformation of plasmids,27

but there is no research to prove that the damage of cells caused by
electrotransformation will not affect their subsequent functions. We
560 Molecular Therapy: Oncolytics Vol. 20 March 2021
first introduced the PDX model for evaluation of MSLN-CAR-T
cell therapy. The PDX model preserves tumor heterogeneity and tis-
sue structure, the aggressive vasculature, and supporting interstitial
cells. Tumor cells grow in a transplanted environment, which pro-
vides the physiological oxygen concentration and nutritional envi-
ronment of the tumor tissue in the body and provides a physiological
substrate for tumor cell adhesion.28,29 Compared with CDX models,
the cytogenetic analysis of PDX models suggests that the PDX retains
the chromosomal structure of the source tumor.30 Our PDX model
experiments showed that MSLN-CAR-T cell treatment had excellent
anti-tumor activity (Figure 8).

We encountered some problems during our study. When we selected
the animal models, the initial tumor size wasmaintained at the level of
50 mm3, so that the final effect would be particularly obvious. Carpe-
nito et al.31 showed that tumors could regress when treated at a size of
500 mm.3 A larger tumor indicates a more severe tissue suppression
and complex tumor microenvironment, which greatly reduces T cell
infiltration into the tumor.32,33 After constantly trying different
mouse models, we found PDX-COL0092, an experimental case that
can eliminate large tumors (1,000 mm3 on average). Even when the
tumor grows to 1,000 mm3, the same amount of MSLN-CAR-T



Figure 3. Phenotype and changes of MSLN-CAR-T cells

(A) Flow cytometry to detect CD3+/CD4+/CD8+/CD45RA+/CCR7+/CD62L+/CD95+ ratio in CAR-T cells and NC-T cells (B) Detection exhaustion biomarker of TIM3, PD1, and

LAG3 on CAR-T cells and NC-T cells by flow cytometry.
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(2.5� 106 CAR+ cells) was injected with the small tumor (50 mm3 on
average), and obvious tumor regression can still be seen (Figure 8). It
showed that the tumor tissue of this model may be different from
other tumor tissues, and this difference may be the key to CAR-T
cell treatment of large tumors. Given the effects of the microenviron-
ment on T cells, several optimized combination treatment strategies
have emerged, including co-expression of cytokines to help enhance
autoimmunity and co-expression of checkpoint protein antibodies
(e.g., PD1 and PDL1 antibodies) that could suppress the side effects
mediated by the immune checkpoint pathways.34 In the future, we
will further optimize the CAR structure to enhance the CAR-T cell
anti-tumor effect.

In summary, our results confirmed that our third generation MSLN-
CAR-T cells killed not only specific MSLN-positive cancer cells
in vitro, but also MSLN-positive CDX and PDX solid tumors in vivo.
Our results against a diverse panel of tumors suggest that MSLN-
CAR-T cells could represent a potential breakthrough in the
treatment of solid tumors. More clinical trials should be initiated to
evaluate MSLN-CAR-T cell therapy for the treatment of MSLN-pos-
itive solid tumors.

MATERIALS AND METHODS
Construction of CAR vector

The third generation MSLN-CAR contains the MSLN-specific target
scFv with a CD8 leading sequence, a CD8 hinge and transmembrane
sequence, and the intracellular signaling domain of 4-1BB, CD28, and
CD3z in tandem. The full-length nucleotide sequence was synthe-
sized (Shenggong, Shanghai, China) and inserted into lentiviral vector
pCDH-CMV-MCS-EF1-puro using the BstbI and NotI cloning sites.

Lentivirus packaging and production

Viruses were collected from the supernatants of HEK293T cells trans-
fected with the MSLN-CAR lentivirus vector and two helper pack-
aging plasmids (psPAX2 and pMD.2G) using polyethyleneimine
(Polyscience, Warrington, PA, USA). Lentivirus-rich supernatants
were collected 24 h, 48 h, and 72 h post-transfection and filtered
through a 0.45-mm filter.
Molecular Therapy: Oncolytics Vol. 20 March 2021 561
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Figure 4. Evaluation of the anti-tumor capacity of MSLN-CAR-T cells in vitro

(A) The surfaceexpressionofMSLNreceptor level on solid tumor cell lines (OVCAR3,SKOV3,HeLa, ES2, AGS,HCT116) detectedbyflowcytometry. (B) The cytotoxicity ofMSLN-

CAR-T cells against solid tumor cell lines was analyzed byRTCA assay. The red arrow represents the time point of effector cell addition. (C) Levels of IFN-g and TNF-a released by

MSLN-CAR-T cells analyzed by ELISA after incubated with cells for 24 h. (D) A549 and HeLa weren’t shown, mean ± SEM; p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).
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Isolation of primary PBMCs and transduction of T cells

Fresh blood was collected from healthy volunteers after informed
consent under a protocol approved by the Ethics Committee of Nan-
tong Tumor Hospital. Peripheral blood mononuclear cells (PBMCs)
were isolated from normal donor blood buffy coats using Ficoll
(GE). T cells were separated from PBMCs using SepMate mononu-
562 Molecular Therapy: Oncolytics Vol. 20 March 2021
clear cell isolation tubes (STEMCELL Technologies, Vancouver,
BC, Canada). Primary cells were cultured in T cell medium contain-
ing GT-T551H3 (Takara, Kyoto, Japan) and 1% penicillin-strepto-
mycin-glutamine (Gibco, Gaithersburg, MD, USA). MSLN-CAR-T
cells were generated by lentiviral transduction of normal donor
T cells. Briefly, T cells were isolated from normal donors and



Figure 5. Anti-tumor efficacy of MSLN-CAR-T cells against ovarian cancer in vivo

(A) Schema of the experimental events and nodes. In this process, model mice were injected with 1 � 106 OC cells SKOV3. 7 days after injection, 8 mice were randomly

divided into 2 groups (n = 4): 2.5 � 106 MSLN-CAR-T cells-treated group and control-T cells-treated group. (B and C) The tumor size (B) and mice weight (C) variation with

MSLN-CAR-T cells, control T cells, or PBS injection among the 35 days.(D) Size of SKOV3 CDX tumor mass differed in MSLN-CAR-T cells, control T cells or PBS treated

mice. (n = 4, mean ± SEM; p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

www.moleculartherapy.org
then activated using microbeads coated with anti-human CD3
and CD28 antibodies (CytoCares, Shanghai, China) at a 1:1 bead to
cell ratio. The T cells were infected with lentivirus 24 h post-stimula-
tion at amultiplicity of infection of 30. After infection, the T cells were
cultured in freshmedium containing interleukin-2 (IL-2; 150 IU/mL),
with the medium replaced every 2–3 days.

Western blot analysis

To confirm CAR expression in the transduced T cells, we denatured
cell lysates, separated them by SDS-PAGE, and transferred them to
nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). After
blocking, the membranes were incubated with an anti-CD3z primary
antibody (CD247, BD, USA), followed by incubation with horse-
radish peroxidase (HRP)-conjugated secondary antibodies. Protein
bands were exposed to enhanced chemiluminescence (ECL; GE,
Healthcare, USA) and detected by autoradiography. Untransduced
T cells were used as controls.

Cells and culture conditions

HEK293T, human ovarian cancer cell lines (SKOV3, OVCAR3, ES2),
human cervical carcinoma cell line HeLa, human breast cell line
MCF7, human gastric adenocarcinoma cell line AGS, and human
colorectal cancer cell line HCT116 were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China).
SKOV3 and ES2 were maintained in McCoy’s 5A medium (Gibco,
Grand Island, NY, USA). OVCAR3 was maintained in RPMI-1640
medium (Gibco, Grand Island, NY, USA). HEK293T, MCF7, and
HCT116 were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Grand Island, NY, USA), and AGS was maintained
in F12 medium (Gibco, Grand Island, NY, USA), HeLa was main-
tained in MEM (Gibco, Grand Island, NY, USA). All complete cell
culture medium contained 10% heat-inactivated FBS (Gibco/Life
Technologies, Shanghai, China), 10 mM HEPES, 2 mM glutamine
(Gibco/Life Technologies, Shanghai, China), and 1% penicillin/strep-
tomycin (Gibco/Life Technologies, Shanghai, China). All cells were
cultured at 37�C in an atmosphere of 5% CO2.

Flow cytometry

Flow cytometry cell staining was performed at 4�C in PBS supple-
mented with 2% FBS, unless otherwise indicated. The expression of
MSLN on cancer cells was detected by flow cytometry, using a human
MSLN PE-conjugated antibody (R&D, FAB32652P, USA).
Molecular Therapy: Oncolytics Vol. 20 March 2021 563
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Figure 6. Anti-tumor efficacy of MSLN-CAR-T cells against breast cancer in vivo

(A) Schema of the experimental events and nodes. In this process, model mice were injected with 2.5 � 106 breast cancer cell MFC7. 27 days after injection, 6 mice were

randomly divided into 2 groups (n = 3): 2.5 � 106 MSLN-CAR-T cells-treated group and control-T cells-treated group. Injections were given every week, for a total of two

times. (B and C) The tumor size (B) and mice weight (C) variation with MSLN-CAR-T cells, control T cells or PBS injection among the 41 days (n = 3, mean ± SEM; p > 0.05,

*p < 0.05, **p < 0.01, ***p < 0.001).

Molecular Therapy: Oncolytics
The expression of CAR on CAR-T cells was detected using bio-
tinylated human MSLN (Acro, Beijing, China), followed by staining
with allophycocyanin (APC) streptavidin (BioLegend, CA, USA).

The immunophenotypes of T cells were tested using flow cytometry.
The antibodies used for analysis include: APC-Cy 7 mouse anti-hu-
man CD3 (BD, NJ, USA), APC mouse anti-human CD4 (BD, NJ,
USA), phycoerythrin (PE) mouse anti-human CD8 (BD, Franklin
Lakes, NJ, USA), Brilliant Violet 421 anti-human CD197 (BioLegend,
CA, USA), fluorescein isothiocyanate (FITC) anti-human CD45RA
(BioLegend, San Diego, CA, US), PE-Cy7 anti-human CD45RO (Bio-
Legend, San Diego, CA, USA), Brilliant Violet 421 anti-human
CD197 (CCR7; BioLegend, San Diego, CA, USA), Brilliant Violet
510 anti-human CD62L (BioLegend, San Diego, CA, USA), Brilliant
Violet 605 anti-human CD95 (Fas; BioLegend, San Diego, CA, USA),
PE anti-human CD223 (LAG-3; BioLegend, San Diego, CA, USA),
Brilliant Violet 421 anti-human CD366 (Tim-3; BioLegend, San
Diego, CA, USA), and APC anti-human CD279 (PD-1; BioLegend,
San Diego, CA, USA). Data were analyzed using NovaExpr software
(ACEA, Ashland, OR, USA).

In vitro cytotoxicity assays

Tumor cells were seeded in 96-well E-plates (ACEABiosciences,Menlo
Park, CA, USA). After 20 h, control or MSLN-CAR-T cells were added
to the plates at a target ratio of 2.5:1. Untransduced T cells were used as
NC-T and added to the control group. The group that did not add the
effector cells was called tumor-only group. The viability of the target
cells was detected using the RTCA system (xCElligence RTCA SP,
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ACEA, Los Angeles, CA, USA) according to the manufacturer’s proto-
col. The cell index was recorded every 15 min.

Cytokine release assays

Cytokine release assays were carried out using a human IFN-g (88-
7316-88, eBioscience, Thermo Fisher Scientific, Shanghai, China)
and TNF-a (88-7346-88, eBioscience) ELISA kits. MSLN-CAR-T
cells were co-cultured with target cells at a ratio of 2.5:1. After 24 h,
the supernatant was collected, and the IFN-g and TNF-a levels
were measured according to the manufacturer’s instructions.

Mouse tumor models for MSLN-CAR-T cell treatment

All animal experiments were carried out in the Shanghai Beautiful
Life Animal Center, and all animal procedures and protocols were
approved by the Animal Welfare Committee of Shanghai Beautiful
Life Animal Center. All mice were maintained in specific pathogen-
free (SPF) cages and provided clean food and water. NOD-
Prkdcem26IL2rgem26/Nju (NCG) mice were purchased from NBRI
(Nanjing, China). For the CDX models, SKOV3 (1.0 � 106),
HCT116 (5.0 � 105), or MCF7 (2.5 � 106) cells were injected subcu-
taneously into 6- to 8-week-old NCGmice in a volume of 100 mL PBS.
When tumors were palpable, the mice were divided into three groups.
An equal number of MSLN-CAR-T or untransduced T cells were
injected into the mice of the CAR-T and NC-T control groups,
respectively. Each MSLN-CAR-T cell injection contained 2.5 � 106

CAR-positive cells. The total cell number was calculated from the
positive rate. The untransduced T cells were injected according to
the calculated total cell number. When any of the following occurred,



Figure 7. Anti-tumor efficacy of MSLN-CAR -T cells against colorectal cancer in vivo

(A) Schema of the experimental events and nodes. In this process, model mice were injected with 5� 105 CRC cells HCT116. 10 days after injection, 12 mice were randomly

divided into 3 groups (n = 4): 5� 106MSLN-CAR-T cells-treated group, control-T cells-treated group, and PBS of the same volume-treated group. After only one injection, we

started observing the mice. (B and C) The tumor size (B) and mice weight (C) variated with MSLN-CAR-T cells, control T cells, or PBS injection among the 28 days. (D) Size of

tumormass differed in MSLN-CAR-T cells, control T cells, or PBS-treated mice. (E) Weight of tumor mass differed in MSLN-CAR-T cells, control T cells, or PBS-treated mice.

On day 20, the mice were sacrificed; the CD3+ T cell amount in the PB of HCT116 CDX model is as shown (F). The level of IFN-g in mouse serum was evaluated by ELISA as

shown (G). (H) Immunohistochemistry (IHC) analysis of granzyme B in tumor sections (n = 4, mean ± SEM; p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 8. Anti-tumor efficacy of MSLN-CAR-T cells against different PDX models in vivo

(A) The result of hematoxylin and eosin (H&E) and antibody against MSLN. (B and G) Schema of the experimental events and nodes. After the establishment of the PDX

model, themice were randomly divided into two groups (PDX-COL0092 n = 5, PDX-GAST0021 n = 4), CAR-T group andNC-T group. (C, D, H, and I) The tumor size (C andH)

and mice weight (D and I) variated with MSLN-CAR-T cells and control T cells injection during the observed time. (E) Kaplan-Meier curves for survival of the PDX-COL0092

models are shown. (F) At the end of the experiment in the PDX-COL0092 group, the MSLN-CAR gene copies in the tumor in the experimental group that still had the tumor

were detected by qPCR, and representative results from one of three experiments are shown (mean ± SEM; p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

Molecular Therapy: Oncolytics
the experiment was stopped immediately and the mice were eutha-
nized: the size of the tumor exceeded 2,000 mm3, the weight of the
mouse decreased by more than 25%, and the mice could not eat for
more than 48 h. The tumor ulcerated or caused significant pain.
The tumor affected the normal movement and behavior of the
mice. Tumor size was measured twice per week with a caliper, and
the tumor volume was calculated by the following equation: volume =
(length � width2)/2, where length represents the longest dimension.
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For the PDX models, surgical colorectal and gastric tumor samples
were obtained from the Nantong Tumor Hospital (Nantong, China)
with informed consent from the patients. All patients who provided
primary specimens gave informed consent to use the samples for
research purposes. All procedures were approved by the Research
Ethics Board of Nantong Tumor Hospital. The tumors were cut
into 2 mm � 2 mm pieces and directly transplanted subcutaneously
into 2 to 4 immunodeficient NCG mice within a 30-min period.
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Tumors that reached an approximate size of <1,000 mm3 were
removed and passaged into additional NCGmice. For the CAR-T ex-
periments, when the size of the inoculated tumors reached 20 to
50 mm3, the mice were divided into the CAR-T efficacy and NC-T
control groups. The colorectal and gastric cancer PDX models were
treated with MSLN-CAR-T cells or NC-T, as described for the
CDX models.
IHC

Ovarian tumor and benign tissues were obtained from the First Affil-
iated Hospital of Dalian Medical University (Dalian, China), and
colorectal tumor tissue was obtained from Nantong Tumor Hospital
(Nantong, China). All tumor and benign tissue samples were acquired
with informed consent from the patients. All patients who provided
primary specimens gave informed consent to use the samples for
research purposes. All procedures were approved by the Research
Ethics Board of the First Affiliated Hospital of Dalian Medical Uni-
versity and Nantong Tumor Hospital. The tumor samples that ap-
peared during the experiment were the tumor tissues confirmed by
the pathology department of the hospital, the non-tumor tissue sam-
ples of the colorectal were paracancerous tissue samples, and the non-
tumor tissue samples of the ovary were benign tumors or cysts
confirmed by the pathology department. The tissues were fixed
with 10% paraformaldehyde, embedded in paraffin, sectioned at a
thickness of 4 mm, and immunostained with a MSLN-specific anti-
body (99966S, CST, USA) overnight at 4�C, followed by secondary
staining with secondary goat anti-rabbit immunoglobulin (Ig; PV-
9000; ZSGB-BIO, Beijing, China). Images of the stained sections
were captured with an Olympus BX53 microscope (Japan).
qPCR analysis to detect MSLN-CAR copies

Total genomic DNA was isolated directly from tumor tissue by
DNeasy Blood & Tissue Kit (QIAGEN, 69506). qPCR reactions
were performed in triplicate with Taqman prob premix (TAKARA).
The relative quantification of the products was calculated by the
2–DDCt method. The following specific primers were synthesized
and obtained from Sunnybio (Shanghai, China):

MSLN-CAR (forward), 50-CTCTCTCGACGCAGGACTC-30; MSLN-
CAR (reverse), 50-TCTAGCCTCCGCTAGTCAAA-30; MSLN-CAR
(probe), 50-CGGCGACTGGTGAGTACGCCAA-30.
Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0
(GraphPad Software, San Diego, CA, USA). All experiments were
repeated at least three times. The Student’s t test was used to compare
the two groups. p value <0.05 indicated statistical significance (*p <
0.05, **p < 0.01, and ***p < 0.001).
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