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Regional delivery of mesothelin-targeted chimeric antigen 
receptor T-cell effectively and safely targets colorectal cancer 
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Background: Liver metastasis is the major cause of colorectal cancer related death. Mesothelin (MSLN)-
targeted chimeric antigen receptor (CAR) T-cell therapy has been illustrated effective and safe through 
regional delivery of breast cancer, ovarian cancer and malignant mesothelioma tumors. Herein, we 
investigated the safety, efficacy, and immune microenvironment of regional delivery of MSLN (CAR) T-cell 
in the treatment of colorectal carcinoma liver metastases (CRLM).
Methods: Second-generation MSLN CAR T-cells were administered by portal vein (PV) or caudal vein 
(CV, systemic administration) delivery in an orthotopic MSLN+ CRLM nonobese diabetic (NOD)/severe 
combined immunodeficient (SCID)/γc−/− (NSG) mouse model. A total of 20 mice were randomly divided into 
control group, non-transduced T cell (NT)-CV group, NT-PV group, MSLN CAR T-cell CV (MSLN-CV) 
group, and MSLN CAR T-cell PV (MSLN-PV) group, with each group containing four mice to examine 
the safety and efficacy. The bioluminescence intensity (BLI) of tumor burden, tumor tissue macroscopic 
and microscopic observation were used to evaluate treatment efficacy. The safety was examined by body 
weight, survival time, and vital organ damage of mice. CAR T-cell infiltration and cytokine concentration 
were analyzed by flow cytometry, and immunostaining. The change of immune microenvironment between 
regional delivery and systemic delivery was investigated on an immune reconstructed CRLM patient-derived 
xenograft (PDX) model. Additionally, T cell subsets and immunosuppressive markers were examined.
Results: PV administration of 1×107/100 μL MSLN CAR T-cells in 20 NSG mice was well tolerated, and 
no overt toxicity was observed. The tumor burden in the PV group was obviously alleviated. The BLI was 
(0.73±0.52)×109 in PV group and (1.97±0.11)×109 in CV group (P<0.05), CD8+ granzyme B (GB)+ T cell 
percentage (MSLN-CV 4.42%±0.47% vs. MSLN-PV 13.5%±4.67%, P<0.01) and cytokine concentration 
were obviously increased in the MSLN-PV group. In the immune reconstituted CRLM PDX model, 
intratumor (IT) delivery of MSLN CAR T-cells exhibited much more infiltration of CD4+ and CD8+ T cells 
accompanied with elevated expression levels of PD-1, LAG-3, and TIM-3.
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Introduction

Liver metastases are one of the reasons for the high 
mortality of colorectal carcinoma. They are associated with 
poor therapeutic response, further limited by the remaining 
normal liver volume and liver function (1). Despite 
significant advances in treatment strategies in recent decades 
(2,3), the efficacy of treatments and prognosis of colorectal 
carcinoma liver metastases (CRLM) are still suboptimal. 
Therefore, new therapies for CRLM are urgently needed.

Liver immune microenvironment has an influence 
on the therapeutic effect. As the immunosuppressive 
characteristics of the liver promote the development of 
CRLM, delivery of specific T cells to treat CRLM is a 
rational strategy. Chimeric antigen receptor (CAR) T-cell 
therapy has already demonstrated promising results in 
hematologic malignancies (4), while CAR T-cells combined 
with immune checkpoint inhibitors enhance antitumor 
efficacy in malignant pleural mesothelioma (5). CRLM may 
be treatable with CAR-based immunotherapy. Mesothelin 

(MSLN), which has been used as a therapeutic target for 
monoclonal antibodies, immunotoxins, and vaccines (6-8),  
is an attractive CAR target due to its high expression in a 
number of digestive solid tumors, very low expression in 
mesothelial cells, and its association with invasion and the 
development of metastases (9-12).

However, the published literature of the therapeutic 
effect of CAR T-cells in solid tumors shows their efficacy 
is unfortunately impeded by T cell homing and infiltration 
into the tumor (13). Regional delivery of CAR T-cells, 
such as intrapleural, intracranial, and intraperitoneal 
administration has demonstrated superior antitumor 
response and safety compared to systemic administration 
(14-16). To address these obstacles, we established a 
clinically relevant CRLM orthotopic mouse model, and a 
patient-derived xenograft (PDX), which is extremely mimic 
CRLM patients’ tumor condition and microenvironment, 
to examine whether MSLN CAR T-cell could eradicate 
CRLM and to study the stimulation of the immune 
microenvironment after regional delivery of CAR T-cells, 
providing experimental data for further clinical trials. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://jgo.amegroups.com/
article/view/10.21037/jgo-24-25/rc).

Methods

Study design

The objective of this study was to assess CAR T-cell 
immunotherapy for CRLM. We developed a fully human 
second-generation MSLN CAR T-cell. In this study, we 
selected three delivery routes for MSLN CAR T-cell, 
including portal vein (PV), intratumor (IT), and systemic 
administration. In vitro, we analyzed MSLN CAR T-cell (I) 
transduction efficiency and (II) cytotoxicity. In vivo, we first 
established an orthotopic MSLN+ CRLM nonobese diabetic 
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(NOD)/severe combined immunodeficient (SCID)/γc−/−  
(NSG) mouse model to examine antitumor efficacy and 
safety after MSLN CAR T-cell administration. In this part, 
20 NSG mice (sourced from Shanghai Model Organisms, 
Shanghai, China) were randomly divided into a control 
group, non-transduced T cell (NT)-caudal vein (CV) group, 
NT-PV group, MSLN CAR T-cell CV (MSLN-CV) group, 
and MSLN CAR T-cell PV (MSLN-PV) group, with each 
group containing four mice. In order to mimic the immune 
microenvironment in humans, we developed a humanized 
immune reconstituted percutaneous CRLM PDX model, 
from which nine NSG tumor bearing mice were randomly 
divided into a control group, CV group, and IT group 
to explore the change of immune microenvironment 
between regional delivery and systemic delivery of MSLN 
CAR-T cell. The experimental procedures were approved 
by the Institutional Animal Care and Use Committee of 
Zhongshan Hospital, Fudan University (No. B2020-009R2) 
and institutional guidelines for the care and use of animals 
were followed. A protocol was prepared before the study 
without registration. All NSG mice were fed and housed 
under specific-pathogen-free conditions.

Cell lines

Human colorectal carcinoma cell line (HCT-8), human 
pancreatic tumor cell lines (PANC-1, ASPC-1, and  
BXPC-3), human gastric tumor cell line (HGC-27), K562, 
MSLN-K562, and H-MSLN-Luc-HCT-8, Raji cell line 
were incubated in Roswell Park Memorial Institute (RPMI) 
1640 containing 10% fetal bovine serum (FBS). The 
human fibrosarcoma kidney cell line 293T was cultured in 
Dulbecco’s modified Eagle medium (DMEM) containing 
10% FBS. We first established the MSLN-overexpressed cell 
line H-MSLN-Luc-HCT-8. The expression of MSLN and 
luciferase in the established cell line was verified by western 
blot (WB) and luciferase examination. All cells were cultured 
at 37 ℃ with 5% CO2. MSLN-K562, H-MSLN-Luc-
HCT-8, and Raji cell line were supplied by Shanghai Unicar-
Therapy Bio-medicine Technology Co., Ltd. (Shanghai, 
China), other cells were obtained from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China).

Human CAR T-cell production

The MSLN CAR construct is a fully human second-
generation vector, including the following components 
in-frame from the 5' end to the 3' end: anti-MSLN 

single-chain variable fragment (scFv), the hinge and 
transmembrane domain of the CD8α molecule, 4-1BB co-
stimulatory domain (17), and the CD3 zeta intracellular 
signaling domain (Figure 1A). The CD19 CAR was prepared 
as the control group, and had the same structure, except for 
anti-CD19 scFv. Lentiviruses were generated from these 
constructs via transient transfection of HEK293T cells. 
Peripheral blood mononuclear cells (PBMCs) of healthy 
donors were isolated by gradient centrifugation using 
mononuclear cell isolation fluid (Oriental Hua Hui, Beijing, 
China) followed by CD4+ T-cell and CD8+ T-cell positive 
selection by a magnetic bead separation method (Miltenyi 
Biotec, Bergisch Gladbach, Germany). CD4+ and CD8+ T 
cells were co-cultured and activated using anti-CD3/CD28 
monoclonal antibodies (Miltenyi Biotec) in a 37 ℃, 5% 
CO2 temperature incubator in vitro for 24 hours, and then 
transduced with lentivirus (MSLN CAR and CD19 CAR) 
for 48 hours. After transduction, the CAR T-cells were 
cultured and expanded in AIM-V medium with interleukin 
(IL)-2 cytokine (Gibco, Grand Island, NY, USA).

Cytotoxicity assays

Quantitation of lactate dehydrogenase (LDH) activity (18) 
was examined to test the cytotoxicity of CAR T-cell from the 
effector and target cell co-cultured supernatants using the 
cytotoxicity detection kit (Promega, Madison, WI, USA). All 
the MSLN or CD19 CAR T-cells as effector cells (E) were 
co-cultured with the overexpressed CD19 or MSLN target 
cells (T) at E:T ratios of 10:1, 5:1, and 2.5:1, respectively. 
Effector and target cells were inoculated with a total of  
100 μL with serum-free RPMI 1640 media (Gibco) in  
96-well plates and cultured at 37 ℃ for 24 hours. After  
co-culture, 50 μL of cell-free supernatant from each well was 
harvested and mixed with equal volume of LDH substrate 
mixture and seeded in new 96-well plates, after 15 minutes 
of incubation in the dark at 25 ℃. The absorbance was 
detected at 490 nm using a full wavelength enzyme labeling 
instrument (Multiskan GO; Thermo Fisher Scientific, 
Waltham, MA, USA). Cytotoxicity (%) = (experimental 
LDH release − spontaneous LDH release)/(maximum LDH 
release − spontaneous LDH release) × 100%.

Expression of CD107A

CD107A is an indirect marker of degranulation of T cells. 
To examine CD107A expression level, 1×105 CAR T-cells 
and target cells with a total volume of 200 μL of AIM-V 
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medium (Gibco) were co-cultured at a ratio of 5:1 in 96-
well plates for 6 hours. Before the incubation, the Golgi 
inhibitor monensin (Invitrogen, Carlsbad, CA, USA) was 
added. In the positive control group, cocktails (Invitrogen) 
were added. After a 6-hour incubation, cells were labeled 
with CD107A, CD3, and CD8 monoclonal antibodies for 
flow cytometry. FlowJo 10 software [Becton, Dickinson and 
Co. (BD) Biosciences, Franklin Lakes, NJ, USA] was used 
for results analysis.

T-cell activation assay

Flow cytometry for CD69, CD25, and CD279 expression 
was performed to evaluate T-cell activation. NT were 
selected as negative controls. After 24 hours of co-culture 
with target cells, the cells were harvested and labeled with 
CD69, CD25, CD279, CD3, and protein L monoclonal 
antibodies for 45 minutes at 4 ℃ in the dark.

Mouse orthotopic CRLM model

Female NSG mice between 6 and 8 weeks old were used for 
orthotopic CRLM establishment. Mice were anesthetized 
under inhaled isoflurane analgesia. An oblique incision was 
made in the left upper abdomen, and 1.0×106 or 2.5×106 
H-MSLN-Luc-HCT-8 cells in 50 μL 0.9% sodium chloride 
injection were injected into the spleen; after 15 minutes,  
the spleen was cut to ensure more tumor cells colonize 
the liver. The CRLM were monitored by IVIS Lumina III 
(PerkinElmer, Waltham, MA, USA). In total, 1×107 MSLN 
CAR T-cells/NT T-cells were injected into tumor-bearing 
mice with 100 μL of 0.9% sodium chloride, through PV 
delivery or systemically by CV delivery. The liver was 
harvested to examine the tumor burden, and the heart, 
lung, kidney, and pancreas were obtained to estimate the 
vital organ damage. Peripheral blood was obtained by retro-
orbital bleeding.
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Figure 1 CAR design and generation characterization. (A) Structure schematic diagram of second-generation of MSLN CAR and CD19 
CAR; (B) gel electrophoresis of PSE2113 (left) PES1576 (right); (C) schematic diagram of target plasmid PSE1576; (D) schematic diagram 
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Immune reconstructed CRLM PDX model

To mimic the human immune microenvironment, a MSLN+ 
CRLM PDX model confirmed by immunohistochemistry 
(IHC) was developed. First, the CRLM tissue was sliced 
into pieces 2 mm × 2 mm × 2 mm in size and injected into 
percutaneous tissue of female 6–8-week-old NSG mice. 
The tumor was measured once a week by vernier caliper. 
When the largest diameter was 10 mm, 5×106 human 
(hu)PBMC were injected through CV. Peripheral blood 
was obtained by retro-orbital bleeding to test huCD3+ T 
cell and huCD45+ T cell by flow cytometry. When the 
huCD45+ T cells percentage was >50% and huCD3+ T 
cells percentage was >90%, the immune status was deemed 
to have been reconstructed successfully. When the tumor 
volume reached 500 mm3, 1×107 MSLN CAR T-cells were 
injected by IT injection or CV.

Histologic analysis and immunostaining

Histopathologic evaluation of the tumor tissues and vital 
organs was performed via hematoxylin and eosin (HE) 
staining. IHC analysis for human MSLN, CD8, and 
granzyme B (GB) was performed of the mice tumor tissue.

Safety evaluation in vivo

Body weight, survival time and vital organ damage were 
selected to evaluate safety index. Body weight of mice was 
measured twice a week. When weight loss exceeds 30%, 
the mice were euthanized. Survival time of each group was 
recorded. Vital organ damage was assessed by the result of 
HE staining.

Efficacy evaluation in vivo

Tumor burden of orthotopic CRLM model was monitored 
by living imaging, macroscopic and microscopic observation.  
Tumor size of PDX model were measured by vernier 
calipers. Tumor volume was calculated by the formula: 0.5 × 
length × width2.

Correlative studies

We performed flow cytometry using human monoclonal 
antibodies MSLN, CD3, CD4, CD8, GB, CD127, and 
CD25 in mice peripheral blood and tumor tissue. The 
human LAG-3, TIM-3, and PD-1 levels of tumor tissue in 

the PDX model were confirmed by IHC and the expression 
amounts were recorded. Cytokine release was evaluated 
using a cytometric bead array (CBA) human T helper (Th)1/
Th2/Th17 CBA kit (BD Bioscience) according to the 
manufacturer’s instructions. The cytokine detection assays 
were performed by flow cytometry using a Th1/Th2 CBA 
kit (BD Bioscience).

Statistical methods

Data were presented as mean ± standard deviation (SD). 
The difference between multiple groups was compared by 
one-way analysis of variance (ANOVA), and the difference 
in continuous variables between the two groups was 
analyzed by Student’s t-test. P<0.05 indicated a statistically 
significant. The software GraphPad Prism 6 (GraphPad 
Software, San Diego, CA, USA) was used for graph 
generation and statistical analyses.

Results

MSLN CAR T-cells notably respond to MSLN+ target cells

In this study, the second-generation MSLN CAR T-cells 
were successfully constructed (Figure 1). As shown in  
Figure 2, the transduction efficiency of MSLN CAR T-cells 
ranged from 15% to 24.9%. We detected gastric cancer 
HGC-27, colon cancer HCT-8, pancreatic cancer PANC-
1, BXPC-3, and ASPC-1 cell lines for MSLN expression. 
K562 cell was used as the negative control group, and 
the MSLN-K562 cell line was detected at the same time. 
Among them, the MSLN-K562 stable strain had the highest 
MSLN expression, followed by HGC-27 and HCT-8  
(Figure 3). Cytotoxicity analysis indicated that MSLN 
CAR T-cell effectively killed the MSLN-positive HCG-27 
and HCT-8 cells, but had nearly no killing effect on non-
expressing and low MSLN expressing K562, Raji, ASPC-1, 
and BXPC-3 cell lines (Figure 4). According to the purpose 
to study the treatment of CAR T-cell for CRLM and the 
results of MSLN antigen expression verification, HCT-8  
was selected for follow-up study. As shown in Figure 5, 
MSLN CAR T-cells and CD19 CAR T-cells had killing 
function in vitro and were specific to target antigen killing, 
which enhanced with the increase of effect-target ratio in a 
dose-dependent manner. Furthermore, we tested CD107A 
as indirect marker to reflect CAR T-cell killing capacity; 
the degree of expression of CD107A of MSLN CAR T-cell 
increased when co-cultured with HCT-8 and K562-MSLN, 
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Figure 2 CAR transduction efficiency. NC, negative control; MSLN, mesothelin; CAR, chimeric antigen receptor; FITC, fluorescein 
isothiocyanate.

Figure 3 Tumor cell MSLN expression. MSLN, mesothelin.

NC T

MSLN CAR T

Donor 1

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

S
S

C
-A

 ::
 S

S
C

-A
, K

Donor 2 Donor 3

CD19 CAR T

34.2 36.2 15.1

24.9 19.5 15.0

1.87 0.91 1.531000

800

600

400

200

0

1000

800

600

400

200

0

1000

800

600

400

200

0
1000

800

600

400

200

0

1000

800

600

400

200

0

1000

800

600

400

200

0
1000

800

600

400

200

0

1000

800

600

400

200

0

1000

800

600

400

200

0
100 101 102 103 104 105 106 100 101 102 103 104 105 106 100 101 102 103 104 105 106

Comp-BL1-A :: CART-FITC-A Comp-BL1-A :: CART-FITC-A Comp-BL1-A :: CART-FITC-A

P1444 1576.fcs
Single cells
31940

P1445 1576.fcs
Single cells
30709

P1447 1576.fcs
Single cells
30652

Sample name

Sample name

Sample name

Sample name

MSLN

Sample name

Sample name

ASPC-1.fcs

HCT-8.fcs

BXPC-3.fcs

HGC-27.fcs

PANC-1.fcs

K562-MSLN.fcs

K562.fcs

K562.fcs

K562.fcs

K562.fcs

K562.fcs

K562.fcs



Zhou et al. Regional delivery of CAR T-cell to treat CRLM318

© Journal of Gastrointestinal Oncology. All rights reserved.   J Gastrointest Oncol 2024;15(1):312-329 | https://dx.doi.org/10.21037/jgo-24-25

indicating that the cytotoxic effect of MSLN CAR T-cell 
was specific to MSLN+ target tumor cell (Figure 6). We 
further examined the T cell activation markers, and it was 
shown that the two target cells HCT-8 and K562-MSLN 
that express MSLN antigen can up-regulate the activation 
markers CD25, CD69, and PD-1 on CAR T-cells (Figure 7).  
It was shown that MSLN CAR T-cells are specifically 
activated by MSLN antigen, and the cytotoxic effect is 
conferred by the MSLN CAR gene.

Regional PV delivery of MSLN CAR T-cells is more 
effective to eradicate CRLM than the systemic route

Based on in vitro results, the HCT-8 cell line was selected 
for in vivo antitumor assays. We established an orthotopic 
CRLM NSG mouse model using the H-MSLN-HCT-8 
cell line (Figure 8). After 12 days, mice were treated with 
NT-cells and MSLN CAR T-cells through PV or CV 

delivery, when the median bioluminescence intensity (BLI) 
of the tumor burden reached (4.1±1.5)×109 (Figure 9A). 
Following a single dose, MSLN CAR T-cells/NT T-cells 
were administered by PV or CV delivery. It was found that 
tumor growth was controlled in both the MSLN-CV and 
MSLN-PV groups. On day 7, the BLI signal of CRLM 
decreased in the MSLN-PV group, and CRLM disappeared 
in two mice on day 21. The BLI signal decreased later in the 
MSLN-CV group until day 14 (Figure 9B). In the control 
group, NT-CV, and NT-PV groups, effective control of 
the tumor growth was not achieved and the mice died on 
day 14 (Figure 9A). The tumor load was confirmed by HE 
staining and visual observation (Figure 9C,9D); tumor burden 
was effectively controlled in the MSLN PV group. According 
to the results of body weight, fur condition, and vital organ, 
including heart, kidney, lung, and pancreas HE staining, the 
PV route appeared safe, without obvious toxicities (Figure 10).

PV delivery of MSLN CAR T-cell increases the T cell 
infiltration and homing in tumor

According to the CAR T-cell ineffective homing in solid 
tumors, we examined MSLN CAR T-cell in the liver for the 
MSLN CV and MSLN PV groups. As shown in Figure 11A,  
a significant increase in MSLN+CD3+ T cells was found in 
the PV group compared with the CV group (PV vs. CV, 
P<0.001). Further analysis of T cell subgroups showed 
that the CD4+ T cell percentage was higher in the PV 
group compared with the CV group, and CD8+GB+ T cell  
percentage was increased in the MSLN-PV group on 
day 14 (MSLN-PV vs. MSLN-CV, P<0.01; Figure 11B). 
In addition, the infiltration of human CD8+GB+ T-cell 
was further verified by IHC analysis of CRLM tumors 

Figure 4 The killing efficiency of MSLN CAR T-cells against 
different intensity target antigen cells was detected. MSLN, 
mesothelin; CAR, chimeric antigen receptor.

Figure 5 CAR T-cell killing capacity in vitro. NC, negative control; MSLN, mesothelin; CAR, chimeric antigen receptor; E:T, effect 
cell:target cell.
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Figure 6 MSLN CAR T-cell degranulation effect verification. NC, negative control; PC, positive control; MSLN, mesothelin; CAR, 
chimeric antigen receptor.

Figure 7 MSLN positive tumor cells specifically activated MSLN CAR T-cells. NC, negative control; MSLN, mesothelin; CAR, chimeric 
antigen receptor.
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Figure 8 H-MSLN-Luc-HCT-8 cell line identification and CRLM mouse model establishment. (A) WB result of MSLN expression;  
(B) luciferase expression; (C) tumor establishment of 1×106 H-MSLN-Luc-HCT-8 cell; (D) tumor establishment of 2.5×106 H-MSLN-Luc-
HCT-8 cell. CON, control; NC, negative control; MSLN, mesothelin; CRLM, colorectal carcinoma liver metastases; WB, western blot.

Figure 9 PV delivery of MSLN CAR T-cells effectively control CRLM growth in mouse orthotopic CRLM model. (A) Living imaging 
result; (B) the change of BLI in MSLN-CV and MSLN-PV group; (C) tumor gross observation; (D) tumor HE staining (4×). D0 is the 
time for CAR T-cell delivery. *, represents P<0.05. CON, control; NT, non-transduced T cell; CV, caudal vein; PV, portal vein; MSLN, 
mesothelin; CAR, chimeric antigen receptor; BLI, bioluminescence intensity; HE, hematoxylin and eosin.
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(Figure 11C). Previous study has shown that CAR T-cell 
therapy can lead to a whole-body immune response and 
the abscopal effect, which are hypothesized to be due to 
cytokine secretion (19). To explore cytokine secretion 
differences between different delivery routes of MSLN 
CAR T-cells, the major cytokines [interferon (IFN)-γ, IL-2,  
tumor necrosis factor (TNF)-α, IL-4, IL-6, IL-17A] which 
had a correlation with MSLN CAR T-cell function were 
analyzed. Higher levels of IL-2, IL-6, IFN-γ, and IL-17A  
were secreted in the PV group than in the CV group 
(Figure 11D). These cytokines could enhance the antitumor 
response of CAR T-cell and induce the whole-body 
immune response. PV delivery resulted in greater CAR 
T-cell proliferation, tumor eradication, and survival rate 
than systemic administration.

The immune status after local delivery of MSLN CAR 
T-cell in PDX model

Median MSLN expression in the CRLM was 56.3% 

(9/16) positive (Figure 12A). Due to the long period of 
PDX model construction (4–6 months), low survival 
rate of NSG mice undergoing laparotomy, harsh feeding 
conditions, and difficulties in monitoring intrahepatic 
PDX model, the PDX model of subcutaneous CRLM was 
constructed in this part (Figure 12B). The first- and second-
generation PDX models were amplified, and nine mice 
of the second-generation PDX model were selected for 
follow-up experiments. When the tumor volumes reached 
500 mm3, human immune reconstructed models were 
developed. The percentage of human CD45+ T cell reached 
68.43%±16.44% and the huCD3+ T cell percentage was 
96.45%±16.44%, indicating that the immune reconstruction 
model had been successfully established (Figure 13). After 
that, mice were divided into three groups: the control 
group (the same dose of 0.9% sodium chloride as the other 
two groups), IT injection group, and CV injection group 
with a single dose of 1×107 MSLN CAR T-cell. As shown 
in Figure 14, on day 21, the tumor volume was 119.66± 
66.1 mm3 in the IT group, 294.29±75.64 mm3 in the CV 

Figure 10 PV delivery of MSLN CAR T-cells don’t cause obvious toxicity. (A) Body weight of NSG mice; (B) Survival curve of NSG mice;  
(C) Vital organ HE staining of PV group (heart, lung, kidney, and pancreas) (4×); (D) PV puncture of mice; (E) human PV angiography. 
CON, control; NT, non-transduced T cell; CV, caudal vein; PV, portal vein; MSLN, mesothelin; CAR, chimeric antigen receptor; NSG, 
NOD/SCID/γc−/−; NOD, nonobese diabetic; SCID, severe combined immunodeficient; HE, hematoxylin and eosin.
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Figure 11 CAR T-cell distribution in tumor tissue and secretion of cytokines in peripheral blood. (A) MSLN CAR T-cell infiltration in 
tumor tissue between CV and PV groups; (B) the CD4+ T cell and CD8+ T cell in tumor tissue; (C) The IHC results of CD8 and GB 
positive staining (20×); (D) cytokine secretion in peripheral blood. **, represents P<0.01; ***, represents P<0.001. MSLN, mesothelin; CV, 
caudal vein; PV, portal vein; GB, granzyme B; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; CAR, chimeric antigen receptor; 
IHC, immunohistochemistry.
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group, and 921.26±273.02 mm3 in the control group. 
Due to the huPBMC model limit, the decrease of mice 
weight surpassed 30% (Figure 14B), or the GvHD effect 
appeared, the experiment was terminated. The tumor and 
peripheral blood were harvested to investigate the immune 
microenvironment of T cells after CAR T-cell treatment. 
As shown in Figure 15, a significant increase in both CD4+ 
and CD8+ T cell in tumor tissue was found in the IT group 
compared with the CV group (IT vs. CV, P<0.001), and 
there was no obvious difference between regulatory T (Treg) 
cell percentage in the three groups (Figure 16). In peripheral 
blood, there was no statistically significant difference in the 
CD4+, CD8+, and Treg cell percentage between the three 

groups. Furthermore, we examined the immunosuppressive 
markers LAG-3, TIM-3, and PD-1; the three markers 
increased in the three groups at week 3, and the highest 
level was in the IT group (Figure 17). Under the decreased 
tumor burden conditions, the immunosuppressive markers 
increased.

Discussion

We took advantage of an orthotopic CRLM model to 
estimate two delivery routes of CAR T-cells to treat CRLM. 
MSLN was selected as a cell-surface antigen because of its 
overexpression in most gastrointestinal malignant tumors 
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Figure 12 MSLN+CRLM PDX mouse model establishment. (A) The IHC results of MSLN expression of CRLM (left, negative; right, 
strong positive, 20×, magnification to 40×); (B) CRLM PDX model. MSLN, mesothelin; CRLM, colon cancer liver metastasis; PDX, 
patient-derived xenograft; IHC, immunohistochemistry.
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and correlation with cancer cell aggressiveness, invasion, 
and proliferation, and low expression in normal tissues 
(20,21). We demonstrated that PV delivery of CAR T-cells 
was superior to systemic delivery.

CAR T-cell therapy exhibits high efficiency but is limited 
by significant toxicity. Systemically delivered CAR T-cells 
are circulated in the lungs prior to tumor infiltration. The 
dose of systemic delivery is correlated with CAR T-cell 
antitumor effect, and as systemic doses increases, so does 
the risk of toxicity (22). Given this low therapeutic window, 
novel approaches are necessary to reduce systemic CAR 
T-cell concentrations. One method to avoid the circulating 
load of CAR T-cell in solid tumors might be regional 
delivery (23). In CRLM, research has shown that regional 
hepatic artery delivery of CAR T-cell to liver metastases 
outperformed systemic delivery (24). In our study, we 
selected an NSG mouse model with better compatibility 
between human MSLN CAR T-cells and human tumor 
cells. However, due to the difficulties of artery puncture in 
NSG mice and feeding difficulties in large immunodeficient 

animals, and considering the dual blood supply of hepatic 
artery and PV in liver tumors, the first-pass effect of drugs, 
and other factors, we delivered a single low-dose CAR 
T-cells via the PV, reducing the puncture risk and dose-
dependent problems, and no interleukin was used. The 
results showed that PV administration of MSLN CAR 
T-cells could significantly inhibit CRLM tumor burden, and 
the efficacy was better than that of systemic administration. 
PV administration of MSLN CAR T-cell in the orthotopic 
CRLM mouse model was well tolerated, without obvious 
side effects to vital organs. The efficiency of CAR T-cell in 
solid tumors faces another important limitation impeded 
by the quality of T cells isolated from the donor. In our 
study, we found that low-transduced MSLN CAR T-cells 
became effective in the treatment of CRLM, partly due 
to PV administration. In previous research, most patients 
with metastatic liver cancer were already in the middle and 
late stages at diagnosis, and their systemic condition was  
poor (25). Regional administration is an ideal way to treat 
these patients, which can reduce the dosage, reduce the 
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Figure 13 Human immune reconstitution mice model.
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Figure 16 Treg cell distribution in tumor tissue and peripheral blood. CON, control; CV, caudal vein, IT, intratumor; Treg, regulatory T.
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burden on normal organs, and reduce side effects.
The ineffective infiltration of CAR T-cell into solid 

tumors poses another obstacle to the clinical use of CAR 
T-cell for solid tumors (26,27). CAR T-cell infiltration, 
homing and amplification could persist killing tumor cells 
and stimulate cytokine secretion, to enhance the antitumor 
effect and modulate the immune microenvironment (28-30).  
In our study, the percentage of MSLN CAR T-cells 
in tumor tissue was much higher than that of systemic 
administration, and CD8+GB+ T cells were significantly 
increased in tumor tissue. The secretion of various 
cytokines increased, which enhanced the anti-tumor 
immune response. Regional administration of T cells was 
found to enhance CAR T-cell infiltration and persistence 
into the solid tumor. This result is consistent with the 
published literature, which has illustrated that CAR T-cell 
therapy combined with the immune checkpoint inhibitor 
can reverse the tumor microenvironment and increase the 
anti-tumor activity of T cells (19,31,32).

Finally, CAR T-cell exhaustion in solid tumor was due 
to tumor antigen stimulation and immunosuppressive 
tumor microenvironment.  An immunosuppressive 
microenvironment has been shown to prevent the successful 
application of CAR T-cell to target CRLM (33,34). Katz  
et al. (24) evaluated transhepatic arterial injection of 
targeted carcinoembryonic antigen (CEA)+ CAR T-cells 
for the treatment of patients with CRLM, and showed that 
local infusion could improve the tumor-killing effect of 
CAR T-cells, which was better than intravenous injection 
and limited the growth of systemic lesions. Due to the 

limitation of humanistic care and ethical issues about the 
regional administration of CAR T-cell for CRLM, no 
immune-relevant analysis was conducted.

We developed a human immune reconstruction and 
PDX model to mimic the real human immune environment 
of T cell. In the PDX model, IT administration and 
CV administration mainly changed the cytotoxic T 
(Tc) (CD8+ T cell) and Th (CD4+ T cell) percentage 
in tumor tissue, but did not affect Treg by the time the 
study had been terminated. The efficacy was better in the 
IT group compared with the CV group. This superior 
efficacy was dependent on regional administration 
of MSLN CAR T-cells infiltrated earlier into the 
tumor than systemic administration, resulted in earlier 
tumor antigen encounter, T-cell activation, cytokine 
secretion, CD4+ and CD8+ CAR T-cell proliferation and  
function (35). Regional administration of CAR T-cell not 
only enhanced the antitumor response, but also converted 
the cold tumor to a hot tumor. To our surprise, after 
3 weeks of observation, although CAR T-cell was still 
discovered in tumor tissue, the killing effect weakened, and 
the level of immunosuppressive markers was elevated in IT 
group. This is consistent with the results reported in the 
literature (36,37) that when Tc cells performed the killing 
function, a variety of immune checkpoint molecules were 
up-regulated, including PD-1, PD-L1, CTLA4, LAG3, 
and IDO, which gradually led to functional exhaustion of 
activated T-cells. However, due to the limited observation 
time of the model, the influence trend in the later period is 
not clear.

Figure 17 The IHC results of immunosuppressive marker expression in tumor tissue (10×). **, represents P<0.01. CON, control; CV, caudal 
vein; IT, intratumor; IHC, immunohistochemistry.
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Although the exhausted T cells exist in the tissue, they do 
not have an effective killing function, so even if the presence 
of T cells is detected, they do not necessarily have an anti-
tumor function. This highlights that in the development of 
CAR T-cells, more attention should be paid to the “quality” 
of CAR T-cells to optimize them so that they can play a 
long-term killing role.

Conclusions

In summary, our study demonstrates the safety and 
efficacy of PV administration of MSLN CAR T-cell in 
the orthotopic CRLM NSG mouse model. Moreover, 
we preliminarily analyzed the change of tumor immune 
microenvironment after regional delivery of MSLN 
CAR T-cell in CRLM PDX mouse model. Our study 
revealed regional delivery of MSLN CAR T-cell may be 
a new therapeutic option for CRLM. Now, we are trying 
to improve CAR construct, and combine with other 
treatments, such as 125I seeds implantation, microwave 
ablation, to improve antitumor effect of CAR T-cell 
therapy. Interventional treatment and CAR T-cell therapy 
combinations may be the future direction for CRLM 
treatment option.
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