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Abstract
Chimeric antigen receptor (CAR)-T cell therapy has impressive efficacy in hematological malignancies, but its application 
in solid tumors remains a challenge. Multiple hurdles associated with the biological and immunological features of solid 
tumors currently limit the application of CAR-T cells in the treatment of solid tumors. Using syngeneic mouse models, we 
recently reported that CAR-T cells engineered to concomitantly produce interleukin (IL)-7 and chemokine (C–C motif) 
ligand 19 (CCL19)-induced potent anti-tumor efficacy against solid tumors through an improved ability of migration and 
proliferation even in an immunosuppressive tumor microenvironment. In this study, for a preclinical evaluation preceding 
clinical application, we further explored the potential of IL-7/CCL19-producing human CAR-T cells using models that mimic 
the clinical features of solid tumors. Human anti-mesothelin CAR-T cells producing human IL-7/CCL19 achieved complete 
eradication of orthotopic pre-established malignant mesothelioma and prevented a relapse of tumors with downregulated 
antigen expression. Moreover, mice with patient-derived xenograft of mesothelin-positive pancreatic cancers exhibited 
significant inhibition of tumor growth and prolonged survival following treatment with IL-7/CCL19-producing CAR-T 
cells, compared to treatment with conventional CAR-T cells. Transfer of IL-7/CCL19-producing CAR-T cells resulted in an 
increase in not only CAR-T cells but also non-CAR-T cells within the tumor tissues and downregulated the expression of 
exhaustion markers, including PD-1 and TIGIT, on the T cells. Taken together, our current study elucidated the exceptional 
anti-tumor efficacy of IL-7/CCL19-producing human CAR-T cells and their potential for clinical application in the treatment 
of patients with solid tumors.
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Abbreviations
CAR   Chimeric antigen receptor
DCs  Dendritic cells
E:T  Effector to target

IL  Interleukin
IFN  Interferon
I.v.  Intravenously
NSG  NOD.Cg-PrkdcscidIl2rgtm1Wjl/Szj
PD-1  Programed cell death 1
PDX  Patient-derived xenograft
S.c.  Subcutaneously
ScFv  Single-chain variable fragment
TIGIT  T cell immunoreceptor with Ig and ITIM 

domains
TILs  Tumor-infiltrating lymphocytes

Introduction

While anti-CD19 chimeric antigen receptor (CAR)-T 
cell therapy has been remarkably successful in the treat-
ment of hematological malignancies [1–4], its clinical 
application in solid tumors is yet to be achieved [5, 6]. 
Cumulative evidence has revealed multiple challenges in 
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the application of CAR-T cells in the eradication of solid 
tumors. These include, and are not limited to, the dif-
ficulty in getting CAR-T cells to efficiently migrate into 
the stroma-rich tumor tissues, dysfunction of CAR-T cells 
in the immunosuppressive tumor microenvironment, and 
relapse of antigen-loss variant tumors due to the hetero-
geneous nature of the tumor cells with target antigens 
[7–10]. These challenges must be overcome to apply 
CAR-T cells for effective therapy of solid cancers, and 
various novel technologies have been proposed toward 
this purpose. Some of the promising approaches devel-
oped thus far include modifications to endow CAR-T 
cells with the capacity to produce specific cytokines, 
chemokines, and/or other immune-regulatory factors and 
the incorporation of novel intracellular signaling domains 
to increase the activation status and/or exhaustion resist-
ance of CAR-T cells [11–16].

Regarding novel technologies to improve CAR-T cells, 
our group recently reported the generation of CAR-T 
cells that concomitantly express interleukin (IL)-7 and 
chemokine (C–C motif) ligand 19 (CCL19) (hereaf-
ter referred to as 7 × 19 CAR-T cells) to improve their 
anti-tumor efficacy against solid cancers in syngeneic 
mouse models [17]. The concept of 7 × 19 CAR-T cells 
was driven by the immunological finding that the spe-
cific combination of IL-7 and CCL19 is crucial for the 
formation and maintenance of a T cell zone in the sec-
ondary lymphoid organs [18, 19]. We found that 7 × 19 
CAR-T cells enhanced the mobilization of the adminis-
tered CAR-T cells and endogenous immune cells, includ-
ing host T cells and dendritic cells (DCs) into the tumor 
tissues, and resulted in superior therapeutic effect against 
solid tumors, with long-term memory responses [17].

To translate 7 × 19 CAR-T cell therapy into clinical 
application, its efficacy and immunological mechanisms 
need to be confirmed experimentally in human T cells. 
Therefore, in this study, we generated a human version 
of 7 × 19 CAR-T cells and examined whether the 7 × 19 
CAR-T cells derived from human T cells also exhibit 
superior therapeutic efficacy over conventional CAR-T 
cells in models of human solid cancers engrafted in 
immunodeficient mice. We employed two experimen-
tal models of human solid cancers: an orthotopic cancer 
model using a mesothelin-positive human malignant mes-
othelioma cell line and a patient-derived xenograft (PDX) 
model by implanting mesothelin-positive pancreatic can-
cer tissues. Our current study revealed that human anti-
mesothelin 7 × 19 CAR-T cells induced potent therapeutic 
effects in both these models. The underlying mechanisms 
were further investigated through the analysis of tumor-
infiltrating lymphocytes (TILs) and tumor re-challenge 
experiments.

Materials and methods

Mice and cell lines

NOD.Cg-PrkdcscidIl2rgtm1Wjl/Szj (NSG) mice (female, 
7–9 weeks old) purchased from Charles River Laboratories 
Japan Inc. (Kanagawa, Japan) were used in all the experi-
ments. The mice were maintained under specific pathogen-
free conditions in the animal facility at the Yamaguchi 
University. All the animal procedures were approved by 
the Institutional Animal Care and Use Committee of the 
Yamaguchi University. Human malignant mesothelioma 
cell line, ACC-MESO1, was established at the Aichi Can-
cer Research Center Institute (Aichi, Japan), and trans-
duced to stably express GFP and firefly luciferase genes 
and (hereafter referred to as ACC-MESO1-GFP-Luc) at 
the Yamaguchi University. Another human malignant 
mesothelioma cell line, NCI-H28, was purchased from 
American Type Culture Collection (Manassas, VA, USA). 
ACC-MESO1, ACC-MESO1-GFP-Luc and NCI-H28 cells 
were cultured in RPMI-1640 (Gibco, Grand Island, NY, 
USA) medium supplemented with 10% heat-inactivated 
fetal bovine serum (FBS; Gemini Bio Products, West Sac-
ramento, CA, USA), 1% penicillin–streptomycin sulfate 
(Wako, Osaka, Japan), 25 mM HEPES (Sigma-Aldrich, 
St. Louis, MO, USA), and 50  mM 2-mercaptoethanol 
(Thermo Fisher Scientific, Waltham, MA, USA). Human 
colorectal cancer cell line, SW620, was purchased from 
the Japanese Collection of Research Bioresources Cell 
Bank (Osaka, Japan) and cultured in Dulbecco’s modified 
Eagle’s medium (Gibco) supplemented with 10% FBS and 
1% penicillin–streptomycin sulfate. Murine ovarian cancer 
cell line, OV2944-HM-1 (HM-1), was purchased from the 
RIKEN BioResource Research Center (Ibaraki, Japan) and 
genetically modified to stably express human mesothelin. 
HM-1 cells were cultured in minimum essential medium-
alpha (MEM-alpha, Gibco) supplemented with 10% FBS 
and 1% penicillin–streptomycin sulfate.

Construction of CAR‑expressing vectors 
and transduction of human T cells

Anti-human mesothelin single-chain variable fragment 
(scFv) was generated as described in previous reports [20, 
21]. CAR construct was designed by ligating the scFv to 
the transmembrane domain of human CD8α chain and cyto-
plasmic regions of human CD28, 4-1BB, and CD3ζ mol-
ecules and then cloned into the retroviral vector, pMSGV1 
[22, 23]. To express human IL-7, CCL19, and EGFP in 
addition to CAR, self-cleaving 2A peptide sequence was 
inserted among these genes. Transduction of human T 
cells was performed as described previously [23]. Briefly, 
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retroviruses were produced by the transfection of the CAR-
expressing plasmid into GP2-293 packaging cells together 
with pAmpho envelope vector plasmid (Retro-X Universal 
Packaging System, Clontech, Mountain View, CA, USA). 
The culture supernatant containing the retroviruses was 
harvested and used to infect healthy donor-derived acti-
vated PBMCs in the presence of RetroNectin (Takara Bio, 
Shiga, Japan). The cells were incubated with OpTmizer 
(Gibco) supplemented with OpTmizer CTS, CTS Immune 
Cell serum replacement, L-Glutamine (Gibco), 1% peni-
cillin–streptomycin sulfate, and amphotericin B (Bristol 
Myers Squibb, New York, NY, USA) for 5 d in the presence 
of IL-2. The transduction efficiency of CAR was assessed 
using flow cytometry. To evaluate cytokine production, 
the concentrations of human IL-7 and CCL19 in the cul-
ture supernatants were measured using the corresponding 
ELISA kits (R&D, Minneapolis, MN, USA).

Flow cytometry

PE-conjugated anti-human mesothelin mAb (clone 420,411, 
R&D) was used to detect the surface mesothelin. The CAR-
transduced T cells were stained with APC-conjugated anti-
CD8 (clone RPA-T8, BioLegend, San Diego, CA, USA), 
6-His-tagged recombinant human mesothelin protein (BioLe-
gend), and secondary PE-conjugated anti-6-His mAb (clone 
RM146, Abcam, Cambridge, UK). Zombie Yellow viability 
dye (BioLegend) and PE-conjugated anti-CD45 mAb (clone 
HI30, BioLegend) were used for in vitro co-culture assay. 
TILs were analyzed using 7-AAD staining solution (BD Bio-
sciences, San Jose, CA, USA), APC-Cy7-conjugated anti-
CD3 mAb (clone SK7, BD Biosciences), BV480-conjugated 
anti-CD4 mAb (clone SK3, BD Biosciences), PE-Cy7-con-
jugated anti-CD8 mAb (clone RPA-T8, BD Biosciences), 
BV421-conjugated anti-PD-1 mAb (clone EH12.1, BD 
Biosciences), and APC-conjugated anti-TIGIT mAb (clone 
MBSA43, eBioscience). Flow cytometric data were acquired 
using the BD LSRFortessa™ X-20 cell analyzer (BD Bio-
sciences), EC800 (SONY, Tokyo, Japan), or CytoFLEX 
(Beckman Coulter, Brea, CA, USA). Data were analyzed 
using the FlowJo software (FlowJo LLC, Ashland, OR, USA).

In vitro cytotoxicity assay

For in vitro cytotoxicity assay, CAR-T or un-transduced T 
cells (1 × 105 cells/well) were co-cultured with tumor cells 
at an effector to target (E:T) ratio of 1:1, 1:3, or 1:5 for 
48 h. The cultured cells were then harvested and stained 
with Zombie Yellow viability dye and anti-CD45 mAb, 
followed by flow cytometric analysis to detect the residual 
tumor cells and T cells. The level of interferon (IFN)-γ 
secreted by the stimulated T cells into the culture super-
natants was assessed using an ELISA kit (BioLegend).

In vivo orthotopic mouse model of pleural 
mesothelioma

Anesthetized NSG mice were intrapleurally inoculated 
with 2 × 106 ACC-MESO1-GFP-Luc tumor cells on day 
0. On days 1 or 10, 1 × 105 CAR-T or un-transduced T 
cells were injected intravenously (i.v.) through the tail 
vein. CAR transduction efficiency, which varied among 
the CAR constructs, was adjusted to the same percent-
age by adding un-transduced T cells prior to the injec-
tion. Tumor burden was periodically measured using the 
IVIS Spectrum In Vivo Imaging System (Perkin Elmer, 
Waltham, MA, USA) and analyzed using the Living Image 
Software (Perkin Elmer).

In vivo PDX tumor mouse model

Pancreatic cancer patient-derived tumor tissues were pur-
chased from the Central Institute for Experimental Ani-
mals (Kanagawa, Japan). The PDX tumors were maintained 
by successive implantation into NSG mice. For use in the 
experiments, the PDX tumors were resected, carved into 
3 × 3 mm blocks, and implanted in an incision in the subcu-
taneous cavity on the right flank of the NSG mice. Nine days 
later, the mice were treated with an i.v. injection of 3 × 106 
CAR-T cells. Tumor size was measured twice a week using 
a digital caliper and the tumor volume was calculated using 
the following formula: (major axis of tumor) × (minor axis 
of tumor)2/2. The mice were euthanized when the tumor 
volume reached 1000 mm3. To analyze T cells infiltrating 
into the PDX tumors, the tumors were resected 5 d after the 
administration of CAR-T cells, minced with scissors, and 
digested with medium containing liberase TL (Roche Diag-
nostics, Basel, Switzerland) and DNase I (Roche Diagnos-
tics) for 30 min at 37 ℃. The digested tumor samples were 
homogenized by repetitive pipetting and passed through a 
cell strainer to generate single-cell suspension, followed by 
staining with antibodies for flow cytometric analyses. For the 
tumor re-challenge experiments, the murine ovarian cancer 
cell line, HM-1, was genetically modified to stably express 
human mesothelin. NSG mice that had previously rejected 
PDX tumor following treatment with 7 × 19 CAR-T cells 
were inoculated subcutaneously (s.c.) with 1 × 106 mesothe-
lin-positive HM-1 or parental mesothelin-negative HM-1 
cells on the right and left flanks of the mice, respectively. The 
tumor size was measured twice a week with a digital caliper.

Immunohistochemical staining

To confirm the expression of mesothelin on the pancreatic 
cancer PDX tumor, formalin-fixed and paraffin-embedded 
tumor tissues were stained immunohistochemically using 



2506 Cancer Immunology, Immunotherapy (2021) 70:2503–2515

1 3

anti-human mesothelin mAb (clone 5B2, Leica Biosystems, 
Buffalo Grove, IL, USA). Anti-mouse IgG1 mAb (clone 
MG1-45, BioLegend) was used as an isotype control.

Statistical analysis

One-way analysis of variance was used to compare two 
groups. For the mouse survival data, Kaplan–Meier survival 
curves was generated, and statistical differences were ana-
lyzed using the log-rank test. JMP Pro 14 (SAS Institute Inc., 
Cary, NC, USA) was used for statistical analysis. P < 0.05 
was considered as statistically significant.

Results

Generation of anti‑human mesothelin CAR‑T cells 
producing IL‑7 and CCL19

To investigate the anti-tumor efficacy of human CAR-T 
cells that simultaneously produce IL-7 and CCL19, we 
used anti-mesothelin CAR cells [20, 21]. We constructed 
anti-human mesothelin CAR containing signaling motifs 

consisting of CD28, 4-1BB and CD3ζ sequences, which was 
further connected with IL-7 and CCL19 sequences through 
a 2A self-cleavable linker sequence (hereafter referred to 
as 7 × 19 CAR) (Fig. 1a). As a control, conventional anti-
human mesothelin CAR without IL-7 and CCL19 cassette 
was also constructed (hereafter referred to as Conv. CAR). 
When human PBMC were transduced with retroviral vectors 
encoding either Conv. CAR or 7 × 19 CAR, the transduction 
efficiencies were approximately 53 and 34%, respectively 
(Fig. 1b). Significant secretion of human IL-7 and CCL19 
was detected in the culture supernatants of 7 × 19 CAR-T 
cells but not in that of Conv. CAR-T or un-transduced (here-
after referred to as UTD) T cells (Fig. 1c).

In vitro anti‑tumor response of anti‑human 
mesothelin 7 × 19 CAR‑T cells

We next examined the immunological functions of Conv. 
and 7 × 19 CAR-T cells in response to human tumor cell lines 
expressing endogenous mesothelin on their cell surface. As a 
target tumor, we used ACC-MESO1-GFP-Luc, a malignant 
mesothelioma cell line with high expression of endogenous 
mesothelin (Fig. 2a) and exogenously transfected them with 
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GFP and luciferase. SW620, a colorectal cancer cell line 
with moderate expression of endogenous mesothelin, was 
also used. NCI-H28, a malignant mesothelioma cell line 
lacking mesothelin expression, was used as a negative con-
trol. When co-cultured with these tumor cells, both Conv. 
CAR and 7 × 19 CAR-T cells significantly reduced the num-
ber of residual mesothelin-positive tumor cells compared to 
UTD T cells. Further, the ACC-MESO1-GFP-Luc cells were 
more susceptible to the killing than SW620 cells (Fig. 2b). 

Conv. CAR and 7 × 19 CAR-T cells did not exhibit any 
killing activity against the mesothelin-negative NCI-H28 
cells, confirming the specificity of CAR. In addition, the 
secretion of IFN-γ by Conv. CAR and 7 × 19 CAR-T cells, 
but not UTD T cells, was detected during co-culture with 
mesothelin-positive tumor cells, while considerably higher 
level of IFN-γ was induced by ACC-MESO1-GFP-Luc com-
pared to SW620 cells (Fig. 2c). Negligible level of IFN-γ 
was detected during co-culture with NCI-H28. Interestingly, 

0

2

4

6

8

10

1:1 1:3 1:5

R
es

id
ua

l t
um

or
ce

lls
(1

05
ce

lls
/w

el
l)

ACC-MESO1-GFP-Luc

0

1

2

3

4

1:1 1:3 1:5

NCI-H28
UTD
Conv.
7×19

0

5,000

10,000

15,000

20,000

25,000

1:1 1:3 1:5

IF
N

-γ
 (p

g/
m

l)

ACC-MESO1-GFP-Luc

a

b

c

0

500

1,000

1,500

2,000

2,500

1:1 1:3 1:5
E:T ratio

SW620

0

500

1,000

1,500

2,000

2,500

1:1 1:3 1:5

NCI-H28

UTD
Conv.
7×19

R
el

at
iv

e 
nu

m
be

r

human mesothelin

ACC-MESO1-GFP-Luc SW620 NCI-H28

UTD
Conv. CAR
7 19 CAR

UTD
Conv. CAR
7 19 CAR

0

5

10

15

20

1:1 1:3 1:5
E:T ratio

SW620

Fig. 2  Mesothelin-specific responses of Conv. CAR and 7 × 19 
CAR-T cells in vitro . a Surface expression of endogenous mesothe-
lin was assessed in three human solid cancer cell lines using flow 
cytometry. Filled and open histograms indicate unstained and stained 
samples, respectively. b Conv. CAR-T, 7 × 19 CAR-T, or UTD T cells 
were co-cultured with the indicated tumor cells at effector to target 
(E:T) ratio of 1:1, 1:3, and 1:5 for 2  days. The number of residual 

tumor cells was analyzed using flow cytometry. Data are shown as 
mean ± SD of triplicate samples. c The supernatants of co-cultured 
cells described in b were harvested and the concentration of IFN-γ 
was assessed using ELISA. Data are shown as mean ± SD of triplicate 
samples. Representative data from three independent experiments are 
shown



2508 Cancer Immunology, Immunotherapy (2021) 70:2503–2515

1 3

7 × 19 CAR-T cells made more IFN-γ compared to Conv. 
CAR-T cells in response to SW620, but not to the ACC-
MESO1-GFP-Luc cells. To validate this observation, we 
employed two additional tumor cell lines, NCI-H2052 and 
HCT116, which express mesothelin at high and low levels, 
respectively. It was found that 7 × 19 CAR-T cells produced 
more IFN-γ in response to HCT116, but not NCI-H2052 
(Supplementary Fig. 1), similarly to the results in Fig. 2c. 
Regarding these findings, one possible explanation is that 
decreased intensity of CAR signal in response to antigen-low 
target cells can be complemented by IL-7 receptor signal in 
7 × 19 CAR-T cells, leading to the enhanced production of 
IFN-γ.

Enhanced anti‑tumor efficacy of 7 × 19 CAR‑T cells 
in an orthotopic model of human mesothelioma

To investigate the anti-tumor activity of 7 × 19 CAR-T 
cells in vivo, we established an orthotopic model of human 
malignant mesothelioma. Immunodeficient NSG mice were 
intrapleurally inoculated with ACC-MESO1-GFP-Luc 
tumor cells on day 0, and then treated with i.v. injection of 
Conv. CAR-T, 7 × 19 CAR-T, or UTD T cells on day 10, 
or left untreated. The growth of the mesothelioma cells 
was evaluated through bioluminescence imaging assessed 
using the IVIS. Treatment with Conv. CAR-T and 7 × 19 
CAR-T cells inhibited the growth of the mesotheliomas 
and the anti-tumor effect of 7 × 19 CAR-T cells was sig-
nificantly more potent and sustainable compared to that of 
Conv. CAR-T cells (Fig. 3a and b). UTD T cells showed a 
modest inhibition of tumor growth, possibly due to alloge-
neic responses of UTD T cells against the tumors. Survival 
of the mice was significantly prolonged following treat-
ment with 7 × 19 CAR-T cells compared to Conv. CAR-T or 
UTD T cells (Fig. 3c). Treatment with 7 × 19 CAR-T cells 
achieved complete tumor regression in 33% of the mice, 
whereas all the mice eventually died from the tumor in the 
groups treated with Conv. CAR-T or UTD T cells. Thus, 
7 × 19 CAR-T cells demonstrated potent therapeutic effect 
in the orthotopic model of human malignant mesothelioma. 
To reveal the functional phenotypes of 7 × 19 CAR-T cells 
in the tumor microenvironment, we examined the ability 
of TILs to express cytokines and effector molecules, and 
found that significant increases of TNF-α and Granzyme 
B, as well as a trend of increased IFN-γ, in 7 × 19 CAR-T 
cells (Supplementary Fig. 2). It was also revealed that 
Ki-67 expression on 7 × 19 CAR-T cells was upregulated 
compared to that of non-CAR-T cells (data not shown). 
Taken together, 7 × 19 CAR-T cells appear to have potent 
effector functions with an increased proliferative activity 
in this model.

Capability of 7 × 19 CAR‑T cells to prevent relapse 
of malignant mesothelioma

Although CAR-T cells demonstrate notable therapeutic 
effect in hematological malignancies, one potential issue is 
the late-phase relapse of tumors following temporal clinical 
response [24]. In this regard, we previously reported that 
mouse 7 × 19 CAR-T cells induced a long-lasting anti-tumor 
memory response [17]. Thus, we next investigated whether 
the human 7 × 19 CAR-T cells offer the similar advantage 
of protecting from tumor relapse in the orthotopic tumor 
model. NSG mice were inoculated intrapleurally with ACC-
MESO1-GFP-Luc tumor cells on day 0, and then treated 
with i.v. injection of Conv. CAR-T or 7 × 19 CAR-T cells 
on day 1. In this model, treatment with Conv. CAR-T cells 
induced a transient remission of malignant mesothelioma by 
day 38, followed by a late-phase tumor relapse and eventual 
death of all mice by day 143 (Fig. 4a, b). In sharp contrast, 
the mice treated with 7 × 19 CAR-T cells rejected the tumor 
and maintained tumor-free condition without relapse over 
143 days. We found that a residual number of 7 × 19 CAR-T 
cells was higher than that of Conv. CAR-T cells on day 39, 
when both treatments similarly rejected the tumor cells (data 
not shown). In addition, majority of residual T cells in the 
mice survived over 140 days by 7 × 19 CAR-T cell therapy 
demonstrated CD45RA-negative, CCR7-negative effec-
tor memory phenotype (Supplementary Fig. 3). To further 
explore the potential mechanisms of tumor relapse observed 
in the Conv. CAR-T cell-treated mice, we next examined the 
cell surface expression of mesothelin in the relapsed tumors. 
All the relapsed tumors showed a marked downregulation 
of mesothelin expression on the cell surface compared to 
the original tissue-cultured tumor cells prior to inoculation 
(Fig. 4c). Taken together these results, 7 × 19 CAR-T cells 
have a feature quantitatively and qualitatively superior to 
Conv. CAR-T cells in our model, which leads to a long-
lasting therapeutic effect by preventing the persistence or 
emergence of tumors with downregulated target antigens.

Potent anti‑tumor effects of 7 × 19 CAR‑T cells 
against pancreatic cancer in PDX model

Inoculation of suspended tumor cells from in vitro culture con-
ditions does not completely mimic the actual heterogeneous 
structure and microenvironment of solid tumors. To closely 
replicate the characteristics of original human tumors, we 
used a PDX model to examine the anti-tumor effects of 7 × 19 
CAR-T cells. Mesothelin-positive human pancreatic tumor 
blocks were implanted s.c. into NSG mice and confirmed to 
establish a solid tumor mass expressing high level of mesothe-
lin (Fig. 5a). The mice were then treated with an i.v. injection 
of Conv. CAR-T or 7 × 19 CAR-T cells or left untreated. Fol-
lowing treatment with Conv. CAR-T cells, ten out of eleven 
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mice developed PDX tumor masses, of which nine mice died 
by day 147 (Fig. 5b and c). In sharp contrast, nine out of 
eleven mice treated with 7 × 19 CAR-T cells survived beyond 
147 days, of which five mice achieved complete regression of 
the PDX tumor. These results confirmed the potent anti-tumor 
effects of 7 × 19 CAR-T cells in the PDX model of human 
pancreatic tumor.

Mechanistic analyses of the enhanced anti‑tumor 
effects of 7 × 19 CAR‑T cells in PDX pancreatic tumor 
model

To explore the mechanism underlying the notable anti-tumor 
effects induced by 7 × 19 CAR-T cells, we examined the phe-
notypes of the tumor-infiltrating lymphocytes (TILs) in the 
PDX tumor. The number of CAR-T cells in the TILs har-
vested from the mice treated with 7 × 19 CAR-T cells was 
approximately eight times higher than those from the mice 
treated with Conv. CAR-T cells (Fig. 6a). Furthermore, the 
number of non-CAR-T cell in the TILs was also significantly 
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Fig. 3  Anti-tumor effects of 7 × 19 CAR-T cells in orthotopic model 
of human malignant mesothelioma Immunodeficient NSG mice were 
intrapleurally inoculated with 2 × 106 ACC-MESO1-GFP-Luc cells 
on day 0, followed by i.v. injection of 1 × 105 Conv. CAR-T, 7 × 19 
CAR-T, or UTD T cells on day 10, or left untreated. Tumor growth 
was assessed using IVIS every week. a Representative biolumines-
cence images of the mice are shown. b Total flux of whole-body 

bioluminescence measured by IVIS is shown as mean ± standard 
error of the mean (SEM). Data from two independent experiments 
are combined (n = 10 mice for no treatment group; n = 15 for UTD T 
and Conv. CAR-T cell treatment groups; n = 14 for 7 × 19 CAR-T cells 
treatment group). *P < 0.05 by one-way ANOVA. c Mouse survival 
of each group is shown. ***P < 0.001 by log-rank test (comparison 
between Conv. CAR-T and 7 × 19 CAR-T cells)
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increased in the mice treated with 7 × 19 CAR-T cells com-
pared to those treated with Conv. CAR-T cells, even though 
the same number of non-CAR-T cells was injected. These 
results indicate that IL-7 and CCL19 produced by the 7 × 19 
CAR-T cells enhanced the infiltration of the non-CAR-T cells 
as well as CAR-T cells, which was consistent with our previ-
ous findings with the mouse 7 × 19 CAR-T cells [17]. We 
also examined the exhaustion phenotype of the TILs from the 
PDX tumors and found that the expression level of both PD-1 
and TIGIT were significantly downregulated in the CD8-pos-
itive CAR-T cells in the TILs of 7 × 19 CAR-T cell-treated 
mice, compared to those from Conv. CAR-T cell-treated mice 

(Fig. 6b). In addition, downregulation of PD-1 expression 
was also detected in CD8-positive non-CAR-T cells of TILs 
in PDX tumors treated by 7 × 19 CAR-T cells. These results 
suggested that 7 × 19 CAR-T cells induced potent anti-tumor 
efficacy in both quantity and quality, even in the  immunosup-
pressive pancreatic cancer PDX model.

To further explore the anti-tumor memory response, we 
re-challenged the NSG mice which had previously rejected 
the PDX tumors and survived over 147 days following the 
treatment with 7 × 19 CAR-T cells with mesothelin-positive 
or negative tumors. To this end, mouse ovarian cancer cell 
line, HM-1, which was originally mesothelin-negative, was 
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Fig. 4  Prevention of orthotopic tumor relapse by the treatment with 
7 × 19 CAR-T cells Immunodeficient NSG mice were intrapleurally 
inoculated with 2 × 106 ACC-MESO1-GFP-Luc cells on day 0, fol-
lowed by i.v. injection of 1 × 105 Conv. CAR-T or 7 × 19 CAR-T 
cells on day 1. Tumor growth was assessed using IVIS every week. 
a Representative bioluminescence images of the mice are shown. 
b Total flux of whole-body bioluminescence measured by IVIS is 
shown as mean ± SEM (representative data from two independent 
experiments). c Relapsed ACC-MESO1-GFP-Luc tumor cells were 
harvested from the chest cavity of the mice, which were treated with 

Conv. CAR-T cells and euthanized on day 79–126 due to massive 
tumor relapse, and individually assessed for the expression of endog-
enous mesothelin using flow cytometry (right panel, open histograms 
with four distinct colors indicating four individual relapsed tumors). 
As a control, the expression level of endogenous mesothelin in the 
original ACC-MESO1-GFP-Luc tumor cells was also examined (left 
panel, open histogram). The filled histogram indicates an unstained 
control. The numbers in the histogram indicate the mean fluorescence 
intensity of mesothelin expression in the original and relapsed tumors 
(average of four individual relapsed tumors in right panel)
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genetically modified to stably express human mesothelin. 
The PDX tumor-rejected NSG mice were inoculated s.c. 
with mesothelin-positive and negative HM-1 on the right 
and left flank, respectively. As a control, naïve NSG mice 
were also inoculated s.c. with these tumor cells in a similar 
manner. We found that the growth of the human mesothe-
lin-positive tumors was significantly inhibited in the PDX-
rejected mice, but not in naïve mice (Fig. 6c). These results 
suggested that 7 × 19 CAR-T cells were engrafted in the PDX 

tumor-rejected NSG mice and maintained antigen-specific 
memory functions to protect from relapse.

Discussion

In this study, we engineered human CAR-T cells to produce 
human IL-7 and CCL19 and evaluated their anti-tumor 
potential against solid tumors in mouse models of orthotopic 
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malignant mesothelioma and PDX pancreatic cancer. Con-
sistent with our previous findings with mouse 7 × 19 CAR-T 
cells [17], the concomitant production of IL-7 and CCL19 
by the human CAR-T cells significantly augmented their 
therapeutic effects on solid tumors and their potential to pro-
tect against tumor relapse, compared to that by conventional 
CAR-T cells, and induced a long-term memory response 
specific to the CAR target. Analyses of the TILs indicated 
that the anti-tumor effects of human 7 × 19 CAR-T cells was 
caused, at least in part, by their improved ability to infiltrate 

and/or proliferate in the tumor tissues, as well as their prop-
erty of exhaustion resistance.

To date, various obstacles in using CAR-T cells to elimi-
nate solid tumors have been highlighted [25]. Such obsta-
cles include insufficient migration and infiltration of the 
transferred CAR-T cells in the tumor tissues, immunosup-
pressive conditions in the tumor microenvironment, anti-
genic heterogeneity of the cancer cells, and complexity of 
the cellular components constituting the solid tumors. To 
address these obstacles, we developed 7 × 19 CAR-T cells 

Fig. 6  Mechanistic analyses 
of the enhanced anti-tumor 
effects of 7 × 19 CAR-T cells in 
the PDX tumor model (a and 
b) NSG mice were implanted 
s.c. with human pancreatic 
tumor blocks on day 0, and 
then treated with i.v. injection 
of 3 × 106 Conv. CAR-T or 
7 × 19 CAR-T cells on day 9. 
On day 14, the tumor mass was 
extracted and enzymatically 
digested to a obtain single-cell 
suspension, followed by flow 
cytometric analysis. Expres-
sion level of human CD3, 
CD4, CD8, and EGFP (as 
markers for CAR expression), 
and that of PD-1 and TIGIT 
was examined. a The number 
of CAR-T and non-CAR-T 
cells in the TILs are shown (as 
per tumor volume). Data are 
expressed as the mean ± SEM. 
*P < 0.05 calculated using 
one-way ANOVA. NS: not 
significant. b The expression 
level of PD-1 (left) and TIGIT 
(right) on CD8-positive CAR-T 
cells and non-CAR-T cells are 
shown. Data are expressed as 
the mean ± SEM. *P < 0.05 cal-
culated using one-way ANOVA. 
NS: not significant. (c) NSG 
mice which had rejected PDX 
tumor and survived over 
147 days following treatment 
with 7 × 19 CAR-T cells as 
described in Fig. 5c, or naïve 
NSG mice, were inoculated s.c. 
with 1 × 106 cells of mesothelin-
positive and negative HM-1 
on the right and left flanks, 
respectively. Tumor sizes were 
periodically measured using a 
caliper. Data are expressed as 
the mean ± SEM. **P < 0.01 
by one-way ANOVA. NS: not 
significant
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and demonstrated their superior effect in the treatment of 
solid tumors in mouse syngeneic models [17]. Mechanisti-
cally, 7 × 19 CAR-T cells induced massive infiltration of both 
transferred CAR-T and endogenous immune cells including 
host T cells and DCs. The endogenous T cells as well as 
the transferred 7 × 19 CAR-T cells are indispensable for the 
potent anti-tumor efficacy, suggesting a possibility of epitope 
spreading following tumor cell killing by the CAR-T cells. 
While these findings support the translation of this technol-
ogy into clinical application, further studies are necessary 
to confirm the efficacy and mechanisms using human 7 × 19 
CAR-T cells in models that closely mimic clinical tumors. In 
particular, since subcutaneous inoculation of tumor cells has 
been employed for establishing the mouse syngeneic solid 
tumor models irrespective of the origin of tumors, further 
evaluation in orthotopic tumor models is necessary. In addi-
tion, the heterogeneity of human solid tumor cells and the 
surrounding stromal cells should be replicated with appro-
priate models such as the PDX tumors.

In this study, we first examined the therapeutic potential 
of human 7 × 19 CAR-T cells against mesothelin using ortho-
topic models of malignant mesothelioma, in which human 
tumor cells were inoculated intrapleurally into immunode-
ficient mice. Human 7 × 19 CAR-T cells not only demon-
strated superior anti-tumor therapeutic effects compared to 
Conv. CAR-T cells but were also effective in relapse models 
of orthotopic tumor. In the latter model, Conv. CAR-T cells 
failed to circumvent the relapse of tumors with downregu-
lated mesothelin expression, indicating the validity of our 
model, which replicates one of the crucial causes of the fail-
ure of CAR-T cell therapy in the clinic [26–28]. While the 
precise mechanism of antigenic escape in the tumors remains 
to be identified, it is possible that tumor cells develop de 
novo mutations to diminish tumor antigens in response to 
the attack by the CAR-T cells. It should be noted that, even 
in such a model, 7 × 19 CAR-T cells successfully prevented 
tumor relapse. One potential interpretation of this result is 
that the 7 × 19 CAR-T cells had the potential to fully elimi-
nate tumor cells prior to the occurrence of the antigen-loss 
mutation. This interpretation is supported by our finding that 
7 × 19 CAR-T cells showed an enhanced IFN-γ production 
in response to antigen-low tumor cells, compared to Conv. 
CAR-T cells, and that residual 7 × 19 CAR-T cell number 
was higher than Conv. CAR-T cells at the timing when the 
tumors became undetectable in this model. In addition, the 
decreased expression of PD-1 and TIGIT on 7 × 19 CAR-T 
cells also indicated their competent functionality without 
an  exhaustion.

In the current study, we also examined whether 7 × 19 
CAR-T cells show a superior therapeutic effect in PDX 
tumor, which was derived from unfractionated primary 
tumor tissue of cancer patients and, thus, maintains the 
heterogeneous nature of tumor antigenicity and cellular 

components within tumor tissues. We used PDX tumors 
derived from pancreatic cancer, which are known to be 
composed of abundant tumor-associated stroma cells and 
characterized by highly immunosuppressive tumor micro-
environments [29]. Our study revealed that 7 × 19 CAR-T 
cells outperformed Conv. CAR-T cells in tumor growth 
suppression and prolongation of mouse survival even in 
the PDX model. Although several previous studies have 
shown the therapeutic effects of CAR-T cells in the PDX 
tumor model [30–37], the current study is the first, to the 
best of our knowledge, to demonstrate the superiority of 
cytokine/chemokine-producing CAR-T cells over Conv. 
CAR-T cells in PDX pancreatic tumors. Thus, our results 
revealed a promising feature of human 7 × 19 CAR-T cells 
for clinical application.

In tumor models involving the transfer of human CAR-T 
cells into immunodeficient mice, graft versus host disease 
caused by the xenogeneic T cell responses is inevitable 
[38]. In addition, since CAR-T cells were manufactured 
from healthy donor-derived T cells in this study, allogeneic 
responses of CAR-T cells against tumor tissues due to a dis-
parity of MHC are also induced. Thus, the anti-tumor effects 
observed in our models may be the sum of both tumor-spe-
cific and non-specific responses, implying a possibility of 
overestimation. Nonetheless, the tumor re-challenge experi-
ments clearly demonstrated that human 7 × 19 CAR-T cells 
established mesothelin-specific anti-tumor responses. Thus, 
xenogeneic or allogeneic responses caused by human CAR-T 
cells did not undermine the superiority of the 7 × 19 CAR-T 
cell technology over Conv. CAR-T cells. Results of the re-
challenge experiments also manifested as long-term persis-
tence of functional 7 × 19 CAR-T cells in vivo.

In conclusion, in this study, we demonstrated for the first 
time that human CAR-T cells producing human IL-7 and 
CCL19 can generate the potent therapeutic efficacy against 
solid tumors, similar to those observed with mouse 7 × 19 
CAR-T cells. Although careful evaluation of its safety is still 
necessary, our current results are clearly encouraging and 
support investigation of the therapeutic advantage of 7 × 19 
CAR-T cells in clinical settings to translate this technology 
to address the unmet medical need of improved therapies for 
patients with solid tumors.
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