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Chimeric antigen receptor T cells engineered 
to secrete CD40 agonist antibodies enhance 
antitumor efficacy
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Abstract 

Background: Although chimeric antigen receptor (CAR)-T cell therapy has been remarkably successful for haemato-
logical malignancies, its efficacy against solid tumors is limited. The combination of CAR-T cell therapy with immune 
checkpoint inhibitors (CPIs), such as PD-1, PD-L1, and CTLA-4 antibodies, is a promising strategy for enhancing the 
antitumor efficacy of CAR-T cells. However, because most patients acquire resistance to CPIs, investigating other 
strategies is necessary to further improve the antitumor efficacy of CAR-T cell therapy for solid tumors. Recently, CD40 
agonist antibodies showed potential antitumor efficacy by activating the CD40 pathway.

Results: Based on the piggyBac transposon system, rather than the widely used viral vectors, we constructed a 
meso3-CD40 CAR-T targeting region III of mesothelin (MSLN) that possessed the ability to secrete anti-CD40 anti-
bodies. Compared with meso3 CAR-T cells, which did not secrete the anti-CD40 antibody, meso3-CD40 CAR-T cells 
secreted more cytokines and had a relatively higher proportion of central memory T  (TCM) cells after stimulation by 
the target antigen. In addition, compared with meso3 CAR-T cells, meso3-CD40 CAR-T cells had a more powerful 
cytotoxic effect on target cells at a relatively low effector-to-target ratio. More importantly, we demonstrated that the 
antitumor activity of meso3-CD40 CAR-T cells was enhanced in a human ovarian cancer xenograft model in vivo.

Conclusions: In conclusion, these results highlight anti-CD40-secreting CAR-T cells generated by nonviral vectors as 
a potential clinical strategy for improving the efficacy of CAR-T cell therapies.
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Background
Recent developments have demonstrated that chimeric 
antigen receptor (CAR)-T cell therapy can achieve a 
durable antitumor response in patients with refractory 
or relapsed B cell malignancies [1, 2]. However, CAR-T 
cell treatment has been largely ineffective in patients with 
advanced solid tumors [3]. A critical factor contributing 
to the limitation of CAR-T cell therapy in patients with 

advanced solid malignancies may be the immunosup-
pressive tumor microenvironment. Recently, strategies 
that utilize an inhibitory checkpoint blockade to modu-
late the microenvironment have been shown to enhance 
the efficacy of CAR-T cells in some patients with haema-
tologic malignancies [4]. However, no significant benefit 
of PD-1 blockade was found in an early-phase trial of a 
GD2-CAR for the treatment of neuroblastoma [5], thus 
illustrating the need to consider approaches that employ 
other immune mechanisms to improve the efficacy of 
CAR-T cell immunotherapy for solid cancers.

In addition to inhibitory immune regulators, stimu-
latory checkpoint pathways are promising targets for 
cancer immunotherapy. CD40, a member of the TNF 
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receptor superfamily, is expressed primarily in antigen-
presenting cells (APCs), including dendritic cells (DCs), 
and its activation in DCs by CD40L expressed on  CD4+ 
T cells has been shown to be critical for promotion of 
the immune response and antitumor activation of  CD8+ 
T cells by DCs [6–8]; thus, CD4 indirectly aids  CD8+ T 
cells. However, other studies have shown that activated 
 CD8+ T cells also express CD40 and that these  CD40+ 
 CD8+ T cells can receive CD4 help directly via CD40, and 
this direct  CD4+-CD8+ T cell interaction can enhance 
cell division and cytokine secretion in  CD8+ T cells [9].

Although the mechanisms underlying the CD40 path-
way are not fully understood and are being actively 
investigated, studies leveraging this pathway for potent 
antitumor activity have shown definite encouraging effi-
cacy. These studies include the use of CD40L [10, 11] 
but most notably the use of anti-CD40 antibodies [12], 
especially the combination of anti-CD40 antibodies with 
other therapies [13, 14], because the antitumor activity 
of an anti-CD40 antibody as a single agent is relatively 
limited [15]. Furthermore, activating the CD40 pathway 
in CAR-T cell therapy through various strategies has 
enhanced the antitumor activity of CAR-T cells. These 
strategies include engineering CAR-T cells to constitu-
tively express CD40L [16, 17], introducing the MyD88 
and CD40 signalling domains into CAR-T cells [18], and 
administering a bispecific antibody targeting c-Myc and 
CD40 [19]. In addition to these studies, we are very inter-
ested in investigating whether CAR-T cells engineered to 
secrete anti-CD40 antibodies exhibit an enhanced anti-
tumor activity, as similar approaches regarding the engi-
neering of CAR-T cells to secrete anti-PD-1 antibodies 
have demonstrated efficacy in improving their antitumor 
activity [20, 21].

Our previous study demonstrated that modified CAR-T 
cells targeting the membrane proximal (region III) 
epitope of mesothelin (MSLN) exhibited strong antitu-
mor activity against various solid tumors [22, 23]. Given 
this, CAR-T cells targeting region III of MSLN were fur-
ther engineered with the ability to secrete anti-CD40 
antibodies to potentially exhibit an even more power-
ful antitumor efficacy. The expensive costs and potential 
presence of replication-competent viruses in the final cell 
products of viral vectors have impeded their vast imple-
mentation in the industry [24]. In this study, we manufac-
tured CAR-T cells using the piggyBac transposon system 
to overcome some of these obstacles. More importantly, 
compared with treatment with meso3 CAR-T cells, the 
manufactured meso3-CD40 CAR-T cells secreting the 
anti-CD40 antibody used in this study seemed to be a 
more effective therapeutic strategy for tumors. Over-
all, in terms of cost and efficacy, generating CAR-T cells 
that secrete anti-CD40 antibodies by exploiting the 

piggyBac transposon method appears promising for can-
cer treatment.

Materials and methods
Cells
This study was conducted according to the ethical guide-
lines of Navy Medical University. Human peripheral 
blood mononuclear cells (PBMCs) were obtained from 
healthy donors from Shanghai Aoneng Biotechology Co., 
Ltd. (Shanghai, China) and cryopreserved in our labora-
tory. The SKOV-3 cell line was obtained from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China), and SKOV-3-luc was established in our labora-
tory as described previously [22].

Plasmid construction
The plasmid encoding the anti-CD40 antibody, pS338B-
CD40, was constructed based on our pS338B vector and 
consisted of the following components: an EcoRI site, a 
signal peptide derived from the human immunoglobu-
lin kappa chain, the CD40 scFv heavy chain variable 
region, a (G4S)3 linker, the CD40 scFv light chain vari-
able region, the human IgG4 Fc (EQ) region, and a SalI 
site. The plasmid encoding meso3 CAR, pNB338B-meso3 
CAR, was constructed based on the pNB338B vector. 
Meso3 CAR comprises the scFv of  the anti-MSLN anti-
body, the CD28 transmembrane domain, the CD28 intra-
cellular co-stimulatory signaling domain and CD3ζ. The 
mock plasmid was acquired by replacing the CAR gene of 
the pNB338B-meso3 CAR plasmid using an empty multi-
ple cloning site (MCS).

CAR‑T cell manufacturing and expansion
The manufacture and expansion of meso3 CAR-T cells 
has been described previously[22]. To generate meso3-
CD40 CAR-T cells, T cells were coelectroporated with 
a pNB338B-meso3 CAR plasmid and a pS338B-CD40 
plasmid using an electroporator (Lonza) and the Amaxa® 
Human T Cell Nucleofector® Kit (Lonza). After trans-
fection, CAR-T cells were cultured in AIM-V medium 
containing 2% FBS and then transferred to six-well 
plates coated with the rhMSLN antigen (5  μg/mL) and 
anti-CD28 (5  μg/mL) antibody after 4  h. The cells were 
stimulated by coated plates for 3–4 days in medium con-
taining 200 U/mL recombinant human interleukin-2 
(rhIL-2), and the activated CAR-T cells were then cul-
tured in 2% FBS-AIM-V medium containing 100 U/mL 
rhIL-2 for another 5–10 days. Mock T cells were gener-
ated by electroporation with the mock plasmid and then 
stimulated with anti-CD3 (5  μg/mL) and anti-CD28 
(5 μg/mL) antibodies. Thereafter, the culture method for 
mock T cells was the same as that used for meso3 CAR-T 
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cells. Subsequent experiments were typically conducted 
10 days after electroporation.

ELISA
The anti-CD40 antibody concentration in the CAR-T cell 
supernatant was determined by ELISA. A total of 1 × 106 
CAR-T cells were seeded in six-well plates coated with 
the rhMSLN antigen, and the supernatant of CAR-T cells 
was then collected after 24 h or 72 h.

A 96-well ELISA microplate was coated with 1  μg/ml 
rhCD40 (ACROBiosystems) at 4  °C overnight. After the 
microplate was sealed with 1% BSA for 2 h at 37 °C, the 
collected supernatant was added to the well and incu-
bated for 1  h at 37  °C. After washing the wells three 
times, mouse anti-human IgG4 (HRP) (Abcam) was 
added to the well at a dilution of 1:30,000 and incubated 
for 30 min at 37 °C. After washing the wells three times, 
3,3′,5,5′-tetramethylbenzidine (TMB) was added to 
develop the color. All of the experiments were performed 
in triplicate.

Cytokine release assays
Cytokine release assays were performed by cocultur-
ing 1 × 106 CAR-T cells with immobilized rhMSLN 
antigen in six-well plates. After 24  h, the supernatants 
were assayed for the presence of all cytokines using the 
Cytometric Bead Array according to the manufacturer’s 
instructions (BD Biosciences). The values represent the 
mean of the triplicate wells.

Flow cytometry
We detected the expression of CD40 in the different 
subsets of T cells before or after stimulation for differ-
ent times. The antibodies used included BB515 mouse 
anti-human CD40 (BD Horizon), APC-Cy7 mouse anti-
human CD8 (BD Pharmingen), PerCP-Cy5.5 Mouse 
anti-human CD4  (BD Pharmingen) and BV510 mouse 
anti-human CD3 (BD Horizon) antibodies were used. On 
the 10th day after electroporation, CAR was expressed 
on the surface of the cells, and the cells were stained 
with biotin-conjugated rhMSLN antigen (ACROBiosys-
tems) and PE-conjugated streptavidin (BD Biosciences). 
The following monoclonal antibodies were used for the 
phenotypic analysis: PE-Cy5 anti-human CD45RO (Bio-
Legend), PE anti-human CD62L (BioLegend), FITC anti-
human CD197 (BioLegend), PE-Cy5 anti-human CD25 
(BioLegend), PC5 anti-human CD69 (BioLegend), and 
PE-CY5 anti-human CD107α (BD Biosciences). The sur-
face expression of MSLN on SKOV-3 cells was detected 
using a primary self-synthesized anti-MSLN antibody 
with Fc fragments and a PE anti-human IgG Fc secondary 
antibody (BioLegend). The acquisition and analysis were 

performed using a Navios™ flow cytometer (Beckman 
Coulter, USA) and Kaluza Analyse software.

Real‑time cytotoxicity assay (RTCA)
Real-time cytotoxicity assays were performed as 
described previously [22]. Briefly, targeted cells were 
seeded in 16-well E-plates at a density of 10,000 cells per 
well. After 20–24 h, CAR-T cells were added at effector-
to-target ratios (E:T) of 1:2 and 1:4, while mock T cells 
were added at an E:T of 2:1.

In vivo experiments
All of the animal experiments were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of 
Shanghai Bioduro Biologics Co., Ltd. Six- to eight-week-
old female NOD/SCID/IL2Rγ−/− (NSG) mice were pur-
chased from Shanghai Bioduro Biologics Co., Ltd. and 
raised under specific pathogen-free (SPF) conditions. 
The mice were euthanized after exhibiting moribund 
features, such as a large tumor burden, obvious weight 
loss, hunched posture, and lethargy. Xenograft tumors 
were established by the subcutaneous injection of 1 × 107 
SKOV-3-luc cells in the presence of a 50% solution of 
Matrigel (BD Biosciences) in phosphate buffered saline 
(PBS). Eight days post inoculation, mice bearing estab-
lished tumors were treated with intravenous injections of 
5 × 106 meso3 CAR-T or meso3-CD40 CAR-T cells, and 
the bioluminescence was measured using serial imaging 
on a Xenogen IVIS Spectrum System (Life Technologies).

Statistical analysis
The data are presented as the means ± standard errors of 
the means (SEM) or as medians with ranges, as stated in 
the figure legends. Student’s t test or the Mann–Whit-
ney test was used to compare to selected groups. Statisti-
cal significance was defined at P < 0.05, and all statistical 
analyses were performed using Prism software version 
6.0 (GraphPad).

Results and discussion
A schematic representation of the plasmid vector encod-
ing the anti-CD40 antibody is shown in Fig. 1a. The scFv 
sequence of the anti-CD40 antibody was derived from 
a fully human IgG2 anti-human anti-CD40 antibody 
clone, 21.4.1 [25]. To prevent the death of potential tar-
get cells (CAR-T cells expressing CD40) due to immune 
effector functions of the anti-CD40 antibody, such as 
antibody-dependent cell-mediated cytotoxicity (ADCC) 
and complement-dependent cytotoxicity (CDC), the scFv 
was fused to a human IgG4 Fc, which has a very limited 
ability to elicit these effector functions. In addition, to 
further reduce the effector function of human IgG4 Fc, a 
human IgG4 variant with two point mutations at L235E 
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and N297Q was generated, which has been demonstrated 
to further reduce the effector function of the antibody 
[26].

We previously showed that the piggyBac transpo-
son system is an efficient vector to generate CAR-T cell 
products [22, 23, 27], and we herein demonstrated that 
meso3-CD40 CAR-T cells secreting CD40 were success-
fully manufactured by the coelectroporation of CAR-T 
cells with two plasmids, pS338B-CD40 and pNB338B-
meso3 CAR. Moreover, the introduction of additional 
anti-CD40 antibody genes did not affect the level of CAR 
expression on the T cell surface (Fig. 1b, c). Other similar 
studies have also demonstrated that the introduction of 
an additional antibody gene in the generation of CAR-T 
cells does not severely affect the expression of CAR [20, 
21].

After generating meso3-CD40 CAR-T cells, the abil-
ity of meso3-CD40 CAR-T cells to secrete the anti-CD40 
antibody was determined by ELISA. The anti-CD40 anti-
body concentration in the supernatant of 1 × 106 meso3-
CD40 CAR-T cells was approximately 0.17 μg/ml at 24 h 
and approximately 0.28 μg/ml at 72 h of culture, while no 
antibody secretion was detected in the meso3 CAR-T cell 
culture supernatant (Fig. 1d). These results showed that 
the meso3-CD40 CAR-T cells secreted antibodies con-
tinuously and stably and were consistent with the levels 
of antibodies secreted by CAR-T cells reported in simi-
lar studies that used viral vectors to generate antibody-
secreting CAR-T cells [20, 21].

A previous study reported the transient expression of 
CD40 in both  CD4+ and  CD8+ T cells after activation 
[9]. To further demonstrate this, CAR-T cells were acti-
vated using rhMSLN antigen coated on plates to investi-
gate the expression pattern of CD40 in various states of 
activation. After activation, the CD40 expression on the 
 CD4+ and  CD8+ meso3 CAR-T cell subsets increased 
over time, peaking at 48  h, and then decreased to the 
basal level at 72 h (Fig. 1e). However, no obvious CD40 
expression was detected  in the meso3-CD40 CAR-T 
group in any of the stages (Fig. 1f ), which was potentially 
attributed to the blocking effect of the anti-CD40 anti-
body in the culture medium. This result was consistent 
with those of recent studies showing that CAR-T secret-
ing antibodies could bind to the target antigen expressed 
in T cells [21, 28].

CD40-CD40L signaling was previously reported to 
be essential for the development of memory T cells 
that depend on fatty acid metabolism for long-term 
survival [29], and CD40 expression on T cells is funda-
mental for  CD8+ T cell memory generation [9]. There-
fore, the memory phenotypes of T cells were detected, 
and the results shown in Fig.  2a, b suggest that no sig-
nificant differences existed in the proportions of effec-
tor memory T cells  (TEM,  CD45RO+CD197−) between 
the two groups, while meso3-CD40 CAR-T cells exhib-
ited a higher proportion of central memory T cells 
 (TCM,  CD45RO+CD197+CD62L+) than meso3 CAR-T 
cells (50.16 ± 1.2 versus 41.07 ± 0.72%, p = 0.0032).  TEM 
potentially localizes in peripheral lymphoid tissues and 
possesses a rapid effector function, while  TCM tends to 
localize in secondary lymphoid tissues and maintain T 
cell memory for a long period. Given the close correla-
tion of  TCM with the prevention of long-term tumor 
recurrence, a high proportion of  TCM may enhance anti-
tumor effects in vivo [30, 31].

CD25, CD69, and CD107a are known activation markers 
of lymphocytes and play pivotal roles in immune responses. 
To characterize the CAR-T cells, the activation markers on 
CAR-T cell surfaces were detected upon stimulation with 
rhMSLN antigen-coated plates for 24 h. After stimulation 
for 24  h, all of the activation markers (CD25, CD69, and 
CD107α) on the meso3-CD40 CAR-T cells were expressed 
at levels equivalent to those on meso3 CAR-T cells (CD25: 
67.7 ± 3.6 versus 68.4 ± 3.2%, p = 0.8873; CD69: 42.4 ± 2.7 
versus 44.6 ± 2.7%, p = 0.5965; CD107α: 22.1 ± 3.2 versus 
29.9 ± 1.2%, p = 0.0832) (Fig. 2c–f), demonstrating that the 
meso3-CD40 CAR-T and meso3 CAR-T cells were sensi-
tive to the MSLN antigen and effectively activated by the 
MSLN antigen and thus suggesting their potential for erad-
icating tumor cells.

In addition, we next determined the cytokine secre-
tion levels after the stimulation of CAR-T cells with the 
target antigen, revealing that IL-2 was expressed at sig-
nificantly higher levels in the meso3-CD40 CAR-T group 
than in the meso3 CAR-T group (2244 ± 213.7 versus 
390.7 ± 31.51 pg/ml, p = 0.001). In addition, the concen-
tration of IFN-γ was significantly higher in the meso3-
CD40 CAR-T group than in the meso3 CAR-T group 
(3297 ± 272.2 versus 1143 ± 149.8  pg/ml, p = 0.0023), 
while the differences in the levels of the other cytokines 

(See figure on next page.)
Fig. 1 Construction and characterization of meso3 CAR-T and meso3-CD40 CAR-T cells. a Schematic representation of the plasmid vector encoding 
the anti-CD40 antibody and meso3 CAR. b Ten days after electroporation, the positive ratio of meso3 CAR in meso3 CAR-T and meso3-CD40 
CAR-T cells was detected by flow cytometry. c The summarized statistics of three donors are shown in the bar graphs (n = 3, mean ± SEM, ns, not 
significant). d The anti-CD40 antibody levels in the supernatants of meso3 CAR-T and meso3-CD40 CAR-T cells were determined by ELISA, and the 
results are shown in the bar graphs (n = 3, mean ± SEM). e, f CD40 expression in meso3 CAR-T and meso3-CD40 CAR-T cells after stimulation with 
rhMSLN for different amounts of times
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tested were not statistically significant between the two 
groups (Fig.  3a). A previous study showed that CD40 
expression on T cells was essential for high levels of 
cytokine secretion [9], and we herein demonstrated 
that anti-CD40 antibody production further enhanced 
cytokine secretion. Given that IFN-γ is closely corre-
lated with efficacy, it is reasonable to speculate that the 
antitumor efficacy of meso3-CD40 CAR-T cells is better 

than that of meso3 CAR-T cells. To validate this in vitro, 
SKOV-3 (human ovarian cancer) cells were used as the 
target because of their high MSLN antigen expression 
levels (Fig. 3b). Indeed, as shown in Fig. 3c, d, although 
the CAR-T cells of both groups showed potent cytotoxic 
activity against SKOV-3 cells, that of the meso3-CD40 
CAR-T cells was stronger than the meso3 CAR-T cell 
activity in  vitro (E:T = 1:2, 96.8 ± 1.4 versus 80.3 ± 1.3%, 

Fig. 2 Phenotypic analysis of the meso3 CAR-T and meso3-CD40 CAR-T cell products. a The percentages of  TCM and  TEM in meso3 CAR-T and 
meso3-CD40 CAR-T cells were detected by flow cytometry. Memory T cells were gated using an anti-human CD197 antibody and an anti-human 
CD62L antibody from  CD45RO+ T cells. b The summarized statistics regarding the memory T cells from three donors are shown in the bar graphs 
(n = 3, mean ± SEM, ns, not significant, *P < 0.05; **P < 0.01; ***P < 0.001). c–e Activation markers on the surface of T cells were detected by flow 
cytometry upon stimulation with the rhMSLN antigen for 24 h. f The summarized statistics of the activation markers on the CAR-T cells from three 
donors are shown in the bar graphs (n = 3, mean ± SEM, ns, not significant)
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p = 0.0009; E:T = 1:4, 82.2 ± 1.8 versus 61.0 ± 4.3%, 
p = 0.011), while the mock T cells exhibited no obvious 
cytotoxicity against SKOV-3 cells.

In our previous studies, the cytotoxic activity of meso3 
CAR-T cells was analysed at E:T ratios of 4:1 to 1:1. Con-
sidering their potent cytotoxic activities, observing the 
differences in their cytotoxic activities of meso3 CAR-T 
and meso3-CD40 CAR-T cells can be difficult because 

they can lyse target cells in a short time. In this study, we 
adopted a relatively low E:T ratio to allow CAR-T cells to 
lyse the target cell more gently and thereby observed the 
benefit of the anti-CD40 antibody.

Meso3-CD40 CAR-T cells had more potent antitumor 
activity against MSLN-positive cells than meso3 CAR-T 
cells in vitro, even at a low E:T ratio, and we next inves-
tigated whether similar effects were observable in  vivo. 

Fig. 3 Cytokine secretion and cytotoxic activity of the meso3 CAR-T and meso3-CD40 CAR-T cells. a Cytokine secretion from meso3 CAR-T and 
meso3-CD40 CAR-T cells was determined by a cytometric bead array after costimulation with the rhMSLN antigen. b The MSLN expression level 
in SKOV-3 cells was validated by flow cytometry. c The cytotoxicities of the meso3 CAR-T and meso3-CD40 CAR-T cells against SKOV3 cells were 
assessed using the RTCA system at low effector-to-target ratios (E:T = 1:2 and 1:4), and the mock T cells group was used as a negative control. 
d Quantification of the data of the specific cytotoxicities of CAR T cells against SKOV-3 cells at different E:T ratios (n = 3, mean ± SEM, ns, not 
significant, *P < 0.05; **P < 0.01; ***P < 0.001)
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Xenograft tumor models were established by subcu-
taneously inoculating 1 × 107 SKOV-3-luc cells into 
mice. Eight days post inoculation, the mice were treated 
with intravenous injections of 5 × 106 meso3 CAR-T or 
meso3-CD40 CAR-T cells, and in vivo imaging intuitively 
reflected that both the meso3 CAR-T and meso3-CD40 
CAR-T cells effectively inhibited tumor growth in  vivo. 
Encouragingly, the meso3-CD40 CAR-T cells exerted 
faster and stronger effects than the meso3 CAR-T cells 
(Fig. 4a). Consistent with the in vivo cancer images, the 
fluorescence intensity of the group treated with meso3-
CD40 CAR-T cells attenuated more quickly (Fig. 4b) and 

was significantly lower than that of the meso3 CAR-T 
group (Fig. 4c, p = 0.039, Mann–Whitney test). In addi-
tion, the mouse weights were measured continuously and 
were not obviously altered after the treatments (Fig. 4d). 
Overall, these results validated that meso3-CD40 CAR-T 
cells exhibited better antitumor activity than meso3 
CAR-T cells in a xenograft mouse model.

Kuhn et al. demonstrated that a more potent antitumor 
response can be achieved by further engineering CAR-T 
cells to constitutively express CD40L, and this effect 
is dependent on host CD40 expression and DC activa-
tion [17]. However, the enhanced antitumor activity of 

Fig. 4 CAR-T cells that secrete the anti-CD40 antibody have enhanced antitumor function in vivo. a Bioluminescence signals from SKOV-3-luc 
cancer model mice during treatment. b The quantified fluorescence intensities of SKOV-3-luc for individual mice are shown in the line graphs. c The 
fluorescence intensity of SKOV-3-luc was analysed (n = 6, medians with range, Mann–Whitney test, *P < 0.05). d The body weights of individual mice 
were recorded and are shown in the line graphs
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meso3-CD40 CAR-T cells compared to meso3 CAR-T 
cells observed herein both in  vitro and in  vivo may be 
attributed to only the improved CAR-T cell function, 
as there were no DCs in the in  vitro RTCA assay and 
the NSG mice used in the study were severely immune 
deficient and had only defective DCs and macrophages. 
Additionally, the anti-human anti-CD40 antibody used 
in our study does not cross-react with murine CD40 
[25]. Thus, it is reasonable to speculate that CAR-T cells 
secreting the anti-CD40 antibody will induce a more 
potent antitumor effect in a syngeneic immunocompe-
tent mouse model, as the anti-CD40 antibody not only 
enhances CAR-T cell response independently of DCs 
but also aids in antitumor responses via DCs expressing 
CD40. However, this hypothesis needs to be investigated 
in a syngeneic immunocompetent model.

To further enhance the antitumor activity of CAR-T 
cells in solid tumors, modulating the immunosuppressive 
tumor microenvironment may be a promising approach. 
Previous reports have demonstrated that CAR-T cells 
engineered to secrete anti-PD-1 antibodies at the tumor 
site have an antitumor efficacy that is similar to or even 
better than that of combination therapy with CAR-T cells 
and CPIs [21]. In our study, we demonstrated that a more 
potent antitumor response was achievable by engineer-
ing CAR-T cells to secrete anti-CD40 antibodies. How-
ever, one potential limitation of the study is that we did 
not investigate whether meso3-CD40 CAR-T cells had 
a similar efficacy to meso3 CAR-T cells used together 
with a recombinant anti-CD40 antibody, which would be 
especially interesting in a syngeneic immunocompetent 
mouse model.

Another potential limitation is the uncontrolled anti-
body secretion from CAR-T cells, which may be a poten-
tial safety concern. Previously, Rafiq et al. demonstrated 
that the anti-PD-1 scFv secreted by CAR-T cells was 
detectable in only the local tumor microenvironment, 
whereas systemically  administered anti-PD-1 antibodies 
could circulate out of the tumor area [21]. Likewise, the 
secreted anti-CD40 antibodies from meso3-CD40 CAR-T 
cells were not found systemically in our mouse model 
(data not shown). However, Li et al. showed that the anti-
PD-1 scFv secreted by CAR-T cells was also detectable in 
the sera, although at a relatively low concentration [20]. 
To further ensure that the antibodies secreted by CAR-T 
cells induce fewer systemic toxicities, this potential safety 
concern is worthy of investigation. Encouragingly, we 
recently successfully designed a T cell-specific and highly 
active artificial chimeric promoter to control the secre-
tion of anti-PD-1 antibodies at the tumor site [28]. Stud-
ies using this chimeric promoter to control the secretion 
of anti-CD40 antibodies from CAR-T cells in a syngeneic 
immunocompetent mouse model are currently underway 

to explore the potential applicability of anti-CD40 anti-
body-secreting CAR-T cells and thus further improve the 
antitumor activity of this therapy for solid tumors.

Conclusion
Meso3-CD40 CAR-T cells secreted more cytokines and 
had a higher proportion of central memory T cells than 
meso3 CAR-T cells after stimulation with the target anti-
gen. Notably, meso3-CD40 CAR-T cells also had a more 
potent antitumor response in vitro and in vivo. It is worth 
mentioning that the use of the nonviral piggyBac trans-
poson in this study provides strong competitiveness for 
industrialization development due to its considerable 
cost savings. Therefore, CAR-T cells that are piggyBac-
engineered to secrete anti-CD40 antibody could be an 
effective and low-cost therapeutic strategy to further 
improve the efficacy of CAR-T cell therapy for solid 
tumors.
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