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T cells modified to co-express cytokine or other factors with
chimeric antigen receptor (CAR) can induce substantial and
persistent increases in antitumor capacity in vivo. However,
the uncontrolled expression of cytokines or factors can lead
to the overactivation of immune cells, causing severe adverse
events such as cytokine release syndrome (CRS) and neurotox-
icity by CAR T cells with excessive growth potential. Conven-
tional promoters are unregulated, and their expression is un-
limited in T cells. In this study, by connecting the
cytomegalovirus (CMV) enhancer, core interferon gamma
(IFN-g) promoter, and a T-lymphotropic virus long terminal
repeat sequence (TLTR), we constructed and screened the
chimeric promoter CIFT, which was highly expressed in some
cell lines secreting IFN-g and silenced in others. We placed
this promoter upstream of the anti-programmed cell death
protein 1 (anti-PD-1) antibody gene, and this construct was
co-transfected with the CAR construct into T cells. In vitro or
in vivo, CAR T cells showed increased secretion of anti-PD-1
antibody under control of the chimeric promoter CIFT. pS-
CIFT-aPD-1/CAR T also had similar or lower PD-1 expres-
sion, higher levels of T cell activation, more release of IFN-g,
and better antitumor activity specifically against mesothelin-
positive and PD-1 ligand 1 (PD-L1)-positive cell lines. The
chimeric promoter may be a promising strategy to manipulate
the content of immune checkpoint inhibitors or other proteins
in future therapeutic approaches for cancer treatment.
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INTRODUCTION
Chimeric antigen receptor (CAR) T cell therapy, one of the most sig-
nificant and promising autologous immunotherapies, generates
potent antitumor responses in patients with refractory or relapsed
B cell malignancies.1–4 However, in contrast to the success in treating
leukemia, CAR T cells are not efficient in treating patients with
advanced solid malignancies and other hematological malig-
nancies.5–7 The ineffective treatment of solid tumors is partially due
to the immunosuppressive tumor microenvironment8 and CAR
T cell exhaustion.9,10 Upregulating immune checkpoint blockade in-
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hibitors, such as anti-programmed cell death protein 1 (PD-1) single-
chain variable fragment (scFv) secreted by CAR T cells, leads to
notable improvement in impeding T cell exhaustion and normaliza-
tion of the antitumor response.11–15 The additional expression of
cytokine-encoding genes in CAR T cells also effectively enhances
their persistent and antitumor effects in vivo.16–20 Although immune
checkpoint blockade inhibitors or cytokines can improve the effector
response and persistence of T cells in vivo, releasing supercharged
T cells can lead to overactive immune cells, causing severe im-
mune-related adverse events such as cytokine release syndrome
(CRS) and neurotoxicity.21–23

In this study, using CART cells equipped with an autocrine anti-PD-1
scFv model, we designed and screened a T cell-specific and highly
active artificial chimeric promoter, which was only active after anti-
gen engagement, to control the secretion of anti-PD-1 antibodies at
the tumor site, thereby counteracting the inhibitory effect of PD-1
signaling in CAR T cells and their endogenous counterparts.

Currently, the elongation factor 1 alpha (EF-1a) promoter is always
selected for CAR contruction,24 as it often leads to strong, stable
expression uncorrelated with tissue specificity and no relationship
to the T cell activation state. In T cells, the promoters of cytokine
genes, such as interferon gamma (IFN-g), interleukin 2 (IL-2), IL-3,
tumor necrosis factor alpha (TNF-a), and granulocyte-macrophage
colony-stimulating factor (GM-CSF), are mainly induced by immune
and proinflammatory signals. IFN-g is primarily secreted by activated
lymphocytes, especially by activated T cells, in a strictly controlled
and restricted way.25,26 Therefore, we developed a novel chimeric
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Figure 1. CAR T Cells Secreting Anti-PD-1 Antibody

Have Enhanced Antitumor Function

(A) Schematic of PB vectors encoding the MSLN-targeted

CAR, pNB338B-MSLN CAR, or an anti-PD-1 scFv of ni-

volumab with Fc fragment of human IgG4 and pS338B-

aPD-1. (B) RTCA demonstrating the MSLN-specific

cytotoxicity of MSLN CAR T or pS338B-aPD-1/CAR

T cells after 24 h of co-culture with targets at an E:T ratio of

1:4. Not transfected T cells (NT) PBMCs served as con-

trols (n = 3, three donors). (C) ELISA detecting expression

of secreted anti-PD-1 antibody in the supernatant by

control T, MSLN CAR T, or pS338B-aPD-1/CAR T cells

after co-culturing with tumor cells for 24 h (n = 3, three

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

0.0001. All data are expressed as the mean ± SEM.
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promoter construct capable of inducing enhanced anti-PD-1 anti-
body secretion in T cells after antigen stimulation. This new-genera-
tion chimeric promoter consisted of the cytomegalovirus (CMV)
enhancer, the core IFN-g promoter, and a human T-lymphotropic vi-
rus long terminal repeat (TLTR) sequence. The pS-CIFT-aPD-1/
CAR T cells showed increased production of anti-PD-1 antibody.
The pS-CIFT-aPD-1/CAR T cells showed antigen-dependent secre-
tion of anti-PD-1 antibody, similar or lower PD-1 expression, greater
T cell activation, more release of IFN-g, and superior antitumor ac-
tivity. Taken together, these results suggest that the chimeric pro-
moter CIFT has the potential to manipulate the content of immune
checkpoint inhibitors or other proteins in future therapeutic ap-
proaches for cancer treatment.

RESULTS
Modification of CAR T Cells to Secrete Anti-PD-1 Antibody

Studies have indicated that nivolumab, an anti-PD-1 antibody, plays a
critical role in blocking the PDCD1-mediated pathway, which can
inhibit T cell exhaustion and normalize the antitumor response. To
test the function of CAR T cells with autocrine anti-PD-1 antibody, pe-
ripheral blood mononuclear cells (PBMCs) isolated from healthy do-
nors were electroporated with the piggyBac (PB) transposase-CAR vec-
tor and transposon-aPD-1 plasmids. We used a mesothelin CAR
(pNB338B-MSLN3CAR)27 and an anti-PD-1 scFv of nivolumab with
a Fc fragment of human immunoglobulin G4 (IgG4) (pS338B-aPD-
1) (Figure 1A). In cytotoxicity assays, singleMSLNCART cells showed
inferior cytotoxicity to anti-PD-1 antibody-secreting CAR T (pS338B-
aPD-1/CART) cells (Figure 1B). However, we only detected a low con-
centration of anti-PD-1 antibody in the supernatant of the tumor co-
cultures with pS338B-aPD-1/CAR T cells (Figure 1C).

Construction and Screening of an Efficient Chimeric Promoter in

PBMCs

Thirteen chimeric promoters based on the promoter of pS338B-aPD-1,
consisting of a DNA nuclear targeting sequence (DTS), an EF-1a pro-
moter, and a TLTR sequence, were generated (Figure S1). All chimeric
promoters were ligated upstream of the enhanced green fluorescent
protein (EGFP) reporter gene on the same backbone. PBMCs were
electroporated with the PB transposase-CAR vector and transposon-
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EGFP plasmids to visually and quantitatively test the promoter activ-
ities. We classified 13 chimeric promoters by EGFP expression using
flow cytometry. Two chimeric promoters, pS-IFPT-EGFP and pS-
CIFPT-EGFP, expressed EGFP at a mean fluorescence intensity higher
than that of pS338B-EGFP; the other promoters expressed lower levels
of EGFP (Figure S2). We chose the better chimeric promoter to
generate dual-luciferase reporter genes to confirm the properties of
the best chimeric promoter constructs quantitatively (Figure 2). The re-
sults confirmed that the pS-CIFT-firefly luciferase (Fluc) vector showed
the highest transfection efficiency in PBMCs (Figure 2).

The Chimeric Promoter Shows Enhanced Activity in Cells

Secreting IFN-g

To understand promoter differences between the CAR T cells that may
influence their function, flow cytometry, enzyme-linked immunospot
(ELISPOT), dual-luciferase reporter analyses, and fluorescent staining
analyses were used to assess the function of the chimeric promoter.
First, we confirmed the relationship between the activity of CIFT and
IFN-g release. The chimeric promoter (pS-CIFT-EGFP) had high
expression of EGFP under high levels of secreted IFN-g in the presence
of CAR, and low expression of EGFP under low levels of secreted IFN-
g (Figure 3A). These results showed that the chimeric promoter CIFT
regulates EGFP expression related to the release of IFN-g.

Next, we classified five different cell lines by IFN-g expression using
ELISPOT. Four cell lines expressed IFN-g at a low level, which we
defined as IFN-g negative (IFN-g neg); the T cell was IFN-g positive
(IFN-g pos) (Figures 3B and S3). EGFP was expressed at a higher level
in all cells transfected with pS338B-EGFP. IFN-g-pos cell lines ex-
pressed a high level of EGFP, whereas IFN-g-neg cell lines expressed
very low levels of EGFP and almost no EGFP when using a CIFT or
IFPT chimeric promoter (Figures 3C and S4). These data indicated
that the chimeric promoter CIFT was highly active in cells secreting
IFN-g and silent in other cells.

The Chimeric Promoter Leads to Anti-PD-1 Antibody Secretion

and Inhibits T Cell Exhaustion In Vitro

To determine whether the chimeric promoter CIFT could improve
the production of anti-PD-1 antibody, we first ligated the promoter
erapy: Methods & Clinical Development Vol. 19 December 2020 15
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Figure 2. Construction and Screening of the

Chimeric Promoter

Left: schematic of integration of chimeric promoters into

the reporter gene. All chimeric promoters include an effi-

cient enhancer upstream, a core promoter, and down-

stream introns. Right: dual-luciferase reporter analysis of

chimeric promoter activities after 24 h of electroporation.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data

are expressed as the mean ± SEM.
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upstream of the anti-PD-1 antibody gene (pS-CIFT-aPD-1) (Fig-
ure 4A). PBMCs were electroporated with MSLN CAR and pS-
CIFT-aPD-1 or pS338B-aPD-1. The transfection efficiency of the
two groups was similar and slightly above 65% at 13 days post-trans-
fection (Figure 4B). We further detected the production of IFN-g and
anti-PD-1 antibody in the supernatant for 216 h in 24-h intervals,
secreted by 2 � 105 T cells. T cells were only stimulated with recom-
binantMSLN (rMSLN) antigen in the second 24 h. The IFN-g activity
was noted in activated CAR T cells, and no substantial release of IFN-
g was detected in resting CAR T cells (Figure 4C). Moreover,
compared to pS338B-aPD-1/CAR T cells, pS-CIFT-aPD-1/CAR
T cells secreted higher levels of anti-PD-1 antibody in an activated
state, but lower levels in resting CAR T cells (Figure 4D). Next, we
evaluated whether anti-PD-1 antibody contributed to blocking PD-
1 expression on the surface of T cells. There were varying degrees
of decrease in the amount of surface PD-1 on pS-CIFT-aPD-1/
CAR T cells compared with T cells modified to express pS338B-
aPD-1/CAR (Figure 4E). To further evaluate the effect of enhanced
anti-PD-1 antibody on T cell function, we analyzed the related pheno-
type of T cell activation, exhaustion, and differentiation. pS-CIFT-
aPD-1/CAR T cells expressed significantly higher levels of CD25
and CD69, but relatively stable percentages of TIM-3, LAG-3, and
CD8 compared to pS338B-aPD-1/CAR T cells (Figure 4F). pS-
CIFT-aPD-1/CAR T cells contained more durable effector function
upon antigen stimulation (Figure 4F). These results confirmed that
pS-CIFT-aPD-1/CAR T had increased anti-PD-1 antibody secretion
with no increase in T cell exhaustion, led to anti-PD-1 antibody secre-
tion related to T cell activation status, and sustained T cell activation.
Furthermore, secreted anti-PD-1 antibody could significantly bind
PD-1 on the surface of T cells.

The Chimeric Promoter Enhances Antitumor Ability

The antitumor activity of pS-CIFT-aPD-1/CAR T cells was evaluated
against the human mesothelin-expressing ovarian tumor cell line
SKOV3.27 SKOV3 cells were artificially modified with PD-1 ligand 1
(PD-L1) (SKOV3-PD-L1) (Figure 5A). We co-cultured control
T cells, pS338B-aPD-1/CAR T cells, or pS-CIFT-aPD-1/CAR T cells
with SKOV3 cells at different effector-to-target (E:T) ratios. As shown
in Figure S5, there was no apparent difference in cytotoxicity between
pS338B-aPD-1/CAR T cells and pS-CIFT-aPD-1/CAR T cells when
16 Molecular Therapy: Methods & Clinical Development Vol. 19 December 2020
effector T cells were co-cultured with target tu-
mor cells at different ratios in a real-time cell
analysis (RTCA) assay. Thus, we chose another
method to detect the antitumor activity. The pS-CIFT-aPD-1/CAR
T cells more efficiently controlled SKOV3-PD-L1 cell growth at a
T cell-to-tumor cell ratio of 1:2 (Figures 5B, 5C, and S6). The antitumor
activity of pS-CIFT-aPD-1/CAR T cells was also confirmed by the high
production of IFN-g in the culture supernatant (Figure 5E). We also
assessed the concentration of anti-PD-1 antibody in the culture super-
natant. Therewas a significant increase in anti-PD-1 antibody secretion
in pS-CIFT-aPD-1/CAR T cells compared with pS338B-aPD-1/CAR
T cells at a high T cell-to-tumor cell ratio of 1:2 (Figure 5D).

Chimeric Promoter Enhances Antitumor Ability In Vivo

To evaluate the antitumor effects of pS-CIFT-aPD-1/CAR T cells
versus pS338B-aPD-1/CAR T cells in vivo, we implanted Fluc-trans-
duced SKOV3-PD-L1 tumor cells into NSG mice (Figure 6A). At
7 days xenotransplantation, mice were infused with control T cells,
MSLN CAR T cells, pS338B-aPD-1/CAR T cells, or pS-CIFT-aPD-
1/CART cells when the tumor volumewas about 100mm3 (Figure 6B).
pS-CIFT-aPD-1/CAR T cells effectively eliminated SKOV3-PD-L1 tu-
mor cells and prolonged the survival of mice (Figure 6B). At 64 days
after treatment, all mice infused with control T cells were dead, while
pS338B-aPD-1/CAR T cell- or pS-CIFT-aPD-1/CAR T cell-treated
mice were still alive (Figure 6C). To further assess the function of
pS-CIFT-aPD-1/CAR T cells exposed to a specific antigen in vivo,
the peripheral blood cells from treated mice were tested. At 30 days af-
ter infusion, there were more circulating pS-CIFT-aPD-1/CAR T cells
than control T cells, CAR T cells, or pS338B-aPD-1/CAR T cells in
PBMCs (Figure 6D). We analyzed the expression of anti-PD-1 anti-
body bi-weekly after treatment. As shown in Figure 6E, both
pS338B-aPD-1/CAR T cells and pS-CIFT-aPD-1/CAR T cells effec-
tively expressed anti-PD-1 antibody, which confirmed the in vitro re-
sults when pS338B-aPD-1/CAR T cells and pS-CIFT-aPD-1/CAR
T cells were co-cultured with SKOV3-PD-L1. As shown in Figure 6F,
30 days after infusion, pS-CIFT-aPD-1/CAR T cells released more
IFN-g and controlled the release of IL-6 in the serum.

DISCUSSION
In this study, we analyzed the novel chimeric promoter CIFT regula-
tion in anti-PD-1 scFv secretion of CAR T cells. Using this optimized
methodology for secreted anti-PD-1 antibody might lead to local
enhancement of anti-PD-1 scFv concentration in the tumor



Figure 3. Function of the Chimeric Promoter

(A) Representative analysis of IFN-g secretion and EGFP expression in T cells co-transfected the pS-CIFT-EGFP vectors with a control vector, pNB338B-MCS, or a CAR

vector, pNB338B-MSLN CAR, with pS338B-EGFP having served as the control (n = 3, three donors). (B) ELISPOT analysis of IFN-g release in HEK293, CHO, Hep G2,

SKOV3, and T cells. Positive responses were represented by spot forming units (SFU). Data shown are representative of three independent experiments. (C) Dual-luciferase

reporter analysis of chimeric promoter activities in HEK293, CHO, Hep G2, SKOV3, and T cells. Data shown are representative of three independent experiments. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. All data are represented as the mean ± SEM.
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microenvironment, accelerate T cell activation, and prevent exhaus-
tion, thereby increasing the antitumor efficiency of the engineered
T cells. Furthermore, the CIFT chimeric promoter was specific to
the immune cells, was significantly related to the T cell activation sta-
tus, and occurred during the expansion culture period after the spe-
cific antigen stimulated CAR T cells. These effects may be a conse-
quence of the pivotal role of inducible anti-PD-1 antibody secretion
in CAR T autocrine secretion of anti-PD-1 antibody immunotherapy.

The promoter CIFT safely induced enhancement of anti-PD-1 anti-
body secretion. Previous studies have shown that CAR T cells com-
bined with an immune checkpoint inhibitor, such as exogenously
added monoclonal antibody against PD-1/PD-L1 or autonomously
produced by CAR T cells, play a significant role in solid and hemato-
logic malignancies.28,29 Interestingly, PD-1-blocking scFv-secreting
CAR T cells have appreciable antitumor efficacy in vivo.30 In main-
stream research, the EF-1a promoter is frequently used in CAR
T cell therapies, because the EF-1a promoter can evoke a more stable
and higher expression in primary CD4 and CD8 T cells, in contrast to
several promoters.24,31 However, when using the EF-1a promoter,
there is nomention of control over the activity of CAR T cells secreting
anti-PD-1 antibody after tumor elimination. Preclinical studies have
previously demonstrated that expression of the IFN-g promoter re-
quires activation with ionomycin and phorbol myristate acetate.32

Similarly, we found that the CIFT promoter was also capable of effec-
tively enhancing the expression of anti-PD-1 antibody in CAR T cells
in vitro only upon antigen engagement. Furthermore, we confirmed
that the regulation of anti-PD-1 antibody expression driven by the
CIFT chimeric promoter was specific to cells secreting IFN-g, averting
the risk of unintentionally transfecting the CAR gene into unrelated
cells.33 The above-mentioned results reveal that the CIFT promoter
may play a pivotal role in the safe and inducible CAR T cell autocrine
secretion of an anti-PD-1 antibody in immunotherapy strategies.

The sufficient anti-PD-1 antibody alleviates T cell activation and
exhaustion. The PD-1/PD-L1 axis is related to tumor proliferation,
Molecular Th
metastasis, and poor prognosis. Therefore, effectively blocking PD-
1/PD-L1 is an important approach for treating tumors and restoring
tumor-specific T cell immune function.34–38 Studies have also
shown that autocrine PD-1 antibodies of CAR T cells can effectively
bind and block the PD-1 receptor on the surface of T cells and
reduce the proportion of PD-1-positive cells.39 We demonstrated
that PD-1 antibodies secreted by pS-CIFT-aPD-1/CAR T cells could
block the PD-1 receptor on the surface of T cells. Interestingly, PD-
1-responsive T cells tend to be subsets of cells with similar molec-
ular characteristics, such as memory T cells or stem cells.40 When
using the CIFT promoter, we determined that CAR T cells secreted
an increased level of PD-1 antibody but no increase in T cell
exhaustion. The increased anti-PD-1 antibody could effectively
induce the response of T cells, such as enhancing the CD25- and
CD69-positive subsets, thereby “resurrecting” T cells and reversing
the state of T cell depletion, leading to dysfunction.41 Moreover,
when using the CIFT promoter, we determined that memory
T cells quickly recovered effector function upon secondary antigen
stimulation and induced more durable responses, thus rapidly
killing and removing tumor cells.42,43

Our results demonstrated that the CIFT promoter could be used to
control the expression of exogenous genes in CAR T cells. Immuno-
therapy is evolving rapidly. We think that this promoter will be safely
and widely used for the expression of exogenous protein genes in
T cells.

MATERIALS AND METHODS
Plasmids

Our laboratory produced the non-viral PB transposon control vector
(pNB338B-MCS), the non-viral PB transposon targeting the meso-
thelin CAR vector (pNB338B-MSLN CAR), and the control vector
encoding anti-PD-1 antibody (pS338B-aPD-1) (Shanghai Cell Ther-
apy Group, Shanghai, China). The promoter of pS338B-aPD-1,
which comprises the SV40 enhancer (DTS), EF-1a promoter, and a
TLTR sequence, was modified to generate a series of artificial
erapy: Methods & Clinical Development Vol. 19 December 2020 17
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Figure 4. pS-CIFT-aPD-1/CAR T Cells Have a Sensitive Response to Targeted Antigen-Expressing Cells and Reduced Antigen-Induced Differentiation

(A) A schematic of PB vector encoding the anti-PD-1 antibody, pS-CIFT-aPD-1. (B) Left: representative histogram of CAR expression on day 13. Right: fluorescence-

activated cell sorting (FACS) analysis of CAR expression on day 13 (n = 9, representative of nine donors). (C and D) IFN-g release (n = 2, two donors) (C) and anti-PD-1

antibody secretion (n = 3, three donors) (D) by ELISA on a daily basis in CAR T cells before and after stimulation. (E) Proportion of PD-1+ T cells as assessed by FACS. (F) FACS

analysis of phenotype of CD3+ T cells demonstrating different markers of T cell exhaustion, activation, and differentiation (n = 5, five donors). *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001. All data are expressed as the mean ± SEM.
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chimeric promoters containing different combinations of cis-regula-
tory elements, namely a core human cytokine gene promoter (core
IFN-g promoter or core IL-2 promoter), an efficient upstream
enhancer (CMV, DTS, or IL-3 enhancer), and downstream introns
(TLTR sequence or IFN-g introns). pS338B-EGFP (or -Fluc) was
generated by inserting the EGFP or Fluc into the pS338B-aPD-1 vec-
18 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
tor backbone. The vector pS-uIFp-EGFP was obtained from the
pS338B-EGFP by replacing the promoter with a core IFN-g pro-
moter. The vector pS-uIFPT-EGFP has an additional TLTR sequence
downstream of the core IFN-g promoter in the pS-uIFp-EGFP. The
vector pS-IFPT-EGFP (or -Fluc), whose promoter is called IFPT
(comprising DTS, the core IFN-g promoter, and a TLTR sequence),
ber 2020



Figure 5. CAR T Cells Secreting Anti-PD-1 Antibody Have Enhanced Antitumor Function

(A) Representative histogram of PD-L1 expression of SKOV3. (B) Proportion of T cells (CD3+) and tumor cells (PDL1+) as assessed by FACS. T cells were co-cultured with

tumor cells at a ratio of 1 to 2 for 24 hours. (C) analysis of 24-h cytotoxic assay demonstrating the antitumor effect of CAR T cells co-culturedwith tumor cells at a ratio of 1 to 2.

Data shown are representative of three independent experiments. (D and E) ELISA detecting expression of (D) secreted anti-PD-1 antibody and (E) released IFN-g in the

supernatant by control T, pS338B-aPD-1/CAR T, or pS-CIFT-aPD-1/CAR T cells after co-culture with tumor cells for 24 h. Data shown are representative of three inde-

pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All data are expressed as the mean ± SEM.
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was obtained from pS338B-EGFP (or -Fluc) by replacing the EF-1a
promoter with the core IFN-g promoter. The vector pS-CIFT-
EGFP (or -Fluc), whose promoter is called CIFT (comprising the
CMV enhancer, the core of the IFN-g promoter, and a TLTR
sequence) was generated by substituting the CMV enhancer for
DTS into the pS-IFPT-EGFP vector backbone. The vector pS-LIFP-
EGFP (or -Fluc), whose promoter is called LIFP (comprising DTS,
a core IFN-g promoter, and a TLTR sequence), was modified from
pS-IFPT-EGFP with an IL-3 enhancer. The vector pS-uIFen-EGFP
was modified from pS-uIFp-EGFP by inserting downstream an
IFN-g intron. The vector pS-IFen-EGFP was generated by substitut-
ing the IFN-g introns for the TLTR sequence into the pS-IFPT-EGFP
vector backbone. The vector pS-CIFen-EGFP was modified from pS-
CIFT-EGFP with IFN-g introns. The same approaches were used to
construct the vectors having the core IL-2 promoter instead of the
core IFN-g promoter. The vector pS-CIFT-aPD-1 was originated
Molecular Th
from pS-CIFT-EGFP by replacing the EGFP sequence with the
anti-PD-1 scFv sequence.

Cell Lines

The Hep G2 (ATCC, USA) hepatocellular carcinoma cell line was
cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
containing 10% (v/v) fetal bovine serum (FBS, GIBCO, USA). The
HEK293T human kidney epithelial cell line and SKOV3 (SKOV3
and SKOV3-PD-L1) ovarian carcinoma cell line was cultured in Dul-
becco’s modified Eagle’s medium (DMEM, GIBCO, USA) containing
10% FBS. The Chinese hamster ovary (CHO) cell line was cultured in
44% DMEM and 44% RPMI 1640 containing 10% FBS, 1% L-gluta-
mine, and 1% hypoxanthine-thymidine. All cell lines were main-
tained at 37�C in a humidified incubator containing 5% CO2. All tu-
mor cells were detected by the PCR short tandem repeat (STR)
method and screened for the presence of mycoplasma monthly.
erapy: Methods & Clinical Development Vol. 19 December 2020 19
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Figure 6. pS-CIFT-aPD-1/CAR T Cells Outperform Conventional CAR T Cells in Mice

(A) Schematic diagram of the experimental setup to detect anti-PD-1 antibody secretion in vivo; SKOV3-PD-L1-bearingmiceweremonitored until being subsequently treated

with control T cells, CAR T cells, pS338B-aPD-1/CAR T cells, or pS-CIFT-aPD-1/CAR T cells. (B) Representative tumor volume 8 days after tumor cell infusion. (C) Kaplan-

Meier analysis of survival of mice (using the Gehan-Breslow-Wilcoxon test). (D) T cells in vivo were analyzed by FACS 30 days after infusion. (E) In vivo, ELISA analysis of the

secretion of anti-PD-1 antibody was detected by harvesting serum from tumor-bearing mice on a biweekly basis. A t test was conducted to compare pS338B-aPD-1/CAR T

and pS-CIFT-aPD-1/CAR T cells. (F) T cells produce multiple cytokines in response to SKOV3-PD-L1 tumor cells in vivo (n = 5, five mice per group). *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. All data are means ± SEM.
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T Cell Isolation, Electroporation, and Ex Vivo CAR T Cell

Expansion

Human PBMCs were obtained from healthy donor whole blood by
Ficoll-Paque density gradient centrifugation. PBMCs were purchased
from AllCells (USA) using a protocol approved by the Ethics Com-
mittee of the Chinese Peoples’ Liberation Army General Hospital
(S2019-063-01). In total, 5 � 106 PBMCs were collected and resus-
20 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
pended in a P3 Primary Cell 4D-Nucleofector (Lonza, Switzerland)
buffer, together with the PB transposase (i.e., pNB338B-MSLN
CAR) and recombinant transposon plasmids (i.e., pS338B-EGFP or
pS338B-aPD-1) using Lonza 4D-Nucleofector (Lonza) according to
the manufacturer’s instructions. After electroporation, T cells were
expanded and activated with coated human recombinant mesothelin
antigen/human anti-CD28 monoclonal antibodies (mAbs) for
ber 2020
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4–5 days in Aim-V (Gibco, USA) media supplemented with 2% (v/v)
FBS (Gibco, USA) and 500 IU/mL IL-2, and subsequently expanded
by feeding them fresh Aim-V media supplemented with 2% FBS and
100 IU/mL IL-2.

Dual-Luciferase Reporter Assay

T cells were resuspended in the buffer and co-transfected with the
firefly luciferase reporter gene (i.e., pS-AD-F-FLuc) and Renilla lucif-
erase reporter gene (pS-AD-F-RLuc) using the human T cell Nucleo-
fector kit (Lonza, Switzerland). At 24 h after electroporation, the cells
were collected for luciferase activity measurements using the Dual-
Luciferase reporter assay system (Promega, USA) following the man-
ufacturer’s protocol. The firefly luciferase activity was normalized to
Renilla luciferase activity and expressed as a relative luciferase unit.
Finally, the ratio of firefly luciferase activity/Renilla luciferase activity
was the indicator of promoter activity. Data were collected using an
EnVision multilabel reader (PerkinElmer, Seer Green, UK).

Human IFN-g ELISPOT

IFN-g release wasmeasured with a human IFN-g ELISPOT kit (Mab-
tech, Sweden). Plates were washed with phosphate-buffered saline
(PBS) and blocked in medium containing 10% FBS. CHO,
HEK293T, SKOV3, Hep G2, and activated T cells were seeded at a
density of 1 � 105 cells per well and then incubated at 37�C in a hu-
midified incubator containing 5% CO2 for 12–24 h. Plates were rinsed
with PBS and 7-B6-ALP (Mabtech) was added as recommended. Af-
ter 2 h of incubation, plates were rinsed with PBS and BCIP (5-
bromo-4-chloro-3-indolyl phosphate)/NBT (nitroblue tetrazolium)-
plus (Mabtech) was added as recommended. Plates were rinsed
with PBS and spots were imaged and enumerated using the AID
vSpot Reader Spectrum (AID, Munich, Germany). Experiments
were conducted according to the manufacturers’ instructions.

Immunofluorescence Staining

CHO, HEK293T, SKOV3, Hep G2, and T cells were seeded at the rec-
ommended density of cells per well and grown in six-well plates for 24
h, and then co-transfected with the EGFP reporter gene (i.e., pS338B-
EGFP) and mCherry reporter gene using ViaFect transfection reagent
(Promega) as per the manufacturer’s protocol. At 24–48 h after trans-
fection, the cells were fixed in 4% paraformaldehyde and then incu-
bated with 40,6-diamidino-2-phenylindole (50 mg/mL; Sigma, USA)
for 3 min to stain the nuclei in live cells. Finally, all samples were visu-
alized and imaged using a fluorescence microscope (Olympus IX73;
Olympus, Japan).

Flow Cytometry Assay

Tumor cells expressing PD-L1 were stained with fluorochrome-con-
jugated antibodies against PD-L1 (BD Biosciences, USA) markers.
CAR T cell lines were stained with fluorochrome-conjugated anti-
bodies against the following markers: CD3, CD8, PD-1, TIM-3,
LAG-3, CD25, CD69, CD45RO, CD62L, and CCR7 (BD Biosciences,
USA). For assessment of the active promoter, CAR T cells transfected
with the EGFP receptor gene were directly measured using flow cy-
tometry. CAR expression was detected using an indirect method
Molecular Th
with biotinylated MSLN protein and streptavidin-coupled phycoery-
thrin (PE) antibody (BD Biosciences, USA). For the PD-1-blocking
assay, CAR T cells were respectively stained with fluorochrome-con-
jugated antibodies against CD3, CD8, PD-1, TIM-3, LAG-3, CD25,
CD69, CD45RO, CD62L, and CCR7 (BioLegend, USA). For assess-
ment of CAR T cell cytotoxic activity, 2 � 105 CAR T cells (CD19
CAR T, pS338B-aPD-1/CAR T, or pS-CIFT-aPD-1/CAR T) and
2 � 105 tumor cells (SKOV3-PD-L1-EGFP or SKOV3-EGFP) were
incubated for 24 h. The cell mixture was stained with anti-CD3 and
anti-PD-L1 and was measured using flow cytometry. All samples
were acquired on the Navios flow cytometer (Beckman Coulter,
USA) and analyzed with FlowJo software vX.0.7, Kaluza v2.0 soft-
ware, and GraphPad Prism 8 (GraphPad, USA).

Cytokine Release Assay

Culture supernatants (after T cells were co-cultured with tumor cells
or specific antigen for 24 h) were collected to measure the release of
IFN-g, using specific ELISAs (R&D Systems, USA). Sera (obtained
from mice) were collected to measure the release of IL-2, IL-4, IL-6,
IL-10, IFN-g, and TNF-a using the BD cytokine cytometric bead
array (CBA) human Th1/Th2 cytokine kit II (BD Biosciences,
USA) following the manufacturer’s protocol. Data were collected us-
ing the Navios flow cytometer (Beckman Coulter, USA) and analyzed
using the FCAP Array v3 software Analyze software. The conditioned
media or sera were stored at �80�C in 1.5-mL tubes until use.

ELISA

Culture supernatants (from the CAR T cell co-cultures with tumor
cells or specific antigen) and sera frommice were obtained to measure
the amount of human anti-PD-1 antibody and IFN-g using the cor-
responding anti-PD-1 antibody and IFN-g ELISA kits (R&D Systems,
USA) according to the manufacturer’s instructions. The conditioned
media or sera were stored at�80�C in 1.5-mL tubes until subsequent
use.

Cytotoxicity Assay

Cytotoxic responses to in vitro assays were detected by the CELLigence
real-time cell analyzer System (ACEA Biosciences, USA) and flow cy-
tometry. In the RTCA assay, tumor cells were seeded at a density of
1 � 104 cells per well and grown for 24 h. Next, the CAR and control
T cells were added to the RTCA unit at different E:T ratios. The imped-
ance signals were recorded using the instrument for 50 h with 5-min in-
tervals. The supernatantswere also collected for cytokine and anti-PD-1
antibodymeasurements. In theflowcytometry assay, tumor cells (trans-
fectedwith EGFP reporter gene) were seeded at a density of 2� 105 cells
perwell and grownonday 1.Onday 2, theCARand control T cells were
added to the well at an E:T ratio of 1:1 for 24 h. On day 3, T cells and
tumor cells were quantified by flow cytometry based on CD3 and PD-
L1 expression, using the Navios flow cytometer (Beckman Coulter,
USA) and analyzed using Kaluza Analysis (2.0) software or FlowJo X.

Animal Experiments

All mouse experiments were performed following the Guide for the
Care and Use of Laboratory Animals approved by Zhejiang Sci-Tech
erapy: Methods & Clinical Development Vol. 19 December 2020 21
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University (Hangzhou, China). Female NSG mice aged 6–8 weeks
were purchased from Shanghai Runnuo Biological Technology
(Shanghai, China). The NSG mice were inoculated subcutaneously
with 1.0 � 107 SKOV3-PD-L1 tumor cells labeled with FLuc. Tumor
engraftment was measured as tumor volume (V) using the formula
V = 1/2(length � width2), measured as bioluminescence signal inten-
sity, and expressed as total flux (photons/s) using the in vivo imaging
system (IVIS) (PerkinElmer, USA). At 7 days after tumor engraft-
ment (the tumor volume reached 100 mm3), mice were divided
into four groups and inoculated with 5 � 106 control (Ctrl) T cells,
CAR T cells, pS338B-aPD-1/CAR T cells, or pS-CIFT-aPD-1/CAR
T cells. Mice were bled at specific intervals in 7–14 days to measure
cytokines and anti-PD-1 antibody in the plasma and the frequency
of CAR T cells. Mice were followed after CAR T cell treatment and
euthanized when tumor growth caused discomfort as per the veteri-
narian’s recommendation.

Statistical Analysis

All statistical analyses were performed using GraphPad Prism soft-
ware version 8.0 (GraphPad). To calculate p values and test for signif-
icant differences as specified in the figure legends, a two-tailed Mann-
Whitney test or two-tailed Wilcoxon matched-pairs signed-rank test
was utilized. The log-rank (Mantel-Cox) test was used for comparison
of the survival curve. A significant difference between groups was
indicated by p %0.05.
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