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ABSTRACT

Chimeric antigen receptor T (CAR-T) cell therapy has been applied successfully in treating hematologic
malignancies; however, it shows very limited efficacy in treating solid tumors. Adenosine is one of the key
immunosuppressive metabolites in tumor microenvironment (TME) of solid tumors. Although the effect of
adenosine has been well studied using mouse CAR-T cells, its effect on human CAR-T cells has not been
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fully elucidated. In particular, there was no evaluation of the CAR-T cells with blocked adenosine signaling CAR-T cell; solid tumor;
in tumor xenograft animal model, which is essential for determining the feasibility of future clinical trials. A2AR: CRISPR

In this study, we found the expression of A2a receptor (A2AR) and A2b receptor (A2BR) both upregulated
in human-derived CAR-T cells, and only A2AR was responsible for adenosine-induced impairment of CAR-
T cell function. Disrupting A2AR gene in human CAR-T cells with CRISPR-Cas9 increased the anti-tumor
function and prevented the exhaustion of CAR-T cells in vitro. Furthermore, CRL5826-CDX model and two
patient-derived xenograft solid tumor models were applied to evaluate the efficacy of A2AR knock-out
CAR-T cells, which showed superior capability of inhibiting tumor growth. Taken together, these results
demonstrate that A2AR knock-out CAR-T cells have the potential of being an improved CAR-T cell therapy
in treating solid tumors.

CTL."'® In addition, inhibiting adenosine signaling with
A2AR small molecular inhibitors'’'® or A2AR-targeted
shRNA'>?" has all been shown to facilitate the antitumor
function of T cells.

In this study, we characterized the suppressive effects of
adenosine on human CAR-T cells, and confirmed that CAR-
T cells mainly respond to high adenosine in TME through
A2AR. We eliminated the negative effects of adenosine on
CAR-T cells by knocking out A2AR gene using CRISPR-Cas9
and enhanced the anti-tumor efficacy of CAR-T cells both
in vitro and in CDX model and patient tumor-derived xeno-
graft (PDX) models. Our data demonstrate that blocking ade-
nosine signaling by gene editing is a promising strategy to
improve the efficacy of CAR-T cells in treating solid tumors.

Introduction

Chimeric antigen receptors T (CAR-T) cell therapy is
a promising treatment for cancer.'™ The CAR is a synthetic
transmembrane protein that couples a single-chain variable
fragment (scFv) ecto domain to intracellular T-cell signaling
domains, thereby redirecting T lymphocytes to cells expressing
this antigen. While CAR-T cells showed great efficacy in treat-
ing hematological malignancies, *° there were very few clinical
studies reporting the success in treating solid tumors.”” The
immunosuppressive nature of tumor microenvironment
(TME) is considered to be one of the key factors limiting
CAR-T cell efficacy in solid tumor treatment.'*™2

Within TME, the immunosuppressive metabolite adenosine
is produced by tumor and Treg cells at a relatively high level.
Adenosine is the product of a stepwise hydrolysis of adenosine
triphosphate through the extracellular nucleotide hydrolases
CD39 and CD73, the expression of which is often negatively

Results

Adenosine suppressed the cytolysis ability and cytokine

correlated with the prognosis of patients.'> Adenosine binds to
adenosine receptors, transmembrane G protein-coupled recep-
tors including A1, A2A, A2B, and A3, '* to exert immunosup-
pressive effects. T cells, including CTL, mainly express A2AR
and A2BR. After binding to the receptors, adenosine reduces
the expression of key proteins such as interferon-y (IFN-y) and
granzyme by inhibiting the Ras-MAPK kinase-AP1 signaling
pathway, thus inhibiting the tumor cell killing ability of

production of CAR-T cells

To generate CAR-T cells recognizing mesothelin antigens, we
constructed a CAR composed of a fully human scFv (P4)
recognizing mesothelin along with CD28 and CD3{ signaling
domain (P4 CAR).*"** To confirm the specificity of P4 CAR-T
cells, we examined the ability of P4 CAR-T cells to lyse
CRL5826 (human lung cancer expressing mesothelin) [Fig.
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S1A] and SKBR3 (human breast cancer without mesothelin
expression) cells [Fig. S1B]. We found P4 CAR-T cells recog-
nized and killed mesothelin+ tumor cells [Fig. SIC-D]. P4
CAR-T cells were cocultured with CRL5826 in the presence
or absence of various doses of 2-chloroadenosine (CADO),
a stable adenosine analog, under two different effector to target
(E:T) ratios. Tumor cell killing by P4 CAR-T cells was inhibited
in the presence of CADO in a dose-dependent manner [Figure
1(a)], and the cytokine IFN-y and interleukin-2 (IL-2) secre-
tion of P4 CAR-T cells were reduced in the presence of CADO
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as well [Figure 1(b)]. These results confirmed that CADO
could inhibit the tumor cell killing capacity and the cytokine
release of CAR-T cells.

A2AR is the main receptor responsible for the
adenosine-induced CAR-T cell function inhibition

Among the four adenosine receptors, A2A adenosine receptor
(A2AR) and A2B adenosine receptor (A2BR) are predomi-
nantly expressed in T cells. To evaluate their function, we
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Figure 1. Adenosine limits the cytolysis ability and cytokine production of CAR-T cells. (a) Specific lysis of P4 cells after incubation with CRL5826 at 1:1 E:T ratio and 0.5:1
E:T ratio with 3 d in the presence of 0, 0.1, 1, 5, and 10 pM CADO. (b) Cytokine IFN-y and IL-2 production by P4 cells cocultured 3 d with CRL5826 at 0.5:1 E/T ratio in the
presence of 0 and 5 yM CADO. **P < .01; ***P < .001; ****P < .0001 were determined by one-way ANOVA test in (a) and unpaired Student’s t-test in (b). Data were
represented as mean = s.d. of three technical replications per assay. The assays were repeated three times.
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Figure 2. Adenosine-A2AR signaling pathway accounts for the CAR-T cells inhibition. (a) Expression changes of A2AR and A2BR genes in P4 cells under normal culture
condition or after cocultured with CRL5826 at 2:1 E:T ratio with 1 d. (b) Schematic diagram of A2AR and A2BR sgRNA in genome. The red indicates the sgRNA targeting
sites on the sense strand, and the green color represents antisense strand. (c) Amount of A2AR and A2BR gene disruption measured by TIDE assay on DNA amplified from
AKO, BKO, and P4 cells. F and R represent two different direction of Sanger sequencing used for TIDE. (d) Specific lysis of AKO, BKO, and P4 cells after incubation with
CRL5826 at 0.5:1 E:T ratio 3 d in the presence of 0 and 5 pM CADO. Comparisons were made between the three groups. ***P < .001; ****P < .0001 were determined by
two-way ANOVA test. Data were represented as mean = s.d. of three technical replications per assay. The assays were repeated two times in (a) and three times in (d).



quantified the A2AR and A2BR expression of P4 CAR-T cells
cultured alone or cocultured with CRL5826 cells. Upon
encountering tumor antigen, the expression of both A2AR
and A2BR was upregulated in P4 CAR-T cells [Figure 2(a)].
To test which receptor is responsible for the adenosine-
induced impairment of CAR-T function, we generated A2AR
knock-out (AKO) and A2BR knock-out (BKO) P4 CAR-T cells
using CRISPR-Cas9, with knock-out efficiencies about 75-90%
[Figures 2(b-c) and S2A]. The top five off-target sites for each
sgRNA were predicted using CRISPOR, ** and we did not
detect mutation at any of these loci using TIDE analysis**
(Table S1). The basic characteristics of AKO, BKO, and P4
CAR-T cells were similar with regard to their proliferation
ability, ratio of CD4/CD8, and the transduction efficiency of
CAR [Figure S2B-D]. AKO, BKO, and P4 CAR-T cells had
similar cytolysis ability after being cocultured with CRL5826 in
the absence of CADO [Figure 2(d)]. In the presence of CADO,
the cytolysis of P4 and BKO cells was significantly reduced,
while AKO cells had notably higher tumor cell killing capabil-
ity [Figure 2(d)]. These data indicated that the engagement of
A2a receptor by adenosine resulted in the impairment of the
anti-tumor function of CAR-T cells.

A2AR knock-out enhanced the anti-tumor function of
CAR-T cells in vitro

To further characterize the adenosine-A2AR mediated inhibition
of CAR-T cell function, we used both CADO and CGS21680
(short for CGS, a specific agonist of A2AR), to model adenosine
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immunosuppressive microenvironment. AKO and P4 CAR-T
cells were cocultured with CRL5826 in the presence or absence
of various doses of CADO and CGS. Consistent with the results of
using CADO [Figures 1(a) and 3(a)], tumor cell killing by P4
CAR-T cells was inhibited induced by CGS in a dose-dependent
manner [Fig. S3A]. Compared to wild-type P4, A2AR knock-out
completely rescued the negative effect of CADO and CGS on the
tumor lysis capability [Figures 3(a) and S3A]. Meanwhile, the
cytokine IFN-y and IL-2 secretion of AKO cells were improved
compared to P4 CAR-T cells in the presence of CADO and CGS
[Figures 3(b) and S3B]. Consistently, cytolysis-related gene
expression of IFNG and GZMB was markedly decreased in P4
CAR-T cells after CADO and CGS treatment (Figures 3(c) and
S3C), while the expression of both genes was increased in A2AR
knock-out cells [Figures 3(c) and S3C]. These results showed that
A2AR knock-out rescued the adenosine-mediated inhibition of
CAR-T anti-tumor function.

Given that A2AR knock-out significantly increased the effi-
cacy of CAR-T cells, we used SKBR3 to assess the safety of A2AR
knock-out P4 CAR-T cells. Similar to P4 CAR-T cells, AKO cells
did not kill SKBR3 cells either in the presence or absence of
CADO, suggesting the lack of nonspecific toxicity [Fig. S3D].

A2AR knock-out P4 CAR-T cells retain anti-tumor
function upon repetitive tumor challenges in the
presence of adenosine

Upon infiltrating solid tumors, T cells are likely activated
repetitively by tumor cells. This may lead to T-cell exhaustion,
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Figure 3. A2AR knock-out enhanced the anti-tumor function of CAR-T cells in vitro. (a) Specific lysis of AKO and P4 cells after incubation with CRL5826 at 1:1 E:T ratio and
0.5:1 E:T ratio with 3 d in the presence of 0, 0.2, 1, 5, and 10 uM CADO. (b) Cytokine IFN-y and IL-2 production by AKO and P4 cells cocultured 3 d with CRL5826 at 0.5:1 E/
T ratio in the presence of 0 and 5 uM CADO. (c) Expression changes of IFNG and GZMB in AKO and P4 cells after incubation with CRL5826 at 0.5:1 E:T ratio with 3 d in the
presence of 0 and 5 uM CADO confirmed by qPCR. *P < .05; ***P < .001; ****P < .0001 were determined by two-way ANOVA test. Data were represented as mean + s.d.
of three technical replications per assay. The assays were repeated three times in (a) and two times in (b—c).
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which is manifested by impairment of T-cell proliferation and
effector function, and the increased immune checkpoint genes
expression.”>*® To better model T-cell exhaustion, we used an
in vitro tumor re-challenge assay, in which CAR-T cells were
harvested and recursively transferred to culture dishes seeded
with tumor cells every 48 h, maintaining a constant 2:1 E:T
ratio with or without the addition of CADO and CGS [Figure 4
(a)]. Under multiple rounds of antigen challenges, the prolif-
eration of CAR-T cells was inhibited in all conditions, while the
addition of CADO and CGS worsened this inhibition, particu-
larly at round 2 [Figures 4(b) and S4A]. Knocking out A2AR
made CAR-T cells resistant to the inhibition of CADO and
CGS [Figures 4(b) and S4A].

The tumor lysis ability of CAR-T cells was decreased after
three rounds of challenges in the presence of CADO and CGS,
while AKO cells maintained their activity [Figures 4(c) and
S$4B]. In addition, CADO and CGS upregulated the expression
of immune checkpoint genes PDCDI1, TIM3, and LAG3 in
CAR-T cells after three rounds of challenges, while knock-out
of A2AR reduced this effect [Figures 4(d) and S4C]. These
results indicated that knocking out A2AR made CAR-T cells
less prone to T cell exhaustion.

A2AR knock-out CAR-T cells showed superior
tumor-eliminating capability in vivo

Next, we tested the anti-tumor efficacy of A2AR knock-out P4
CAR-T cells in CRL5826-CDX model. CD39 and CD73 were key
enzymes in adenosine production, with CD73 being the com-
mon factor of all major cellular adenosine-producing
systems.”””* We confirmed the expression of CD73 in
CRL5826 cells [Fig. S5A]. When the tumor volume reached
300-400 mm”, we infused 5 x 10° CAR-T cells twice with 1
week interval [Figure 5(a)]. Compared to the P4 and phosphate
buffered saline (PBS) groups, AKO injection limited the tumor
growth more efficiently [Fig. S5B]. The tumors were notably
smaller in AKO group than in P4 group at d 50, and the weight
of the tumors derived from AKO group was lower than P4 group
[Fig. S5C]. The engraftment and persistence of CD3+ T cells in
the P4 and AKO-treated CDX models had no significant differ-
ence [Fig. S5D].

ET21
CAR-T:CRL5826

nnnnnnnnnnnnnnnnnnnn

<
Cell number (10%)

o

5 CADO (M) > O
O
S
QD- o

To assess CAR-T cell efficacy in models more relevant to
primary tumor, we used two pancreatic-cancer-patient-derived
tumor xenograft (PDX) models, which closely retain the struc-
tural, morphological, and molecular features of the primary
tumor. In PDX sample #1, mesothelin and CD73 were highly
and uniformly expressed [Figure 5(b)].

Compared to the fast increase of tumor size in PBS group,
P4 CAR-T cell injection slowed down the tumor growth.
However, at d 63 after injection, the tumor still grew to about
three times of the original volume on average. In contrast, 21 d
after the first injection, AKO injection reduced the tumor to
less than 30% of initial volume, maintaining a relatively low
tumor burden afterward [Figure 5(c)]. Notably, smaller tumors
were observed in AKO group than in P4 group at d 70 when
tumors were resected, and the weight of the tumors derived
from AKO group was lower than P4 group [Figure 5(d)]. The
percentages of P4 and AKO CAR-T cells in peripheral blood
were similar, while the ratio of CD8 versus CD4 was notably
higher in AKO compared to P4 cells [Figure 5(e)].

Considering that tumor antigens were not uniformly
expressed in many tumors, we evaluated the performance of
CAR-T cells in PDX model #2, in which the expression of
mesothelin was more heterogenous [Figure 5(b)]. The same
results were obtained with AKO cells showing apparent anti-
tumor advantages by controlling the tumor growth compared
to P4 group [Figure 5(f)]. There was no difference in the
proportion of CD3+ T cells between the P4 and AKO groups
in PDX model #2 [Fig. S5E]. In summary, these findings
indicated that A2AR knock-out CAR-T cells could produce
more potent antitumor activity in vivo.

Discussion

CAR-T cell therapy has produced great clinical results in treat-
ing hematopoietic malignancy, *>~® while it has limited efficacy
against solid tumors. Immunosuppressive TME of solid tumors
is one of the main causes. Attempts to overcome this limita-
tion, including expressing heparinase to degrade the extracel-
lular matrix (ECM), *° knocking out transforming growth
factor-B (TGEP) receptors,”” or expressing dominant-negative
TGFB receptors® to resist TGFP-rich environment, using
CAR-Target fibroblast activation protein (FAP) antigen to
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Figure 4. A2AR knock-out released CAR-T cells from exhaustion induced by adenosine. (a) Scheme of repetitive tumor challenge assay. (b) Proliferation of AKO and P4 cells
after repetitive tumor challenge in the presence of CADO. (c) Specific lysis by AKO and P4 cells after three rounds of CRL5826 challenge in the presence of CADO. (d) Immune
checkpoint gene expression of AKO and P4 cells after three rounds of CRL5826 stimulation in the presence of CADO. *P < .05; **P < .01; ****P < .0001 were determined by
two-way ANOVA test. Data were represented as mean + s.d. of three technical replications per assay. The assays were repeated three times in (b—c) and two times in (d).
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deplete fibroblast cells,”’ or engineering CAR-T cells lacking

immune checkpoint genes, *>~>> have shown promise in animal
models.

As a soluble metabolite, adenosine plays an important role
in establishing the immunosuppressive TME, which is condu-
cive to the development of tumors.*® The hypoxia in the tumor
tissue facilitates adenosine accumulation in TME. On one
hand, hypoxic environment increases the expression of CD39
and CD73, key genes in adenosine production pathway.””*®
On the other hand, hypoxia can reduce the expression of
adenosine kinase and inhibit the degradation of adenosine.’**”

We found adenosine receptors A2A and A2B were upregu-
lated in CAR-T cells stimulated by mesothelin positive cells,
which was consistent with previous studies.">'® By knocking
out each receptor using CRISPR-Cas9, we found that adeno-
sine exerted immunosuppressive effects mainly through A2AR

in human CAR-T cells, with A2BR being less important
(Figure 2). This finding is consistent with previous literature
showing that A2AR has an important effect in regulating T cell
immunity, '>'>** while A2BR might be associated with den-
dritic cells maturation and then influence T cell immunity.*®
Previous studies demonstrated that genetic deletion of A2ar in
mice or treatment with A2AR antagonist improved the efficacy of
adoptive cell transfer therapy.'®'® Mouse-derived CAR-T cells
with either genetic, pharmacological, or shRNA targeting of
A2AR were proved to improve CAR-T cell efficiency.”
However, the in vitro and in vivo function of A2AR in human-
derived CAR-T cells have not been studied in great detail. To
provide key information for evaluating the feasibility of clinical
studies, we evaluated the effects of adenosine-A2AR pathway on
human CAR-T cells, and showed that the presence of adenosine
analogs during coculture of human CAR-T cells with tumor cells



6 (& N.LETAL

resulted in a decreased tumor cell killing, reduced expression of
IENG, GZMB, and reduced release of cytokines IFN-y and IL-2,
which was similar to the findings in mouse CAR-T cells. Different
from the knockdown gene expression by shRNA, we utilized
gene-editing tool to obtain A2AR knock-out human-derived
CAR-T cells. Complete blocking of adenosine effects by knocking
out A2AR using CRISPR-Cas9 improved the antitumor activity of
CAR-T cells in vitro. Furthermore, A2AR knock-out CAR-T cells
showed better resistance to exhaustion upon repetitive antigen
challenges. Importantly, our data showed that A2AR knock-out
human CAR-T cells had an improved efficacy in treating human
primary xenograft in PDX models. These encouraging preclinical
data showed the potential to move this gene editing improved
CAR-T cells into future clinical studies.

The TME of solid tumor is complex; the heterogeneity of
antigen and the pathological structure of tumor may affect the
therapeutic effect of CAR-T cells. In order to better evaluate the
function of A2AR knock-out CAR-T cells, we established two
PDX models using different pancreatic cancer specimens. The
antigen expression is strong and uniform in one sample, while
weaker and heterogenous in the other. But regardless of this
difference, A2AR knock-out CAR-T cells effectively inhibited
tumor growth and maintained a low tumor load. Although
having better efficacy than P4 cells, AKO CAR-T cells were not
able to completely clear the tumors. In comparison, our previous
study showed that TGFPRII -knock-out CAR-T cells can com-
pletely clear the tumor in these two PDX models.**This sug-
gested that multiple immunosuppressive mechanisms coexist
within the TME, some of which may play more dominant roles.

In our study, during multi-round antigen challenge assay, in
the presence of CADO and CGS, CAR-T cells had an increased
PD1 expression, with reduced tumor killing and proliferation,
residing at a hypofunctional state similar to the state of T cell
exhaustion. The PD1 expression of CAR-T cells remained at
a lower level after knocking out A2AR, suggesting that adeno-
sine-A2AR and PD1 pathway may interact together. And, pre-
vious study also demonstrated that the antitumor effect was
significantly enhanced when anti-PD1 and A2AR inhibitors
were used together in mouse model.”” Therefore, blocking
adenosine signaling could be combined with other interven-
tions to achieve more potent therapeutic effects.

Blocking the adenosine-A2AR signaling using gene editing
renders CAR-T cells resistant to adenosine-rich TME, while
avoids systemic toxicity caused by the administration of small
molecule A2AR inhibitors. The inhibition of specifically com-
bined pathways in CAR-T cells will likely lead to better efficacy
in treating a particular type of TME. As multiplex gene editing
using CRISPR-Cas9 has been well established,’** blocking multi-
ple inhibitory pathways in CAR-T cells by knocking out several
genes simultaneously is a promising strategy for further develop-
ment. The combination of CAR-T and CRISPR-Cas9 will provide
a more targeted, personalized and potent tumor immunotherapy.

Materials and methods
Primary human T cell isolation and CAR-T cell production

Fresh umbilical cord blood units were obtained from Beijing
Cord Blood Bank (Beijing, China) from healthy volunteer

donors with informed consent. Mononuclear cells were iso-
lated by human mononuclear cells separation medium 1.007
(Beijing Dong Fang Hua Hui Biomedical Technology Co.,
Ltd., Beijing, China) gradient separation. T cells were iso-
lated using the EasySep human T cell enrichment kit
(Stemcell Technologies, Vancouver, Canada). T cells were
activated with anti-CD3/CD28 Dynabeads (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) at a bead to cell
ratio of 1:1 and cultured in X-VIVO15 medium (Lonza,
Basel, Switzerland) supplemented with 5% (v/v) heat-
inactivated fetal bovine serum (GIBCO) and 300 IU/mL
human recombinant IL-2 (Sino Biological Inc., Beijing,
China). After 24 h activation, T cells were transduced with
lentiviral supernatants, harboring anti-mesothelin CAR. The
transfection efficiency was determined 2 d later by flow
cytometric analysis. Cell culture medium was replaced by
fresh complete medium every 2 d.

Generation of A2AR and A2BR knock-out CAR-T cells

sgRNAs were designed by CRISPOR (http://crispor.tefor.net/).
Nucleotide sequence including targeting sequences and T7
promoter were synthesized as forward primer. pX330 plasmid
(Addgene #4223, Watertown, Massachusetts, USA) was used as
template. The PCR product was used as the template to con-
duct RNA in vitro transcription using MEGAshortscript T7 kit
(Thermo Fisher Scientific). sgRNAs were purified with
MEGACclear columns (Thermo Fisher Scientific) and then
eluted in RNase-free water. Two days after transfection, after
beads were removed by magnetic separation, 1 x 10® CAR-T
cells were electroporated with RNP containing Cas9 protein
and sgRNA using P3 Primary Cell 4D-Nucleofector X Kit
(Lonza), program EO-115, and Nucleofector System
N (Lonza). After electroporation, cells were resuspended in
pre-warmed complete medium and maintained at 37°C in
a humidified atmosphere containing 5% CO,.

Analysis of gene editing efficiency

The indel frequencies of A2AR and A2BR were measured by
TIDE (tracking of indels by decomposition) analysis and clonal
sequence analysis. The genomic DNA was extracted from edited
cells. PCR products were ligated to pEASY vector (TransGen
Biotech, Beijing, China), and then transformed in Escherichia
coli. Single clone was picked and sequenced to detect mutants.
The primers used for the amplification of target loci were listed
in Table 2. The levels of genomic disruption of A2AR and A2BR
were also confirmed by Sanger sequencing and sequencing
results were analyzed by TIDE method (https://tide.deskgen.
com/).**

The top five off-target sites for each sgRNA were predicted
by CRISPOR (http://crispor.tefor.net/).”> The off-target effi-
ciencies were analyzed by TIDE. Primers used for off-target
measurement were listed in Table S2.

Luciferase-based cytolysis assay

The cytotoxicity of the CAR-T cell was assessed by the lucifer-
ase-based cytotoxicity assay as described previously.** Briefly,


http://crispor.tefor.net/
https://tide.deskgen.com/
https://tide.deskgen.com/
http://crispor.tefor.net/

CRL5826-luciferase cells were suspended at 1 x 10° cells/mL in
RPMI1640 medium and cocultured with CAR-T cells at indi-
cated effector to target ratios, then seeded in white lumin-
ometer plate followed by maintaining at 37°C in a humidified
atmosphere containing 5% CO,. A volume of 10 pL substrate
(Promega, Madison, Wisconsin, USA) was added at the indi-
cated incubation time, and then the luminescence was deter-
mined by PerkinElmer VICTOR X3 (Walsham, Massachusetts,
USA). The results were reported as the percentage of killing
based on the luciferase activity of remaining tumor cells (%
killing = 100—((RLU from well with effector and target cell
coculture)/(RLU from well with target cells) x 100)).

RT-PCR

Cells were harvested and the total RNA was extracted using the
RNAmini Kit (Qiagen, Hilden, Germany). cDNA was gener-
ated with cDNA Synthesis Supermix Kit (TransGen Biotech).
Quantitative RT-PCR (qPCR) was performed using Hieft®
qPCR SYBR Green Master Mix (Yeasen, Shanghai, China) by
LightCycler480 (Roche, Basel, Switzerland). GAPDH was used
as an internal control. The primers used in qPCR were listed in
Table S2.

Cytokine enzyme-linked immunosorbent assay (ELISA)

Effector cells (AKO and P4 CAR-T cells) were cocultured with
CRL5826 cells at a 1:1 ratio (2 x 10* cells each). After 3 d,
supernatants were harvested and cytokines (IFN-y and IL-2)
produced by effector cells were measured by ELISA Kits
(Biolegend, San Diego, California, USA).

Flow cytometry

Harvested cells were stained for 20 min in the dark at room
temperature, washed twice with PBS, and analyzed using
CytoFLEX (Beckman Coulter Inc., Breia, California, USA).
The antibodies were used for flow cytometric analysis where
indicated: LAG3-PE (BD Bioscience, 565616, Franklin lakes,
New Jersey, USA); CD3-Pacific blue (300329), CD4-APC
(317416), CD8-APC (301014), CD8-Brilliant Violet (301035),
PDI1-PE (329906), TIM3-APC (345012) were all from
Biolegend.

Repetitive tumor challenge assay

CAR-T cells were cocultured with CRL5826 cells at a 2:1 ratio,
in the presence or absence of CADO or CGS. Every 2 d, CAR-T
cells were counted and new tumor cells were added at
a constant effector to target ratio 2:1, until CAR-T cells could
not lyse tumor cells. The CAR-T cells were collected in the last
round and analyzed by FACS to detect the expression of
checkpoint genes.

Animal model and in vivo CAR-T cell function detection

Six-week-old female NOD-Prkdescid I12rgnull (NPG) mice
engrafted with CRL5826 cells or with pancreatic carcinoma
PDX (Vitalstar, Beijing, China) were randomly divided into
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three groups: PBS, AKO, and P4 (n = 5 mice per group), when
the tumors were between 300 and 400 mm® in volume. CAR-T
cells were administrated intratumorally twice with a 1-week
interval at 5 x 10° cells/mouse (CAR+ was 50%). Tumor sizes
were monitored weekly. Mice peripheral blood was collected,
and the proportion of CD4 positive and CD8 positive cells was
analyzed.

Study approval

All experiments involving animals were approved by Animal
Ethic Committee of Institute of Zoology, Chinese Academy of
Sciences.

Statistics

Statistical analyses were performed and graphed with Graph-
Pad Prism 7 (GraphPad Software Inc., La Jolla, California,
USA). Unpaired Student’s t-test and ANOVA with Tukey’s
multiple-comparisons test were applied. Data were represented
as mean * s.d.
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