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ABSTRACT

Activation of the stimulator of interferon gene (STING)-mediated innate immune response has been
suggested as a promising therapeutic strategy for cancers. However, the effects of STING agonist on
natural killer (NK) cell-mediated anti-tumor responses in pancreatic cancer remains unknown. Herein, we
evaluated the effects of a classical STING agonist cyclic GMP-AMP (cGAMP) on NK cells in pancreatic
cancer. We found that cGAMP could directly activate NK cells and enhance the sensitivity of pancreatic
cancer cells to NK cell cytotoxicity, suggesting that cGAMP may become a potential adjuvant for NK cell
therapy. In addition, combination of CAR-NK-92 cells targeting mesothelin and cGAMP displayed greater
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antitumor efficacy by inhibiting tumor growth and prolonging survival of the mouse model of pancreatic
cancer. These results suggest that the combination of a STING agonist and NK cells may become a novel

immunotherapy strategy for pancreatic cancer.

Introduction

Pancreatic cancer is characterized by a poor prognosis and the
highest mortality, since the majority of patients presented
advanced disease and developed metastases in the early
stage.! Current therapeutic strategies for pancreatic cancer
are still limited to traditional methods such as surgical resec-
tion, radiation therapy, and chemotherapy, and the 5-year
survival rate of patients with pancreatic cancer is less than
7%.>> Many clinical trials investigating new drugs or combina-
tions of approved drugs have not shown benefits. Therefore,
more effective therapeutic strategies for pancreatic cancer are
urgently needed.

The stimulator of interferon genes (STING) has been
suggested to play a critical role in the activation of the
innate immune system, sensing of tumor cells, and initiat-
ing the immune responses of the immune responses of
DC-CD8" T cells.*” The DNA receptor cGAS recognizes
exogeneous DNA viruses, bacteria, and DNA from
damaged tumor cells and catalyzes the synthesis of endo-
genous cyclic GMP-AMP (cGAMP).® As a second messen-
ger, cGAMP can bind to the STING protein anchoring on
the endoplasmic reticulum, which may subsequently
recruit and activate TANK-binding kinase 1 (TBK1), NF-
kB, and interferon regulatory factor 3 (IRF3), and further
induce the production of type I interferon (IFN) and
inflammatory cytokines.”® Owing to their important role
in the tumor sensing process, STING agonists have

emerged as promising immunotherapy agents to increase
immunogenicity and inhibit tumor growth.””'' STING
agonists have been shown to have significant therapeutic
effects on some tumors, such as B16 melanoma, 4T1 breast
cancer, and CT26 colon cancer.'>'> However, most of
these studies focused on the antitumor mechanisms
induced by STING agonists involved in DC-CD8" T cell-
dependent antitumor efficacy, little attention has been paid
to the effect of activation of the STING pathway on NK
cells. A growing body of evidence indicates that STING
may also participate in NK cell-mediated antitumor
responses.'®'> Furthermore, tumor-derived cGAMP may
trigger the STING-mediated interferon response in non-
tumor cells, further activating NK cells and mediating the
elimination of CD8" T cell resistant tumors."> However, it
remains unknown whether STING agonists have direct
effects on NK cells and are potentially used for tumor
immunotherapy.

In this study, we conducted a series of experiments to
examine whether STING agonist stimulation could directly
modulate NK cell function and investigate the antitumor effi-
cacy of STING agonist in combination with CAR-NK-92 cells
targeting mesothelin in a preclinical mouse model of pancrea-
tic cancer. We found that cGAMP could directly activate NK
cells and enhance the sensitivity of pancreatic cancer cells to
the cytotoxicity of NK cells. Furthermore, CAR-NK-92 cells
targeting mesothelin combined with cGAMP showed greater
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antitumor efficacy. Our data suggested that the combination of
STING agonist and NK cells may become a novel immunother-
apy strategy for pancreatic cancer.

Materials and methods
Cell culture

The NK-92 and pancreatic cancer cell lines AsPC-1 and
Capan-2 were obtained from the American Type Culture
Collection (ATCC). NK-92 cells were cultured in a-MEM
medium (GIBICO, USA) containing 0.1 mM f-
mercaptoethanol (Thermo Fisher, USA), 12.5% horse serum
(GIBICO, USA), 100 U/mL rhIL-2 (Changsheng, China),
12.5% fetal bovine serum (Changsheng, China), and 100 pg/
mL of penicillin/streptomycin. AsPC-1 and Capan-2 cells were
maintained in RPMI-1640 medium (GIBICO, USA) contain-
ing 10% fetal bovine serum and 100 pug/mL of penicillin/strep-
tomycin. All cell lines have been authenticated with short
tandem repeats (STR) analysis and maintained in incubators
at 37°C under 5% CO,.

Cell proliferation assay

For the cell proliferation assay, AsPC-1 and Capan-2 cells
(1 x 10* cells/well) were seeded in 96-well plates and treated
with various concentration of STING agonist 2’-3’-cGAMP
(Invitrogen, USA) followed by the addition of 20 uL/well
MTT solution (10 mg/mL, Sigma, USA), and incubated at
37°C for 4 h. After centrifugation (2000 g, 25 mins), the super-
natant (MTT solution) was removed. To solubilize the forma-
zan crystals, 200 uL dimethyl-sulfoxide (Sigma, USA) was
added to each well. Finally, absorbance was measured using a
multifunctional microplate reader (BioTeK, USA) at a wave-
length of 490 and 570 nm.

Apoptosis assay

The Annexin V /PI apoptosis kit was used to detect cell apop-
tosis of AsPC-1 and Capan-2 cells according to the manufac-
turer’s instructions (LiankeBio, China). In brief, 3 x 10> cells/
well were seeded in a 12-well plate and treated with various
concentrations of cGAMP or control for 24 h. The cells were
then washed with 1x PBS buffer twice and carefully collected.
The cells were resuspended in 500 pL binding buffer and
stained with 5 pL of Annexin V at room temperature for
15 mins. Subsequently, the cells were washed with 1x binding
buffer once and then stained with of 2.5 pL propidium iodide at
room temperature for 5 mins. Finally, the cells were analyzed
by flow cytometry (BD, USA) using FlowJo software
(TreeStart, Inc., USA).

Cytotoxicity assay

The LDH assay kit (Biyuntian, China) was used to detect
cytotoxicity of NK-92 cells. Briefly, 1 x 10* AsPC-1 or
Capan-2 cells/well were seeded in a 96-well plate. NK-92
cells were added in an effector-to-target ratio of 5:1, 2.5:1,
and 1.25:1, respectively, followed by the addition of 20 pL

(5 mg/mL) of the maximum release agent of LDH and
incubated at 37°C for 4 h. For the combination cytotoxicity
assay, AsPC-1 or Capan-2 cells were stimulated by cGAMP
for 20 h in a 96-well plate, and NK-92 cells or CAR-NK-92
cells (cGAMP-stimulated or not) were added and incubated
for 4 h. A control group of cGAMP-treated tumor cells
alone was added as a baseline group. The absorbance was
measured using a microplate reader (BioTeK, USA) at 490/
630 nm. Finally, the percentage of cytotoxicity was calcu-
lated using the following formula:
Cytotoxicity = (experimental — target spontaneous)/(max-
imum - spontaneous) x 100%.

Reverse transcriptase-polymerase chain reaction assay

The cells were washed with 1x PBS and collected in the 1.5
mL tubes. Total cellular RNA was extracted using 500 uL of
Trizol reagent (Invitrogen, USA). The cDNA was synthe-
sized using the M-MLV Reverse Transcriptase Kit
(Invitrogen, USA) and amplified by polymerase chain reac-
tion (PCR) instrument (Bio-Rad, USA). The PCR products
were detected by electrophoresis with 2% agarose gel and
analyzed using a Gel imaging system. Real-time PCR (RT-
PCR) experiments were performed with the LightCycler96
(Roche, Switzerland) using the TransStart SYBR qPCR Kit
(TransGen, China). The primers for PCR and RT-PCR were
synthesized by the Beijing Genomics Institute (Beijing,
China) (Supplementary Table 1).

Western blotting analysis

Cells were washed with pre-cooled 1x PBS and collected in
100 pL lysis buffer containing 1% PMSF (Biyuntian, China) at
4°C for 15 mins. The protein concentration in the cell lysate
was measured using the BCA concentration detection kit
(Biyuntian, China). Equal amounts of total proteins were
resolved by SDS-PAGE electrophoresis and transferred to
PVDF membranes. The immunoblot was blocked with 5%
nonfat milk in Tris-buffered saline containing 0.1% Tween 20
(TBST), incubated with the primary antibody at 4°C overnight.
After washing in TBST three times, blots were incubated with
the corresponding HRP-conjugated secondary antibodies at
room temperature for 1 h, followed by three washes with
TBST. Antibodies for p-IRF3 (4947S), IRF3 (1190S), Bax
(2772S) and GAPDH (5174S) were purchased from Cell
Signaling Technology and antibodies for Bcl2 (ab32124) were
obtained from Abcam company. Protein bands were detected
by Immobilon Western Chemiluminescent HRP Substrate
(Millipore Corporation, USA) and visualized using the Chemi
DocTM Touch Imaging System (Bio-Rad).

Flow cytometry analysis

For surface or intracellular staining analysis, tumor cells or
NK-92 cells were treated with 4 pg/mL cGAMP for 12 h or
24 h and collected in the round bottom tube, respectively. Cells
were washed with 1x PBS and then incubated with the corre-
sponding antibody. AsPC-1 cells and Capan-2 cells were incu-
bated with an ULBP2/5/6 fusion antibody (CST, USA), while



NK-92 cells were incubated with antibodies of CCR5, CD107a,
CD69, IEN-y, TNF-q, granzyme B, and perforin (R&D, USA).
NK cells were stimulated by PMA and ionomycin (LiankeBio,
China), which were used as a positive control and isotype
control, respectively. The stained cells were detected by FACS
Calibur system (BD, USA) and analyzed with FlowJo 7.6.1
software (TreeStart, Inc., USA).

Detection of cytokines by ELISA

AsPC-1, Capan-2, and NK-92 cells (2 x 10° per well) were
seeded in 24-well plates, respectively, and the culture super-
natants were collected 24 h after stimulation with cGAMP. The
levels of IFN-B, CCL5, and CXCL10 in the supernatants were
detected using ELISA kits (LiankeBio, China) in accordance
with the manufacturer’s instructions.

Chemotaxis assay

To measure NK-92 cell migration by chemotaxis assay, 2 x 10
NK-92 cells were seeded in the upper chamber of a 24-well
Transwell plate with 100 pL serum free-medium, and 600 pL of
conditioned media collected from the supernatant of AsPC-1
cells with or without cGAMP stimulation was placed in the
lower chamber of the 24-well Transwell plate (5 um pore size,
Corning, USA). The cells were cultured in the incubator at
37°C under 5% CO, for 8 h. Furthermore, NK-92 cells were
pre-incubated with 1 uM anti-CCL5 antibody (R&D, USA) to
block CCL5-mediated cell migration. Finally, the number of
NK-92 cells that migrated to the lower chamber was counted
and the data was presented as a percentage of migration based
on total cell input.

Tumor growth in the mouse model of pancreatic cancer

The animal experiments and protocols involved in this study
were approved by the Shandong University Animal
Experiment Ethics Committee. For the animal study, 6 to
8-week-old female NOD-SCID mice were obtained from Hua
Fukang Biological Technology Co. Ltd. (Beijing, China) and
maintained in a specific-pathogen-free (SPF) environment at
the Laboratory Animal Center of Shandong University. To
establish a mouse model for pancreatic cancer, 5 x 10° AsPC-
1 cells per mouse were injected into the mice subcutaneously
(sc), and tumor growth was monitored and recorded daily.
When the tumor volume reached approximately 100 mm?, all
mice were randomly divided into six groups: (1) the untreated
group, (2) the cGAMP treatment alone group, (3) NK-92 cells
treatment alone group, (4) cGAMP combined with NK-92 cells
treatment group, (5) anti-MSLN CAR-NK-92 cell treatment
group, and (6) the cGAMP combined with anti-MSLN CAR-
NK-92 cell treatment group. The mice in the NK cell treatment
group were injected with 100 uL of 5 x 10° NK-92 cells or anti-
MSLN CAR-NK-92 cells through the tail vein and 5000 IU of
IL-2 intraperitoneally every three days to maintain the survival
of NK-92 cells and CAR-NK-92 cells. Mice in the cGAMP
treatment group were intratumorally injected with 0.5 mg/kg
cGAMP three times a week. The tumor burden was measured
with Vernier calipers every three days since the beginning of
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treatment. Tumor volume was calculated using the following
formula: Tumor volume (cm?) = (long diameter) x (short
diameter)? x 0.5.

Statistical analysis

All statistical analyses were performed using SPSS version 23.0
software (SPSS Inc) and GraphPad Prism 8.0 software
(GraphPad Software Inc. USA). For two groups, a two-tailed
Student’s t test of parametric statistical analysis was performed
when data had normal distribution and homogeneity of var-
iance. Otherwise, the Mann-Whitney U test was used. For
multiple groups, One-way ANOVA analysis was performed
for data meeting homogeneity of variance, whereas
Bonferroni post hoc analysis was used when data with skewed
distribution and not meeting homogeneity of variance. Multi-
way ANOVA was also used in this study. All data were pre-
sented as mean + Standard error of the mean (SEM). A P-value
<0.05 was considered statistically significant.

Results

The STING agonist cGAMP activated NK cells directly and
promoted the killing activity of NK cells

To explore whether the STING agonist can directly activate NK
cells, we first observed spontaneous STING mRNA expression
(TMEM173) in NK cells using the HPA database (http://www.
proteinatlas.org/) (Supplementary Figure 1A). We also
detected the expression of the STING gene in the NK-92 cell
line, and found that NK-92 cells expressed the STING gene
(Supplementary Figure 1B). NK-92 cells were then stimulated
by 4 pg/mL cGAMP, and the levels of IRF3 phosphorylation,
which leads to the production of type I interferons'® were
determined. We found that IRF3 phosphorylation was induced
in a time-dependent manner (Figure 1a). Additionally, stimu-
lation with cGAMP promoted gradual increase in IFN- mRNA
expression of IFN-f gradually in a dose-dependent manner
(Figure 1b), and the IFN- protein level of IFN-p in the super-
natant of NK-92 cells was markedly increased after stimulation
with ¢cGAMP (Figure 1c). These findings indicate that the
STING agonist cGAMP could stimulate the activation of the
STING signaling pathway in NK-92 cells, resulting in an
increase in IFN-f production.

We then investigated the effect of cGAMP on the activation
of NK-92 cells. The results of flow cytometry showed that the
expression of activation markers (such as CD69), cytotoxic
molecules (such as CD107a, perforin, and granzyme B), and
cytokines (such as TNF-a and IFN-y), were up-regulated in
NK-92 cells stimulated with cGAMP compared to the control
group (Figure 1d). All these markers are known as indicators of
NK cell activation and cytotoxicity.'” Furthermore, we detected
activating receptors and inhibitory receptors of NK cells using
RT-PCR, and found that inhibitory receptors such as NKG2A,
TIGIT, and PVRIG decreased in cGAMP-stimulated NK-92
cells, while activating receptors such as NKG2D, NKG2C,
NKp44, and NKp46 increased (Figure le and f). Furthermore,
we found that cGAMP stimulation could significantly enhance
the cytotoxicity of NK-92 cells against AsPC-1 and Capan-2


http://www.proteinatlas.org/
http://www.proteinatlas.org/

€2054105-4 Y. DA ET AL.

a b c
IFN-B
0 15 30 60 120(min) 5 __ &0 -
‘? E
p-IRF3 2 = -
o g 60
5 5
IRFS IEI H .ﬁ °
z £
2 g 20
GAPDH 4 5
° o
control 1 2 4 &@\ \58
Dose(ug/ml) & &
d CcD69 CD107a Perforin e
150 60000 2000
45000 = *
* 30000 * * c
15000 - 1500 9 20 control
100 4000 ? = cGAMP
T I 3000 T 2 15
2000 1000 s
s = s 2
1000: 3 10
% 200 500 °
150 ¢
100
50
0
O N < ©
& O 6 O C LS &P & &S
'c\oo K é" \qcs\é,o goRy S FEFEEE
Q <Q
Granzyme B TNF-a IFN-y f
4000 300
2500 2.0 control
3000 c
2000 o m cGAMP
2000 2 s
200 . [
z 1500 i 1000 * T g xS
= = 500 = 210
o
500 200 @ 05
100
0 0 0 R S S S S
& & & O & °\\‘g [ RN S
d‘éx\ &N S 60‘? & QY AT O
& L (5’2 & L L QxX* & &L o(’qxx‘v' - ¥ N
g AsPC-1 cells Capan-2 cells
0 NK-92 (control) NK-92 (control)
80
mm NK-92 (cGAMP) m NK-92 (cGAMP)
40 &0
2 [}
D 40
3 %
® 20 =
20
o
E:T E:T

Figure 1. STING agonist cGAMP activated NK cells directly and promotes the killing capability of NK cells. (a) The time-dependent phosphorylation of IRF3 in NK-92 cells
is shown after 4 ug/mL cGAMP stimulation. The data shown are representative of three independent experiments. (b) Up-regulation of IFN-f in NK-92 cells was detected
by RT-PCR after stimulation with 1, 2, and 4 ug/mL cGAMP, respectively, for 24 h. (c) The levels of IFN-B in the supernatant of NK-92 cells measured by ELISA after
stimulation with 4 ug/mL cGAMP. (d) Flow cytometry analysis of CD69, CD107a, perforin, granzyme B, IFN-y, and TNF-a in NK-92 cells following stimulation with 4 pg/mL
cGAMP for 24 h. The isotype group was used as a negative control to exclude background differences; PMA and ionomycin were used as positive controls. MFI, the mean
fluorescence intensity. (e) The expression of activating receptors on the surface of NK-92 cells detected by RT-PCR after stimulation with 4 pg/mL cGAMP for 24 h and
normalized to GAPDH. (f) The expression of inhibitory receptors on the surface of NK-92 cells detected by RT-PCR after stimulation with 4 ug/mL cGAMP for 24 h and
normalized to GAPDH. (g, h) NK-92 cells were stimulated with 4 pg/mL ¢cGAMP for 20 h, and co-cultured with AsPC-1 cells (g) and Capan-2 cells (h) for 4 h, then the

cytolytic activity of NK cells was detected using the LDH assay. Data are shown as
***p < .001, **p < .01 and *p < .05.

cells compared to untreated NK-92 cells (Figure 1g and h). Our
data suggest that cGAMP may directly activate NK-92 cells and
enhance their cytolytic activity against pancreatic cancer cells
by stimulating the STING signaling pathway.

The STING agonist cGAMP induced the apoptosis of
pancreatic cancer cells

To better understand the role of STING in tumor cells, we
detected its expression in pancreatic cancer cell lines AsPC-
1 and Capan-2 cells (Supplementary Figure 2A-2C). We
initially found that STING could be detected in pancreatic
cancer cells (Supplementary Figures 2A,2B), and we verified
this finding by HPA analysis of the TCGA data set (http://
www.proteinatlas.org/) (Supplementary Figure 2C). Based

means + SEM, and statistical significance was determined as ns: not significant,

on these observations, we hypothesized that pancreatic
cancer cells were likely to respond to stimulation of
GAMP. The phosphorylation of IRF3 was up-regulated in
both AsPC-1 (Figure 2a) and Capan-2 cells (Figure 2b) in a
time-dependent manner on exposure to cGAMP in the
pancreatic cancer cells. Furthermore, IFN-3 mRNA and
protein levels increased in a dose-dependent manner in
AsPC-1 cells (Figure 2¢,d) and Capan-2 cells (Figure 2e,f)
after cGAMP stimulation. These results indicated that the
STING agonist cGAMP may activate the STING signaling
pathway in pancreatic cancer cell lines and induce the
production of type I IFN.

Previous studies have suggested that activation of the
STING signaling pathway may promote tumor cell
apoptosis,’®'” so we examined the effect of cGAMP on
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Figure 2. STING agonist cGAMP induced the apoptosis of pancreatic cancer cells. (a) AsPC-1 cells were stimulated with 4 pg/mL cGAMP for the indicated time points, and
the expression of p-IRF3, total IRF3 and GAPDH was measured by western blotting. (b) Capan-2 cells were stimulated with 4 pg/mL cGAMP for the indicated time points,
and the expression of p-IRF3, total IRF3 and GAPDH was measured by western blotting. The data shown are representative of three independent experiments. (c) AsPC-1
cells were stimulated with cGAMP at indicated dosage for 24 h, and mRNA expression of IFN-f was detected by RT-PCR. (d) The protein expression of IFN-B in the
supernatant of AsPC-1 cells was measured by ELISA. (e) Capan-2 cells were stimulated with cGAMP at the indicated dosage for 24 h, and mRNA expression of IFN-8 was
detected by RT-PCR. (f) The protein expression of IFN-B in the supernatant of Capan-2 cells was measured by ELISA. (g) AsPC-1 and Capan-2 cells were stimulated with
cGAMP at indicated dosages for 24 h, cell viability was detected by the MTT assay. (h) Apoptosis of AsPC-1 and Capan-2 cells were analyzed by flow cytometry and
Annexin V and propidium iodide double staining assays. (i) AsPC-1 cells were stimulated with cGAMP for 24 h at the indicated dose, and the amount of Bcl2, Bax and
GAPDH was measured by western blotting. (j) Capan-2 cells were stimulated with cGAMP for 24 h at the indicated dose, and the level of Bcl2, Bax, and GAPDH was
evaluated by western blotting, the data shown are representative of three independent experiments. Data are shown as means + SEM, statistical significance was
determined as ns: not significant, ***p < .001, **p < .01 and *p < .05.

the proliferation and apoptosis of pancreatic cancer cells. of apoptosis, we found that the expression of Bcl2 was
Cell viability of AsPC-1 and Capan-2 cells decreased in a down-regulated while Bax was up-regulated in AsPC-1
dose-dependent manner after cGAMP stimulation (Figure cells (Figure 2i) and Capan-2 cells (Figure 2j), indicating
2g). We then detected AsPC-1 and Capan-2 cell apoptosis that cGAMP may induce apoptosis by an intrinsic apopto-
using the Annexin V -PI assay and found that the propor- sis pathway. In accordance with our results, other studies
tion of AsPC-1 and Capan-2 cells with early and late have reported that the STING signaling pathway induces
apoptosis gradually increased as the concentration of apoptosis of T cells and tumor cells.*>*' In addition, it has
c¢GAMP increased (Figure 2h). To delineate the mechanism been reported that IFN-B can inhibit proliferation and
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induce the apoptosis of pancreatic cancer cells,”>** thus we co-cultured with NK-92 cells. The results revealed that the
considered that IFN-B induced by cGAMP might play a sensitivity of cancer cells was significantly enhanced to
critical role in this process. NK-92 cell cytotoxicity (Figure 3a,b).

NKG2D is one of the main activating receptors for NK cells

The STING agonist cGAMP enhanced the sensitivity of and interaction of NKG2D with its ligands can promote NK

. . cell activation and contribute to NK cell-mediated cytolytic
pancreatic cancer cells to NK cell cytotoxicity - . . 24 .
activity and tumor immune surveillance.” Herein, we deter-

To evaluate whether cGAMP could enhance the sensitivity ~mined the expression of NKG2D ligands on the surface of the
of pancreatic cancer cells to NK cell cytotoxicity, AsPC-1 tumor cells, which can bind to the membrane NKG2D receptor
and Capan-2 cells were stimulated by cGAMP and then on NK cells, thereby enhancing the killing ability of NK cells
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Figure 3. STING agonist cGAMP enhanced NK cell cytotoxicity to pancreatic cancer cells. (a) AsPC-1 cells were stimulated with 4 pg/mL cGAMP for 20 h and co-cultured
with NK-92 cells for 4 h. Cell lysis was detected by the LDH assay. (b) Capan-2 cells were stimulated with 4 pg/mL cGAMP for 20 h and co-cultured with NK-92 cells. Cell
lysis was detected by the LDH assay. (c) Flow cytometry analysis of the fusion protein expression of ULBP2/5/6 in AsPC-1 cells after stimulation with 4 ug/mL cGAMP. (d)
Flow cytometry analysis of the fusion protein expression of ULBP2/5/6 in Capan-2 cells after stimulation with 4 pg/mL cGAMP. (e) The mRNA and protein levels of CCL5
were determined respectively using RT-PCR and ELISA assays in AsPC-1 cells after stimulation with 4 pg/mL cGAMP. (f) The mRNA and protein levels of CCL5 were
determined respectively using RT-PCR and ELISA assays in Capan-2 cells after stimulation with 4 pg/mL cGAMP. (g) Flow cytometry analysis of CCR5 expression in NK-92
cells. (h) A schematic diagram of the Transwell migration assay of NK-92 cells. (i) Migration of NK-92 cells into the lower chamber of the Transwell containing the
conditioned media from the AsPC-1 cell cultures with or without the stimulation with 4 pg/mL cGAMP, or anti-CCL5 antibody. (j) Both AsPC-1 cells and NK-92 cells were
pre-stimulated with 4 pg/mL cGAMP for 20 h and then co-cultured for 4 h. Cell lysis was detected by LDH assay. (k) Both Capan-2 cells and NK-92 cells were pre-
stimulated with 4 pg/mL cGAMP for 20 h and then co-cultured for 4 h. Cell lysis was detected by LDH assay. A control group of the cGAMP-treated tumor cells alone (no

NK cells) were used as a baseline group. Data are shown as means + SEM, and statistical significance was determined as ns: not significant, ***p < .001, **p < .01 and
*
p < .05.



against tumor cells. NKG2D ligands include activating ligands
MHC-I chain-related molecules A and B (MICA/B) and
unique long 16 (UL16)-binding proteins.”” The results showed
that the protein expression of ULBP-2/5/6 was up-regulated in
AsPC-1 cells (Figure 3c) and Capan-2 cells (Figure 3d) after
stimulation. Furthermore, the expressions of CCL5 (Figure 3e,
f) and CXCL10 mRNA and protein (Supplementary Figure
3A,3B) increased significantly in AsPC-1 and Capan-2 cells
treated with cGAMP. It should be noted that CCL5 and
CXCL10 were involved in NK cell activation and infiltration
into tumor tissues.”® Furthermore, CCR5 (the ligand of CCL5)
was detected in NK-92 cells (Figure 3g), indicating that
c¢GAMP may play a crucial role in recruiting NK cells. To
verify this notion, we performed a microscopy-based chemo-
taxis assay (Figure 3h). Our results showed that 15% of NK-92
cells migrated from the top chamber of the Transwell to the
lower chamber within 8 h of coculture with supernatants from
cGAMP-stimulated AsPC-1 cells, while less than 7% of NK-92
cells migrated to the lower chamber in the presence of the
control supernatant (Figure 3i). Finally, the migration of NK-
92 cells was reduced to background levels in the presence of
anti-CCL5 antibody (Figure 3i). These findings suggest that the
STING agonist cGAMP may promote the recruitment of NK
cells to tumor cells and enhance the sensitivity of pancreatic
cancer cells to NK cytotoxicity. Finally, to assess whether there
is an additional effect when both pancreatic cancer cells and
NK-92 cells were stimulated with cGAMP, we pre-treated
AsPC-1 cells and NK-92 cells with cGAMP for 20 h separately,
and then detected the cytotoxicity of NK-92 cells (Figure 3j,k).
We found an significantly increased cytolytic capacity of NK-
92 cells when both tumor cells and NK-92 cells were pre-
stimulated with cGAMP than alone stimulated group. Taken
together, all these results indicate that cGAMP not only
directly increase the anti-tumor activity of NK cells but also
enhance the sensitivity of pancreatic cancer cells to NK cell
cytotoxicity.

The STING agonist cGAMP enhanced the sensitivity of
pancreatic cancer cells to CAR-NK-92 cell cytotoxicity

The results described above showed that the STING signaling
pathway was activated in both pancreatic cancer cells and NK
cells, and the cytotoxicity of NK cells against pancreatic can-
cer cells was enhanced, suggesting that STING agonists may
be used as adjuvants for NK cell therapy. Chimeric antigen
receptor (CAR)-modified NK cell-based immunotherapy is
revolutionizing the field of cancer treatment.””*® Compared
to NK cells, CAR-NK cells can specifically target tumors and
have stronger antitumor capabilities.”>' Mesothelin
(MSLN) has been reported to be highly expressed on the
surface of some solid tumor cells, including pancreatic cancer
cells, but little or no expression in normal cells, thus becom-
ing a promising target in cancer immunotherapy.”>> We
first verified the positive expression of MSLN in AsPC-1
cells (Figure 4a) and Capan-2 cells (Figure 4b) by flow cyto-
metry and further confirmed its expression in AsPC-1 cells
and pancreatic cancer tissues by immunohistochemistry
(Figure 4c). These results were consistent with other
studies,”® which suggested MSLN was a potential target of
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CAR for pancreatic cancer. Herein, we developed a second-
generation MSLN-targeting CAR-modified NK-92 cells (anti-
MSLN CAR-NK-92) with the 4-1 BB co-stimulatory module
by the piggyBac transposon system (Figure 4d).
Approximately 87.5% of anti-MSLN CAR-NK-92 cells
expressed MSLN after-transfection (Figure 4e), and these
cells exerted increased cytotoxicity against AsPC-1 cells
(Figure 4f) and Capan-2 cells (Figure 4g) compared to NK-
92 cells. These results suggested that we successfully estab-
lished that anti-MSLN CAR-NK-92 cells displayed more effi-
cient killing activity against pancreatic cancer cells.

To examine whether the STING agonist could enhance
pancreatic cancer cell sensitivity to anti-MSLN CAR-NK-92
cell cytotoxicity in vitro, AsPC-1 cells were treated with 4 pg/
mL ¢cGAMP and co-cultured with anti-MSLN CAR-NK-92
cells. A control group of the cGAMP-treated tumor cells with-
out NK cells were used as the baseline group. We found that
c¢GAMP stimulation significantly improved AsPC-1 cell sensi-
tivity to anti-MSLN CAR-NK-92 cell cytotoxicity (Figure 4h).
These results also indicate that the STING agonist cGAMP
could be used as an adjuvant for anti-MSLN CAR-NK-92 cell
therapy.

The STING agonist cGAMP enhanced the therapeutic
effects of CAR-NK-92 cells on pancreatic cancer cells in
vivo

To further evaluate the anti-tumor effects of cGAMP and
CAR-NK-92 cells in vivo, we established the pancreatic cancer
mouse model bearing the AsPC-1 cells (Figure 5a). When the
tumor volume reached approximately 100 mm?, the mice
were randomly divided into six groups: (1) the control tt-
group, (2) the cGAMP treatment group, (3) the NK-92 cell
treatment group, (4) the NK-92 cells combined with cGAMP
treatment group, (5) the anti-MSLN CAR-NK-92 cell treat-
ment group, and (6) the anti-MSLN CAR-NK-92 cells com-
bined with cGAMP treatment group. Tumor burden was
measured with vernier calipers every three days after treat-
ment. Our results showed that compared to the control group,
treatment with NK-92 cells, cGAMP, or anti-MSLN CAR-NK
-92 cells alone inhibited xenograft growth (Figure 5b,c).
Importantly, combination treatment of cGAMP and CAR-
NK-92 cells resulted in a superior inhibitory effect on tumor
growth (Figure 5b,c) and significantly prolonged the survival
of mice bearing AsPC-1 cells (Figure 5d), suggesting that
STING agonist cGAMP may enhance the anti-tumor effect
of anti-MSLN CAR-NK-92 cells against pancreatic cancer
cells.

Discussion

This study was carried out to investigate the activity of the
STING agonist cGAMP in modulating NK cell activities
and to evaluate the combination treatment of cGAMP and
the anti-MSLN CAR-NK-92 cells for pancreatic cancer. To
our knowledge, this is the first study to report the signifi-
cant effect of cGAMP in combination with anti-MSLN
CAR-NK-92 cells on the treatment of pancreatic cancer.
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Figure 4. STING agonist cGAMP enhanced the sensitivity of pancreatic cancer cells to anti-MSLN CAR-NK-92 cells. (a) Flow cytometry analysis of MSLN expression in
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representative of three independent experiments. (f) The cytolytic activity of anti-MSLN CAR-NK-92 cells against AsPC-1 cells determined by LDH assay. (g) The cytolytic
activity of anti-MSLN CAR-NK-92 cells against Capan-2 cells determined by the LDH assay. (h) AsPC-1 cells were stimulated with 4 pg/mL cGAMP for 20 h, and co-
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the LDH assay. Data are shown as means + SEM, and statistical significance was determined as ns: not significant, ***p < .001, **p < .01 and *p < .05.

We observed the anti-tumor activity of cGAMP against
pancreatic cancer in the AsPC-1-bearing mouse model. Since
the STING agonist has been reported to induce anti-tumor
responses in mice that were deficient in T cell functions,'®
this suggested that cGAMP may exert antitumor effects by
improving STING-mediated innate immune responses and/or
directly inducing apoptosis of tumor cells. Unexpectedly, we
found that cGAMP stimulation may increase the sensitivity of
pancreatic cancer cells to NK cells and enhance the cytotoxicity
of NK cells.

We found that STING was detected in both NK-92 cells
and pancreatic cancer cell lines, which was consistent with
a previous report that STING in host immune cells and

tumor cells could work cooperatively in immune
responses.”” IRF3 phosphorylation has been used as a sign
of STING activation,”® which results in the production of
type I IFNs.*?? In our study, we found that IRF3 phosphor-
ylation increased in both NK-92 cells and pancreatic cancer
cells with cGAMP stimulation. We also observed increased
expression of IFN-f in a time and dosage-dependent man-
ner. Although combination treatment with the STING ago-
nist and IL-15 could activate NK cells in prostate cancer,”’
the role of STING agonist alone is still uncertain. In this
study, our results indicated that the STING agonist cGAMP
may activate the STING signaling pathway in both NK-92
cells and pancreatic cancer cells.
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Figure 5. STING agonist cGAMP enhanced the therapeutic effect of anti-MSLN CAR-NK-92 cells on pancreatic cancer. (a) Diagram depicting the treatment schedule of
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arrow indicates NK-92 cells or CAR-NK-92 cells treatment, and green arrow indicates IL-2 treatment. (b) Tumor volume was measured with vernier calipers every two or
three days. (c) The Violin diagram showing tumors volume measured on day 31. (d) Survival analyses of tumor-bearing mice treated with the indicated control and
experimental groups, and were analyzed using Log-rank (Mantel-Cox) test. The statistical significance was determined as ***p < .001, **p < .01 and *p < .05.

NK cells play a critical role in the killing of cancer cells.
Although intraperitoneal injection of 2’-3’-cGAMP could
activate NK cells,'*'® the direct effect of cGAMP on NK
cells remains largely unclear. Here we stimulated NK-92
cells with cGAMP in vitro in the absence of other cells and
observed the activation of the STING signaling pathway in
NK-92 cells, as exemplified by the phosphorylation of IRF3
and synthesis of IFN-P (Figure la-c). NK cell activation was
observed, as evidenced by upregulation of CD69, CD107a,
perforin, granzyme B, TNF-a, and IFN-y in cGAMP-
stimulated NK-92 cells compared with the control group
(Figure 1d). These findings suggested that the STING agonist
cGAMP could directly stimulate the STING signaling path-
way in NK cells and further promote NK cell activation.
Interestingly, Marcus et al. reported that NK cell-intrinsic
STING signaling is independent of NK activation in mice
models of RMA lymphoma and B16F10 melanoma.'
Monocytes (macrophages and DCs) are potentially responsi-
ble for the cGAMP-induced activation of NK cells in vivo, and
the role of NK cells is likely to be neglected. In our study, we
found that the NK cell-intrinsic STING signaling is equally
important for NK activation when the role of other cell
populations is ruled out. We proposed that the STING agonist
could not only prime NK cell activation by directly inducing
NK cell-intrinsic STING signaling, but it may also promote
NK cell activation indirectly via the production of cytokines
(e.g., IFN-P) by other cells such as monocytes, B cells or
tumor cells actively stimulated by the STING agonist.

It has been reported that the STING agonist may induce
apoptosis in breast cancer cells and malignant B lymphoma
cells.***' However, STING agonists were not effective against
B16F10 melanoma, SCCFV II upper gastrointestinal squamous

cell carcinoma, CT26 colon cancer, or Hepal-6 hepatoma,"’
suggesting that STING-mediated apoptosis could be tumor
type and/or cell dependent due to differential expression of
STING between different cell types.*> Another interesting find-
ing of this study is that significant apoptosis was observed in
pancreatic cancer cells after cGAMP stimulation. To decipher
the underlying mechanism, we detected the expression of Bcl2
and Bax, and found that Bcl2 expression was down-regulated,
whereas Bax levels were up-regulated (Figure 2i,j), indicating
that cGAMP may induce apoptosis by an intrinsic apoptosis
pathway. These results are consistent with other reports show-
ing that the STING signaling pathway induces apoptosis of T
cells and tumor cells.”>*! In addition, it has been reported that
IEN-B can inhibit the proliferation and induce the apoptosis of
pancreatic cancer cells.*>** We proposed that cGAMP induces
the apoptosis of pancreatic cancer cells both in an intrinsic
apoptosis pathway by inducing the cGAMP-STING signal
pathway, and through the production of IFN-f by pancreatic
cancer cells upon cGAMP stimulation.

Furthermore, up-regulation of NKG2D ligands and chemo-
kines was detected in pancreatic cancer cells following cGAMP
stimulation (Figure 3c,d), which was consistent with a previous
report that genomic damage of tumor cells could lead to
activation of STING signaling, thereby up-regulating the
expression of retinoic acid early transcript 1 (RAEL), a ligand
of NKG2D.* Activation of STING signaling may also trigger
the production of chemokines such as CCL5 and CXCL10,**
which may initiate the recruitment of protective NK cells to the
tumor microenvironment*® and enhance the sensitivity of
pancreatic cancer cells to NK cell cytotoxicity. Given the
important role of cGAMP in NK cell activation, it may become
a novel adjuvant for NK cell therapy.
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Chimeric antigen receptor (CAR), an artificially mod-
ified receptor protein, is composed of the extracellular
domain of the single chain variable fragment (scFv) of
the antibody, the hinge region, the transmembrane region,
and an intracellular signal transduction domain.*’
Compared to NK cells, CAR-modified NK cells can
directly recognize and target specific antigens on the sur-
face of tumor cells and exhibit enhanced cytotoxicity
against tumor cells.*®*” In our previous work, we success-
fully established that CAR-NK-92 cells target MSLN,
which were more effective in killing pancreatic cancer
cells than NK-92 cells (Figure 5b,c). Because anti-MSLN
CAR-NK-92 cells were derived from NK-92 cells, we did
not repeat the cGAMP stimulation experiments in anti-
MSLN CAR-NK-92 cells.

In our study, combination treatment with cGAMP and
CAR-NK-92 cells displayed a robust anti-tumor effect in
vitro and in vivo. We determined that NK cells first
recognize and kill tumor cells nonspecifically through
additional mechanisms besides that involving a CAR-
specific mechanism. NK cells can kill tumor cells through
direct cell cytotoxicity (release perforin and granzymes),
mediated antibody-dependent cell-mediated cytotoxicity
(ADCC), or the production of pro-inflammatory cytokines
(IFN-y, TNF-a).”®**® Furthermore, the STING agonist
cGAMP promotes the antitumor effector functions of NK
cells in two ways (Figure 6). First, cGAMP stimulation
may lead to direct activation of NK cells and enhance its
killing activity against tumor cells. Second, cGAMP stimu-
lation may lead to indirect activation of NK cells through
several mechanisms, including the induction of apoptosis
of pancreatic cancer cells, up-regulation of IFN-f, NKG2D
ligands, CCL5, and CXCL10 expression by pancreatic can-
cer cells, and by increasing the sensitivity of cancer cells to

NK cell cytotoxicity. Taken together, these results suggest
that a such a combination treatment may represent a
novel immunotherapy strategy against pancreatic cancer.

In summary, this study offers the first evidence that
cGAMP may not only directly increase the anti-tumor
activity of NK cells but may also enhance the sensitivity
of pancreatic cancer cells to NK cell cytotoxicity.
Furthermore, our data suggest that the combinational
treatment of cGAMP and CAR-NK cells may become a
novel therapeutic strategy against pancreatic cancers in the
clinic.
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