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Helicobacter pylori CagA promotes
immune evasion of gastric cancer
by upregulating PD-L1 level in exosomes

Jinfeng Wang," Rilin Deng,” Shuai Chen,* Shun Deng,’ Qi Hu,* Biaoming Xu,* Junjun Li,> Zhuo He,’
Mingjing Peng,’ Sanlin Lei,® Tiexiang Ma,” Zhuo Chen,® Haizhen Zhu,? and Chaohui Zuo'-34.7*

SUMMARY

Cytotoxin-associated gene A (CagA) of Helicobacter pylori (Hp) may promote immune evasion of Hp-in-
fected gastric cancer (GC), but potential mechanisms are still under explored. In this study, the positive
rates of CagA and PD-L1 protein in tumor tissues and the high level of exosomal PD-L1 protein in plasma
exosomes were significantly associated with the elevated stages of tumor node metastasis (TNM) in Hp-
infected GC. Moreover, the positive rate of CagA was positively correlated with the positive rate of PD-L1
in tumor tissues and the level of PD-L1 protein in plasma exosomes, and high level of exosomal PD-L1
might indicate poor prognosis of Hp-infected GC. Mechanically, CagA increased PD-L1 level in exosomes
derived from GC cells by inhibiting p53 and miRNA-34a, suppressing proliferation and anticancer effect of
CD8* T cells. This study provides sights for understanding immune evasion mediated by PD-L1. Targeting
CagA and exosomal PD-L1 may improve immunotherapy efficacy of Hp-infected GC.

INTRODUCTION

Gastric cancer (GC) is a global health problem with high morbidity and high mortality." Owing to cancer heterogeneity, the efficacy of con-
ventional therapy represented by surgery, chemotherapy, radiotherapy is limited in clinic.” Chronic gastritis caused by Helicobacter pylori
(Hp) infection is a major factor for suffering GC,*° which may create an immunosuppressive microenvironment by regulating innate and adap-
tive immunity, resulting in host inability to eliminate infection. Although immunotherapy provides a way for improving the prognosis of ma-
lignances, the objective responsive rate and disease control rate of immune checkpoint blockades (ICBs) represented by anti-PD-1/PD-L1
antibodies for GC are only 12.0% and 34.7%.°® To improve the therapeutic efficacy of ICBs, it is urgently needed to study the behand mech-
anisms of immune checkpoints in regulating the development and progression of GC.

Hp infection induces PD-L1 expression, which may cause immune evasion and poor prognosis of GC.”'? PD-L1 inhibits effective T cells via
PD-1 engagement, promotes the development of regulatory T cells (Treg) from naive CD4" T cells and converts T-bet™ Th1 cells into FoxP3*
Treg cells, enhances tumor infiltration of myeloid-derived suppressor cells (MDSCs), leading to anti-PD-1/PD-L1 resistance.'"™"® In turn, im-
mune imbalance caused by upregulated PD-L1 in Hp-infected GC cells favors bacterial persistence.'* However, the regulatory mechanism of
Hp infection on PD-L1 expression is not completely understood. Cytotoxin associated protein A (CagA) plays an important role in carcino-
genesis of GC, functioning as an oncogenic factor to activate cancer signaling pathways.'>'® Once entering into host cells, CagA may activate
AKT and ERK to phosphorylate human double minute-2 (HDM2), causing the dissociation of HDM2-p53 protein complex and the activation of
HDM2 and ARF-BP1 E3 protein ligase and thereby the rapid degradation of p53 protein.'” Moreover, CagA may interact with the p53
apoptosis stimulating protein of p53-2 (ASPP2) to promote the degradation of p53 protein.'® Interestingly, p53 negatively regulates PD-L1
expression by upregulating miRNA-34a (miR-34a) level in lung and cervical cancer.'”?® Actually, miR-34a directly targets PD-L1 3 UTR and
inhibit PD-L1 surface expression in acute myeloid leukemia and cervical cancer.””" Excepting for upregulating PD-L1 level, miR-34a
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restoration may increase the recruitment of CD8" and CD4" T cells and suppresses the recruitment of macrophages and Tregs into tumor
microenvironment in triple negative breast cancer.”” Meanwhile, Epstein-Barr virus-encoded EBNA?2 inhibits PD-L1 expression by downregu-
lating miR-34a in B cell lymphomas.”®> However, evidence about the regulatory effect of CagA on p53-miR-34a-PD-L1 signal axis in Hp-in-
fected GC is still unclear.

Exosomes are a group of extracellular vesicles with a diameter ranged from 30 nm to 200 nm, participating in cellular communication by
transferring functional proteins, metabolites, and nucleic acids to recipient cells.”*** Exosomal PD-L1 retains immunosuppressive activity and
is tightly associated with the poor prognosis of GC,””*® presenting a mechanism for explaining the immune evasion and immunosuppressive
microenvironment of GC. CagA degrades p53 protein in a variety of ways, and the degradation of p53 protein may promote PD-L1 expression
to trigger immune evasion of Hp-infected GC via exosomes. This study evaluated the prognostic value of exosomal PD-L1 and investigated
the regulatory mechanism of CagA-p53-miR-34a signal axis on PD-L1 expression, exploring the immune evasion of Hp-infected GC. The find-
ings in this study may provide sights for improving the efficacy of immunotherapy, especially for Hp-infected GC.

RESULTS
CagA expression is tightly associated with the high level of exosomal PD-L1 protein and the progression of Hp-infected GC

To determine the regulatory effect of CagA on exosomal PD-L1in GC, tumor, and plasma specimens from a total of 87 GC patients infected
with were collected for this study. CagA and PD-L1 proteins in tumor specimens were examined by immunohistochemistry (IHC) staining. It
turned out that the positive rates of CagA and PD-L1 proteins in GC tissues were 71.3% and 54.0% (Figure 1A), respectively. Meanwhile, exo-
somes isolated from plasma of GC patients were characterized by transmission electron microscopy (TEM) and nanoparticle tracking analysis
(NTA) (Figure 1B), which were further approved by examining the protein expression of specific markers including CD9, CDé3, and TSG101
(Figure 1C). Interestingly, the level PD-L1 protein in exosomes derived from plasma of CagA positive GC was generally higher than that in
CagA negative GC (Figure 1D). It seems that CagA might upregulate the protein level of exosomal PD-L1 in Hp-infected GC.

Next, Chi-square analyses showed that the positive rates of CagA and PD-L1 proteins in tumor tissues examined by IHC staining and the
level of exosomal PD-L1 protein examined by western blot were significantly higher in GC patients characterized with T3-T4 stages, lymph node
metastasis, and Ill-IV stages of tumor node metastasis (TNM) (Table 1). Besides, the positive rate of CagA was significantly associated with Lau-
ren type GC with high positive rate in intestinal type GC (Table 1). Meanwhile, higher positive rate of PD-L1 protein in tumor tissues and higher
level of PD-L1 protein in plasma exosomes were uncovered in undifferentiated and poor differentiated GC (Table 1). Thus, CagA and exosomal
PD-L1 may promote the progression of Hp-infected GC. Moreover, CagA expression was positively correlated with the positive rate of PD-L1
protein in tumor tissues (r = 0.332, p = 0.002) and the level of PD-L1 protein in plasma exosomes (p = 0.385, p < 0.001) (Table 2), and the positive
rate of PD-L1 protein in tumor tissues was positively correlated with the level of exosomal PD-L1 protein (p = 0.828, p < 0.001) (Table 2). These
data suggested that CagA may promote malignant transformation and upregulate exosomal PD-L1 level in HP-infected GC.

Notably, low level of exosomal PD-L1 protein was found to improve the overall survival of Hp-infected GC (p = 0.032) (Figure 1E). By com-
parison, the lower level of PD-L1 protein in tumor tissues had no survival advantage for Hp-infected GC (p = 0.212) (Figure 1F). Thus, exosomal
PD-L1 may be a prognosis factor in Hp-infected GC.

CagA promotes PD-L1 expression in GC

To explore the regulating mechanism of CagA on PD-L1 expression, eukaryotic expression plasmids of Flag-CagA was constructed and veri-
fied in HEK293T cells (Figure 2A). Then, CagA plasmids were transfected into human- and mouse-derived GC cells including AGS, HGC27,
and MFC cells. It turned out that transfection of Flag-CagA upregulated the level of glycosylated PD-L1 protein and downregulated the level
of p53 protein (Figure 2B). Interestingly, IHC staining showed that the positive rate of p53 was negatively correlated with the positive rate of
PD-L1 in tumor tissues (r = —0.375, p < 0.01) and the level of PD-L1 protein in plasma exosomes of GC (r = —0.496, p < 0.01) (Figures 1A,
Table 2), suggesting that p53 might be involved in the regulatory mechanism of CagA on exosomal PD-L1 expression. Interestingly, the level
of glycosylated PD-L1 protein was downregulated by the increased level of p53 (Flag-TP53 or Flag-TrP53) while upregulated by the decreased
level of p53 (sh-TP53 or sh-TrP53) in human- and mouse-derived GC cells (Figure 2C). However, the expression tendency of miR-34a was just
opposite to that of PD-L1in GC cells with different level of p53 (Figures 2C and 2D). Thus, p53 may promote miR-34a expression while inhibit
PD-L1 expression in GC cells. We further evaluated the influence of miR-34a on PD-L1 expression. Compared with that of negative control
(NC), the level of glycosylated PD-L1 protein on GC cells was downregulated by the transfection of miR-34a mimics (Figures 2E and 2F). These
data suggested that CagA may promote PD-L1 expression through regulating signaling pathway mediated by p53 and miR-34a.

Exosomal PD-L1 protein may be upregulated by CagA

Next, we evaluated whether CagA might upregulate the level of PD-L1 protein in exosomes derived from GC cells. For this, exosomes in su-
pernatants of cultured GC cells that transfected with Flag-CagA plasmids or control Flag-vector was isolated by ultracentrifugation. The size
distribution and morphology of isolated exosomes were characterized by NTA and TEM (Figure 3A), and the expression of exosomal protein
markers including CD9, CDé3, and TSG101 were examined by western blot (Figure 3B), suggesting the successful isolation of exosomes
derived from the supernatants of cell culture medium. Compared with that of Flag-vector group, the level of PD-L1 protein in exosomes
that derived from the supernatants of cultured GC cells was upregulated by the transfection of Flag-CagA (Figure 3C). Thus, CagA promotes
the expression of exosomal PD-L1, which may participate in the immune evasion of GC.
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Figure 1. Regulatory effect of CagA expression on exosomal PD-L1 in Hp-infected GC

(A) IHC staining for protein levels of CagA, P53, and PD-L1 in representative tissue specimens of Hp-infected GC. Scale bar, 60 um.

(B) NTA for size distribution and TEM for morphology of exosomes isolated from plasma of Hp-infected GC. Scale bar, 100 nm.

(C) Western blot for protein levels of PD-L1, TSG101, CDé3, CD9, and PD-L1 in plasma exosomes derived from three representative CagA positive (+) and
negative (—) GC patients.

(D) Scatterplots showing the relative level of PD-L1 protein in plasma exosomes of CagA positive (+) and negative (—) GC patients suffered from Hp infection.
Data were analyzed by two-sided Student's t tests, and are represented as mean + SD. ***p < 0.001.

(E and F) Kaplan-Meier analysis (log rank test) for overall prognosis of Hp-infected GC presenting high and low levels of PD-L1 protein in tumor tissues (E) and
plasma exosomes (F).

PD-L1-enriched exosomes inhibits the proliferation and cytokine secretion of CD8* T cells

Immuno-oncology is mainly focused on T cell responses, especially for CD8" T cells. To figure out the influence of exosomal PD-L1 on im-
mune evasion of GC, exosomes that derived from Flag-CagA or Flag-vector transfected AGS and HGC27 cells were blockaded with anti-
PD-L1 (¢PD-L1) or IgG and added into the culture medium of CD8" T cells that derived from peripheral blood of healthy individuals. Under
the treatment of IgG, exosomes derived from CagA-expressed GC cells significantly inhibited the proliferation of human- and mouse-
derived CD8" T cells (Figures 4A-4C). Meanwhile, the levels of secreted cytokines including IFN-y, TNF-a, and IL-2 by CD8" T cells
were significantly downregulated by the treatment of exosomes that derived from the CagA-transfected GC cells (Figures 4D—4F). Thus,
the upregulated exosomal PD-L1 by CagA inhibits the proliferation and cytokine secretion of CD8" T cells. Notably, the inhibited prolif-
eration of CD8" T cells and the downregulated levels of secreted cytokines by CD8" T cells caused by the treatment of exosomes derived
from CagA-transfected GC cells was reversed by the treatment of aPD-L1 (Figures 4A-4F). PD-L1 blockade restores the proliferation and

cytokine secretion of CD8" T cells that inhibited by CagA expression, being a promising method for improving the efficacy of immuno-
therapy for Hp-infected GC.
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Table 1. Chi-square analyses for association between clinicopathological features and positive rates of CagA or PD-L1 protein expression or the level of
exosomal PD-L1 protein in 87 Hp-infected GC

Patients CagA (+) PD-L1 (+) Exo PD-L1
Clusters Count (%) Count (%) p Count (%) P Mean + SD P
Sex 0.850 0.720 0.709
Male 57 (65.5%) 41 (71.9%) 30 (52.6%) 1.00 £+ 0.51
Female 30 (34.5%) 21 (70.0%) 17 (56.7%) 1.05 £ 0.58
Age 0.660 0.523 0.450
<60 49 (56.3%) 34 (69.4%) 25 (51.0%) 1.05 £ 0.55
>60 38 (43.7%) 28 (73.7%) 22 (57.9%) 0.97 £ 0.46
Lauren type 0.025 0.489 0.375
Intestinal® 51 (58.6%) 41 (80.4%) 26 (51.0%) 1.06 + 0.54
Diffuse 36 (41.4%) 21 (58.3%) 21 (58.3%) 0.96 £ 0.46
Differentiation type 0.360 0.022 0.023
Undifferentiated and poor 42 (48.3%) 28 (66.7%) 28 (66.7%) 1.15 + 0.54
Moderate and well 45 (51.7%) 34 (75.6%) 19 (42.2%) 0.90 + 0.46
Serum CEA 0.469 0.210 0.226
<5 ng/mL 54 (62.1%) 37 (68.5%) 32(59.3%) 1.07 £ 0.54
>5ng/mL 33 (37.9%) 25 (75.8%) 15 (45.5%) 0.93 £ 0.45
Tumor diameter 0.711 0.097 0.078
<5cm 46 (52.9%) 32 (69.6%) 21 (45.7%) 0.93 + 0.53
>5cm 41 (47.1%) 30 (73.2%) 26 (63.4%) 1.12 £ 0.48
T stage 0.042 0.026 0.011
T1-T2 19 (21.8%) 10 (52.6%) 6(31.6%) 0.76 + 0.56
T3-T4 68 (78.2%) 52 (76.5%) 41 (60.3%) 1.09 £ 0.48
N stage 0.012 0.009 0.003
Negative 25 (28.7%) 13 (52.0%) 8 (32.0%) 0.76 + 0.55
Positive 62 (71.3%) 49 (79.0%) 39 (62.9%) 1.12 £ 0.46
TNM stage 0.002 0.005 0.001
-1l 34 (39.1%) 18 (52.9%) 12 (35.3%) 0.79 £ 0.49
-1V 53 (60.1%) 44 (83.0%) 35 (66.0%) 1.16 + 0.48

®Intestinal type including intestinal, mixed, and other types.

Exosomal PD-L1 may promote the immune evasion of GC

The previous study suggested that high level of exosomal PD-L1 may drive the immune evasion of CagA-expressed GC cells by suppressing
the proliferation and cytokine secretion of CD8" T cells. Here, in vivo experiments based on 615 mice and 615 mice-derived MFC cells were
conducted to approve our findings. Compared with that of vector control, treatment of exosomes derived from CagA-transfected MFC cells
promoted the growth of tumors formed by MFC cells (Figure 5A), which was statistically verified by the bigger size and heavier weight of tu-
mors (Figures 5B and 5C). Thus, CagA expression and high level of exosomal PD-L1 may promote the development and progression of GC.
Moreover, IHC staining showed that the level of PD-L1 protein in tumor tissues of mice in Flag-CagA group was higher than that in Flag-vector
group (Figure 5D). However, the protein level of CD8 in these tumor tissues was just opposite with that of PD-L1 (Figure 5D). Thus, exosomes
with high level of PD-L1 may enhance the immune evasion of Hp-infected GC.

DISCUSSION

PD-L1 is an important immune checkpoint with wide attention in multiple malignancies, but the association between PD-L1 expression
and the prognosis of GC is still unsure at present. A meta-analysis showed that the positive rate of PD-L1 expression is ranged from 25%
to 65% and tightly associated with the poor prognosis of GC.?” However, clinical research with large samples shows that high level of
PD-L1 may improve the survival rate of GC.?° In this study, our IHC staining uncovered that PD-L1 expression in tumor tissues may be
correlated with the poor survival of Hp-infected GC with no statistical significance (p = 0.212). Thus, PD-L1 expression in cancer tissues
may be not a predictable biomarker for Hp-infected GC. Apart from PD-L1 expression in tumor tissues, cancer cells may secret PD-L1
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Table 2. Correlation analysis among the positive rates of CagA, P53, PD-L1 protein expression in gastric cancer tissues and the level of exosomal PD-L1
protein in preoperative peripheral blood

CagA P53 PD-L1 Exo-PD-L1
Clusters - + r P - + r P - + r P Mean + SD p P
CagA —0.296  0.005 0.332 0.002 0.385 <0.001
- 8 17 18 7 0.71 £ 0.37
+ 40 22 22 40 1.14 £ 0.51
P53 —0.296 0.005 -0.374 0.001 —0.496 <0.001
- 8 40 14 34 1.24 £ 0.39
+ 17 22 26 13 0.75 £ 0.52
PD-L1 0.332 0.002 —0.374 0.001 0.828 <0.001
- 18 22 14 26 0.59 £ 0.29
+ 7 40 34 13 1.38 £ 0.34

protein via exosomes to influence the malignant transformation and prognosis of cancer.'*? Notably, the Kaplan-Meier analysis of our
study showed that high-level of exosomal PD-L1 protein was significantly associated with the poor prognosis of Hp-infected GC
(p = 0.032). Hence, high level of PD-L1 protein in plasma exosomes may be a prognostic indicator for the development and progression
of Hp-infected GC.

As an important mechanism of negative regulation on T cell activation to prevent autoimmune response under physiological con-
ditions, PD-1 is highly expressed on active T cells.***> However, the binding of PD-L1 concentrated on cancer cells to PD-1 on
T cells may lead to immune evasion of malignant tumors.*® In this study, PD-L1 in exosomes derived from CagA-transfected GC cells
inhibited not only the proliferation and cytokine secretion (IFN-y, TNF-a, and IL-2) of CD8" T cells in vitro but also the infiltration of
CD8" T cells into the mouse tumors in vivo. Similar to that in non-small cell lung cancer,’’ exosomal PD-L1 may drive the immune
evasion of Hp-infected GC. Moreover, this study uncovered that PD-L1 level in plasma exosomes is positively and highly correlated
with the PD-L1 level in cancer tissues (p = 0.828, p < 0.001) in Hp-infected GC. So, excessive expression of PD-L1 protein may explain
the poor efficacy of ICBs in some patients.*® Uncovering the behind mechanisms of expression and regulation of PD-L1 in tumor micro-
environment may improve the therapeutic efficacy of ICBs. p53 negatively regulates PD-L1 expression by miR-34a in lung cancer and
cervical cancer.'”?? Meanwhile, p53 level is frequently downregulated in CagA-positive GC."® In this study, CagA expression promoted
PD-L1 expression in tumor tissue and increase PD-L1 level in exosomes through regulating the p53-miR-34a-PD-L1 signal axis, linking
with the immune evasion of Hp-infected GC.

Hp CagA participates in severe gastritis, duodenal ulceration, and gastric adenocarcinoma, gastric mucosa-associated lymphoid tissue
lymphoma, and gastric diffuse large B cell lymphomas.*”'° As a grade | carcinogen of GC, the high rate of Hp infection seriously affects human
health. Mechanically, through interacting with tyrosine phosphatases such as SHP2 and SHIP2 and activating oncogenic signaling pathways
such as NF-kB and PI3K-AKT, CagA contributes to the development and progression of Hp-infected GC by influencing cell morphology,
apoptosis, proliferation, and motility.”"** Exosomal PD-L1 is a key factor in regulating the prognosis and ICB therapy of GC, but the regu-
latory effect of CagA on tissue PD-L1 and exosomal PD-L1 is still unclear. In this study, CagA expression was found to be not only significantly
associated with the elevated TNM stage but also positively correlated with the positive rate of tissue PD-L1 expression (r = 0.332, p = 0.002)
and the high level of exosomal PD-L1 protein (p = 0.385, p < 0.001) in Hp-infected GC, highlighting the regulatory effect of CagA on support-
ing the malignant transformation and immune evasion of Hp-infected GC.

In summary, the current study provided evidence that exosomal PD-L1 is a prognostic factor for CagA-expressed GC that infected with Hp,
and immune evasion of Hp-infected GC that contributed by the increased level of exosomal PD-L1 and the decreased anticancer effect of
CD8" T cells may be regulated by the CagA-p53-miR-34a-PD-L1 signal axis. Targeting CagA and exosomal PD-L1 may be alternative strate-
gies for improving the efficacy of early diagnosis and ICB therapy in Hp-infected GC.

Limitation of the study

CagA may enter into circulations via exosomes that derived from gastric epithelial cells, resulting in GC development, extragastric disorders,
atherosclerosis, and intestinal epithelium barrier dysfunction.”>*’ However, the regulating effect of exosomal CagA on immune evasion of
Hp-infected GC is needed in future study. Meanwhile, the Hp bacterial virulence factors such as VacA, which is similar to CagA, should be
explored in follow-up study.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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Figure 2. Regulatory effect of CagA-p53-miR-34a signal axis on PD-L1 expression in GC cells
(A) Western blot for Flag in HEK293T cells after transfecting Flag-vector or Flag-CagA plasmids for 48 h.
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(B) Western blot for protein levels of Flag, P53, and PD-L1 in human GC cells AGS and HGC27 as well as mouse GC cells MFC. Cells were stably transfected with

Flag-CagA plasmid or Flag-vector for 48 h.

(C) Western blot for protein levels of P53 and PD-L1 in human and mouse GC cells. Cells were stably transfected with Flag-CagA plasmid or Flag-vector for 48 h or

stably infected with lentivirus sh-Control or sh-TrP53.
(D) gRT-PCR for miR-34a level in plasmid transfected and lentivirus infected GC cells of (C).
(E) gRT-PCR for miR-34a level in GC cells. Cells were transfected with miR-34a mimics or NC for 48 h.

(F) Western blot for protein level of PD-L1 in GC cells of (E). Data were analyzed by one-way ANOVA, and are represented as mean + SD. **p < 0.01 and

*xp < 0,001,
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Figure 3. Influence of CagA on protein expression of exosomal PD-L1

(A) NTA and TEM for size distribution and morphology of exosomes that isolated from HGC27 cells. Scale bar, 200 nm.

(B) Western blot for protein levels of CD9, CDé63, and TSG101 in AGS, HGC27, and MFC cells.

(C) Western blot for protein level of PD-L1 in exosomes derived from supernatants of cultured AGS, HGC27, and MFC cells. Cells were stably transfected with
Flag-CagA plasmid or Flag-vector.
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Figure 4. Influences of exosomal PD-L1 derived from GC cells including AGS, HGC27, and MFC and anti-PD-L1 antibody («PD-L1) on CD8* T cell activity
(A-C) Proliferation of CD8" T cells after treatment of exosomes with different level of PD-L1 protein derived from GC cells and treatment of aPD-L1 or IgG, as
assayed by CCK8.
(D-F) Protein levels of IFN-y (D), TNF-a (E), and IL-2 (F) that secreted by CD8" T cells after treatment of exosomes with different level of PD-L1 protein derived from
GC cells and treatment of aPD-L1 or IgG, as assayed by ELISA. Data were analyzed by one-way ANOVA and are represented as mean + SD. *p < 0.05, **p < 0.01,
and ***p < 0.001.
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Figure 5. Influence of exosomes with high level of PD-L1 derived from CagA-transfected GC Cells on tumor growth and immune evasion

(A) Image of formed tumor in mice. 5 X 10° MFC cells were administered to the 615 mice by subcutaneous injection. After the formation of visible tumors,
exosomes derived from Flag-CagA plasmid or Flag-vector transfected MFC cells were administered into mice by tail vein injection.

(B and C) Statistical analyses for the volume and weight of formed tumor in (A).

(D) IHC staining for protein levels of PD-L1 and CD8 in formed tumors in (A). Scale bar, 60 um. Data were analyzed by two-sided Student's t tests and are
represented as mean + SD. *p < 0.05.
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(Superagonistic) Antibody

Ultra-LEAF™ Purified anti-mouse CD28 Antibody BioLegend Cat# 102115; RRID: AB_11150408
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Lentivirus-expressing sh-control This paper N/A

Lentivirus-expressing sh-TP53 This paper N/A

Lentivirus-expressing sh-TrP53 This paper N/A

Biological samples
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Peripheral blood of healthy individuals Hunan Cancer Hospital N/A

Human GC tissue specimens Hunan Cancer Hospital N/A

Mouse tissue specimens Hunan Cancer Hospital N/A

Spleens of 615 mouse Junke biological N/A

Chemicals, peptides, and recombinant proteins

Puromycin Thermo Fisher Scientific Cat# A1113803

TRIzol reagent Thermo Fisher Scientific Cat# 15596018

Proteinase inhibitor cocktail Thermo Fisher Scientific Cati# 7843

RIPA buffer Thermo Fisher Scientific Cat# 89900

Lympholyte®-H (human)
Lympholyte®-M (mouse)

Collagenase I

Cedarlane
Cedarlane

Thermo Fisher Scientific

Cat# CL5015-R
Cat# CL5031
Cat# 17101015

(Continued on next page)

iScience 26, 108414, December 15, 2023 1



¢? CellPress

OPEN ACCESS

iScience

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Blue Plus® Il Western Marker Transgen Biotech Cat# DM111-02
CCK8 Dojindo Cat# CKO4
DAB BOSTER Cat# AR1022
Hematoxylin BOSTER Cat# ARO005
Critical commercial assays

KOD-Plus-Neo TOYOBO Cat# KOD-401
QlAprep Spin Miniprep Kit QIAGEN Cat# 27104
All-in-OneTM miRNA gRT-PCR Detection kit GeneCopoeia Cat# QP115
SuperSignal® West Pico Chemiluminescent Substrate Thermo Fisher Scientific Cat# 34578
ExoQuick Plasma Prep with Thrombin System Biosciences Cat# EXOQ5TM-1
MojoSort™ Human CD8 Naive T cell Isolation Kit BioLegend Cat# 480045
MojoSort™ Mouse CD8 Naive T cell Isolation Kit BioLegend Cat# 480043

IFN gamma ELISA Kit, Human
IFNAR1T Matched ELISA Antibody Pair Set, Mouse
TNF-alpha ELISA Kit, Human

TNF-alpha Matched ELISA Antibody Pair Set, Mouse

IL2 ELISA Kit, Human
IL2RG Matched ELISA Antibody Pair Set,Mouse

Sino Biological
Sino Biological
Sino Biological
Sino Biological
Sino Biological

Sino Biological

Cat# SEK13222
Cat# SEK50469
Cat# KIT10602
Cat# SEK50349
Cat# KIT11848
Cat# SEK50087

Experimental models: Cell lines

HGC-27

AGS

MFC

HEK293T
Human CD8™ T cell
Mouse CD8* T cell

Stem Cell Bank, Chinese Academy

of Sciences

Kunming cell bank of the typical
culture preservation Committee of
the Chinese Academy of Sciences
Kunming cell bank of the typical
culture preservation Committee of

the Chinese Academy of Sciences

ATCC
Peripheral blood

Spleens of 615 mouse

RRID: CVCL_1279

RRID: CVCL_0139

RRID: CVCL_5J48

RRID: CVCL_0063
N/A
N/A

Experimental models: Organisms/strains

615 mouse

Junke biological Co., LTD.

RRID: MGI:2669495

Oligonucleotides

shRNA targeting sequence: sh-control:
ACTACCGTTGTTATAGGTG

shRNA targeting sequence: sh-TP53:
GACTCCAGTGGTAATCTAC

shRNA targeting sequence: sh-TrP53:
CACTACAAGTACATGTGTA

Primers: p3xFlag-CagA forward: GCTCT
AGAGCCACCATGACTAACGAAACTATTGAT

Primers: p3xFlag-CagA reverse: CGGG
ATCCAGATTTTTGGAAACCACCTTTTGT

Primers: p3xFlag-TP53 forward: GGAATTCC
ACCATGGAGGAGCCGCAGTCAG
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Carter et al. Blood 111, 3742-3750""

Dickins et al. Nat. Genet. 39, 914-921°°

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers: p3xFlag-TP53 reverse: TGCTCTA This paper N/A

GAGTCTGAGTCAGGCCCTTCTGTC

Primers: p3xFlag-TrP53 forward: GGAATTCC This paper N/A

ACCATGACTGCCATGGAGGAGTCACAG

Primers: p3xFlag-TrP53 reverse: GCTCTA This paper N/A

GAGTCTGAGTCAGGCCCCACTTTC

Recombinant DNA

p3xFlag-CagA This paper N/A

p3xFlag-CMV-14 This paper N/A

p3xFlag-TP53 (human) This paper N/A

p3xFlag-TrP53 (mouse) This paper N/A

pGreenPuro shRNA Lentivector System Biosciences Cat# SI505A-1

sh-control This paper N/A

sh-TP53 (human) This paper N/A

sh-TrP53 (mouse) This paper N/A

psPAX2 Addgene Cat# 12260; RRID: Addgene_12260

pMD2.G Addgene Cat# 12259; RRID: Addgene_12259

Software and algorithms

SPSS 22.0 software

IBM Corporation

https://www.ibm.com/support/
pages/spss-statistics-220-
available-download

GraphPad Prism 8.0 software GraphPad https://www.graphpad.com/
ImageJ software ImageJ https://ImageJ.en.softonic.com/mac
Other

DMEM Thermo Fisher Scientific Cat# C11965500BT

FBS Thermo Fisher Scientific Cat# 10270-106

Penicillin-Streptomycin
RPMI1640 medium
Opti-MEM™ serum-free medium

Lipofectamine® 2000

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 15140122
Cat# C11875500BT
Cat# 31985088
Cat# 11668019

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chaohui Zuo

(zuochaohui@vip.sina.com).

Materials availability

This study did not generate new unique reagents. All the cell lines used in this manuscript will be made available upon request. A material
transfer agreement will be required prior to sharing of materials.

Data and code availability

e Date: Data reported in this paper will be shared by the lead contact upon request.

e Code: This paper does not report original code.
e All other requests: Any additional information required to reanalyze the data reported will be shared by the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics approval and consent to participate

Studies involved in human participants were approved by Ethics Committee of Hunan Cancer Hospital (No. KYJJ-2021-073) and conducted in
compliance with the tenets of the Declaration of Helsinki. All patients provided written informed consent under approval by the Ethics Com-
mittee of Hunan Cancer Hospital. Protocol used for animal experiments was approved by the Animal Care and Experiment Committee of
Hunan Cancer Hospital (No. GZ2023-049). All the authors consented to participate in this study.

Clinical samples

From January 2019 to December 2020, a total of 87 patients that pathologically diagnosed with GC at Hunan Cancer Hospital were recruited
for this study. Plasmas from preoperative peripheral blood of 87 GC patients used for extracting exosomes were preserved in a —20°C refrig-
erator, and 87 tumor specimens used for IHC staining were fixed with formalin and embedded into paraffin. Clinical samples were divided into
groups according to the median value of PD-L1 protein level in plasma exosomes and the positive expression of CagA, P53, and PD-L1 pro-
teins in tumor tissues. The diagnosis of GC was established according to the histopathological and immunohistochemical criteria in 2016
WHO classification system. The inclusion and exclusion criterion are as follows: (1) postoperative pathological diagnosis was gastric adeno-
carcinoma; (2) preoperative gastroscopy confirmed HP infection; (3) peripheral blood samples were retained before operation; (4) received
surgical treatment without cancer history and anticancer treatment before operation; (5) had complete pathological, clinical, and follow-up
data; (6) patients or their families agreed that their postoperative pathological specimens, preoperative peripheral blood specimens, and
medical records should be used for scientific research. All patients were traced every 3-6 months by outpatient or telephone follow-up,
and the last follow-up date was in December 2021. Clinical samples were collected with the approval of the Ethics Committee of Hunan Can-
cer Hospital.

Cell lines

Human GC cell line HGC27 (RRID: CVCL_3360) was obtained from the Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China), hu-
man GC cell line AGS (RRID: CVCL_0139) and mouse GC cell line MFC (RRID: CVCL_5J48) were obtained from the Kunming cell bank of the
typical culture preservation Committee of the Chinese Academy of Sciences (Kunming, China). Human embryonic kidney fibroblast cell line
HEK293T (RRID: CVCL_0063) was purchased from ATCC (Manassas, USA). Human CD8™ T cells were isolated from peripheral blood of healthy
individuals, and mouse CD8" T cells were isolated from spleens of 615 mice. HGC27 cells and HEK293T cells were cultivated in DMEM
(Thermo Fisher Scientific, USA) supplemented with 10% (v/v) FBS (Thermo Fisher Scientific), and AGS cells and MFC cells were cultivated
in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% (v/v) FBS (Thermo Fisher Scientific). Cells were cultured in an incu-
bator with 95% humidity and 5% CO, at 37°C, which were authenticated by STR profiling at the time of receipt and periodically thereafter.

Mice

The five-week-old male 615 mice (Junke biological, Nanjing, China) were fed under standard conditions (temperature, 25°C; humidity,
40-60%,; 12-h light/dark cycle; free access to standard sterile food and water) in a pathogen-free environment at the animal care facility of
Hunan University. Protocol used for animal experiments was approved by the Animal Care and Experiment Committee of Hunan Cancer
Hospital.

METHOD DETAILS

Plasmid construction

Genomic DNA extracted from Hp strain 26695 was used for constructing plasmids with CagA expression. The cDNA used for constructing
expression plasmid of TP53 (human) was synthesized using total cellular RNA isolated from HEK293T cells, and the cDNA synthesized using
total RNA derived from RAW264.7 cells applied for constructing expression plasmid of TrP53 (mouse). The sequences used for plasmid con-
struction were obtained with the high-fidelity PCR kit KOD-Plus-Neo (TOYOBO, Japan), which were further cloned into the p3xFlag-CMV-14
vector (Sigma-Aldrich, Germany) according to our previous research.*® Plasmids constructed using p3xFlag-vector express the FLAG tag.
The specific primers used for plasmid construction are listed in key resources table. The short hairpin RNAs (shRNAs) targeting TP53 (human)
or TrP53 (mouse) was constructed using the pGreenPuro shRNA Lentivector (System Biosciences, USA) according to the manufacturer's in-
structions. The target sequences of shRNAs for silencing TP53 (human) (sh-TP53),"” TrP53 (mouse) (sh-TrP53),°° and the negative control
(sh-control)*® are listed in key resources table. Plasmids were amplified in E. coli DH5a and Stable competent cells, sequenced at Sangon
Biotech (Shanghai, China), and isolated using QlAprep Spin Miniprep Kit (Qiagen, Germany).

Lentiviral package and infection

HEK293T cells were seeded into 100 mm dishes at a cell coverage between 60% and 70%. After cultivation for 24 h, 8.0 ug of gene silencing,
8.0 pg of lentiviral packaging plasmid psPAX2, and 2.7 ug of envelope plasmid pMD2G were mixed into 300 pL of Opti-MEM serum-free me-
dium, and 18 pL of Lipofectamine 2000 was mixed into 300 pL of Opti-MEM serum-free medium for 5 min, which were mixed together and
incubated at room temperature for 20 min. Then, the incubated mixtures were added into the culture medium of HEK293T cells. After cell
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transfection for 48 h, supernatants containing virus particles was collected and filtered using 0.45 um filters, which were added into culture
medium of cells with approximately 30-40% coverage. Puromycin (Thermo Fisher Scientific) was added to culture medium to screen the stably
infected cells after cell infection with lentivirus for 72 h.

Cell transfection

Cell transfection of plasmids and miR-34a oligonucleotides was conducted using Lipofectamine 2000 (Thermo Fisher Scientific) in Opti-MEM
medium (Thermo Fisher Scientific) according to the manufacturer’s instruction. In brief, cells in the logarithmic phase were seeded in 6-well
plates (Corning Incorporated) at about 60% confluence. After cultivation for 24 h, cells in per well of 6-well plates were transfected with 2 ng of
plasmids or 25 nmol of miR-34a oligonucleotides in 200 pL of Opti-MEM medium supplemented with 6 uL of Lipofectamine 2000 (Thermo
Fisher Scientific). After cell transfection for 48 h—72 h, the expression levels of target RNAs and proteins were examined by gRT-PCR or West-
ern blot. The stably transfected cells were screened using 8 ng/mL puromycin (Sigma-Aldrich) for 15 days.

Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed using All-in-One miRNA gRT-PCR Detection kit (GeneCopoeia, USA) on ABI PRISM 7700 instrument (PerkinElmer
Applied Biosystems, USA). Total RNA was extracted from cells using TRIzol reagent (Thermo Fisher Scientific). The specific primers of miR-34a
(5-TGGCAGTGTCTTAGCTGGTTG-3) and internal control U6 were commercially obtained (GeneCopoeia, USA). The relative level of
miR-34a was calculated by the 2722t method.

Western blot

Cells were lysed with RIPA buffer (Thermo Fisher Scientific) supplemented with a proteinase inhibitor cocktail (Thermo Fisher Scientific). After
incubation on ice for 30 min, the lysates were centrifuged at 16 100 X g and 4°C for 15 min, and the protein-containing supernatants were
collected for examination. After determining the protein concentration by BCA method, total protein was electrophoresed along with the
Blue Plus Il Western Marker (Transgen Biotech, China) on SDS-PAGE gels and transferred onto PVDF membranes (Merck Millipore, Germany).
The PVDF membranes were then blocked with 5% skim milk, sequentially incubated with primary antibodies at 4°C overnight and secondary
antibodies at room temperature for 2 h, and detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).
Following antibodies were commercially obtained and used for Western blot: mouse anti-CagA (clone A-10, sc-28368, Santa Cruz, USA),
mouse anti-p53 (clone PAb 240, ab26, Abcam, UK), rabbit anti-PD-L1 (17952-1-AP, Proteintech, USA), rabbit anti-CDé63 (EXOAB-CD63A-1,
System Biosciences), rabbit anti-CD? (clone D8O1A, 13174S, CST, USA), rabbit anti-TSG101(EXOAB-TSG101-1, System Biosciences), mouse
anti-GAPDH (clone 6C5, MAB374, Merck Millipore, USA), goat anti-mouse IgG (HRP-linked) (AP124P, Merck Millipore), and goat anti-rabbit
19G (HRP-linked) (AP132P, Merck Millipore). The investigators were blinded to the identity of the tissue specimens during experiments.

IHC staining

Tissue samples were obtained immediately after surgery and identified by two pathologists at Hunan Cancer Hospital. Tissues were routinely
embedded in paraffin, followed by slicing and dewaxing. After antigen retrieval in boiled solution of sodium citrate (0.01 M and pH = 6.0),
slices were immersed in 2% H202 for 30 min, blocked with normal goat serum for 30 min, sequentially incubated with primary antibodies
at 4°C overnight and second antibodies for 2 h at room temperature, and stained with DAB (BOSTER, Wuhan, China) for 5 min. Then, slices
were sequentially counterstained with hematoxylin (BOSTER) for 1 min at room temperature and treated with PBS for 15 min at room tem-
perature. The stained slices were sealed with neutral resin and viewed under inverted microscopy.

The following antibodies including mouse anti-CagA (clone A-10, sc-28368, Santa Cruz), mouse anti-p53 (clone PAb 240, ab26, Abcam),
and rabbit anti-PD-L1 (17952-1-AP, Proteintech), goat anti-mouse IgG (HRP-linked) (AP124P, Merck Millipore), and goat anti-rabbit IgG (HRP-
linked) (AP132P, Merck Millipore) were used for IHC staining of human GC tissue specimens, and antibodies rabbit anti-PD-L1 (17952-1-AP,
Proteintech), rabbit anti-CD8 (ab4055, Abcam), goat anti-mouse 1gG (HRP-linked) (AP124P, Merck Millipore), and goat anti-rabbit IgG (HRP-
linked) (AP132P, Merck Millipore) were used for IHC staining of mouse tissue specimens according to manufacturer's instructions. Three fields
per slices were analyzed, and one-fifth of cases were scored by two observers. CagA-negative (—) group was defined as no or mild staining
with less than 10% positive rate of IHC staining, while other slices were defined as CagA-positive (+) group.’’ p53-negative group was defined
as less than 5% positive rate of IHC staining, while other slices were defined as p53-positive group. For PD-L1 level, both membranous and
cytoplasmic staining were evaluated based on the extent of IHC staining (the percentages of positive cells were scored: 0, negative or <5%
staining; 1, 6-25% staining; 2, 26-50% staining; and 3, >50% staining) and the intensity of IHC staining (0, no staining; 1, weak staining; 2, mod-

erate staining; and 3, strong staining). A total score of more than 3 was defined as positive expression of PD-L1 protein.*”

Isolation and characterization of exosomes

Exosomes from the plasma of GC patients were isolated using ExoQuick Plasma Prep with Thrombin (System Biosciences) according to man-
ufacturer’s instructions. In brief, 500 pL of plasma and 250 plL of thrombin were mixed and incubated for 15 min, which were centrifuged at 1
000 x g for 5 min at room temperature. The collected supernatant by centrifuging was mixed with 190 pL of ExoQuick solution and incubated
at4°C for 30 min. Then, the mixture was centrifuged at 4°C and 1 500 X g for 30 min, and the obtained pellets were resuspended in 200 plL of
ice-cold PBS.
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Exosomes derived from the supernatants of cultured GC cells were isolated by ultracentrifugation method according to previous research
methods.” In brief, the supernatants were sequentially centrifuged at 4°C and 2000 x g for 20 min and centrifuged at 4°C and 10000 x g for
30 min. The supernatants were then ultracentrifuged at 4°C and 100000 x g for 70 min. Pellets left on the bottoms of tubes were resuspended
by PBS, which were ultracentrifuged at 4°C and 100 000 x g for 70 min again. The pellets left on the bottom of the tubes were the isolated
exosomes, which were resuspended in 100 pL of PBS and collected for follow-up experiments.

Western blot was conducted to examine the expression of specific protein markers of exosomes. The size and number of exosomes were
identified by nanoparticle tracer analysis (NTA) on a Nanosight NS300 analyzer (Malvern Instruments Ltd, UK), and the morphology of exo-
somes was photographed by TEM using JEM-3010 electron microscope (JEOL, Japan). Besides, exosomal PD-L1 protein was examined by
Western blot, and the relative density of exosomal PD-L1 protein was calculated using ImageJ software (National Institutes of Health, USA).

Isolation of CD8* T cells

Peripheral blood mononuclear cells (PBMCs) of human were freshly isolated from the peripheral blood of healthy individuals using
Lympholyte-H (Cedarlane, Canada) according to the manufacturer’s instruction. Then, CD8" T cells were purified from PBMCs using the
MojoSort Human CD8 Naive T cell Isolation Kit (Biolegend, USA) based on the negative sorting method according to the manufacturer’s in-
struction. The isolated human CD8" T cells were cultivated in RPMI 1640 medium supplemented with 10% (v/v) FBS and penicillin-
streptomycin.

Mouse CD8" T cells were isolated from spleens of 615 mouse. Spleen of 615 mouse was cut into small pieces of about 1 mm?, digested
using 0.05-0.10% Collagenase Il (ThermoFisher Scientific) at 37°C for 30 min, and filtered using 70 pm cell sieves to obtain single cell suspen-
sions. Next, mouse spleen lymphocytes were isolated from the suspension of single cells using Lympholyte-M (Cedarlane) according to the
manufacturer's instruction, and CD8" T cells were isolated from mouse spleen lymphocytes using the MojoSort Mouse CD8 Naive T cell Isola-
tion Kit (Biolegend) based on negative sorting method according to the manufacturer’s instruction. The isolated mouse CD8" T cells were
cultivated in RPMI 1640 medium supplemented with 10% (v/v) FBS and penicillin-streptomycin.

Treatment of CD8™ T cells with exosomes

To block exosomal PD-L1, 200 pug of human- or mouse-derived exosomes were incubated with anti-PD-L1 antibodies (10 pg/mL, BE0285 for
human and BE0O101 for mouse, BioXCell, USA) or isotype IgGs (10 pg/mL, BE0086 for human and BEOO90 for mouse, BioXCell) in 100 pL PBS,
respectively. Then, the treated exosomes were washed with 30 mL of ice-cold PBS and pelleted by ultracentrifugation to remove the unbound
antibodies. Purified CD8" T cells (2 x 10° cells per well in a 96-well plate) were stimulated with anti-CD3 (2 pg/mL, 317353 for human and
100339 for mouse, BioLegend) and anti-CD28 (2 pg/mL, 377803 for human and 102115 for mouse, BioLegend) antibodies for 24 h. Then, exo-
somes at final concentration of 25 ug/mL (human) and 100 pg/mL (mouse) derived from Flag-CagA or Flag-vector transfected GC cells that
treated with IgG or anti-PD-L1 antibody were added into culture medium of CD8" T cells and continuously cultured for 48 h in the presence of
anti-CD3/CD28 antibodies. Proliferation of CD8" T cells was examined using CCK8 (Dojindo, Japan) and the levels of secreted cytokines
(IFN-y, TNF-a, and IL-2) in the supernatants of human CD8" T cells were measured by ELISA according to the instructions of commercial
kits (Sino Biological, China). The details of ELISA kits are presented in key resources table.

Tumor xenograft

To observe the influence of exosomal PD-L1 on tumor growth in vivo, 5 X 10° MFC cells were administered to a 615 mouse by subcutaneous
injection. After the formation of visible tumors (10 days post cell injection), mice were randomly divided into two groups (n = 5 each), and
100 pg of exosomes derived from Flag-CagA or Flag-vector transfected MFC cells in 100 uL of PBS were administered into mice every three
days by tail vein injection. Mice were euthanized before tumors reached 1.50 cm in the longest dimension, and tumors were collected for
further research. Tumor volume was calculated according to the formula: tumor volume (mm?3) = 0.5 x length x width.2 Tumor specimens
were fixed in 4% paraformaldehyde, embedded in paraffin, sliced, and examined by IHC staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were statistically processed using SPSS 22.0 software (IBM Corporation, USA), and figures were drawn using GraphPad Prism 8.0 soft-
ware (GraphPad, USA). The relationship between the positive expression or protein levels of CagA, P53, PD-L1, exosomal PD-L1 and clinico-
pathological characteristics was analyzed by the Chi-square analysis (two-sided). Pearson (r) or Spearman (p) correlation test was applied to
analyze the correlations among the positive rates of CagA, P53, and PD-L1 proteins and the protein level of exosomal PD-L1. Kaplan-Meier
analysis (log rank test) was used to determine the influence of PD-L1 level on overall prognosis, and the high and low levels of exosomal PD-L1
were determined according to the median value. Two-sided Student’s t tests were performed to compare the significance of differences be-
tween two groups, and one-way ANOVA with the Tukey-Kramer or Games-Howell post hoc test was used to compare the significance of dif-
ferences among multiple groups. Data are presented as mean + SD with at least three biological replicates. Significance levels were set to
*p < 0.05, **p < 0.01, ***p < 0.001, or nonsignificant (ns).
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