
ll
OPEN ACCESS
iScience

Article
BxPC-3-Derived Small Extracellular Vesicles Induce
FOXP3+ Treg through ATM-AMPK-Sirtuins-
Mediated FOXOs Nuclear Translocations
Tao Shen,

Shengnan Jia,

Guoping Ding,

Dongnan Ping,

Liangjing Zhou,

Senhao Zhou,

Liping Cao

caolipingzju@zju.edu.cn

HIGHLIGHTS
Human pancreatic cancer

cells-derived sEVs induce

Treg promotion

DNA damage responses

and metabolism are

altered in sEVs-stimulated

T lymphocytes

ATM-AMPK-SIRT1/2/6-

FOXO1A/3A axis plays a

role in sEVs-induced Treg

FOXO1A, FOXO3A, and

FOXP3 are highly

expressed in pancreatic

cancer-involved lymph

nodes

Shen et al., iScience 23,
101431
August 21, 2020 ª 2020 The
Authors.

https://doi.org/10.1016/

j.isci.2020.101431

mailto:caolipingzju@zju.edu.cn
https://doi.org/10.1016/j.isci.2020.101431
https://doi.org/10.1016/j.isci.2020.101431
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2020.101431&domain=pdf


iScience

Article

BxPC-3-Derived Small Extracellular Vesicles
Induce FOXP3+ Treg through ATM-AMPK-Sirtuins-
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SUMMARY

Immunotherapy in pancreatic ductal adenocarcinoma (PDAC) treatment faces
serious challenges, due particularly to the poor immunogenicity. Cancer cell-
derived small extracellular vesicles (sEVs) play important roles in damaging the
immune system.However, the effects of pancreatic cancer-derived sEVs on T lym-
phocytes are unknown. Here we investigated changes in phenotypes and signal
transduction pathways in sEVs-treated T lymphocytes. We identified the overex-
pression of immune checkpoint proteins PD-1, PD-L1, CTLA4, and Tim-3 and the
enrichment of FOXP3+ Treg cluster in sEVs-treated T lymphocytes by CyTOF.
Gene set enrichment analysis revealed that DNAdamage response andmetabolic
pathways might be involved in sEVs-induced Tregs. ATM, AMPK, SIRT1, SIRT2,
and SIRT6 were activated sequentially in sEVs-treated T lymphocytes and essen-
tial for sEVs-upregulated expressions of FOXO1A, FOXO3A, and FOXP3. Our
study reveals the impact and mechanism of pancreatic cancer cell-derived sEVs
on T lymphocytes and may provide insights into developing immunotherapy stra-
tegies for PDAC treatment.

INTRODUCTION

Pancreatic cancer (PC) is a highly malignant tumor, and the main pathological type is pancreatic ductal

adenocarcinoma (PDAC), which accounts for more than 80% of pancreatic tumors (Seufferlein et al.,

2012). As one of the most malignant tumors, PC has a 5-year survival rate of less than 9%, and the prognosis

is extremely poor (Siegel et al., 2019). More than 80% patients are in advanced stage at the time of diag-

nosis and unable to undergo radical resection due to the high incidence of invasion andmetastasis (Vincent

and Herman, 2011; Morganti et al., 2010). These malignant activities of PDAC may be due to the potent

immunosuppressive microenvironment (Laheru and Jaffee, 2005; Zheng et al., 2013). High accumulation

of immunosuppressive cells such as regulatory T lymphocytes (Tregs) has been found in the tumor micro-

environment in patients with PDAC (Ino et al., 2013; Morse et al., 2009). Treg-associated immunosuppres-

sive phenotypes, which play a crucial part in warding off the host immune system (Delitto et al., 2016; Clark

et al., 2007), also function in tumor initiation and progression (Amedei et al., 2014; Inman et al., 2014). The

increased Treg component in PC tissues and circulating blood is associated with poorly differentiated

grade and reduced survival (Jang et al., 2017; Hiraoka et al., 2006). Thus the interaction between cancer

cells and Tregs in the tumor microenvironment has attracted attention.

Exosomes are extracellular vesicles (EVs) with a diameter of 50–150 nm that protect the contained biolog-

ical cargo from degradation and denaturation in the extracellular environment. Exosomes play key roles in

various physiological and pathological processes (Pan et al., 1985; Ko et al., 2017; Buscail, 2017; Melo et al.,

2015). As potent intercellular communicators, exosomes are secreted by many kinds of cells and are taken

up by select target cells (Cocucci et al., 2009; Pap et al., 2009). Exosomes are also involved in immunoreg-

ulation mechanisms, with roles in the regulation of antigen presentation, immune activation, immunosup-

pression, immune surveillance, and intercellular communication. Several studies have shown that

exosomes are associated with the progression of PDAC. Emerging evidence has suggested that cancer-

derived exosomes may participate in the establishment of an immunosuppressive environment (Zhao

et al., 2017). PC-derived exosomes serve as coordinators of pancreatic tumor immune tolerance (Zhao

et al., 2017). Our previous studies showed that miR-203 and miR-212-3P, contained in exosomes, inhibit
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the expression of Toll-like receptor 4 and regulatory factor X-associated protein in dendritic cells, respec-

tively (Zhou et al., 2014; Ding et al., 2015). However, whether PC-derived exosomes are involved in Treg

induction in the tumor microenvironment is not clear.

Previous studies refer to the EVs with a diameter of 50–150 nm isolated from 100,000 3 g as exosomes and

EVs with a diameter >150 nm (or >200 nm) isolated from 10,000 3 g as microvesicles. However, the most

current methods for isolation of small EVs are not available for separate endosome-origin ‘‘exosomes’’ and

plasma membrane-derived ‘‘ectosomes.’’ Therefore, the International Society for Extracellular Vesicles

suggested the use of the terms based on the size of the EVs (Théry et al., 2018). In our study, we refer to

the EVs of size <200 nm as small size extracellular vesicles (sEVs) and EVs of size >200 nm as large size extra-

cellular vesicles (lEVs).

Tumor cells, considered as high-energy-consuming cells, compete with T cells for energy in the tumor

microenvironment, which drives tumor suppression or progression (Chang et al., 2015; Sukumar et al.,

2015). The reduction of nutrients in the tumor microenvironment is associated with impaired anti-tumor im-

mune responses (Mellor and Munn, 2008). T cell subsets tend to undergo different metabolic programs to

allow survival and function. Compared with other metabolic substrates, glucose is particularly important for

the survival and proliferation of effector T cells (Teffs) (Greiner et al., 1994). Unlike Teffs, Tregs mainly use

lipid metabolism and have elevated levels of AMP-activated protein kinase (AMPK) activation (Michalek

et al., 2011). AMPK is an important regulator of energy homeostasis, which can inhibit the differentiation

of Th1 and Th17 cells and enhance Treg through metabolic effects on fatty acid oxidation and glycolysis

(Kang et al., 2013; Tabit et al., 2013). However, another study on the metabolism of various CD4+ T cell sub-

sets raises an opposite point. Upon activation, Th1, Th2, Th17, and Treg all increased their glycolytic rates

(Michalek et al., 2011). Therefore, upon sEVs stimulation, the changes in metabolism and metabolic gene

expression during T cell differentiation still need to be explored.

The lack of sufficient glucose in metabolic competition leads to T cell DNA damage and senescence (Liu

et al., 2018). However, Tregs exhibit greater resistance to DNA damage compared with Teffs (Winzler

et al., 2011). Ataxia telangiectasia mutated protein kinase (ATM) is a key regulator for cell response to

DNA damage and for genome stability, whereas accumulating evidence suggests that ATM has been

involved in energy metabolism and autophagy via phosphorylating AMPK (Peretz et al., 2001; Cam

et al., 2010; Ditch and Paull, 2012). However, the role of activated ATM in T cell differentiation is still un-

known. PC exhibits an immunosuppressive microenvironment based on Treg infiltration, which may be

due to metabolic competition and the DNA damage response (DDR). Based on RNA sequencing (RNA-

seq) data and gene set enrichment analysis (GSEA), we identified DDR and metabolism-related signaling

pathways. It is interesting to explore the relationship between ATM and AMPK in Treg DDR and metabolic

programming.

As a carrier of intercellular communication, the role of sEVs in tumor cell-induced T cell DNA damage and

metabolic changes is still unknown. Here, we explored whether T lymphocytes take up PDAC-derived sEVs

and examined the potential response. To discover the interaction between PDAC cells, sEVs, and T lym-

phocytes, we tracked the transfer of sEVs from human PDAC-derived BxPC-3 cells to healthy human periph-

eral blood-derived T lymphocytes, detected the Treg phenotype, and explored the changes of gene

expression profiles. We examined signaling pathways that might induce Tregs, focusing on the DDR and

metabolism-related signaling pathway. We found that DNA repair activation, metabolic alterations, and

Treg induction are linked by the ATM-AMPK-Sirtuins-FOXOs axis.

RESULTS

Peripheral T Lymphocyte Cytotoxic Activity Is Impaired after Uptake of PC-Derived sEVs

We isolated sEVs from the supernatant of human pancreatic stellate cell line HPaSteC (HPSC) and human

PDAC-derived cell lines BxPC-3 and PANC-1. Using a dynamic light scattering (DLS) system, we measured

the average size and Zeta potential of sEVs. For BxPC-3-derived sEVs, the average size was 114.0G 15.1 nm

and the Zeta potential was�8.72 mV (Figure 1A). For HPSC-derived EV, the average size was 90.7G 9.6 nm

and the Zeta potential was �2.82 mV (Figure S1A). For PANC-1-derived EV, the average size was 132.9 G

40.0 nm and the Zeta potential was �7.40 mV (Figure S1A). Transmission electron microscopy (TEM) re-

vealed that the diameter of most BxPC-3-derived EVs ranged from 50 to 120 nm (Figure 1B). The diameter

of most HPSC-derived EVs ranged from 50 to 100 nm, and the diameter of most PANC-1-derived EVs
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Figure 1. The Impact of sEVs on T Lymphocytes

(A) DLS system measured the average size of

BxPC-3-derived sEVs.

(B) TEM image showing the morphology of sEVs

(black arrowheads).

(C) Western blot assays were used to analyze the

expression of sEVs biomarkers.

(D) Confocal microscope showing the uptake of

tdTomato-labeled sEVs by T lymphocytes. DAPI

(blue) pointing the nuclei of T lymphocytes and

tdTomato (orange) pointing the sEVs. Three

biological replicates were made in each group.

(E) Flow cytometry showed the ratio of tdTomato-

sEVs-positive T lymphocytes. Data shown are

mean G standard deviation. Three biological

replicates were made in each group.

(F) Line chart showing the BxPC-3 survival curve.

Cell index (y axis) indicating the number of live

BxPC-3 cells. The number of live BxPC-3 cells was

real-time monitored from the day of cell seeding

to co-culture with T lymphocytes. The BxPC-3

survival curve reflected the cytotoxic activity of T

lymphocyte. Each point in the graph constituting

the curve represented the average of 3 biological

replicates. Quantifications of 24, 48, and 72 h were

expressed as mean G SD of 3 biological

replicates.

(G) ELISA showing the concentration of TGF-b1

secreted in supernatant (n = 3).

(H) Line chart showing the BxPC-3 survival curve.

The BxPC-3 survival curve reflected the cytotoxic

activity of Ctrl-T, lEVs-T, and sEVs-T. The BxPC-3

survival curve reflected the cytotoxic activity of T

lymphocyte. Each point in the graph constituting

the curve represented the average of 4 biological

replicates. Quantifications of 24, 48, and 72 h were

expressed as mean G SD of 4 biological

replicates.

Data shown are mean G standard deviation. *p <

0.05; **p < 0.01; ***p < 0.001 (two-tailed, unpaired

Student’s t test).
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ranged from 50 to 150 nm (Figure S1B). The sizes measured by DLS and TEM are consistent with the size of

sEVs measured in previous studies using similar technology (Sokolova et al., 2011). Western blot showed

that EVs derived from HPSC, PANC-1, and BxPC-3 expressed CD9, CD63, and HSP70, but not GM130 (Fig-

ures 1C and S1C). HPSC, PANC-1, and BxPC-3 cells expressed GM130 and HSP70, but not CD9 or CD63

(Figures 1C and S1C). These results indicated that the EVs we isolated from supernatant were sEVs.

To trace sEVs, we transfected BxPC-3 cells with a CMV promoter-driven tdTomato-tagged CD63 gene us-

ing a lentivirus vector system and isolated the tdTomato-labeled sEVs. To determine whether PC-derived

sEVs are taken up by T lymphocytes, we incubated healthy human peripheral T lymphocytes with PBS (Ctrl-

T), unlabeled BxPC-3-derived sEVs (sEVs-T), or tdTomato-labeled BxPC-3-derived sEVs (td-sEVs-T) for

3 days, and visualized the cultured T lymphocytes using confocal microscopy (Figure 1D). The flow data

of td-sEVs uptake was also analyzed (Figure 1E). The tdTomato fluorescence was observed in td-sEVs-T,

indicating that the sEVs were taken up by T lymphocytes.

The key role of T lymphocytes in tumor immunity is cytotoxic activity. We speculated that the cytotoxic ac-

tivity of T lymphocytes might be affected by tumor cell-derived sEVs. To this aim, we examined the cyto-

toxic activities of sEVs-T in vitro using an RTCA-DP system. After 3 days with or without cell lines-derived

sEVs treatment, T lymphocytes were isolated and co-incubated with HPSC, BxPC-3, or PANC-1 cells at a

20:1 ratio. After 48 h of co-culture, BxPC-3 cells cultured with sEVs-T (Figure 1F, green line) showed a

cell index higher than cells cultured with Ctrl-T (Figure 1F, blue line) and lower than cells cultured without

T lymphocytes (Figure 1F, red line). A similar result was also observed with PANC-1-derived sEVs-treated T

lymphocytes, whereas HPSC-derived sEVs had no significant effect on the cytotoxic activity of T lympho-

cytes (Figure S1D). These results indicated that PC cells-derived sEVs treatment impaired the cytotoxic ac-

tivity of T lymphocytes, whereas Ctrl-T exhibited significant anti-tumor activity. To compare the effects of

sEVs and lEVs on the cytotoxic activity of T lymphocytes, we isolated sEVs and lEVs to treat T lymphocytes,

respectively. For PC cell lines (BxPC-3 and PANC-1), the cytotoxic activity of sEVs-T was most impaired and

there is no difference in cytotoxic activity between lEVs-T and Ctrl-T (Figures 1H and S1D). For pancreatic

normal cell lines (HPSC), there was no significant difference in cytotoxic activity between Ctrl-T, lEVs-T, and

sEVs-T (Figure S1D). These results indicated that sEVs played an important role in the reduction of cytotoxic

activity. We also examined the concentration of cytokine transforming growth factor (TGF)-b1, which nega-

tively regulates cytotoxic activity. BxPC-3- and PANC-1-derived sEVs upregulated the secretion of TGF-b1,

whereas HPSC-derived sEVs did not (Figures 1G and S1E).

sEVs Promote Development of T Lymphocytes with Regulatory Phenotype

To explore how PC-derived sEVs affect the cytotoxic activity of T lymphocytes, we tested the immune land-

scape of BxPC-3-derived sEVs-treated T lymphocytes by CyTOF (Figure 2A). A total of 42 biomarkers

including cell membrane proteins and cytokines were enrolled, and 37 clusters were identified (Figures

2B and 2C). Ctrl-T heatmap and sEVs-T heatmap were also provided in Figure S2A. We also analyzed

the expressions of activation markers (CD3, CD25, CD69, and CD137). As shown in Figure S2B, CD25

and CD137 were expressed more in sEVs-T than that in Ctrl-T. There was no significant difference in

CD3 or CD69 expression between Ctrl-T and sEVs-T. These results suggested that cultured T lymphocytes

were in an activated state. The immune landscape of sEVs-T was significantly altered compared with that in

Ctrl-T, especially in CD25+ T cells, FOXP3+ T cells, PD-1+ T cells, PD-L1+ T cells, CTLA4+ T cells, and Tim-

3+ T cells (Figure 2D). Meanwhile, the immunosuppressive cytokines IL-10 and TGF-b1, which were neces-

sary for Treg induction, were highly expressed in sEVs-T (Figure 2D). Treg plays a negative role in antitumor

immunity. The membrane protein CD25 and the transcription factor FOXP3 are critical biomarkers of Treg.

Treg induction requires prior stimulation such as TGF-b1, IL-10, and IL-2, and the induced Treg expresses

high levels of co-stimulator CTLA-4, PD-L1, and PD-1 (Lohr et al., 2006). PD-1 and PD-L1 are both expressed

Figure 2. Immune Landscape of BxPC-3-Derived sEVs-Treated T Lymphocytes

(A) tSNE plot showing the differences in distributions of the Ctrl-T and sEVs-T.

(B) tSNE plot showing a total of 37 clusters and the distributions in clusters of the Ctrl-T and sEVs-T.

(C) Heatmap showing the differential expressions of 42 immune markers in the 37 cell clusters. The label on the left

showing the T cell types of clusters according to typically expressed markers.

(D) Heatmap (top) showing the differential expressions of 42 immune markers between Ctrl-T and sEVs-T (n = 5). Box plot

(bottom) showing the differential expressions of 8 immunosuppressive biomarkers between Ctrl-T and sEVs-T (n = 5).

Data derived from CyTOF. Data shown are mean G standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed,

unpaired Student’s t test).
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on Treg, and blocking the interaction of PD-1 with PD-L1 affects the suppression level of Treg (Baecher-Al-

lan et al., 2003). CTLA-4 is expressed constitutively on CD4+CD25+ FOXP3+ Tregs and plays an essential

role inmaintaining the function of Tregs (Takahashi et al., 2000; Read et al., 2000). As an immune checkpoint

protein, Tim-3 is also expressed on FOXP3+ Tregs and is involved in enhancing the regulatory function of

Tregs (Sakuishi et al., 2013). Given that, we focus on the induction of Treg by sEVs. According to the high

expression of CD4, CD25, and FOXP3, we identified the Treg cluster in cluster 7–10 (Figure 2C) and further

marked the Treg range of tSNE (tSNE is a nonlinear dimensionality reduction algorithm, which is suitable

for dimensionality reduction of high-dimensional flowdata to two dimensions for visualization) in Figure 3A.

Moreover, the immunosuppressive biomarkers PD-1, PD-L1, CTLA4, Tim-3, IL-10, and TGF-b1 were also en-

riched in cluster 7–10 (Figure 3A). We then analyzed the correlation between these immunosuppressive

molecules and CD25 and found that the expression of CD25 was positively correlated with the expressions

of FOXP3, PD-1, PD-L1, CTLA4, Tim-3, IL-10, and TGF-b1 (Figure 3B). FOXP3 also showed a positive corre-

lation with PD-1, CTLA4, Tim-3, IL-10, and TGF-b1, but not with PD-L1 (Figure 3C). We also examined the

correlations between these immunosuppressive molecules and the abundance of tumor-infiltrating Tregs

in PC tissue from the tumor-immune system interactions database (TISIDB) (http://cis.hku.hk/TISIDB/). Pos-

itive correlations were identified between Treg abundance and PD-1 (R = 0.504, p < 0.001), PD-L1 (R =

0.488, p < 0.001), CTLA4 (R = 0.627, p < 0.001), Tim-3 (R = 0.872, p < 0.001), IL-10 (R = 0.607, p < 0.001),

and TGF-b1 (R = 0.325, p < 0.001) (Figure S3A). Therefore, we speculated that PC-derived sEVs mainly up-

regulate Treg expression.

To examine this possibility, we incubated healthy human peripheral T lymphocytes with BxPC-3-derived

sEVs in vitro. The regulatory phenotype in cultured T lymphocytes was evaluated by intracellular expression

of FOXP3 in CD4+CD25+ T lymphocytes using flow cytometry. We performed a titration dose as 1, 5, 10, 20,

50, and 100 mg/mL of BxPC-3-derived sEVs to stimulate T lymphocytes. As shown in Figure 4A, the propor-

tion of FOXP3+ Treg cells was the highest in 100 mg/mL BxPC-3-sEVs-treated group, compared with other

lower-dose groups. We also detected FOXP3+ Treg proportion at different times during sEVs treatment.

The proportion of FOXP3+ Tregs in sEVs-T was substantially increased between 1 and 3 days compared

with Ctrl-T (Figure 4B). The enhancement in the proportion of FOXP3+ Treg was time dependent, and

the largest enhancement was detected after a 3-day stimulation (Figure 4B). This result was also exhibited

in PANC-1-derived sEVs-treated T lymphocytes (Figure S3B). However, there was no significant difference

in Treg induction during HPSC-derived sEVs treatment (Figure S3C). We compared the induction of Treg by

sEVs from HPSC, PANC-1, and BxPC-3 and found that the proportion of FOXP3+ Treg cells was the highest

in BxPC-3-sEVs-T compared with PANC-1-sEVs-T, HPSC-sEVs-T, and Ctrl-T (Figure S3D). Western blot re-

sults were consistent with these findings (Figure S3E). We also treated T lymphocytes with BxPC-3-

derived lEVs (lEVs-T), sEVs (sEVs-T), and supernatant lyophilized powders (Sup-T) at a protein concentra-

tion 100 mg/mL, or treated with isovolumetric PBS (Ctrl-T). The highest proportion of FOXP3+ Treg was

in sEVs-T (Figures 4C and 4D). Also, there is no significant difference in the proportion of FOXP3+ Treg

among the Ctrl-T, Sup-T, and lEVs-T (Figures 4C and 4D). These results indicated that treatment with

100 mg/mL BxPC-3-derived sEVs for 3 days wasmore effective in inducing Tregs. We thus chose T cells stim-

ulated by BxPC-3-derived sEVs for 3 days for subsequent experiments.

RNA-Seq and GSEA Identify Alterations in Metabolism and DDR Pathways in sEVs-T

To gain insight into the molecular mechanism by which sEVs upregulate the proportion of FOXP3+ Tregs in

T lymphocytes, we performedGSEA based on our previous RNA-seq data in GEOdatabase (GSE115831). p

value <0.05 and q value <0.25 mean statistically significant. Top gene sets enriched in sEVs-T were listed in

Table 1. Among these gene sets, TGF-b signaling gene set attracted our attention. TGF-b1-SMAD2/3 was a

typical pathway in inducing Treg. This gene set was enriched in sEVs-T (Figure S4A). We detected the TGF-

b1 concentration in re-suspended Sup, lEVs, and sEVs using ELISA method. We found that the content of

TGF-b1 in sEVs was higher than that in Sup and lEVs (Figure S4B). To further determine whether TGF-b1 was

contained in sEVs, we extracted proteins of BxPC-3 and BxPC-3-derived sEVs and performed western blot

to detect the expression of TGF-b1. As shown in Figure S4C, TGF-b1 was detected in both BxPC-3 and

BxPC-3-derived sEVs. To track the process of BxPC-3-derived sEVs transporting TGF-b1 from BxPC-3 cells

to T cells, we transfected tdTomato-CD63-BxPC-3 cells with a CMV promoter-driven EGFP-tagged TGF-b1

gene using a lentivirus vector system (TGF-b1/CD63-BxPC-3). tdTomato-CD63-BxPC-3 cells transfected

with EGFP gene were considered as control (Ctrl/CD63-BxPC-3). We then extracted the TGF-b1/CD63-

BxPC-3-derived sEVs (TGF-b1/CD63-sEVs) and Ctrl/CD63-BxPC-3-derived sEVs (Ctrl/CD63-sEVs) to stimu-

late the peripheral T cells. Green fluorescence was expressed more in TGF-b1/CD63-sEVs-T than that in
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Ctrl/CD63-sEVs-T (Figure S4D). Flow cytometry further determined that EGFP fluorescence was detected in

TGF-b1/CD63-sEVs-T but not in Ctrl/CD63-sEVs-T (Figure S4E). These results indicated that TGF-b1 was

carried by sEVs from BxPC-3 to T cells. To determine the specificity of sEVs-derived TGF-b1 for Treg induc-

tion, TGF-b1 inhibitor Disitertide (50mg/mL) was premixed with sEVs to competitively inhibit sEVs-derived

Figure 3. The Expressions of Immunosuppressive Biomarkers

(A) tSNE plots (top) showing the identification of CD4+ CD25+ FOXP3+ Treg clusters. tSNE plots (bottom) showing the

differences of immunosuppressive biomarkers expressed in Treg clusters.

(B) Scatterplots showing the correlation between immunosuppressive biomarkers and CD25 (n = 10). R value meaning

correlation coefficient, p < 0.05 meaning statistically significant (Pearson’s correlation).

(C) Scatterplots showing the correlation between immunosuppressive biomarkers and FOXP3 (n = 10). R value meaning

correlation coefficient, p < 0.05 meaning statistically significant (Pearson’s correlation).

ll
OPEN ACCESS

iScience 23, 101431, August 21, 2020 7

iScience
Article



ll
OPEN ACCESS

8 iScience 23, 101431, August 21, 2020

iScience
Article



TGF-b1. As shown in Figure S4F, compared with sEVs-T, Disitertide reduced the induction of Tregs by sEVs.

However, the proportion of FOXP3+ Treg was still higher in D+ sEVs-T than that in Ctrl-T. Despite the use of

Disitertide, the induction of FOXP3+ Treg by sEVs was not completely suppressed. These results indicated

that there existed other molecular mechanisms that were involved in inducing Treg.

In addition, we also wanted to find other molecular mechanisms that may be involved in inducing Treg. Meta-

bolic programs are critical regulators of immune responses (Mathis and Shoelson, 2011). Changes in cellular

metabolism or host metabolic environment can affect the function and differentiation of immune cells, for

example, to promote or inhibit Treg differentiation (Van der Windt and Pearce, 2012; Mockler et al., 2014). As

shown in Figure 5A, GSEA revealed that BxPC-3-derived sEVs showed altered expressions of genes involved

in the Glycolysis gene set and Oxidative Phosphorylation gene set, which are related with metabolism. KEGG

pathway analysis listed more specific metabolism-related pathways (Figure 5B). AMPK is an important regulator

of cellularmetabolism that shuts down the synthetic pathway of energy demandbut promotes themechanismof

energy production (Pollizzi and Powell, 2014). Given that both Glycolysis and Oxidative Phosphorylation gene

sets were enriched in sEVs-T, we examined the activation of AMPK and the expression of Sirtuins (SIRTs), which

also function as energy sensors in metabolism. As shown in Figure S5A, SIRT1, SIRT2, and SIRT6 mRNA were

expressed more in sEVs-T, compared with Ctrl-T. Also, there was no significant difference in the expression

of SIRT3, SIRT4, SIRT5, or SIRT7 mRNA between Ctrl-T and sEVs-T. The levels of phosphorylated AMPK and

the protein expressions of SIRT1/SIRT2/SIRT6 were all increased in sEVs-T compared with Ctrl-T (Figure 5C).

To determine whether AMPK and SIRT1/2/6 play an important role in reducing the cytotoxic activity of sEVs-

T, we used selective inhibitors to suppress the phosphorylation of AMPK (20 mM Compound C, Figure S5B)

and inhibit the expressions of SIRT1 (10 mM EX-527, Figure S5C), SIRT2 (40 mM AGK2, Figure S5D), and SIRT6

(100 mM OSS_128167, Figure S5E), and then detected the cytotoxic activity of inhibitors-treated sEVs-T. As

shown in Figure 5D, although the cytotoxic activity of sEVs-T was impaired, it was restored when treated with

SIRT1/2/6 inhibitors. These results suggested that sEVs reduced the cytotoxic activity of T lymphocytes by up-

regulating AMPK phosphorylation and SIRT1/2/6 expressions.

Previous studies have shown that induction of Treg cells is provoked by UV-induced DNA damage and

repair (Schwarz, 2008; Aubin and Mousson, 2004; Maeda et al., 2008). In addition to metabolism-related

gene sets, DDR-related gene sets of DNA repair and UV response Up were also enriched in sEVs-T (Fig-

ure 5E). To examine the DDR in sEVs-T, we performed immunofluorescence for g-H2AX, RAD51, RPA2,

and 53BP1, which are protein markers of DDR. As shown in Figure 5F, the g-H2AX, RAD51, RPA2, and

53BP1 foci were significantly increased in sEVs-T compared with Ctrl-T. It suggested that DDR was induced

in sEVs-treated T lymphocytes. The ATM kinase is a critical sensor for the DDR and mediates the DDR-

induced AMPK (Alexander et al., 2010; Rodriguez-Rocha et al., 2011). Western blot showed that the level

of phosphorylated ATM was significantly increased in sEVs-T compared with Ctrl-T (Figure 5G). To deter-

mine whether the activation of ATM was due to the excessive use of sEVs, we performed a titration dose as

20, 50, and 100 mg/mL sEVs treatment and detected the phosphorylation of ATM. As shown in Figure S5G,

the phosphorylation of ATM was dose dependent and the highest phosphorylation was detected in

100 mg/mL sEVs stimulation. Previous study has reported that the exosomes used to stimulate T cells is

100–200 mg/mL protein (Wieckowski et al., 2009). This result indicates that DNA damage induction is not

due to excessive sEVs used. To test whether sEVs-induced ATM activation was involved in impairing the

cytotoxic activity of sEVs-T, we used the ATM inhibitor KU60019 and tested the cytotoxic activity of cultured

T lymphocytes using the RTCA-DP system. We confirmed that the phosphorylation of ATM in sEVs-T was

suppressed by 50 mMKU60019 (Figure S5F). As shown in Figure 5H, although the cytotoxic activity of sEVs-T

was impaired, it was restored when treated with 50 mM KU60019 (sEVs + KU-T).

Figure 4. BxPC-3-Derived sEVs Induce Treg Expansion

(A) Flow cytometry showing the FOXP3 expression at titration dose of BxPC-3-derived sEVs treatment (n = 3). Fold

changes are relative to control.

(B) Flow cytometry showing the FOXP3 expression at different time after BxPC-3-derived sEVs stimulation (n = 3). Fold

changes are relative to control.

(C) Flow cytometry showing the FOXP3 expression during treatment with 100 mg/mL BxPC-3-derived supernatant, lEVs,

and sEVs (n = 3).

(D) Western blots showing the FOXP3 expression during treatment with 100 mg/mL BxPC-3-derived supernatant, lEVs,

and sEVs (n = 3).

The graphs are from a single experiment, which is representative of three independent experiments. Data shown are

mean G standard deviation. *p < 0.05; **p < 0.01; ***p < 0.001; ‘‘ns’’ meaning ‘‘no significant difference’’ (two-tailed,

unpaired Student’s t test).
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Gene Sets Name NES Nom p Value FDR q Value

TNF-a signaling via NF-kB 2.675 0 0

Inflammatory response 2.38 0 0

p53 pathway 2.253 0 0

IL-6 JAK STAT3 signaling 2.247 0 0

Hypoxia 2.245 0 0

UV response UP 2.199 0 0

KRAS signaling UP 2.147 0 0

Estrogen response late 2.126 0 0

Apoptosis 2.126 0 0

Epithelial mesenchymal transition 2.103 0 0

Xenobiotic metabolism 2.069 0 0

Estrogen response early 1.992 0 0

Coagulation 1.935 0 0

Apical junction 1.928 0 0

Interferon gamma response 1.926 0 0

Myogenesis 1.864 0 0.001

Glycolysis 1.861 0 0.001

IL-2 STAT5 signaling 1.858 0 0.001

Allograft rejection 1.849 0 0.001

TGF-b signaling 1.846 0.001 0.001

Heme metabolism 1.838 0 0.001

Interferon alpha response 1.833 0 0.001

KRAS signaling DN 1.82 0 0.001

Unfolded protein response 1.812 0 0.001

Spermatogenesis 1.75 0.003 0.002

UV response DN 1.747 0 0.002

Complement 1.702 0 0.003

Angiogenesis 1.699 0.011 0.003

Reactive oxygen species pathway 1.69 0.006 0.003

Notch signaling 1.674 0.006 0.004

Myc targets V1 1.564 0.003 0.016

DNA repair 1.445 0.021 0.047

Adipogenesis 1.422 0.025 0.057

Oxidative phosphorylation 1.376 0.03 0.081

mTORC1 signaling 1.375 0.042 0.079

Table 1. Top Gene Sets Enriched in sEVs-T

FDR, false discovery rate.

Nom p value <0.05 and FDR q value <0.25 meaning statistically significant.
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These results indicated that the metabolism and DDR pathways were altered in sEVs-induced T cells and

that these sensor molecules ATM, AMPK, and SIRT1/2/6 play an important role in sEVs-induced cytotoxic

activity reduction.

sEVs-Induced ATM-AMPK-SIRT1/2/6 Is Essential for Upregulated Expression of FOXP3

In T cells, ATM coordinates DNA double-strand breaks (DSB) and plays roles at several stages of T cell

development (Matei et al., 2006). Metabolic programs are also essential for the control of Treg and Teff

development in inflammatory diseases (Michalek et al., 2011). We hypothesized that the activation of

ATM and AMPK and the upregulated expression of SIRT1, SIRT2, and SIRT6 might be linked to the tran-

scriptional upregulation of FOXP3 in sEVs-treated T cells. To determine whether ATM, AMPK, and

SIRT1/2/6 act in sequence to upregulate FOXP3 expression, we used selective inhibitors to suppress the

phosphorylation of ATM and AMPK and inhibit the expressions of SIRT1, SIRT2 and SIRT6. We found

that sEVs-T exhibited significantly enhanced phosphorylation of ATM (Figure 6A) and AMPK (Figure 6B)

and upregulated expressions of SIRT1 (Figure 6C), SIRT2 (Figure 6D), and SIRT6 (Figure 6E). Treatment

of sEVs-T with the ATM kinase inhibitor KU60019 reduced AMPK phosphorylation and SIRT1/2/6 expres-

sion (Figure 6A). Treatment of sEVs-T with the AMPK inhibitor Compound C diminished sEVs-induced ex-

pressions of SIRT1/2/6 but did not affect ATM phosphorylation (Figure 6B). In contrast, the SIRT1 inhibitor

EX-527, SIRT2 inhibitor AGK2, and SIRT6 inhibitor OSS_128167 had no effect on basal or sEVs-induced

ATM or AMPK phosphorylation (Figures 6C–6E). We also did not observe interference between SIRT1,

SIRT2, and SIRT6 (Figures 6C–6E). Notably, reducing the phosphorylation of ATM and AMPK and down-

regulation of the expression of SIRT1, SIRT2, and SIRT6 prevented sEVs-upregulated expression of

FOXP3 (Figures 6A–6E). A similar result was observed in examining CD4+CD25highFOXP3+ cells using

flow cytometry (Figure 6F), which further indicated that ATM, AMPK, SIRT1, SIRT2, and SIRT6 are essential

for the development of sEVs-induced Treg. These data suggested that sEVs-upregulated FOXP3 is depen-

dent on the ATM-AMPK-SIRT1/SIRT2/SIRT6 axis.

sEVs-Upregulated FOXP3 Is Mediated by the Nuclear Translocations of FOXO1A and

FOXO3A

Previous studies showed that the FOXO1A and FOXO3A transcription factors directly regulate Foxp3 gene

transcription through Foxo-binding sites in Foxp3 loci (Ouyang et al., 2010), promote the transcription of

FOXP3 gene in induced Tregs, and control Treg development and function (Kerdiles et al., 2010). FOXO1A

and FOXO3A are also involved in DNA repair, cellular metabolism, and specific lymphocyte function

(Hedrick, 2009; Dejean et al., 2011). We thus hypothesized that FOXO1A and FOXO3A may be involved

in sEVs-upregulated expression of FOXP3. We examined the expressions of FOXO1A and FOXO3A in T

lymphocytes with or without sEVs treatment and found that both FOXO1A and FOXO3A were expressed

at higher levels in sEVs-T than in Ctrl-T (Figure 7A). In addition, sEVs-mediated induction of FOXO1A was

Figure 5. Metabolism and DDR Pathway Alterations in sEVs-T

(A, B, and E) GSEAwas conducted to search gene sets and KEGG pathways altered by sEVs stimulation. (A) GSEA showing

the alteration of gene sets involved in metabolism in sEVs-T. p value <0.05 and q value <0.25 meaning statistically

significant. (B) GSEA showing the alteration of KEGG pathways involved in metabolism in sEVs-T. p value <0.05 and q

value <0.25 meaning statistically significant. The ratio of count meaning altered gene/total gene of pathway. (E) GSEA

showing the alteration of gene sets involved in DNA damage response in sEVs-T.

(C) Western blot showing the upregulation of metabolic regulator p-AMPK, SIRT1, SIRT2, and SIRT6 in sEVs-T (n = 3). Data

shown are mean G standard deviation. *p < 0.05; **p < 0.01 (two-tailed, unpaired Student’s t test).

(D) Line chart reflecting the cytotoxic activity of T lymphocyte through BxPC-3 survival curve. sEVs down regulated the

cytotoxic activity of T lymphocytes, and it was rescued by AMPK inhibitor Compound C (CC), SIRT1 inhibitor EX527, SIRT2

inhibitor AGK2, and SIRT6 inhibitor OSS_128167 (OSS). Each point in the graph constituting the curve represented the

average of 4 biological replicates.

(F) Immunofluorescence showing the increased foci of g-H2AX, RAD51, RPA2, and 53BP1 in sEVs-T (n = 3). Data shown are

mean G standard deviation. *p < 0.05; **p < 0.01 (two-tailed, unpaired Student’s t test).

(G) Western blot showing the upregulated activation of DDR sensor p-ATM in sEVs-T. The ratio of phosphor-ATM/ATM

meaning the degree of ATM activation (n = 3). Data shown aremeanG standard deviation. *p < 0.05 (two-tailed, unpaired

Student’s t test).

(H) Line chart reflecting the cytotoxic activity of T lymphocyte through BxPC-3 survival curve. sEVs down-regulated the

cytotoxic activity of T lymphocytes, and it was rescued by ATM inhibitor KU-60019. Each point in the graph constituting

the curve represented the average of 4 biological replicates.

Graphs of western blots and immunofluorescence are from a single experiment, which is representative of three

independent experiments.
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prevented by selective inhibitors targeting ATM, AMPK, SIRT1, and SIRT6, whereas sEVs-mediated upre-

gulation of FOXO3A was reduced by inhibitors targeting ATM, AMPK, SIRT1, SIRT2, and SIRT6 (Figure 7B).

This result indicated that ATM, AMPK, and SIRT1/2/6 might act as upstream regulators of FOXO1A and/or

FOXO3A, which subsequently regulate FOXP3 expression.

To investigate the role of FOXO1A and FOXO3A in the regulation of FOXP3, we performed nuclear and

cytoplasmic extraction and western blot. FOXO1A was significantly upregulated in sEVs-T compared

with Ctrl-T and redistributed from the cytoplasm to the nucleus, along with the upregulated FOXP3 (Fig-

ure 7C). Treatment with the ATM kinase inhibitor KU60019 not only reduced the expression of FOXO1A

but also reversed the redistribution of FOXO1A and weakened the expression of FOXP3 (Figure 7C).

The sEVs-induced redistribution and KU60019-induced reversed redistribution of FOXO3A were similar

to results with FOXO1A (Figure 7C).

We next used structured illumination microscopy (SIM) to capture the intracellular distribution of FOXO1A

and FOXO3A and the expression of FOXP3 during sEVs treatment with or without ATM inhibitor. The three-

dimensional (3D) images were visualized and analyzed by Imaris software. The intracellular distribution of

FOXO1A and FOXO3A under SIM (Figures 8A and 8C) were consistent with the western blot results (Fig-

ure 7C). In Ctrl-T, FOXO1A and FOXO3A were scattered in the cytoplasm and nucleus; in sEVs-T, FOXO1A

and FOXO3A were mainly distributed in the nucleus; and in KU60019-treated sEVs-T (sEVs + KU-T),

FOXO1A and FOXO3A were scattered again into the cytoplasm (Figures 8A and 8C). The mean fluores-

cence intensity of nuclear FOXO1A/FOXO3A was calculated from the colocalization of total and nuclear

FOXO1A/FOXO3A. The ratio of nuclear/total FOXO1A in sEVs-T was higher than that in Ctrl-T and was

diminished by KU60019 (Figure 8B). The pattern of nuclear/total FOXO3A in Ctrl-T, KU60019-treated

Ctrl-T, sEVs-T, and sEVs + KU-T was similar to results with FOXO1A (Figure 8D). The expression of

FOXP3 was highest in sEVs-T and reduced in sEVs + KU-T (Figures 8B and 8D), which was consistent

with the western blot results (Figure 7C). Moreover, the intracellular distribution of FOXP3 was similar to

that of FOXO1A and FOXO3A during sEVs treatment with or without KU60019. These data suggested

that sEVs-upregulated FOXP3 was associated with not only the upregulated expressions but also the nu-

clear translocations of FOXO1A and FOXO3A.

We also used inhibitors Compound C, EX-527, AGK2, and OSS_128167 to treat T lymphocytes and

analyzed the intracellular distribution of FOXO1A and FOXO3A and the expression of FOXP3 using SIM

and Imaris software. The ratio of nuclear/total FOXO1A in sEVs-T was higher than that in Ctrl-T and was

diminished by Compound C, EX-527, and OSS_128167 (Figures S6A and S6B). The ratio of nuclear/total

FOXO3A in sEVs-T was higher than that in Ctrl-T and was diminished by Compound C, EX-527, AGK2,

and OSS_128167 (Figures S6C and S6D). The expression of FOXP3 was highest in sEVs-T and reduced

by Compound C, EX-527, AGK2, and OSS_128167 (Figures 8B and 8D). These results indicated that

SIRT1 and SIRT6 mediated the nuclear translocations of FOXO1A and FOXO3A, whereas SIRT2 mediated

the nuclear translocation of FOXO3A, but not FOXO1A.

In general, ATM/AMPK/SIRTs-mediated nuclear translocations of FOXO1A and FOXO3A play an important

role in sEVs-upregulated FOXP3.

Figure 6. sEVs-Upregulated FOXP3 Is Dependent on the ATM-AMPK-SIRT1/SIRT2/SIRT6 Axis

(A) Peripheral T lymphocytes derived from three healthy humans were treated with DMSO, 50 mM KU60019, BxPC-3-

derived sEVs, and sEVs combined with 50 mM KU60019, respectively.

(B) Peripheral T lymphocytes derived from three healthy humans were treated with DMSO, 20 mM Compound C, BxPC-3-

derived sEVs, and sEVs combined with 20 mM Compound C, respectively.

(C) Peripheral T lymphocytes derived from three healthy humans were treated with DMSO, 10 mMEX-527, BxPC-3-derived

sEVs, and sEVs combined with 10 mM EX-527, respectively.

(D) Peripheral T lymphocytes derived from three healthy humans were treated with DMSO, 40 mM AGK2, BxPC-3-derived

sEVs, and sEVs combined with 40 mM AGK2, respectively.

(E) Peripheral T lymphocytes derived from three healthy humans were treated with DMSO, 100 mMOSS_128167, BxPC-3-

derived sEVs, and sEVs combined with 100 mM OSS_128167, respectively.

(F) T lymphocytes were from the same source as (A–E). Flow cytometry showing the FOXP3 expression.

(A–F) Data shown are mean G standard deviation. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; NS, no significant difference

(two-tailed, unpaired Student’s t test).

Graphs of western blots and flow cytometry are from a single experiment, which is representative of three independent

experiments.
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FOXO1A, FOXO3A, and FOXP3 Are Highly Expressed in PDAC-Metastatic Lymph Nodes

We identified the upregulated FOXO1A, FOXO3A, and FOXP3 in sEVs-T in vitro. Whether the expressions

of FOXO1A and FOXO3A were related to Treg in PC tissue? To this aim, we examined the correlations be-

tween the abundance of tumor-infiltrating Tregs and the expressions of FOXO1A and FOXO3A in PC tissue

from the TISIDB (http://cis.hku.hk/TISIDB/). Positive correlations were identified between Treg abundance

and the expressions of FOXO1A and FOXO3A (Figure 9A). We also performed immunohistochemical anal-

ysis of 20 pairs of normal and tumor specimens collected from 20 patients with PDAC in our hospital. How-

ever, there were only a few FOXO1A-positive cells in the stroma of tumor tissues and almost no positive

cells in pancreatic normal tissues (Figure S7A). FOXO3A was highly expressed in pancreatic ductal cells,

acinar cells, and stromal cells, and this high expression was observed in both pancreatic normal tissues

and tumor tissues (Figure S7B). FOXP3 expression was similar to FOXO1A (Figure S7C). Due to the low ex-

pressions of FOXO1A and FOXP3, and the excessive background staining of FOXO3A, we were not avail-

able to quantitatively analyze the immunohistochemical results. Compared with the single-cell sequencing

results in TISIDB, the sensitivity of our immunohistochemical results was obviously insufficient. We then

checked the mRNA expressions of FOXO1A, FOXO3A, and FOXP3 in pancreas and lymph nodes in

Gene Database (https://www.ncbi.nlm.nih.gov/gene/). We found that FOXO1A and FOXP3 had low

expressed in pancreatic tissues and high expressed in lymph node tissue, and that FOXO3A was highly ex-

pressed in both pancreatic tissues and lymph nodes. These results suggested that compared with pancre-

atic tissues, lymph node tissues were more suitable for immunohistochemical analysis of FOXO1A,

FOXO3A, or FOXP3 expression. Moreover, the expressions of FOXO1A, FOXO3A, and FOXP3 in PC lymph

nodes were still unknown. To this aim, we performed immunohistochemical analysis of 20 pairs of normal

and metastatic lymph node specimens. We found that, among these samples, the positive expression rate

of FOXO1A in metastatic lymph nodes was 0.72 G 0.13, which is higher than that in normal lymph node

(0.58 G 0.10) (Figures 9B and 9C); the positive expression rate of FOXO3A in metastatic lymph nodes

was 0.78 G 0.12, which is higher than that in normal lymph node (0.64 G 0.12) (Figures 9D and 9E); and

the positive expression rate of FOXP3 in metastatic lymph nodes was 0.59 G 0.06, which is higher than

that in normal lymph node (0.52G 0.05) (Figures 9F and 9G). We further analyzed the correlations between

the expression of FOXP3 and the expressions of FOXO1A and FOXO3A in paired lymph nodes. Interest-

ingly, FOXP3 has a positive correlation with the expression of FOXO1A or FOXO3 (Figure 9H).

DISCUSSION

Previous studies refer to the EVs with a diameter of 50–150 nm isolated from 100,000 3 g as exosomes

and EVs with a diameter >150 nm (or >200 nm) isolated from 10,000 3 g as microvesicles. In our study,

we refer to the EVs from the 100,0003g pellet of size <200 nm as sEVs and EVs from the 10,0003g pellet

of size >200 nm as lEVs. For respect for previous studies and the readability of previous reports, we still

use the term ‘‘exosomes’’ when discussing previous studies, and use the term ‘‘sEVs’’ when discussing

our study.

Despite recent advances in effective immunotherapy against solid tumors such asmelanoma and non-small

cell lung cancer, immunotherapy of PC is less effective and PC shows a high mortality rate, which is attrib-

uted to the lack of immunogenicity and the presence of an immunosuppressive microenvironment (Kleeff

et al., 2016). Growing evidence has shown that the T cell population that infiltrates into the microenviron-

ment of PC is primarily Tregs rather than activated anti-tumor T cells (Clark et al., 2007). A high proportion

of Tregs in PC tissue is a marker of poor prognosis (Hiraoka et al., 2006). Previous studies have found that

tumor cells may shape immune cells into Treg phenotype through metabolic competition and secretion of

anti-inflammatory cytokines such as TGF-b1 and IL-10 (Basso et al., 2017; Sukumar et al., 2015; Yako et al.,

2016). Cancer-derived exosomes have been shown to promote Treg expansion, induce TGF-b1

Figure 7. sEVs-Induced Nuclear Translocations of FOXO1A and FOXO3A Upregulated the Expression of FOXP3

(A) Western blot showing the upregulation of FOXO1A and FOXO3A in sEVs-T (n = 3).

(B) Western blot showing the expressions of FOXO1A and FOXO3A in T lymphocytes during different treatment as

(Figures 6A–6E) (n = 3).

(C) Western blot showing the expressions of FOXO1A, FOXO3A, and FOXP3 in subcellular fractions of treated T

lymphocytes. T lymphocytes were from the same source as (A) (n = 3).

(A–C) Data shown are mean G standard deviation. n = 3. *p < 0.05; **p < 0.01; ***p < 0.001; NS, no significant difference

(two-tailed, unpaired Student’s t test).

Graphs of western blots are from a single experiment, which is representative of three independent experiments.
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production, and enhance the suppressor activity of Tregs (Szajnik et al., 2010). In this study, we explored the

changes in phenotype and function as well as the corresponding signaling pathways underlying these

changes in T lymphocytes after uptake of BxPC-3-derived sEVs.

Exosomes are produced and released by normal tissue cells as well as tumor cells (Dolo et al., 2000). How-

ever, tumor cell-derived and normal tissue cell-derived exosomes show distinct properties (Logozzi et al.,

2009). In previous studies examining exosomes obtained from serum, urine, or effusions of patients with

cancer, the origin was uncertain, as these exosomes may be derived from normal or/and tumor cells. To

specifically examine the effects of sEVs on T lymphocytes, here we purified and identified sEVs from

BxPC-3 cell culture supernatants and cultured them with isolated healthy peripheral T lymphocytes, as

shown in previous studies (Wieckowski et al., 2009; Troyer et al., 2017). Some studies demonstrated that

the increased Treg population and suppressor function in peripheral blood and tumor tissue of patients

with cancer were associated with cancer progression and shorter survival (Wolf et al., 2005; Curiel et al.,

2004; Woo et al., 2001; Salama et al., 2009; Evans and Costello, 2012; Carstens et al., 2017). Early studies

indicated that PC induces Tregs by recruitment of myeloid-derived suppressor cells and mast cells,

secreting TGF-b1, and metabolic competition (Padoan et al., 2019). In our study, the proportion of Tregs,

represented by CD4+CD25highFOXP3+, was increased after BxPC-3-derived sEVs treatment, and the cyto-

toxic activity of sEVs-treated T lymphocytes was reduced. Our finding and results from others (Wang and

Tang, 2010; Robbins and Morelli, 2014) describe a potential mechanism for Treg enrichment in the tumor

tissue of patients with PC. We also found TGF-b1 was carried by sEVs from PC cells to T lymphocytes. How-

ever, the induction of Treg by sEVs has not been completely suppressed when sEVs-derived TGF-b1 was

blocked. It indicated that in addition to TGF-b1 pathway, there was another pathway involved in sEVs-

inducing Treg.

Several studies have shown that cancer-derived exosomes promote Treg expansion, enhance suppressor

function, induce CD8+ T cells apoptosis, and inhibit cytotoxicity of natural killer cells (Ashiru et al., 2010;

Clayton and Tabi, 2005; Szczepanski et al., 2011). Most studies have focused on immune-related signaling

molecules in exosomes, and few reports have explored the intrinsic signal transduction and epigenetic pro-

gramming in T lymphocytes affected by exosomes. Our results showed that the gene set of DNA repair was

enriched in sEVs-treated T lymphocytes. Previous research showed that lymphocytes are susceptible to

DNADSB due to programmed chromosomal rearrangements at the antigen receptor locus, whereas Tregs

have been shown to be more resistant to DNA damage compared with Teffs (Matei et al., 2006; Bénard

et al., 2006; Winzler et al., 2011). ATM plays a crucial role in DNA DSB monitoring, DDR, and T cell devel-

opment (Bassing et al., 2002; Shiloh, 2003; Liberzon et al., 2004). We thus hypothesized that ATM activation

might be involved in Treg induction. Following experiments showed that sEVs treatment activated ATM

and increased the number of foci of the DDR coordinators g-H2AX, RAD51, RPA2, and 53BP1. This result

identified the process of DNA repair in exosomes-treated T lymphocytes. Treatment with the ATM inhibitor

KU-60019 reversed the phosphorylation of ATM, down-regulated FOXP3 expression, and reduced the

CD4+CD25highFOXP3+ Treg proportion during sEVs stimulation. These findings suggest that DNA repair

and DNA damage-induced ATM activation are essential to induction of Tregs by sEVs.

In addition to DNA repair, metabolism-related gene sets such as Glycolysis and Oxidative Phosphorylation

and metabolic KEGG pathways were enriched in sEVs-treated T lymphocytes. This finding is similar to that

in previous studies that reported that induced CD4+ Tregs are characterized by mixed metabolism

including glycolysis, lipid oxidation, and oxidative phosphorylation (Michalek et al., 2011; Smith et al.,

2013). As a metabolic regulator, AMPK has been reported to convert metabolism from the energy-

demanding pathway to energy-generating mechanisms including glycolysis, oxidative phosphorylation,

and autophagy (Hardie, 2011; Yuan et al., 2013; Gwinn et al., 2008; Kim et al., 2011). In our study, ATM

Figure 8. Translocations of FOXO1A and FOXO3A in Subcellular Fractions under the Sight of SIM

(A) Reconstructed 3D images showing the FOXO1A translocation (red meaning total expression, yellow meaning nuclei expression) and FOXP3 (green)

expression in treated T lymphocytes. T lymphocytes were from the same source as Figure 6A. Scale bar is indicated in image.

(B) Ratio of Nuclear/Total expression of FOXO1A and mean fluorescence intensity (MFI) of FOXP3 from Imaris analysis as in (A) (n = 3).

(C) Reconstructed 3D images showing the FOXO3A translocation (red meaning total expression, yellow meaning nuclei expression) and FOXP3 (green)

expression in treated T lymphocytes. T lymphocytes were from the same source as (Figure 6A). Scale bar indicated in image.

(D) Ratio of Nuclear/Total expression of FOXO3A and mean fluorescence intensity (MFI) of FOXP3 from Imaris analysis as in (C) (n = 3).

(B and D) Data shown are mean G SD. n = 3. *p < 0.05; **p < 0.01 and ****p < 0.0001 (two-tailed, unpaired Student’s t test).

Images are from a single experiment, which is representative of three independent experiments.
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induced AMPK activation following sEVs-induced DNA damage. Our findings were in line with the point of

previous studies, which also reported that AMPK is activated by ATM to promote autophagy and regulate

DNA damage and T cell senescence (Fu et al., 2008; Lanna et al., 2014; Li et al., 2017). This result suggested

that AMPK might serve as a connector for DNA damage repair and energy metabolism switching.

SIRTs have been reported to form an energy sensing network with AMPK in metabolic programming and

also to serve as key regulators in the inflammatory response and immune reprograming (Xiao et al., 2010;

Canto et al., 2009; Yang et al., 2010; Vachharajani et al., 2016; Liu et al., 2015). SIRT1, SIRT2, and SIRT6

exhibit anti-inflammatory properties via suppression of pro-inflammatory cytokine expression and NF-

kB-dependent gene expression (Li et al., 2013; Wang et al., 2016; Lee et al., 2013). Moreover, SIRTs also

regulate FOXO1A and FOXO3A (Brunet et al., 2004; Jing et al., 2007; Frescas et al., 2005), which cooper-

atively induce FOXP3 expression and control the differentiation of Tregs (Ouyang et al., 2010; Harada et al.,

2010). We found that SIRT1/2/6 regulated the expressions of FOXO1A, FOXO3A, and FOXP3 following

AMPK activation in sEVs-treated T lymphocytes. This finding provided a supplement for AMPK and SIRTs

participating in immunometabolic reprogramming.

As EVs, exosomes (sEVs) can reach target tissues earlier than cancer cells through body fluids. PC cells are

characterized as highly prone to invade lymph nodes. In paired normal andmetastatic lymph nodes from 20

patients with PC, we found the highly expressed FOXO1A, FOXO3A, and FOXP3 inmetastatic lymph nodes

and further identified the positive correlations between the expression of FOXP3 and the expressions of

FOXO1A and FOXO3A. These results suggested that highly expressed FOXO1A and FOXO3A in lymph

nodes might be a sign of immune tolerance.

In conclusion, our results showed that PC cells-derived sEVs promoted Treg expansion and impaired the

cytotoxicity of induced T lymphocytes against PC cells. RNA-seq and GSEA found that gene sets of DDR

and metabolic alteration were involved in sEVs-treated T lymphocytes. Furthermore, sEVs-induced upre-

gulation of FOXP3 expression and Treg promotion were mediated by the ATM-AMPK-SIRT1/2/6-

FOXO1A/FOXO3A axis. These effects of cancer-derived sEVs on cellular immunity appear to be an impor-

tant mechanism for immune evasion in PC.

Limitations of the Study

Our study was performed in vitro. Although we simulated the stimulation of T lymphocytes by PC cells-

derived sEVs in vitro, the in vitro culture environment is different from the human tumor microenvironment.

The complexity of the pancreatic tumor microenvironment may potentially limit the translational value of

our conclusions. Besides, our study was limited only to use PC cell lines such as BxPC-3 and PANC-1. These

cells are also different from primary tumor cells. Therefore, further mouse models or organoidmodels of PC

are needed to validate our findings in in vitro settings.

Figure 9. The Expressions of FOXO1A, FOXO3A, and FOXP3 in PDAC Lymph Node

(A) Left scatterplots showing the correlation between FOXO1A and Treg abundance. Right scatterplots showing the

correlation between FOXO3A and Treg abundance. Data derived from the TISIDB (http://cis.hku.hk/TISIDB/).

(B) Immunohistochemistry (IHC) images showing the FOXO1A expression in normal and metastatic lymph nodes.

Arrowhead indicating the positive expression. Scale bar indicated in image.

(C) Quantification of (B) showing the average IHC score of FOXO1A in 20 paired normal and metastatic lymph nodes

under 403 objective.

(D) Immunohistochemistry images showing the FOXO3A expression in normal and metastatic lymph nodes. Arrowhead

indicating the positive expression. Scale bar indicated in image.

(E) Quantification of (D) showing the average IHC score of FOXO3A in 20 paired normal and metastatic lymph nodes

under 403 objective.

(F) Immunohistochemistry images showing the FOXP3 expression in normal and metastatic lymph nodes. Arrowhead

indicating the positive expression. Scale bar indicated in image.

(G) Quantification of (F) showing the average IHC score of FOXP3 in 20 paired normal and metastatic lymph nodes under

403 objective.

(H) Left scatterplots showing the correlation between FOXO1A and FOXP3. Right scatterplots showing the correlation

between FOXO3A and FOXP3. Data derived from (A, C, and E).

(A) R valuemeaning correlation coefficient, p < 0.05meaning statistically significant (Spearman’s correlation). (C, E, andG)

Data shown are meanG SD. **p < 0.01; ***p < 0.001; ****p < 0.0001 (n = 20, paired t test). (H) R value meaning correlation

coefficient (n = 40, including 20 normal lymph nodes and 20 metastatic lymph nodes), p < 0.05 meaning statistically

significant (Pearson’s correlation).
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Théry, C., Witwer, K.W., Aikawa, E., Alcaraz, M.J.,
Anderson, J.D.,Andriantsitohaina, R.,Antoniou,A.,
Arab, T., Archer, F., Atkin-Smith, G.K., et al. (2018).
Minimal information for studies of extracellular
vesicles 2018 (MISEV2018): a position statement of
the International Society for Extracellular Vesicles
and update of the MISEV2014 guidelines.
J. Extracell. Vesicles 7, 1535750.

Troyer, R.M., Ruby, C.E., Goodall, C.P., Yang, L.,
Maier, C.S., Albarqi, H.A., Brady, J.V., Bathke, K.,
Taratula, O., Mourich, D., et al. (2017). Exosomes
from Osteosarcoma and normal osteoblast differ
in proteomic cargo and immunomodulatory
effects on T cells. Exp. Cell Res. 358, 369–376.

Vachharajani, V.T., Liu, T., Wang, X., Hoth, J.J.,
Yoza, B.K., and McCall, C.E. (2016). Sirtuins link
inflammation and metabolism. J. Immunol. Res.
2016, 8167273.

Van der Windt, G.J., and Pearce, E.L. (2012).
Metabolic switching and fuel choice during T-cell
differentiation and memory development.
Immunol. Rev. 249, 27–42.

Vincent, A., and Herman, J. (2011). Pancreatic
cancer. Lancet 378, 607–620.

Wang, K., and Tang, J. (2010). Tumour-derived
exosomes and their roles in cancer. Zhong Nan
Da Xue Xue Bao Yi Xue Ban 35, 1288–1292.

Wang, X., Buechler, N.L., Martin, A., Wells, J.,
Yoza, B., McCall, C.E., and Vachharajani, V. (2016).
Sirtuin-2 regulates sepsis inflammation in ob/ob
mice. PLoS One 11, e0160431.

Wieckowski, E.U., Visus, C., Szajnik, M.,
Szczepanski, M.J., Storkus, W.J., and Whiteside,
T.L. (2009). Tumor-derivedmicrovesicles promote
regulatory T cell expansion and induce apoptosis
in tumor-reactive activated CD8+ T lymphocytes.
J. Immunol. 183, 3720–3730.

ll
OPEN ACCESS

iScience 23, 101431, August 21, 2020 23

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref52
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref53
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref53
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref53
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref54
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref55
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref55
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref55
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref55
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref56
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref57
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref58
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref59
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref60
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref61
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref62
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref63
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref64
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref65
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref66
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref67
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref68
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref69
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref70
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref71
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref72
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref73
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref74
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref75
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref76
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref77
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref78
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref79
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref80
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref81
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref82
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref83
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref84
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref85
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref86
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref87
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref88
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref89
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref90
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref90
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref90
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref91
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref91
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref91
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref91
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref92


Winzler, C., Fantinato, M., Giordan, M., Calore, E.,
Basso, G., and Messina, C. (2011). CD4(+) T
regulatory cells are more resistant to DNA
damage compared to CD4(+) T effector cells as
revealed by flow cytometric analysis. Cytometry A
79, 903–911.

Wolf, D., Wolf, A.M., Rumpold, H., Fiegl, H.,
Zeimet, A.G., Muller-Holzner, E., Deibl, M., Gastl,
G., Gunsilius, E., and Marth, C. (2005). The
expression of the regulatory T cell-specific
forkhead box transcription factor FoxP3 is
associated with poor prognosis in ovarian cancer.
Clin. Cancer Res. 11, 8326–8331.

Woo, E.Y., Chu, C.S., Goletz, T.J., Schlienger, K.,
Yeh, H., Coukos, G., Rubin, S.C., Kaiser, L.R., and
June, C.H. (2001). Regulatory CD4(+) CD25(+)
T cells in tumors from patients with early-stage

non-small cell lung cancer and late-stage ovarian
cancer. Cancer Res. 61, 4766–4772.

Xiao, C., Kim, H.S., Lahusen, T., Wang, R.H., Xu,
X., Gavrilova, O., Jou, W., Gius, D., and Deng,
C.X. (2010). SIRT6 deficiency results in severe
hypoglycemia by enhancing both basal and
insulin-stimulated glucose uptake in mice. J. Biol.
Chem. 285, 36776–36784.

Yako, Y.Y., Kruger, D., Smith, M., and Brand, M.
(2016). Cytokines as biomarkers of pancreatic
ductal adenocarcinoma: a systematic review.
PLoS One 11, e0154016.

Yang, Z., Kahn, B.B., Shi, H., and Xue, B.Z. (2010).
Macrophage alpha1 AMP-activated protein
kinase (alpha1AMPK) antagonizes fatty acid-
induced inflammation through SIRT1. J. Biol.
Chem. 285, 19051–19059.

Yuan, H.X., Xiong, Y., and Guan, K.L. (2013).
Nutrient sensing, metabolism, and cell growth
control. Mol. Cell 49, 379–387.

Zhao, C., Gao, F., Weng, S., and Liu, Q. (2017).
Pancreatic cancer and associated exosomes.
Cancer Biomark. 20, 357–367.

Zheng, L., Xue, J., Jaffee, E.M., and Habtezion, A.
(2013). Role of immune cells and immune-based
therapies in pancreatitis and pancreatic ductal
adenocarcinoma. Gastroenterology 144, 1230–
1240.

Zhou, M., Chen, J., Zhou, L., Chen, W., Ding, G.,
and Cao, L. (2014). Pancreatic cancer derived
exosomes regulate the expression of TLR4 in
dendritic cells via miR-203. Cell. Immunol. 292,
65–69.

ll
OPEN ACCESS

24 iScience 23, 101431, August 21, 2020

iScience
Article

http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref93
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref94
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref95
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref96
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref97
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref97
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref97
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref97
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref98
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref98
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref98
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref98
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref98
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref99
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref99
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref99
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref100
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref100
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref100
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref101
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref101
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref101
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref101
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref101
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref102
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref102
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref102
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref102
http://refhub.elsevier.com/S2589-0042(20)30621-0/sref102


iScience, Volume 23

Supplemental Information

BxPC-3-Derived Small Extracellular Vesicles

Induce FOXP3+ Treg through ATM-AMPK-Sirtuins-

Mediated FOXOs Nuclear Translocations

Tao Shen, Shengnan Jia, Guoping Ding, Dongnan Ping, Liangjing Zhou, Senhao
Zhou, and Liping Cao



TRANSPARENT METHODS 

 

Ethics Statement 

The research protocol was reviewed and approved by the Research Ethics Committee of Sir Run Run 

Shaw Hospital, School of Medicine, Zhejiang University (Reference Number: ZJU20170222-23). All 

experiments were conducted in accordance with approved guidelines of the Sir Run Run Shaw Hospital, 

School of Medicine, Zhejiang University. Written informed consent for scientific research statement was 

obtained from all participants. 

 

Reagents 

The antibodies used in the study were: p-AMPK (T183/T172) (Abcam, Cat#ab133448), SIRT1 

(Abcam, Cat#ab32441), SIRT2 (Abcam, Cat#ab134171), SIRT6 (Abcam, Cat#ab176345), p-ATM 

(S1981) (Cell Signaling Technologies, Cat#5883), ATM (Abcam, Cat#ab32420), β-Actin (Abcam, 

Cat#ab179467), γ-H2AX (Abcam, Cat#ab26350), RAD51 (Abcam, Cat#ab133534), RPA2 (Abcam, 

Cat#ab2175), 53BP1 (Abcam, Cat#ab175188), FOXO1A (Abcam, Cat#ab52857), FOXO3A (Abcam, 

Cat#ab23683), FOXP3 (Abcam, Cat#ab20034), Histone H3 (Abcam, Cat#ab201456), anti-mouse 

AlexaFluor 488 secondary antibody (ThermoFisher, Cat#A-21202), anti-mouse AlexaFlour 594 

secondary antibody (ThermoFisher, Cat#A-21203), and anti-rabbit AlexaFlour 594 secondary antibody 

(ThermoFisher, Cat#A-21207). 

 

The chemicals, peptides, and recombinant proteins used in the study were: KU-60019 

(MedChemExpress, Cat#HY-12061), Compound C (MedChemExpress, Cat#HY-13418A), EX-527 

(MedChemExpress, Cat#HY-15452), AGK2 (MedChemExpress, Cat#HY-100578), OSS_128167 

(MedChemExpress, Cat#HY-107454), anti-CD3ε antibody (clone OKT3) (Miltenyi Biotec, Cat#130-

093-387), and recombinant human interleukin 2 (PeproTech, Cat#200-02). 

 

The critical commercial assays used in the study were: Transcription Factor Buffer Set (BD Bioscience, 

Cat#562574), Enhanced BCA Protein Assay Kit (Beyotime, Cat#P0010S), Rabbit Polymer Detection 

System (ZSbio, Cat#PV-6001), Mouse Enhanced Polymer Detection System (ZSbio, Cat#PV-9002), 

DAB kit (ZSbio, Cat#ZLI-9017), Human TGF-beta 1 ELISA Kit (RayBiotech, Cat#ELH-TGFb1), and 

TB-green Premix Ex Taq II (TAKARA, Cat#RR820Q). 

 

 



Cell Culture 

Human PDAC cell lines BxPC-3 and PANC-1 were obtained from American Type Culture Collection. 

Human pancreatic stellate cell line HPaSteC (HPSC) were obtained from BeNa Culture Collection. 

BxPC-3 cells were maintained in RPMI 1640 medium (GIBCO) supplemented with 10% (v/v) heat-

inactivated fetal bovine serum (FBS, GIBCO), 100U/mL penicillin (Solarbio), and 100mg/mL 

streptomycin (Solarbio) at 37°C in a humidified atmosphere with 5% CO2. HPSC and PANC-1 cells were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM, GIBCO) supplemented with 10% (v/v) 

heat-inactivated FBS (GIBCO) at 37°C in a humidified atmosphere with 5% CO2.  

 

Patients and tissue samples 

Forty formalin-fixed and paraffin-embedded lymph node specimens including 20 tumor-infiltrated and 

paired 20 normal lymph nodes, and forty pancreatic specimens including 20 tumor and paired 20 normal 

tissue, were obtained from 20 PDAC patients (5 female and 15 male patients with a median age of 63.4 

years; age range, 49-79 years) who underwent R0 surgical resection at the Department of General 

Surgery, Sir Run Run Shaw Hospital of Zhejiang University School of Medicine between 2011 and 2016. 

All cases were confirmed by pathological diagnosis. None of them had received radiotherapy, 

chemotherapy, hormone therapy or other related anti-tumor therapies before surgery.  

 

Generation of tdTomato/EGFP-BxPC-3 cells 

sEVs-CD63-toTomato virus and sEVs-TGF-β1-EGFP virus were obtained from S&E Shanghai Medical 

Biotechnology Co., Ltd. For labeling CD63 (or TGF-β1) with fluorescence, BxPC-3 cells were 

transfected with a CMV promoter-driving tdTomato-tagged CD63 gene (or EGFP-tagged TGF-β1 gene) 

using lentivirus vector system. Culture medium added with 1µg/mL puromycin (Beyotime) was using to 

purify stably transfected BxPC-3 cells.  

 

Purification and Verification of sEVs 

sEVs were purified from serum-free supernatants of human HPSC, BxPC-3, PANC-1, tdTomato-BxPC-

3, Ctrl/CD63-BxPC-3, or TGF-β1/CD63-BxPC-3 cells. Briefly, the supernatants were filtered through a 

0.22µm sterile filter (EMD Millipore) and centrifuged at 200 × g for 10 min, 2,000 × g for 20 min, 10,000 

× g for 30 min, and 100,000 × g for 1 hour at 4°C (Optima XPN-100). After the last centrifugation step, 

the pellets were suspended in PBS and then centrifuged at 100,000 × g for 2 hours at 4°C. The purified 

sEVs were re-suspended in PBS and stored at -80°C. To evaluate the morphology of isolated sEVs, the 

sEVs were settled on carbon-coated 400-mesh copper grids, stained with 2% uranyl acetate, air-dried, 



and imaged by transmission electron microscopy (Tecnai T10). Nanoparticle tracking analysis was 

performed using the Dynamic Light Scattering System of the NanoSight LM10 (NanoSight Ltd). 

For separation of subtypes of PC derived extracellular vesicles, we centrifuged the supernatants of 

BxCP-3, PANC-1 and HPSC cells at 200 × g for 10 min and 2,000 × g for 20 min at 4℃ to remove the 

cell debris. Debris-free supernatants were then centrifuged at 10,000×g for 30 min at 4℃ to extract lEVs. 

The pellets were re-suspended in PBS and then centrifuged at 10,000×g for 1 hours at 4℃ to purify lEVs. 

Meanwhile, the lEVs-free supernatants were filtered by 0.22µm sterile filter and centrifuged at 

100,000×g for 1 hour at 4℃ to extract small size (<200nm) extracellular vesicles (sEVs). After the last 

centrifugation step, the pellets were re-suspended in PBS and then centrifuged at 100,000×g for 2 hours 

at 4℃ to purify sEVs. Finally, sEVs-free supernatants were prepared as lyophilized powders at -80℃ 

using FreeZone Freeze dryer (Labconco). The lEVs, sEVs and supernatant lyophilized powders were re-

suspended in PBS and their protein concentrations were detected using BCA method. 

 

Preparation of human peripheral T lymphocytes 

This experiment was conducted in accordance with approved guidelines of the Sir Run Run Shaw 

Hospital, School of Medicine, Zhejiang University. Written informed consent for scientific research 

statement was obtained from all healthy volunteers. At Day 0, human peripheral blood mononuclear cells 

(PBMCs) from 32 age-matched healthy volunteers were isolated using Ficoll-Paque PLUS Medium (GE 

Healthcare) density gradient centrifugation. PBMCs were cultured with RPMI 1640 medium (GIBCO) 

at 37°C in a humidified atmosphere with 5% CO2. After 2 hours culture, the adherent PBMC were 

discarded as a monocytes fraction, and the nonadherent PBMC were collected as a T lymphocytes 

fraction, as reported previously (Wieckowski et al., 2009). Subsequently, T lymphocytes were stimulated 

by 100ng/mL anti-CD3ε antibody (clone OKT3, Miltenyi Biotec) overnight and maintained in RPMI 

1640 medium (GIBCO) supplementing with 10% (v/v) heat-inactivated volunteer-derived autologous 

serum and 100U/mL recombinant human interleukin 2 (rhIL-2, PeproTech) at 37°C in 5% CO2. Fresh 

rhIL-2 and medium were added every 2 days. Serum sEVs were depleted from autologous serum by 

ultracentrifugation. 

 

In vitro T lymphocytes Treatment 

Peripheral T lymphocytes which is isolated from PBMC and pre-stimulated by anti-CD3 antibody were 

adjusted to the density of 1 × 106/mL, and the isolated sEVs were added to each T lymphocytes sample 

at the concentration of 100µg/mL or at titration dose at Day 1 and Day 3 (sEVs-T). Isovolumetric PBS 

was added as a control (Ctrl-T). At Day 4, the T lymphocytes were harvested for follow-up experiments, 



such as cytotoxicity assay, flow cytometry, CyTOF and western blotting. For ATM, AMPK, SIRT1, 

SIRT2 or SIRT6 inhibition, at Day 2, peripheral T lymphocytes were adjusted to the density of 1 × 

106/mL, and stimulated with 50 µM KU60019 (MedChem Express), 20 µM Compound C (MedChem 

Express), 10 µM EX-527 (MedChem Express), 40 µM AGK2 (MedChem Express) or 100 µM 

OSS_128167 (MedChem Express), respectively. 

 

Fluorescent Tracing of sEVs Transfer 

For tracing of sEVs transfer, tdTomato-sEVs were added to peripheral T lymphocytes at Day 1 and Day 

3. Stimulated T lymphocytes were twice rinsed, re-suspended in 200µL PBS, and adhered onto a poly-

L-lysine solution (Sigma-Aldrich) -charged coverslip. T lymphocytes were fixed by 4% 

paraformaldehyde for 20 minutes at room temperature, mounted in Fluoroshield Mounting Medium with 

DAPI (Abcam) and then visualized using ZEISS LSM 800 confocal microscope (Zeiss).  

 

Cytotoxicity Assay 

The in vitro cytotoxicity of the harvested T lymphocytes against the HPSC, BxPC-3 or PANC-1 cells 

was determined using the Real-Time Cell Analyzer (RTCA)-DP xCELLigence system (Roche Applied 

Science), which operates by tracking electrical impedance signals and enables the cell growth status to 

be monitored in real time on microelectrode-coated plates. HPSC, BxPC-3 or PANC-1 cells (n=5000) 

were seeded on each well of E-Plate 16 (Roche Applied Science) and incubated in normal cell culture 

medium for 24 h. In the next step, the T lymphocytes were collected and co-incubated with the HPSC, 

BxPC-3 or PANC-1 cells in the proportion of 20:1 for 48 h. During the time of co-incubation, the viability 

of HPSC, BxPC-3 or PANC-1 cells were monitored in real time, and expressed by means of cell index. 

 

TGF-β1 ELISA Assay 

For supnatant:  

In day 4, supernatant of Ctrl-T, sEVs-T were collected and centrifuged at 200 × g for 10 min and 

2,000 × g for 20 min at 4℃ to remove the cell debris. Debris-free supernatants were then centrifuged at 

10,000×g for 30 min at 4℃ to remove lEVs. lEVs-free supernatants were centrifuged at 100,000×g for 

1 hour at 4℃ to remove sEVs. sEVs-free supernatants were then used to perform ELISA according to 

the manufacturer’s protocol.  

 

For subtypes of BxPC-3-derived extracellular vesicles: 

 The lEVs, sEVs and supernatant lyophilized powders were re-suspended in PBS, underwent 



ultrasonic decomposition, and their protein concentrations were detected using BCA method. lEVs, sEVs 

and supernatant were then used to perform ELISA according to the manufacturer’s protocol. According 

to the protein concentration, the finally measured TGF-β1 concentration was converted to pg/mg. 

 

CyTOF analysis 

CyTOF analyses were performed by PLTTech Inc. as previously reported (Han et al., 2018). In brief, at 

Day 4, T lymphocytes were collected, fixed, permeabilized, stained with antibody mix and rinsed. The 

marker signals were detected by CyTOF system (Helios), and the types of T lymphocytes were identified 

via non-linear dimensionality reduction algorithm [t-distributed stochastic neighbour embedding (tSNE)] 

and k-means-clustering algorithm, as previously reported (Lim et al., 2019). 

 

Gene set enrichment analysis 

GSEA3.0 software was used for identification of enriched signatures obtained from the MSigDB 6.2 

hallmark and curated gene datasets. 

 

Western Blotting 

Cells were lysed with RIPA buffer (Beyotime) supplemented with protease and phosphatase inhibitor 

cocktail (Beyotime) on ice for 15 min. Lysates were centrifuged at 12,000 × g for 5 min to remove cell 

debris. The protein concentrations were measured by BCA protein assay kit (Beyotime). And then, the 

supernatant was taken up in SDS/PAGE sample loading buffer (Beyotime) and boiled for 10 minutes at 

95°C. Twenty µg protein was separated by SDS-PAGE and transferred to 0.2µm polyvinylidene fluoride 

membrane (Bio-Rad Laboratories). Membranes were blocked for 60 min in tris-buffered saline 

containing 0.1% (v/v) Tween-20 (TBST) supplemented with 5% (w/v) non-fat dry milk or bovine serum 

albumin for 1 hour at room temperature and incubated with primary antibodies overnight at 4°C. The 

next day, membranes were thrice washed in TBST, incubated with horseradish-peroxidase conjugated 

secondary antibodies (Thermo Fisher Scientific) for 1 hour at room temperature, and then thrice washed 

in TBST. Bands were imaged using ChemiDoc Touch Imaging System (Bio-Rad Laboratories) and the 

band intensities were quantified using the Image Lab 5.2.1 software (Bio-Rad Laboratories).  

 

Flow cytometry 

The expression markers on Treg were determined by flow cytometry analyses after surface staining with 

FITC-conjugated mouse anti-CD4 (555346, BD Biosciences) BV421-conjugated mouse anti-CD25 

(562442, BD Biosciences) or intracellular staining with PE-conjugated mouse anti-FOXP (560046, BD 



Biosciences). The transcription factor buffer set was utilized for fixation/permeabilization of cells before 

FOXP3 staining. All stained cells were analyzed using BD LSRFortessa (BD Bioscience) and the data 

were analyzed by FlowJo 10.0.7 software. 

 

Immunofluorescence and confocal microscopy 

At Day 4, stimulated T lymphocytes were twice rinsed, re-suspended in PBS at a density of 1 × 105 cells, 

adhered onto a Poly-L-Lysine-charged coverslip at 37℃ for 30 minutes. The cells were fixed with 

formalin for 20 minutes at room temperature, blocked using 5% (w/v) Bovine serum albumin (BSA) in 

PBS supplemented with 0.3% (v/v) Triton X-100 (Sigma-Aldrich) for 30 minutes at room temperature. 

After blocking, cells were incubated with mouse anti-γ-H2AX (S139) antibody (ab26350, Abcam) at 

dilution 1:200, mouse anti-RPA2 antibody (ab2175, Abcam) at dilution 1:300, rabbit anti-53BP1 

antibody (ab175188, Abcam) at dilution 1:200 or mouse anti-RAD51 antibody (ab133534, Abcam) at 

dilution 1:200 for 1 hour at room temperature. Next, cells were washed gently using PBS and incubated 

with anti-mouse AlexaFluor 488 secondary antibody (1:2000, A-21202, ThermoFisher), anti-mouse 

AlexaFlour 594 secondary antibody (1:2000, A-21203, ThermoFisher) or anti-rabbit AlexaFlour 594 

secondary antibody (1:2000, A-21207, ThermoFisher) for 45minutes at room temperature. After washing, 

the coverslips were mounted in Fluoroshield Mounting Medium with DAPI (Abcam) and images were 

taken using ZEISS LSM 800 confocal microscope (Zeiss). 

 

Quantitative PCR 

Quantitative PCR (qPCR) was performed with a TB-green Premix Ex Taq II Kit (TAKARA) on the 

LightCycle 480 II (Roche) as follows: 95°C for 3 minutes; followed by 40 cycles of 95°C for 10 seconds; 

and 60°C for 20 seconds. GAPDH was used as the control genes. The target genes and primers were: 

SIRT1 (F5’-AAGGGATGGTATTTATGCTC-3’ and R5’-ACAAGGCTATGAATTTGTGA-3’); 

SIRT2 (F5’-GTTCAAGCCAACCATCTGTCA-3’ and R5’-CTTAGCGGGTATTCGTGCC-3’);  

SIRT3 (F5’-TTGGCTTGGCATCCTC-3’ and R5’-GTCCTCCTCAGCAGTCTGTA-3’);  

SIRT4 (F5’-TCCCAACCTGCGTTCA-3’ and R5’-CCAGGCAGTGAGGATAA-3’);  

SIRT5 (F5’-TGCCAGCATCCCAGTTGAG-3’ and R5’-CACAGAGGAAGTGCCCACC-3’);  

SIRT6 (F5’-CCCACGCAGACCCACAT-3’ and R5’-TTGGCACATTCTTCCACAAA-3’);  

SIRT7 (F5’-CAGCACGGCAGCGTCTATC-3’ and R5’-CTCATGTGGGTGAGGGTTGG-3’);  

GAPDH (F5′-CGGAGTCAACGGATTTGGTCGTAT-3′ and R5′-

AGCCTTCTCCATGGTGGTGAAGAC-3′). 

 



Structured illumination microscopy 

At Day 4, stimulated T lymphocytes were twice rinsed, re-suspended in PBS at a density of 1 × 105 cells, 

adhered onto a Poly-L-Lysine-charged coverslip at 37℃ for 30 minutes. The cells were fixed with 

formalin for 20 minutes at room temperature, blocked using 5% (w/v) Bovine serum albumin (BSA) in 

PBS supplemented with 0.3% (v/v) Triton X-100 (Sigma-Aldrich) for 30 minutes at room temperature. 

After blocking, cells were incubated with rabbit anti-FOXO1A antibody (ab52857, Abcam) at dilution 

1:200, rabbit anti-FOXO3A antibody (ab23683, Abcam) at dilution 1:150, or mouse anti-FOXP3 

antibody (ab150117, Abcam) at dilution 1:100 for 1 hour at room temperature. Next, cells were washed 

gently using PBS and incubated with anti-rabbit AlexaFlour 594 secondary antibody (1:2000, A-21207, 

ThermoFisher) or anti-mouse AlexaFluor 488 secondary antibody (1:2000, A-21202, ThermoFisher) for 

45minutes at room temperature. After washing, the coverslips were mounted in Fluoroshield Mounting 

Medium with DAPI (Abcam) and images were taken using a 3D structural illumination microscope 

equipped with a 100× objective lens. For z-stack analysis, optical sections were obtained from the 

interface along the Z-axis at 0.2 µm intervals. Image analysis and mean fluorescence intensity (MFI) 

calculation were performed by Imaris v9.5 software. Briefly, the overall spatial structure of FOXO1A, 

FOXO3A or FOXP3 was reconstructed according to the channel information of AlexaFlour 488 or 594, 

the spatial structure of nucleus was reconstructed according to the channel information of DAPI, and the 

co-localized area of AlexaFlour and DAPI was segmented as the nuclear expression of FOXO1A or 

FOXO3A. And then, FOXO1A or FOXO3A nuclear expression ratio was calculated using the following 

equation: Ratio of nuclear/total (%)=co-localized area MFI / overall spatial structure MFI. 

 

Human pancreatic tissues and lymph nodes immunohistochemical analysis 

Paraffin-embedded lymph node tissue sections were dewaxed by dimethylbenzene and rehydrated 

through a gradient ethanol series and washed by PBS. Then, the sections were bathed on citric acid buffer 

(PH6.0) at 95–98 °C for 15 min for antigen retrieval. Naturally cooled to room temperature, the sections 

were incubated in 5% (w/v) BSA in PBS supplemented with 0.3% (v/v) Triton X-100 (Sigma-Aldrich). 

Following the serum block, sections were incubated with primary antibody for FOXO1A (1:200, Abcam), 

FOXO3A (1:150, Abcam) or FOXP3 (1:100, Abcam) at 4°C overnight. Isotype-matched antibodies were 

used as negative controls. Next day, sections were washed with PBS, incubated secondary antibodies 

using Rabbit Polymer Detection System (ZSbio) or Mouse Enhanced Polymer Detection System (ZSbio), 

and stained by DAB kit (ZSbio). Counterstaining of sections was performed with hematoxylin and 

dehydrated. The slides were mounted using neutral resin (Biosharp) and imaged using Leica DM4000 

microscope (Leica). In each case, we checked that the secondary antibodies did not cross-react with the 



isotype. The positive expression score of FOXO1A, FOXO3A or FOXP3 in nuclear was quantified using 

ImageJ software with the plugin of IHC Profiler according to manuscript. The positive expression rate 

of FOXO1A, FOXO3A or FOXP3 was calculated as the follow equation: positive expression rate (%)= 

positive expression score / the number of T lymphocytes in 40x objective field. Two authors, blinded for 

clinical data, independently calculated the positive expression rate of FOXO1A, FOXO3A or FOXP3. 

 

Statistical analysis 

Statistical analyses were performed using SPSS software version 23.0 (IBM Corp.). Two-tailed Student’s 

t-tests were used for comparisons between two groups from immunofluorescence data, flow cytometry 

data, CyTOF data or Western blotting data. Pearson’s correlation coefficient was used to evaluate the 

correlation matrices. Paired t-test was used to compare the FOXO1A, FOXO3A or FOXP3 expression 

between matched negative and positive lymph nodes. The p-value<0.05 was considered statistically 

significant. Graphical representations were performed GraphPad Prism 6 software (GraphPad Software, 

Inc.). 

  



Supplementary Figure Titles and Legends 

Figure S1 (related to Figure 1): The effect of HPSC- and PANC-1-derived sEVs on T lymphocytes. 

(A) DLS system measured the average size of HOSC- or PANC-1-derived sEVs. 

(B) TEM image showing the morphology of sEVs (black arrowheads). 

(C) Western blotting assays were used to analyze the expression of sEVs biomarkers. 

(D) Line chart showing the HPSC (above) or PANC-1 (below) survival curve. Cell index (Y-axis) 

indicating the number of live HPSC or PANC-1 cells. The survival curve reflected the cytotoxic activity 

of Ctrl-T, lEVs-T and sEVs-T. Each point in the graph constituting the curve represented the average of 

3 biological replicates. Quantifications of 24h, 48h and 72h were expressed as mean ± SD of 4 biological 

replicates. 

(E) TGF-β1 secreted in supernatant were detected by ELISA (n=3). 

Data shown are mean ± standard deviation. **p < 0.01; ns, no significant difference (two-tailed, unpaired 

Student’s t test).  

 

Figure S2 (related to Figure 2): CyTOF for immune markers in Ctrl-T and sEVs-T. 

(A) Heat map showing the expressions of 42 immune markers in the 37 cell clusters in Ctrl-T (above) or 

sEVs-T (below). The label on the left showing the T cell types of clusters according to typically expressed 

markers. 

(B) Flow cytometry showing the T lymphocytes activation biomarker. The graphs are from a single 

experiment which is representative of 5 independent experiments. Data shown are mean ± standard 

deviation. **p < 0.01; ns, no significant difference (two-tailed, unpaired Student’s t test). 

 

Figure S3 (related to Figure 3 and 4) BxPC-3- and PANC-1-derived exosomes induce Treg. 

(A) Scatter plots showing correlation between immunosuppressive biomarkers and Treg abundance. Data 

derived from the tumor-immune system interactions database (TISIDB) (http://cis.hku.hk/TISIDB/). R 

value meaning correlation coefficient, p < 0.05 meaning statistically significant (Spearman’s correlation). 

(B) Flow cytometry showing the FOXP3 expression at different time after 100µg/mL PANC-1-derived 

sEVs stimulation (n=3).  

(C) Flow cytometry showing the FOXP3 expression at different time after 100µg/mL HPSC-derived 

sEVs stimulation (n=3). 

(D) Flow cytometry showing the FOXP3 expression after 3 days of 100µg/mL HPSC-, PANC-1- or 

BxPC-3-derived sEVs stimulation (n=3).  

(E) Western blot showing the upregulated FOXP3 expression in T lymphocytes treated by HPSC- PANC-



1- or BxPC-3-derived exosomes for 3 days (n=3).  

(B-E) The graphs are from a single experiment which is representative of 3 independent experiments. 

Data shown are mean ± standard deviation. *p < 0.05; **p < 0.01; ns, no significant difference (two-

tailed, unpaired Student’s t test). 

 

Figure S4 (related to Figure 5): TGF-β1-SMAD pathway is involved in exosomes-induced Treg.  

(A) GSEA showing the enriched gene sets of TGF-Beta-signaling in sEVs-T. P value < 0.05 and q value 

< 0.25 meaning statistically significant. 

(B) ELISA showing the content of TGF-β1 in BxPC-3-derived supernatant, lEVs and sEVs (n=3). 

(C) Western blot showing the expression of TGF-β1 in BxPC-3 and BxPC-3-derived sEVs. HSP70 was 

considered as a control. 

(D) Confocal microscope showing the uptaken of Ctrl/CD63-sEVs or TGF-β1/CD63-sEVs by T 

lymphocytes. DAPI (blue) pointing the nuclei of T lymphocytes, tdTomato (orange) pointing the CD63, 

and EGFP (green) pointing the TGF-β1. Three biological replicates were made in each group. 

(E) Flow cytometry showed the ratio of TGF-β1/CD63-sEVs-positive T lymphocytes. Data shown are 

mean ± standard deviation. Three biological replicates were made in each group. 

(F) Flow cytometry showing the FOXP3 expression during treatment with PBS, 50 µg/mL Disitertide, 

100µg/mL BxPC-3-derived sEVs, and sEVs pre-treated with Disitertide (n=3). 

(C-F) The graphs are from a single experiment which is representative of 3 independent experiments. 

Data shown are mean ± standard deviation. **p < 0.01; ***p < 0.001; ns, no significant difference (two-

tailed, unpaired Student’s t test). 

 

Figure S5 (related to Figure 5): SIRTs mRNA expressions, effect concentration of selective inhibitor, 

and ATM phosphorylation. 

(A) Quantitative PCR showing the mRNA expression of SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 

and SIRT7 in Ctrl-T and sEVs-T 

(B) Western blot showing the effect concentration for inhibition of AMPK phosphorylation by 20 µM 

Compound C (red point). 

(C) Western blot showing the effect concentration for inhibition of SIRT1 expression by 10 µM EX-527 

(red point). 

(D) Western blot showing the effect concentration for inhibition of SIRT2 expression by 40 µM AGK2 

(red point). 

(E) Western blot showing the effect concentration for inhibition of SIRT6 expression by 100 µM 



OSS_128167 (red point).  

(F) Western blot showing the effect concentration for inhibition of ATM phosphorylation by 50 µM KU-

60019 (red point). 

(G) Western blot showing the ATM phosphorylation during different dose of sEVs-treatment. 

Western blot graphs are from a single experiment which is representative of 3 independent experiments. 

Fold changes are relative to control. Data shown is mean ± standard deviation. n=3. *p<0.05; **p < 0.01; 

ns, no significant difference (two-tailed, unpaired Student’s t test). 

 

Figure S6 (related to Figure 8): Translocations of FOXO1A and FOXO3A in subcellular fractions 

under the sight of SIM. 

(A) Reconstructed 3D-images showing the FOXO1A translocation (red meaning total expression, yellow 

meaning nuclei expression) and FOXP3 (green) expression in treated T lymphocytes. Scale bar was 

indicated in image. 

(B) Ratio of Nuclear/Total expression of FOXO1A and mean fluorescence intensity (MFI) of FOXP3 

from Imaris analysis as in (A) (n=3).  

(C) Reconstructed 3D-images showing the FOXO3A translocation (red meaning total expression, yellow 

meaning nuclei expression) and FOXP3 (green) expression in treated T lymphocytes. Scale bar was 

indicated in image. 

(D) Ratio of Nuclear/Total expression of FOXO3A and mean fluorescence intensity (MFI) of FOXP3 

from Imaris analysis as in (C) (n=3).  

(A and C) Images are from a single experiment which is representative of three independent experiments. 

(B and D) Fold changes are relative to sEVs-T. Data shown are mean ± standard deviation. n=3. *p < 

0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001 (two-tailed, unpaired Student’s t test). 

 

Figure S7 (related to Figure 9): Translocations of FOXO1A and FOXO3A in subcellular fractions 

under the sight of SIM. 

(A-C) Immunohistochemistry images showing the expression of FOXO1A (A), FOXO3A (B) and 

FOXP3 (C) in pancreatic normal and tumor tissues. Arrowhead indicating the positive cell. Scale bar 

was indicated in image.  



Figure S1 (related to Figure 1) 
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Figure S3 (related to Figure 3 and 4) 
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