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Pathogen-based cancer therapies have been widely studied. Parasites, such as Toxoplasma gondii have elicited great interest in cancer therapy. Considering safety in clinical applications, we tried to develop an exosome-based immunomodulator instead of a live parasite for tumor treatment. The exosomes, called DC-Me49-exo were isolated from culture supernatants of dendritic cells (DCs) infected with the Me49 strain of T. gondii and identified. We assessed the antitumoral effect of these exosomes in a mouse model of colorectal cancer (CRC). Results showed that the tumor growth was significantly inhibited after treatment with DC-Me49-exo. Proportion of polymorphonuclear granulocytic bone marrow-derived suppressor cells (G-MDSCs, CD11b+Ly6G+) and monocytic myeloid-derived suppressor cells (M-MDSCs, CD11b+Ly6C+) were decreased in the DC-Me49-exo group compared with the control groups in vitro and in vivo. The proportion of DCs (CD45+CD11c+) increased significantly in the DC-Me49-exo group. Levels of interleukin-6 (IL-6) and granulocyte-macrophage colony-stimulating factor (GM-CSF) significantly decreased after treatment with DC-Me49-exo. Furthermore, we found that DC-Me49-exo regulated the lever of MDSC mainly by inhibiting the signal transducer and activator of transcription (STAT3) signaling pathway. These results indicated that exosomes derived from DCs infected with T. gondii could be used as part of a novel cancer therapeutic strategy by reducing the proportion of MDSCs.
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Introduction

Many strategies have been used in colorectal-cancer (CRC) therapy. In recent years, cancer therapies based on pathogens (viruses, bacteria, and parasites) have elicited great interest. In 2015, the first oncolytic virus was approved for melanoma therapy by the U.S. Food and Drug Administration (FDA) (1). Bacteria-based cancer therapy has been approved in clinical trials by both the FDA and the National Medical Products Administration (NMPA). Other team and other researchers have found that infection by parasites such as Toxoplasma gondii and Plasmodium can inhibit tumor growth in vivo. However, although parasitic infection can change the balance of tumor tolerance, live parasites in cancer treatment increase the risk of infection.

Exosomes are extracellular vesicles with lipid bilayer molecules. They can carry proteins, biologically active lipids, and RNA from donor cells to recipient cells, thereby establishing intercellular communication and changing the functions of the recipient cells (2). Exosomes from pathogen-infected host cells have an anti-infective effect. These exosomes carry an “infection” message to immune cells, triggering them to activate the immune response (3). Dendritic cell (DC)-derived exosomes display abundant major histocompatibility complex (MHC) class I/II molecules and T cell co-stimulatory molecules, meaning that such exosomes have potential antitumoral activity (4). Researchers have discovered that pathogen-infected macrophages carry pathogen-associated molecular patterns (PAMPs), which can activate the host’s immune response mechanism (5). Exosomes secreted by immature DCs (DC-exo) produce an antitumoral immune response only when co-injected with mature DCs or chemical adjuvants (6). DC-exo can be used only in combination with chemotherapeutic drugs or specific immunotherapies to achieve better effect in clinical trials (7). Previous research has also showed that intra-tumoral injection of exosomes derived from the plasma of Plasmodium-infected mice significantly reduces the tumor growth in Lewis lung cancer (LLC) (8).

Myeloid-derived suppressor cells (MDSCs), which are immature myeloid cells derived from bone marrow (BM), are one of the most important types of immunosuppressive cells, and can inhibit immune cell responses (9–11). Removing MDSCs from the tumor microenvironment (TME) in patients can improve the host immune system’s ability to attack tumors and improve the effect of immunotherapy. Research has confirmed that Plasmodium infection inhibits the expansion and activation of MDSCs in a murine LLC model (12). A live, non-replicating, non-toxic T. gondii uracil-deficient vaccine strain (cps) reverses tumor-induced immunosuppression and promotes the M1 macrophage phenotype by activating immune cell such as DCs to suppress the role of MDSCs, thereby causing the inhibition of tumors (13). Therefore, we attempt to introduce the mechanism that activates host cell immunity by T. gondii to stimulate antitumoral immunity, as well as to investigate the potential of this strategy in tumor immunotherapy.

In our previous study, the DCs-derived exosomes “edited” by T. gondii had good cell compatibility and could interfere with immunosuppression caused by tumors. In the current study, we hypothesized that exosomes derived from DCs infected with Me49 strain of T. gondii could inhibit the level of MDSCs in a mouse model of CRC to achieve tumor suppressive effects. To develop an exosome-based immunomodulator instead of live parasites for tumor therapy, we evaluated antitumoral activity of exosomes isolated from DCs infected with the Me49 strain of T. gondii in a mouse model of CRC.



Materials and Methods


Ethical Approvals

All animal experiments were approved by the Institutional Animal Care and Use Committee of the Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences (CAAS), Shanghai, China (IACUC approve number SHVRI–SZ–20200421-01).



Sources of Cells, Parasites and Mouse

We purchased cell line of murine colorectal carcinoma (CT26 labeled with luciferase) from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The cell culture medium used in this experiment was Roswell Park Memorial Institute (RPMI) 1640 supplemented with 1% penicillin-streptomycin solution and 10% fetal bovine serum (FBS), all purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA) in a humidified atmosphere of 5% CO2 at 37°C.

The Me49 strain of T. gondii was preserved at the Key Laboratory of Animal Parasitology of Ministry of Agriculture (China), Laboratory of Quality and Safety Risk Assessment for Animal Products on Biohazards of Ministry of Agriculture, China.

We obtained 6-week-old female BALB/c mice from Shanghai SPF Biotechnology Co., Ltd (Beijing, China) and kept them at the SPF Experimental Animal Center of Shanghai Veterinary Research Institute, CAAS. Animals were housed in cages at 21 ± 1°C and 50–60% humidity, on 12 h-light-dark cycles, with enrichment items located in ventilated racks.



Animal Experimental Model

We randomly divided the mice into two groups (n = 5 per group). There were no significant differences in body weight between groups. Mice were immunized with inactivated T. gondii Me49 strain. Then mice were subcutaneously injected in the axillary area with 5×106 CT26 cell suspension.



T. gondii Treatment of Mice With Colorectal Cancer

After immunizing mouse with T. gondii Me49 strain, mice were injected with 5×106 CT26 cells. Seven days later, 100 tachyzoites of T. gondii Me49 strain were infected in CT26+Me49 group. The control group (CT26) was injected with PBS.



qPCR Detection of T. gondii in Different Tissues

We performed quantitative polymerase chain reaction (qPCR) amplification of the 529-bp target gene in T. gondii as described below. DNA was extracted from different tissues of mice with CRC using a DNA Mini Kit (Qiagen, Hilden, Germany). We performed qPCR on QuantStudio5 PCR system (Applied Biosystems, Foster City, CA, USA). T. gondii from different tissues was detected by qPCR assay using the primers (forward primer: 5’-GCTCGCCTGTGCTTGGAG-3’, reverse primer: 5’-ATCTTCTCCCTCTC CGACTCTC-3’) and probe (probe sequence: 5’-TCGCTTCCCAACCACGCCACCC-3’). Briefly, the 20 μL reaction mixture contained 10 μL premix, 0.8 μL forward primer, 0.8 μL reverse primer, 0.2 μL probe, 0.2 μL Rox Reference Dye II (Tokyo, Shiga, Japan), 6 μL ddH2O, and 2 μL template of DNA. The major steps of qPCR included denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15s, annealing at 60°C for 1min, and extension at 72°C for 45s. We prepared a standard curve and took measurements in triplicate for each sample.



Tumor Volume Measurement

Tumor volume = length × width2/2, where length represents the largest tumor diameter and width represents the perpendicular tumor diameter. Mice were categorized as dead for ethical reasons when the tumor volume exceeded 1500 mm3.



Flow Cytometric Analysis

Mice with CRC treated with T. gondii or exosomes were sacrificed before the flow cytometry (FCM) analysis. Then, we separated the blood, spleen, and tumor tissues. T lymphocyte infiltration and the proportion of MDSCs were detected by FCM. After washing the tumor samples in RPMI 1640, they were cut into 1 mm3 tissue pieces and digested with RPMI 1640, containing Dispase® II (1.5 U/mL, Sigma, USA), Collagenase D (1 mg/mL, No.11088858001; Roche, Basel, Switerland) and 0.2% DNase I (Roche, USA) at 37°C for 30 min according to the previous study (14) with some modifications. The digested material was passed through a mesh (70 μM) to remove clumps and the filtrate was washed twice and then centrifuged at 400 × g for 8 min at room temperature (RT) (14).

We used a lysed solution to lyse blood, after which we washed it with PBS and then centrifuged at 700 g for 5 min. To prepare the single-cell spleen suspension, the whole spleen was placed in a cell strainer and crushed. We next passed the cells through the 70 μM mesh to remove clumps and washed the filtrate twice, then centrifuged it at 400 g for 8 min at RT. Cell surfaces were stained in accordance with established methods (15). A total of 1×106 cells were incubated for 30 min at 4°C with different combinations of the following antibodies: (FITC)-CD3, (BV421)-CD4, (PE)-CD8, (APC)-CD45, (FITC)-CD11b, (PE)-Ly6G, (APC-A)-Ly6C, (FITC)-CD45, (APC)-CD11b, (PE)-Ly6G, (APC-700)-Ly6C, (PC5.5)-CD11c, and (PB450)-F4/80. All the antibodies were purchased from Becton, Dickinson (San Jose, CA, USA). Following two washes with 1 mL staining buffer, the cells were resuspended in 200 μL staining buffer for analysis on a CytoFLEX flow cytometry (Beckman Coulter Life Sciences, Brea, CA, USA).



Isolation of DC-Derived Exosomes

We obtained bone marrow-derived dendritic cells (BMDCs) from BM suspensions prepared from mouse femurs as described previously (16). Exosomes were purified from the supernatants of DCs infected with T. gondii by differential centrifugation as previously described (17). Briefly, we harvested supernatants of DCs infected with T. gondii from the DC-Me49-exo group, and those of control DCs from the DC-exo group. The different supernatants were centrifuged at 500 g for 10 min to remove cell debris and other small particles, and the supernatants was collected. Then, we centrifuged the supernatant at 16,500 g for 20 min, followed by filtration through a 0.22-μm filter (Millipore Sigma). Finally, supernatant solutions were ultracentrifuged at 120,000 g for 90 min, and the exosome pellet was resuspended with an appropriate amount of PBS. We measured the protein content of exosomes using a BCA protein assay kit (Thermo Fisher, USA). Exosomes were stored at −80°C for future use or directly used in co-culture experiments.



Characterization of Exosomes

We observed the size, morphology, and distribution of exosomes by transmission electron microscope (TEM). Diluted exosomes were fixed for 15 min in 2.5% formaldehyde/glutaraldehyde (Solarbio, Beijing, China), and 0.1 M sodium cacodylate buffer. The samples were then placed on a 300-mesh carbon coated mesh for air drying. We stained the samples for 4 min with a negatively filtered microporous aqueous solution of uranyl acetate, and then washed them twice with 50% methanol/water. After air drying, samples were observed under TEM with accelerating voltage of 80 kV and spot size of 2. We diluted purified exosomes in PBS (10000×) and subsequently used them for size measurement and analysis on a ZetaView nanoparticle-tracking analyzer (Particle Metrix, Inningam Ammersee, Germany) to determine concentration (particles/mL) and particle size (nm). Exosomes were mixed with loading buffer and heated at 100°C for 10 min. We then loaded exosome samples on 10% SDS-PAGE gel, transferred the samples to PVDF (Billerica, MA, USA), and incubated them overnight in blocking buffer (1× PBST, 5% milk). After five washes with washing buffer (PBST), membranes were incubated for 1 h with monoclonal antibodies of CD63, CD9, TSG101 (Cambridge, MA, USA) in a buffer containing PBST, and 1% milk. After washing them with washing buffer, we incubated membranes for 1 h with secondary antibodies and detected signals on a ChemiDoc Touch Imaging (Bio-Rad, USA).



Co-Culture Assays In Vitro

Mouse BM–derived MDSCs were obtained as previously described (18, 19). In brief, we flushed BM cells from the femurs and tibias of approximately 5-week-old BALB/c mice. Red blood cells (RBCs) were lysed with lysis buffer (Thermo Fisher). The BM cells were then cultured in RPMI-1640 supplemented with 10% FBS, 1% penicillin-streptomycin solution and stimulated with 40 ng/mL interleukin-6 (IL-6) and granulocyte-macrophage colony stimulating factor (GM-CSF) (Rocky Hill, NJ, USA) at 37°C for 4 d in a 5% CO2-humidified atmosphere. Then, we detected unique M-MDSCs and G-MDSCs using (FITC)-CD45, (APC)-CD11b, (PE)-Ly6G, and (APC-700)-Ly6C. Uniquely DCs and macrophages were detected by (FITC)-CD45, (PC5.5)-CD11c, and (APC)-CD11b, (PB450)-F4/80. All the antibodies were purchased from Becton, Dickinson (San Jose, CA, USA). After induction and maturation, MDSCs were harvested. Then, MDSCs incubated with exosomes of DC-exo, DC-Me49-exo, and PBS, respectively. After 24 h, MDSC was collected for flow cytometry and Western blot. All cells were lysed using RIPA buffer (Beyotime Institute of Biotechnology, China) with 1 nM PMSF, and total protein concentration was determined using a BCA protein quantification kit (Thermo Fisher). Next, we loaded 5 µg total proteins per lane and resolved them on 0.6–0.8% gels by SDS-PAGE. Proteins were transferred onto PVDF membranes and blocked for 1 h with 5% non-fat milk at RT, after which the membranes were washed three times with PBST. Membranes were incubated for 1 h with monoclonal antibodies of P-JAK2, JAK2, P-STAT3, STAT3 and tubulin in a buffer containing PBST and 1% milk. All primary antibodies were purchased from CST. After washing them with PBST, we incubated membranes for 1 h with goat anti-mouse IgG-HRP (Santa Cruz, CA, USA) and detected signals on a ChemiDoc Touch Imaging (Bio-Rad, USA).



Indirect Immunofluorescence

Exosomes were labeled by ExoSparker Exosome Membrane Labeling Kit-Green (Kumamoto, Japan), MDSCs were seeded into a 6-well plate at a density of 3×105 cells per well and 5 μg/mL exosomes from each of the different groups were added to the MDSC culture medium. Control wells contained cells but no exosomes. After incubation for 24 h, we washed cells three times with PBS and stained them with DAPI (Beyotime Biotechnology, China). All cells were sealed and imaged using Zeiss LSM 880 confocal microscopy.



Treatment of Colorectal Cancer-Bearing Mice With Exosomes

BALB/c female mice (6 weeks old) were weighed, randomly divided into three groups (n = 10 each group), and injected subcutaneously with 5 × 106 CT26 cells. When the tumor was visible, treatment was carried out according to the following design: an intra-tumoral injection with 10 μg DC-exo (DC-exo group), 10 μg DC-Me49-exo (DC-Me49-exo group), and 10 μL PBS (PBS group). Two injections were performed on day 1 and 3 after tumor visualization (8). At day 19 post inoculation, the tumor progression was monitored by using an IVIS Spectrum imaging system (IVIS Spectrum, USA). Mice were sacrificed, and blood, spleens and tumors were collected for flow-cytometry analysis. Cytokines in serum were determined by using IL-6 and GM-CSF ELISA kits (Neobioscience Technology Company).



Statistical Analysis

All data were analyzed using GraphPad Prism software (Version 8.0.2) and presented as mean ± standard deviation. The significant differences between experiment group and control group were analyzed using Student’s t-test or one-way ANOVA with Dunnett’s multiple comparison.




Results


T. gondii Infection Reduced Mortality and MDSC Levels in Tumor-Bearing Mice

In order to determine the antitumoral activity of T. gondii, we established the mouse models of CRC. After being vaccinated three times with the heat-killed T. gondii, each mouse was inoculated with 5×106 CT26 cells. Seven days later, the mouse was infected with the Me49 strain of T. gondii in the CT26 + Me49 group, and the CT26 group was injected with PBS (Figure 1A). Mice in the CT26 + Me49 group had a 60% survival rate at day 35 versus 0% for the untreated group (Figure 1B).




Figure 1 | T. gondii induced a protective immune response against tumor growth of CRC. (A) Mice were immunized with inactivated Me49 strain of T. gondii, and then vaccinated with CT26 cells. After 7 d, mice were reinfected with the Me49 strain of T. gondii. The control group was not infected after tumor inoculation (n = 5). (B) Survival rate of CT26–bearing mice after T. gondii infection. FCM analysis of CD3+ CD4+ T cells (anti-CD3-FITC, anti-CD4-PB450) (C), CD3+ CD8+ T cells (anti-CD3-FITC, anti-CD8-PE) (D), G-MDSCs (anti-CD11b-FITC, anti-Ly6G-PE) (E) and M-MDSCs (anti-CD11b-FITC, anti-Ly6C-APC-A) (F) in peripheral blood, spleen and tumors from different groups. ns, (p ≥ 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



CD3+CD4+ and CD3+CD8+ T cells were evaluated using CytoFLEX. We used an FACS strategy (Supplementary Figure 1A) to isolate these cells from different tissues of tumor-bearing mice. In peripheral blood, spleen and tumor tissues of the CT26 + Me49 group, as compared with the control group, the mean frequency of CD4+ T cells was significantly reduced (p < 0.0001) (Figure 1C). In peripheral blood, no differences were found in the mean frequency of CD3+CD8+T cells between the CT26 group and the CT26 + Me49 group (Figure 1D). Compared with the CT26 group, the mean frequency of CD3+CD8+ T cells in both spleens and tumors was significantly increased in the CT26 + Me49 group (p < 0.0001) (Figure 1D). These data indicated that T. gondii infection could significantly increase the CD3+CD8+T cell infiltration into tumor tissue.

MDSCs demonstrate immune evasion, and promote tumor progression by inhibiting the proliferation and functions of T cells (20). In order to investigate whether infection with the Me49 strain of T. gondii could affect the level of MDSC, we prepared single-cell suspensions from the peripheral blood, spleen and tumor tissues, stained them with MDSCs-specific markers, and analyzed the cells using CytoFLEX. After CD45+CD11b+ gating (Supplementary Figure 1B), G-MDSCs and M-MDSCs were analyzed (n = 5/group). Compared with CT26 group, the G-MDSCs from peripheral blood (p <0.0001), spleens (p < 0.001), and tumors (p < 0.01) were significantly decreased in the CT26 + Me49 group (Figure 1E). Compared with CT26 group, percentage of M-MDSCs in peripheral blood (p < 0.001), spleens (p < 0.05) and tumors (p < 0.05) were also significantly reduced in the CT26 + Me49 group (Figure 1F). These data indicated that T. gondii infection decreased the proportions of G-MDSCs and M-MDSCs in tumor-bearing mice.

In order to investigate whether the Me49 strain of T. gondii could directly infect tumor cells in vivo, we detected T. gondii in different tissues in the CT26 + Me49 group. Results showed that T. gondii was detected in the spleen, lung, liver, and brain, but not in tumor tissues (Supplementary Figure 2). These results suggested that the increase in CD3+CD8+ T cells and decrease in CD3+CD4+ T cells and MDSC in vivo might be involved in the antitumoral response of T. gondii infection in the mouse model of CRC.



Characterization of Exosomes From Different Sources

Because direct infection with T. gondii for cancer therapy can increase the risk of infection, we developed an alternative exosome-based method for CRC treatment. We used ultracentrifugation to obtain exosomes from the culture supernatant of DCs or DCs infected with T. gondii. Via electron microcopy, we observed the exosomes derived from both kinds of DC to be cup-shaped, with a typical bilayer membrane (Figure 2A). DCs infected with Me49 secreted more exosomes at 12 h than uninfected cells (Figure 2B). The diameter range of exosomes from different samples was 100–200 nm (Figure 2C). The presence of three exosome-enriched proteins, CD63, CD9, and TSG101 (Figure 2D), was confirmed by Western blot.




Figure 2 | Isolation and characterization of exosomes. (A) Exosomes were stained with uranyl acetate and analyzed three times via TEM (original magnification, × 100,000; scale bar = 200 nm). (B) Nanoparticle-tracking analysis of size distribution of purified exosomes. (C) Percentages of purified exosomes in various size ranges. (D) Western blot identification of exosome markers CD63, CD9 and TSG101.





Exosomes Inhibited Tumor Growth

To evaluate the efficacy of exosomes isolated from DCs infected with T. gondii, we treated tumor-bearing mice with exosomes. We monitored tumor growth progression using the IVIS Spectrum. Compared with the DC-exo and PBS groups, signal intensity on tumor imaging was decreased significantly in the DC-Me49-exo group (P< 0.01), while no differences were found between the DC-exo and PBS groups (Figures 3A, B). DC-Me49-exo group had a 40% survival rate at day 42 versus 0% for the other two groups (Figure 3C). These results indicated that DC-Me49-exo could significantly inhibit CRC growth in vivo.




Figure 3 | DC-Me49-exo inhibited tumor growth in a mouse model of CRC. CT26 cells were injected subcutaneously, and DC-exo, DC-Me49-exo and PBS from different groups were injected into the tumor. (A) Fluorescence intensity in tumor-bearing mice after exosome treatment detected using an IVIS imaging system. (B) In vivo fluorescence imaging of tumor-bearing mice treated with exosomes. PBS, DC-exo and DC-Me49-exo represent control group, DC-exo treatment group and DC-Me49-exo treatment group, respectively. (C) Survival curve of a mouse model with CRC after exosome treatment (n=10). ns, (p ≥ 0.05), **p < 0.01.





DC-Me49-exo Reduced MDSC Proportion in Tumor Bearing Mice

To evaluate the role of exosomes in regulating MDSC, we analyzed the level of MDSC in blood and tumors via FCM. After CD45+CD11b+ gating, G-MDSCs, M-MDSCs, DC and macrophage were analyzed (n = 5/group) (Supplementary Figure 1C). Results showed that in peripheral blood, the relative proportion of G-MDSCs was reduced after treatment with DC-Me49-exo compared with the DC-exo and PBS groups (p < 0.001) (Figure 4A). The ratio of M-MDSC was significantly increased (p < 0.01) in DC-Me49-exo group (Figure 4B). Similarly, compared with the DC-exo and PBS groups, the mean frequency of DCs (CD45+CD11C+) was significantly increased in the DC-Me49-exo group (p < 0.05) (Figure 4C). No significant change occurred in the mean frequency of macrophages (CD11b+F4/8+) in any of the three groups (Figure 4D). These data indicated that a significant decrease in G-MDSCs was accompanied by an increase of DCs in the peripheral blood of tumor-bearing mice treated with DC-Me49-exo.




Figure 4 | DC-Me49-exo decreased the proportion of MDSCs in a mouse model of CRC. FCM analysis of G-MDSCs (anti-CD11b-APC, anti-Ly6G-PE) (A), M-MDSCs (anti-CD11b-APC, anti-Ly6C-APC-700) (B), DCs (anti-CD45-FITC, anti-CD11c-PC5.5) (C) and macrophages (anti-CD11b-APC, anti-F4/80-PB450) (D) in the blood of tumor-bearing mice treated with DC-exo, DC-Me49-exo and PBS. FCM analysis of G-MDSCs (E), M-MDSCs (F), DCs (G) and macrophages (H) in the tumor tissues of tumor-bearing mice treated with DC-exo, DC-Me49-exo and PBS. ns, (p ≥ 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



We also analyzed MDSC counts in tumor tissues. We found low proportions of G-MDSCs (p < 0.001) (Figure 4E) and M-MDSCs (p < 0.05) (Figure 4F) in the DC-Me49-exo group compared with the DC-exo and PBS groups. Mean frequencies of DCs were significantly increased in the DC-Me49-exo group (p < 0.0001) (Figure 4G). Compared with the DC-exo and PBS groups, the mean frequency of macrophages was significantly decreased in the DC-Me49-exo groups (p < 0.05) (Figure 4H). These results indicated that DC-Me49-exo inhibited the accumulation of MDSCs in tumor tissues and peripheral blood, and promoted MDSC (CD11b+Ly6G+) differentiation.



DC-Me49-exo Promoted Differentiation of MDSCs In Vitro

Exosomes are taken up by recipient cells and the packaged contents are unloaded to regulate the function and activity of recipient cells. To verify the effect of exosomes on MDSCs, we added labeled DC-exo and DC-Me49-exo to MDSC. After 12 h of coculture, we observed labeled exosomes (green) gathered around the nuclei (blue) of MDSCs (Figure 5A), and the proportions of G-MDSCs (p < 0. 01) (Figure 5B) and M-MDSCs (p < 0.01) (Figure 5C) were decreased in the DC-Me49-exo group. Compared with the DC-exo and PBS groups, the mean frequency of DC was significantly increased in the DC-Me49-exo group (p < 0.0001) (Figure 5D). We saw no significant change in macrophage among the three groups (Figure 5E). All these data indicated that the DC-Me49-exo directly regulate the MDSC differentiation and increase the level of DCs in vitro.




Figure 5 | DC-Me49-exo inhibited the proportion of MDSCs in vitro. (A) Uptake of exosomes by MDSCs. Exosomes were stained green with ExoSparker Exosome Membrane Labeling Kit-Green dye and nuclei were stained blue with DAPI after 24 h co-culture with MDSCs. Scale bar: 20 µm. FCM analysis of G-MDSC (anti-CD11b-APC, anti-Ly6G-PE) (B) M-MDSC (anti-CD11b-APC, anti-Ly6C-APC-700) (C), DCs (anti-CD45-FITC, anti-CD11c-PC5.5) (D) and macrophages (anti-CD11b-APC, anti-F4/80-PB450) (E). ns, (p ≥ 0.05), **p < 0.01, ****p < 0.0001.





DC-Me49-Exo Regulated MDSCs by Inhibiting the STAT3 Pathway

Previous studies have confirmed that phosphorylation of JAK2 and STAT3 is associated with the differentiation and expansion of MDSCs (21, 22). We evaluated the levels of IL-6 and GM-CSF, which regulate JAK2–STAT3 activation, in serum of tumor-bearing mice after treatment with different exosomes. Compared with DC-exo and PBS groups, both the levels of IL-6 and GM-CSF significantly decreased in the DC-Me49-exo group (p < 0.01) (Figures 6A, B). To further confirm the correlation between JAK2-STAT3 signal transduction and MDSC differentiation, we detected phosphorylation of JAK2 and STAT3 in MDSC treated with exosomes using Western blot. The results showed that the phosphorylation level of JAK2 was not affected by exosomes in any of the three groups (Figures 6C, D), while that of STAT3 in the DC-Me49-exo group was greatly decreased compared with the DC-exo groups (p < 0.05) (Figures 6C, E). All these data indicated that DC-Me49-exo promoted MDSC differentiation by inhibiting the phosphorylation level of STAT3.




Figure 6 | DC-Me49-exo regulated MDSCs by affecting the STAT3 pathway. Concentrations of IL-6 (A) and GM-CSF (B) in sera of tumor-bearing mice treated with DC-exo, DC-Me49-exo and PBS. (C) Protein expression levels at the JAK2/STAT3 pathway. The grayscale analysis of the ratio of P-STAT3/STAT3 (D) and P-JAK2/JAK2 (E). ns, (p ≥ 0.05), *p < 0.05, **p < 0.01.






Discussion

The oncolytic function of bacteria and viruses has been well studied in cancer therapy. Parasite-based cancer therapy has recently elicited great interest. Previous studies (9, 23) and our own research have found that infection with the single-celled parasite T. gondii can inhibit tumor growth. In this study, we detected the distribution of T. gondii in tumor-bearing mice, but no parasites were found in tumor tissues. Our hypothesis was that T. gondii inhibited tumor growth by rebalancing immune homeostasis. Considering the risk of direct infection with T. gondii in tumor treatment, we developed an exosome-based strategy instead of live T. gondii infection for cancer therapy. Our data showed that the Me49 strain of T. gondii inhibited tumor growth. Compared with the control groups, infiltration of CD3+CD8+ T cells was increased and the level of MDSC decreased in the CT26 + Me49 group.

Exosomes are secreted by all types of cells including normal, cancer or host, and infected cells, and their functions depend on their cellular origins. Those isolated from different immune cells have been identified, these exosomes have immunomodulatory properties, which encourages research on their clinical applications in disease treatment. At present, the main application of exosomes is tumor prevention. Exosomes derived from immature DCs have limited function, they require activation by antigens or cytokines to exert antitumoral effects (24). Previous studies showed that patients could obtain clinical benefit from exosomes isolated from DCs that were loaded with antigen peptides identified in melanoma and prostate cancer cells (25, 26). Exosomes isolated from DCs co-cultured with human breast adenocarcinoma cells (SK-BR-3) strongly activate tumor-specific T cells (26). These studies show that exosomes derived from DCs are an important new strategy in tumor immunotherapy. Unfortunately, exosomes derived from peptide-loaded DCs have so far failed to induce tumor-specific T cell responses and therefore have no clinical efficacy (7). Compared with exosomes derived from peptide-loaded DCs, exosomes from pathogen-infected DC have a rich variety of antigens, which can bind more effector T cells specifically and produce stronger immune response. In vivo experiments, exosomes derived from DC directly loaded with OVA antigen peptide were significantly less able to induce effective antigen-specific T cell response than exosomes derived from DC treated with pulsed OVA. Ova-treated DC exosomes are more sensitive to MHC than exosomes loaded with OVA polypeptides, and have a relatively high affinity for TCR (27). Previous studies (28) and our data proved that T. gondii infection could increase CD8+ T cell infiltration. DC-derived exosomes display abundant MHC class I/II molecules and T cell co-stimulatory molecules, which mainly perform direct antigen presentation to activate T cells. Therefore, we treated colorectal cancer tumor-bearing mice with T. gondii infected DC-derived exosomes. Our results showed that DC-Me49-exo inhibited tumor growth by reducing the level of MDSC in our CT26 mouse model. All these data indicated that exosomes isolated from DCs infected with T. gondii could be a potential candidate treatment in cancer therapy. It is a pity that the components of exosomes remain unknown, but we will attempt to clarify them in the future research.

MDSCs, which are major immunosuppressive cells, accumulate in tumor site and promote cancer progression, therefore, targeting them is an attractive strategy for cancer therapy. Our data showed that DC-Me49-exo decreased the level of MDSC both in vivo and in vitro. A previous study showed that gemcitabine reduced residual G-MDSC in the lung of tumor-bearing mice and inhibited the subsequent metastatic growth (29). In this study, MDSCs and macrophages were significantly reduced in tumor tissues after DC-Me49-exo treatment, and the proportion of DCs increased significantly. These results suggest that this exosome inhibits tumor growth by reducing MDSC at the tumor site. JAK and STAT3 are activated by cytokines and chemokines in the TME, and promote the development of MDSCs (30). Plasmodium infection significantly reduces the proportions of MDSCs and regulate T cells (Tregs) in lung tumor tissues of mice by inhibiting phosphorylation of STAT3 and other STAT pathways (12). These findings indicate that inhibiting the proportion and function of MDSCs during tumor progression is essential for tumor treatment. Our data showed that exosomes isolated from T. gondii–infected DC significantly inhibited the proportions of MDSCs in vivo and vitro. However, we focused on MDSC regulation in this study, other immunosuppressive cells such as Tregs, and tumor associated macrophages (TAMs) will be investigated in the future.

In summary, in this study we developed novel pathogen-based exosomes for cancer therapy to replace live-pathogen infection. Exosomes derived from T. gondii–infected DCs, therefore, could be a promising therapeutic strategy to inhibit the progression of CRC. The pathogenic infection and the tumor “infection” might competitively regulate the immune system. Exosomes isolated from T. gondii–infected DCs, as messengers, could stimulate the immune system and change the “cold” tumor to a “hot” tumor. At the same time, these exosomes could be further modified into carriers for both drug and antibody delivery.
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