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Abstract

:

Malignant melanoma is a highly aggressive type of cancer that requires radical treatment strategies to inhibit the cancer cell progression and metastasis. In recent years, preclinical research and clinical trials on melanoma treatment have been considerably focused on the adjuvant-based immunotherapy for enhancing the immune response of innate immune cells against cancer cells. However, the clinical outcome of these adjuvant-based treatments is inadequate due to an improper delivery system for these immune activators to reach the target site. Hence, we developed a vaccine formulation containing tumor lysate protein (TL) and poly I:C (PIC) complexed with positively charged poly (sorbitol-co-polyethylenimine (PEI) (PSPEI). The resulting ionic PSPEI-polyplexed antigen/adjuvant (PAA) (PSPEI-PAA) nanocomplexes were stable at the physiological condition, are non-toxic, and have enhanced intracellular uptake of antigen and adjuvant in immature dendritic cells leading to dendritic cell maturation. In the murine B16F10 tumor xenograft model, PSPEI-PAA nanocomplexes significantly suppressed tumor growth and did not exhibit any noticeable sign of toxicity. The level of matured dendritic cells (CD80+/CD86+ cells) in the tumor draining lymph node of PSPEI-PAA treated tumor mice were enhanced and therefore CD8+ T cells infiltration in the tumor were enriched. Additionally, the cytotoxic T lymphocytes (CTLs) assay involving co-culturing of splenocytes isolated from the PSPEI-PAA-treated mice with that of B16F10 cells significantly revealed enhanced cancer killing by the TL-reactivated CTLs compared to untreated control mice bearing tumor. Therefore, we strongly believe that PSPEI-PAA nanocomplexes could be an efficient antigen/adjuvant delivery system and enhance the antitumor immune response against melanoma tumor in the future clinical trials.
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1. Introduction


According to the 2018 cancer statistics by American Cancer Society, the overall estimated new cases and death rate in melanoma accounts for 5.2% of the total cancer cases [1]. In current clinical trials, cancer immunotherapy has been a rapidly evolving strategy for the treatment of late stage melanoma cancer [2,3,4]. The immunotherapy-based treatment strategies such as blocking immune checkpoints using PDL-1, PD-1 or CTLA-4 antibodies, adoptive T cell transfers, adjuvants-antigen based vaccine, and dendritic cell-based therapy have great potential in enhancing anti-tumor immune responses specifically against the cancer cells [5,6,7]. Although the recent preclinical studies were more focused on the activation of innate immunity using antigen and adjuvants against the cancer [8,9,10], antigen/adjuvant-based immunotherapy has provided more specific killing of tumor cells, reduced side effects and prevented tumor recursion [11,12]. However, the major challenge to antigen/adjuvant-based vaccines are limited accumulation of the administered vaccine in the lymph node, their reduced uptake by the antigen presenting cells and poor immunogenicity [13]. Hence, an efficient delivery system becomes essential for transporting antigen/adjuvant agents to the target site in order to enhance the anti-cancer immune response and provide better anti-cancer effects.



Nanoparticle based immunotherapy has emerged along with the development and discovery of novel adjuvants and antigens [14]. Nanovaccines are exceedingly capable of initiating antitumor immune response, thereby preventing cancer cell evasion as well as metastasis [15]. Here, the co-delivery of antigen and adjuvants in the nanoparticle form promoted maturation and activation of antigen presenting cells, which in turn led to activation of T lymphocytes for killing of cancer cells [16,17]. The activated T lymphocytes could be differentiated further into memory T cells for withholding the proliferation and metastasis of cancer cells to the other organ sites [18]. By utilizing polymeric nanoparticles, proper packaging of the antigenic proteins and adjuvants can be achieved more efficiently for successful delivery to antigen presenting cells like dendritic cells [14,19]. Effective delivery of antigen/adjuvant by the nanoparticles has enhanced the maturation of antigen presenting cells and thus further improved the anti-cancer immune response against cancer cells [14,19]. Polysorbitol based transporters are osmotically active gene transporters used for delivering genes to the cancer cells. Recently Firdous J. et al. has also tried to use PSPEI polymer polyplexed with respiratory syncytial virus glycoprotein (RGp) antigen for long term immunity [20,21].



Among all the adjuvant compounds, Toll-like receptors (TLRs) agonists like poly I:C and imiquimod have been widely studied due to its potential ability to boost anti-tumor immune response in cancer immunotherapy [22,23]. Synthetic double-stranded RNA poly I:C (PIC), an TLR-3 agonist, has been known to exhibit anti-cancer activity and activate the pathway responsible for the expression of pro-inflammatory cytokine type I IFNα as well [24,25,26]. In addition, PIC acts as a potent DC maturation agent and induces a Th1 immune response against antigens specific to the cancer cells [27,28]. For an antigen based anti-cancer immune response, novel synthetics peptides and melanoma-associated antigens have been used for activating cytotoxic T cells (CTLs) to kills cancers [29,30,31]. However, it has been well known that the use of tumor protein lysate facilitates a more robust immune response against multiple unique antigenic determinants in tumors and reduces the immune escape of cancer cells [32]. In the current study, we formulated nanocomplexes by using PSPEI polymer polyplexed with PIC and lysate protein (PSPEI-PAA) from B16F10 cancer cell line for the antigen/adjuvant-based immunotherapy against the melanoma tumor model.




2. Materials and Methods


2.1. Materials


Poly I:C, Ovalbumin (OVA), and linear PEI 423 MW were purchased from Sigma Aldrich (St. Louis, MO, USA). Sorbitol diacrylate (SDA) was bought from Monomer-Polymer & Dajac Labs (Trevose, PA, USA). GM-CSF, IL-4 recombinant protein and all the fluorescent labelled antibodies for flow cytometry was obtained from Thermo Fisher Scientific Korea Ltd. (Seoul, Korea).




2.2. Synthesis of PSPEI


As per the previous reference [33], the synthesis of PSPEI was performed by Michael addition reaction. Briefly, linear PEI (MW 423) and SDA (MW 290.27) were dissolved in DMSO separately and later while stirring, SDA was slowly added to PEI solution at a 1:1 molar ratio. With continuous stirring, the mixture was incubated at 80 °C for 24 h. The product was dialyzed (MWCO: 3500) and lyophilized for further use.




2.3. Tumor Cell Lysate


1 × 108 B16F10 cells were trypsinized and washed with phosphate-buffered saline (PBS) buffer. Four cycles of freeze-thaw method were followed using liquid N2 and 37 °C water bath. After a brief sonication, complete cell death was confirmed using trypan blue staining and later centrifuged at 10,000× RPM for 10 min to obtain the protein lysate. The protein lysate was filtered through Amicon Ultra-15 Centrifugal Filter (Merck, Kenilworth, NY, USA). The protein lysate was lyophilized and stored as powder in 4 °C.




2.4. Formulation of PSPEI Complexed PIC and TCL (PSPEI-PAA)


All the components were dissolved in PBS (pH 7.4). First, the PSPEI-PIC polyplex were prepared by mixing PSPEI and PIC at appropriate ratio (50:1) and incubating for 15 min. Later, different amounts of lysate protein and polyplex were mixed and incubated for 15 min.




2.5. Characterization of PSPEI-PAA


The size and zeta potential of the PSPEI-PAA nanocomplex was measured in Zetasizer Nano ZS (Malvern, Malvern, Worcs, UK). The condensation of PIC by PSPEI was assessed by running the samples in 1% agarose gel electrophoresis and red fast staining was performed in order to visualize under a gel documentation system.




2.6. Scanning Electron Microscope Imaging


For HR-SEM analysis, 250 µL of 400 µg/mL PSI was added to 250 µL of 8 µg/mL poly I:C and incubated at room temperature for 15 min. Later 500 µL of 100 µg/mL OVA was added to the above complex and further incubated at room temperature for 15 min. Finally, 10 µL of the above sample was added on the silica grid, dried, sputter coated with platinum and further used for HR-SEM analysis (High Resolution Field Emission Scanning Electron Microscope JSM-7610F, JEOL Ltd., Akishima, Tokyo, Japan).




2.7. Isolation of Bone Marrow Derived Dendritic Cells (BMDCs)


Bone marrow cells are harvested from the 8 weeks old mice’s femur and tibia bone and cultured in complete dendritic cell (DC) media containing Roswell Park Memorial Institute (RPMI) 1640 media along with 10% fetal bovine serum (FBS)/1% antibiotic, 10 ng/mL GM-CSF, and 10 ng/mL IL-4. Media change were done on the 3rd and 6th day and finally on the 7th day, immature dendritic cells were obtained and confirmed with flow cytometry using CD11c, MHCII, and CD80 antibodies.




2.8. In Vitro Cell Viability Assay Using MTS Reagent


In vitro cell cytotoxicity in the RAW264.7 cell line and in DC2.4 cell lines was evaluated by MTS cell viability kit. 1 × 104 cells/well were seeded onto 96-well plate and incubated overnight in the culture medium. The medium was replaced with samples in 100 μL of RPMI 1640 medium and incubated for 24 h and cell viability was assessed by addition of 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) reagent and absorbance reading was taken at 490 nm after 4 h. Similarly, for the BMDCs, cells treated with samples at different weight ratios were incubated for 24 h, and the cell viability was evaluated similarly to the previously described method.




2.9. Confocal Microscope Imaging


To determine the intracellular internalization of PSPEI-PAA nanocomplex, OVA albumin- Fluorescein isothiocyanate (FITC) was used a model antigen in the PSPEI-PAA nanocomplex. iDCs cells were seeded at 1 × 104 cells per well in Lab-Tek® Chamber Slides (Thermo Scientific, Waltham, MA, USA) and incubated overnight at 37 °C and 5% CO2. PSPEI-PAA nanocomplex at different weight ratios in OPTI-MEM® serum free media were incubated with the cells for 4 h, and after a brief wash with 1X PBS, the cells were incubated with 4% Paraformaldehyde (PFA). Nuclear staining was performed using 4′,6-diamidino-2-phenylindole (DAPI) in gold anti-fade reagent. The fluorescence in the cells were visualized using a confocal laser scanning microscope (CLSM).




2.10. Fluorescence-Activated Cell Sorter (FACS) Analysis


1 × 106 BMDCs were cultured overnight in 6 well plate containing complete dendritic cell media in 5% CO2 incubator at 37 °C. Then, PSPEI-PAA at different weight ratio were prepared in serum free media. The treatment period was 4 h and after that, cells were washed in PBS twice and stained with CD11c-APC antibody for 30 min. Later, the cells were fixed with 1% formaldehyde for 15 min. Flow cytometry analysis was performed in BD FACSCalibur (BDbiosciences, San Jose, CA, USA). The data was analyzed and plotted using winMDI 2.8 software (ver.2.8, The Scripps Institute, La Jolla, CA, USA).




2.11. B1610 Tumor Model, Animal Grouping and Immunization


According to the institutional guidelines of the Chonnam National University Medical School and Chonnam National University Hospital (CNU IACUC-H-2015-47), Korea, all experiments involving live animals were performed. Female BALB/c nude mice (6–8 weeks old) were purchased from Orient Bio Inc., Seongnam-si, Korea. 5 × 105 B16F10 cells were subcutaneously injected into the right flank of the mice and later mice bearing 100 mm tumor volume were used for anti-tumor studies. Here, the tumor volume = (tumor length) × (tumor width)2/2. For immunization, mice were randomly divided into five groups (n = 6). Samples were injected peritumoral consequently for 4 days, with PBS alone as control.




2.12. Isolation of Immune Cells from Primary Tumor and Tumor Draining Lymph Node


Tumor tissue were cut into less than 3 mm pieces and incubated in 5 mL of dissociation solution containing 100 μg/mL DNase, 170 µg/mL collagenase type I, and type IV for 30 min at 37 °C. Digested tissue were passed into 40 μm cell strainer and then washed twice by centrifugation at 2000 rpm for 10 min. ACK lysis buffer was used to lysis the red blood cells. The cells were counted and stained with CD3, CD4, FOXP3 and CD8 antibodies for flow cytometry analysis. Similarly, cells from lymph node are isolated by mechanically digesting the lymph node tissue and then washed twice by centrifugation at 2000 rpm for 10 min. The isolated cells were stained with CD11c, CD80 and CD86 antibodies for flow cytometry analysis.




2.13. Splenocyte Proliferation Assay


Splenocytes were isolated from the spleen excised from the treatment mice using cell strainer. The cells were cultured in IL-2 (25 IU/mL) and B16F10 cell lysate protein (1 μg/mL) for 3 days. Before the co-culture, B16F10 cells seeded (1 × 104 cells/well) in 96 well plate were treated with 30 μg/mL of mitomycin C for 3 h. After a brief wash, the splenocytes were added to B16F10 cells at 25:1, 50:1 and 100:1 ratio and incubated for 6 h at 37 °C in CO2 incubator. Lactate dehydrogenase (LDH) assay was performed using the supernatant obtained from each treatment.




2.14. Statistical Analysis


Statistical analyses were performed using GraphPad Prism 5 (ver. 5, Graphpad, La Jolla, CA, USA). Graphical data are expressed as the average mean ± SEM (standard error of the mean). Two-way ANOVA was used to compare different treatment groups. Differences were considered significant at * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001.





3. Results


3.1. Physiochemical Characterization of Polysorbital-Polyethylenimine (PSPEI) Complexed with Poly I:C (PIC) and Tumor Lysate (TL) (PSPEI-PAA) Nanocomplex


As shown in Figure 1a, PSPEI polymer was synthesized by Micheal addition reaction between SDA and LMW PEI. A 1H NMR spectrum with the corresponding proton groups of PEI and PSPEI was shown in Figure 2a. The distinct peaks of protons were visible in the NMR spectra of PEI and PSPEI and the characteristic proton groups of the PSPEI have been assigned. As shown in the Figure 2a, the proton peaks of SDA ranged from 3.4–4.1 ppm appeared after the synthesis of PSPEI confirming the successful reaction between sorbitol and the amine groups of PEI. Polysorbitol-co-polyethylenimine polymer are efficient gene carriers due to their positive surface charge enabling them to condense plasmid DNA and siRNA more efficiently [33,34]. Hence, we assessed the condensation of PIC with PSPEI polymer through gel retardation assay. In Figure 2b, the complete condensation of PIC with PSPEI was clearly noticed at the PSPEI: PIC ratio higher than 20:1 (w/w). Schaffert et al. has previously shown that the linear PEI are more efficient in condensing PIC as well as superior delivery efficiency compared to branched PEI [35]. Since the PSPEI/PIC polyplex has retained positive surface, we further complexed it using protein lysate at a different weight ratio. The cell lysate protein isolated from B16F10 cells through heat shock method has mostly negative surface at pH 7.4. As the amount of lysate protein increased, the size of the PSPEI-PAA complex has been increased with reduction in zeta potential, respectively (Figure 2c). Therefore, it suggests that PSPEI/PIC polyplex positive surface charge was compromised with binding of negatively charged lysate protein. Syga et al., has previously shown that albumin protein and plasmid DNA added sequentially to the PEI polymer has compact and stable polyion complex as well as improved unpacking of the cargo inside the cells [36]. Hence, we prepared this PSPEI-PAA nanocomplex through sequentially mixing process for better stability of the nanocomplex and efficient delivery of the antigen/adjuvant inside the immune cells. The SEM analysis also shown that the size of the PSPEI-poly I:C polyplex was 164 nm (±11.76), whereas the size of PSPEI-PAA nanocomplex was 188 nm (±12.68) (Figure 2d).




3.2. Viability of Immune Cells Treated with PSPEI-PAA Nanocomplex


The cell viability of immune cells treated with PSPEI polymer and the PSPEI-PAA nanocomplex was assessed by MTS assay. Initially, the cytotoxicity assessment of PSPEI polymer alone was analyzed in the immune cell line. In Figure 3a, RAW264.7 macrophage cell line and DC2.4 dendritic cell line showed no significant toxicity after treatment with PSPEI polymer for upto 50 μg/mL concentration. Later, the cell viability of the PSPEI-PAA nanocomplex was examined in the immature bone marrow derived dendritic cells (BMDCs). Here, the cells were treated with different weight ratio of PSPEI-PAA nanocomplex exhibited no sign of toxicity as shown in Figure 3b. As controls, PSPEI/PIC polyplex and lysate protein were used and they did not show any cytotoxic effect over the dendritic cells.




3.3. Intracellular Uptake of PSPEI-PAA Nanocomplex in Immature Dendritic Cells


Before the assessment of intracellular uptake of PSPEI-PAA in immature BMDCs, OVA-FITC was prepared by conjugating amine group of OVA with isothiocynate group of FITC and confirmed the FITC content through standard plot using the absorbance of fluorescein (495 nm). Immature BMDCs were treated with PSPEI-PAA containing OVA-FITC as model antigen and imaged under CLSM. As seen in Figure 4a, the fluorescence intensity of FITC was found to be enhancing in the BMDCs with increase in PSPEI-PAA nanocomplex concentration, whereas the antigen alone showed less fluorescent intensity in the BMDCs. The fluorescence intensity of BMDCs treated with PSEI-PAA 50 (50:1 w/w, PSPEI:PIC) was higher than that of OVA 50. Through FACs analysis, it was confirmed that PSPEI-PAA has shown enhanced intracellular uptake in the BMDCs with respect to increase in the concentration, whereas OVA-FITC alone did not show any significant increase in the intracellular uptake (Figure 4b). This signifies that PSPEI-PAA nanocomplex enhances the intracellular uptake of antigen in the BMDCs compared to antigen alone.




3.4. Bone Marrow Derived Dendritic Cell Maturation by PSPEI-PAA Nanocomplex


After assessing the intracellular uptake of PSPEI-PAA nanocomplex in the day 6 BMDCs, the BMDCs were treated with the PSPEI-PAA nanocomplex for 24 h and analyzed for DC maturation surface markers such as CD80 and CD86. Both PIC-lysate protein mixture and PSPEI-PAA treatments have shown significant increase in the expression of CD80/CD86 markers compared to the non-treated cells (Figure 5a). However, the PSPEI-PAA treated BMDCs have shown enhanced expression of CD80/86 markers compared to PIC-lysate protein mixture (Figure 5b). This signifies that the enhanced intracellular uptake of PSPEI-PAA nanocomplex has attributed towards the increase in the maturation of BMDCs.




3.5. Antitumor Activity of PSPEI-PAA Nanocomplex in B16F10 Tumor Model


B16F10 subcutaenous tumor model was developed and samples were injected by peritumorally. The tumor mice were vaccinated for the initial four consecutive days and tumor volume was measured simultaneously for two weeks from the day of first treatment. In Figure 6a, shows that the tumor volume of PSPEI-PAA was significantly decreased than that of PBS control or PSPEI/PIC polyplex. Although the protein lysate mixed with PIC also showed reduced tumor volume, it was not as significant as the PSPEI-PAA treatment group. The treatment for all the groups showed no effect over the body weight of the mice (Figure 6b). This signifies the PSPEI-PAA has no side effects on the mice.




3.6. Characterization of Immune Cells from Tumor Draining Lymph Node and Tumor


After vaccination of B1610 tumor mice with PSPEI-PAA nanocomplex, single cell suspension of the isolated tumor and tumor draining lymph node were then prepared for the assessment of the matured DCs, CD8+, CD4+ and CD4+FOXP3+ T lymphocytes. The characterization of lymph node cells from the PSPEI-PAA nancomplex treatment mice revealed that 16.97% (±5.92) of cells were CD80+/86+ DCs, whereas PIC-lysate protein mixture treatment group has 1.77% (±3.25) CD80+86+ DCs only (Figure 7a). This signifies that PSPEI-PAA treatment has enhanced the maturation of DCs in the tumor draining lymph node. Additionally, the level of CD3+CD8+ T lymphocytes infiltrated in the tumor were found to be 78.81% (±6.89) in the PSPEI-PAA nanocomplex treatment group, whereas in PIC-lysate protein treatment group has 24.76% (±4.32) only (Figure 7b). However, there was no significant change in the CD3+CD4+ T helper cell population in all the treatment groups. Additionally, the level of CD3+CD4+FOXP3+ Treg cells in the tumor of PSPEI-PAA nanocomplex treatment group were declined compared to the PBS control group (Figure 7c). Overall, the maturation of DCs by PSPEI-PAA nanocomplex has activated the CD3+CD8+ cytotoxic T cells for the tumor killing and due to unknown reasons the CD3+CD4+FOXP3+ Treg cell population were affected by the PSPEI-PAA nanocomplex administration in the B16F10 tumor mice.




3.7. Antitumor Immune Response of PSPEI-PAA Nanocomplex Activated Splenocytes


Splenocytes were isolated from the spleen obtained from the treatment groups and were cocultured with B16F10 cells for 6 h and LDH assay was performed to assess the cell-mediated cytotoxicity. In Figure 8, shows that the PSPEI-PAA showed enhanced lysis of the B16F10 cells compared to the controls. This signifies that cytotoxic T cells in the splenocytes population in the PSPEI-PAA were showing more of a killing effect towards B16F10 cells and were also responsible for the anti-tumor immune response in the tumor mice.





4. Discussion


For immunotherapy against melanoma, a nanoparticles-based immunomodulatory agent has been designed and engineered for antigen-specific immune responses acting against melanoma tumor. According to the previous study [33], polysorbitol-co-polyethylenimine (PSPEI) polymer was synthesized by Michael-addition reaction between SDA and LMW PEI (MW 423) [37]. Due to the highly positively charge, PSPEI has condensed PIC more efficiently and it was confirmed through gel retardation assay that PSPEI formed stable complex with PIC at 20:1 (w/w) (Figure 2b). Later, PSPEI-PIC polyplex was complexed with lysate protein at different weight ratios and it was observed that the PSPEI-PIC polyplex hydrodynamic size has increased proportionally with the addition of protein lysate while the surface charge of the PSPEI-PIC polyplex has reduced with an increase in protein lysate concentration (Figure 2c). Generally, polyethylenimine-based nanoparticle tends to aggregate with the protein molecules and form a large size [38]. Similarly, here the negatively charged lysate protein in excess amount has attributed to aggregation and reduced surface charge of the PSPEI-PAA nanocomplex, hence optimal ratio at 1:1 (w/w) was considered for the further experiment. Cationic polymeric nanoparticles are promising carriers for delivering biomacromolecules such as DNA, proteins or the combination of both to the target site, since it can load multi-cargo through electrostatic interaction and carry them to the target site more efficiently [39]. Therefore, PSPEI-PAA nanocomplex was further studied to understand its effects over the immune cells required for inducing anti-cancer immune response.



Commonly, branched PEI (bPEI) are considered to be highly toxic to the cells due to its high positive charge density [40]. However, the PSPEI polymer has been prepared using LMW linear PEI and also has comparatively lower surface charge than bPEI, hence it could be assumed that the cytotoxic effect over the immune cells could be minimal. Henceforth, macrophage RAW264.7 and dendritic DC2.4 cell lines were treated with PSPEI polymer at different concentration. Ki-Hyun Cho et al., has shown that PSPEI polyplex had reduced cytotoxicity compared to bPEI, because PSPEI polymer are biodegradable whereas bPEI are non-biodegradable polymers [33]. In Figure 3a, in both cell lines, PSPEI polymer displayed no sign of reduction in the cell viability. Also, immature BMDCs treated with PSPEI-PAA nanocomplex at different ratios were highly viable and represented no significant toxicity (Figure 3b). Therefore, PSPEI-PAA nanocomplex can be acknowledged as a safe vaccine to be administered for in vitro and in vivo methods.



Dendritic cells have the natural ability to uptake foreign antigen especially in form of proteins, although DCs are in immature state in cancer tumor microenvironment and thus lacks ability to uptake antigen more efficiently. Hence, the intracellular uptake of PSPEI-PAA nanocomplex was analyzed in immature dendritic cells (iDCs) (Figure 4a). Compared to OVA-FITC, PSPEI-PAA has shown enhanced intracellular uptake and it can be recognized through the fluorescent intensity of PSPEI-PAA treated iDCs at 20:1 (w/w) which was higher than that of OVA-FITC. The osmotically active part of PSPEI and cationic surface charge of PSPEI-PAA has supported in the enhanced intracellular uptake in iDCs [37]. Through flow cytometry analysis, it was confirmed that the percentage of OVA-FITC, CD11c+ iDCs were significantly higher (*** p < 0.001) in PSPEI-PAA nanocomplex treatment group compared to OVA-FITC treatment alone (Figure 4b).



Previously, Hee Dong Han et al., has demonstrated that the enhanced intracellular uptake of chitosan-poly I:C complex has improved the DC maturation [41]. Hence, we investigated the DC maturation in day6 iDCs treated with PSPEI-PAA nanocomplex for 24 h. Figure 5a,b, shows that PSPEI-PAA nanocomplex treated iDCs have enhanced CD80+/86+ expression compared to PIC-lysate protein mixture treatment. From this, it can be concluded that the presence of poly I:C and lysate protein in the PSPEI-PAA nanocomplex has activated and matured iDCs. Then, the PSPEI-PAA was evaluated for antitumor activity in B16F10 tumor model for 14 days. The antitumor response of PSPEI-PAA was enhanced significantly higher than that of PSPEI-A or antigen along with PIC treated tumor mice (Figure 6a). The treatment has showed no side effects based on the body weight change of the treated tumor mice. PSPEI-PAA containing PIC and protein lysate has been uptaken by the antigen presenting cells like dendritic cells and induced antitumor immune response.



In Figure 7a, the cells isolated from tumor draining lymph node in PSPEI-PAA nanocomplex treated mice have increased expansion of CD11c+CD80+CD86+ matured DCs compared to PBS control mice. Additionally, there was a significant increase in the CD8+ T cell population and reduction in CD4+ FOXP3+ Treg cells in the PSPEI-PAA nanocomplex treated mice tumor compared to PBS control mice tumor (Figure 7b,c). However, there was no significant change in the CD4+ T cell population in all the treatment groups. Previously, it was reported that poly I:C can trigger the antigen specific immune response by directly activating the CD8+ T cells via TLR3 signaling pathway [42]. In addition, it was reported that DCs activated and matured by poly I:C expresses MHC class I and therefore directly initiates the CD8+ cytotoxic T cells [43]. Later, we estimated the antitumor immune response through splenocytes isolated from spleen of treatment tumor mice and later co-cultured with B16F10 cells for 6 h (Figure 8). The LDH release from the PSPEI-PAA splenocytes treated B16F10 cells were augmented significantly with increase in the ratio between spleenocyte to target cancer cells. PSPEI-PAA administration in B16F10 tumor via peritumoral route initiates the antitumor immune response by maturating dendritic cells and in turn activating the cytotoxic T cells through T helper (Th) cells. The activated CTL kills the tumor [44,45]. From this, it can be assessed that the B16F10 lysate protein mediated activation of cytotoxic T cells in the splenocytes has led to killing of the B16F10 melanoma cancer cells.




5. Conclusions


Nanovaccine-based tumor immunotherapy is under rapid development and the approach holds tremendous promise. Although past studies have harnessed polymeric nanocarriers as vehicles for delivery of chemo drugs and genes, the studies depicting their ability to coordinately delivery tumor antigens and immune stimulatory molecules to DCs are still immature. Hence, we developed a self-assembled nanocomplex using polysorbitol-polyethylenimine polymer complexed with lysate protein and poly I:C. The PSPEI-PAA has shown better complexation with nucleotide and protein, enhanced intracellular delivery of cargos and effective anti-cancer immune response against melanoma tumor. Based on the flow cytometry data and CTL assay, it was clear that cytotoxic T cells activated in the PSPEI-PAA nanocomplex treated tumor mice were responsible for the prevention of tumor growth. In general, this approach has generated enhanced positive effects compared to the conventional tumor antigen vaccination, in regards with enhanced augmentation of CD8+ T-cell responses against the tumor. Overall, the currents results have promised that PSPEI-PAA nanocomplex could be an efficient nano-based vaccine for future clinical studies.
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Figure 1. PSPEI-PAA nano-vaccine mediates anti-tumor immune response against melanoma tumor. (a) Schematic representation of PSPEI synthesized by Michael addition method, (b) pictorial representation of formulation of PSPEI-PAA nanocomplex using PSPEI polymer complexed with poly I:C and lysate protein in sequential manner, and (c) PSPEI-PAA administration in B16F10 tumor via peritumoral route initiates the antitumor immune response by maturating dendritic cells and in turn activating the cytotoxic T cells. The activated CTLs kills the cancer cells, therefore leading to reduction in the tumor burden. 
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Figure 2. Characterization of PSPEI-PAA nanocomplex. (a) 1H NMR of PEI435 and PSPEI; (b) gel retardation assay of PSPEI complexed with PIC at different weight ratio; (c) hydrodynamic size and zeta potential of PSPEI-PAA nanocomplex at different weight ratios of PSPEI/PIC to TL and (d) SEM image of (i and iii) PSPEI-PIC and (ii and iv) PSPEI-PAA nanocomplex. 
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Figure 3. Cell viability of immune cells treated with PSPEI-PAA nanocomplex for 24 h. (a) Viability of RAW264.7 and DC2.4 cell line treated with PSPEI at different concentration and (b) viability of immature dendritic cells treated with PSPEI-PAA nanocomplex at different weight ratios of PSPEI and PIC. (n = 4, SEM). 
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Figure 4. Intracellular uptake of PSPEI-PAA nanocomplex in immature BMDCs. (a) CLSM image of immature BMDCs treated with PSPEI-PAA containing FITC labelled OVA; (b) flow cytometry analysis of CD11c+ BMDCs internalized with OVA-FITC in PSPEI-PAA. (n = 4, SEM, * p ≤ 0.05, and *** p ≤ 0.001). 
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Figure 5. Characterization of bone marrow derived dendritic cells (BMDCs) using flow cytometry. (a) Flow cytometry analysis of BMDCs treated with PSPEI-PAA nanocomplex for 24 h and stained with maturation markers like CD80 and CD86 antibodies and (b) bar graph plot of CD80+CD86+ DCs (gated with CD11c+ cells). (n = 3, S.E.M, *** p < 0.001). 
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Figure 6. Antitumor effect of PSPEI-PSPEI-PAA in B16F10 tumor model. (a) Tumor volume, and (b) body weight of the treatment B16F10 tumor mice. (n = 4, SEM, * p ≤ 0.05, and *** p ≤ 0.001). 
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Figure 7. Characterization of dendritic cells and T lymphocytes in tumor draining lymph node and tumor tissues. (a) Dendritic cell maturation assessment of isolated cells from tumor draining lymph node and stained with CD80 and CD86 antibodies (gated with CD11c+ cells) and (b) assessment of CD4+ Th, CD8+ Tc and (c) FOXP3+ Treg cells in the tumor tissue (gated with CD3+ cells). 
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Figure 8. LDH assay of splenocytes cocultured with Mitomycin C treated B16F10 cancer cells. (n = 4, SEM, *** p ≤ 0.001). 
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