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The cytokine interferon gamma (IFN-γ) and doxorubicin mono-therapy has been approved by the Food and Drug Administration (FDA) for the treatment of tumors. The importance of IFN-γ in the immune system lies in its immunomodulatory effects, and the importance of doxorubicin in antitumor therapy lies in inhibiting RNA and DNA synthesis. In this work, the role of IFN-γ in the antitumor activity in combination with doxorubicin was investigated. Meanwhile, IFN-γ was used as a vehicle to load doxorubicin over immunotherapy and chemotherapy for synergistic therapy. IFN-γ/doxorubicin complex nanoparticles were prepared by a fusion method with a size of approximately 13 nm and a low polydispersity index. The doxorubicin release profile was analyzed with different pH ranges, and it showed an enhanced release in acidic pH. The ability of IFN-γ/doxorubicin complex nanoparticles to induce human ovarian carcinoma cell (Skov 3) apoptosis was evaluated by the cytotoxicity test. The cellular uptake of IFN-γ/doxorubicin complex nanoparticles was time-dependent, and the IFN-γ/doxorubicin complex nanoparticles showed a higher apoptosis efficiency than free doxorubicin by flow cytometry analysis and fluorescence imaging. This work bridged IFN-γ with doxorubicin to utilize their potential for antitumor activities, opening new avenues for their use in clinical settings.
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INTRODUCTION
IFN-γ is thought to be a pleiotropic cytokine with antiviral, anti-proliferative, and immunomodulatory functions for a long time (García et al., 2019). IFN-γ plays a central role in the progression of a variety of inflammatory and autoimmune diseases (Dufour et al., 2018). Growing IFN-γ production is also associated with rheumatoid arthritis. The complex effects of IFN-γ are due to its extremely pleiotropic nature. Moreover, it has played an important role in the antitumor effect (Perry et al., 2018). IFN-γ has a positive impact on antitumor responses by creating an inflamed tumor microenvironment which is a prognostic biomarker for immunotherapy (Blankenstein and Qin, 2003). Indeed, its effect on APCs is in a large part responsible for the induction of strong cytotoxic T-cell responses against tumor (Castro et al., 2019). IFN-γ is considered one of the main antitumor cytokines. Numerous antitumor effects of IFN-γ have been described (Kursunel and Esendagli, 2016). IFN-γ provides the dualistic role in the regulation of tumor progression (Jorgovanovic et al., 2020). The inflammatory regulation of IFN-γ in tumor immune surveillance can be executed by directly inducing the inhibitory molecule expression, such as PDL-1, on tumor cells. IFN-γ directly increases apoptosis of tumor cells by inducing MHC class I expression, APC priming, Th1 induction, and reducing proliferation and angiogenesis (Pulido et al., 2020). IFN-γ could activate JAK-STAT1-caspase signaling and facilitate transcription and synthesis of caspase 3 and caspase 7, which further initiated apoptotic processes in cancer cells (Bhattarai et al., 2016; Yu et al., 2017). IFN-γ could also decrease the number of endothelial cells by downregulating the expression of vascular endothelial growth factor A, inducing blood vessel destruction and promoting tumor tissue necrosis (Xu et al., 2019).
Doxorubicin is a small molecule therapeutic agent that exerts cytotoxic effects on tumor cells by inhibiting topoisomerase II, intercalating DNA, and generating free radicals (Schürmann et al., 2021). Also, many articles support that doxorubicin causes consequential lipid peroxidation, calcium dysregulation, and intervention in energy transfer (Quagliariello et al., 2019; Syahputra et al., 2022). Therefore, doxorubicin is an effective agent used commonly to treat a wide range of human malignant neoplasms, including a variety of solid tumors, breast cancer, acute lymphoblastic leukemia, pediatric leukemia, lung cancer, lymphomas, and several metastatic cancers, but easily leads to systemic toxicities in the heart, brain, and kidney and short circulation half-life (Yousefpour et al., 2019). Therefore, its use is limited by maximum dose, owing to its chronic toxicity and other side effects (Chen et al., 2021).
IFN-γ and doxorubicin can be exploited for nano-drug formulations and allow for selective targeting in tumors and enhancing the antitumor effect (Yan et al., 2020). IFN-γ easily binds to tumor cells and helps drug better penetrate into the tumor cells. Doxorubicin possesses hydrophobic character, which can also be adjusted by IFN-γ decoration (Lv et al., 2018; Yin et al., 2018). In addition, the size of complex is beneficial to increasing the accumulation of drugs in the tumor site by the enhanced permeability and retention (EPR) effects associated with the leakiness of the solid tumor vasculature (Gong et al., 2021). Furthermore, IFN-γ has the long half-life which can extend the biological half-life of doxorubicin and minimize toxicity against normal cells. IFN-γ and doxorubicin work together to maximize the antitumor effect (Rogers et al., 2007; Zhang et al., 2022). This evidence prompted us to investigate the function of IFN-γ in the antitumor activity in combination with doxorubicin (Lv et al., 2018; Yin et al., 2018).
Herein, we reported a facile and versatile method to formulate doxorubicin using IFN-γ to obtain high anticancer efficiency and high biocompatibility (Scheme 1). The conjugation of IFN-γ and doxorubicin only involves one processing step, which could not alter the structure and conformation of IFN-γ. The size and drug loading of these complexes are evaluated in detail. These complexes are used to initiate apoptosis in Skov 3, verified by cell viability, flow cytometry, and cell imaging. This report provides a future therapeutic strategy based on the IFN-γ and doxorubicin complex.
[image: Scheme 1]SCHEME 1 | IFN-γ/doxorubicin non-covalent complex formulation and the enhanced antitumor effect.
METHODS
Skov 3 cells, derived from human ovarian carcinoma, were cultured in RPMI 1640 (Sigma), 10% fetal bovine serum (Gibco), 100 units/mL penicillin (Beyotime Biotechnology (Shanghai, China)), and 100 μg/ml streptomycin (Beyotime Biotechnology (Shanghai, China)), as described previously (Chen et al., 2021). Doxorubicin was purchased from Beyotime Biotechnology (Shanghai, China). IFN-γ, Annexin V-FITC Apoptosis Detection Kit, Terminal Deoxynucleotidyl-Transferase–Mediated dUTP Nick End-Labeling (TUNEL) Apoptosis Detection Kit (FITC), and 4′,6-diamidino-2-phenylindole (DAPI) were purchased from Shanghai WellBio Technology Co., Ltd. (Shanghai, China)
IFN-γ (100 mg) and doxorubicin (10 mg) were mixed in PBS solutions and stirred for 24 h at room temperature. Hydrophobic interactions possibly drove IFN-γ and doxorubicin to aggregate in aqueous solution. Then, the mixture was washed with PBS (1.5 ml*3) in an Amicon centrifugal filter (molecular weight cutoff = 10 kDa; Millipore, United States) to remove unloaded doxorubicin. The final loading capacity of doxorubicin in IFN-γ was 7.1 wt% measured by using a fluorometer (Thermo Scientific Fluoroskan Ascent FL), according to the doxorubicin standard curve, and the encapsulation efficiency was 71%. The hydrodynamic diameter of IFN-γ/doxorubicin was measured by dynamic light scattering (DLS, Malvern ZEN 3600 Instrument). The morphology of IFN-γ/doxorubicin was measured by transmission electron microscopy (TEM, Thermo Fisher Scientific, Talos F200i Instrument).
Cell viability was evaluated by Cell Counting Kit-8 (CCK-8) (Dojin Laboratories, Kumamoto, Japan). Skov 3 cells were plated at a density of 1.5 × 104 per well in 96-well plates for 12 h. Then, the cells were treated with IFN-γ/doxorubicin complex nanoparticles (0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 20 μg/ml), doxorubicin (7.1, 17.75, 35.5, 71, 177.5, 355, 710, and 1420 ng/ml), and IFN-γ (0.1, 0.25, 0.5, 1, 2.5, 5, 10, and 20 μg/ml). After 24 h, 10 µl of CCK-8 solution was added to each well, and then the cells were incubated for 2 h at 37°C, 5% CO2. The absorbance was determined by using a TECAN infinite M200 plate reader (Tecan, Mechelen, Belgium) at 450 nm.
Flow cytometry was performed to analyze the cell apoptosis of IFN-γ/doxorubicin complex nanoparticles. Skov 3 cells were set up with the control and IFN-γ/doxorubicin complex nanoparticle groups (10, 0.71, and 10 μg/ml). Each group was harvested after 6, 12, and 24 h of culture, respectively, washed with PBS buffer three times, and re-suspended in binding buffer. The cells were stained with Annexin V-FITC Apoptosis Detection Kit according to the manufacturer’s instructions. The Skov 3 cells were immediately evaluated by flow cytometry.
TUNEL immunohistochemistry was performed to analyze cell apoptosis. Skov 3 cells were set up with the control and IFN-γ/doxorubicin complex nanoparticle groups (10, 0.71, and 10 μg/ml). Each group was harvested after 6, 12, and 24 h of culture, respectively. Each group was washed with PBS buffer three times to remove IFN-γ, doxorubicin, and IFN-γ/doxorubicin complex nanoparticles. Then, the TUNEL apoptosis assay was performed according to the manufacturer’s instructions. The Skov 3 cells were immediately observed by the fluorescence photomicrograph.
RESULTS AND DISCUSSION
As shown in Figure 1, the mean diameters of IFN-γ and doxorubicin-loaded IFN-γ complex were 10 and 13 nm, respectively. The sizes of doxorubicin-loaded IFN-γ slightly increased, when compared to those of the blank IFN-γ, especially contributing to the doxorubicin intercalation into IFN-γ. A large amount of doxorubicin was intercalated in IFN-γ. The driving force is mainly non-covalent force, including the hydrophobic force between IFN-γ and doxorubicin and π–π stacking force between doxorubicin and hydrogen bonding. Therefore, IFN-γ exhibited rather high doxorubicin loading (7.1 wt%) and encapsulation efficiencies. The morphology of IFN-γ/doxorubicin complex was observed by TEM. The diameter results from TEM were basically identical to the results of hydrodynamic diameter. As shown in Figure 2, IFN-γ and IFN-γ/doxorubicin complex characterized the same dot morphology. The IFN-γ/doxorubicin complex showed a larger diameter (≈10 nm) than free IFN-γ, which ensured the loading of doxorubicin.
[image: Figure 1]FIGURE 1 | Intensity hydrodynamic diameters of IFN-γ and the IFN-γ/doxorubicin complex measured by DLS.
[image: Figure 2]FIGURE 2 | TEM images of IFN-γ (A) and the IFN-γ/doxorubicin complex (B).
The release properties of doxorubicin from the IFN-γ complex were investigated in pH ranges 4.5, 6.5, and 7.4 to simulate the acidic tumor microenvironment and normal physiological environment (Figure 3). The cumulative percentage of the doxorubicin release profile from IFN-γ was investigated over 80 h. Then, 40% of doxorubicin was released after 2 h in pH 4.5, and the amount of released doxorubicin gradually increased (50, 60, and 80% after 5, 8, and 24 h, respectively). The more acidic the pH was, the faster the release rate was. The release of doxorubicin could be accelerated in the acidic tumor environment, which favors doxorubicin accumulation in tumor sites. The doxorubicin release in the acidic environment exhibited a burst behavior initially in the first 24 h, followed by a sustained release. The doxorubicin release in pH 7.4 exhibited a slow release behavior (30% after 80 h), which reduced drug leakage in the normal physiological environment.
[image: Figure 3]FIGURE 3 | In vitro release of doxorubicin from the IFN-γ/doxorubicin complex in pH 4.5, 6.5, and 7.4.
IFN-γ is well described as a helpful modulator of cancer cell function, and doxorubicin’s use has still been limited due to its high toxicity and non-targeting. To evaluate the enhanced cancer cell therapy of the IFN-γ/doxorubicin complex, the cell viability was investigated on the IFN-γ/doxorubicin complex and their respective controls via CCK-8 analysis. Representative histogram profiles and dot plots for the antitumor effect by different concentrations of IFN-γ/doxorubicin complex are shown in Figure 4. IFN-γ treatment, doxorubicin treatment, and IFN-γ/doxorubicin complex treatment were efficient at inhibiting Skov 3 cells. But IFN-γ/doxorubicin complex treatment enhanced the optical density to a higher extent than IFN-γ or doxorubicin treatment (Figure 4A). Responsively, IFN-γ/doxorubicin complex treatment significantly decreased the cell viability of Skov 3, when compared to IFN-γ or doxorubicin treatment (Figure 4B). The half maximal inhibitory concentration (IC50) value of IFN-γ/doxorubicin complex treatment was 10 μg/ml. The significant difference of cell viability was found in the IFN-γ/doxorubicin complex group. As expected, Skov 3 cells were in response to the distinct treatment of the IFN-γ/doxorubicin complex. These results suggested that the incorporation of IFN-γ and doxorubicin contributed to cancer cell death and tumor regression, which subsequently led to IFN-γ–mediated antitumor effects.
[image: Figure 4]FIGURE 4 | In vitro cytotoxicity of IFN-γ, doxorubicin, and IFN-γ/doxorubicin complex at different concentrations. Cells were incubated for 24 h with IFN-γ, doxorubicin, and the IFN-γ/doxorubicin complex. (A) Optical density of each group after CCK-8 treatment. (B) Corresponding cell viability of each group. Data are presented as mean ± SEM, n = 6. *p < 0.05 and not significant, as compared with the IFN-γ/doxorubicin complex group.
The interaction of IFN-γ and doxorubicin would change cell viability to a higher level. The first promising results indicated that IFN-γ and doxorubicin could be used as a combined antitumor agent and explored the discovery of its apoptotic effects on cancer cells. In order to further evaluate the IFN-γ/doxorubicin complex’s ability to inhibit tumor cell growth, the cell apoptosis ability of Skov 3 cells treated with the IFN-γ/doxorubicin complex and their respective controls was investigated by flow cytometry. The cells were treated with IFN-γ, doxorubicin, and IFN-γ/doxorubicin complex at a concentration of 10 μg/ml at different times. At 6 h, the apoptosis rate of Skov 3 treated with IFN-γ and doxorubicin, respectively, was low, as compared to that of Skov 3 treated with the IFN-γ/doxorubicin complex (Figure 5). It was found that the apoptotic cells treated with the IFN-γ/doxorubicin complex distinctly increased, and the apoptosis rate was up to 42.03%, which was significantly higher than that of IFN-γ and doxorubicin treatment over 12 h. After 24 h, the apoptotic rate of IFN-γ/doxorubicin complex increased to 65.19% prior to that of IFN-γ and doxorubicin alone. As expected, the IFN-γ/doxorubicin complex could efficiently facilitate the apoptosis of Skov 3, suggesting that the IFN-γ/doxorubicin complex co-interacted with tumor cells and increased the cytotoxicity against tumor cells.
[image: Figure 5]FIGURE 5 | Cell apoptosis analysis of IFN-γ (10 μg/ml), doxorubicin (0.71 μg/ml), and the IFN-γ/doxorubicin complex (10 μg/ml). Cells were incubated for different times with IFN-γ, doxorubicin, and the IFN-γ/doxorubicin complex at 37 °C and stained with Annexin V-FITC.
IFN-γ is a key cytokine in tumor immunology, which is proposed to be a promoter that promotes apoptosis. Herein, the expression levels of apoptotic effect were analyzed by fluorescence imaging. The green fluorescence showed the apoptotic cells and was clearly located in the blue fluorescence when stained with DAPI, as shown in Figure 6. The apoptotic cells were not obvious after the treatment of IFN-γ and doxorubicin, respectively, while IFN-γ/doxorubicin complex treatment was upregulated at 6 h. Accordingly, the green fluorescence was more obvious after the treatment of IFN-γ/doxorubicin complex, indicating that the IFN-γ/doxorubicin complex had a sustained tumor growth inhibition feature. After 24 h treatment, the green fluorescence of all three groups increased with the extent of the incubation time. The results suggested that a long-time treatment was helpful for cell apoptosis for all three groups. Meanwhile, the IFN-γ/doxorubicin complex contributed to the high intracellular content of the drug. Importantly, the IFN-γ/doxorubicin complex group showed the most significant apoptotic effect, which could be explained by the enhanced green fluorescence of TUNEL in Skov 3 cells. The strongest green fluorescence in the IFN-γ/doxorubicin complex group indicated that IFN-γ could deliver the largest amount of doxorubicin to Skov 3 and perform the synergistic effect with doxorubicin. IFN-γ had the long half-life which could extend the biological half-life of doxorubicin and maximize toxicity against tumor cells.
[image: Figure 6]FIGURE 6 | TUNEL analysis of Skov 3 cells incubated with IFN-γ (10 μg/ml), doxorubicin (0.71 μg/ml), and the IFN-γ/doxorubicin complex (10 μg/ml) for 6 h (A), 12 h (B), and 24 h (C) at 37 °C, followed by incubation with the TUNEL analysis reagent (green) to stain apoptotic cells and DAPI (blue) to stain cell nuclei. Scale bars: 100 μm.
CONCLUSION
In this study, doxorubicin was successfully intercalated into IFN-γ with a loading capacity of 7.1 wt% and a size of 13 nm. The IFN-γ/doxorubicin complex exhibited facile drug release preferentially in the lower pH environments, such as cancer tissues, for cell apoptosis. Although IFN-γ could disrupt Skov 3 cell growth and lead to cell death, it could help deliver doxorubicin and accelerate cell apoptosis. The IFN-γ/doxorubicin complex showed the strongest effects in killing tumor cells. This study represented the preliminary research in an effort to combine IFN-γ with doxorubicin to modulate tumor cells and enhance chemotherapy. It is also important to fully understand antitumor combination interactions between IFN-γ and doxorubicin. Next, exploring the exclusivity of the IFN-γ/doxorubicin relationship serves to the discovery of new therapeutic targets for cancer treatment.
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