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The targeting and conversion of the immunosuppressive (M2) tumor-associated macrophages (TAMs) to an immunostimulatory (M1) phenotype can induce tumor regression in advanced melanoma. We have previously characterized and reported the ability of reconstituted high-density lipoprotein nanoparticles (rHDL NPs) functionalized with DSPE-PEG-mannose (DPM) to deliver payload to macrophages. Herein, we investigate the modulation of macrophage phenotype and payload delivery mechanisms of the rHDL-DPM NPs in RAW 264.7 murine macrophages exposed to the conditioned medium (CM) from murine B16-F10 melanoma cells. The rHDL-DPM NPs loaded with the Stimulator of Interferon genes agonist, DMXAA, reduced protein levels of M2 markers. Through the mannose moiety, the rHDL-DPM-DMXAA NPs enhanced the production of interferon β and CXCL10 compared to the free DMXAA in the B16-F10 CM-educated RAW 264.7 macrophages. Compared to their non-mannosylated counterpart, the rHDL-DPM NPs delivered their payload more efficiently to the B16-F10 CM-educated RAW 264.7 macrophages. Mechanistically, both the scavenger receptor type B class 1 (SR-B1) and the mannose receptor (CD206) facilitated payload delivery to the macrophages via endocytic and non-endocytic mechanisms. Finally, the CM from rHDL-DPM-DMXAA NPs -treated macrophages enhanced paclitaxel (paclitaxel)-mediated cytotoxicity in B16-F10 cells. Together, these in vitro findings demonstrate the potential of the mannose-functionalized rHDL NPs in improving the targeting of M2-like TAMs and treatment outcomes when combined with immunotherapy or PTX in B16-F10 melanoma in vivo models.
Keywords: mannose, rHDL, DMXAA, paclitaxel, CD206, SR-B1, B16-F10, RAW 264.7
1 INTRODUCTION
Although melanoma is the least common type of skin cancer, it has a rapid growth rate, a propensity to metastasize, and accounts for most skin cancer-related deaths. If melanoma is left to progress to metastasis, the chances of survival become are substantially reduced (about 30% as opposed to 99% for melanoma in situ) (American Cancer Society, 2023a). Skin excision is effectively used to treat early stage localized melanoma (American Cancer Society, 2022b). Melanoma treatment, however, becomes more challenging once the cancer has gained metastatic features (Sundararajan et al., 2022). The advent, refinement and clinical application of immunotherapies and targeted therapies in the last two decades have improved the 5-year overall survival of advanced melanoma that were otherwise dismal with standard chemotherapeutic treatments (Yu et al., 2019; Frampton and Sivakumar, 2022). The improved response rate to treatment via immune checkpoint inhibitors over chemotherapeutic drugs highlights the importance of the immune system in halting tumor progression (CiRen et al., 2016). Nevertheless, over the course of therapy, the therapeutic response rate can drop in advanced melanoma patients and relapse can occur (Sambi et al., 2019; Dobosz et al., 2022).
While the reduced response to therapy is multifactorial, the immunosuppression induced by the abundant M2-like TAMs in the melanoma tumor microenvironment (TME) plays a significant role in impeding the efficacy of immunotherapies and in aiding the progression of the disease (Pieniazek et al., 2018). The M2-like TAMs can turn tumors cold with paucity in infiltration of professional antigen-presenting cells and cytotoxic immune cells, including natural killer cells and CD8+ T cells (Bonaventura et al., 2019; Ceci et al., 2020; Dobosz et al., 2022). Several studies in murine models of melanoma have demonstrated that the re-education of the M2-TAMs to an M1-like (immunostimulatory) phenotype can improve the efficacy of immunotherapy and leads to tumor regression (Ceci et al., 2020). Agonism of the STimulator of INterferon Genes (STING) in macrophages can promote an M1 phenotype (Wang et al., 2022). This approach has shown benefit in eliciting anticancer adaptive immune response and in synergizing with immunotherapy or chemotherapy (Corrales et al., 2015; Chipurupalli et al., 2020; Chelvanambi et al., 2021). Due to the whole body-distribution of macrophages, there is a need to specifically deliver M2-to-M1 reprogramming agents, such as STING agonists, to macrophages at the tumor site to avoid adverse effects on the immune system. Additionally, M2-to-M1 reprogramming agents administered intratumorally may not impact macrophages at metastatic sites (Marabelle et al., 2018; Meric-Bernstam et al., 2022). The functionalization of payload-carrying nanoparticles (NPs) with moieties that recognize highly expressed receptors on TAMs-including the mannose receptor CD206-can improve specific TAM targeting (He et al., 2021).
Reconstituted high-density lipoprotein (rHDL) NPs have been utilized successfully to transport hydrophobic drugs or imaging agents (Raut et al., 2018; Mei et al., 2021). Their assembly rests upon the well-established high affinity of the apolipoprotein A-I (ApoA-I) for lipids (Koyama et al., 2009; Gorshkova et al., 2014). They are biocompatible, generally well-tolerated in patients and can easily penetrate and accumulate in the tumor mass (Tardif et al., 2007; Simonsen, 2016; Ma et al., 2018; Raut et al., 2018). With respect to their ability to deliver payload to TAMs, radiolabeled rHDL NPs targeted macrophages more effectively than other cells in the TME (Perez-Medina et al., 2015; MacCuaig and McNally, 2020). Moreover, drug-loaded synthetic HDL NPs showed a high specificity for M2-TAMs at the tumor site (Wang et al., 2021; Zheng et al., 2022; Xiong et al., 2023), suggesting that HDL-inspired NPs can help achieve precise targeting of TAMs. We have previously optimized and characterized mannose-functionalized rHDL NPs where rHDL NPs were modified with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethyleneglycol, 2K)-Mannose (DSPE-PEG-Mannose or DPM). The rHDL-DPM NPs not only were able to deliver 5,6-dimethylxanthenone-4-acetic acid (DMXAA), a STING agonist, to macrophages, but they were also able to modulate macrophage phenotype (Dossou et al., 2023).
In the present study, we evaluated and investigated macrophage phenotype modulation and payload delivery by the rHDL-DPM-DMXAA NPs using RAW 264.7 murine macrophages exposed to the conditioned medium (CM) from B16-F10 murine melanoma cells. Since HDL-type NPs can target macrophages and melanoma-associated macrophages express CD206 (Tham et al., 2014; Qian et al., 2017), we hypothesized that the rHDL-DPM-DMXAA NPs would induce an M1 phenotype in B16-F10 CM-educated RAW 264.7 macrophages, and that the rHDL-DPM NPs would deliver their payload via the HDL receptor, scavenger receptor class B type 1 (SR-B1). Our in vitro results indicate that the rHDL-DPM NPs deliver their payload majorly via both SR-B1 and CD206 and can enhance the M2-to M1 reprogramming in macrophages. In addition, the rHDL-DPM NPs indirectly improve the sensitivity of B16-F10 cells to the chemotherapeutic drug paclitaxel (PTX). The findings of this study confirmed our hypothesis and underscore the potential of the rHDL-DPM NPs to improve TAM targeting and to enhance treatment outcome in vivo mouse models of B16-F10 melanoma, at least when combined with immunotherapy or with PTX.
2 MATERIALS AND METHODS
2.1 Materials
The B16-F10 melanoma cells (Cat# CRL-6475) and RAW 264.7 mouse macrophages (TIB-71) were acquired from the American Type Culture Collection (ATCC, Manassas, VA, United States). The Invitrogen recombinant mouse interleukin-4 (rm IL-4, Cat# PMC0045), Invitrogen rm interferon-gamma (rm IFNγ, Cat# BMS326), Invitrogen lipopolysaccharide (LPS, Cat# 00-4976-93), anti-arginase 1 (Arg1) rabbit monoclonal antibody (Cat# 702730), rabbit IgG isotype control (Cat# 10500C), Hoechst nuclear stain solution (Cat# 62249), phosphate-buffered saline, pH 7.4 (PBS, Cat# 10010), Alexa Fluor 488 carboxylic acid, succinimidyl ester (AF488 NHS, Cat# A20100), mouse IP-10 (also called C-X-C motif chemokine ligand 10, CXCL10) ELISA kit (Cat# BMS6018), western blot and cell culture supplies were purchased from Thermo Fisher Life Technologies Corporation (Carlsbad, CA, United States). The anti-CD206 rabbit monoclonal antibody (Cat# NBP2-66956), the mouse IFNβ ELISA kit (Cat# MIFNB0) and the mouse tumor necrosis factor alpha (TNFα) ELISA kit (Cat# MTA00B) were acquired from R&D Systems (Minneapolis, MN, United States). The secondary antibodies (all HRP-linked) goat anti-mouse IgG (Cat# 7076S), goat anti-rabbit IgG (Cat# 7074S) were obtained from Cell Signaling Technology (Danvers, MA, United States) and the donkey anti-rabbit IgG (Cat# 711-035-152) was purchased from Jackson ImmunoResearch Laboratory, Inc. (West Grove, PA, United States). PTX (Cat# HY-B0015) and DMXAA (Cat# HY-10964) were obtained from MedChemExpress (Monmouth Junction, NJ, United States). The Poly-D-lysine-coated glass-bottom 35 mm dishes (Cat# P35GC-1.5-10-C) were obtained from the MatTek Corporation (Ashland, MA, United States). Inorganic and organic chemicals (unless otherwise stated) as well as mannan (product #M7504), D- + -mannose (product #M8574), D- + -glucose (product #G7021), Cytochalasin D (CytD product #C8273), block lipid transport-1 (BLT-1, product # 373210), mouse monoclonal anti-β-actin (product # A5441), Nile Red (NR, product # 72485), free cholesterol (FC, product #C8667), egg yolk L-α-phosphatidyl choline (EYPC, product # 61755) were purchased from Sigma-Aldrich Corporation (St Louis, MO, United States). Cerenis Therapeutics-now Abionyx Pharma- (Balma, France) supplied the ApoA-I (batch #2451PF41) which was produced endotoxin -free in Chinese hamster ovarian cells. The DSPE-PEG(2K)-mannose or DPM (Cat# LP096282, Cat ID: 12,169) was purchased from Biopharma PEG Scientific Inc. (Watertown, MA, United States). The DSPE-PEG (Cat# MPL0301) was purchased from Advanced BioChemicals, LLC (Lawrenceville, GA, United States). The cytotoxicity CCK8 Kit were obtained from Dojindo Molecular Technologies, Tubaru, Japan.
2.2 Methods
2.2.1 Synthesis of mannose-functionalized rHDL NPs
The NPs were synthesized as previously described (Dossou et al., 2023). Briefly, egg yolk phosphatidylcholine (EYPC), free cholesterol (FC) and DSPE-PEG-mannose (DPM) chloroform solutions were mixed in a liquid scintillation glass vial and dried under a stream of nitrogen gas until formation of a thin film. After rehydration of the thin film with PBS, the payload (either DMXAA or Nile Red) in powder form was added to the mixture. The mixture was then vortexed and sonicated for 2 min, with 3 min rest on ice for 30 min at amplitude 80. ApoA-I in 6M guanidine hydrochloride was added dropwise to the emulsion, and the mixture constituted of EYPC, ApoA-I, FC, DPM in the molar ratio of 100:1:10:2 with or without payload was left to incubate overnight with rotatory shaking at 4°C in the dark. Then, the preparation was transferred to a 50 KDa dialysis bag and dialyzed against PBS for 6 h at 4°C in the dark. After dialysis and centrifugation at 12,000 rpm for 30 min at 4°C, the preparation was filter-sterilized through a 0.2 µM syringe filter and keep at 4°C in the dark. Particles assembled without DPM were made and are referred to as rHDL NPs. While the formulations with DMXAA and the Nile Red (NR) dye are referred to respectively as rHDL-DPM-DMXAA NPs and rHDL-DPM-NR NPs, the empty formulations with DPM are referred to as rHDL-DPM NPs. The same preparation workflow was utilized for all variations of the particles (DSPE-PEG instead of DPM, no ApoA-I, or no DPM or just DPM micelles). Fresh preparations of particles were utilized for all studies, and characterized new preparations were made for each replicate of all the studies conducted.
2.2.2 Synthesis of Alexa Fluor 488-ApoA-I labeled-NPs
To label ApoA-I, 1 mL of 0.1M sodium bicarbonate was added to 1 mL of 17.7 mg/mL ApoA-I. Then, 5 mg of AF488 NHS, ester was dissolved in 0.5 mL DMSO and 100 µL of the resulting dye solution was added to the ApoA-I solution. The reaction was conducted as per the protein labeling kit manufacturer instructions. At the end of the reaction, the mixture was applied to a PD10 column, and 1 mL-fractions were collected. A bicinchoninic acid (BCA assay) was used to detect the labeled protein in the eluted fractions and to separate the labeled protein from the free AF488 dye. Absorbance measurements for the degree of labeling were carried out as recommended in the manual using a spectrophotometer. The AF488-labeled ApoA-I was added to the DPM-containing lipid mix as described in the above section for the unlabeled ApoA-I.
2.2.3 Characterization of the NPs
The particle diameter size, polydispersity index (PDI), and zeta potential were acquired using the Malvern light scattering system Zetasizer Ultra and the ZS Xplorer software (Malvern Panalytical Ltd., Malvern, United Kingdom). The DMXAA was quantified via absorbance measurement at 350 nm. The retention of DPM or DSPE-PEG in the formulations was indirectly assessed to ensure at least 90% of DPM retention, using a barium chloride/iodide assay to detect PEG to as previously described (Chung et al., 2000; Dossou et al., 2023). Using the weight (W) of payload, the entrapment efficiency (EE) and drug loading (DL) pertaining to DMXAA were calculated as follows:
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2.2.4 In vitro studies
2.2.4.1 Cell culture conditions
The B16-F10 melanoma cells and RAW 264.7 macrophages were cultured throughout the treatments at 37°C in 5% CO2 in a humidified incubator. Both the B16-F10 and the RAW 264.7 macrophages were maintained in complete DMEM (DMEM media supplemented with 10% FBS and 1% Pen Strep). For the experiments, B16-F10 cells from passage 5 to passage 28 and RAW 264.7 macrophages from passage 3 to passage 12 (after they were obtained from vendors) were used. The cell lines were routinely tested for mycoplasma contamination using the MycoFluor™ Mycoplasma Detection Kit (Cat#M7006, Thermo Fisher Life Technologies Corporation) and found to be negative for mycoplasma throughout the study.
2.2.4.2 Collection of conditioned media
For experiments with CM from cancer cells, 2 × 106 B16-F10 cells were seeded in T-75 flasks and maintained in complete DMEM (cDMEM) till 80%–90% confluency. Then, the culture media was collected and centrifuged at 1,500 rpm for 5°min. The supernatant was filtered through a sterile 0.45 µM-pore size filter and stored at −80°C until use. For experiments assessing the effect of the CM from the NPs-treated RAW 264.7 macrophages on the sensitivity of B16-F10 cells to PTX, the RAW 264.7 macrophages were washed twice with PBS to remove the pre-treatments with the different formulations. Then, the cells were left to incubate in cDMEM for 12 h. After incubation, the same CM collection protocol was used.
2.2.4.3 RAW 264.7 polarization and treatment with NPs
The polarization of RAW 264.7 macrophages and CM treatments were performed as previously described (Liu et al., 2013; Hwang et al., 2020; Chong et al., 2022; Dossou et al., 2023). Briefly, 2 × 106 RAW 264.7 macrophages were seeded in a 60 mm dish and were allowed to attach overnight. The RAW 264.7 macrophages in cDMEM were stimulated for 24 h with either 50 ng/mL LPS+20 ng/mL IFNγ to generate the M1 phenotype or with 20 ng/mL IL-4 to generate the M2 phenotype. To generate B16-F10 CM-educated macrophages, the seeded RAW 264.7 macrophages were maintained in cDMEM supplemented with 20% of B16-F10 CM for up to 48 h. For treatment with the NPs, the CM-educated RAW 264.7 macrophages were treated for 24 h with an equivalent amount of 20°ug/mL DMXAA for free DMXAA (DMXAA dissolved in 7.5% sodium bicarbonate), rHDL-DPM-DMXAA NPs, rHDL-DSPE-PEG-DMXAA NPs, and associated controls such as vehicle (7.5% sodium bicarbonate), rHDL NPs, rHDL-DPM NPs, rHDL-DSPE-PEG NPs, ApoA-I, EYPC-FC micelles and DPM micelles. Untreated cells were kept as control. All formulations used for cellular treatments were filter-sterilized through a sterile 0.2 µm-syringe filter. The rHDL-DMXAA NPs were not included in the study due to low DMXAA retention (Dossou et al., 2023). All the treatments were administered in CM-supplemented cDMEM. For studies involving BLT-1, the cells were pre-incubated for 1 h with 1 µM BLT-1 before addition of treatments and during exposure to treatments. After the 24 h incubation with the treatments, the supernatants were collected and subjected to ELISA while the cells were collected to quantify protein levels via western blot.
2.2.4.4 B16-F10 cell treatments
To investigate the effect of the NPs on cytokine production by B16-F10 cells, 2 × 106 B16-F10 cells were seeded in a 60 mm dish and allowed to attach overnight. Then, the B16-F10 cells were rinsed with PBS and treated with vehicle, Free DMXAA, rHDL-DPM NPs or rHDL-DPM-DMXAA NPs for 24 h as described for the RAW 264.7 macrophages above. To investigate the effect of the CM from the treated RAW 264.7 macrophages on the proliferation and viability of B16-F10 cells, 1 × 105 B16-F10 cells were seeded in 12-well plates and allowed to attach overnight. After incubation, the cells were rinsed with PBS, and incubated in cDMEM supplemented with 50% CM from pre-treated RAW 264.7 macrophages (collected as mentioned above). The B16-F10 cells were then left to incubate for 24 h after which the cells were collected for cell counting and viability. For studies involving PTX, two concentrations, 1 μg/mL (PTX1) and 5 μg/mL (PTX5), were used to treat B16-F10 cells (Sun et al., 2021). First, 5 × 103 B16-F10 cells were seeded in a 96-well plate. After attachment, they were incubated for 24 h in cDMEM supplemented with PTX1 or PTX5 and the relevant CM from the treated macrophages.
2.2.4.5 Cellular payload uptake studies
To investigate the contribution of cellular receptors and nanoparticle components in the uptake of payload from the NPs, the cells were treated with NR-containing NPs as previously described (Dossou et al., 2023). 2 × 105 cells (RAW 264.7 macrophages and B16-F10 cells) were seeded in a poly-D-lysine-coated 35 mm glass bottom dish and allowed to attach overnight. Then, the RAW 264.7 macrophages were treated with either B16-F10 CM or with 50 ng/mL LPS +20 ng/mL IFNγ or 20 ng/mL IL-4 or with the DMXAA-loaded particles after CM incubation as described in the earlier sections. Before the uptake studies, the cells were rinsed twice with PBS, and incubated with various formulations of NR (with an equivalent amount of 0.5 µM NR) including rHDL-DPM NR, rHDL-DSPE-PEG-NR, rHDL-NR, EYPC-FC-DPM-NR, free NR, and the labeled rHDL(ApoA-I-AF488)-DPM NPs dispersed in cDMEM. To assess the role of SR-B1, CD206 and endocytosis in cellular uptake of the nanoparticle content, the cells were pre-incubated with inhibitors at 37°C before they were exposed to different formulations of NR and during exposure to these formulations. The specific SR-B1 inhibitor, BLT-1 (Nieland et al., 2008; Yu et al., 2011), in 0.5, 1, 10, 100 µM or anti-SR-B1 antibody along with the isotype control were used to inhibit SR-B1 for 1 h. To inhibit CD206, the cells were pre-treated for 15 min with a range of mannose concentrations (0.5, 1, 2.5 and 5 mg/mL), 5 mg/mL mannan and 5 mg/mL glucose (Kato et al., 2000) or for 1 h with anti-CD206 antibody and isotype control. For studies involving the combination of BLT-1 and mannose, the mannose was added in the last 15 min of the 1-h pre-incubation with BLT-1. For endocytosis, the cells were pre-incubated for 5 h with 5 μg/mL cytochalasin D (CytD) (Francia et al., 2019). After incubation with the NR formulations, the cells were washed 3 times with PBS and either incubated with 5 µM Hoechst in PBS for 10 min followed by 3 washes of PBS and re-incubated in phenol red-free DMEM media. The visualization of the cells and the NR mean fluorescence intensity (MFI) analysis per cell were conducted using the Biotek Cytation Image reader and its cellular analysis features. The same exposure settings (intensity, integration time, camera gain) were utilized for all treated cells within an experiment to allow comparison between treatments.
2.2.4.6 Cytotoxicity and cell viability studies
The cytotoxicity CCK8 Kit was utilized to evaluate cytotoxic effects of the NPs on B16-F10 CM-educated RAW 264.7 macrophages and B16-F10 cells (Dossou et al., 2023). The cytotoxicity results are presented as the percent absorbance calculated as follows: (Absorbance at 450 nm of treatments X 100)/Absorbance at 450 nm of untreated control. Treatment with the CCK8 kit reagent was performed the same way to assess cytotoxic effects on B16-F10 cells in studies involving PTX. Cytotoxicity studies pertaining to the different inhibitors were conducted using the CCK8 kit reagent for the duration of incubations in the uptake studies. For the cell viability studies or cell number determination, the treated cells were washed with PBS and detached with trypsin. After centrifugation, the sedimented cells were resuspended in 1 mL of PBS. Then, the cells were stained with 0.4% trypan blue as recommended (Strober, 2015), counted and analyzed using the trypan blue exclusion mode of the Denovix CellDrop BF cell counter (Denovix, Inc., Wilmington, DE, United States).
2.2.4.7 Enzyme-linked Immunosorbent assays and immunoblotting
After the treatment period, the media from the different treatment groups of cells as described in the above sections were centrifuged (5,000 rpm, 5°min, 4°C) to remove cellular debris. The supernatants were stored at −80°C until quantification of cytokines via ELISA. The supernatants of the same samples were assayed for TNFα, IFNβ and CXCL10 following the kit’s manufacturers guidelines and including culture media in the negative controls. The values obtained were normalized to cell number determined as described above. To investigate the SR-B1, CD206, and Arg1 protein expression, the treated cells were processed as previously described (Xu et al., 2022). Briefly, the trypsinized cells were washed with ice cold PBS and lysed using the RIPA lysis buffer supplemented with 1X protease and phosphatase inhibitor cocktail with sonication at amplitude 20 for 30°s. After 30 min of incubation on ice, the lysed cells were centrifuged for 10 min at 12,000 rpm, and the supernatant was assayed for protein concentration using the BCA assay kit. Then, 10–30 µg of the protein was separated on a 4%–12% gradient SDS-PAGE with a 1X MOPS running buffer for 1 h at 120 V. Then, the proteins were transferred to PVDF membrane using the iBlot™ 2 Gel Transfer Device (Cat# IB21001, Thermo Fisher Life Technologies Corporation). The membrane was blocked with 5% nonfat milk in 1X Tween 20-Tris buffer saline (TTBS). After 1 h of blocking, the membrane was washed 4 times with agitation of 5 min with 1X TTBS and incubated overnight at 4°C with the primary antibody diluted (anti-CD206 1:1,000 dilution, anti-Arg1 1:1,000 dilution, anti-SR-B1, 1:2000 dilution and anti-β-actin 1:5,000 dilution) in 5% BSA in 1X TTBS. The primary antibody was washed off the membrane four times with 1X TTBS with 5 min agitation and probed with the relevant HRP-linked secondary antibody (all diluted 1:10,000 in 1X TTBS). After a 1 hour-incubation at room temperature, the membrane was washed six times with 1X TTBS with 5 min agitation, and the chemiluminescent bands were detected with the BioRad ChemiDoc MP Imaging System after incubation of the membrane in the Pierce HRP substrate for enhance chemiluminescence and as specified by the manufacturer. The images were saved in a jpeg format and the relative intensity of the bands was acquired using the ImageJ software (https://imagej.nih.gov/, NIH, Bethesda, MD, United States).
2.2.5 Statistical analysis
Unless otherwise stated, all studies were performed at least in three independent replicates. The data were analyzed using the OriginPro 2022b/2023b software (OriginLab Corp., Northampton, MA, United States). Comparisons between two groups were performed using the unpaired two-tailed Student’s t-test. A One-way ANOVA followed by a Tukey’s test was used to evaluate the statistically significant differences in treatment responses when more than two treatment groups were involved in the comparison. The statistical significance was evaluated at p < 0.05. The results are presented as mean ± standard deviation (SD).
3 RESULTS
3.1 B16-F10 CM promotes an M2-like phenotype in RAW 264.7 macrophages
Melanoma cell-derived factors promote an M2-like phenotype in TAMs through their direct or indirect action on these macrophages (Bardi et al., 2018; Di Martile et al., 2020). Hence, in this study, RAW 264.7 murine macrophages were incubated in cDMEM supplemented with the CM from murine melanoma B16-F10 cells to produce an in vitro model of TAMs. The LPS + IFNγ-treated RAW 264.7 macrophages served as the M1 reference while the IL-4-treated RAW 264.7 macrophages served as the M2 reference (Mantovani et al., 2004) (Figure 1A). Upon exposure to the B16-F10 CM, secreted levels of CXCL10, an M1 phenotype marker, decreased in RAW 264.7 macrophages (Figure 1B). While treatment with the B16-F10 CM did not induce significant changes in levels of TNFα (also a classical M1 phenotype marker) (Figure 1C), it increased the protein levels of M2 phenotype markers -the mannose receptor CD206 and Arginase 1 (Arg1)- in RAW 264.7 macrophages (Figures 1D,E). These changes in M1 and M2 phenotype markers levels indicate that treatment with B16-F10 CM induces an M2-like phenotype in RAW 264.7 macrophages.
[image: Figure 1]FIGURE 1 | B16-F10 CM treatment increases expression of M2 phenotype markers in RAW 264.7 macrophages. (A) The different treatments for RAW 264.7 polarization. Image created with BioRender.com. The macrophages were treated with 50 ng/mL LPS +20 ng/mL IFNγ or 20 ng/mL IL-4 for 24 h. To obtain the B16-F10 CM-educated RAW macrophages, the RAW 264.7 macrophages were incubated in B16-F10-conditioned medium (B16-F10 CM) for 48 h (B, C) Cytokine concentrations (assessed via ELISA) of CXCL10 and TNFα in treated RAW 264.7 macrophages compared to untreated RAW 264.7 macrophages. (D) Western blot analysis of levels of CD206, CD163 and Arg1 proteins in the treated RAW 264.7 macrophages (a representative for three independent experiments. (E) Quantification of protein levels observed in the western blot via ImageJ. All results presented as mean ± SD of at least three independent experiments.
3.2 The rHDL-DPM NPs modulate the functional phenotype of B16-F10 CM-educated RAW 264.7 macrophages and enhance DMXAA-induced IFNβ and CXCL10 production
In line with our previous findings (Dossou et al., 2023), the rHDL-DPM-DMXAA NPs and control formulations exhibited a sub-200 nm z-average of particle diameter size, less than 0.3 in polydispersity index and a negative zeta potential, indicating the formulations are homogeneous and stable (Table 1). No significant differences were observed between rHDL-DPM NPs formulations and their rHDL-DSPE-PEG NPs counterparts. To evaluate changes in the composition of the rHDL-DPM NPs with serum incubation, the ApoA-I was labeled with AF488 and NR was utilized as the payload in the assembly of the nanoparticles to form rHDL(ApoA-I-AF488)-DPM-NR NPs. The fast-protein liquid chromatograph (FPLC) profile coupled with the detection of the nanoparticle components showed that at least 50% of all individual components of the particles, including the payload (NR) co-eluted in the same fraction, suggesting that the integrity of these particles was preserved in the serum (Supplementary Figure S1). As a murine STING agonist, DMXAA can produce an immunostimulatory phenotype in murine M2 macrophages (Downey et al., 2014). Therefore, we hypothesized that the rHDL-DPM-DMXAA NPs would produce an M2-to-M1 phenotype reprogramming in the B16-F10 CM -educated RAW 264.7 macrophages, to the same extent as the free DMXAA. To test this hypothesis, the macrophages were treated with the free DMXAA, the rHDL-DPM DMXAA NPs and their control counterparts (Figure 2A). A hallmark of DMXAA activity is the strong induction of type I interferons, especially IFNβ (Perera et al., 1994; Shirey et al., 2011; Prantner et al., 2012). To confirm the delivery and activity of DMXAA in B16-F10 CM-educated RAW 264.7 macrophages, the levels of secreted IFNβ were evaluated. As expected, the free DMXAA potently induced IFNβ secretion in B16-F10 CM-educated RAW 264.7 macrophages. Interestingly, levels of secreted IFNβ for the DMXAA concentration-matched rHDL-DPM-DMXAA NPs were significantly higher than those elicited by the free DMXAA (Figure 2B). We verified that the different treatments and controls did not have a significant cytotoxic or proliferative effect on the B16-F10 CM-educated macrophages (Figure 2C). This enhancing effect on the M2-to-M1 reprogramming by the mannose-functionalized-rHDL NPs was also observed with levels of secreted CXCL10. In addition, the empty rHDL-DPM NPs also elicited higher levels of CXCL10 (Figure 2D) and TNFα (Figure 2E) compared to the untreated control, although not to the extent of the free DMXAA. However, unlike the case of IFNβ and CXCL10, there was no significant difference in levels of secreted TNFα between the free DMXAA-treated and the rHDL-DPM-DMXAA NPs-treated macrophages. Protein levels of CD206 and Arg1 were also reduced with free DMXAA and rHDL-DPM-DMXAA treatment (Figures 2F–H). Furthermore, the rHDL DPMs also reduced protein levels of CD206 and Arg1 in the macrophages. Overall, these results indicate that, while rHDL-DPM NPs can deliver DMXAA to the B16-F10 CM-educated RAW 264.7 macrophages, they can also modulate macrophage phenotype to enhance the DMXAA-mediated M2-to-M1 phenotype reversal effect.
TABLE 1 | Characterization of the DMXAA formulations and control formulations. The EE and DL were calculated as described in the method section. N/A: not applicable. n = 3. An unpaired Student’s t-test was used to compare values for the rHDL-DPM NPs and their rHDL-DSPE-PEG NPs formulation counterparts. The data are presented as mean ± SD.
[image: Table 1][image: Figure 2]FIGURE 2 | Differential effects of the free DMXAA and rHDL-DPM-DMXAA NPs on B16-F10 CM-educated RAW 264.7 macrophages. (A) Treatments and controls of the B16-F10 CM-educated RAW 264.7 macrophages. Image created with BioRender.com. The vehicle is the 7.5% sodium bicarbonate in which the free DMXAA is dissolved. The macrophages were incubated for 24 h with different treatments after which the supernatants were collected for cytokine quantification via ELISA. The cells were collected for protein levels assessment via western blot. (B) Concentration of secreted IFNβ in the supernatants of the treated macrophages (assessed via ELISA after treatments). (C) Evaluation of cytotoxity on the different treatments on B16-F10 CM-educated RAW 264.7 macrophages. (D, E) Concentration of secreted CXCL10 and TNFα in the supernatants of the treated macrophages (assessed via ELISA after treatments, n.s. non-significant). (F). Western blot analysis of the protein levels of CD206, CD163 and Arg1 in the treated B16-F10 CM-educated RAW 264.7 macrophages (a representative blot). (G–H). Quantification of protein levels observed in the western blot via ImageJ. The graphs present results as mean ± SD of four independent experiments.
3.3 The mannose moiety of the rHDL-DPM NPs enhances the M2-to-M1 phenotype reprogramming of B16-F10 CM-educated RAW 264.7 macrophages
The addition of mannose moieties to lipid-based NPs transporting M2-to-M1 phenotype reversal agents can enhance the immunostimulatory effect of these formulations on macrophages or dendritic cells (Ye et al., 2020; Zhao et al., 2020; Kim et al., 2021). Moreover, drug-free mannose-decorated liposomes can mediate the M2-to-M1 reversal in macrophages (Ye et al., 2019). In this study, the expected immunostimulatory effects of DMXAA are enhanced when it is delivered to macrophages via the rHDL-DPM NPs. Based on reports indicating the immunostimulatory effects of mannose-functionalization of NPs, we hypothesized that the mannose moiety of the rHDL-DPM NPs contributed to the higher levels of IFNβ and CXCL10 observed with the rHDL-DPM-DMXAA NPs. To test this hypothesis, we utilized rHDL-DSPE-PEG NPs, which lack the terminal mannose, as a carrier for DMXAA (Figure 3A). Levels of IFNβ (Figure 3B) and CXCL10 (Figure 3C) secreted by the B16-F10 CM-educated RAW 264.7 macrophages were lower with the rHDL-DSPE-PEG-DMXAA NPs treatment compared to those from the rHDL-DPM-DMXAA treatment. Additionally, there were no significant differences in the response observed between the rHDL-DSPE-PEG-DMXAA NPs and the free DMXAA. Similarly, there was no significant difference in TNFα produced between treatments with the rHDL-DSPE-PEG-DMXAA NPs and the free DMXAA (Figure 3D). As shown above, the rHDL-DPM NPs increased CXCL10 production in B16-F10 CM-educated RAW 264.7 macrophages. Compared to the rHDL-DPM NPs, both the rHDL-DSPE-PEG NPs and rHDL NPs elicited lower levels of secreted CXCL10 (Figure 3E), indicating that the presence of the mannose contributes to the enhanced CXCL10 production with the rHDL-DPM NPs treatment. However, treatment with DPM alone did not significantly increase CXCL10 secretion (Supplementary Figure S2A), suggesting that complexing DPM to rHDL NPs allows DPM to interact differently with the B16-F10 CM-educated RAW 264.7 macrophages in a way that stimulates production of CXCL10. The CXCL10 levels seen with rHDL-DSPE-PEG NPs treatment were still higher than the untreated B16-F10 CM-educated RAW 264.7 macrophages. The presence of the DSPE-PEG did not significantly contribute to the higher levels of CXCL10 seen with the rHDL-DSPE-PEG NPs compared to the untreated group since there was no significant difference between the effects of the rHDL-DSPE-PEG NPs and the rHDL NPs. To determine which component of the rHDL NPs contributed to the CXCL10 levels, the B16-F10 CM-educated RAW 264.7 macrophages were treated with either the lipid mixture of EYPC-FC and ApoA-I. There were no significant differences between the CXCL10 levels elicited by EYPC-FC mixture and the rHDL NPs, suggesting the EYPC-FC component of the rHDL NPs can stimulate CXCL10 production (Supplementary Figure S2B). Together, these results suggest that the mannose moiety of the rHDL-DPM NPs is the main contributor to the enhanced immunostimulatory effects of the rHDL-DPM-DMXAA NPs, with regards to IFNβ and CXCL10, on the B16-F10 CM-educated RAW 264.7 macrophages.
[image: Figure 3]FIGURE 3 | The mannose moiety of the rHDL-DPM NPs enhances the M2-to-M1 reprogramming of B16-F10 CM-educated RAW 264.7 macrophages. (A) Schematic illustration of treatments of the B16-F10 CM-educated RAW 264.7 cells with the Free DMXAA, rHDL-DSPE-PEG-DMXAA NPs and rHDL-DPM-DMXAA NPs and untreated control. Image created with BioRender.com. (B) Concentration of secreted IFNβ in the supernatants of the treated macrophages. (C) Concentration of secreted CXCL10 in the supernatants of the treated macrophages. The absence of mannose abrogates the enhanced immunostimulatory effects of the rHDL-DPM-DMXAA NPs with IFNβ and CXCL10 (n.s., non-significant). (D) Concentration of secreted TNFα in the supernatants of the treated macrophages. The lack of mannose did not significantly impact TNFα production (E) Effect of the empty nanoparticles on levels secreted CXCL10. Independently of the DPM, the rHDL NPs slightly increase CXCL10 production in the B16-F10 CM -educated RAW 264.7 cells. The cytokine concentrations were determined via ELISA. The results are presented as mean ± SD of three independent experiments.
3.4 The rHDL-DPM NPs deliver their payload via the HDL receptor SR-B1 and the mannose receptor CD206
Several reports show that SR-B1, an HDL receptor, is the major mediator of payload uptake from ApoA-I-based or ApoA-I mimetics-based NPs (Acton et al., 1996; Mooberry et al., 2009; Raut et al., 2018; Zheng et al., 2022). However, the impact of DPM on payload uptake with the rHDL NPs by the cells via SR-B1 is not known. Macrophages express SR-B1 (Ji et al., 2011), and it has been shown that intratumoral TAMs of B16 tumor -bearing mice also express SR-B1 and CD206 (Qian et al., 2017). As discussed above, the B16-F10 CM treatment increased CD206 protein levels in RAW 264.7 macrophages. Western blot analysis showed that treatment with the B16-F10 CM also increased SR-B1 protein levels in RAW 264.7 macrophages (Figures 4A,B). To investigate and visualize the payload uptake, the Nile Red (NR) dye was packaged into the rHDL-DPM NPs. Pre-incubation of B16-F10 CM-educated RAW 264.7 macrophages with increasing concentration of BLT-1 (SR-B1 inhibitor) significantly reduced NR uptake from the rHDL-DPM-NR NPs in a dose-dependent manner, although the uptake was not completely abrogated (Figures 4C,D). Corroborating with the BLT-1-mediated reduction of NR uptake with the rHDL-DPM-NR NPs, pre-treatment with BLT-1 reduced secreted levels of IFNβ in rHDL-DPM-DMXAA NPs-treated macrophages (Figure 4E). The BLT-1 treatment did not elicit IFNβ secretion, nor did it impact the free DMXAA-mediated IFNβ production from the B16-F10 CM-educated RAW 264.7 macrophages (Supplementary Figure S3A). The mannose receptor CD206 has been shown to mediate nanoparticle uptake by macrophages, and is a major contributor to the uptake of mannose-coated NPs (Azad et al., 2014). As the rHDL-DPM NPs are decorated with mannose, we hypothesized that, in addition to SR-B1, CD206 also contributes to the uptake of rHDL-DPM-NR NPs. Mannose and mannan can be utilized to block the uptake activity of CD206 while glucose, which is an epimer of mannose, does not have the same inhibitory capacity on CD206 (Lennartz et al., 1987). The NR uptake from the rHDL-DPM-NPs was significantly diminished following pre-incubation of the macrophages with increasing concentration of mannose (Figure 4F). While similar inhibitory effects on the NR uptake were observed with mannan, pre-incubation with glucose did not significantly affect NR uptake (Figure 4G). Pre-incubation of the B16-F10 CM-educated macrophages with anti-SR-B1 antibody and anti-CD206 antibody also reduced NR uptake from the rHDL-DPM-NR NPs (Supplementary Figure S3B,C). In addition, pre-treatment of the macrophages with anti-CD206 antibody reduced levels of secreted IFNβ in the case of the rHDL-DPM-DMXAA NPs (Figure 4H) but had no significant effect in the case of the Free DMXAA (Supplementary Figure S3D). The uptake of the free NR was not significantly disrupted by the inhibitors (Supplementary Figure S3E–G), and the inhibitors did not cause a significant cytotoxic effect on the B16-F10 CM-educated RAW 264.7 macrophages for the duration of the uptake studies (Supplementary Figure S3H–K). These uptake studies were performed in cDMEM to maintain cell culture conditions used for the rHDL-DPM-DMXAA NPs. The cDMEM contains proteins, including apolipoproteins which have been reported to make up a substantial part of the protein corona surrounding NPs (Bros et al., 2018; Elechalawar et al., 2020). To confirm that SR-B1 and CD206 mediate the uptake independently from the serum proteins potentially surrounding the rHDL-DPM-NR NPs, the cells were incubated in DMEM without FBS. Pre-treatment with BLT-1 and mannose still reduced NR uptake from the rHDL-DPM-NR NPs although the BLT-1 had a more pronounced inhibitory effect in the cDMEM condition (Supplementary Figure S3L). Taken together, these results confirm the contribution of both the SR-B1 and CD206 in the payload uptake from the rHDL-DPM NPs.
[image: Figure 4]FIGURE 4 | The SR-B1 and CD206 receptors mediate the cargo uptake from rHDL-DPM NPs in B16-F10 CM-educated RAW 264.7 macrophages. (A) Representative western blot analysis of RAW 264.7 macrophages treated with LPS + IFNγ, IL-4 and B16-F10 CM. (B) Quantification of western blot bands with ImageJ. (C) BLT-1 dose-dependent inhibition of NR uptake from rHDL-DPM-NR NPs. BLT-1: Block Lipid Transport-1 (SR-B1 inhibitor). NR: Nile Red. (D) Fluorescence microscopy of the effect of BLT-1 (10 µM) pre-treatment on NR uptake when the macrophages are incubated with rHDL-DPM-NR NPs. Scale bar: 100 µm (E) Effect of BLT-1 (1 µM) pretreatment on DMXAA-mediated IFNβ production by B16-F10 CM-educated RAW 264 macrophages treated with rHDL-DPM-DMXAA NPs. The cells were treated with BLT-1 for an hour before addition of the rHDL-DPM-DMXAA NPs to allow blockade of the SR-B1 receptor. The levels of IFNβ were determined via ELISA (n.s., non-significant). (F) Effect of increasing concentrations of mannose (CD206-mediated uptake inhibitor) on NR uptake. (G) Comparison of the effect of mannose, mannan (both CD206-mediated uptake inhibitors) and glucose which does have the same inhibitory activity on CD206. (H) Effect of anti-CD206 antibody on DMXAA-mediated IFNβ-production in rHDL-DPM-DMXAA NPs treated cells (assessed via ELISA). Ctrl: control. The data are presented as mean ± SD of three independent experiments.
3.5 The ApoA-I and the mannose moiety of the rHDL-DPM NPs mediate cellular payload uptake via SR-B1 and CD206 through endocytic and non-endocytic mechanisms
While mannosylated objects can interact with CD206 (van der Zande et al., 2021), it has been demonstrated that ApoA-I interacts with SR-B1 at the plasma membrane to mediate the intracellular uptake of HDL particles or the content of these particles (de Beer et al., 2001; Liu et al., 2002; Powers and Sahoo, 2022). However, besides ApoA-I, SR-B1 recognizes several other ligands, including PEG (Shen et al., 2018; Su et al., 2021) which is one of the components of the rHDL-DPM NPs. To confirm the contribution of ApoA-I and the mannose moiety in the NR uptake, various formulations of NR were prepared and found to exhibit similar physical characteristics as those discussed above for the DMXAA formulations. These include the sub-200 nm hydrodynamic diameter size of the particles (Supplementary Figure S34A,B), a polydispersity index of less than 0.3 (Supplementary Figure S4C) and a negative zeta potential (Supplementary Figure S4D). Incubation of the B16-F10 CM-educated RAW 264.7 macrophages with the EYPC-FC-DPM-NR NPs, which contains no ApoA-I, resulted in lower cellular NR uptake when compared with the rHDL-DPM-NR NPs (Figure 5A). Also, the cellular NR uptake was significantly diminished in rHDL-DSPE-PEG-NR NPs and the rHDL-NR NPs both of which lack the mannose moiety, although there was no significant difference in cellular NR uptake between the rHDL-DSPE-PEG-NR NPs and rHDL-NR NPs (Figure 5B). BLT- 1 did not have significant inhibitory effect on cellular NR uptake from the EYPC-FC-DPM-NR NPs (Figure 5C), indicating that the SR-B1 does not significantly contribute to the cellular NR uptake in the absence of ApoA-I. Pre-treatment with mannose did not significantly prevent the NR uptake by the cells from the rHDL-DSPE-PEG-NR NPs, also suggesting that the mannose moiety is important for the involvement of the mannose receptor in the cellular NR uptake (Figure 5D). While reports show that CD206 mediates uptake of particles via endocytosis (van der Zande et al., 2021), both endocytic and non-endocytic mechanisms have been noted for the SR-B1- mediated uptake of HDL contents or extracellular objects (Silver et al., 2001; Nieland et al., 2005; Pagler et al., 2006; Zhang et al., 2019; Plochberger et al., 2020; Taban et al., 2023). To investigate the payload uptake mechanism, the macrophages were pre-treated with cytochalasin D (CytD), an actin polymerization inhibitor which targets macropinocytosis, phagocytosis, clathrin-mediated endocytosis and clathrin-independent endocytosis (Francia et al., 2019). CytD reduced cellular NR uptake with the rHDL-DPM-NR NPs but did not completely abrogate it (Figure 5E). Of note, the CytD-mediated cellular NR uptake inhibition was less pronounced in the case of the rHDL-DSPE-PEG-NR NPs than in the case of the rHDL-DPM-NR NPs. No significant cytotoxic effect was observed with CytD treatment on the B16-F10 CM-educated RAW 264.7 macrophages (Supplementary Figure S4E). Additionally, cellular NR uptake involving the free NR was not significantly impacted by pretreatment with CytD (Supplementary Figure S4F). These findings suggest that the ApoA-I/SR-B1-mediated cellular NR uptake relies on mechanisms other than the ones inhibited by CytD. Incubation of the macrophages with rHDL-DPM NPs where ApoA-I is labeled with AF488 revealed that, while some ApoA-I can be found intracellularly like the NR, most of it is located at the plasma membrane (Figure 5F). To ensure that the AF488 did not impact on the ability of ApoA-I to bind to lipids, thereby impacting the localization of ApoA-I in these uptake studies, a comparison of steady-state fluorescence anisotropy of rHDL(ApoA-I-AF488) and that of the free AF488 and ApoA-I-AF488 was conducted as previously described (Shah et al., 2016; Dossou et al., 2023). The increasing anisotropy of AF488 suggests that the ApoA-I-AF488 is associated with the lipids (Supplementary Figure S5A). In addition, the FPLC profile shows that the ApoA-I-AF488 co-elutes with other nanoparticles components including phospholipids and DPM (Supplementary Figure S5B,D). The labeling of the nanoparticles significantly increased the hydrodynamic size of the particles (Supplementary Figure S5D), the PDI (Supplementary Figure S5E) and slightly reduced the zeta potential (Supplementary Figure S5F). Together, these results indicate that the combination of ApoA-I/SR-B1 and the mannose moiety/CD206 interactions mediates the cellular NR uptake through endocytic and non-endocytic mechanisms.
[image: Figure 5]FIGURE 5 | The ApoA-I/SR-B1 and the mannose moiety/CD206 interactions mediate cellular NR uptake through endocytic and non-endocytic mechanisms. (A) Cellular NR uptake comparison with B16-F10 CM-educated RAW 264.7 macrophages incubated either with the rHDL-DPM- NR and the EYPC-FC-DPM-NR (no ApoA-I). NR: Nile Red. (B) Effect of absence of mannose and DSPE-PEG on cellular NR uptake. (C) Effect of BLT-1 (10 µM) on cellular NR uptake in the absence of ApoA-I (n.s., non-significant). (D) Effect of mannose (5 mg/mL) -mediated CD206 inhibition on cellular NR uptake in the absence of the mannose moiety. (E) Effect of CytD (5 μg/mL)-mediated endocytosis inhibition on cellular NR uptake. (F) Fluorescence microscopy on the B16-F10 CM -educated RAW 264.7 macrophages incubated with the rHDL(ApoA-I-AF488)-DPM NPs. Scale bar: 100 µm. The white arrows point to the AF488-labeled ApoA-I near the plasma membrane. The results are presented as mean ± SD of three independent experiments.
3.6 The rHDL-DPM NPs are more effective at delivering payload to macrophages than to the B16-F10 melanoma cells
As the rHDL-DPM NPs are being evaluated in their ability to target B16-F10 CM-educated RAW 264.7 macrophages, their impact on the cancer cells remains to be explored. In western blot analyses, B16-F10 cells show negligible protein levels of CD206 as well as lower SR-B1 expression compared to the B16-F10 CM-educated RAW 264.7 macrophages (Figures 6A,B). Accordingly, less NR uptake was observed with the B16-F10 cells compared to the B16-F10 CM-educated RAW 264.7 macrophages following incubation with the rHDL-DPM-NR NPs (Figures 6C,D). However, since there is some level of payload uptake in the B16-F10 cells, we sought to investigate the modulation of cytokine production in the B16-F10 cells by the rHDL-DPM NPs. There was no significant cytotoxic effect from the vehicle, Free DMXAA, rHDL-DPM NPs and rHDL-DPM-DMXAA NPs on the B16-F10 cells (Figure 6E). In contrast to their immunostimulatory effect on the B16-F10 CM-educated RAW 264.7 macrophages, there was no detectable levels of secreted IFNβ or TNFα from the B16-F10 cells following treatment with the Free DMXAA, rHDL-DPM-DMXAA NPs and associated controls (data not shown). Interestingly, treatment with rHDL-DPM NPs slightly reduced CXCL10 production in the B16-F10 cells while the Free DMXAA did not have a significant effect on levels of secreted CXCL10 (Figure 6F). These results indicate that the rHDL-DPM NPs are more targeted to the B16-F10 CM educated RAW 264.7 macrophages than to the B16-F10 cells. In addition, they underscore the differential response of the B16-F10 cells and the macrophages to both the Free DMXAA and the rHDL-DPM NPs.
[image: Figure 6]FIGURE 6 | The rHDL-DPM NPs deliver payload more effectively to the B16-F10 CM-educated RAW 264.7 macrophages than the B16-F10 cells. (A) A representative western blot analysis of SR-B1 and CD206 expression of B16-F10 CM-educated RAW 264.7 macrophages and the B16-F10 cells. (B) Quantification of bands in (A) via ImageJ. (C) Relative cellular NR uptake of the B16-F10 CM-educated RAW 264.7 macrophages and B16-F10 CM. (D) Fluorescence microscopy of cellular NR uptake. Scale bar: 100 µm. (E) Assessment of cytotoxic effect of vehicle, Free DMXAA, rHDL-DPM NPs, rHDL-DPM-DMXAA NPs on B16-F10 cells. (F) Quantification of secreted CXCL10 via ELISA. The data are presented as mean ± SD of three independent experiments.
3.7 The rHDL-DPM NPs can impact B16-F10 proliferation and sensitivity to PTX by modulating macrophages secretory phenotype
The functional phenotype of TAMs can impact tumor progression, including cancer cell proliferation (Chen et al., 2019). In melanoma, secreted products from M2-like TAMs can enhance cancer cell proliferation, survival, and can contribute to chemoresistance of melanoma cells to anticancer agents (Tham et al., 2014; Pieniazek et al., 2018; Shi et al., 2022). Conversely, it has been demonstrated in other cancer types that conditioned media from M1 (LPS + IFNγ -treated) macrophages can inhibit cancer cell proliferation (Engstrom et al., 2014; Song et al., 2018). In light of the enhanced M2-to-M1 phenotype reversal mediated by the rHDL-DPM-DMXAA NPs in the macrophages, we asked whether the conditioned media from rHDL-DPM-DMXAA NPs-treated RAW 264.7 macrophages could affect the proliferation of B16-F10 cells proliferation and their response to PTX, a classic chemotherapeutic agent used for advanced melanoma (Luke and Schwartz, 2013). To investigate this question, B16-F10 cells were exposed to conditioned media from treated RAW 264.7 macrophages (Figure 7A). In accordance with the anti-proliferative effects on cancer cells described for M1 macrophages, the LPS + IFNγ-treated B16-F10 CM-educated RAW 264.7 CM reduced cell number and cell viability (assessed via trypan blue) in the B16-F10 cell culture. Unlike their untreated CM counterpart, the CM from Free DMXAA-, rHDL-DPM NPs- or rHDL-DPM-DMXAA NPs-treated macrophages does not enhance B16-F10 cell proliferation (Figure 7B). The cell viability of B16-F10 cells was not affected by these treatments (Figure 7C). To discern and evaluate the impact of the treated macrophages CM on PTX-mediated cytotoxicity, we used low doses of PTX: 1 μg/mL (PTX1) and 5 μg/mL (PTX5). While the CM from the untreated macrophages diminished the cytotoxic effect of PTX on B16-F10 cells, the CM from the Free DMXAA-, rHDL-DPM NPs- and the rHDL-DPM-DMXAA NPs-treated macrophages improved the cytotoxic effect of PTX (PTX1 and PTX5) on B16-F10 cells. Furthermore, compared with the Free DMXAA, the rHDL-DPM-DMXAA NPs treatment of macrophages produced greater cytotoxicity with PTX1 (Figure 7D) and PTX5 (Figure 7E). Interestingly, the rHDL-DPM NPs also produced a greater cytotoxicity when compared with the Free DMXAA treatment of macrophages with PTX5. Collectively, these findings suggest that the rHDL-DPM NPs can curb B16-F10 proliferation and potentiate PTX-mediated cell death by modulating the secretory phenotype of the B16-F10 CM-educated RAW 264.7 macrophages.
[image: Figure 7]FIGURE 7 | The rHDL-DPM NPs can impact B16-F10 cell proliferation and sensitivity to PTX by modulating the secretory phenotype of macrophages (A) Workflow of B16-F10 cell treatment with macrophages CM. CM: conditioned medium. Image created with BioRender.com. (B) Cell number (percent of untreated control) recovered after incubation of the B16-F10 cells with the different CM (n.s., non-significant). (C) Cell viability via trypan blue exclusion assay after incubation of B16-F10 cells with the CM resulting from the different treatments of the macrophages. (D) Cytotoxic effect (via CCK8) of PTX1 (paclitaxel, 1 μg/mL) on B16-F10 cells exposed to the different macrophage CM. (E) Cytotoxic effect of PTX5 (paclitaxel, 5 μg/mL) on B16-F10 cells exposed to the different macrophage CM. The data are presented as mean ± SD of at least three independent replicates.
4 DISCUSSION
One of the factors impeding the sustained effectiveness of immunotherapies in the treatment of advanced melanoma is the highly immunosuppressive TME which does not facilitate the intratumoral infiltration and activity of cytotoxic immune cells (Sambi et al., 2019; Dobosz et al., 2022). TAMs account for up to 30% of the melanoma tumor content (Hussein, 2006) and are polarized to an M2-like, immunosuppressive phenotype by melanoma cell-derived factors including but not limited to the B-cell lymphoma 2 protein (Di Martile et al., 2020), acidosis (Vitale et al., 2019), colony-stimulating factor 1, CXCL12 and CCL2 (Pieniazek et al., 2018). Herein, the RAW 264.7 murine macrophages were exposed to CM from B16-F10 murine melanoma cells, which contains secreted factors from the cancer cells, as a reductionist in vitro approach to obtain melanoma TAMs. The ensuing increase in protein levels of M2 immunosuppressive phenotype markers (CD206 and Arg1) and the decrease in the M1 phenotype marker CXCL10 observed in this study indicate that the B16-F10 CM was able to educate the RAW 264.7 macrophages to an M2-like, immunosuppressive phenotype. These results align with clinical observation of the M2-polarizing effect of cancer cells on intratumoral macrophages during the progression of the disease (Falleni et al., 2017).
Owing to their abundance in the TME, their plasticity and key role in modulating the innate and adaptive arms of the immune system, TAMs offer a unique gateway to addressing immunosuppression in the TME Several approaches, including STING agonism have been devised to limit their substantial contribution to immunosuppression and to reprogram them to enable anticancer immune activation (Li et al., 2022). However, the ubiquity of macrophages in the body (Epelman et al., 2014) calls for the selective delivery of immunomodulatory agents, including STING agonists, to TAMs in the tumor to improve the efficacy of these agents and to avoid adverse immune effects. In this study, we evaluated the ability of the mannose-functionalized rHDL NPs or rHDL-DPM NPs to serve as a delivery vehicle to the B16-F10 CM-educated RAW 264.7 macrophages. Unlike the empty rHDL-DPM NPs, the assembled rHDL-DPM-DMXAA NPs were able to elicit IFNβ production from the B16-F10 CM-educated RAW 264.7 macrophages, indicating that the DMXAA was delivered to the B16-F10 CM-educated RAW 264.7 macrophages and retained its type I interferon -inducing activity. Importantly, the M2 markers CD206, and Arg1 protein levels were reduced while the M1 phenotype markers CXCL10 and TNFα were increased by treatment with rHDL-DPM-DMXAA NPs. These results confirmed that an M2-to-M1 phenotype reversal was facilitated by the rHDL-DPM-DMXAA NPs in the B16-F10 CM-educated RAW 264.7 macrophages.
The modulation of these M2 markers is clinically relevant in melanoma treatment. It has been demonstrated that the mannose receptor CD206 on TAMs can dampen T-cell activation by supporting upregulation of CTLA-4 and CD45 inhibition on T cells (Schuette et al., 2016). Arg1 is associated with immunosuppression, and the reduction of the TAM population exhibiting these markers improves prognosis (Arlauckas et al., 2018). While acute ApoA-I exposure has been reported to promote the M1 phenotype, including increased CXCL10 expression in TAMs in B16-F10 tumor-bearing mice (Zamanian-Daryoush et al., 2013), we did not observe a significant change in secreted levels of CXCL10 or TNFα (data not shown) with the direct exposure of the B16-F10 CM-educated RAW 264.7 macrophages to ApoA-I. This may be due to a dose-dependent effect of ApoA-I. In addition, ApoA-I has been shown to alter cancer cell metabolism (Zamanian-Daryoush et al., 2020), and this may indirectly mediate the M1 phenotype observed in TAMs when tumor-bearing mice are administered ApoA-I. Thus, the negligible ApoA-I effect observed on the B16-F10 CM-educated RAW 264.7 macrophages could also be due to limitations of the in vitro model used in this study.
The rHDL-DPM-DMXAA NPs provided the most benefit with the M1 cytokines assessed. As described for the Free DMXAA (Ching et al., 1999; Cao et al., 2001; Shirey et al., 2011), treatment of the B16-F10 CM-educated RAW 264.7 with the rHDL-DPM-DMXAA NPs increased IFNβ, CXCL10 and TNFα secretion. Furthermore, the mannose moiety on the rHDL-DPM-DMXAA NPs significantly enhanced secretion of IFNβ and CXCL10 compared to the effects of the Free DMXAA. This immunostimulatory effect of the mannose moiety has been reported in other drug delivery platforms (Ye et al., 2019; Kim et al., 2021; Bellato et al., 2022) and could be a result of the recognition of the NPs and subsequent activation of the mannose receptor CD206 (Milone and Fitzgerald-Bocarsly, 1998; Jaynes et al., 2020). The absence of significant enhancement in secreted TNFα with the rHDL-DPM-DMXAA NPs compared to the Free DMXAA could be due to a ceiling effect where a maximum amount of TNFα is already being induced by the Free DMXAA treatment. The rHDL-DPM NPs also decreased CD206 and Arg1 protein levels. This modulation of CD206 and Arg1 protein levels by mannose-decorated NPs was also reported by Ye et al. (Ye et al., 2019; Glass et al., 2022), and provides an additional avenue to addressing immunosuppression. Differential effects were found with treatment of the B16-F10 cells with rHDL-DPM-DMXAA NPs which did not elicit significant IFNβ or TNFα production. These results are in agreement with the findings that the CD11b+ cells in the TME, which would predominantly identify macrophages, are the major contributor to pro-inflammatory cytokine production including TNFα when lung cancer-bearing mice were treated with DMXAA (Jassar et al., 2005). Moreover, the suppression of the cGAS-STING pathway found in cancer cells (Suter et al., 2021) could be another factor leading to the lack of production of the M1 phenotype-related cytokines in the B16-F10 cells upon treatment with the DMXAA formulations.
In an in vivo setting, the increased levels of CXCL10 and IFNβ observed with the rHDL-DPM-DMXAA NPs may be beneficial in promoting antitumor effects when combined with other therapeutic approaches. It has been reported that CXCL10 is important for the efficacy of immune checkpoint inhibitors (House et al., 2020). As an adjuvant therapy modality in melanoma, the administration of IFNβ in the clinics enhances relapse-free survival (Davar et al., 2012). As well, the combination of IFNβ administration with immune checkpoint inhibitors or targeted therapies sustains tumor regression (Litvin et al., 2015; Audsley et al., 2021). Moreover, IFNβ modulates TAMs phenotype towards an M1 phenotype (Kakizaki et al., 2015) and can sensitize cancer cells to chemotherapy (Makita et al., 2019). While chemotherapy is not the first-line treatment for advanced melanoma, it is often used after immunotherapy/targeted therapy failure in patients, and chemoresistance is one of the barriers to its effectiveness (American Cancer Society, 2022b; Goldinger et al., 2022; Kalal et al., 2017). PTX is part of the chemotherapy portfolio used in advanced melanoma (Samoylenko et al., 2016; Maeda et al., 2022), and its effectiveness can be dampened by various drug resistance mechanisms (Castro et al., 2022). The ability of the CM from the rHDL-DPM NPs-, and rHDL-DPM-DMXAA NPs-treated macrophages to modulate the proliferation and to improve the sensitivity of the B16-F10 cells to PTX suggest that the rHDL-DPM NPs could be a valuable tool in mitigating chemoresistance to PTX in B16-F10 tumor-bearing mice.
In addition to confirming the immunomodulatory effects of the rHDL-DPM-DMXAA NPs on the macrophages and their indirect effect on the B16-F10 cells, we also uncovered major players in payload uptake from the rHDL-DPM NPs. In line with reports on high expression of SR-B1 on TAMs (Qian et al., 2017; Xiong et al., 2023) the B16-F10 CM increased SR-B1 protein levels in RAW 264.7 macrophages. The uptake studies showed that both SR-B1 and CD206 mediate payload delivery to the macrophages, with ApoA-I likely interacting with SR-B1 and the mannose being recognized by CD206 at the plasma membrane. Endocytic and non-endocytic mechanisms mediated the uptake of the NR with non-endocytic mechanisms being primarily attributed to SR-B1 since NPs lacking the mannose moiety were less affected by the blocking of endocytosis. The importance of ApoA-I/SR-B1 and mannose/CD206 in mediating payload delivery provides guidance for enhanced design of these NPs as delivery agents. It also provides a blueprint to determine cells that would be most susceptible to rHDL-DPM NPs-mediated delivery. Hence, the B16-F10 cells, which have lower expression of SR-B1 and CD206, uptake less payload than the B16-F10 CM-educated RAW 264.7 macrophages. Notably, studies have demonstrated that HDL-type NPs preferentially deliver payload to M2-like TAMs compared to other cells present in the TME (Perez-Medina et al., 2015; Dong et al., 2023; Xiong et al., 2023). The addition of the mannose moiety to the rHDL NPs enhanced NR uptake in the B16-F10 CM-educated RAW 264.7 macrophages, suggesting that the rHDL-DPM NPs have the potential to improve TAM targeting in B16-F10 in vivo models. Complete abrogation of the NR uptake could not be achieved, and this is likely due to a combination of nanoparticle surface loading of NR, leakage of free NR from the NPs, and the internalization of the rHDL-DPM-NPs by other minor mechanisms. While the PEG did not significantly contribute to the SR-B1-mediated uptake, its presence seemingly did not hinder it as Pedersbæk et al. have also shown (Pedersbæk et al., 2020).
While these findings on the effects of rHDL-DPM-DMXAA NPs confirmed our hypothesis, there are some limitations to the study design and considerations in the generalization of findings regarding the rHDL-DPM NPs. First, the 2D in vitro cell culture does not account for biological barriers-tissues, fluids, the tumor architecture-that often impact on nanoparticle homing and payload delivery efficiency (Anchordoquy et al., 2017; Pedersbaek et al., 2019; Kopac, 2021). While the in vivo assessment of the rHDL-DPM NPs and of the effect of these barriers is beyond the scope of this study, we have found SR-B1 and CD206 were still relevant in payload uptake whether the rHDL-DPM NPs were incubated in serum-free or cDMEM conditions which suggests that the protein corona does not significantly impede payload delivery mechanism. Second, the use of conditioned media of cancer cells and macrophages does not account for the direct physical interaction between macrophages and cancer cells as well as the influence of other cell types on macrophage phenotype and cancer cell behavior. In addition, the RAW 264.7 macrophages are a leukemic cell line, and they do not recapitulate all features of mouse or human primary macrophages. For the scope of our study, the effect of B16-F10 CM on M2 and M1 markers in the RAW 264.7 macrophages echoes to some extent the M2-like immunosuppressive behavior described for TAMs in melanoma. Thus, they are still useful in these preliminary investigations of the M2-to-M1 phenotype reversal paradigm. Third, SR-B1 and CD206 are both expressed by the liver and dendritic cells (Vasquez et al., 2017; Shen et al., 2018), suggesting that the liver and dendritic cells in the TME may be potential targets for the rHDL-DPM NPs. It has been demonstrated that compared to other lipid-based particles, payloads from HDL-type particles tend to accumulate more efficiently in cancerous tissue while other major homing tissues are the liver and the kidney (Niora et al., 2020; Pedersbaek and Simonsen, 2020). Hence, in vivo studies in B16-F10 tumor-bearing mice are warranted to evaluate the biodistribution and safety of the rHDL-DPM NPs, the impact of the empty and drug-loaded rHDL-DPM NPs on tumor progression, on the sensitivity of the tumor to PTX and on the different types of cells in the TME. As well, in vivo studies would be important to determine any significant impact on the tumor from the biological activity of the increased production of IFNβ and CXCL10 levels elicited by the rHDL-DPM-DMXAA NPs compared to the Free DMXAA.
Despite these limitations, the findings from the present study clearly demonstrate that addition of the mannose moiety to the rHDL NPs improves payload delivery to the B16-F10 CM-educated RAW 264.7 macrophages via SR-B1 and CD206. They also show that the rHDL-DPM NPs can reprogram the B16-F10 CM-educated RAW 264.7 macrophages to an M1 phenotype and that NPs-treated macrophages can increase sensitivity to PTX in B16-F10 melanoma cells. Based on these findings, we anticipate that the rHDL-DPM NPs are likely to improve TAM targeting and treatment outcome when combined with immunotherapy or PTX in vivo B16-F10 mouse models or in vivo models of cancers where the pro-tumoral M2-TAMs exhibit high SR-B1 and CD206 expression.
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