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Abstract

:

Simple Summary


Photothermal therapy (PTT) is an effective thermal therapy for treating tumors. PTT has been combined with immunotherapy in various preclinical cancer models showing promising treatment outcomes. However, in these studies, PTT has primarily been utilized for maximizing tumor cell death. Previously, we observed that based on the “thermal dose” applied, PTT can generate dramatically different responses from the immune system when tested in cellular and animal models. Here, we sought to provide a framework to systematically assess the effect of PTT-based thermal doses on the immunogenic correlates of treated tumors as a measure of the effectiveness of PTT in eliciting an antitumor immune response. In human neuroblastoma tumor cells in vitro, we determined specific phenotypic markers, which demonstrated that SH-SY5Y cells were more responsive to PTT-based thermal dose compared with LAN-1 cells, which possess a high-risk phenotype. Our findings suggest the importance of conducting tumor thermal dose-responsiveness studies in vitro as an early measure of PTT effectiveness against a specific tumor.




Abstract


Photothermal therapy (PTT) is an effective method for tumor eradication and has been successfully combined with immunotherapy. However, besides its cytotoxic effects, little is known about the effect of the PTT thermal dose on the immunogenicity of treated tumor cells. Therefore, we administered a range of thermal doses using Prussian blue nanoparticle-based photothermal therapy (PBNP-PTT) and assessed their effects on tumor cell death and concomitant immunogenicity correlates in two human neuroblastoma cell lines: SH-SY5Y (MYCN-non-amplified) and LAN-1 (MYCN-amplified). PBNP-PTT generated thermal dose-dependent tumor cell killing and immunogenic cell death (ICD) in both tumor lines in vitro. However, the effect of the thermal dose on ICD and the expression of costimulatory molecules, immune checkpoint molecules, major histocompatibility complexes, an NK cell-activating ligand, and a neuroblastoma-associated antigen were significantly more pronounced in SH-SY5Y cells compared with LAN-1 cells, consistent with the high-risk phenotype of LAN-1 cells. In functional co-culture studies in vitro, T cells exhibited significantly higher cytotoxicity toward SH-SY5Y cells relative to LAN-1 cells at equivalent thermal doses. This preliminary report suggests the importance of moving past the traditional focus of using PTT solely for tumor eradication to one that considers the immunogenic effects of PTT thermal dose to facilitate its success in cancer immunotherapy.
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1. Introduction


Photothermal therapy (PTT) is a preclinical method of treating tumor cells in vitro and in vivo via light-absorbing nanoparticles activated by a matching wavelength light source, typically a near infrared laser [1,2]. The nanoparticles absorb incident light, converting it to heat energy through a process called photothermal conversion [3,4]. This resultant heating generates hyperthermia or ablation of treated cancer cells in vitro or the tumor microenvironment in vivo, and has been shown to be effective in killing cancer cells both in cell culture and in animal models, respectively [5,6,7].



Several groups including our own (using Prussian blue nanoparticles; PBNPs) have synthesized nanoparticle-based photothermal agents with high photothermal conversion efficiencies that can generate tumor cell killing in several types of cancer [5,6,8,9,10,11,12,13,14]. In the past decade, the focus has shifted from using PTT as a single therapy to using PTT in combination with immunotherapy such as immune checkpoint inhibitors, immune adjuvants (e.g., toll-like receptor agonists), or adoptively transferred immune effector cells [6,15,16,17,18]. Implicit in these “nanoimmunotherapy” combinations is the understanding that PTT generates an antitumor immune effect in addition to tumor cell killing. However, in most of these studies, including our own, PTT was applied under conditions (i.e., using nanoparticle concentrations and laser powers) to maximize tumor cell death without necessarily considering if those maximal tumor cell death conditions were optimal for potentiating antitumor immunity. In 2018, we published a study wherein we observed that PTT using PBNPs (PBNP-PTT) administered within an optimal thermal dose window, which was lower than the highest thermal dose tested, generated immunogenic cell death (ICD) and increased survival in a murine Neuro2a neuroblastoma vaccination model [19]. ICD is a cell death mechanism characterized by the engagement and stimulation of dendritic cells (DCs) and T cells against cancer cells [19,20,21,22,23]. These findings suggested the importance of studying the effect of the applied thermal dose of PTT on the immunogenicity correlates of treated tumors to maximize the benefit of combining PTT with immunotherapy.



Building upon our earlier observations and similar observations by other groups [24,25], in this study we investigated the effects of thermal dose generated by PBNP-PTT on the immunogenicity correlates of human neuroblastoma cells in vitro. Neuroblastoma remains a deadly pediatric cancer despite incremental improvements to the standards of care [26]. Patients with high-risk neuroblastoma have a five-year survival prognosis of only 40–50%, thus necessitating the development of novel and effective treatment strategies for this patient population [27,28]. We modeled pediatric neuroblastoma using two human cell lines, SH-SY5Y and LAN-1. These cell lines differ in their MYCN oncogene expression. MYCN encodes for the N-myc proto-oncogene, a protein functionally involved in tumorigenesis [29,30,31]. MYCN amplification is associated with high-risk neuroblastoma, and is characterized as a genetic marker for neuroblastoma risk stratification [32,33,34,35]. SH-SY5Y is a MYCN-non-amplified cell line, while LAN-1 is MYCN-amplified [36,37]. Therefore, LAN-1 cells represent a higher-risk neuroblastoma subtype than SH-SY5Y cells. In addition to MYCN amplification, LAN-1 cells bear a p53 mutation [38], increasing their high-risk phenotype.



We selected the PBNP-PTT conditions to generate various thermal dose ranges (1.8–11.3 log(∑CEM43); spanning final temperatures of ~32–80 °C) administered to the SH-SY5Y and LAN-1 neuroblastoma cell lines, and identified metrics to assess the cytotoxicity and immunogenicity correlates as a function of PBNP-PTT thermal dose (Figure 1). Specific PBNP-PTT thermal doses were achieved by varying PBNP concentration and near-infrared laser power. To calculate the thermal dose administered during PBNP-PTT, we used the method and equation first described by Sapareto and Dewey [39]. To assess the cytotoxicity and immunogenicity correlates, we measured the viability of the cells, the induction of ICD, and the phenotypic changes (i.e., expression of costimulatory molecules, immune checkpoint molecules, major histocompatibility complexes, an NK cell-activating ligand, and a neuroblastoma-associated antigen) resulting from each thermal dose. Next, we compared the immunogenic effects of the PBNP-PTT-administered thermal doses on MYCN-non-amplified SH-SY5Y cells versus MYCN-amplified LAN-1 cells. Finally, we conducted functional studies where T cells were co-cultured with either SH-SY5Y or LAN-1 cells treated with various PBNP-PTT thermal doses (low to high). We assessed the cytotoxicity of the T cells toward the tumor cells as a function of the thermal doses.



Through these studies, we sought to provide a framework for assessing the effect of the thermal dose of PTT not only on tumor cell killing but also on the immunogenicity correlates of the treated tumor cells. Conducting these important in vitro studies will facilitate the design of in vivo studies for a specific tumor where PTT is administered at the optimal thermal dose to maximize the antitumor immune benefit of this thermal therapy against that tumor.




2. Materials and Methods


2.1. Cells


The human neuroblastoma cell line SH-SY5Y was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The human neuroblastoma cell line LAN-1 was purchased from Sigma-Aldrich (St. Louis, MO, USA). SH-SY5Y cells were cultured in 44% DMEM (Gibco, Carlsbad, CA, USA), 44% F-12K (Gibco), 10% heat-inactivated FBS (Cytiva, Marlborough, MA, USA), 1% glutamax (Gibco), and 1% penicillin-streptomycin (Gibco). LAN-1 cells were cultured in RPMI-1640 (Gibco) supplemented with 10% heat-inactivated FBS (Cytiva), 1% glutamax (Gibco) and 1% penicillin-streptomycin (Gibco). SH-SY5Y cells are MYCN-non-amplified, thereby potentially representing a lower risk neuroblastoma classification; LAN-1 cells are MYCN-amplified, thereby representing a high-risk neuroblastoma subtype [36,37].




2.2. PBNP Synthesis


Potassium hexacyanoferrate (II) trihydrate (K4[Fe(CN)6]·3H2O) and iron (III) chloride hexahydrate (Fe(Cl)3·6H2O) were purchased from Sigma-Aldrich. All synthetic procedures were conducted using deionized (DI) water for synthesis purchased from Sigma-Aldrich (catalog #848333). Prussian blue nanoparticles (PBNPs) were synthesized using a scheme as described previously [6,40,41], and characterized for uniformity (Figure S1). Briefly, an aqueous solution of 1.0 mM FeCl3·6H2O in 20 mL of DI water was added under vigorous stirring to an aqueous solution containing 1.0 mM of K4Fe(CN)6·3H2O in 20 mL of DI water. After stirring for 15 min, the precipitate was isolated by centrifugation in equal parts DI water and acetone (10,000× g for 10 min) at room temperature, and rinsed by sonication (5 s, 40% amplitude) in DI water using a Q500 sonicator (QSonica LLC, Newton, CT, USA). The isolation and rinsing steps were repeated three times before the particles were resuspended by sonication in DI water. To measure the physical properties of the nanoparticles, size (hydrodynamic diameter) and charge distributions (zeta potential) were measured using dynamic light scattering on a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).




2.3. Photothermal Therapy


Three million SH-SY5Y or LAN-1 cells were suspended in 500 μL media with 0, 0.06, 0.1, or 0.15 mg/mL PBNPs. The samples were then illuminated by the near-infrared laser (808 nm; Laserglow Technologies, Toronto, Canada) for 10 min at varied powers (0.75, 1.0, or 1.5 W) to administer a range of thermal doses. Power was confirmed using a power meter (Thorlabs, Newton, NJ, USA). Temperatures of the cell suspensions were measured using a thermal camera (FLIR, Arlington, VA, USA), and recorded every minute for 10 min. The thermal doses were calculated using the formula established previously in the literature: ∑CEM43 °C = ∆t × R(43−T) where ∆t is the time interval, T is the average temperature during time interval, and R is the constant 0.25 for T < 43 °C and 0.5 for T > 43 °C [39]. The treated cells were then plated in a 6-well plate and incubated at 37 °C for 24 h before further analysis was performed.




2.4. Cell Phenotypic Analysis


2.4.1. Cell Surface Marker Analysis


Antibodies were purchased from Biolegend (San Diego, CA) and Abcam (Cambridge, UK). After 24 h incubation at 37 °C post-PBNP-PTT, cells were harvested and stained with Zombie Aqua Fixable viability dye (Biolegend, #423102), blocked with human TruStain Fc block (Biolegend, #422302), and stained with fluorescent antibodies against calreticulin (Abcam, #ab83220), CD80 (Biolegend, #305238), CD86 (Biolegend, #305428), PD-L1 (Biolegend, #329714), B7-H3 (Biolegend, #351010), HLA-ABC (Biolegend, #311432), HLA-DR (Biolegend, #307633), PVR (Biolegend, #337628), and GD2 (Biolegend, #357308). Flow cytometry was performed using the Cytek Aurora cytometer (Cytek Biosciences, Fremont, CA, USA), and cytometric analysis was done using FlowJo software (Ashland, OR, USA) to assess the immunogenicity correlates described above as a function of PBNP-PTT thermal dose.




2.4.2. ATP Release Analysis


For estimation of intracellular ATP (a correlate of ICD [23]), cells were harvested 24 h after in vitro PBNP-PTT, washed with 1x PBS, and mixed with the ATP reagent from the CellTiter-Glo Luminescent Cell Viability Assay (Promega, Madison, WI, USA). Luminescence was then measured using a SpectraMax i3X microplate reader (Molecular Devices, San Jose, CA, USA), whereupon luminescence was correlated to intracellular ATP as a measure of ATP released from the cells, a critical component of ICD induction.




2.4.3. HMGB1 Release Analysis


24 h post treatment, cell supernatants were collected from each treatment condition and centrifuged at 10,000 rpm for 3 min at 4 °C. The supernatants were collected and stored at −80 °C. HMGB1 release from cells was measured using an ELISA kit purchased from Chondrex Inc. (Woodinville, WA, USA) and the manufacturer’s recommendation was followed. Briefly, the 96-well ELISA plate was coated with the capture antibody overnight at 4 °C. The supernatant samples were thawed, both samples and standards were diluted 1:1 in a sample dilution buffer, and were added to the washed plate in duplicate. Next, the detection antibody was added and the plate was incubated at 37 °C for 1 h. Subsequently, the ELISA plate was transferred to a 4 °C refrigerator overnight. Next, diluted streptavidin peroxidase solution was added to the wells and incubated for 30 min at room temperature. The wells were washed and TMB solution was added to the plate. After incubation for 30 min at room temperature, a stop solution was added and the absorbance was measured at 450 nm using a Spectramax i3X microplate reader (Molecular Devices). The media alone condition was used as a blank for the laser condition (not containing PBNPs); the PBNP alone condition was used as a blank for all PBNP-PTT conditions. Blanks were subtracted from each sample to accurately estimate the concentration of HMGB1 released from treated cells, a key ICD biochemical correlate [23].





2.5. Immunogenicity Correlates as a Function of PTT Thermal Dose Analysis


Cell phenotypes were plotted as a function of thermal dose to interpret the magnitude of immunogenic responses in SH-SY5Y and LAN-1 cells resulting from varied PBNP-PTT thermal doses. For the measurement of ATP, the intracellular ATP content of untreated cells was considered to be 100%, and treatment conditions were normalized to that value. For the measurement of extracellular HMGB1, the laser alone condition was normalized to media treatment, and the PBNP-PTT conditions were normalized to treatment with PBNPs (in the absence of laser) to account for a potential interference in the absorbance reading by the presence of PBNPs. For the expression of immunogenicity correlates measured by flow cytometry, the median fluorescence intensity (MFI) resulting from each thermal dose was normalized to the condition where cells were treated with the laser alone (thermal dose <0 log(∑CEM43)). By normalizing the data to internal controls, we illustrate the differences in responsiveness of the two cell lines by their differed slopes on the thermal dose versus immunogenicity correlate graphs.




2.6. Studies Involving Peripheral Blood Cells


2.6.1. Peripheral Blood Sourcing and Culture


Healthy donor peripheral blood leukopaks were purchased from AllCells (Alameda, CA, USA) along with the HLA report. Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using lymphocyte-separation media (LSM; Corning, Corning, NY). PBMCs were cryopreserved for future use. Dendritic cells were grown in dendritic cell media (CellGenix, Freiburg im Breisgau, Germany) supplemented with 1% Glutamax (Gibco) (DC media). T cells were cultured in CTL media: 46.5% Click’s media (Sigma-Aldrich, Burlington, MA, USA), 46.5% RPMI-1640 (Gibco), 5% human AB serum (Gemini Bio-products), 1% glutamax (Gibco), and 1% penicillin streptomycin (Gibco).




2.6.2. Generation of T Cells


T cell lines were generated from PBMCs that were HLA-matched to SH-SY5Y and LAN-1 cells using monocyte-derived dendritic cells (DCs) based on a previously established protocol [42]. Specifically, donors were chosen based on HLA-A matching (HLA-A*24 for SH-SY5Y cells, and HLA-A*02 for LAN-1 cells). Briefly, monocytes were isolated by CD14 isolation MACS beads kit (Miltenyi Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany) per the manufacturer’s instructions. The isolated cells were cultured in DC media in the presence of IL-4 (1000 U/mL) and granulocyte-macrophage colony-stimulating factor GM-CSF (800 U/mL) (R&D Systems, Minneapolis, MN) cytokines. One day prior to stimulation, DCs for each donor were pulsed with tumor cell lysate generated using multiple freeze-thaw cycles using a dry ice-ethanol mixture and a water bath maintained at 37 °C [43]. Cell death was confirmed using a trypan blue assay. DCs were then matured with GM-CSF, TNF-a, IL-1b, IL4, IL-6, GM-CSF, INFγ, IL-4 (R&D Systems), and lipopolysaccharide (LPS; Sigma-Aldrich) overnight. Following maturation, CD14 negative PBMCs were thawed and stimulated with harvested DCs at a 1:5 (DC: T cell) ratio in CTL media supplemented with IL-6, IL-7, IL-12, and IL-15 (R&D Systems). Cells were incubated at 37 °C in an incubator and were expanded and fed with fresh cytokines as necessary. Subsequent stimulation was performed in a similar way. On day 23, cells were harvested for the functional co-culture assays.




2.6.3. Assessing T Cell Cytotoxicity toward PBNP-PTT-Treated Tumor Cells


The target cells (SH-SY5Y and LAN-1) were stained with CellTraceTM Far Red using a cell proliferation kit (ThermoFisher Scientific, Waltham, MA, USA). Labeled tumor cells were subjected to PBNP-PTT at various thermal doses and immediately co-cultured with their corresponding T cells at a 1:1 effector:target cell ratio. Cells were cultured for 4 h, collected by centrifugation, and resuspended in equal volumes of buffer across all samples. Cells were stained with Zombie Green Fixable viability dye (Biolegend, #423112), blocked with human TruStain Fc block, and stained with CD3 (Biolegend, #300326) to distinguish T cells. Flow cytometry was conducted in duplicate in a 96-well plate, whereupon equal volume was collected from each sample and analyzed in the flow cytometer. T cell-mediated cytotoxicity was calculated by determining the number of live target cells (gating CellTrace Far Red positive and Zombie green negative populations). These values were normalized to the number of live target cells after respective treatments in the absence of T cells. The samples were run on a Cytoflex flow cytometer (Beckman Coulter, Brea, CA, USA).





2.7. Statistical Analysis


Statistical analyses were performed using Graphpad PRISM software (San Diego, CA, USA). Statistical significance was determined by ordinary one-way ANOVA using Dunnett’s multiple comparison test. For the T cell co-culture analysis, a two-way ANOVA using Šidák multiple comparisons test was used. Values were considered statistically significantly different when p values were less than 0.03. * indicates a p value of <0.03, ** indicates a p value of <0.002, *** indicates a p value of <0.0002, and **** indicates a p value of <0.0001.





3. Results


3.1. Laser Power and PBNP Concentration Controls PBNP-PTT Thermal Dose


To establish a range of thermal doses to test in vitro, PBNP-PTT dosing was controlled by independently varying both the PBNP concentration added to the cells and the applied near infrared laser power. First, PBNPs were synthesized and quality control attributes were analyzed. PBNPs were measured to have an average hydrodynamic diameter of 55 nm and a surface charge of −39 mV (Figure S1). PBNP-PTT was administered to SH-SY5Y or LAN-1 cells under varied PBNP concentrations and laser power conditions as described. SH-SY5Y cells treated with each PBNP concentration heated in a laser power-dependent manner; as laser power increased, cell temperatures increased over the ten minutes of heating (Figure 2A). These time-temperature curves were converted to cumulative equivalent minutes at 43 °C (∑CEM43), a parameter used to quantify the thermal dose [39], which confirmed that the thermal dose generated by PBNP-PTT was both PBNP concentration- and laser power-dependent (Figure 2B). Thermal dose also directly correlated with cytotoxicity of SH-SY5Y cells; as the thermal dose increased, SH-SY5Y cell viability decreased in a thermal dose-dependent manner, with a maximal killing of 96% at a thermal dose of 11.3 log(∑CEM43) (Figure S2). These trends were consistent in LAN-1 cells; both PBNP concentration and laser power increased the temperature of LAN-1 cells over ten minutes of heating (Figure 2D), and generated PBNP concentration- and laser power-dependent increases in thermal dose (Figure 2E). Similar to SH-SY5Y cells, increased heating caused lower LAN-1 cell viability in a thermal dose-dependent manner, with a maximal killing of 98% at a thermal dose of 11.3 log(∑CEM43) (Figure S2).




3.2. PBNP-PTT Generates ICD in Human Neuroblastoma Cells In Vitro


To determine whether the thermal doses generated during PBNP-PTT elicited ICD in the neuroblastoma cells in vitro, the consensus biochemical correlates for ICD (i.e., release of intracellular ATP and HMGB1, and upregulation of cell surface calreticulin [23]) were measured after treatment. PBNP-PTT generated a thermal dose-dependent decrease in intracellular ATP of SH-SY5Y cells, suggesting its release (Figure 3a), with <10% intracellular ATP remaining after treatment with thermal doses ≥8.0 log(∑CEM43). Concurrently, PBNP-PTT generated an increase of released HMGB1 at thermal doses ≥2.1 log(∑CEM43), with the maximal release of HMGB1 occurring at a thermal dose of 8.0 log(∑CEM43) (Figure 3B). PBNP-PTT also caused an increase in SH-SY5Y cell surface calreticulin expression in a thermal dose-dependent manner, with the maximal expression of calreticulin occurring upon treatment with a thermal dose of 11.3 log(∑CEM43) (Figure 3C). For SH-SY5Y cells, the maximum co-expression of the three ICD correlates was attained at thermal doses between 5.4–10 log(∑CEM43).



Similarly, PBNP-PTT generated a thermal dose-dependent decrease in intracellular ATP of LAN-1 cells, suggesting its release (Figure 3D), with <10% intracellular ATP remaining after treatment with a thermal dose of 11.3 log(∑CEM43). Concurrently, PBNP-PTT generated an increase of released HMGB1 at thermal doses ≥1.8 log(∑CEM43), with the maximal release of HMGB1 occurring at a thermal dose of 5.1 log(∑CEM43) (Figure 3E). PBNP-PTT also caused an increase in LAN-1 cell surface calreticulin expression in a thermal dose-dependent manner, with the maximal expression of calreticulin observed upon treatment with a thermal dose of 11.3 log(∑CEM43) (Figure 3F). For LAN-1, the maximum co-expression of the three ICD correlates was attained at a thermal dose of 10.0 log(∑CEM43). Please see the flow cytometric gating strategy in Figure S3. Together, these data show that thermal doses of ≥10.0 log(∑CEM43) represent the optimal thermal dose window for maximal ICD markers in both SH-SY5Y and LAN-1 neuroblastoma cells.




3.3. PBNP-PTT Changes the Expression of Immunogenic Markers on Human Neuroblastoma Cells In Vitro


In addition to ICD, we investigated the effect of the thermal doses generated by PBNP-PTT to upregulate molecules involved in immune cell co-stimulation and antigen presentation on neuroblastoma cells in vitro. PBNP-PTT generated significant thermal dose-dependent increases in the expression of several measured markers. A thermal dose of 11.3 log(∑CEM43) generated the maximum expression of CD80 (maximum MFI (mMFI): 2490; Figure 4A), CD86 (mMFI: 5931; Figure 4B), HLA-ABC (mMFI: 33153; Figure 4C), and HLA-DR (mMFI: 8859; Figure 4D) on SH-SY5Y cells, suggesting an increase in the immunogenic potential of the cells in response to treatment. Similarly, a thermal dose of 11.3 log(∑CEM43) induced the greatest expression of CD80 (mMFI: 2096; Figure 4E), CD86 (mMFI: 6440; Figure 4F), and HLA-DR (mMFI: 9378; Figure 4H) on LAN-1 cells, although these changes were reduced compared with that measured in SH-SY5Y cells. HLA-ABC expression on LAN-1 cells was unchanged after treatment with all PBNP-PTT thermal doses tested (Figure 4G).



To further investigate the immunogenic effects of thermal doses generated by PBNP-PTT on neuroblastoma cells in vitro, we measured the expression of immune checkpoint molecules and an NK cell activating ligand in response to treatment. SH-SY5Y cells increased expression of measured molecular markers in a thermal dose-dependent manner. A thermal dose of 11.3 log(∑CEM43) generated the maximum expression of PD-L1 (mMFI: 7116; Figure 5A), B7-H3 (mMFI: 19799; Figure 5B), and PVR (mMFI: 37880; Figure 5C). None of the tested thermal doses generated significant changes in expression of PD-L1, B7-H3, or PVR in LAN-1 cells (Figure 5E–G).



To measure the effect of thermal dose on antigenicity of neuroblastoma cells in vitro, we measured the expression of GD2 on the surface of the cells after treatment with PBNP-PTT at varied thermal doses. GD2 was significantly increased on SH-SY5Y cells at thermal doses ≥10 log(∑CEM43), with the maximal expression occurring at a thermal dose of 11.3 log(∑CEM43) (mMFI: 1858; Figure 5D), suggesting an increase in the antigenicity of the surviving SH-SY5Y cells in response to treatment. GD2 expression on LAN-1 cells was unchanged compared to vehicle treatment at all applied thermal doses (Figure 5H). Overall, SH-SY5Y cells upregulated co-stimulatory molecules, immune checkpoint molecules, major histocompatibility complexes, an NK cell-activating ligand, and a neuroblastoma-associated antigen in a thermal dose-dependent manner. LAN-1 cells upregulated co-stimulatory molecules (CD80 and CD86) and one major histocompatibility complex (HLA-DR) in a thermal dose-dependent manner, but other immunogenic markers were unchanged in response to PBNP-PTT.




3.4. PBNP-PTT Impacts the Immunogenicity of SH-SY5Y Cells More than LAN-1 Cells


To evaluate the immunogenic changes occurring upon treatment with PBNP-PTT at varied thermal doses across neuroblastoma cell lines with different MYCN amplification statuses, we compared the effects of thermal dose on SH-SY5Y cells versus LAN-1 cells. Although the remaining tumor cells (%live cells) were similar for both SH-SY5Y and LAN-1 cells as a function of thermal dose (Figure 6A), ICD marker expression was higher in SH-SY5Y cells than LAN-1 cells as measured by decreased intracellular ATP (Figure 6B), increased extracellular HMGB1 (Figure 6C), and higher calreticulin expression (Figure 6D) at each thermal dose. Furthermore, co-stimulatory molecule expression (CD80; Figure 6E and CD86; Figure 6F), immune checkpoint molecule expression (PD-L1; Figure 6g and B7-H3; Figure 6H), both classes of major histocompatibility complexes (HLA-ABC; Figure 6I and HLA-DR; Figure 6J), NK cell-activating ligand (PVR; Figure 6K), and neuroblastoma-associated antigen expression (GD2; Figure 6L) were consistently increased to a greater extent in SH-SY5Y cells than LAN-1 cells, as illustrated by the greater slopes of the SH-SY5Y thermal dose versus immunogenic marker graphs in comparison with LAN-1. These data suggest that SH-SY5Y cells are more immunogenically responsive to changes in PBNP-PTT thermal dose than LAN-1 cells.




3.5. Increased Immunogenicitiy Generated by Equivalent Thermal Doses in SH-SY5Y Cells Relative to LAN-1 Cells Elicits Higher T Cell Cytotoxicity


To confirm whether SH-SY5Y cells are more immunogenically responsive than LAN-1 cells to changes in PBNP-PTT thermal dose, we conducted functional assays with T cells. In these studies, T cells, which were previously primed with DCs pulsed with either SH-SY5Y or LAN-1 lysates as previously published [43], were respectively co-cultured with SH-SY5Y or LAN-1 cells treated with varying PBNP-PTT thermal doses (ranging from low to high; Figure 7C). The cytotoxicity of T cells toward PBNP-PTT-treated SH-SY5Y cells was significantly higher than that toward LAN-1 at all thermal doses tested (Figure 7B,C and Figure S4). At a low PBNP-PTT thermal dose (4.2–5.1), the %killing by T cells was significantly higher for SH-SY5Y cells (40%) compared with no killing of LAN-1 cells. Similarly, at the medium, medium-high, and high thermal doses, the %killing of tumor cells by T cells was 30% (medium), 29% (medium-high), 47% (high), and 3% (medium), and 1% (medium-high) and 0% (high) for SH-SY5Y and LAN-1 cells, respectively. These findings of significantly increased cytotoxicity of T cells toward PBNP-PTT-treated SH-SY5Y cells relative to LAN-1 cells over equivalent ranges of thermal doses tested support earlier observations that PBNP-PTT thermal doses generate increased immunogenicity correlates in SH-SY5Y tumor cells compared with high-risk LAN-1 cells.





4. Discussion


In this study, we presented a methodology to assess the immunogenicity elicited in tumor cells treated with varying thermal doses of PBNP-PTT by measuring specific phenotypic markers. The induction of immunogenicity and ICD, in addition to cytotoxicity, is a desirable function of a cancer therapeutic, as it offers the potential for durable and persistent anti-tumor immune effects and favorable clinical responses [22,44]. Prior literature established the biochemical correlates required to define a cell as undergoing ICD [23], that is, the release of ATP and HMGB1 from the cell, and the exposure of calreticulin on the cell surface. Here, we observed that thermal doses >5 log(∑CEM43) induced maximal levels of ICD in SH-SY5Y cells, and thermal doses of ≥10 log(∑CEM43) in LAN-1 cells, as measured by decreased intracellular ATP, increased extracellular HMGB1, and increased cell surface calreticulin expression (Figure 3). Thus, a higher thermal dose is required to generate ICD in MYCN-amplified LAN-1 cells than in MYCN-non-amplified SH-SY5Y cells.



Furthermore, PBNP-PTT at thermal doses ≥5.3 log(∑CEM43) generated significantly increased expression of both CD80 and CD86 co-stimulatory molecules on SH-SY5Y cells (Figure 4A,B). CD80 and CD86 were also increased on LAN-1 cells upon treatment with PBNP-PTT, but this only occurred at thermal doses ≥11.3 log(∑CEM43), again requiring increased heating to induce these immunogenic changes (Figure 4E,F). CD80 and CD86 are critical to the function of T cells [45,46] and are not typically present on the surface of neuroblastoma cells [47]. Thus, by increasing their expression by applying particular thermal doses to the cells via PBNP-PTT, T cell engagement and activation may be increased.



Both HLA-ABC and HLA-DR were significantly increased on SH-SY5Y cells upon PBNP-PTT administration (Figure 4C,D); HLA-DR was significantly increased on LAN-1 cells at several thermal doses tested, but HLA-ABC expression remained unchanged on LAN-1 cells at all thermal doses tested, in comparison with vehicle treatment (Figure 4G,H). These findings suggest the potential engagement of both CD4+ and CD8+ T cells with HLA-DR and HLA-ABC on SH-SY5Y cells, respectively, but not LAN-1 cells. Downregulation of HLA-ABC and HLA-DR represents a key strategy for cancer cell immune evasion. This downregulation or absence has been observed in many cancers, including neuroblastoma [48,49]. Applying specific thermal doses via PBNP-PTT offers a potential strategy for recovering immune surveillance of both MYCN-non-amplified and, to a lower extent, MYCN-amplified neuroblastoma by upregulating HLA-ABC and/or HLA-DR.



Additionally, PVR has been shown to critically determine NK cell-mediated cytotoxicity of neuroblastoma cells [50,51]. As such, upregulation of PVR in MYCN-non-amplified SH-SY5Y neuroblastoma cells by PBNP-PTT-administered thermal doses (Figure 5C) may enable increased NK cell-mediated tumor clearance.



In addition, the success of combining PTT with complementary immunotherapies may depend on the application of PTT at the thermal dose optimal for generating immunogenicity. The immune checkpoint molecule B7-H3 is widely expressed on neuroblastoma cells [52,53] and is the target of several strategies including B7-H3-specific chimeric antigen receptor (CAR) T cell therapy [54,55,56]. Thus, although only SH-SY5Y cells increased B7-H3 expression in response to PBNP-PTT (Figure 5F), the basal B7-H3 expression on LAN-1 cells may be adequate for targeting with B7-H3-specific treatment strategies in combination with PTT.



Anti-GD2 immunotherapy has emerged as a promising therapy for high-risk neuroblastoma [57,58]. Although LAN-1 cell surface GD2 expression was unchanged from baseline in response to PBNP-PTT (Figure 5H), GD2 was significantly increased on the surface of SH-SY5Y cells after treatment with several PBNP-PTT-administered thermal doses (Figure 5D). This effect suggests the potential combination therapy of anti-GD2 immunotherapy with PBNP-PTT for MYCN-non-amplified neuroblastoma. Another promising combination therapy is PBNP-PTT combined with anti-PD-L1 immunotherapy. Anti-PD-L1 monoclonal antibody therapy is clinically approved for several types of cancer [59,60], and may combine effectively with the PD-L1 upregulation on MYCN-non-amplified neuroblastoma cells resulting from PBNP-PTT treatment (Figure 5A).



MYCN amplification and MYC expression have been shown to correlate with a neuroblastoma tumor microenvironment low in infiltrating immune cells and low cellular immunity, suggesting its role in suppressing immunogenicity [61,62,63]. Our findings in vitro appeared to confirm these observations. In particular, T cells co-cultured with PBNP-PTT-treated SH-SY5Y (MYCN-non-amplified) and LAN-1 (MYCN-amplified) exhibited significantly higher cytotoxicity toward SH-SY5Y cells compared with LAN-1 cells, where minimal to negligible tumor cell killing by T cells was observed (Figure 7). Interestingly, targeting MYC has been shown to induce tumor cell immunogenicity [62]. As such, combining PBNP-PTT with MYC targeting via drugs such as I-BET726 or JQ1 in MYCN-amplified neuroblastoma cells may generate immunogenicity more similar to that seen in SH-SY5Y cells, and may provide effective treatment for high-risk neuroblastoma patients with MYCN amplification.




5. Conclusions


This study illuminated a consistent method for generating a range of thermal doses upon administration of PBNP-PTT to neuroblastoma cells, by varying the PBNP concentration and incident laser power. The data suggest a differential immunogenic effect of PBNP-PTT on neuroblastoma cells in vitro, perhaps correlative with MYCN amplification and/or risk stratification. MYCN-non-amplified SH-SY5Y cells underwent ICD and upregulated markers associated with immunogenicity in response to several thermal doses via PBNP-PTT. MYCN-amplified LAN-1 cells, although they underwent ICD, only upregulated few markers associated with immune cell engagement, compared with SH-SY5Y cells, and these responses occurred at higher thermal doses than in SH-SY5Y cells, and to a lower extent. Co-culture studies with T cells, where significantly increased cytotoxicity was observed toward SH-SY5Y cells, confirmed the increased immunogenicity of SH-SY5Y cells relative LAN-1 cells at equivalent thermal doses. Future studies will investigate the role of p53 mutation on the differential immunogenicity observed between the two cell lines. These data provide a foundation to investigate the role of MYCN in the immunogenic potential elicited by PBNP-PTT on neuroblastoma cells, as the mechanism driving these effects was not investigated here. This report also underscores the importance of tumor cell type and tumor cell-specific thermal dose in determining the efficacy of PBNP-PTT, both as a monotherapy and in combination with immunotherapies, for not only neuroblastoma but also other envisioned oncology indications.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers14061447/s1. Figure S1: Physical properties of PBNPs, Figure S2: PBNP-PTT decreases SH-SY5Y and LAN-1 cell viability in a thermal dose-dependent manner, Figure S3: Representative flow cytometry gating strategy used in the study, and Figure S4: T cell-mediated lysis is more effective against PBNP-PTT-treated SH-SY5Y tumor cells relative to LAN-1 tumor cells at equivalent thermal doses.





Author Contributions


Conceptualization, P.S. and R.F.; methodology, P.S., E.E.S. and R.F.; software, P.S. and R.F.; validation, P.S and R.F.; formal analysis, P.S., E.E.S. and R.F.; investigation, P.S., D.K.L. and A.S.; resources, R.F.; data curation, P.S., D.K.L., A.S., E.E.S. and R.F.; writing—original draft preparation, P.S., E.E.S., and R.F.; writing—review and editing, P.S., D.K.L., A.S., E.E.S. and R.F.; visualization, P.S.; supervision, E.E.S. and R.F.; project administration, R.F.; funding acquisition, R.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Alex’s Lemonade Stand Foundation for Childhood Cancer’s ‘A’ Award and the George Washington University Cancer Center. Research reported in this publication was funded in part by the National Cancer Institute of the National Institutes of Health under Award Number R37CA226171. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. The APC was paid for by institutional funds provided by the George Washington University Cancer Center to R.F.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


De-identified samples were obtained from a commercial vendor. for this study.




Data Availability Statement


The data presented in this study are available within the article and Supplementary Materials.




Acknowledgments


We would like to thank the George Washington University flow core facility (Kimberlyn Acklin) for the assistance in acquiring data on Cytek Aurora. Schematics were created with BioRender.com.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Lal, S.; Clare, S.E.; Halas, N.J. Nanoshell-enabled photothermal cancer therapy: Impending clinical impact. Acc. Chem. Res. 2008, 41, 1842–1851. [Google Scholar] [CrossRef]

	



Chen, F.; Cai, W. Nanomedicine for targeted photothermal cancer therapy: Where are we now? Nanomedicine 2015, 10, 1–3. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Sun, Z.; Ren, Y.; Chen, X.; Zhang, W.; Zhu, X.; Mao, Z.; Shen, J.; Nie, S. Advances in nanomaterials for use in photothermal and photodynamic therapeutics (Review). Mol. Med. Rep. 2019, 20, 5–15. [Google Scholar] [CrossRef] [PubMed]

	



Ren, Y.; Chen, Q.; Qi, H.; Ruan, L. Experimental Comparison of Photothermal Conversion Efficiency of Gold Nanotriangle and Nanorod in Laser Induced Thermal Therapy. Nanomaterials 2017, 7, 416. [Google Scholar] [CrossRef]

	



Hoffman, H.A.; Chakarbarti, L.; Dumont, M.F.; Sandler, A.D.; Fernandes, R. Prussian blue nanoparticles for laser-induced photothermal therapy of tumors. RSC Adv. 2014, 4, 29729–29734. [Google Scholar] [CrossRef]

	



Cano-Mejia, J.; Burga, R.A.; Sweeney, E.E.; Fisher, J.P.; Bollard, C.M.; Sandler, A.D.; Cruz, C.R.Y.; Fernandes, R. Prussian blue nanoparticle-based photothermal therapy combined with checkpoint inhibition for photothermal immunotherapy of neuroblastoma. Nanomed. Nanotechnol. Biol. Med. 2017, 13, 771–781. [Google Scholar] [CrossRef]

	



Guo, L.; Yan, D.D.; Yang, D.; Li, Y.; Wang, X.; Zalewski, O.; Yan, B.; Lu, W. Combinatorial photothermal and immuno cancer therapy using chitosan-coated hollow copper sulfide nanoparticles. ACS Nano 2014, 8, 5670–5681. [Google Scholar] [CrossRef] [PubMed]

	



Fu, G.; Liu, W.; Feng, S.; Yue, X. Prussian blue nanoparticles operate as a new generation of photothermal ablation agents for cancer therapy. Chem. Commun. 2012, 48, 11567–11569. [Google Scholar] [CrossRef]

	



Cano-Mejia, J.; Bookstaver, M.L.; Sweeney, E.E.; Jewell, C.M.; Fernandes, R. Prussian blue nanoparticle-based antigenicity and adjuvanticity trigger robust antitumor immune responses against neuroblastoma. Biomater. Sci. 2019, 7, 1875–1887. [Google Scholar] [CrossRef]

	



Xue, P.; Cheong, K.K.; Wu, Y.; Kang, Y. An in-vitro study of enzyme-responsive Prussian blue nanoparticles for combined tumor chemotherapy and photothermal therapy. Colloids Surf. B Biointerfaces 2015, 125, 277–283. [Google Scholar] [CrossRef]

	



Liu, X.; He, Z.; Chen, Y.; Zhou, C.; Wang, C.; Liu, Y.; Feng, C.; Yang, Z.; Li, P. Dual drug delivery system of photothermal-sensitive carboxymethyl chitosan nanosphere for photothermal-chemotherapy. Int. J. Biol. Macromol. 2020, 163, 156–166. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Li, Y.; Xu, L.; Wang, D.; Long, J.; Zhang, M.; Wang, Y.; Lai, Y.; Liang, X. Near-Infrared-Absorbing Conjugated Polymer Nanoparticles Loaded with Doxorubicin for Combinatorial Photothermal-Chemotherapy of Cancer. ACS Appl. Polym. Mater. 2020, 2, 4180–4187. [Google Scholar] [CrossRef]

	



Wang, Y.; Meng, H.; Song, G.; Li, Z.; Zhang, X. Conjugated-Polymer-Based Nanomaterials for Photothermal Therapy. ACS Appl. Polym. Mater. 2020, 2, 4258–4272. [Google Scholar] [CrossRef]

	



Lu, K.Y.; Jheng, P.R.; Lu, L.S.; Rethi, L.; Mi, F.L.; Chuang, E.Y. Enhanced anticancer effect of ROS-boosted photothermal therapy by using fucoidan-coated polypyrrole nanoparticles. Int. J. Biol. Macromol. 2021, 166, 98–107. [Google Scholar] [CrossRef]

	



Burga, R.A.; Patel, S.; Bollard, C.M.; Cruz, C.R.Y.; Fernandes, R. Conjugating Prussian blue nanoparticles onto antigen-specific T cells as a combined nanoimmunotherapy. Nanomedicine 2016, 11, 1759–1767. [Google Scholar] [CrossRef]

	



Chen, Q.; Xu, L.; Liang, C.; Wang, C.; Peng, R.; Liu, Z. Photothermal therapy with immune-adjuvant nanoparticles together with checkpoint blockade for effective cancer immunotherapy. Nat. Commun. 2016, 7, 13193. [Google Scholar] [CrossRef]

	



Balakrishnan, P.B.; Sweeney, E.E.; Ramanujam, A.S.; Fernandes, R. Photothermal therapies to improve immune checkpoint blockade for cancer. Int. J. Hyperth. 2020, 37, 34–49. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, H.; Wang, Z.; Feng, L. Photothermal Conjugated Polymers and Their Biological Applications in Imaging and Therapy. ACS Appl. Polym. Mater. 2020, 2, 4222–4240. [Google Scholar] [CrossRef]

	



Sweeney, E.E.; Cano-Mejia, J.; Fernandes, R. Photothermal Therapy Generates a Thermal Window of Immunogenic Cell Death in Neuroblastoma. Small 2018, 14, e1800678. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzi, L.; Vitale, I.; Warren, S.; Adjemian, S.; Agostinis, P.; Martinez, A.B.; Chan, T.A.; Coukos, G.; Demaria, S.; Deutsch, E.; et al. Consensus guidelines for the definition, detection and interpretation of immunogenic cell death. J. Immunother. Cancer 2020, 8, e000337. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Petroni, G.; Kroemer, G. Immunogenicity of cell death driven by immune effectors. J. Immunother. Cancer 2020, 8, e000802. [Google Scholar] [CrossRef] [PubMed]

	



Kroemer, G.; Galluzzi, L.; Kepp, O.; Zitvogel, L. Immunogenic cell death in cancer therapy. Annu. Rev. Immunol. 2013, 31, 51–72. [Google Scholar] [CrossRef] [PubMed]

	



Kepp, O.; Senovilla, L.; Vitale, I.; Vacchelli, E.; Adjemian, S.; Agostinis, P.; Apetoh, L.; Aranda, F.; Barnaba, V.; Bloy, N.; et al. Consensus guidelines for the detection of immunogenic cell death. Oncoimmunology 2014, 3, e955691. [Google Scholar] [CrossRef] [PubMed]

	



Heshmati Aghda, N.; Abdulsahib, S.M.; Severson, C.; Lara, E.J.; Torres Hurtado, S.; Yildiz, T.; Castillo, J.A.; Tunnell, J.W.; Betancourt, T. Induction of immunogenic cell death of cancer cells through nanoparticle-mediated dual chemotherapy and photothermal therapy. Int. J. Pharm. 2020, 589, 119787. [Google Scholar] [CrossRef]

	



Huff, M.E.; Gokmen, F.O.; Barrera, J.S.; Lara, E.J.; Tunnell, J.; Irvin, J.; Betancourt, T. Induction of Immunogenic Cell Death in Breast Cancer by Conductive Polymer Nanoparticle-Mediated Photothermal Therapy. ACS Appl. Polym. Mater. 2020, 2, 5602–5620. [Google Scholar] [CrossRef]

	



Newman, E.A.; Abdessalam, S.; Aldrink, J.H.; Austin, M.; Heaton, T.E.; Bruny, J.; Ehrlich, P.; Dasgupta, R.; Baertschiger, R.M.; Lautz, T.B.; et al. Update on neuroblastoma. J. Pediatr. Surg. 2019, 54, 383–389. [Google Scholar] [CrossRef]

	



Monclair, T.; Brodeur, G.M.; Ambros, P.F.; Brisse, H.J.; Cecchetto, G.; Holmes, K.; Kaneko, M.; London, W.B.; Matthay, K.K.; Nuchtern, J.G.; et al. The International Neuroblastoma Risk Group (INRG) staging system: An INRG Task Force report. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 298–303. [Google Scholar] [CrossRef]

	



Cohn, S.L.; Pearson, A.D.; London, W.B.; Monclair, T.; Ambros, P.F.; Brodeur, G.M.; Faldum, A.; Hero, B.; Iehara, T.; Machin, D.; et al. The International Neuroblastoma Risk Group (INRG) classification system: An INRG Task Force report. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 289–297. [Google Scholar] [CrossRef]

	



Schwab, M.; Alitalo, K.; Klempnauer, K.H.; Varmus, H.E.; Bishop, J.M.; Gilbert, F.; Brodeur, G.; Goldstein, M.; Trent, J. Amplified DNA with limited homology to myc cellular oncogene is shared by human neuroblastoma cell lines and a neuroblastoma tumour. Nature 1983, 305, 245–248. [Google Scholar] [CrossRef]

	



Kohl, N.E.; Kanda, N.; Schreck, R.R.; Bruns, G.; Latt, S.A.; Gilbert, F.; Alt, F.W. Transposition and amplification of oncogene-related sequences in human neuroblastomas. Cell 1983, 35, 359–367. [Google Scholar] [CrossRef]

	



Schwab, M.; Varmus, H.E.; Bishop, J.M. Human N-myc gene contributes to neoplastic transformation of mammalian cells in culture. Nature 1985, 316, 160–162. [Google Scholar] [CrossRef] [PubMed]

	



Westermark, U.K.; Wilhelm, M.; Frenzel, A.; Henriksson, M.A. The MYCN oncogene and differentiation in neuroblastoma. Semin. Cancer Biol. 2011, 21, 256–266. [Google Scholar] [CrossRef] [PubMed]

	



Emanuel, B.S.; Balaban, G.; Boyd, J.P.; Grossman, A.; Negishi, M.; Parmiter, A.; Glick, M.C. N-myc amplification in multiple homogeneously staining regions in two human neuroblastomas. Proc. Natl. Acad. Sci. USA 1985, 82, 3736–3740. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.; Jiang, S.; Yang, J.; Liao, X.; Li, Y.; Li, S. Therapeutic potential of targeting MYCN: A case series report of neuroblastoma with MYCN amplification. Medicine 2020, 99, e20853. [Google Scholar] [CrossRef]

	



Huang, M.; Weiss, W.A. Neuroblastoma and MYCN. Cold Spring Harb. Perspect. Med. 2013, 3, a014415. [Google Scholar] [CrossRef]

	



Veas-Perez de Tudela, M.; Delgado-Esteban, M.; Cuende, J.; Bolanos, J.P.; Almeida, A. Human neuroblastoma cells with MYCN amplification are selectively resistant to oxidative stress by transcriptionally up-regulating glutamate cysteine ligase. J. Neurochem. 2010, 113, 819–825. [Google Scholar] [CrossRef]

	



Edsjo, A.; Nilsson, H.; Vandesompele, J.; Karlsson, J.; Pattyn, F.; Culp, L.A.; Speleman, F.; Pahlman, S. Neuroblastoma cells with overexpressed MYCN retain their capacity to undergo neuronal differentiation. Lab. Invest. 2004, 84, 406–417. [Google Scholar] [CrossRef]

	



Goldschneider, D.; Horvilleur, E.; Plassa, L.F.; Guillaud-Bataille, M.; Million, K.; Wittmer-Dupret, E.; Danglot, G.; de The, H.; Benard, J.; May, E.; et al. Expression of C-terminal deleted p53 isoforms in neuroblastoma. Nucleic Acids Res. 2006, 34, 5603–5612. [Google Scholar] [CrossRef]

	



Sapareto, S.A.; Dewey, W.C. Thermal dose determination in cancer therapy. Int. J. Radiat. Oncol. Biol. Phys. 1984, 10, 787–800. [Google Scholar] [CrossRef]

	



Vojtech, J.M.; Cano-Mejia, J.; Dumont, M.F.; Sze, R.W.; Fernandes, R. Biofunctionalized prussian blue nanoparticles for multimodal molecular imaging applications. J. Vis. Exp. 2015, 98, e52621. [Google Scholar] [CrossRef]

	



Shokouhimehr, M.; Soehnlen, E.S.; Khitrin, A.; Basu, S.; Huang, S.D. Biocompatible Prussian blue nanoparticles: Preparation, stability, cytotoxicity, and potential use as an MRI contrast agent. Inorg. Chem. Commun. 2010, 13, 58–61. [Google Scholar] [CrossRef]

	



McCormack, S.E.; Cruz, C.R.Y.; Wright, K.E.; Powell, A.B.; Lang, H.; Trimble, C.; Keller, M.D.; Fuchs, E.; Bollard, C.M. Human papilloma virus-specific T cells can be generated from naive T cells for use as an immunotherapeutic strategy for immunocompromised patients. Cytotherapy 2018, 20, 385–393. [Google Scholar] [CrossRef] [PubMed]

	



Gitlitz, B.J.; Belldegrun, A.S.; Zisman, A.; Chao, D.H.; Pantuck, A.J.; Hinkel, A.; Mulders, P.; Moldawer, N.; Tso, C.L.; Figlin, R.A. A pilot trial of tumor lysate-loaded dendritic cells for the treatment of metastatic renal cell carcinoma. J. Immunother. 2003, 26, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



Galluzzi, L.; Buque, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic cell death in cancer and infectious disease. Nat. Rev. Immunol. 2017, 17, 97–111. [Google Scholar] [CrossRef] [PubMed]

	



Hathcock, K.S.; Laszlo, G.; Dickler, H.B.; Bradshaw, J.; Linsley, P.; Hodes, R.J. Identification of an alternative CTLA-4 ligand costimulatory for T cell activation. Science 1993, 262, 905–907. [Google Scholar] [CrossRef]

	



Linsley, P.S.; Brady, W.; Grosmaire, L.; Aruffo, A.; Damle, N.K.; Ledbetter, J.A. Binding of the B cell activation antigen B7 to CD28 costimulates T cell proliferation and interleukin 2 mRNA accumulation. J. Exp. Med. 1991, 173, 721–730. [Google Scholar] [CrossRef]

	



Airoldi, I.; Lualdi, S.; Bruno, S.; Raffaghello, L.; Occhino, M.; Gambini, C.; Pistoia, V.; Corrias, M.V. Expression of costimulatory molecules in human neuroblastoma. Evidence that CD40+ neuroblastoma cells undergo apoptosis following interaction with CD40L. Br. J. Cancer 2003, 88, 1527–1536. [Google Scholar] [CrossRef]

	



Corrias, M.V.; Occhino, M.; Croce, M.; De Ambrosis, A.; Pistillo, M.P.; Bocca, P.; Pistoia, V.; Ferrini, S. Lack of HLA-class I antigens in human neuroblastoma cells: Analysis of its relationship to TAP and tapasin expression. Tissue Antigens 2001, 57, 110–117. [Google Scholar] [CrossRef]

	



Wolfl, M.; Jungbluth, A.A.; Garrido, F.; Cabrera, T.; Meyen-Southard, S.; Spitz, R.; Ernestus, K.; Berthold, F. Expression of MHC class I, MHC class II, and cancer germline antigens in neuroblastoma. Cancer Immunol. Immunother. 2005, 54, 400–406. [Google Scholar] [CrossRef]

	



Castriconi, R.; Dondero, A.; Corrias, M.V.; Lanino, E.; Pende, D.; Moretta, L.; Bottino, C.; Moretta, A. Natural killer cell-mediated killing of freshly isolated neuroblastoma cells: Critical role of DNAX accessory molecule-1-poliovirus receptor interaction. Cancer Res. 2004, 64, 9180–9184. [Google Scholar] [CrossRef]

	



Bottino, C.; Dondero, A.; Bellora, F.; Moretta, L.; Locatelli, F.; Pistoia, V.; Moretta, A.; Castriconi, R. Natural killer cells and neuroblastoma: Tumor recognition, escape mechanisms, and possible novel immunotherapeutic approaches. Front. Immunol. 2014, 5, 56. [Google Scholar] [CrossRef] [PubMed]

	



Modak, S.; Kramer, K.; Gultekin, S.H.; Guo, H.F.; Cheung, N.K. Monoclonal antibody 8H9 targets a novel cell surface antigen expressed by a wide spectrum of human solid tumors. Cancer Res. 2001, 61, 4048–4054. [Google Scholar] [PubMed]

	



Castriconi, R.; Dondero, A.; Augugliaro, R.; Cantoni, C.; Carnemolla, B.; Sementa, A.R.; Negri, F.; Conte, R.; Corrias, M.V.; Moretta, L.; et al. Identification of 4Ig-B7-H3 as a neuroblastoma-associated molecule that exerts a protective role from an NK cell-mediated lysis. Proc. Natl. Acad. Sci. USA 2004, 101, 12640–12645. [Google Scholar] [CrossRef]

	



Moghimi, B.; Muthugounder, S.; Jambon, S.; Tibbetts, R.; Hung, L.; Bassiri, H.; Hogarty, M.D.; Barrett, D.M.; Shimada, H.; Asgharzadeh, S. Preclinical assessment of the efficacy and specificity of GD2-B7H3 SynNotch CAR-T in metastatic neuroblastoma. Nat. Commun. 2021, 12, 511. [Google Scholar] [CrossRef] [PubMed]

	



Majzner, R.G.; Theruvath, J.L.; Nellan, A.; Heitzeneder, S.; Cui, Y.; Mount, C.W.; Rietberg, S.P.; Linde, M.H.; Xu, P.; Rota, C.; et al. CAR T Cells Targeting B7-H3, a Pan-Cancer Antigen, Demonstrate Potent Preclinical Activity Against Pediatric Solid Tumors and Brain Tumors. Clin. Cancer Res. 2019, 25, 2560–2574. [Google Scholar] [CrossRef]

	



Du, H.; Hirabayashi, K.; Ahn, S.; Kren, N.P.; Montgomery, S.A.; Wang, X.; Tiruthani, K.; Mirlekar, B.; Michaud, D.; Greene, K.; et al. Antitumor Responses in the Absence of Toxicity in Solid Tumors by Targeting B7-H3 via Chimeric Antigen Receptor T Cells. Cancer Cell 2019, 35, 221–237. [Google Scholar] [CrossRef]

	



Yang, R.K.; Sondel, P.M. Anti-GD2 Strategy in the Treatment of Neuroblastoma. Drugs Future 2010, 35, 665. [Google Scholar] [CrossRef]

	



Sait, S.; Modak, S. Anti-GD2 immunotherapy for neuroblastoma. Expert Rev. Anticancer. Ther. 2017, 17, 889–904. [Google Scholar] [CrossRef]

	



Keilholz, U.; Mehnert, J.M.; Bauer, S.; Bourgeois, H.; Patel, M.R.; Gravenor, D.; Nemunaitis, J.J.; Taylor, M.H.; Wyrwicz, L.; Lee, K.W.; et al. Avelumab in patients with previously treated metastatic melanoma: Phase 1b results from the JAVELIN Solid Tumor trial. J. Immunother. Cancer 2019, 7, 12. [Google Scholar] [CrossRef]

	



Motzer, R.J.; Penkov, K.; Haanen, J.; Rini, B.; Albiges, L.; Campbell, M.T.; Venugopal, B.; Kollmannsberger, C.; Negrier, S.; Uemura, M.; et al. Avelumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1103–1115. [Google Scholar] [CrossRef]

	



Layer, J.P.; Kronmuller, M.T.; Quast, T.; van den Boorn-Konijnenberg, D.; Effern, M.; Hinze, D.; Althoff, K.; Schramm, A.; Westermann, F.; Peifer, M.; et al. Amplification of N-Myc is associated with a T-cell-poor microenvironment in metastatic neuroblastoma restraining interferon pathway activity and chemokine expression. Oncoimmunology 2017, 6, e1320626. [Google Scholar] [CrossRef] [PubMed]

	



Wu, X.; Nelson, M.; Basu, M.; Srinivasan, P.; Lazarski, C.; Zhang, P.; Zheng, P.; Sandler, A.D. MYC oncogene is associated with suppression of tumor immunity and targeting Myc induces tumor cell immunogenicity for therapeutic whole cell vaccination. J. Immunother. Cancer 2021, 9, e001388. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Wu, X.; Basu, M.; Dong, C.; Zheng, P.; Liu, Y.; Sandler, A.D. MYCN Amplification Is Associated with Repressed Cellular Immunity in Neuroblastoma: An In Silico Immunological Analysis of TARGET Database. Front. Immunol. 2017, 8, 1473. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 14 01447 g001 550] 





Figure 1. Schematic of the study. The thermal dose generated by PBNP-PTT was controlled by varying the PBNP concentration and near infrared laser power, independently. Subsequently, tumor cell death, immunogenic cell death (ICD), and cell surface markers associated with immunogenicity were measured on neuroblastoma cells as a function of PBNP-PTT-administered thermal dose. 






Figure 1. Schematic of the study. The thermal dose generated by PBNP-PTT was controlled by varying the PBNP concentration and near infrared laser power, independently. Subsequently, tumor cell death, immunogenic cell death (ICD), and cell surface markers associated with immunogenicity were measured on neuroblastoma cells as a function of PBNP-PTT-administered thermal dose.



[image: Cancers 14 01447 g001]







[image: Cancers 14 01447 g002 550] 





Figure 2. PBNP-PTT-administered thermal dose is controlled by PBNP concentration and laser power. Three million (A,B) SH-SY5Y or (C,D) LAN-1 human neuroblastoma cells were exposed to 0.75, 1, and 1.5 W laser power in combination with 0 (Laser), 0.06, 0.1, or 0.15 mg/mL PBNPs. (A,C) Time-temperature graphs represents the cell temperatures recorded for each condition at 1 min intervals for a total of 10 min. (B,D) Thermal doses applied to cells were calculated from the time-temperature curves for each condition. 
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Figure 3. PBNP-PTT generates a thermal dose window of immunogenic cell death in SH-SY5Y and LAN-1 cells in vitro. Three million (A–C) SH-SY5Y or (D–F) LAN-1 cells were exposed to various thermal doses using PBNP-PTT. After 24 h, cells were analyzed for (A,D) intracellular ATP, (B,E) HMGB1 release, and (C,F) surface calreticulin expression, represented as median fluorescence intensity (MFI). Inset values in the histograms denote the thermal dose. The extent of ICD as measured by its correlates is more pronounced in SH-SY5Y cells compared with LAN-1 cells. Ordinary one-way ANOVA was used to calculate significance between vehicle and different thermal doses and laser alone for HMB1 analysis. n = 2/group; * p < 0.03, ** p < 0.002, *** p < 0.0002, **** p < 0.0001. 
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Figure 4. The effect of PBNP-PTT-administered thermal dose on co-stimulatory and HLA molecules is more pronounced in SH-SY5Y cells compared with LAN-1 cells. (A–D) SH-SY5Y and (E–H) LAN-1 cells were subjected to various thermal doses via PBNP-PTT. After treatment, cells were rested for 24 h and evaluated by flow cytometry analysis for (A,E) CD80, (B,F) CD86, (C,G) HLA-ABC, and (D,H) HLA-DR. MFI is represented as bar graphs representing averages, and corresponding representative histograms. Inset values in the histograms denote the thermal dose. Each parameter was compared to the vehicle control by one-way ANOVA, where * p < 0.03, ** p < 0.002, *** p < 0.0002, **** p < 0.0001; n = 2/group. 
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Figure 5. The effect of PBNP-PTT-administered thermal dose on immune checkpoint molecules, an NK cell-activating ligand, and a neuroblastoma-associated antigen is more pronounced in SH-SY5Y cells compared with LAN-1 cells. (A–D) SH-SY5Y and (E–H) LAN-1 cells were treated in vitro with varied thermal doses via PBNP-PTT. 24 h post-PBNP-PTT, cells were analyzed for expression of (A,E) PD-L1, (B,F) B7-H3, (C,G) PVR, and (D,H) GD2 using flow cytometry analysis. Inset values in the histograms denote the thermal dose. Each parameter was compared to the vehicle control by one-way ANOVA, where * p < 0.03, ** p < 0.002, *** p < 0.0002, **** p < 0.0001; n = 2/group. 
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Figure 6. PBNP-PTT triggers greater immunophenotypic changes in MYCN-non-amplified SH-SY5Y cells than MYCN-amplified LAN-1 neuroblastoma cell line in vitro. SH-SY5Y (blue) and LAN-1 (green) cells were treated with varied thermal doses via PBNP-PTT and analyzed for (A) % live cells (B) intracellular ATP, (C) secreted HMGB1, and cell surface expression levels of (D) calreticulin, (E) CD80, (F) CD86, (G) PD-L1, (H) B7-H3, (I) HLA-ABC, (J) HLA-DR, (K) PVR, and (L) GD2. Data represent mean ± SD (n = 2 independent samples). 






Figure 6. PBNP-PTT triggers greater immunophenotypic changes in MYCN-non-amplified SH-SY5Y cells than MYCN-amplified LAN-1 neuroblastoma cell line in vitro. SH-SY5Y (blue) and LAN-1 (green) cells were treated with varied thermal doses via PBNP-PTT and analyzed for (A) % live cells (B) intracellular ATP, (C) secreted HMGB1, and cell surface expression levels of (D) calreticulin, (E) CD80, (F) CD86, (G) PD-L1, (H) B7-H3, (I) HLA-ABC, (J) HLA-DR, (K) PVR, and (L) GD2. Data represent mean ± SD (n = 2 independent samples).



[image: Cancers 14 01447 g006]







[image: Cancers 14 01447 g007 550] 





Figure 7. Equivalent thermal doses of PBNP-PTT induces greater T cell cytotoxicity against SH-SY5Y tumor cells than LAN-1 cells. Counterclockwise (A) Schematic representing the workflow of the co-culture study. SH-SY5Y and LAN-1 cells were treated with either control treatments or PBNP-PTT treatments at varied thermal doses (low to high). Tumor cells were then co-incubated with their respective tumor-reactive T cells at a 1:1 effector:target cell (E:T) ratio for 4 h and were analyzed for T cell cytotoxicity toward the treated tumor cells using flow cytometry. (B) Scatter plots showing live target cells for a representative thermal dose treatment group as compared with the control. (C) Cytotoxicity of T cells toward tumor cells when exposed to various (low to high) thermal doses (SH-SY5Y- low: 5.1, medium: 7.2, medium-high: 9.9, high: 11.2; LAN-1- low: 4.2, medium: 6.9, medium-high: 10.1, high: 11.5). Error bars depict standard deviation between two donors. Studies with each donor were performed in duplicate. A two-way ANOVA was used to compare the statistical significance between the two tumor lines (* p < 0.03, *** p < 0.0002, **** p < 0.0001). 
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