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Abstract

:

Simple Summary


Neuroblastoma is the most common cancer in infants and the most common solid tumor outside the brain in children, and responds poorly to current therapies. The sphingolipid-modifying drug opaganib, which has anticancer and anti-inflammatory activity in many preclinical models, was tested for inhibition of neuroblastoma cell proliferation in cell culture and in tumors growing in mice. Opaganib inhibited cell proliferation regardless of the MYCN gene status of the neuroblastoma cells. Treatment of tumor-bearing mice with opaganib in combination with the established drugs irinotecan and temozolomide reduced tumor growth and increased survival compared with irinotecan plus temozolomide alone. Because opaganib has already demonstrated safety in patients with cancer, this new drug may provide improved therapy for neuroblastoma patients.




Abstract


Neuroblastoma (NB), the most common cancer in infants and the most common solid tumor outside the brain in children, grows aggressively and responds poorly to current therapies. We have identified a new drug (opaganib, also known as ABC294640) that modulates sphingolipid metabolism by inhibiting the synthesis of sphingosine 1-phosphate (S1P) by sphingosine kinase-2 and elevating dihydroceramides by inhibition of dihydroceramide desaturase. The present studies sought to determine the potential therapeutic activity of opaganib in cell culture and xenograft models of NB. Cytotoxicity assays demonstrated that NB cells, including cells with amplified MYCN, are effectively killed by opaganib concentrations well below those that accumulate in tumors in vivo. Opaganib was shown to cause dose-dependent decreases in S1P and hexosylceramide levels in Neuro-2a cells, while concurrently elevating levels of dihydroceramides. As with other tumor cells, opaganib reduced c-Myc and Mcl-1 protein levels in Neuro-2a cells, and also reduced the expression of the N-Myc protein. The in vivo growth of xenografts of human SK-N-(BE)2 cells with amplified MYCN was suppressed by oral administration of opaganib at doses that are well tolerated in mice. Combining opaganib with temozolomide plus irinotecan, considered the backbone for therapy of relapsed or refractory NB, resulted in increased antitumor activity in vivo compared with temozolomide plus irinotecan or opaganib alone. Mice did not lose additional weight when opaganib was combined with temozolomide plus irinotecan, indicating that the combination is well tolerated. Opaganib has additive antitumor activity toward Neuro-2a tumors when combined with the checkpoint inhibitor anti-CTLA-4 antibody; however, the combination of opaganib with anti-PD-1 or anti-PD-L1 antibodies did not provide increased antitumor activity over that seen with opaganib alone. Overall, the data demonstrate that opaganib modulates sphingolipid metabolism and intracellular signaling in NB cells and inhibits NB tumor growth alone and in combination with other anticancer drugs. Amplified MYCN does not confer resistance to opaganib, and, in fact, the drug attenuates the expression of both c-Myc and N-Myc. The safety of opaganib has been established in clinical trials with adults with advanced cancer or severe COVID-19, and so opaganib has excellent potential for treating patients with NB, particularly in combination with temozolomide and irinotecan or anti-CTLA-4 antibody.
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1. Introduction


Neuroblastoma (NB) is the most common cancer in children less than 1 year of age and the most common extracranial solid tumor in children, accounting for ~10% of all childhood cancers [1]. Approximately half of NB patients are diagnosed with low- or medium-risk, and these patients have excellent 5-year survival rates. Unfortunately, for the remaining patients diagnosed with high-risk NB, this survival rate is only ~50% [2,3]. High-risk NB usually occurs in children older than 18 months, frequently metastasizes to the bone, and is often associated with MYCN gene amplification (40–50% of cases) [4,5]. Amplification of MYCN strongly predicts a poorer prognosis for both tumor progression and overall survival [6,7,8], and, consequently, the protein product N-Myc is a prime target for new drugs for NB treatment [9,10,11]. Additionally, genes associated with activation of RAS-MAPK signaling are mutated in 65% of relapsed tumors [12], and overexpression of the anti-apoptotic proteins Bcl-2 and Mcl-1 is implicated in the poor response of NB to therapy [13,14]. Chemotherapy for high-risk NB patients begins with induction therapy using a battery of cytotoxic drugs, typically including platinum drugs, alkylators, and topoisomerase inhibitors [2,15,16]. Unfortunately, these agents are generally poorly effective and inflict considerable short- and long-term toxicity to the patient, including increased secondary cancers [17]. Therefore, a great deal of current effort is focused on identifying appropriate new targets for NB therapy through consideration of critical and/or aberrant pathways in this disease [18,19,20,21,22,23]. Difloromethylornithine (DFMO, elfornithine) has been studied as a possible modulator of N-Myc via alteration of polyamine levels [24], and has recently been approved by the FDA for maintenance therapy of high-risk NB [25,26]. Attempts to treat high-risk NB with antibodies against the checkpoint proteins PD-1, PD-L1, and CTLA-4 have not established therapeutic benefit [27]. Clearly, new and more effective therapies are desperately needed for NB patients, and significant effort is being focused on identifying new targets for NB drugs.



Sphingolipid metabolism is a key pathway in cancer biology in which ceramides, dihydroceramides (dhCer), sphingosine, and sphingosine 1-phosphate (S1P) regulate tumor cell death, proliferation, and drug resistance, as well as host angiogenesis, inflammation, and immunity (reviewed in [28,29,30,31]). In particular, sphingosine kinases (SK1 and SK2) are key regulators of the ceramide/S1P rheostat that controls tumor cell proliferation and death, as well as tumor sensitivity to radiation and chemotherapy (reviewed in [32,33,34]). Sphingosine kinases are frequently overexpressed in many cancers, and are essential for tumor cell survival and proliferation [29]. In parallel, dhCer desaturase (DES1) controls the ratio of saturated and unsaturated ceramides, and this regulates apoptotic and autophagic signaling in cancer cells [35,36]. Because of these roles of sphingolipids in cancer biology, chemical modulators of sphingolipid metabolism are potential candidates for new anticancer drugs.



Opaganib is an orally active, isozyme-selective inhibitor of SK2, and is competitive with respect to sphingosine [37,38]. Opaganib depletes S1P and elevates ceramide in tumor cells, suppresses signaling through pERK, pAKT, and NFκB, and promotes autophagy and/or apoptosis [29,37,38]. Opaganib also downregulates c-Myc in a variety of cell lines and reduces androgen receptor expression in prostate cancer cells. Because it acts as a sphingosine mimetic, opaganib also inhibits DES1, thereby increasing levels of dhCer and promoting autophagy in cells. Opaganib has antitumor activity in a broad range of mouse models [29,37,39] and anti-inflammatory activity in several rodent models [40,41,42,43,44]. In addition to single-agent cytotoxicity, opaganib has been combined with a variety of anticancer drugs in vitro and in vivo. In the present studies, the effects of opaganib on intracellular signaling and proliferation of NB cells were analyzed. Additionally, the ability of opaganib to suppress tumor growth in vivo was assessed as a single-agent and in combination with cytotoxic drugs used to treat NB or checkpoint antibodies.




2. Materials and Methods


2.1. Materials


Tumor cell lines (Neuro-2a, SK-N-SH, SK-N-AS, SK-N-MC, IMR32, SK-H-(BE)2, and Lewis lung carcinoma (LLC)) were purchased from the American Type Culture Collection and maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum from Invitrogen (Carlsbad, CA, USA) and 100 units/mL penicillin-streptomycin. Geltrex was purchased from ThermoFisher Scientific (Waltham, MA, USA). Opaganib (GMP-grade) was synthesized according to French et al. [37] and dissolved in a vehicle consisting of 46.7% polyethylene glycol 400, 46.7% saline, and 6.6% EtOH. Temozolomide and irinotecan were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for immunoblotting were purchased from Cell Signaling Technology (Danvers, MA, USA): Mcl-1 (catalog number 5453), c-Myc (catalog number 5605), N-Myc (catalog number 84406), GAPDH (catalog number 5174), Erk (catalog number 4695), and pErk (catalog number 4370). Anti-mouse PD-1 antibody, anti-mouse PD-L1 antibody, and anti-mouse CTLA-4 antibody were purchased from BioXCell (West Lebanon, NH, USA) and suspended in sterile phosphate-buffered saline (PBS) for intraperitoneal administration. SCID mice were purchased from the National Cancer Institute (Bethesda, MD, USA), while A/J and C57BL/6 mice were purchased from Jackson Labs (Bar Harbor, ME, USA).




2.2. In Vitro Cytotoxicity and Signaling Assays


For cytotoxicity assays, cells were seeded in 96-well plates and 24 h later treated with 0 to 50 μM opaganib for 72 h. Cell viability was determined by a standard sulforhodamine B assay, as described previously [29]. In lipidomic analyses, ceramide species, sphingoid bases, and their phosphates were quantified by the Lipidomics Shared Resource at the Medical University of South Carolina following their validation using high-performance liquid chromatography–tandem mass spectrometry procedures. Results are expressed as the level of the sphingolipid normalized to protein levels measured using the Bradford assay. For protein expression studies, cell lysates were prepared using a buffer containing 25 mM Tris-HCl, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS. After centrifugation, cell lysates were normalized for protein content using the BCA assay (Pierce), resolved by SDS-PAGE, and transferred to PVDF membranes. Membranes were blocked with 10% bovine serum albumin and probed with the indicated primary antibodies at dilutions specified by the manufacturers. All immunoblots were visualized by enhanced chemiluminescence and quantified using ImageJ software (version IJ 1.54g) with normalization to GAPDH.




2.3. In Vivo Tumor Growth Assays


Animal studies have been carried out in accordance with the Guide for the Care and Use of Laboratory Animals by the U.S. National Institutes of Health. In the first experiments, NOD/SCID mice (6–8 weeks old) were injected with 3 × 106 SK-N-(BE)2 NB cells per mouse into the right hind flank subcutaneously on Day 0 of the experiment, and tumors were allowed to grow to ~100 mm3. Mice were then randomized into treatment groups (N = 8/group) and treated with either vehicle or 50 mg/kg opaganib given by oral gavage 5 days/week. For each mouse, body weight and tumor size were measured thrice per week, and tumor volumes were calculated by using the following formula: volume = 1/2 × length × width2. The toxicity of the treatments was assessed by careful observation of the mice for signs of distress, including respiratory difficulties, gastrointestinal distress, evidence of spastic paralysis, convulsions, or blindness. No mice displayed any of these abnormalities, so individual mice were euthanized by CO2 asphyxiation and cervical dislocation when the tumor volume reached ≥3000 mm3.



Because the immune status of the host can affect tumor growth and response to therapy, the second tumor model utilized immunocompetent mice injected with syngeneic LLC cells. Specifically, C57BL/6 mice were injected with 105 LLC cells suspended in PBS into the right hind flank subcutaneously on Day 0 of the experiment. When tumors reached ~150 mm3, mice were randomized into the following treatment groups (N = 7–8/group): control (vehicle only); opaganib alone (oral gavage at 50 mg/kg 5 days/week until sacrifice); irinotecan (IRIN, 5 mg/kg) plus temozolomide (TMZ, 25 mg/kg) given by intraperitoneal injection 5 days/week; or a combination of opaganib + IRIN + TMZ (50, 5, and 25 mg/kg, respectively). Mouse body weight, tumor growth, and potential toxicity were monitored, and mice were euthanized as indicated above.



In the third independent tumor model, the effects of opaganib alone and in combination with chemotherapy or immunotherapy were assessed using xenografts of Neuro-2a cells growing in immunocompetent syngeneic A/J mice. Specifically, male A/J mice were injected with 106 Neuro-2a cells suspended in 100 µL PBS/Geltrex on the right hind flank. When tumors reached 150–450 mm3, mice were randomized into the following treatment groups (N = 9–10 mice/group): control (vehicle only); opaganib alone (oral gavage at 50 mg/kg 5 days/week until sacrifice); irinotecan (IRIN, 5 mg/kg) plus temozolomide (TMZ, 25 mg/kg) given by intraperitoneal injection 5 days/week; or a combination of opaganib + IRIN + TMZ (50, 5, and 25 mg/kg, respectively). In separate experiments, A/J mice bearing Neuro-2a tumors as above were randomized into the following treatment groups: control (vehicle only); opaganib alone (oral gavage at 50 mg/kg 5 days/week); anti-mouse PD-1, PD-L1, or CLTA-4 antibodies (200 μg injected intraperitoneally twice weekly for 3 weeks); or a combination of opaganib plus the antibody. Mouse body weight, tumor growth, and potential toxicity were monitored, and mice were euthanized as indicated above.




2.4. Statistics


Mouse survival rates were compared using the Kaplan–Meier approach with the Gehan–Breslow–Wilcoxon test using GraphPad Prism software (Version 5.0). Other data were analyzed by one-way ANOVA using the Tukey post hoc test. Differences are considered statistically significant at p < 0.05. Error bars in the figures represent the mean ± standard deviation of the treatment groups calculated with GraphPad Prism 5.





3. Results


3.1. In Vitro Effects of Opaganib on NB Cells


Cytotoxicity data for opaganib toward a panel of NB cell lines, including human MYCN single-copy cells (SK-N-SH, SK-N-AS, and SK-N-MC); human MYCN amplified cells (IMR32 and SK-H-(BE)2); and mouse MYCN single-copy cells (Neuro-2a), are indicated in Table 1. The data demonstrate that NB cells are killed by opaganib concentrations well below those that accumulate in tumors in vivo (~80 μg/g tissue, which is ~200 μM) [37]. Importantly, amplification of MYCN does not result in resistance to opaganib.



We have previously demonstrated in several cell types that opaganib reduces S1P levels and substantially elevates dihydroceramide levels, reflecting dual inhibition of SK2 and DES1 [37]. Additional lipidomic analyses were conducted on Neuro-2a cells treated with varying concentrations of opaganib for 24 h. As indicated in Table 2, acute treatment of Neuro-2a cells with opaganib reduced S1P and elevated total ceramide and dihydroceramide levels at 3 µM opaganib, which is near the cytotoxicity IC50 for these cells. Interestingly, higher opaganib concentrations also markedly decreased deoxyceramides and hexosylceramides in these cells, suggesting additional sphingolipid targets for opaganib.



The effects of opaganib on intracellular signaling proteins in Neuro-2a cells were examined by immunoblotting (Figure 1). As with other tumor cells, treatment of Neuro-2a cells with opaganib decreased the expression of both c-Myc and Mcl-1 (48% and 70%, respectively) and completely eliminated pERK. Importantly, opaganib also reduced N-Myc protein expression in Neuro-2a cells (50%). Overall, treatment of NB cells with opaganib decreases proliferative signaling (c-Myc, N-Myc, and pERK) in concert with removing anti-apoptotic signaling (Mcl-1).




3.2. In Vivo Effects of Opaganib on NB Tumors


Several in vivo tumor studies were conducted to evaluate the potential for treating NB patients with opaganib, including experiments using opaganib alone, in combination with irinotecan (IRIN) plus temozolomide (TMZ), or in combination with checkpoint antibodies.



3.2.1. Single-Agent Opaganib


An initial study using xenografts of SK-N-(BE)2 NB cells in immunodeficient NOD/SCID mice demonstrated effective suppression of tumor growth by treatment with opaganib at 50 mg/kg/day, 5 days/week (Figure 2). Tumors in mice treated with vehicle progressed rapidly, necessitating euthanizing the animals in approximately 3 weeks. In contrast, mice treated with oral opaganib had substantially reduced rates of tumor growth, indicating antitumor activity against human NB cells with amplified MYCN. Further experiments were conducted in immunocompetent syngeneic mouse model systems because of their importance to the host immune response and the impact of opaganib treatment on immune responsiveness [45].




3.2.2. Combination with Temozolomide and Irinotecan


We evaluated the antitumor activity of opaganib in combination with irinotecan (IRIN) plus temozolomide (TMZ) because IRIN + TMZ is the backbone for the treatment of recurrent or refractory NB. Opaganib (50 mg/kg) was administered by oral gavage 5 days/week, and IRIN and TMZ (5 and 25 mg/kg, respectively) were given by intraperitoneal injection, also in a 5 day on/2 day off schedule. Body weights and animal behavior and appearance were carefully monitored to detect possible overt toxicity from the drug combinations. Tumor volumes and body weights were measured daily for at least two full cycles of drug treatments. When tumor volumes reached >3000 mm3, animals were euthanized per IACUC requirements.



In the first study, male C57BL/6 mice were injected on the right hind flank with 106 Lewis lung carcinoma (LLC) cells suspended in 100 µL of PBS/Geltrex. When tumors reached 150–200 mm3, mice were randomized into treatment groups of 7–8 mice/group and received the following: vehicle; opaganib alone; IRIN + TMZ; or opaganib + IRIN + TMZ. As shown in Figure 3, the LLC tumors in vehicle-treated mice grew very rapidly, and opaganib alone reduced tumor growth compared to the vehicle group (p < 0.01 at Day 9). Treatment with IRIN + TMZ induced only a minor, non-significant reduction in tumor growth. Importantly, the three-drug combination of opaganib + IRIN +TMZ showed a statistically significant reduction in tumor growth by Day 9 compared to either the vehicle group (p < 0.001) or the IRIN + TMZ group (p < 0.05), indicating that the three drugs in combination are more efficacious than the standard IRIN + TMZ treatment. Body weights were measured daily to evaluate the overall health of the mice and the potential toxicity of the multiple drug combination. As also shown in Figure 3, all treatment groups maintained similar body weights throughout two full cycles of 7-day drug treatments. Additionally, mice in all the treatment groups remained well-groomed and active throughout the study, indicating no excessive toxicity from combining the three drugs. Finally, survival time until tumors reached >3000 mm3 was tracked for all individual mice in the study. As shown in Figure 3 table, survival times inversely corresponded with the rate of tumor growth, with vehicle-treated mice having a median survival of 13 days. Opaganib treatment alone modestly improved survival, while opaganib + IRIN + TMZ treatment resulted in substantially greater median survival than vehicle- or IRIN + TMZ-treated mice (p < 0.01 for each comparison). Overall, this study demonstrated a significant increase in efficacy of opaganib + IRIN + TMZ relative to vehicle- and IRIN + TMZ-treated mice. Also of importance, the study indicates that there is no overt toxicity for the combination of opaganib + IRIN + TMZ over 2 weeks of treatment.



In the second study, Neuro-2a cells were used because they are a common model for NB tumors grown in immunocompetent syngeneic mice [46]. In these studies, male A/J mice were injected on the right hind flank with 106 Neuro-2a cells suspended in 100 µL of PBS/Geltrex, and tumors were monitored until they reached 150–250 mm3. Mice were then randomized into treatment groups (N = 9–10 mice/group) and received: vehicle; opaganib alone; IRIN + TMZ; and opaganib + IRIN + TMZ at the same doses and schedule used in the LLC model. Tumor volumes and animal health were monitored as indicated above, and individual mice were euthanized when their tumor volume exceeded 3000 mm3 per IACUC requirements. As shown in Figure 4, the body weights of the vehicle-treated, tumor-bearing mice decreased approximately 5% in the first 10 days of the study, suggesting that this strain is more susceptible to cachexia than are C57BL/6 mice. Body weight loss increased slightly in all the drug-treated groups; however, this was not sufficient to necessitate the euthanasia of any of the animals.



As indicated in Figure 4, the Neuro-2a tumors in vehicle-treated mice grew rapidly, necessitating the euthanasia of some mice beginning on Day 10. Treatment with opaganib alone modestly decreased the average tumor volume; however, the combination of IRIN + TMZ significantly reduced tumor growth relative to vehicle-treated mice. Interestingly, the addition of opaganib to IRIN + TMZ treatment further suppressed tumor growth compared to both the vehicle and the IRIN + TMZ groups, reaching high significance (p < 0.001) during the progression of the study. The growth of the Neuro-2a tumors was heterogeneous among individual mice in the treatment groups (the table in Figure 4). For the vehicle-treated group, 50% of the tumors grew very rapidly, reaching > 3000 mm3 by Day 10; whereas 30% remained below 1000 mm3 and 20% ranged from 1000–3000 mm3. The cause of this heterogeneity is not clear; however, opaganib alone and IRIN + TMZ shifted the pattern of growth toward slower progression, and the opaganib + IRIN + TMZ combination markedly suppressed the growth of all tumors. The median survival of the vehicle control group was 10 days; however, the median survivals for the IRIN + TMZ and opaganib + IRIN + TMZ treatment groups differed significantly from the vehicle control group (p = 0.016 and p = 0.012, respectively). In all, the three-drug combination of opaganib + IRIN + TMZ again was more efficacious than IRIN + TMZ treatment without increased toxicity.




3.2.3. Combination with Checkpoint Antibodies


We have previously demonstrated that opaganib promotes immunogenic cell death (ICD) in tumor cells, including Neuro-2a cells [45], which can enhance therapeutic responses to checkpoint antibodies. Therefore, we conducted studies on the antitumor activity of opaganib when combined with antibodies against either murine PD-1, PD-L1, or CLTA-4 toward Neuro-2a tumors growing in syngeneic A/J mice. In these experiments, opaganib was administered by oral gavage (50 mg/kg/day, 5 days/week), and anti-mouse PD-1, PD-L1, or CLTA-4 antibodies were injected intraperitoneally (200 μg) twice weekly for 3 weeks. In Experiment 1, treatment was initiated when tumors were small (~100 mm3); however, treatment in Experiment 2 was delayed until tumors were larger (~450 mm3) to more closely mimic clinical therapy. In both experiments, there was no significant toxicity from opaganib alone or in combination with the checkpoint antibodies. Single agent treatment with opaganib or the checkpoint antibodies generally reduced the average tumor size, but differences from controls were not statistically significant because of the heterogeneity in growth rates of the Neuro-2a tumors. Individual mice were euthanized when tumors reached >3000 mm3, and the median survival times for mice treated with vehicle, opaganib alone, checkpoint antibody alone, or opaganib plus checkpoint antibody are shown in Table 3. In both experiments, the survival advantage provided by the opaganib + anti-CTLA-4 antibodies was substantially greater than that of either drug alone, indicating that opaganib and anti-CTLA-4 antibodies have additive antitumor activity. In contrast, the combination of opaganib with anti-PD-1 or anti-PD-L1 antibodies did not increase antitumor activity over that seen with opaganib alone.






4. Discussion


Opaganib (previously called ABC294640) is the first clinical-stage drug targeting SK2 and DES1 for the treatment of cancer and pathologic inflammation. Opaganib depletes S1P and elevates ceramide in tumor cells, suppresses signaling through pERK and pAKT, and promotes autophagy and/or apoptosis in tumor cells [29,37,38,47]. We and others have shown that opaganib has broad antitumor activity in mouse models [37,39,48], which is associated with accumulation of opaganib in the tumors, depletion of tumor S1P levels, and induction of apoptosis [37]. Phase 1 clinical testing of opaganib given to patients with advanced solid tumors demonstrates that the drug is well-tolerated when administered orally on a twice-daily basis, continuously in 28-day cycles [49]. In this first-in-human trial, 64% of patients who completed two cycles of opaganib treatment had stable disease or better, suggesting that it has antitumor activity in most patients. As in animal models, opaganib decreased the patients’ plasma S1P over the first 12 hr, with a return to baseline at 24 h after a single dose. Plasma concentrations of opaganib peaked at 1–2 h, and declined with a mean half-time of 5–15 h. Doses of opaganib that have therapeutic efficacy in mouse xenograft models provide a Cmax of ~3.5 μg/mL [37], a drug level that was achieved by 33%, 75%, and 100% of patients treated with 250, 500, and 750 mg of opaganib, respectively. In a second clinical trial of opaganib, 58% of patients with refractory multiple myeloma achieved stable disease or better, and patients had decreased plasma levels of TNFα, EGF, and VEGF [50]. Opaganib has also been assessed in hospitalized patients with severe COVID-19 and is completing Phase 2 clinical testing in patients with cholangiocarcinoma (ClinicalTrials.gov Identifier: NCT03377179) or prostate cancer (ClinicalTrials.gov Identifier: NCT04207255). Overall, opaganib has been given to almost 500 patients with an excellent safety profile and preliminary indications of anticancer and anti-COVID activity.



The potential for targeting sphingolipid metabolism as an NB treatment option has been considered by others [51]. Early studies demonstrated that ceramide inhibits NB cell growth and differentiation [52] and promotes NB apoptosis [53,54]. DES1 was shown to promote cell cycle progression in NB cells [55,56], and inhibition of this enzyme may be the basis for the cytotoxicity of fenretinide [55]. Fenretinide inhibits NB cell proliferation by inducing apoptosis [57,58,59] or lethal autophagy [60], and causes increases in dihydroceramides due to direct inhibition of DES1 [61], which is similar to opaganib. Activation of AKT suppresses ceramide-induced apoptosis in NB cells [62]. Importantly, NB cell lines and tissues express high levels of SK2 relative to SK1, and the resultant S1P promotes VEGF secretion from the cells [63]. Interesting data from Li et al. [64] demonstrate that FTY720 (known to be phosphorylated by SK2 [65]) downregulates SK2 expression and has antiproliferative and antitumor activity in NB cells. The involvement of sphingolipids in drug resistance in NB was also considered [66,67]. In addition to their direct effects on tumor cells, SKs regulate pathologic inflammation from cytokines such as TNFα and IL-6 [68,69,70]. In particular, production of S1P in response to inflammatory cytokines is dependent on SK activity [42,68,71,72,73,74,75,76,77,78,79,80,81,82,83,84], typically through NFκB [83]. NB tumors exist in a proinflammatory environment [85,86,87], and secrete high levels of chemokines and PGE2 that can promote tumor growth and progression [88]. IL-6 and VEGF promote NB growth and aggression [89,90], and opaganib is known to suppress the generation of these cytokines through inhibition of NFκB [91,92,93]. Therefore, altering sphingolipid metabolism, particularly targeting SK2 and DES1, appears to be a viable new approach to NB therapy.



Using a panel of mouse and human cell lines, we herein confirm that NB cells can be effectively killed by opaganib in vitro at concentrations that are clinically achievable. Importantly, cells possessing amplified MYCN are not less sensitive to opaganib-induced cytotoxicity than are single-copy MYCN cells. This contrasts with previous demonstrations that N-Myc and c-Myc decrease the sensitivity of tumor cells to many drugs [9,94,95,96]. Sphingolipid profiling confirmed inhibition of SK2 and DES1 in NB cells by opaganib and also indicated that production of hexosylceramides is also suppressed by the drug. Unfortunately, the LC-MS methods used in these analyses do not resolve glucosylceramide and galactosylceramide, so determining which specific hexosylceramide transferase is inhibited by opaganib is not yet possible. Glucosylceramides and galactosylceramides, although nearly identical structurally, have different tissue and cellular distributions, biological functions, and metabolisms than more complex sphingolipids (reviewed in [97,98]). Of note, both hexosyltransferases have been associated with increased tumor aggressiveness and metastasis. Sphingolipid profiling also indicated that opaganib reduces the levels of deoxyceramides, which are synthesized from alanine rather than serine and which have been linked to lipotoxicity and the progression to type 2 diabetes [99]. Because opaganib acts as a sphingosine mimetic, it is not surprising that it interacts with multiple enzymes in the sphingolipid pathway, specifically SK2, DES, glucosylceramide synthase, and/or galactosylceramide synthase.



Analyses of signaling protein expression confirmed that opaganib suppresses levels of Mcl-1, pERK, and c-Myc as in other cell types. This is the first report that opaganib also inhibits N-Myc in NB cells. The Myc proto-oncogene family (MYC, MYCN, and MYCL) encodes three closely related transcription regulatory proteins that have been widely studied as critical mediators of a variety of cell functions, including dysregulated cell proliferation, metabolism, and survival in cancer (reviewed in [100]). The importance of MYCN in the progression and pathology of NB has been well established [101]; however, high expression of c-Myc has also been shown to be associated with poor clinical outcomes in NB [102]. Interestingly, ablation of c-Myc by RNA interference inhibited the proliferation of MYCN single-copy cells, but not when N-Myc was overexpressed, indicating at least some functional compensation of c-Myc function in NB proliferation by N-Myc [103]. This is consistent with the high degree of sequence and structural similarities between c-Myc and N-Myc, which allow both proteins to interact with several partners, including MAX, which is required for DNA–protein interaction [100]. However, ablation of N-Myc in MYCN-amplified cells suppressed proliferation and induced apoptosis, indicating that c-Myc is not sufficient for the survival of MYCN-driven NB cells [104]. As one mechanism for promoting tumor cell survival, N-Myc promotes the expression of telomerase [105], and we have previously shown that opaganib downregulates telomerase expression [106]. Overall, it seems optimal to attenuate the expression of both c-Myc and N-Myc in NB patients with tumors of mixed or unknown status of MYCN amplification. Previous data showing that opaganib downregulates c-Myc levels [48] and the current data demonstrating N-Myc downregulation support the postulate that this drug may be particularly effective for NB therapy. Beyond tumor cell proliferation and survival, N-Myc has been implicated in metastasis [101,107], which is present in approximately half of newly diagnosed NB patients [108]. It would therefore be useful to also examine the anti-metastatic potential of opaganib in a NB tumor model that allows tumor migration, such as that described by Seong et al., in which the dual SK1/SK2 inhibitor SKI-II suppressed NB cell migration in vivo [109].



In vivo models confirmed that single-agent opaganib suppresses the growth of NB tumors from single-copy MYCN cells (Neuro-2a) and amplified MYCN cells (SK-N-(BE)2). We focused on studies with syngeneic tumor cells so that immunocompetent mice could be used as hosts. Cancer chemotherapy typically involves the administration of multiple drugs that are selected for non-overlapping mechanisms of action, resistance, and toxicity. Therefore, we evaluated the antitumor activity of opaganib in combination with irinotecan (IRIN) plus temozolomide (TMZ) because IRIN + TMZ is the backbone for treatment of recurrent or refractory NB alone or in combination with additional potential therapies [110,111]. C57BL/6 mice bearing LLC tumors were selected for the initial exploratory study because of their established tumor growth rates and responsiveness to opaganib [45]. This study demonstrated a significantly increased efficacy of opaganib + IRIN + TMZ relative to vehicle- and IRIN +TMZ-treated mice. This was then confirmed in studies of Neuro-2a cells growing in syngeneic A/J mice. In this model, IRIN + TMZ has substantial antitumor activity, and this was significantly further improved when opaganib was added to the combination. Importantly, both models demonstrated that there is no significant toxicity for the combination of opaganib + IRIN +TMZ. Taken together, the tumor models support the clinical evaluation of opaganib in combination with IRIN + TMZ in NB patients.



Immunotherapy using antibodies that target the checkpoint proteins CTLA-4, PD-1, and PD-L1 is improving the treatment of some cancers; however, combination therapies that will provide broader and more sustained clinical responses are desired. Finally, we conducted studies of the antitumor efficacy of opaganib in combination with antibodies against the checkpoint regulators CTLA-4, PD-1, and PD-L1. Despite limited success in NB therapy, targeting checkpoint proteins continues to be explored in clinical trials of this disease [27]. We have previously demonstrated that opaganib promotes immunogenic cell death (ICD) in tumor cells, including Neuro-2a cells [45], which can enhance therapeutic responses to checkpoint antibodies. Additionally, both c-Myc [112] and N-Myc [113] have been shown to modulate anti-tumor immune suppression, and so a combination of Myc inhibitors with cancer immunotherapy may improve NB patient survival. Therefore, we conducted studies on the antitumor activity of opaganib when combined with antibodies against either murine PD-1, PD-L1, or CLTA-4 toward Neuro-2a tumors growing in syngeneic A/J mice. The survival advantage provided by the opaganib + anti-CTLA-4 antibodies was substantially greater than either drug alone, indicating that opaganib and anti-CTLA-4 antibodies have additive antitumor activity. In contrast, the combination of opaganib with anti-PD-1 or anti-PD-L1 antibodies did not increase antitumor activity over that seen with opaganib alone. Therefore, we believe there is potential benefit in the combination of opaganib with anti-CTLA-4 antibodies for the treatment of NB patients.



We recognize that additional work will be useful in defining several aspects of the data presented in this initial report. For example, additional in vivo models using NB cells with either single-copy or amplified MYCN would be useful for confirming the activity of opaganib against both types of tumors. There are, however, a few murine NB cell lines that would be needed for studies in immunocompetent mice. Additionally, the effects of opaganib on tumor infiltration by immune cells and the expression of checkpoint proteins in both the tumors and immune cells would be helpful in further determining the potential for a combination of opaganib and checkpoint antibodies in NB therapy.



In summary, opaganib treatment effectively inhibits SK2, DES1, and hexosylceramide synthase and depletes N-Myc as well as c-Myc proteins from NB cells. To our knowledge, this is the only drug shown to have this range of activity, and this results in anticancer activity manifested in vivo as suppression of NB tumor growth by opaganib alone or in combination with the standard drugs irinotecan and temozolomide. Additionally, opaganib promotes immunogenic cell death in NB cells, which results in enhanced antitumor activity when it is combined with anti-CTLA-4 antibody therapy. Overall, the data support our hypothesis that NB may be a particularly good disease for clinical trials of opaganib, particularly in combination with other cytotoxic or immunomodulatory drugs.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cancers16091779/s1, Figure S1: Uncropped Western Blot figures.





Author Contributions


Conception of the studies (C.D.S. and L.W.M.), acquisition of funding (C.D.S. and L.W.M.), execution of the studies (L.W.M., S.N.K., R.A.S. and R.S.S.), data analysis and interpretation (C.D.S. and L.W.M.), preparation of the manuscript (C.D.S. and L.W.M.). All authors have read and agreed to the published version of the manuscript.




Funding


Funding for these studies was provided by the National Cancer Institute under grant number 1R43CA235804.




Institutional Review Board Statement


The animal study protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of the Penn State College of Medicine in compliance with U.S. Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research and Training, which comply with the United States Department of Agriculture Animal Welfare Act guidelines.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data is presented in the published paper.




Conflicts of Interest


Lynn W. Maines, Staci N. Keller, Ryan A. Smith, Randy S. Schrecengost and Charles D. Smith were employees at the time of the research and own stock in Apogee Biotechnology Corporation. Apogee Biotechnology Corporation owns patent rights to opaganib, and the value of these rights may be affected by the research reported in the enclosed paper. The funders (NIH/NCI) had no role in the collection, analyses, or interpretation of the data; in the writing of the manuscript; or in the decision to publish the results. The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Ahmed, A.A.; Zhang, L.; Reddivalla, N.; Hetherington, M. Neuroblastoma in children: Update on clinicopathologic and genetic prognostic factors. Pediatr. Hematol. Oncol. 2017, 34, 165–185. [Google Scholar] [CrossRef] [PubMed]

	



Matthay, K.K.; Maris, J.M.; Schleiermacher, G.; Nakagawara, A.; Mackall, C.L.; Diller, L.; Weiss, W.A. Neuroblastoma. Nat. Rev. Dis. Primers 2016, 2, 16078. [Google Scholar] [CrossRef] [PubMed]

	



DuBois, S.G.; Macy, M.E.; Henderson, T.O. High-Risk and Relapsed Neuroblastoma: Toward More Cures and Better Outcomes. Am. Soc. Clin. Oncol. Educ. Book 2022, 42, 1–13. [Google Scholar] [CrossRef]

	



Ambros, P.F.; Ambros, I.M.; Brodeur, G.M.; Haber, M.; Khan, J.; Nakagawara, A.; Schleiermacher, G.; Speleman, F.; Spitz, R.; London, W.B.; et al. International consensus for neuroblastoma molecular diagnostics: Report from the International Neuroblastoma Risk Group (INRG) Biology Committee. Br. J. Cancer 2009, 100, 1471–1482. [Google Scholar] [CrossRef] [PubMed]

	



Kreissman, S.G.; Seeger, R.C.; Matthay, K.K.; London, W.B.; Sposto, R.; Grupp, S.A.; Haas-Kogan, D.A.; Laquaglia, M.P.; Yu, A.L.; Diller, L.; et al. Purged versus non-purged peripheral blood stem-cell transplantation for high-risk neuroblastoma (COG A3973): A randomised phase 3 trial. Lancet. Oncol. 2013, 14, 999–1008. [Google Scholar] [CrossRef] [PubMed]

	



Bagatell, R.; Beck-Popovic, M.; London, W.B.; Zhang, Y.; Pearson, A.D.; Matthay, K.K.; Monclair, T.; Ambros, P.F.; Cohn, S.L.; International Neuroblastoma Risk, G. Significance of MYCN amplification in international neuroblastoma staging system stage 1 and 2 neuroblastoma: A report from the International Neuroblastoma Risk Group database. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 365–370. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, K.; Gastier-Foster, J.M.; Mann, M.; Naranjo, A.H.; Van Ryn, C.; Bagatell, R.; Matthay, K.K.; London, W.B.; Irwin, M.S.; Shimada, H.; et al. Association of MYCN copy number with clinical features, tumor biology, and outcomes in neuroblastoma: A report from the Children’s Oncology Group. Cancer 2017, 123, 4224–4235. [Google Scholar] [CrossRef] [PubMed]

	



Marrano, P.; Irwin, M.S.; Thorner, P.S. Heterogeneity of MYCN amplification in neuroblastoma at diagnosis, treatment, relapse, and metastasis. Genes Chromosomes Cancer 2017, 56, 28–41. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Perez, M.V.; Henley, A.B.; Arsenian-Henriksson, M. The MYCN Protein in Health and Disease. Genes 2017, 8, 113. [Google Scholar] [CrossRef]

	



Shalaby, T.; Grotzer, M.A. MYC as Therapeutic Target for Embryonal Tumors: Potential and Challenges. Curr. Cancer Drug Targets 2016, 16, 2–21. [Google Scholar] [CrossRef]

	



Rivera, Z.; Escutia, C.; Madonna, M.B.; Gupta, K.H. Biological Insight and Recent Advancement in the Treatment of Neuroblastoma. Int. J. Mol. Sci. 2023, 24, 8470. [Google Scholar] [CrossRef]

	



Eleveld, T.F.; Oldridge, D.A.; Bernard, V.; Koster, J.; Daage, L.C.; Diskin, S.J.; Schild, L.; Bentahar, N.B.; Bellini, A.; Chicard, M.; et al. Relapsed neuroblastomas show frequent RAS-MAPK pathway mutations. Nat. Genet. 2015, 47, 864–871. [Google Scholar] [CrossRef] [PubMed]

	



Lestini, B.J.; Goldsmith, K.C.; Fluchel, M.N.; Liu, X.; Chen, N.L.; Goyal, B.; Pawel, B.R.; Hogarty, M.D. Mcl1 downregulation sensitizes neuroblastoma to cytotoxic chemotherapy and small molecule Bcl2-family antagonists. Cancer Biol. Ther. 2009, 8, 1587–1595. [Google Scholar] [CrossRef] [PubMed]

	



Goldsmith, K.C.; Gross, M.; Peirce, S.; Luyindula, D.; Liu, X.; Vu, A.; Sliozberg, M.; Guo, R.; Zhao, H.; Reynolds, C.P.; et al. Mitochondrial Bcl-2 family dynamics define therapy response and resistance in neuroblastoma. Cancer Res. 2012, 72, 2565–2577. [Google Scholar] [CrossRef] [PubMed]

	



Whittle, S.B.; Smith, V.; Doherty, E.; Zhao, S.; McCarty, S.; Zage, P.E. Overview and recent advances in the treatment of neuroblastoma. Expert Rev. Anticancer Ther. 2017, 17, 369–386. [Google Scholar] [CrossRef] [PubMed]

	



Krystal, J.; Foster, J.H. Treatment of High-Risk Neuroblastoma. Children 2023, 10, 1302. [Google Scholar] [CrossRef] [PubMed]

	



Applebaum, M.A.; Henderson, T.O.; Lee, S.M.; Pinto, N.; Volchenboum, S.L.; Cohn, S.L. Second malignancies in patients with neuroblastoma: The effects of risk-based therapy. Pediatr. Blood Cancer 2015, 62, 128–133. [Google Scholar] [CrossRef]

	



Amoroso, L.; Haupt, R.; Garaventa, A.; Ponzoni, M. Investigational drugs in phase II clinical trials for the treatment of neuroblastoma. Expert Opin. Investig. Drugs 2017, 26, 1281–1293. [Google Scholar] [CrossRef]

	



Moreno, L.; Caron, H.; Geoerger, B.; Eggert, A.; Schleiermacher, G.; Brock, P.; Valteau-Couanet, D.; Chesler, L.; Schulte, J.H.; De Preter, K.; et al. Accelerating drug development for neuroblastoma—New Drug Development Strategy: An Innovative Therapies for Children with Cancer, European Network for Cancer Research in Children and Adolescents and International Society of Paediatric Oncology Europe Neuroblastoma project. Expert Opin. Drug Discov. 2017, 12, 801–811. [Google Scholar]

	



Berlanga, P.; Canete, A.; Castel, V. Advances in emerging drugs for the treatment of neuroblastoma. Expert Opin. Emerg. Drugs 2017, 22, 63–75. [Google Scholar] [CrossRef]

	



Dalianis, T.; Lukoseviciute, M.; Holzhauser, S.; Kostopoulou, O.N. New Approaches Towards Targeted Therapy for Childhood Neuroblastoma. Anticancer Res. 2023, 43, 3829–3839. [Google Scholar] [CrossRef] [PubMed]

	



Nader, J.H.; Bourgeois, F.; Bagatell, R.; Moreno, L.; Pearson, A.D.J.; DuBois, S.G. Systematic review of clinical drug development activities for neuroblastoma from 2011 to 2020. Pediatr Blood Cancer 2023, 70, e30106. [Google Scholar] [CrossRef] [PubMed]

	



Wahba, A.; Wolters, R.; Foster, J.H. Neuroblastoma in the Era of Precision Medicine: A Clinical Review. Cancers 2023, 15, 4722. [Google Scholar] [CrossRef] [PubMed]

	



Tangella, A.V.; Gajre, A.S.; Chirumamilla, P.C.; Rathhan, P.V. Difluoromethylornithine (DFMO) and Neuroblastoma: A Review. Cureus 2023, 15, e37680. [Google Scholar] [CrossRef] [PubMed]

	



Oesterheld, J.; Ferguson, W.; Kraveka, J.M.; Bergendahl, G.; Clinch, T.; Lorenzi, E.; Berry, D.; Wada, R.K.; Isakoff, M.S.; Eslin, D.E.; et al. Eflornithine as Postimmunotherapy Maintenance in High-Risk Neuroblastoma: Externally Controlled, Propensity Score-Matched Survival Outcome Comparisons. J. Clin. Oncol. 2024, 42, 90–102. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J. Approval of DFMO for high-risk neuroblastoma patients demonstrates a step of success to target MYC pathway. Br. J. Cancer 2024, 130, 513–516. [Google Scholar] [CrossRef] [PubMed]

	



Kennedy, P.T.; Zannoupa, D.; Son, M.H.; Dahal, L.N.; Woolley, J.F. Neuroblastoma: An ongoing cold front for cancer immunotherapy. J. Immunother. Cancer 2023, 11, e007798. [Google Scholar] [CrossRef] [PubMed]

	



Albeituni, S.; Stiban, J. Roles of Ceramides and Other Sphingolipids in Immune Cell Function and Inflammation. Adv. Exp. Med. Biol. 2019, 1161, 169–191. [Google Scholar] [PubMed]

	



Lewis, C.S.; Voelkel-Johnson, C.; Smith, C.D. Targeting Sphingosine Kinases for the Treatment of Cancer. Adv. Cancer Res. 2018, 140, 295–325. [Google Scholar]

	



Quinville, B.M.; Deschenes, N.M.; Ryckman, A.E.; Walia, J.S. A Comprehensive Review: Sphingolipid Metabolism and Implications of Disruption in Sphingolipid Homeostasis. Int. J. Mol. Sci. 2021, 22, 5793. [Google Scholar] [CrossRef]

	



Ogretmen, B. Sphingolipid metabolism in cancer signalling and therapy. Nat. Rev. Cancer 2018, 18, 33–50. [Google Scholar] [CrossRef] [PubMed]

	



Bataller, M.; Sanchez-Garcia, A.; Garcia-Mayea, Y.; Mir, C.; Rodriguez, I.; ME, L.L. The Role of Sphingolipids Metabolism in Cancer Drug Resistance. Front. Oncol. 2021, 11, 807636. [Google Scholar] [CrossRef] [PubMed]

	



Hasanifard, L.; Sheervalilou, R.; Majidinia, M.; Yousefi, B. New insights into the roles and regulation of SphK2 as a therapeutic target in cancer chemoresistance. J. Cell. Physiol. 2019, 234, 8162–8181. [Google Scholar] [CrossRef] [PubMed]

	



Morad, S.A.F.; Cabot, M.C. The Onus of Sphingolipid Enzymes in Cancer Drug Resistance. Adv. Cancer Res. 2018, 140, 235–263. [Google Scholar] [PubMed]

	



Alizadeh, J.; da Silva Rosa, S.C.; Weng, X.; Jacobs, J.; Lorzadeh, S.; Ravandi, A.; Vitorino, R.; Pecic, S.; Zivkovic, A.; Stark, H.; et al. Ceramides and ceramide synthases in cancer: Focus on apoptosis and autophagy. Eur. J. Cell Biol. 2023, 102, 151337. [Google Scholar] [CrossRef] [PubMed]

	



Pilatova, M.B.; Solarova, Z.; Mezencev, R.; Solar, P. Ceramides and their roles in programmed cell death. Adv. Med. Sci. 2023, 68, 417–425. [Google Scholar] [CrossRef] [PubMed]

	



French, K.J.; Zhuang, Y.; Maines, L.W.; Gao, P.; Wang, W.; Beljanski, V.; Upson, J.J.; Green, C.L.; Keller, S.N.; Smith, C.D. Pharmacology and antitumor activity of ABC294640, a selective inhibitor of sphingosine kinase-2. J. Pharmacol. Exp. Ther. 2010, 333, 129–139. [Google Scholar] [CrossRef] [PubMed]

	



Gao, P.; Peterson, Y.K.; Smith, R.A.; Smith, C.D. Characterization of isoenzyme-selective inhibitors of human sphingosine kinases. PLoS ONE 2012, 7, e44543. [Google Scholar]

	



Xun, C.; Chen, M.B.; Qi, L.; Tie-Ning, Z.; Peng, X.; Ning, L.; Zhi-Xiao, C.; Li-Wei, W. Targeting sphingosine kinase 2 (SphK2) by ABC294640 inhibits colorectal cancer cell growth in vitro and in vivo. J. Exp. Clin. Cancer Res. CR 2015, 34, 94. [Google Scholar] [CrossRef]

	



Fitzpatrick, L.R.; Green, C.L.; Maines, L.W.; Smith, C.D. Experimental osteoarthritis in rats is attenuated by ABC294640, a selective inhibitor of sphingosine kinase-2. Pharmacology 2011, 87, 135–143. [Google Scholar] [CrossRef]

	



Fitzpatrick, L.R.; Green, C.L.; Frauenhoffer, E.E.; French, K.J.; Zhuang, Y.; Maines, L.W.; Upson, J.J.; Paul, E.; Donahue, H.; Mosher, T.J.; et al. Attenuation of arthritis in rodents by a novel orally-available inhibitor of sphingosine kinase. Inflammopharmacology 2010, 19, 75–87. [Google Scholar] [CrossRef] [PubMed]

	



Maines, L.W.; Fitzpatrick, L.R.; French, K.J.; Zhuang, Y.; Xia, Z.; Keller, S.N.; Upson, J.J.; Smith, C.D. Suppression of ulcerative colitis in mice by orally available inhibitors of sphingosine kinase. Dig. Dis. Sci. 2008, 53, 997–1012. [Google Scholar] [CrossRef] [PubMed]

	



Maines, L.W.; Fitzpatrick, L.R.; Green, C.L.; Zhuang, Y.; Smith, C.D. Efficacy of a novel sphingosine kinase inhibitor in experimental Crohn’s disease. Inflammopharmacology 2010, 18, 73–85. [Google Scholar] [CrossRef] [PubMed]

	



Maines, L.W.; French, K.J.; Wolpert, E.B.; Antonetti, D.A.; Smith, C.D. Pharmacologic manipulation of sphingosine kinase in retinal endothelial cells: Implications for angiogenic ocular diseases. Investig. Ophthalmol. Vis. Sci. 2006, 47, 5022–5031. [Google Scholar] [CrossRef] [PubMed]

	



Maines, L.W.; Keller, S.N.; Smith, C.D. Opaganib (ABC294640) Induces Immunogenic Tumor Cell Death and Enhances Checkpoint Antibody Therapy. Int. J. Mol. Sci. 2023, 24, 16901. [Google Scholar] [CrossRef] [PubMed]

	



Krawczyk, E.; Kitlinska, J. Preclinical Models of Neuroblastoma-Current Status and Perspectives. Cancers 2023, 15, 3314. [Google Scholar] [CrossRef] [PubMed]

	



Ding, X.; Chaiteerakij, R.; Moser, C.D.; Shaleh, H.; Boakye, J.; Chen, G.; Ndzengue, A.; Li, Y.; Zhou, Y.; Huang, S.; et al. Antitumor effect of the novel sphingosine kinase 2 inhibitor ABC294640 is enhanced by inhibition of autophagy and by sorafenib in human cholangiocarcinoma cells. Oncotarget 2016, 7, 20080–20092. [Google Scholar] [CrossRef] [PubMed]

	



Schrecengost, R.S.; Keller, S.N.; Schiewer, M.J.; Knudsen, K.E.; Smith, C.D. Downregulation of Critical Oncogenes by the Selective SK2 Inhibitor ABC294640 Hinders Prostate Cancer Progression. Mol. Cancer Res. 2015, 13, 1591–1601. [Google Scholar] [CrossRef]

	



Britten, C.D.; Garrett-Mayer, E.; Chin, S.H.; Shirai, K.; Ogretmen, B.; Bentz, T.A.; Brisendine, A.; Anderton, K.; Cusack, S.L.; Maines, L.W.; et al. A Phase I Study of ABC294640, a First-in-Class Sphingosine Kinase-2 Inhibitor, in Patients with Advanced Solid Tumors. Clin. Cancer Res. 2017, 23, 4642–4650. [Google Scholar] [CrossRef]

	



Kang, Y.; Sundaramoorthy, P.; Gasparetto, C.; Feinberg, D.; Fan, S.; Long, G.; Sellars, E.; Garrett, A.; Tuchman, S.A.; Reeves, B.N.; et al. Phase I study of opaganib, an oral sphingosine kinase 2-specific inhibitor, in relapsed and/or refractory multiple myeloma. Ann. Hematol. 2022, 102, 369–383. [Google Scholar] [CrossRef]

	



Rahmaniyan, M. Bioactive Sphingolipids in Neuroblastoma; IntechOpen: London, UK, 2012. [Google Scholar]

	



Riboni, L.; Prinetti, A.; Bassi, R.; Caminiti, A.; Tettamanti, G. A mediator role of ceramide in the regulation of neuroblastoma Neuro2a cell differentiation. J. Biol. Chem. 1995, 270, 26868–26875. [Google Scholar] [CrossRef] [PubMed]

	



Bieberich, E.; Freischutz, B.; Suzuki, M.; Yu, R.K. Differential effects of glycolipid biosynthesis inhibitors on ceramide-induced cell death in neuroblastoma cells. J. Neurochem. 1999, 72, 1040–1049. [Google Scholar] [CrossRef] [PubMed]

	



Tavarini, S.; Colombaioni, L.; Garcia-Gil, M. Sphingomyelinase metabolites control survival and apoptotic death in SH-SY5Y neuroblastoma cells. Neurosci. Lett. 2000, 285, 185–188. [Google Scholar] [CrossRef] [PubMed]

	



Kraveka, J.M.; Li, L.; Szulc, Z.M.; Bielawski, J.; Ogretmen, B.; Hannun, Y.A.; Obeid, L.M.; Bielawska, A. Involvement of dihydroceramide desaturase in cell cycle progression in human neuroblastoma cells. J. Biol. Chem. 2007, 282, 16718–16728. [Google Scholar] [CrossRef] [PubMed]

	



Spassieva, S.D.; Rahmaniyan, M.; Bielawski, J.; Clarke, C.J.; Kraveka, J.M.; Obeid, L.M. Cell density-dependent reduction of dihydroceramide desaturase activity in neuroblastoma cells. J. Lipid Res. 2012, 53, 918–928. [Google Scholar] [CrossRef] [PubMed]

	



Ponthan, F.; Lindskog, M.; Karnehed, N.; Castro, J.; Kogner, P. Evaluation of anti-tumour effects of oral fenretinide (4-HPR) in rats with human neuroblastoma xenografts. Oncol. Rep. 2003, 10, 1587–1592. [Google Scholar] [CrossRef]

	



Reynolds, C.P.; Wang, Y.; Melton, L.J.; Einhorn, P.A.; Slamon, D.J.; Maurer, B.J. Retinoic-acid-resistant neuroblastoma cell lines show altered MYC regulation and high sensitivity to fenretinide. Med. Pediatr. Oncol. 2000, 35, 597–602. [Google Scholar] [CrossRef]

	



Lovat, P.E.; Ranalli, M.; Annichiarrico-Petruzzelli, M.; Bernassola, F.; Piacentini, M.; Malcolm, A.J.; Pearson, A.D.; Melino, G.; Redfern, C.P. Effector mechanisms of fenretinide-induced apoptosis in neuroblastoma. Exp. Cell Res. 2000, 260, 50–60. [Google Scholar] [CrossRef]

	



Fazi, B.; Bursch, W.; Fimia, G.M.; Nardacci, R.; Piacentini, M.; Di Sano, F.; Piredda, L. Fenretinide induces autophagic cell death in caspase-defective breast cancer cells. Autophagy 2008, 4, 435–441. [Google Scholar] [CrossRef]

	



Rahmaniyan, M.; Curley, R.W., Jr.; Obeid, L.M.; Hannun, Y.A.; Kraveka, J.M. Identification of dihydroceramide desaturase as a direct in vitro target for fenretinide. J. Biol. Chem. 2011, 286, 24754–24764. [Google Scholar] [CrossRef]

	



Kim, N.H.; Kim, K.; Park, W.S.; Son, H.S.; Bae, Y. PKB/Akt inhibits ceramide-induced apoptosis in neuroblastoma cells by blocking apoptosis-inducing factor (AIF) translocation. J. Cell. Biochem. 2007, 102, 1160–1170. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.H.; Hla, T.; Ferrer, F. Sphingolipid modulation of angiogenic factor expression in neuroblastoma. Cancer Prev. Res. 2011, 4, 1325–1332. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.H.; Hla, T.; Ferrer, F. FTY720 inhibits tumor growth and enhances the tumor-suppressive effect of topotecan in neuroblastoma by interfering with the sphingolipid signaling pathway. Pediatr. Blood Cancer 2013, 60, 1418–1423. [Google Scholar] [CrossRef] [PubMed]

	



Billich, A.; Bornancin, F.; Devay, P.; Mechtcheriakova, D.; Urtz, N.; Baumruker, T. Phosphorylation of the immunomodulatory drug FTY720 by sphingosine kinases. J. Biol. Chem. 2003, 278, 47408–47415. [Google Scholar] [CrossRef] [PubMed]

	



Sietsma, H.; Dijkhuis, A.J.; Kamps, W.; Kok, J.W. Sphingolipids in neuroblastoma: Their role in drug resistance mechanisms. Neurochem. Res. 2002, 27, 665–674. [Google Scholar] [CrossRef]

	



Dijkhuis, A.J.; Douwes, J.; Kamps, W.; Sietsma, H.; Kok, J.W. Differential expression of sphingolipids in P-glycoprotein or multidrug resistance-related protein 1 expressing human neuroblastoma cell lines. FEBS Lett. 2003, 548, 28–32. [Google Scholar] [CrossRef] [PubMed]

	



Snider, A.J.; Orr Gandy, K.A.; Obeid, L.M. Sphingosine kinase: Role in regulation of bioactive sphingolipid mediators in inflammation. Biochimie 2010, 92, 707–715. [Google Scholar] [CrossRef]

	



Snider, A.J. Sphingosine kinase and sphingosine-1-phosphate: Regulators in autoimmune and inflammatory disease. Int. J. Clin. Rheumatol. 2013, 8. [Google Scholar] [CrossRef]

	



Pettus, B.J.; Chalfant, C.E.; Hannun, Y.A. Sphingolipids in inflammation: Roles and implications. Curr. Mol. Med. 2004, 4, 405–418. [Google Scholar] [CrossRef]

	



Billich, A.; Bornancin, F.; Mechtcheriakova, D.; Natt, F.; Huesken, D.; Baumruker, T. Basal and induced sphingosine kinase 1 activity in A549 carcinoma cells: Function in cell survival and IL-1beta and TNF-alpha induced production of inflammatory mediators. Cell. Signal. 2005, 17, 1203–1217. [Google Scholar] [CrossRef]

	



Jung, I.D.; Lee, J.S.; Kim, Y.J.; Jeong, Y.I.; Lee, C.M.; Baumruker, T.; Billlich, A.; Banno, Y.; Lee, M.G.; Ahn, S.C.; et al. Sphingosine kinase inhibitor suppresses a Th1 polarization via the inhibition of immunostimulatory activity in murine bone marrow-derived dendritic cells. Int. Immunol. 2007, 19, 411–426. [Google Scholar] [CrossRef] [PubMed]

	



Mastrandrea, L.D.; Sessanna, S.M.; Laychock, S.G. Sphingosine kinase activity and sphingosine-1 phosphate production in rat pancreatic islets and INS-1 cells: Response to cytokines. Diabetes 2005, 54, 1429–1436. [Google Scholar] [CrossRef] [PubMed]

	



Nayak, D.; Huo, Y.; Kwang, W.X.; Pushparaj, P.N.; Kumar, S.D.; Ling, E.A.; Dheen, S.T. Sphingosine kinase 1 regulates the expression of proinflammatory cytokines and nitric oxide in activated microglia. Neuroscience 2010, 166, 132–144. [Google Scholar] [CrossRef] [PubMed]

	



Weigert, A.; Schiffmann, S.; Sekar, D.; Ley, S.; Menrad, H.; Werno, C.; Grosch, S.; Geisslinger, G.; Brune, B. Sphingosine kinase 2 deficient tumor xenografts show impaired growth and fail to polarize macrophages towards an anti-inflammatory phenotype. Int. J. Cancer 2009, 125, 2114–2121. [Google Scholar] [CrossRef] [PubMed]

	



Chandru, H.; Boggaram, V. The role of sphingosine 1-phosphate in the TNF-alpha induction of IL-8 gene expression in lung epithelial cells. Gene 2007, 391, 150–160. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.L.; Grey, J.Y.; Thomas, S.; Qiu, F.H.; Medford, R.M.; Wasserman, M.A.; Kunsch, C. Sphingosine kinase-1 mediates TNF-alpha-induced MCP-1 gene expression in endothelial cells: Upregulation by oscillatory flow. Am. J. Physiol. Heart Circ. Physiol. 2004, 287, H1452–H1458. [Google Scholar] [CrossRef] [PubMed]

	



Donati, C.; Nincheri, P.; Cencetti, F.; Rapizzi, E.; Farnararo, M.; Bruni, P. Tumor necrosis factor-alpha exerts pro-myogenic action in C2C12 myoblasts via sphingosine kinase/S1P2 signaling. FEBS Lett. 2007, 581, 4384–4388. [Google Scholar] [CrossRef] [PubMed]

	



Hanna, A.N.; Berthiaume, L.G.; Kikuchi, Y.; Begg, D.; Bourgoin, S.; Brindley, D.N. Tumor necrosis factor-alpha induces stress fiber formation through ceramide production: Role of sphingosine kinase. Mol. Biol. Cell 2001, 12, 3618–3630. [Google Scholar] [CrossRef] [PubMed]

	



MacKinnon, A.C.; Buckley, A.; Chilvers, E.R.; Rossi, A.G.; Haslett, C.; Sethi, T. Sphingosine kinase: A point of convergence in the action of diverse neutrophil priming agents. J. Immunol. 2002, 169, 6394–6400. [Google Scholar] [CrossRef]

	



Radeff-Huang, J.; Seasholtz, T.M.; Chang, J.W.; Smith, J.M.; Walsh, C.T.; Brown, J.H. Tumor necrosis factor-alpha-stimulated cell proliferation is mediated through sphingosine kinase-dependent Akt activation and cyclin D expression. J. Biol. Chem. 2007, 282, 863–870. [Google Scholar] [CrossRef]

	



Vlasenko, L.P.; Melendez, A.J. A critical role for sphingosine kinase in anaphylatoxin-induced neutropenia, peritonitis, and cytokine production in vivo. J. Immunol. 2005, 174, 6456–6461. [Google Scholar] [CrossRef]

	



Xia, P.; Gamble, J.R.; Rye, K.A.; Wang, L.; Hii, C.S.; Cockerill, P.; Khew-Goodall, Y.; Bert, A.G.; Barter, P.J.; Vadas, M.A. Tumor necrosis factor-alpha induces adhesion molecule expression through the sphingosine kinase pathway. Proc. Natl. Acad. Sci. USA 1998, 95, 14196–14201. [Google Scholar] [CrossRef] [PubMed]

	



Xia, P.; Wang, L.; Moretti, P.A.; Albanese, N.; Chai, F.; Pitson, S.M.; D’Andrea, R.J.; Gamble, J.R.; Vadas, M.A. Sphingosine kinase interacts with TRAF2 and dissects tumor necrosis factor-alpha signaling. J. Biol. Chem. 2002, 277, 7996–8003. [Google Scholar] [CrossRef]

	



Carlson, L.M.; Kogner, P. Neuroblastoma-related inflammation: May small doses of aspirin be suitable for small cancer patients? Oncoimmunology 2013, 2, e24658. [Google Scholar] [CrossRef] [PubMed]

	



Carlson, L.M.; Rasmuson, A.; Idborg, H.; Segerstrom, L.; Jakobsson, P.J.; Sveinbjornsson, B.; Kogner, P. Low-dose aspirin delays an inflammatory tumor progression in vivo in a transgenic mouse model of neuroblastoma. Carcinogenesis 2013, 34, 1081–1088. [Google Scholar] [CrossRef]

	



Asgharzadeh, S.; Salo, J.A.; Ji, L.; Oberthuer, A.; Fischer, M.; Berthold, F.; Hadjidaniel, M.; Liu, C.W.; Metelitsa, L.S.; Pique-Regi, R.; et al. Clinical significance of tumor-associated inflammatory cells in metastatic neuroblastoma. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2012, 30, 3525–3532. [Google Scholar] [CrossRef]

	



Gowda, M.; Godder, K.; Kmieciak, M.; Worschech, A.; Ascierto, M.L.; Wang, E.; Marincola, F.M.; Manjili, M.H. Distinct signatures of the immune responses in low risk versus high risk neuroblastoma. J. Transl. Med. 2011, 9, 170. [Google Scholar] [CrossRef] [PubMed]

	



Pistoia, V.; Bianchi, G.; Borgonovo, G.; Raffaghello, L. Cytokines in neuroblastoma: From pathogenesis to treatment. Immunotherapy 2011, 3, 895–907. [Google Scholar] [CrossRef]

	



Lagmay, J.P.; London, W.B.; Gross, T.G.; Termuhlen, A.; Sullivan, N.; Axel, A.; Mundy, B.; Ranalli, M.; Canner, J.; McGrady, P.; et al. Prognostic significance of interleukin-6 single nucleotide polymorphism genotypes in neuroblastoma: rs1800795 (promoter) and rs8192284 (receptor). Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2009, 15, 5234–5239. [Google Scholar] [CrossRef]

	



Liu, Q.; Rehman, H.; Shi, Y.; Krishnasamy, Y.; Lemasters, J.J.; Smith, C.D.; Zhong, Z. Inhibition of sphingosine kinase-2 suppresses inflammation and attenuates graft injury after liver transplantation in rats. PLoS ONE 2012, 7, e41834. [Google Scholar] [CrossRef]

	



Shi, Y.; Rehman, H.; Ramshesh, V.K.; Schwartz, J.; Liu, Q.; Krishnasamy, Y.; Zhang, X.; Lemasters, J.J.; Smith, C.D.; Zhong, Z. Sphingosine kinase-2 inhibition improves mitochondrial function and survival after hepatic ischemia-reperfusion. J. Hepatol. 2012, 56, 137–145. [Google Scholar] [CrossRef]

	



White, M.D.; Chan, L.; Antoon, J.W.; Beckman, B.S. Targeting ovarian cancer and chemoresistance through selective inhibition of sphingosine kinase-2 with ABC294640. Anticancer Res. 2013, 33, 3573–3579. [Google Scholar]

	



Donati, G.; Amati, B. MYC and therapy resistance in cancer: Risks and opportunities. Mol. Oncol. 2022, 16, 3828–3854. [Google Scholar] [CrossRef] [PubMed]

	



Grunblatt, E.; Wu, N.; Zhang, H.; Liu, X.; Norton, J.P.; Ohol, Y.; Leger, P.; Hiatt, J.B.; Eastwood, E.C.; Thomas, R.; et al. MYCN drives chemoresistance in small cell lung cancer while USP7 inhibition can restore chemosensitivity. Genes Dev. 2020, 34, 1210–1226. [Google Scholar] [CrossRef]

	



Huynh, T.; Norris, M.D.; Haber, M.; Henderson, M.J. ABCC4/MRP4: A MYCN-regulated transporter and potential therapeutic target in neuroblastoma. Front. Oncol. 2012, 2, 178. [Google Scholar] [CrossRef] [PubMed]

	



Hannun, Y.A.; Obeid, L.M. Sphingolipids and their metabolism in physiology and disease. Nat. Rev. Mol. Cell Biol. 2018, 19, 175–191. [Google Scholar] [CrossRef]

	



Reza, S.; Ugorski, M.; Suchanski, J. Glucosylceramide and galactosylceramide, small glycosphingolipids with significant impact on health and disease. Glycobiology 2021, 31, 1416–1434. [Google Scholar] [CrossRef]

	



Sen, P.; Hyotylainen, T.; Oresic, M. 1-Deoxyceramides—Key players in lipotoxicity and progression to type 2 diabetes? Acta Physiol. 2021, 232, e13635. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.; Richardson, D.R. The Myc Family and the Metastasis Suppressor NDRG1: Targeting Key Molecular Interactions with Innovative Therapeutics. Pharmacol. Rev. 2023, 75, 1007–1035. [Google Scholar] [CrossRef]

	



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

	



Wang, L.L.; Teshiba, R.; Ikegaki, N.; Tang, X.X.; Naranjo, A.; London, W.B.; Hogarty, M.D.; Gastier-Foster, J.M.; Look, A.T.; Park, J.R.; et al. Augmented expression of MYC and/or MYCN protein defines highly aggressive MYC-driven neuroblastoma: A Children’s Oncology Group study. Br. J. Cancer 2015, 113, 57–63. [Google Scholar] [CrossRef] [PubMed]

	



Kabilova, T.O.; Chernolovskaya, E.L.; Vladimirova, A.V.; Vlassov, V.V. Inhibition of human carcinoma and neuroblastoma cell proliferation by anti-c-myc siRNA. Oligonucleotides 2006, 16, 15–25. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Gao, S.; Wang, W.; Xia, Y.; Liang, J. Downregulation of N-Myc inhibits neuroblastoma cell growth via the Wnt/beta-catenin signaling pathway. Mol. Med. Rep. 2018, 18, 377–384. [Google Scholar] [PubMed]

	



Mac, S.M.; D’Cunha, C.A.; Farnham, P.J. Direct recruitment of N-myc to target gene promoters. Mol. Carcinog. 2000, 29, 76–86. [Google Scholar] [CrossRef] [PubMed]

	



Panneer Selvam, S.; De Palma, R.M.; Oaks, J.J.; Oleinik, N.; Peterson, Y.K.; Stahelin, R.V.; Skordalakes, E.; Ponnusamy, S.; Garrett-Mayer, E.; Smith, C.D.; et al. Binding of the sphingolipid S1P to hTERT stabilizes telomerase at the nuclear periphery by allosterically mimicking protein phosphorylation. Sci. Signal 2015, 8, ra58. [Google Scholar] [CrossRef] [PubMed]

	



Bhavsar, S.P. Metastasis in neuroblastoma: The MYCN question. Front. Oncol. 2023, 13, 1196861. [Google Scholar] [CrossRef]

	



Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [Google Scholar] [CrossRef] [PubMed]

	



Seong, B.K.; Fathers, K.E.; Hallett, R.; Yung, C.K.; Stein, L.D.; Mouaaz, S.; Kee, L.; Hawkins, C.E.; Irwin, M.S.; Kaplan, D.R. A Metastatic Mouse Model Identifies Genes That Regulate Neuroblastoma Metastasis. Cancer Res. 2017, 77, 696–706. [Google Scholar] [CrossRef]

	



Hernandez-Marques, C.; Lassaletta-Atienza, A.; Ruiz Hernandez, A.; Blumenfeld Olivares, J.A.; Arce Abaitua, B.; Cormenzana Carpio, M.; Madero Lopez, L. Irinotecan plus temozolomide in refractory or relapsed pediatric solid tumors. An. Pediatr. 2013, 79, 68–74. [Google Scholar]

	



Munoz, J.P.; Larrosa, C.; Chamorro, S.; Perez-Jaume, S.; Simao, M.; Sanchez-Sierra, N.; Varo, A.; Gorostegui, M.; Castaneda, A.; Garraus, M.; et al. Early Salvage Chemo-Immunotherapy with Irinotecan, Temozolomide and Naxitamab Plus GM-CSF (HITS) for Patients with Primary Refractory High-Risk Neuroblastoma Provide the Best Chance for Long-Term Outcomes. Cancers 2023, 15, 4837. [Google Scholar] [CrossRef]

	



Casey, S.C.; Tong, L.; Li, Y.; Do, R.; Walz, S.; Fitzgerald, K.N.; Gouw, A.M.; Baylot, V.; Gutgemann, I.; Eilers, M.; et al. MYC regulates the antitumor immune response through CD47 and PD-L1. Science 2016, 352, 227–231. [Google Scholar] [CrossRef] [PubMed]

	



Raieli, S.; Di Renzo, D.; Lampis, S.; Amadesi, C.; Montemurro, L.; Pession, A.; Hrelia, P.; Fischer, M.; Tonelli, R. MYCN Drives a Tumor Immunosuppressive Environment Which Impacts Survival in Neuroblastoma. Front. Oncol. 2021, 11, 625207. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 16 01779 g001] 





Figure 1. Effects of genetic and pharmacologic inhibition of SK2 on signaling proteins. Neuro-2a cells were incubated with 0 or 30 μM opaganib for 24 h, and the indicated proteins were examined by immunoblotting and quantified by ImageJ (version IJ 1.54g) analyses with normalization to GAPDH. Uncropped WB figures can be reviewed in Figure S1. 
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Figure 2. Antitumor activity of opaganib. SK-N-(BE)2 cells were implanted into NOD/SCID mice and allowed to grow to ~100 mm3. Animals were then treated orally with 0 (▲) or 50 (■) mg/kg opaganib 5 days/week, and body weight and tumor size were monitored. Values indicated the mean ± SEM for each treatment group (N = 8/group). 
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Figure 3. Effects of opaganib in combination with irinotecan and temozolomide on LLC tumor growth. Immunocompetent C57BL/6 mice bearing LLC tumors (n = 7 or 8/group) were treated with the following: vehicle; opaganib; IRIN + TMZ; or a combination of opaganib + IRIN + TMZ. (Left Panel): The average tumor volume of each group is shown for each day, and statistical comparisons on Day 9 are indicated (** p < 0.01 from the vehicle group, *** p < 0.001 from the vehicle group, # p < 0.05 from the IRIN + TMZ group). (Right Panel): The average body weights of mice in each treatment group are shown up to Day 14, completion of 2 full cycles of drug treatments. Table: Individual mice were sacrificed when the tumor volume reached >3000 mm3. The median survival in days is shown for each treatment group. 
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Figure 4. Effects of opaganib in combination with irinotecan and temozolomide on Neuro-2a tumor growth. Immunocompetent A/J mice bearing Neuro-2a tumors (n = 9 or 10/group) were treated with the following: vehicle; opaganib; IRIN + TMZ; or opaganib + IRIN + TMZ. (Left Panel): The average tumor volume of each group is shown for each day, and statistical comparisons on Day 9 are indicated (*, ** and *** p < 0.05, 0.01 and 0.001, respectively, from the vehicle group; ## and ### p < 0.01 and 0.001, respectively, from the IRIN +TMZ group). (Right Panel): The average body weights of mice in the study up to Day 10 are shown. Table: Tumor size on Day 10 was used to classify individual tumors as having low, medium, or high growth rates. 
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Table 1. Cytotoxicity of opaganib toward NB cells. Cells were incubated with varying concentrations of opaganib for 72 h, and the surviving fraction was determined. Values indicate the IC50 mean ± SEM (n = 2–8, except for IMR32, where n = 1).
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	Cell Line
	MYCN

Status
	Replicates
	IC50 for Opaganib

(μM)





	Neuro-2a
	Single
	8
	7.5 ± 1.5



	SK-N-SH
	Single
	2
	35.0 ± 2.0



	SK-N-AS
	Single
	2
	19.8 ± 5.3



	SK-N-MC
	Single
	2
	16.0 ± 6.0



	IMR32
	Amplified
	1
	7.6



	SK-H-(BE)2
	Amplified
	4
	18.5 ± 3.2










 





Table 2. Alteration of sphingolipid profiles in Neuro-2a cells treated with opaganib. Cells were incubated with the indicated concentrations of opaganib for 24 h, and sphingolipid profiles were quantified by LC-MS. The top row indicates the absolute mass of the indicated lipid(s) and the later rows are expressed relative to the mass in the vehicle-treated control cells. Values represent the mean of triplicate samples.
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	Opaganib

(μM)
	Sphingosine
	S1P
	Total Ceramides
	Total

Dihydroceramides
	Total

Deoxyceramides
	Total

Hexosylceramides





	0
	186

pmol/mg
	5.1

pmol/mg
	1211

pmol/mg
	41

pmol/mg
	59

pmol/mg
	1492

pmol/mg



	0
	100
	100
	100
	100
	100
	100



	1
	81
	80
	103
	116
	87
	89



	3
	94
	81
	112
	148
	97
	90



	10
	90
	87
	98
	165
	92
	93



	50
	22
	7
	87
	333
	47
	12










 





Table 3. Effect of opaganib in combination with checkpoint antibodies on the survival of mice bearing Neuro2a tumors. Individual mice were sacrificed when the tumor volume exceeded 3000 mm3. The median survival in days is shown.
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Experiment 1

Starting Tumor Volume = 106 ± 30 mm3

	
Experiment 2

Starting Tumor Volume = 460 ± 33 mm3




	
Treatment

	
Median Survival

(Days)

	
Change from Control (Days)

	
Median Survival
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Change from Control (