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Lung cancer is the second most common cancer in the United States, and small cell lung cancer (SCLC) accounts for about 15% of all lung cancers. In SCLC, more than other malignancies, the standard of care is based on clinical demonstration of efficacy, and less on a mechanistic understanding of why certain treatments work better than others. This is in large part due to the virulence of the disease, and lack of clinically or biologically relevant biomarkers beyond routine histopathology. While first line therapies work in the majority of patients with extensive stage disease, development of resistance is nearly universal. Although neuroendocrine features, Rb and p53 mutations are common, the current lack of actionable biomarkers has made it difficult to develop more effective treatments. Some progress has been made with the application of immune checkpoint inhibitors. There are new agents, such as lurbinectedin, that have completed late-phase clinical testing while other agents are still in the pre-clinical phase. ONC201/TIC10 is an imipridone with strong in vivo and in vitro antitumor properties and activity against neuroendocrine tumors in phase 1 clinical testing. ONC201 activates the cellular integrated stress response and induces the TRAIL pro-apoptotic pathway. Combination treatment of lurbinectedin with ONC201 are currently being investigated in preclinical studies that may facilitate translation into clinical trials for SCLC patients.
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INTRODUCTION
Lung cancer is the second most prevalent cancer diagnosis in the United States and has the highest mortality rate. SCLC comprises approximately 15% of all lung cancers. This is a man-made epidemic caused by cigarette smoking. Cigarette smoke contains polycyclic aromatic hydrocarbons, arsenic, and other potent carcinogens which cause the genetic changes which create SCLC (Govindan et al., 2006). The natural history of SCLC is to grow and spread quickly with a doubling time as short as 25–30 days and unique propensity to hematogenous spread (Pietanza et al., 2015). Patients with SCLC are typically diagnosed with a hilar mass or other bulky lymphadenopathy, frequently accompanied by symptoms of cough and dyspnea. It is uncommon for patients to present with solitary nodules or thoracic lymphadenopathy. Widespread metastatic disease often presents with weight loss, bone pain and neurologic problems. Without treatment, the median survival time for extensive disease is measured in weeks. Limited stage disease has a median survival time of 15–20 months, and the overall 5 years survival rate for SCLC is less than 7% (Byers and Rudin, 2015). The poor survival for patients with SCLC has not changed much in 4 decades (Weisenthal, 1981).
Other than categorizing the disease into limited or extensive stage, SCLC defies practical clinical or genomic categorization, and management decisions are stark. Often, patients are in an urgent or desperate situation upon initial presentation or at the time of recurrence of disease, e.g., superior vena cava syndrome (Chan et al., 1997; Brzezniak et al., 2017). Initial combination chemotherapy is typically, and dramatically effective, but responses are short-lived and recurrent disease is virulent. First-line, platinum-based chemotherapy, typically combined with etoposide, has been the foundation for SCLC treatment over the past half-century, with response rates up to 80% (Pietanza et al., 2015). These therapies also are toxic to patients, with many experiencing hair loss, high-grade fatigue, cytopenias, nausea, and diarrhea.
In response to the dismal prognosis of SCLC, innumerable drugs have been tested, several drugs have earned NCCN compendium listing, and some drugs are FDA-approved. Recent advances in SCLC treatment have been made with immune checkpoint inhibitor therapy (Esposito et al., 2020). Biomarkers such as PD-L1 protein expression, and tumor mutation burden, are not sufficiently robust to select which patients should receive it. Similarly, no biomarkers exist for treatment selection of other available drug treatments. In this complex disease, there exists a gap between preclinical efficacy in treatment and trial outcomes. This is due to the virulence mechanisms of the SCLC cells, as well as resistance to treatment that quickly develops in these patients.
Emerging therapies include novel immune therapies, as well as drugs with innovative mechanisms of action that target specific molecular pathways. Our review will detail some of the promising approaches emerging from a landscape which currently lacks molecular biomarkers for refinement of drug therapy selection.
IMMUNOTHERAPY INCREASES SURVIVAL IN SCLC
In recent years, immunotherapies have been used to increase overall survival in SCLC (Pavan et al., 2019; Saltos et al., 2020). Increasing tumor-specific T-cell immunity by inhibiting programmed death ligand 1 (PD-L1)–programmed death 1 (PD-1) signaling has shown promise in the treatment of small cell lung cancer, among many other malignancies, and are now routinely added to first-line therapy (Horn et al., 2018; Zhou et al., 2020). PD-1 inhibitors target PD-1 receptors on T-cells and prevent the interaction between PD-1 and its ligands, PD-L1 and PD-L2. PD-1 inhibition enhances T-lymphocyte function and increases cytokine crosstalk between the PD-1 positive T-cells and dendritic cells specialized in activation in the tumor microenvironment. A consequence of this interaction with PD-L1 and PD-L2 is the release of proinflammatory cytokines, such as TNF-α and IFN-γ, which enhance the stem-like properties of T-cells in the tumor microenvironment (Berraondo, 2019). PD-L1 inhibitors, such as atezolizumab, and durvalumab, target the interaction of PD-1 and B7, prevent protumor effects and restore antitumor T-cell function. Additionally, PD-L1 has been shown to exert non-immune proliferative effects on tumor cells (Han et al., 2020) providing an additional benefit to anti-PD-L1 therapies. An important difference between PD-1 inhibitors and PD-L1 inhibitors is that PD-L1 inhibitors still allow the interaction between PD-1 and PD-L2. The continued binding of PD-1 to PD-L2 weakens the immune and proinflammatory response, and, in theory, makes the therapy more tolerable for patients, decreasing the risk of adverse effects.
The CheckMate 032 trial evaluated the efficacy of PD-1 inhibitor nivolumab compared to the combination of nivolumab and ipilimumab, a CTLA-4 inhibitor in patients with previously-treated, extensive stage small cell lung cancer. The combination was shown to have a higher response rate than nivolumab alone (Antonia et al., 2016). In August 2018 the US FDA approved nivolumab for the treatment of patients with metastatic small cell lung cancer whose cancer has progressed after platinum-based chemotherapy and at least one other line of therapy based on the results of CheckMate 032. A subsequent phase 3 study (CheckMate 451), failed to demonstrate the efficacy of ipilimumab and nivolumab when started after initial response to chemotherapy, and off-label use of the combination has fallen out of favor (Owonikoko et al., 2021).
The KEYNOTE-028 study evaluated efficacy of the PD-1 inhibitor pembrolizumab in recurrent SCLC patients. The study showed an overall response rate of 18.7% (Chung et al., 2018). Patients with PD-L1 negative tumors had a median survival of 7.7 months, while PD-L1 positive patients had an impressive overall survival of 14.6 months (Chung et al., 2018), indicating pembrolizumab may have more benefit in patients with PD-L1 positive tumors. It should be noted that FDA approval was withdrawn from nivolumab and pembrolizumab in early 2021.
Atezolizumab, when added to first line carboplatin and etoposide, improves overall survival. The IMpower33 study showed that patients receiving atezolizumab, carboplatin and etoposide had a median overall survival of 12.3 months compared to 10.3 months in the control group (Mathieu et al., 2021). Progression free survival was also statistically improved, with a PFS of 5.2 months in the experimental arm compared to 4.3 months in the control arm (Mathieu et al., 2021). In March 2019, the US FDA approved atezolizumab in combination with carboplatin and etoposide for the first-line treatment of patients with extensive-stage small cell lung cancer.
The CASPIAN study tested another PD-L1 inhibitor, durvalumab, in combination with etoposide and platinum. In this study, there was statistical benefit to adding durvalumab to first-line treatment, with patients receiving durvalumab, etoposide and platinum achieving an overall survival of 13.0 months compared to 10.3 months in the control arm (Mathieu et al., 2021). In March 2020, the US FDA approved durvalumab in combination with etoposide and either carboplatin or cisplatin as first-line treatment of patients with extensive-stage small cell lung cancer. A third study tested platinum-etoposide +/− the anti-PD-1 drug, pembrolizumab, with similar results, although the results in the pembrolizumab study were not statistically significant. (Rudin et al., 2020). There have been no head-to-head comparisons of atezolizumab, durvalumab, or pembrolizumab for this indication, although benefit is similar across studies.
While immunotherapies have had a fair amount of success relative to other treatment options in SCLC in the past 3 years, it is important to note that one of the many virulence factors that make SCLC difficult to target is their innate ability to avoid the surveillance of the host immune system. Compared to NSCLC cells, SCLC cells are less likely to be recognized by the host NK cells and induce an immune mediated response without pharmacological intervention. It has been reported that SCLC cells have a lower expression MHC-1 than their NSCLC counterparts (Zhu et al., 2021). Lack of MHC expression is what can drive reduced immunogenicity, despite SCLC’s high tumor mutational burden (Zhu et al., 2021). Zhu et al. found that when innate immune cell interactions with SCLC were investigated, it was found that MICA/B and ULBP1,2,3 expression was considerably reduced when compared to NSCLC cells (George et al., 2015; Zhu et al., 2021). Similarly, SCLC NKG2DL levels were reduced and the protein expression of NKG2DLs in human SCLC-A lines showed undetectable levels of both MICA/B on their surface and soluble MICA/B (Zhu et al., 2021). These findings indicate that SCLC-A cells may have a diminished visibility to adaptive and innate immune responses. The lack of NKG2DL expression allows SCLC cells to evade the immune response and escape NK surveillance (Ni et al., 2017; Zhu et al., 2021).
This illustrates another important area of potentially beneficial therapy that requires further investigation as it relates to immune surveillance of cancer cells. Pharmacologic strategies of increasing NK-recognition of SCLC cells, including epigenetic regulators, could sensitize the tumor cells to therapeutic agents and to T-cell killing (Zhu et al., 2021). HDAC inhibitors are a promising option to suppress tumor growth and SCLC cell proliferation. These inhibitors also induce Notch signaling and induce cell-cycle arrest, and have been studied extensively in vitro (Zhu et al., 2015; Sun et al., 2018). A preclinical HDAC inhibitor showed potential to cause NK-dependent killing of the tumor cells, showing the NK-mediated antitumor effect of shHDAC6, though this model was not related to NKG2DL activity (Liu et al., 2018). Additional studies have shown that NKG2DL stimulating therapies have promoted responses in patients receiving NK-infusions (Cifaldi et al., 2017). This suggests that HDAC inhibitors may provide a synergistic benefit if added to an adoptive NK-cell transfer for patient treatment (Zhu et al., 2021). Lack of NKG2DLs can potentially be exploited by future studies to evaluate NK-cell activation therapies in SCLC treatment investigations (Zhu et al., 2021), especially those that monitor expression of NK activating ligands such as NKG2DLs.
These studies confirm that there is significant benefit to adding PD1/PD-L1 inhibitors to first-line chemotherapy in extensive stage SCLC, while also underscoring the importance of investigating epigenetic regulators in SCLC. It is important to note, that research to enhance the ability of the immune system to kill SCLC and its inherent properties are a major research effort. While advances in immunotherapy in SCLC patients are modest and there has not been an overwhelming breakthrough with these therapies, the effects of immunotherapies remain statistically significant and clinically relevant.
GENOMICS OF SMALL CELL LUNG CANCER
SCLC arises from stem cells that partially differentiate to have a neuroendocrine phenotype resulting in a unique appearance under the microscope. The histopathology of SCLC often shows dense sheets of small cells with neuroendocrine features (Bernhardt et al., 2016) that divide quickly and show frequent mitosis and high nuclear to cytoplasm ratio with little to no nucleoli (Bernhardt et al., 2016). These features contribute to SCLC cells’ ability to proliferate, migrate, and form both local and metastatic tumors. The genetic profile of SCLC predisposes the cells to have an aggressive nature, and the multitude of mutations and high mutational burden in SCLC makes treating with chemotherapy a difficult task. It is essential to note that certain SCLC subsets will contain heterogeneity and contain non-small cell lung cancer features (Gazdar et al., 2017). Additionally, 15% of all SCLC do not express neuroendocrine markers at all (Gazdar et al., 2017) and may have protein expression patterns more similar to adenocarcinoma of the lung.
The arrival of combination chemotherapy has significantly improved pharmacologic effectiveness when treating SCLC. However, due to the complex genetic profile of SCLC, targeted chemotherapies remain elusive. Targeted therapies pursue specific genes and proteins that are involved with the growth and survival of tumor cells. These therapies can block the tumorigenic effects of specific abnormalities that make SCLC cells grow, survive, and metastasize. These therapies consist of small-molecule drugs that block angiogenesis and cell proliferation or monoclonal antibodies that block a specific target on the exterior of cancer cells. Other targeted therapies include apoptosis-inducing drugs, angiogenesis inhibitors and immunotherapies. Despite the diversity of actions of the drugs and the virulence mechanisms they target, targeted therapies in SCLC have yielded disappointing results.
Many prominent genomic features of small cell lung cancer currently lack drug therapy alternatives. For example, approximately 27% of SCLC has a SOX2 amplification (Gadgeel, 2018) SOX2, which encodes a transcriptional regulator of stem cells, promotes initiation and growth of SCLC (Gazdar et al., 2017) SOX2, located on chromosome 3q26.3-q27 is implicated in SCLC by a multiplication of the 3pq26.3 gene locus (Kaufhold et al., 2016). However, there are currently no therapies for combatting the effects of SOX2 amplification and its tumorigenic effect on initiating SCLC occurrence and growth.
Prominent phenotypic features of small cell lung cancer also lack drug therapy alternatives. For example, SCLC cells growing in vitro demonstrate that adhesion to extracellular matrix (ECM) increases tumorgenicity and resistance to chemotherapeutic agents. This is a result of B1 integrin-stimulated tyrosine kinase activating and inhibiting chemotherapy induced apoptosis (Sethi et al., 1999). The ECM protects SCLC cells from chemotherapy induced apoptosis. When the cells adhere to laminin (Ln), fibronectin (Fn) or collagen IV, there is substantial protection from chemotherapy-induced apoptosis, as was shown in H69, H345 and H510 cell lines (Sethi et al., 1999). Adhesion of the H69 cell line to Ln stimulates PTK activity and prevents chemotherapy induced caspase activation in the apoptosis pathway (Sethi et al., 1999). To target this phenotype, there has been great hope that matrix metalloproteinase inhibitors might hinder the virulent effects of the SCLC-ECM interaction. However, in two randomized trials: one with marimastat, the other with tanomastat, the results were disappointing, as neither survival nor quality of life improved (Shepherd et al., 2002; Zhang and He, 2013).
Tumor Suppressor Gene Loss
The loss of function of tumor protein 53 (P53) (Byers and Rudin, 2015) is almost universal in SCLC patients, as P53 is mutated in over 90% SCLC diagnoses (Wistuba et al., 2001). Additionally, Retinoblastoma 1 (RB1) (Helin et al., 1997) is frequently deleted in SCLC. Both P53 and RB1 are tumor suppressor genes that encode proteins that regulate the cell cycle and cell survival. Figure 1 displays the mechanisms of p53 in response to DNA damage in SCLC cells. These are occasionally accompanied by a 3p deletion (Whang-Peng et al., 1982) and when they are deleted, the mechanism indicated in Figure 1 is not able to inhibit cell growth or uncontrolled cell proliferation, and consequently there is tumor growth and disease progression. P53 and RB1 deficient SCLC tumors may also express increased cKit (Rao et al., 2020), MYC amplification (20% of patients (Pietanza et al., 2015)), and loss of phosphatase and tensin homolog (PTEN).
[image: Figure 1]FIGURE 1 | The Role of p53 and Rb in Regulating Cell Cycle Progression.
In the RB1 and P53 deficient SCLC cells, the Hedgehog pathway, a cell-intrinsic pathway, further promotes tumorigenicity. Activation of the Hedgehog signaling molecule promotes clonogenicity of SCLC in vitro and accelerates the initiation and progression of SCLC in mice in vivo. (Park et al., 2011). Further, suppression of Hedgehog signaling molecules inhibited growth of both mouse and human SCLC cells (Park et al., 2011). Hedgehog pathway inhibitors target certain Hedgehog activators and have been tested as an addition to combination chemotherapy. These inhibitors work by a mechanism of action that inhibits Smoothened, a Hedgehog pathway activator (Gadgeel, 2018) Vismodegib, a Smoothened inhibitor, was added to chemotherapy regimens in late-stage SCLC, but the combination did not show any overall benefit (Belani et al., 2016). Also of note, that, in the same study, cixutumumab, an IGF-1R inhibitor, was tested and likewise did not show any benefit when added to standard chemotherapy regimens for all tumor types.
In RB1 deficient tumor cells, apoptosis evasion mechanisms also add to the complexity of the SCLC genome. RB1 deficient cells can have overexpression of HIF-1α and aid cancer cells in evading apoptosis. HIF-1α over expression also aids in cell migration, increasing metastasis and promotion of angiogenesis via upregulation of VEGF (Forsythe et al., 1996). There has been significant progress in treating Rb-deficient tumors, as therapies targeting HIF-1α have shown preclinical antitumor efficacy (Zhao et al., 2020). In Rb deficient cells, such as many SCLC genotypes, there has been a significant benefit, in vivo, to dual inhibit CDK4/6 and HSP90 (Zhao et al., 2020). CDK4/6 and HSP90 inhibition suppress the tumorigenic traits of HIF-1α. This has been shown to significantly inhibit tumor cell viability in RB1 deficient colorectal cancer cell lines (Zhao et al., 2020), though the model is applicable in any RB1 deficient cancer cell.
Apoptosis/programmed cell death regulation also plays a significant role in SCLC virulence. Variations in the apoptosis cascade can increase SCLC progression and lead to worse prognosis for patients. SCLC has been further found to avoid chemotherapy-induced apoptosis by upregulation of BCL2, an anti-apoptotic gene (Gazdar et al., 2017). While BCL2 is an anti-apoptotic gene, BAX is its proapoptotic counterpart (Brambilla and Gazdar, 2009). SCLC cells are able to escape apoptosis via variations in the BCL2:BAX balance.
BCL2 inhibitors have been studied as an option to combat SCLC resistance. BCL2 inhibitors target the antiapoptotic characteristics of SCLC cells, as an elevated level of BCL2 is an indicator of poor prognosis. (Lawson et al., 2010). However, despite early indications of success, Obatoclax, a BCL2 inhibitor, did not improve any clinical endpoints when combined with carboplatin and etoposide in a randomized study. (Langer et al., 2014). The oral BCL2 inhibitor, AT-101 also did not show any improvement in overall survival and the study was terminated at the first interim analysis. (Baggstrom et al., 2011). It is thought that these initial agents may lack potency in against BCL2, preventing a synergistic response when added to chemotherapy combinations and that they may be further studied at more potent dosages.
Oncogenic Drivers
All three members of the MYC family of genes, MYC, MYCL, MYCN are amplified in SCLC cell lines. Pulmonary neuroendocrine cells with deleted copies of RB1, P53, and P130 grow and express neuroendocrine marker genes but do not proliferate and become tumors. (Gazdar et al., 2017). Conversely, the addition of MYC family members, particularly MYCL, to the neuroendocrine cells with the previously mentioned deletions rapidly results in tumorgenicity (Gazdar et al., 2017).
Aberrant amplification of MYC family genes in SCLC can be explained by mechanisms including, promoter activation, attenuation of transcription, and control of gene copy number. In cells, each MYC family gene uses a different combination of these mechanisms to control mRNA transcription. In the context of SCLC, MYC has been shown to be regulated by both initiation and attenuation of transcription, MYCN appears to be regulated at the level of initiation of transcription, and MYCL has been shown to be regulated by attenuation of transcription (Krystal et al., 1988).
In normal cells, MYC expression is tightly regulated by transcription factors CNBP, FuBP1, and TCF as well as structural DNA elements (Brägelmann et al., 2017). It has been observed that phosphorylation of both MYC and MYCN affects polyubiquitination and by extension, proteasomal degradation, but no such regulatory mechanism has been reported for MYCL (Sjostrom et al., 2005; Malempati et al., 2006; Brockmann et al., 2013).
In mouse models, MYC withdrawal has led to tumor regression, indicating that MYC may be a valuable target in SCLC. This, however, has proven difficult, as MYC drivers are not due to intrinsic oncogenic mutations that could easily be targeted by therapeutic agents (Fletcher and Prochownik, 2015; Brägelmann et al., 2017). Rather, they are activated due to overamplification. This makes compound discovery aiming at kinase inhibition, such as agents that target mutated proteins only, extremely difficult (Brägelmann et al., 2017).
DNA Repair
Overexpression of DNA repair proteins such as PARP1, checkpoint kinase 1 (Chk1), and enhancer of zeste two polycomb repressive complex two subunit (EZH2) are independent of DNA-level mutations, but significantly contribute to tumor growth (Byers and Rudin, 2015). SCLC tumors also induce FGFR family alterations, and some have demonstrated sensitivity to FGFR inhibitors. However, the relationship between SCLC mutations and the family pathways is not currently known (Byers and Rudin, 2015).
SCLC relies on the ATR-CHK1 pathway to overcome cellular stress during the replication process that would otherwise cause DNA damage (Hsu et al., 2019). Due to the higher concentration of Chk1 gene expression and protein in SCLC compared to NSCLC, Chk1 inhibitors are a useful therapeutic agent in attempting to hinder this potent virulence mechanism in SCLC. Chk1 inhibitors such as prexasertib demonstrated effectiveness in SCLC cells in vivo, genetically engineered mice (GEM) and chemo-resistant mouse models (Sen et al., 2017). Chk1 showed synergistic effects when administered with cisplatin to induce mitotic cell death, combating resistance that may develop to first line therapies (Hsu et al., 2019).
PARP inhibitors such as Olaparib, Veliparib, Talazoparib et al. target PARP1 overexpression via the biomarker SLFN11 and work by two mechanisms. First, trapping PARP to the single strand DNA breaks and preventing repair. Second, PARP inhibitors inhibit poly ADP-ribosylation (PARylation) and binding of PARP to DNA (Murai et al., 2012), thus, preventing DNA repair and allowing for apoptosis pathways to begin their cascade and induce cell death. A phase I trial with Talazoparib showed some activity in decreasing chemotherapy resistance, including SCLC tumors (de Bono et al., 2017). These patients achieved an overall response rate of 9.0% with the duration of the response lasting up to 15 weeks. (de Bono et al., 2017).
The proteins of the Schlafen family are involved in regulation of cell proliferation and possibly helicase activity. EZH2 amplification increases resistance to chemotherapy by downregulation of Schlafen 11 (SLFN11) expression (Gazdar et al., 2017). EZH2 downregulates SLFN11 by histone modification and methylation in SCLC. EZH2 inhibition has become an important target for therapeutics as it was shown to decrease resistance in cells treated with cisplatin (Berns and Berns, 2017).
A 2015 study examined the efficacy of temozolomide and the PARP inhibitor, veliparib, in SCLC. In their phase II, double-blind trial, 4 month progression-free survival and overall survival did not differ between the treatment and placebo arms, though a significant overall response was found in the temozolomide/veliparib arm (Pietanza et al., 2018). Additionally, it was found that SLFN11 expression was associated with improved progression-free and overall survival in the temozolomide/veliparib arm (Pietanza et al., 2018).
DNA damage repair by cancer cells is another mechanism through which resistance occurs in SCLC cells. DNA repair can occur due to overexpression of repair proteins such as PARP1, wee-like protein kinase 1 (WEE1), Chk1, Rad3-related protein (ATR) and ataxia telangiectasia mutated (ATM) protein kinase (Pietanza et al., 2015; Berraondo, 2019).
SCLC resistance to the platinum series of drugs occurs, in part, due to the repair of DNA damage (Goldstein and Kastan, 2015) via glutathione (GSH). GSH is prevalent in SCLC tumors and enhances the repair of DNA damage caused by drugs such as cisplatin, as well as increasing inactivation of the drug before it reaches the DNA (Chen et al., 2020). Various research studies have reinforced this relationship. In 1990, Meijer, Mulder et al. confirmed the relationship between GSH and cisplatin resistance in SCLC cells (Meijer et al., 1990).
Resistance in SCLC cells has also been indicated by abnormal DNA methylation. In 2017, Gardner et al. examined the mechanism of resistance by SCLC tumors to cisplatin and etoposide, a common chemotherapy combination, and revealed that histone H3 lysine 27 trimethylation (H3K27me3) resulted in resistance to the cisplatin and etoposide. (Gardner et al., 2017).
Cell Cycle and Differentiation Mechanisms
Notch signaling, while a powerful protumor effector in most cells, is uniquely diminished in the majority of SCLC cells. In SCLC, Notch acts as a tumor suppressor by negatively regulating neuroendocrine differentiation (Gazdar et al., 2017). SCLC cells express Notch inhibitors delta like non-canonical Notch ligand 1 (DLK1) and DLL3 (DLL3 is expressed as a neoantigen on the surface of some SCLC cells) or have inactivating mutations in the Notch pathways (Gazdar et al., 2017), leading to inactivation of the tumor suppression.
Inactivation of the Notch pathway in SCLC promotes tumor growth and metastases, and results in worse prognoses. In approximately 80% of SCLCs, Notch ligand Delta-like protein 3 (DLL3) is upregulated to act as an inhibitor of the pathway (Chapman et al., 2011). The TRINITY trial in 2018 evaluated the effectiveness of rovalpituzumab tesirine (ROVA-T), an antibody drug conjugate, in patients with recurrent SCLC with high DLL3 expression. There was a marginal benefit to patients receiving this drug (Carbone et al., 2018), though severe toxicities occurred in 40% of patients (Gadgeel, 2018), suggesting the modest benefit is outweighed by adverse reactions in a considerable portion of the studied patient population.
A significant portion of SCLC cells express the transcription factor achaete-scute homologue 1 (ASCL1), which enhances the survival and growth of these cells and ASCL1 amplified cells express the full set of neuroendocrine markers (Gazdar et al., 2017). Often associated with ASCL1, approximately 15% of SCLC cells express neurogenic differentiation factor 1 (NEUROD1) (Gazdar et al., 2017), a master regulator that enhances cell proliferation and growth.
This subgroup of SCLC, with mutated ASCL1, is characterized by having faster growth rates, MYC amplification, and oncogenic transcription regulation. Alisertib, an aurora kinase A/B inhibitor, has shown tumor suppression in SCLC cells with variant ASCL1 and MYC amplification in preclinical studies (Mollaoglu et al., 2017). Alisertib was added in clinical studies to regimens consisting of weekly paclitaxel in patients with recurrent SCLC. There was some improvement in overall survival for these patients but not enough to reach statistical significance (Gadgeel, 2018). However, in 46 patients whose tumors were analyzed via immunohistochemistry, patients with positive MYC expression had significant benefit in progression free survival, while the patients with MYC negative expression actually had worse outcomes when alisertib was added to paclitaxel (Gadgeel, 2018). It is important to note that these results have not been repeated or confirmed in prospective trials.
ONC201: A PROMISING NOVEL AGENT FOR SCLC
There are currently over 275 clinical trials registered with the FDA in SCLC that are active or recruiting patients for study. This large number is due, in part, to a rapid, trial-and-error approach which has evolved to apply any and all novel therapies to patients diagnosed with a highly prevalent and desperate disease. While there has been a disappointment in the availability of targeted therapies available to treat SCLC patients, there is optimism in the form of new therapies being tested.
ONC201 is an emerging imipridone therapy that has demonstrated strong antitumor properties in vivo and in vitro (Prabhu et al., 2020). It is entering an increasing number of clinical trials as it has effective tumor killing ability, while being well tolerated. ONC201 is administered weekly at a recommended phase two dose of 625 mg based on pharmacokinetics and pharmacodynamics in phase 1 testing, and preclinical dose intensification studies (Wagner et al., 2018). ONC201 activates the integrated stress response, (Kline et al., 2016), resulting in reduced proliferation of SCLC tumor cells (Lee et al., 2020). Currently being studied is the possibility of adding ONC201 to combination chemotherapy regimens, targeting the DNA of the tumor cells along in addition to activating the integrated stress response, thus, inducing higher levels of cleaved PARP, resulting in a synergistic pro-apoptotic effect.
Tests in vivo in SCLC and in clinical trials in additional solid tumors, show that ONC201 works by increasing cellular stress and inducing TRAIL-mediated apoptosis in the p53 pathway in several tumor cell lines. TRAIL is an endogenous protein that induces tumor cell apoptosis via its interaction with death receptors DR4 or DR5 (Ashkenazi, 2002). TRAIL is expressed in many human tissues, including lung tissue, as well as certain immune cells following cytokine activation (Fanger et al., 1999; Griffith et al., 1999; Allen et al., 2015).
ONC201 works by a unique mechanism of action, inhibition of dopamine receptors and direct activation of the enzyme ClpP (Prabhu et al., 2020). ClpP is allosterically modified by ONC201 to open substrate channel areas and alter the conformation of its active site (Prabhu et al., 2020). This allosteric modification causes hyperactivation of ClpP’s proteolytic activity, leading to degradation of subunits in the electron transport chain, involved in cell respiration. This degradation results in impairment of oxidative phosphorylation and causes elevated cell stress levels, triggering apoptosis. While the mechanisms of the interaction between ClpP and the mitochondrial mechanics remain to be investigated, ClpP inactivation has made tumor cells at least partially resistant to ONC201 in AML, acute lymphoblastic leukemia (ALL) and breast cancer cells (Prabhu et al., 2020).
Two pathways are consistently impacted by ONC201 administration—activation of the ISR pathway (Kline et al., 2016; Prabhu et al., 2020) and Akt/ERK inactivation (Allen et al., 2013; Prabhu et al., 2020). The ISR pathway is also activated by proteasome inhibitors, but when activated by ONC201, causes upregulation of ATF-4 translation and CHOP transcription rapidly in tumor cells (Kline et al., 2016). While ISR activation happens rapidly, Akt/ERK inactivation happens over 2–3 days (Allen et al., 2013). These effects combine to produce a powerful upregulation of TRAIL, a proapoptotic ligand, via activation and nuclear translocation of Foxo3a and its receptor DR5 (Prabhu et al., 2020). It is noteworthy that DR5 is induced by activation of ATF4 and CHOP through the integrated stress response (Kline et al., 2016). An additional mechanism ONC201 may be effective in killing tumor cells is the degradation of MYC through a proteasomal pathway involving GSK3β mediated phosphorylation of threonine 58 (Ishida et al., 2018).
One of the most attractive aspects in the prospect of ONC201 as an emerging SCLC therapy is its low risk of toxicity when administered in both mice and humans (Prabhu et al., 2020). ONC201 displays a synchronization of unique anti-tumor mechanisms via early-stage ISR activation in the tumor cells that seemingly spares healthy epithelial and organ tissue cells (Allen et al., 2016). This remains the case in SCLC cells, ONC201 does not exhibit cytotoxic effects. While ONC201 was shown to effectively inhibit tumor cell survival in a dose-dependent experiment in the cell line H460 (Feng et al., 2016). ONC201 was also tested in patient derived human-cells and was found to inhibit tumor cell survival, while remaining nontoxic to healthy lung epithelial cells and healthy hepatocytes, indicating ONC201s specificity for tumor cells in lung tissue (Feng et al., 2016). ONC201 was also tested in vitro in mouse models and did not produce any significant toxicities in the mammals and did not induce DR5 or TRAIL in normal epithelial cells (Feng et al., 2016).This could potentially be related to the fact that Akt and Erk expression is low in healthy cells, therefore without any Akt and Erk inhibition, DR5 and TRAIL are not induced (Feng et al., 2016).
While approximately 10% of all SCLC patients present with brain metastases and 40% of all SCLC patients will experience brain metastases in their disease, it is crucial to consider which novel agents may cross into the central nervous system. (Schuette, 2004). The blood-brain barrier becomes less relevant in these patients, as it has most likely already been compromised due to the invasive nature of the disease (Schuette, 2004). ONC201 shows activity against tumors within the CNS. ONC201 has already shown its preclinical efficacy in brain tumors such as gliomas, and it is currently involved in clinical trials treating gliomas and various metastatic neuroendocrine tumors, where it has shown impressive clinical efficacy. These trials are displayed in Table 1. The small molecule therapy crosses the blood-brain barrier and has showed efficacy against glioblastomas, including those resistant to the standard of care temozolomide (Ralff et al., 2017). In addition to the clinical evidence with ONC201 that has accumulated since 2014, (Prabhu et al., 2020), mouse models have clearly displayed the efficacy of ONC201 crossing the blood-brain barrier and inhibiting tumor growth, due to dual inactivation of Akt and ERK and activation of the integrated stress response (Allen et al., 2013; Kline et al., 2016; Wagner et al., 2018). This further validates the investigation of ONC201 for SCLC cells, both primary and metastatic tumors, regardless of their location in the body.
TABLE 1 | Current FDA Trials involving ONC201 (clinicaltrials.gov).
[image: Table 1]ONC201 is particularly effective in SCLC due to the induction of TRAIL and DR5, as well as activated caspase-8, which induces extrinsic apoptosis (Prabhu et al., 2020). The drug also works as a selective competitive and competitive D2 receptor (DRD2) antagonist (Prabhu et al., 2020), which is overexpressed in SCLC patients who often have elevated plasma dopamine levels. Further, dopamine is a critical regulator in the innate and adaptive immune systems. Dopamine receptors are expressed by both T-cells and NK cells that can modulate the immune response to tumor formation and growth (Zhao et al., 2013; Wang et al., 2019), as dopamine is a negative regulator of NK response (Mikulak et al., 2014). DRD2 receptor inhibition has been shown to activate NK cells in the immune response to tumor cells (Mikulak et al., 2014), however, these mechanisms have not been evaluated in mouse or human models. ONC201 has been shown to activate NK cells (Wagner et al., 2018) and has clinical activity in neuroendocrine tumors such as pheochromocytoma and paraganglioma (Anderson and Gortz, 2021). This preclinical data is the basis for continued investigation, as ONC201 is under further review in a range of neuroendocrine and metastatic tumors (Anderson and Zahler, 2020). There is also evidence for synergy between ONC201 and EZH2 inhibitors in a variety of tumor types and this may be relevant to SCLC as discussed earlier (Zhang et al., 2021). Table 1 displays current FDA approved clinical trials involving ONC201 (clinicaltrials.gov).
5 LURBINECTIDIN: A NOVEL AGENT IN CLINICAL USE IN SCLC
In June 2020, the FDA granted accelerated approval to lurbinectedin for patients with extensive stage SCLC with disease progression while receiving or after treatment with platinum-based chemotherapy. A phase two study treated 105 previously-treated patients, and demonstrated an overall response rate of 35% (95% CI 26–45%), which includes an impressive 22% response rate in 45 patients whose cancer started to grow <90 days since last dose of platinum (platinum-refractory disease), with a median duration of response of 5 months. Treatment was well tolerated, with the most common high-grade side effects being anemia (9%), neutropenia (46%), and thrombocytopenia (7%), and there were no treatment-related deaths (Trigo et al., 2020).
Lurbinectedin is an inhibitor of RNA polymerase II, an enzyme commonly hyperactivated in SCLC, and induces DNA breaks in cells that result in apoptosis (Markham, 2020). The drug covalently binds to central guanine in trinucleotide triplets in the minor groove of DNA, forming adducts capable of inducing DNA double-strand breaks (Markham, 2020). It may also induce immunogenic cell death and increase anti-tumor immunity. Lurbinectedin also has an impact on the tumor microenvironment as it is associated with a reduction in tumor associated macrophages (Markham, 2020). Lurbinectedin has been shown to downregulate ASCL1 and thus decrease the rapid growth rate that is characteristic of SCLC cells (Markham, 2020).
The recently completed phase III ATLANTIS trial, evaluating lurbinectedin + doxorubicin compared with cyclophosphamide + doxorubicin + vincristine (CAV) or topotecan enrolled 613 previously-treated patients and will add significant clinical evidence of lurbinectedin’s effects. The ATLANTIS trial was terminated as it missed primary endpoints with patients. Though the combination of doxorubicin and lurbinectedin did not provide positive results, the study did confirm the tolerability and overall activity in patients.
Lurbinectedin is also under investigation for other solid tumors. Table 2 shows currently active or recruiting clinical trials in SCLC, involving lurbinectedin (clinicaltrials.gov).
TABLE 2 | Current FDA Trials involving Lurbinectedin in SCLC (clinicaltrials.gov).
[image: Table 2]DISCUSSION
SCLC is a deadly and devastating disease for patients. Many patients present in the advanced stages of disease with distant metastasis. Another complication of SCLC, which makes it even harder to effectively treat, is the absence of targetable biomarkers. Due to the complex genomic profile of SCLC and its numerous virulence mechanisms, resistance to first line chemotherapies inevitably develops, leaving patients with dismal outlooks as the disease progresses and further metastasizes. Targeted therapies in SCLC have been largely unsuccessful.
In the past 3 years, the overall survival of patients with SCLC has been improved with routine, first-line use of anti-PD1/PD-L1 immunotherapy. With over 275 clinical trials either active or recruiting that focus on SCLC, there is optimism in emerging therapeutics. Interestingly, nonplatinum-based therapies that appear to have sufficient efficacy but are much less toxic to patients. ONC201 and lurbinectedin, while mechanistically dissimilar, display effective anti-tumor characteristics while remaining tolerable when administered clinically. These therapies will be important to monitor going forward, as they are further evaluated in clinical trials, as well as in vivo and in vitro.
The p53 pathway is an important regulatory pathway that is often broken in SCLC. DNA damage or stimuli from oncoproteins can trigger p53 to induce cell cycle arrest, preventing cells from replicating with mutations or damaged DNA. This pathway also exerts influence over the TRAIL pathway via its control over DR5, which induces apoptosis (Brambilla and Gazdar, 2009). Figure adapted by way of Brambilla and Gazdar (2009).
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
This work was supported by an NIH grant (CA173453) to WSE-D. WSE-D is an American Cancer Society Research Professor and is supported by the Mencoff Family University Professorship at Brown University.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The contents of this manuscript are solely the responsibility of the authors and do not necessarily represent the official views of the National Cancer Institute, the National Institutes of Health, or the American Cancer Society.
REFERENCES
 Allen, J. E., Kline, C. L., Prabhu, V. V., Wagner, J., Ishizawa, J., Madhukar, N., et al. (2016). Discovery and Clinical Introduction of First-In-Class Imipridone ONC201. Oncotarget 7 (45), 74380–74392. doi:10.18632/oncotarget.11814
 Allen, J. E., Krigsfeld, G., Mayes, P. A., Patel, L., Dicker, D. T., Patel, A. S., et al. (2013). Dual Inactivation of Akt and ERK by TIC10 Signals Foxo3a Nuclear Translocation, TRAIL Gene Induction, and Potent Antitumor Effects. Sci. Transl Med. 5 (171), 171ra17. doi:10.1126/scitranslmed.3004828
 Allen, J. E., Krigsfeld, G., Patel, L., Mayes, P. A., Dicker, D. T., Wu, G. S., et al. (2015). Identification of TRAIL-Inducing Compounds Highlights Small Molecule ONC201/TIC10 as a Unique Anti-cancer Agent that Activates the TRAIL Pathway. Mol. Cancer 14 (1), 99. doi:10.1186/s12943-015-0346-9
 Anderson, P. M., and Gortz, J. (2021). Phase 2 Study of DRD2 antagonist/ClpP Agonist ONC201 in Neuroendocrine Tumors. Jco 39 (15_Suppl. l), 3002. doi:10.1200/jco.2021.39.15_suppl.3002
 Anderson, P. M., and Zahler, S. (2020). Phase II Study of ONC201 in Pheochromocytoma-Paragangliomas (PC-PG), Medullary Thyroid Carcinoma (MTC), and Other Neuroendocrine Tumors. Jco 38 (15_Suppl. l), e16703. doi:10.1200/jco.2020.38.15_suppl.e16703
 Antonia, S. J., López-Martin, J. A., Bendell, J., Ott, P. A., Taylor, M., Eder, J. P., et al. (2016). Nivolumab Alone and Nivolumab Plus Ipilimumab in Recurrent Small-Cell Lung Cancer (CheckMate 032): a Multicentre, Open-Label, Phase 1/2 Trial. Lancet Oncol. 17 (7), 883–895. doi:10.1016/S1470-2045(16)30098-5
 Ashkenazi, A. (2002). Targeting Death and Decoy Receptors of the Tumour-Necrosis Factor Superfamily. Nat. Rev. Cancer 2 (6), 420–430. doi:10.1038/nrc821
 Baggstrom, M. Q., Qi, Y., Koczywas, M., Argiris, A., Johnson, E. A., Millward, M. J., et al. (2011). A Phase II Study of AT-101 (Gossypol) in Chemotherapy-Sensitive Recurrent Extensive-Stage Small Cell Lung Cancer. J. Thorac. Oncol. 6 (10), 1757–1760. doi:10.1097/JTO.0b013e31822e2941
 Belani, C. P., Dahlberg, S. E., Rudin, C. M., Fleisher, M., Chen, H. X., Takebe, N., et al. (2016). Vismodegib or Cixutumumab in Combination with Standard Chemotherapy for Patients with Extensive-Stage Small Cell Lung Cancer: A Trial of the ECOG-ACRIN Cancer Research Group (E1508). Cancer 122 (15), 2371–2378. doi:10.1002/cncr.30062
 Bernhardt, E. B., and Jalal, S. I. (2016). “Small Cell Lung Cancer,” in Lung Cancer: Treatment and Research ed . Editor K. L. Reckamp (Cham: Springer International Publishing), 301–322. doi:10.1007/978-3-319-40389-2_14
 Berns, K., and Berns, A. (2017). Awakening of "Schlafen11" to Tackle Chemotherapy Resistance in SCLC. Cancer Cell 31 (2), 169–171. doi:10.1016/j.ccell.2017.01.013
 Berraondo, P. (2019). Mechanisms of Action for Different Checkpoint Inhibitors. HemaSphere 3 (S2). doi:10.1097/hs9.0000000000000244
 Brägelmann, J., Böhm, S., Guthrie, M. R., Mollaoglu, G., Oliver, T. G., and Sos, M. L. (2017). Family Matters: How MYC Family Oncogenes Impact Small Cell Lung Cancer. Cell Cycle 16 (16), 1489–1498. doi:10.1080/15384101.2017.1339849
 Brambilla, E., and Gazdar, A. (2009). Pathogenesis of Lung Cancer Signalling Pathways: Roadmap for Therapies. Eur. Respir. J. 33 (6), 1485–1497. doi:10.1183/09031936.00014009
 Brockmann, M., Poon, E., Berry, T., Carstensen, A., Deubzer, H. E., Rycak, L., et al. (2013). Small Molecule Inhibitors of aurora-a Induce Proteasomal Degradation of N-Myc in Childhood Neuroblastoma. Cancer Cell 24 (1), 75–89. doi:10.1016/j.ccr.2013.05.005
 Brzezniak, C., Oronsky, B., Carter, C. A., Thilagar, B., Caroen, S., and Zeman, K. (2017). Superior Vena Cava Syndrome in a Patient with Small-Cell Lung Cancer: A Case Report. Case Rep. Oncol. 10 (1), 252–257. doi:10.1159/000464278
 Byers, L. A., and Rudin, C. M. (2015). Small Cell Lung Cancer: where Do We Go from Here?. Cancer 121 (5), 664–672. doi:10.1002/cncr.29098
 Carbone, D. P., Morgensztern, D., Le Moulec, S., Santana-Davila, R., Ready, N., Hann, C. L., et al. (2018). Efficacy and Safety of Rovalpituzumab Tesirine in Patients with DLL3-Expressing, ≥ 3rd Line Small Cell Lung Cancer: Results from the Phase 2 TRINITY Study. Jco 36 (15_Suppl. l), 8507. doi:10.1200/jco.2018.36.15_suppl.8507
 Chan, R. H., Dar, A. R., Yu, E., Stitt, L. W., Whiston, F., Truong, P., et al. (1997). Superior Vena Cava Obstruction in Small-Cell Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 38 (3), 513–520. doi:10.1016/s0360-3016(97)00094-1
 Chapman, G., Sparrow, D. B., Kremmer, E., and Dunwoodie, S. L. (2011). Notch Inhibition by the Ligand DELTA-LIKE 3 Defines the Mechanism of Abnormal Vertebral Segmentation in Spondylocostal Dysostosis. Hum. Mol. Genet. 20 (5), 905–916. doi:10.1093/hmg/ddq529
 Chen, P., Kuang, P., Wang, L., Li, W., Chen, B., Liu, Y., et al. (2020). Mechanisms of Drugs-Resistance in Small Cell Lung Cancer: DNA-Related, RNA-Related, Apoptosis-Related, Drug Accumulation and Metabolism Procedure. Transl Lung Cancer Res. 9 (3), 768–786. doi:10.21037/tlcr-19-547
 Chung, H. C., Lopez-Martin, J. A., Kao, S. C.-H., Miller, W. H., Ros, W., Gao, B., et al. (2018). Phase 2 Study of Pembrolizumab in Advanced Small-Cell Lung Cancer (SCLC): KEYNOTE-158. Jco 36 (15_Suppl. l), 8506. doi:10.1200/jco.2018.36.15_suppl.8506
 Cifaldi, L., Locatelli, F., Marasco, E., Moretta, L., and Pistoia, V. (2017). Boosting Natural Killer Cell-Based Immunotherapy with Anticancer Drugs: a Perspective. Trends Mol. Med. 23 (12), 1156–1175. doi:10.1016/j.molmed.2017.10.002
 de Bono, J., Ramanathan, R. K., Mina, L., Chugh, R., Glaspy, J., Rafii, S., et al. (2017). Phase I, Dose-Escalation, Two-Part Trial of the PARP Inhibitor Talazoparib in Patients with Advanced Germline BRCA1/2 Mutations and Selected Sporadic Cancers. Cancer Discov. 7 (6), 620–629. doi:10.1158/2159-8290.CD-16-1250
 Esposito, G., Palumbo, G., Carillio, G., Manzo, A., Montanino, A., Sforza, V., et al. (2020). Immunotherapy in Small Cell Lung Cancer. Cancers (Basel) 12 (9). doi:10.3390/cancers12092522
 Fanger, N. A., Maliszewski, C. R., Schooley, K., and Griffith, T. S. (1999). Human Dendritic Cells Mediate Cellular Apoptosis via Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL). J. Exp. Med. 190 (8), 1155–1164. doi:10.1084/jem.190.8.1155
 Feng, Y., Zhou, J., Li, Z., Jiang, Y., and Zhou, Y. (2016). Small Molecular TRAIL Inducer ONC201 Induces Death in Lung Cancer Cells: A Preclinical Study. PLOS ONE 11 (9), e0162133. doi:10.1371/journal.pone.0162133
 Fletcher, S., and Prochownik, E. V. (2015). Small-molecule Inhibitors of the Myc Oncoprotein. Biochim. Biophys. Acta 1849 (5), 525–543. doi:10.1016/j.bbagrm.2014.03.005
 Forsythe, J. A., Jiang, B. H., Iyer, N. V., Agani, F., Leung, S. W., Koos, R. D., et al. (1996). Activation of Vascular Endothelial Growth Factor Gene Transcription by Hypoxia-Inducible Factor 1. Mol. Cel Biol 16 (9), 4604–4613. doi:10.1128/mcb.16.9.4604
 Gadgeel, S. M. (2018). Targeted Therapy and Immune Therapy for Small Cell Lung Cancer. Curr. Treat. Options. Oncol. 19 (11), 53. doi:10.1007/s11864-018-0568-3
 Gardner, E. E., Lok, B. H., Schneeberger, V. E., Desmeules, P., Miles, L. A., Arnold, P. K., et al. (2017). Chemosensitive Relapse in Small Cell Lung Cancer Proceeds through an EZH2-SLFN11 Axis. Cancer Cell 31 (2), 286–299. doi:10.1016/j.ccell.2017.01.006
 Gazdar, A. F., Bunn, P. A., and Minna, J. D. (2017). Small-cell Lung Cancer: what We Know, what We Need to Know and the Path Forward. Nat. Rev. Cancer 17 (12), 765–737. doi:10.1038/nrc.2017.106
 George, J., Lim, J. S., Jang, S. J., Cun, Y., Ozretić, L., Kong, G., et al. (2015). Comprehensive Genomic Profiles of Small Cell Lung Cancer. Nature 524 (7563), 47–53. doi:10.1038/nature14664
 Goldstein, M., and Kastan, M. B. (2015). The DNA Damage Response: Implications for Tumor Responses to Radiation and Chemotherapy. Annu. Rev. Med. 66, 129–143. doi:10.1146/annurev-med-081313-121208
 Govindan, R., Page, N., Morgensztern, D., Read, W., Tierney, R., Vlahiotis, A., et al. (2006). Changing Epidemiology of Small-Cell Lung Cancer in the United States over the Last 30 years: Analysis of the Surveillance, Epidemiologic, and End Results Database. J. Clin. Oncol. 24 (28), 4539–4544. doi:10.1200/JCO.2005.04.4859
 Griffith, T. S., Wiley, S. R., Kubin, M. Z., Sedger, L. M., Maliszewski, C. R., and Fanger, N. A. (1999). Monocyte-mediated Tumoricidal Activity via the Tumor Necrosis Factor-Related Cytokine, TRAIL. J. Exp. Med. 189 (8), 1343–1354. doi:10.1084/jem.189.8.1343
 Han, Y., Liu, D., and Li, L. (2020). PD-1/PD-L1 Pathway: Current Researches in Cancer. Am. J. Cancer Res. 10 (3), 727–742.
 Helin, K., Holm, K., Niebuhr, A., Eiberg, H., Tommerup, N., Hougaard, S., et al. (1997). Loss of the Retinoblastoma Protein-Related P130 Protein in Small Cell Lung Carcinoma. Proc. Natl. Acad. Sci. U S A. 94 (13), 6933–6938. doi:10.1073/pnas.94.13.6933
 Horn, L., Mansfield, A. S., Szczęsna, A., Havel, L., Krzakowski, M., Hochmair, M. J., et al. (2018). First-Line Atezolizumab Plus Chemotherapy in Extensive-Stage Small-Cell Lung Cancer. N. Engl. J. Med. 379 (23), 2220–2229. doi:10.1056/NEJMoa1809064
 Hsu, W. H., Zhao, X., Zhu, J., Kim, I. K., Rao, G., McCutcheon, J., et al. (2019). Checkpoint Kinase 1 Inhibition Enhances Cisplatin Cytotoxicity and Overcomes Cisplatin Resistance in SCLC by Promoting Mitotic Cell Death. J. Thorac. Oncol. 14 (6), 1032–1045. doi:10.1016/j.jtho.2019.01.028
 Ishida, C. T., Zhang, Y., Bianchetti, E., Shu, C., Nguyen, T. T. T., Kleiner, G., et al. (2018). Metabolic Reprogramming by Dual AKT/ERK Inhibition through Imipridones Elicits Unique Vulnerabilities in Glioblastoma. Clin. Cancer Res. 24 (21), 5392–5406. doi:10.1158/1078-0432.CCR-18-1040
 Kaufhold, S., Garbán, H., and Bonavida, B. (2016). Yin Yang 1 Is Associated with Cancer Stem Cell Transcription Factors (SOX2, OCT4, BMI1) and Clinical Implication. J. Exp. Clin. Cancer Res. 35, 84. doi:10.1186/s13046-016-0359-2
 Kline, C. L., Van den Heuvel, A. P., Allen, J. E., Prabhu, V. V., Dicker, D. T., and El-Deiry, W. S. (2016). ONC201 Kills Solid Tumor Cells by Triggering an Integrated Stress Response Dependent on ATF4 Activation by Specific eIF2α Kinases. Sci. Signal. 9 (415), ra18. doi:10.1126/scisignal.aac4374
 Krystal, G., Birrer, M., Way, J., Nau, M., Sausville, E., Thompson, C., et al. (1988). Multiple Mechanisms for Transcriptional Regulation of the Myc Gene Family in Small-Cell Lung Cancer. Mol. Cel Biol 8 (8), 3373–3381. doi:10.1128/mcb.8.8.3373
 Langer, C. J., Albert, I., Ross, H. J., Kovacs, P., Blakely, L. J., Pajkos, G., et al. (2014). Randomized Phase II Study of Carboplatin and Etoposide with or without Obatoclax Mesylate in Extensive-Stage Small Cell Lung Cancer. Lung Cancer 85 (3), 420–428. doi:10.1016/j.lungcan.2014.05.003
 Lawson, M. H., Cummings, N. M., Rassl, D. M., Vowler, S. L., Wickens, M., Howat, W. J., et al. (2010). Bcl-2 and β1-integrin Predict Survival in a Tissue Microarray of Small Cell Lung Cancer. Br. J. Cancer 103 (11), 1710–1715. doi:10.1038/sj.bjc.6605950
 Lee, Y. S., Zhou, L., Azzoli, C., and El-Deiry, W. S. (2020). Abstract 5260: Preclinical Studies with ONC201 in Combination with Clinically Approved Chemotherapy as a Novel Treatment Strategy against Small Cell Lung Cancer (SCLC). Cancer Res. 80 (16 Suppl. ment), 5260. doi:10.1158/1538-7445.am2020-5260
 Liu, Y., Li, Y., Liu, S., Adeegbe, D. O., Christensen, C. L., Quinn, M. M., et al. (2018). NK Cells Mediate Synergistic Antitumor Effects of Combined Inhibition of HDAC6 and BET in a SCLC Preclinical Model. Cancer Res. 78 (13), 3709–3717. doi:10.1158/0008-5472.CAN-18-0161
 Malempati, S., Tibbitts, D., Cunningham, M., Akkari, Y., Olson, S., Fan, G., et al. (2006). Aberrant Stabilization of C-Myc Protein in Some Lymphoblastic Leukemias. Leukemia 20 (9), 1572–1581. doi:10.1038/sj.leu.2404317
 Markham, A. (2020). Lurbinectedin: First Approval. Drugs 80 (13), 1345–1353. doi:10.1007/s40265-020-01374-0
 Mathieu, L., Shah, S., Pai-Scherf, L., Larkins, E., Vallejo, J., Li, X., et al. (2021). FDA Approval Summary: Atezolizumab and Durvalumab in Combination with Platinum-Based Chemotherapy in Extensive Stage Small Cell Lung Cancer. Oncologist 26 (5), 433–438. doi:10.1002/onco.13752
 Meijer, C., Mulder, N. H., Hospers, G. A., Uges, D. R., and de Vries, E. G. (1990). The Role of Glutathione in Resistance to Cisplatin in a Human Small Cell Lung Cancer Cell Line. Br. J. Cancer 62 (1), 72–77. doi:10.1038/bjc.1990.232
 Mikulak, J., Bozzo, L., Roberto, A., Pontarini, E., Tentorio, P., Hudspeth, K., et al. (2014). Dopamine Inhibits the Effector Functions of Activated NK Cells via the Upregulation of the D5 Receptor. J. Immunol. 193 (6), 2792–2800. doi:10.4049/jimmunol.1401114
 Mollaoglu, G., Guthrie, M. R., Böhm, S., Brägelmann, J., Can, I., Ballieu, P. M., et al. (2017). MYC Drives Progression of Small Cell Lung Cancer to a Variant Neuroendocrine Subtype with Vulnerability to Aurora Kinase Inhibition. Cancer Cell 31 (2), 270–285. doi:10.1016/j.ccell.2016.12.005
 Murai, J., Huang, S. Y., Das, B. B., Renaud, A., Zhang, Y., Doroshow, J. H., et al. (2012). Trapping of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 72 (21), 5588–5599. doi:10.1158/0008-5472.CAN-12-2753
 Ni, L., Wang, L., Yao, C., Ni, Z., Liu, F., Gong, C., et al. (2017). The Histone Deacetylase Inhibitor Valproic Acid Inhibits NKG2D Expression in Natural Killer Cells through Suppression of STAT3 and HDAC3. Sci. Rep. 7 (1), 45266–45269. doi:10.1038/srep45266
 Owonikoko, T. K., Park, K., Govindan, R., Ready, N., Reck, M., Peters, S., et al. (2021). Nivolumab and Ipilimumab as Maintenance Therapy in Extensive-Disease Small-Cell Lung Cancer: CheckMate 451. J. Clin. Oncol. 39 (12), 1349–1359. doi:10.1200/JCO.20.02212
 Park, K. S., Martelotto, L. G., Peifer, M., Sos, M. L., Karnezis, A. N., Mahjoub, M. R., et al. (2011). A Crucial Requirement for Hedgehog Signaling in Small Cell Lung Cancer. Nat. Med. 17 (11), 1504–1508. doi:10.1038/nm.2473
 Pavan, A., Attili, I., Pasello, G., Guarneri, V., Conte, P. F., and Bonanno, L. (2019). Immunotherapy in Small-Cell Lung Cancer: from Molecular Promises to Clinical Challenges. J. Immunother. Cancer 7 (1), 205. doi:10.1186/s40425-019-0690-1
 Pietanza, M. C., Byers, L. A., Minna, J. D., and Rudin, C. M. (2015). Small Cell Lung Cancer: Will Recent Progress lead to Improved Outcomes?. Clin. Cancer Res. 21 (10), 2244–2255. doi:10.1158/1078-0432.CCR-14-2958
 Pietanza, M. C., Waqar, S. N., Krug, L. M., Dowlati, A., Hann, C. L., Chiappori, A., et al. (2018). Randomized, Double-Blind, Phase II Study of Temozolomide in Combination with Either Veliparib or Placebo in Patients with Relapsed-Sensitive or Refractory Small-Cell Lung Cancer. J. Clin. Oncol. 36 (23), 2386–2394. doi:10.1200/JCO.2018.77.7672
 Prabhu, V. V., Morrow, S., Rahman Kawakibi, A., Zhou, L., Ralff, M., Ray, J., et al. (2020). ONC201 and Imipridones: Anti-cancer Compounds with Clinical Efficacy. Neoplasia 22 (12), 725–744. doi:10.1016/j.neo.2020.09.005
 Ralff, M. D., Kline, C. L. B., Küçükkase, O. C., Wagner, J., Lim, B., Dicker, D. T., et al. (2017). ONC201 Demonstrates Antitumor Effects in Both Triple-Negative and Non-triple-negative Breast Cancers through TRAIL-dependent and TRAIL-independent Mechanisms. Mol. Cancer Ther. 16 (7), 1290–1298. doi:10.1158/1535-7163.MCT-17-0121
 Rao, S., Sclafani, F., Eng, C., Adams, R. A., Guren, M. G., Sebag-Montefiore, D., et al. (2020). International Rare Cancers Initiative Multicenter Randomized Phase II Trial of Cisplatin and Fluorouracil versus Carboplatin and Paclitaxel in Advanced Anal Cancer: InterAAct. J. Clin. Oncol. 38 (22), 2510–2518. doi:10.1200/JCO.19.03266
 Rudin, C. M., Awad, M. M., Navarro, A., Gottfried, M., Peters, S., Csőszi, T., et al. (2020). Pembrolizumab or Placebo Plus Etoposide and Platinum as First-Line Therapy for Extensive-Stage Small-Cell Lung Cancer: Randomized, Double-Blind, Phase III KEYNOTE-604 Study. J. Clin. Oncol. 38 (21), 2369–2379. doi:10.1200/JCO.20.00793
 Saltos, A., Shafique, M., and Chiappori, A. (2020). Update on the Biology, Management, and Treatment of Small Cell Lung Cancer (SCLC). Front. Oncol. 10 (1074), 1074. doi:10.3389/fonc.2020.01074
 Schuette, W. (2004). Treatment of Brain Metastases from Lung Cancer: Chemotherapy. Lung Cancer 45 Suppl 2, S253–S257. doi:10.1016/j.lungcan.2004.07.967
 Sen, T., Tong, P., Stewart, C. A., Cristea, S., Valliani, A., Shames, D. S., et al. (2017). CHK1 Inhibition in Small-Cell Lung Cancer Produces Single-Agent Activity in Biomarker-Defined Disease Subsets and Combination Activity with Cisplatin or Olaparib. Cancer Res. 77 (14), 3870–3884. doi:10.1158/0008-5472.CAN-16-3409
 Sethi, T., Rintoul, R. C., Moore, S. M., MacKinnon, A. C., Salter, D., Choo, C., et al. (1999). Extracellular Matrix Proteins Protect Small Cell Lung Cancer Cells against Apoptosis: A Mechanism for Small Cell Lung Cancer Growth and Drug Resistance In Vivo. Nat. Med. 5 (6), 662–668. doi:10.1038/9511
 Shepherd, F. A., Giaccone, G., Seymour, L., Debruyne, C., Bezjak, A., Hirsh, V., et al. (2002). Prospective, Randomized, Double-Blind, Placebo-Controlled Trial of Marimastat after Response to First-Line Chemotherapy in Patients with Small-Cell Lung Cancer: a Trial of the National Cancer Institute of Canada-Clinical Trials Group and the European Organization for Research and Treatment of Cancer. J. Clin. Oncol. 20 (22), 4434–4439. doi:10.1200/JCO.2002.02.108
 Sjostrom, S. K., Finn, G., Hahn, W. C., Rowitch, D. H., and Kenney, A. M. (2005). The Cdk1 Complex Plays a Prime Role in Regulating N-Myc Phosphorylation and Turnover in Neural Precursors. Dev. Cel 9 (3), 327–338. doi:10.1016/j.devcel.2005.07.014
 Sun, L., He, Q., Tsai, C., Lei, J., Chen, J., Vienna Makcey, L., et al. (2018). HDAC Inhibitors Suppressed Small Cell Lung Cancer Cell Growth and Enhanced the Suppressive Effects of Receptor-Targeting Cytotoxins via Upregulating Somatostatin Receptor II. Am. J. Transl Res. 10 (2), 545–553.
 Trigo, J., Subbiah, V., Besse, B., Moreno, V., López, R., Sala, M. A., et al. (2020). Lurbinectedin as Second-Line Treatment for Patients with Small-Cell Lung Cancer: a Single-Arm, Open-Label, Phase 2 Basket Trial. Lancet Oncol. 21 (5), 645–654. doi:10.1016/S1470-2045(20)30068-1
 Wagner, J., Kline, C. L., Zhou, L., Campbell, K. S., MacFarlane, A. W., Olszanski, A. J., et al. (2018). Dose Intensification of TRAIL-Inducing ONC201 Inhibits Metastasis and Promotes Intratumoral NK Cell Recruitment. J. Clin. Invest. 128 (6), 2325–2338. doi:10.1172/JCI96711
 Wang, X., Wang, Z. B., Luo, C., Mao, X. Y., Li, X., Yin, J. Y., et al. (2019). The Prospective Value of Dopamine Receptors on Bio-Behavior of Tumor. J. Cancer 10 (7), 1622–1632. doi:10.7150/jca.27780
 Weisenthal, L. M. (1981). Treatment of Small Cell Lung Cancer - 1981. Arch. Intern. Med. 141 (11), 1499–1501. doi:10.1001/archinte.141.11.1499
 Whang-Peng, J., Kao-Shan, C. S., Lee, E. C., Bunn, P. A., Carney, D. N., Gazdar, A. F., et al. (1982). Specific Chromosome Defect Associated with Human Small-Cell Lung Cancer; Deletion 3p(14-23). Science 215 (4529), 181–182. doi:10.1126/science.6274023
 Wistuba, I, Gazdar, A. F., and Minna, J. D. (2001). Molecular Genetics of Small Cell Lung Carcinoma. Semin. Oncol. 28 (2 Suppl. 4), 3–13. doi:10.1016/s0093-7754(01)90072-7
 Zhang, Y., and He, J. (2013). The Development of Targeted Therapy in Small Cell Lung Cancer. J. Thorac. Dis. 5 (4), 538–548. doi:10.3978/j.issn.2072-1439.2013.07.04
 Zhang, Y., Zhou, L., Safran, H., Borsuk, R., Lulla, R., Tapinos, N., et al. (2021). EZH2i EPZ-6438 and HDACi Vorinostat Synergize with ONC201/TIC10 to Activate Integrated Stress Response, DR5, Reduce H3K27 Methylation, ClpX and Promote Apoptosis of Multiple Tumor Types Including DIPG. Neoplasia 23 (8), 792–810. doi:10.1016/j.neo.2021.06.007
 Zhao, S., Zhou, L., Dicker, D. T., Lev, A., Zhang, S., and El-Deiry, W. S., (2020). HIF1α Inhibition by Dual Targeting of CDK4/6 and HSP90 Reduces Cancer Cell Viability Including Rb-Deficient Cells.
 Zhao, W., Huang, Y., Liu, Z., Cao, B. B., Peng, Y. P., and Qiu, Y. H. (2013). Dopamine Receptors Modulate Cytotoxicity of Natural Killer Cells via cAMP-PKA-CREB Signaling Pathway. PLoS One 8 (6), e65860. doi:10.1371/journal.pone.0065860
 Zhou, T., Zhang, Z., Luo, F., Zhao, Y., Hou, X., Liu, T., et al. (2020). Comparison of First-Line Treatments for Patients with Extensive-Stage Small Cell Lung Cancer: A Systematic Review and Network Meta-Analysis. JAMA Netw. Open 3 (10), e2015748. doi:10.1001/jamanetworkopen.2020.15748
 Zhu, M., Huang, Y., Bender, M. E., Girard, L., Kollipara, R., Eglenen-Polat, B., et al. (2021). Evasion of Innate Immunity Contributes to Small Cell Lung Cancer Progression and Metastasis. Cancer Res. 81 (7), 1813–1826. doi:10.1158/0008-5472.CAN-20-2808
 Zhu, S., Denman, C. J., Cobanoglu, Z. S., Kiany, S., Lau, C. C., Gottschalk, S. M., et al. (2015). The Narrow-Spectrum HDAC Inhibitor Entinostat Enhances NKG2D Expression without NK Cell Toxicity, Leading to Enhanced Recognition of Cancer Cells. Pharm. Res. 32 (3), 779–792. doi:10.1007/s11095-013-1231-0
Conflict of Interest: WSE-D is a co-founder of Oncoceutics, Inc., a subsidiary of Chimerix. WSE-D has disclosed his relationship with Oncoceutics and potential conflict of interest to his academic institution/employer and is fully compliant with NIH and institutional policy that is managing this potential conflict of interest.The remaining 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.
Copyright © 2021 Liguori, Lee, Borges, Zhou, Azzoli and El-Deiry. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-747180-t002.jpg
Name of study

Study to Assess Safety, Tolerability, Efficacy of PM01183 and atezolizumab in Patients w/Advanced Small Cell Lung
Cancer

Lurbinectedin (PM01183) Combined With pembrolizumab in Small Cell Lung Cancer. (LUPER)
Immune Checkpoint Inhibition With Lurbinectedin Relapsed/Recurrent SCLC

Phase

v
i

Status

Recruiing

Recriting
Recruiting

ClinicalTrials.gov
identifier

NCT04253145

NCT04358237
NCT04610858





OPS/xhtml/nav.xhtml
Contents

		Cover

		Absence of Biomarker-Driven Treatment Options in Small Cell Lung Cancer, and Selected Preclinical Candidates for Next Generation Combination Therapies		Introduction

		Immunotherapy Increases Survival in SCLC

		Genomics of Small Cell Lung Cancer		Tumor Suppressor Gene Loss

		Oncogenic Drivers

		DNA Repair

		Cell Cycle and Differentiation Mechanisms





		ONC201: A Promising Novel Agent for SCLC

		5 Lurbinectidin: A Novel Agent in Clinical Use in SCLC

		Discussion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Absence of Biomarker-Driven
Treatment Options in Small Cell
Lung Cancer, and Selected
Preclinical Candidates for Next
Generation Combination
Therapies





OPS/images/fphar-12-747180-g001.gif





OPS/images/fphar-12-747180-t001.jpg
Name of study

ONC201 in Relapsed/Refractory Acute Leukenias and
High-Risk Myelodysplastic Syndromes (HR-MDS)

Oral ONC201 in Recurrent GBM, H3 K27M Glioma, and
Midiine Glioma

Oral ONC201 in Relapsed/Refractory Multiple Myeloma

Phase 2 Study of ONC201 in Neuroendocrine Tumors.
ONC201 in Aduits With Recurrent H3 K27M-mutant
Glioma

ONC201 in Recurrent/Refractory Metastatic Breast Cancer
and Advanced Endometrial Carcinoma

ONC201 in Pediatric H3 K27M Gliomas

ONC201 in Recurrent or Metastatic Type Il Endometrial
Cancer Endometrial Cancer

BrUOG 379 phase Ib/ll Trial ONC201 + nivolumab in MSS
mCRC (379)

ONC 201 Maintenance Therapy in Acute Myeloid Leukemia
and Myelodysplastic Syndrome After Stem Cell Transplant

Phase

i

nr

Disease

Leukemia
Various Gliomas
Multiple Myeloma

Recurrent/Metastatic Neuroendocrine Tumor
Glioma

Triple Negative Breast Cancer, Endometrial Cancer,
Hormone Receptor Positive, HER2 Negative Breast
Cancer

Glioma, Diffuse Intrinsic Pontine Glioma

Recurrent Endometrial Cancer

Metastatic Colorectal Cancer

AML

Status

Active, not
recruiting
Recruiting

Active, not
recruting

Recruting
Recruiting

Active, not
recruiting

Recruiting
Recrting

Active, not
recruting
Recriting

ClinicalTrials.gov
identifier

NCT02392572
NCT02525692
NCT02863991

NCT03034200
NCT03295396

NCT03394027
NCT03416530
NCT03485729
NCT03791398

NCT03932643









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





