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Small-cell lung cancer (SCLC) is an aggressive neuroendocrine tumor with a high relapse rate, limited therapeutic options, and poor prognosis. The combination of chemotherapy and immune-checkpoint inhibitors brings a new therapeutic era, although the lack of predictive biomarkers of response reduces the efficacy of applying the treatment to the entire population of patients with SCLC. The lack of treatments able to bind to a specific target has always been a substantial difference to the non-small cell lung cancer (NSCLC) counterpart. Delta-like canonical Notch ligand 3 is a protein frequently overexpressed in SCLC and is therefore being explored as a potentially promising therapeutic target in high-grade neuroendocrine lung cancer. In this article, we critically review the activity and efficacy of old DLL3 inhibitors antibody-drug conjugate (ADC) and their failures through new compounds and their possible applications in clinical practice, with a focus on new molecular classification of SCLC.

KEYWORDS
DLL3, small-cell lung cancer, rovalpituzumab tesirine, tarlatamab, molecular classification


Introduction: The role of targeted therapies in SCLC

Small-cell lung cancer (SCLC) represents the most aggressive phenotype within the spectrum of all lung neuroendocrine tumors with rapid proliferation and chemoresistance to conventional antiblastic treatments. This results in poor prognosis in case of advanced stage at diagnosis (1, 2).

After more than 30 years, the first-line therapeutic paradigm for advanced stage has been changed by introducing new agents in combination with chemotherapy such as immune check-point inhibitors. This had led to an improvement of the median survival of these patients beyond 12 months (3, 4).

A major advance in modern oncological therapy in the field of lung neoplasms has been the identification of genetic factors, mostly linked to point mutations, deletions, insertions, translocations leading to the identification of tumor subtypes sensitive to molecularly targeted therapies. In addition to this, the evidence of some predictive markers of response to immunotherapy, although inaccurate, have determined the greatest impact on survival in NSCLC, changing the natural history of this disease (5, 6).

The lack of predictors of response to the most modern treatments leads to the failure of so-called precision medicine in SCLC.

For example, analysis of biomolecular factors of patients considered to be strongly benefiting from chemo-immunotherapy treatment (i.e., longer than 18 months) with atezolizumab did not lead to evidence of benefit in any subgroup, regardless of the status of the biomarkers analyzed (7).

The exploratory analysis conducted in the CASPIAN study points in the same direction. The association between the antigen presentation factors (HLA class 1/2 alleles) and the overall survival (OS) showed that the presence of the HLA-DQB1 * 03: 01 allele was associated with a longer OS in the durvalumab + tremelimumab and chemotherapy arm, but not in the other arms, providing a proof of concept for further studies in the future (8).

Although SCLC is characterized by numerous genomic alterations typically caused by a specific pathogenic noxa (cigarette smoke), the study of these alterations has not led to the determination of specific drugs. Within some seminal works, whole-exome sequencing of SCLC tumor surgical samples in a treatment-naïve population confirmed the already known genetic features of this disease, characterized by a high mutational burden (8.6 mut/Mb), universal loss-of-function mutations in TP53 and RB1 and rare actionable targetable mutations in KIT, PIK3CA, BRAF and amplification of FGFR1, SOX2 and MYC (9).

Recently, new avenues have opened up with the evaluation of different SCLC subtypes defined by the differential expression of four key transcription regulators: ASCL1, NeuroD1, YAP1 and POU2F3 (10). The reveal of potential therapeutic vulnerabilities of these subtypes may constitute a step forward in personalized SCLC medicine (11).

In oncology, an ideal target is generally a molecular alteration that is more highly expressed in tumor tissue than in healthy cells and represents a factor that substantially promotes and supports cell proliferation and that can be blocked by a specific therapy leading to cell apoptosis.

Delta-like canonical Notch ligand 3 (DLL3) is an inhibitory ligand of the Notch pathway that is highly conserved in developing lung neuroendocrine cells. Therefore, the resulting downregulation involves the growth of neuroendocrine tumor cells (12).

DLL3 is overexpressed on the cell surface of neuroendocrine tumor cells in about 80% of SCLCs, whereas it is normally expressed in the cytoplasmic area in healthy cells (13).

DLL3 expression is also regulated by the transcription factor achaete-scute homolog 1 (ASCL1) which, in recent works, has been recognized as an oncogenic driver whose alteration is present in about 60% of all SCLCs.

The differential expression profile of DLL3 in normal vs. oncogenic tissue makes this target particularly interesting from a therapeutic point of view (14).

In recent years, the establishment of DLL3 as a unique target in SCLC has accelerated the development of novel and promising therapeutic agents.

The history of drug development involving the manipulation of this target has led to mixed results starting with older antibody-drug conjugate (ADC) such as rovalpituzumab tesirine (ROVA-T) through renewed interest in immuno-oncological agents such as bispecific T-cell engager (BiTE) and chimeric antigen receptor T cell (CAR-T), with their attendant failures, to new compounds and their possible applications in clinical practice, with a focus on a new molecular classification of SCLC.

Further development of these drugs could lead to the beginning of a new era of specific and highly active therapies in the therapeutic strategy of SCLC and other neuroendocrine neoplasms (15).

In this review, we will critically focus on the development of treatments against DLL3 and their perspective in clinical practice.



DLL3 expression and its role in high grade neuroendocrine lung cancer

DLL3 is a member of the Delta/Serrate/Lag2 (DSL) Notch receptor ligands, together with DLL1, DLL4, JAG1, and JAG2. Notch signaling is a highly conserved pathway involved in cell proliferation, differentiation, and apoptosis, which plays a pivotal role in the development of pulmonary neuroendocrine cells and is thus directly involved in the pathogenesis of certain tumors such as SCLC. DLL3 is an inhibitory ligand for the Notch receptor, normally located in the Golgi apparatus in healthy cells. DLL3/Notch binding prevents dislocation of the receptor on the cell surface and emerges on the cell membrane when it is pathologically overexpressed, resulting in aberrant growth of neuroendocrine tumor cells, including SCLC and large-cell neuroendocrine carcinoma (LCNEC) (13, 16). In a recent study, 63 patients with SCLC underwent immunohistochemistry (IHC) for DLL3: 52 patients (83%) were positive for DLL3 expression, with 20 patients (32%) showing high expression of DLL3 (positive in at least 50% of cancer cells) (17). DLL3 is not only involved in SCLC, but is also expressed in other tumor types of neuroendocrine origin, including melanoma, glioblastoma multiforme, small cell bladder cancer and castration-resistant prostate cancer (18). DLL3 expression is regulated by ASCL1, a transcription factor required for the proper development of pulmonary neuroendocrine cells, which is recognized as an oncogenic driver in ~60% of all SCLCs (14, 19). ASCL1 is one of four key transcription factors whose expression underlies the emerging molecular classification of SCLC. In contrast to the increasingly targeted drugs for patients with lung adenocarcinoma involving EGFR, ALK, ROS1, RET, BRAF, MET and NTRK, SCLC is still perceived and treated as a single disease, a “homogenous” entity without clinically relevant molecular subtypes. However, based on the expression of several neuroendocrine (NE) markers, such as chromogranin A (CHGA), synaptophysin (SYP), neural cell adhesion molecule 1 (NCAM1/CD56) and gastrin-releasing peptide (GRP) SCLC can be classified into neuroendocrine-high (NE-high) or neuroendocrine-low (NE-low) tumor. The NE-high and NE-low subtypes show distinct genetic alterations and a different susceptibility to immune checkpoint inhibitors (ICIs), suggesting that some sort of biological heterogeneity also exists for SCLC (20). The biological heterogeneity of SCLC has started to emerge through studies based mainly on preclinical models such as genetically engineered mouse models (GEMMs) and patient-derived xenografts (PDXs) (21). Recent genomic profiling studies have defined SCLC molecular subtypes based on the relative expression of key transcription regulators, including ASCL1, NeuroD1 (neurogenic differentiation factor 1), YAP1 (yes-associated protein 1), and POU2F3 (POU domain class 2 homeobox 3). Multiple independent researchers have proposed a consistent nomenclature for these SCLC subtypes: SCLC-A (A=ASCL1), SCLC-N (N=NeuroD1), SCLC-Y (Y=YAP1) and SCLC-P (P=POU2F3). SCLC-A and SCLC-N show high expression of NE markers. In contrast, SCLC-Y and SCLC-P are considered non-NE tumor subtypes. Whole genome sequencing (WGS) revealed an enormous mutational burden and a high number of genetic alterations that characterize each SCLC subtype more or less specifically: ~90% biallelic loss of TP53 and RB1, overexpression/amplification of cyclin D1 (CCD1), inactivation of cyclin dependent kinase inhibitor 2A (CDKN2A) and alteration in several genes involved in cell cycle regulation (CDK4/6), receptor kinase signaling (KIT, FGFR1), transcriptional regulation (CREBBP, MYC), apoptosis (SOX2, BCL2) and neuroendocrine differentiation/Notch signaling (22). Therefore, DLL-3 inhibitors now represent a potential therapeutic target approach in NE-high SCLC-A, underlining the importance of the emerging concept that heterogeneity in SCLC is primarily based on neuroendocrine differentiation, molecular subtype, and gene expression profile.



The old journey: First generation DLL3 inhibitors

Rovalpituzumab tesirine is a first-in-class DLL3-targeted antibody-drug conjugate consisting of the humanized DLL3-specific IgG1 monoclonal antibody SC16, the DNA cross-linking agent SC-DR002 and a protease-cleavable linker that covalently binds SC-DR002 to SC16. Rudin et al. evaluated single-agent ROVA-T in SCLC or LCNEC with measurable progressive disease previously treated with one or two chemotherapeutic regimens, including a platinum-based regimen, in a first-in-human, open-label, phase I study (16). The primary objective of the study was to assess the safety of ROVA-T; secondary objectives were to characterize the pharmacokinetics and immunogenicity of ROVA-T, estimate its antitumor activity, and establish the recommended phase II dose and schedule. Eighty-two (82) patients were enrolled, 74 SCLC and 8 LCNEC (excluded from main endpoint analyses). All patients received at least one dose of ROVA-T. The maximum tolerated dose was reported to be 0.4 mg/kg every 3 weeks, but this dose was associated with an unacceptable level of delayed toxic effects. Consequently, the recommended dose and schedule of ROVA-T was defined as two cycles of 0.3 mg/kg every 6 weeks. Sixty-six (88%) patients reported treatment-related adverse events (ADs) of any grade, 28 (38%) patients of grade 3 or worse. Thrombocytopenia, serous effusions, and skin reactions were the most frequent treatment-related ADs of grade 3 or worse. Eighteen (22%) patients discontinued treatment due to ADs. Of the 65 patients assessable for activity analyses, 11 (17%) achieved a confirmed objective response and 35 (54%) stable disease. The median duration of response (DOR) was 5.6 months, and the median progression-free survival (mPFS) was 3.1 months. Median OS (mOS) was 4.6 months in the 68 patients treated with the active dose levels of ROVA-T. Considering the 29 DLL3-high patients, ten (35%) had a confirmed objective response, mPFS was 4.5 months, and mOS was 5.8 months. Udagawa and colleagues conducted a similar phase I, open-label, dose-escalation study among the Japanese population (23). SCLC patients, pre-treated with at least two systemic regimes, including one platinum-based regimen, received 2 doses of ROVA-T (0.2 or 0.3 mg/kg) every 6 weeks. Retreatment was allowed for patients who tolerated initial doses and achieved a disease control for at least 12 weeks after the last dose, but only one patient was retreated with ROVA-T. The primary objective was to assess safety and tolerability; secondary objectives were pharmacokinetics and preliminary efficacy. DLL3 expression was classified as high (≥75%), positive (≥25%), or negative (<25%) as IHC-based score. A total of twenty-nine (29) patients were enrolled, 6 in the 0.2 mg/kg cohort and 23 in the 0.3 mg/kg cohort. As expected, most patients (64%) expressed high-DLL3. All patients experienced at least one treatment-emergent adverse event (TEAE) of any grade; 15 patients reported AD of grade ≥3. These safety findings were accompanied by low activity: 3 (10%) patients achieved a confirmed partial response (PR). The median DOR was 3.0 months, mPFS was 2.2 months, and mOS was 5.8 months. All responders received 0.3 mg/kg ROVA-T and had tumors with high DLL3 expression. In patients with high DLL3 expression, mOS was 7.4 months compared to 5.1 months in non- high DLL3 patients (23). Despite the premise, ROVA-T was evaluated by Hann and colleagues in a phase I, multicenter, open-label study in a chemo-naïve population. After an initial chemotherapy cycle, ROVA-T was administered as monotherapy sequentially or in combination with cisplatin/carboplatin and etoposide (CE). The primary endpoint was safety, while secondary endpoints included efficacy and pharmacokinetic assessment of ROVA-T combined with CE. Based on preliminary safety and efficacy data, patients who received lower doses of ROVA-T (0.1 or 0.2 mg/kg) in combination with CE were selected for further evaluation. Drug-related TEAEs of any grade occurred in 14 (100%) patients, while serious adverse events (SAEs) were observed in 13 (93%) patients. Seven patients (50%) achieved a confirmed objective response rate (ORR), mPFS was 5.2 months and mOS was 10.3 months. These results do not suggest any efficacy benefit of frontline combination treatment with ROVA-T (24). Despite these discouraging results, the phase II TRINITY study was conducted in a population of relapsed or refractory SCLC. All patients received ROVA-T 0.3 mg/kg every 6 weeks for two cycles as initial treatment and a retreatment was allowed in patients who had benefited from the first cycle. The co-primary endpoints were ORR and OS. Secondary endpoints were DOR, disease control rate (DCR), and PFS. Three hundred thirty-nine patients were enrolled and received at least one dose of ROVA-T, most of them (70%) with DLL3-high. The ORR for the entire population was 12.4%, mPFS was 3.5 months, and mOS was 5.6 months with no significant difference in the DLL3-high subgroup. Almost all patients reported at least one TEAE, grade 3 or 4 TEAEs were observed in 179 (54%) patients. The most frequent severe ADs were in order of incidence: cutaneous reaction, edema, and pleural effusion (54 vs. 38 vs. 32%, respectively) (25). Lastly, the activity of ROVA-T was evaluated in two phase III studies. The TAHOE study was an open-label, two-to-one randomized, phase III study that compared the efficacy and safety of ROVA-T vs. topotecan in patients with DLL3-high SCLC progressed during or after first-line platinum-based chemotherapy. The primary endpoint was OS. The ROVA-T schedule used was the same as previously described in phase II studies. After enrolment of 444 patients, the study was stopped because OS with ROVA-T was shorter than with topotecan, and statistical tests for efficacy endpoints were not performed as originally planned. mOS was 6.3 months in the ROVA-T arm and 8.6 months in the topotecan arm; mPFS was 3.0 and 4.3 months, respectively. ORR was 15% in the ROVA-T arm vs. 21% in the topotecan arm, with grade 3 or higher ADs reported in the ROVA-T arm in 64% of patients (26). The second phase III study explored ROVA-T in the maintenance phase. MERU was a phase III randomized in a 1:1 ratio, double-blind, placebo-controlled study that enrolled patients with SCLC who had achieved disease control after four cycles of first-line platinum-based chemotherapy, measured as stable disease, partial response, or complete response according to RECIST v.1.1. The primary endpoints were PFS and OS in the population with DLL3-high tumors. After enrolment of 748 patients, the study was stopped early due to the OS-based futility analysis. In the high DLL3 population (61%), mOS was 8.5 months in the ROVA-T arm and 9.8 months in the placebo arm and ORR was 10 and 5%, respectively. The mOS for all randomized patients (secondary endpoint) was 8.8 months in the ROVA-T arm and 9.9 months in the placebo group. No significance was observed in the mOS of the population with DLL3-high tumors vs. DLL3-low. However, with regard to PFS, a favorable trend was observed for DLL3-high tumors. Overall, 343 (93%) patients in the ROVA-T arm and 304 (82%) in the placebo arm experienced at least one TEAE; TEAEs of grade greater than or equal to 3 occurred in 217 patients (59%) in the ROVA-T arm and 111 (30%) in the placebo arm (27). ROVA-T was also evaluated in combination with ICIs in a phase I–II study. The primary endpoint was to assess the safety and tolerability of administering ROVA-T in combination with nivolumab or nivolumab plus ipilimumab; the secondary endpoint was antitumor activity. Fourty two patients were enrolled, 30 in cohort 1 (nivolumab) and 12 in cohort 2 (nivolumab plus ipilimumab). Overall, 23 (55%) patients were DLL3 high. Four patients experienced dose-limiting toxicities (DLTs), of which one belonged to cohort 1 and three to cohort 2. All 42 patients reported one or more TEAEs, with 38 (91%) patients reporting grades ≥3. In cohort 1, the confirmed ORR was 27.6%, mPFS was 4.8 months, and mOS was 7.4 months; in cohort 2, the confirmed ORR was 36.4%, mPFS was 4.1 months, and mOS was 11.0 months. For the entire sample ORR was 30%, mOS 7.4 months, and PFS 4.2 months (28) (see Table 1). In all these trials, ROVA-T showed a unique toxicity profile, with pleural and pericardial effusion, peripheral oedema, cutaneous reaction, and thrombocytopenia among the most common ADs. The mechanism of these toxic effects is unclear, but the most likely explanation is premature linker lysis, which causes systemic release of the DNA cross-linking agent SC-DR002. Although ROVA-T was the first target therapy studied for SCLC, the lack of predictive biomarkers, the unique toxicity profile shown in all clinical studies, and the modest clinical activity led to the discontinuation of development of this drug (29).


TABLE 1 ROVA-T trials: Characteristics and results.
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The new journey: Second generation DLL3 inhibitors

AMG 757 is a first-in-class bispecific T-cell engager antibody consisting of two domains. One domain binds the DLL3 on tumor cells and the other binds the CD3 part of the T-cell receptor. In this way, AMG757 connects DLL3-positive tumor cells and T-cells, producing both tumor cells lysis and T-cells activation. In addition, this binding causes the production of cytokines that overwhelm the immunosuppressive environment of the tumor (18, 30–32). The structure of the antibody allows an extended half-life of 9.8 days. In vitro, low doses of AMG 757 are sufficient to induce the killing of DLL-3 positive tumor cells by T-cells without effects on DLL3-negative cells, including normal cells. These pharmacokinetic properties allow delayed administrations in humans (30–32).

Giffin and colleagues evaluated AMG 757 efficacy in cell lines and xenograft mouse models derived from SCLC patients. They demonstrated that once-weekly administration of AMG 757 induces T-cell activation and expansion in xenograft and orthotopic mouse models derived from patients with SCLC tumors in. In vitro, AMG 757 leads to T-cell activation, the production of proinflammatory cytokine and the release of cytotoxic granules. Engaged T-cells kill SCLC cell lines, including those with low levels of DLL3 expression. In vivo, the authors evaluated the activity of AMG 757 in mouse models of patient-derived SCLC xenografts. Treatment with AMG 757 induced overall significant reduction in tumor volume. The activity was also evaluated in orthotopic SCLC models with weekly intravenous infusion. Similarly, AMG 757 treatment led to a significant reduction in tumor growth in these models. A single administration induced a significant increase in the number of human CD4+ and CD8+ T cells. In non-clinical toxicological studies, AMG 757 was well tolerated at the maximum dose of 4.5 mg/kg, confirming low DLL3 expression on normal cells (31).

Clinical experience in humans is also reassuring. An ongoing phase I study evaluated AMG 757 monotherapy in combination with anti-PD1 therapy and additional cytokine release syndrome (CRS) mitigation strategies in adult SCLC patients who had progressed or recurred after at least 1 platinum-based chemotherapy (NCT03319940). AMG 757 was administered intravenously once every 2 weeks at escalating doses up to 10 mg (0.003e10.0 mg). As of 7 august 2020, the study enrolled 40 patients with a median age 64 (44–80). Preliminary results from the monotherapy arm showed a median treatment duration of 6.1 weeks (0.1–59.4). AEs were reported in 39 (97.5%) patients and 4 (10%) discontinued treatment due to such effects. 32 (80%) were treatment-related, including 7 (17.5%) grade ≥3 and 1 (2.5%) grade 5 pneumonitis. Cytokine release syndrome (CRS) occurred in 18 (45%) patients, grade 1 or 2, none grade 3. The symptoms of CRS were fever and hypotension, occurred within 24 h of the first two doses (or during the first 24 h) and were reversible. There were no reports of interruption or discontinuation of treatment due to CRS. A confirmed partial response (PR) was observed in 6 (15.8%) patients and stable disease in 11 (28.9%) patients. Patients with confirmed PR were mostly heavily pre-treated with a median of 2 (1–4) prior lines of therapy. They had a DOR between 1.9 and 9.4 months. Tumor shrinkage occurred irrespective of DLL3 expression (range 55–300) (33). The trial is still active and recruiting.

Another novel therapy targeting DLL3 is AMG 119, a chimeric antigen receptor T cell (CAR-T). T cells are taken from the patient and genetically modified ex vivo to express a chimeric antigen receptor that targets DLL3. Subsequently, cytotoxic T-cells are re-administered to the patient to recognize and kill DLL3-positive cells. Unlike AMG 757, AMG 119 can induce long-lasting antitumor activity with a single administration (34).

Preclinical data have shown that AMG 119 has high potency and specificity for DLL3-positive tumor cells. In vitro, AMG 119 is shown to enhance T-cell cytotoxic activity and pro-inflammatory cytokine production. In vivo, AMG 119 induces tumor shrinkage in xenograft models (34).

Clinical data are immature. NCT03392064 is an open-label, phase I study evaluating the safety and tolerability of AMG 119. Secondary endpoints include ORR, PFS and OS. Eligible patients are adult patients with SCLC that has progressed after at least one platinum-based chemotherapy. AMG 119 is administered intravenous once. The trial is currently suspended.



Discussion and future perspectives

Precise and effective therapy for SCLC represents an unmet medical need. Some progress has been made using modern technologies and next generation sequencing (NGS), but a thorough understand of the biology of SCLC is crucial.

DLL3 is an atypical ligand of the Notch receptor family that is found on the surface of tumor cells and in over 80% of SCLC. It should be noted that expression in normal lung tissue is low or null. The Notch pathway is associated with cancer proliferation and DLL3 participates in neuroendocrine tumorigenesis. Moreover, DLL3 is associated with a poor prognosis, particularly in some rare neuroendocrine subtypes (35).

Based on the high DLL3 expression in SCLC and LCNEC, DLL3 represents an interesting and novel targeted therapy.

In recent clinical trials, ROVA-T, a DLL3-targeting Ab-drug conjugate, has been tested as a novel antitumor drug. However, the phase III trials TAHOE and MERU (26, 27) demonstrated a shorter OS than standard therapy. Consequently, its development was permanently discontinued in August 2019. The absence of predictive biomarkers was a reason for the failure of Rova-T development. DLL3 expression was evaluated as biomarker, but while an enrichment of responses was observed in early studies in DLL3-high tumors, these results were not confirmed in phase 3 trials, although TAHOE trial enrolled only DLL3 high patients, thus the predictive role of DLL3 as biomarker was not tested in the same way as earlier trials (26). The combination of Rova-T with nivolumab + ipilimumab or nivolumab in the case of progressive disease (NCT03026166) was also discontinued after the DLT evaluation phase of the cohort (28).

Translational research is also investigating possible mechanisms of resistance to Rova-T, but there are currently no clinical implications (36).

Antibody drug conjugates are among the fastest growing drug classes in oncology; for example, the recent evolution in ADCs is evident in breast cancer; DESTINY-breast03 trial compared the efficacy and safety of trastuzumab deruxtecan (T-DXd), an ADC that combines the humanized anti-HER2 mAb trastuzumab with the topoisomerase inhibitor deruxtecan via a protease-cleavable peptide linker, with those of trastuzumab emtansine (T-DM1), an ADC composed of the anti-HER2 mAb trastuzumab connected to the microtubule inhibitor emtansine via a noncleavable linker, in patients with advanced HER2 positive breast cancer previously treated with trastuzumab and a taxane. In these patients the risk of disease progression or death was lower among who received trastuzumab deruxtecan than among who received trastuzumab emtansine (37). In this way, future development of rovalpituzumab, as mAb targeting DLL3 in the structure of an ADC, could include a different and more consistent linker, an increasing payload loading, novel and more powerful payloads or more innovative payloads that could overcome resistance to previous therapies (38).

Despite the discontinuation of ROVA-T development, new molecules targeting DLL3, such as near-infrared photoimmunotherapy, AMG 757, and AMG 119, have been explored with some promising data.

AMG 757 is a bispecific T-cell engager (BiTE). As bispecific recombinant proteins that target a T-cell surface molecule and a tumor-specific surface antigen, they promote T-cell adherence and anti-tumor response through an MHC-independent strategy (39). AMG 757 alone and in combination with pembrolizumab is being evaluated in a phase I study (NCT03319940) and is also being evaluated in combination with AMG 404 in a phase I/II study (NCT04885998). In addition, a phase II trial (NCT05060016) is ongoing in subjects with pre-treated, relapsed/refractory SCLC, in which tarlatamab, a half-life extended bispecific T-cell engager (HLE BiTE immune therapy) targeting DLL3, is being evaluated.

HPN328 is a tri-specific, half-life extended, T-cell engager targeting DLL3 and designed to minimize off-target toxicities. Interim results from an ongoing phase 1/2a study (NCT04471727) in patients with small cell lung cancer and other neuroendocrine cancers have shown promising results with regard to toxicity, and dose escalation is ongoing (40).

AMG 119 is a therapy based on CAR-T cells targeting DLL3. A phase I study (NCT03392064) was conducted in relapsed/refractory SCLC (currently suspended).

Specifically, Chen et al. (41) investigated the efficacy of DLL3-targeted bispecific antibody and CAR-T cells alone or in combination with immunotherapy.

The bispecific antibody and CAR-T showed activity in blocking the tumor growth in vivo. The association with the PD-1 inhibitor increased the activity of the DLL3 bispecific antibody, but not that of CAR-T cells. Although the results are rather encouraging, further studies are needed to verify this possible approach.

A new type of therapy, the near-infrared photoimmunotherapy has been providing intriguing results. Near-infrared photoimmunotherapy is an anticancer treatment technology that uses an Ab-photosensitizer conjugate followed by exposure to near-infrared light to damage cancer cells (42).

Incubating cells with ROVA-IR700 (ROVA-T conjugated with an IR700 photosensitizer) resulted in significant cell lysis upon exposure to near-infrared light. ROVA-IR700 has also been shown to shrink xenografts in mice (42).

Recently, another interesting therapeutic approach is radioimmunotherapy for SCLC. It consists of radiolabeling the anti-DLL3 antibody SC16 with the therapeutic radioisotope Lu-177 that emits beta particle. [177Lu] Lu-DTPA-CHX-A″-SC16 binds to DLL3 on SCLC cells and delivers targeted radiotherapy into the cancer cells, preserving healthy tissue.

A systemic radioimmunotherapy strategy employing a monoclonal antibody with high specificity for DLL3 is the basis of a proof-of-principle study conducted by Tully and colleagues in tumor-bearing mice (43).

The study investigated the preclinical efficacy and toxicity of 177Lu-labeled SC16 for the treatment of human SCLC in tumor-bearing mice. The results show impressive efficacy in mouse models of subcutaneous xenograft of SCLC, with moderate and transient hematologic toxicity and no significant hepatotoxicity.

These findings support [177Lu] Lu-DTPA-CHX-A″-SC16 as a potential development for clinical translation. Moreover, the possibility of using 89Zr-immunoPET to identify who would benefit more from targeted radioimmunotherapy with [177Lu]Lu-DTPA-CHX-A″-SC16 could represent a clinically meaningful opportunity (44).

Although the results are preliminary and need to be confirmed in further studies, they are appealing.

More recently, immunotoxin therapy is becoming a promising way to treat cancer. Ataee el al. (45) have designed two recombinant immunotoxins against DLL3 containing single-chain variable fragment rovalpituzumab antibody, which will require further experimental analysis.

All the above-mentioned findings are relevant to provide progress in the treatment of SCLC. Preclinical and clinical data show some encouraging outcomes.

The development of novel targeted therapies in SCLC is crucial and extremely challenging. The role of these drugs, alone or in combination with immunotherapy, radiotherapy, or other molecules, is being studied and it is hoped that they will change the scenario of SCLC treatment.

As SCLC is still a deadly disease, more attention should be paid to improving its therapeutic strategy. Strategies include advances in genomic profiling and biological pathways to identify potential tailored therapies and novel molecular targeted therapies. With regard to surface molecules, the identification of an affective antibody drug conjugate could be an attractive therapeutic target in the future, as well as radioimmunotherapy.

The outcomes of ongoing clinical trials and future research could contribute to breakthroughs in the treatment of SCLC.
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ADC, Antibody-drug conjugate; AE, Adverse event; ASCL1, achaete-scute homolog 1; BiTE, Bispecific T-cell engager; CAR-T, Chimeric antigen receptor T cell; CE, Cisplatin/carboplatin and etoposide; CRS, Cytokine release syndrome; DCR, Disease control rate; DLL3, Delta-like canonical Notch ligand 3; DLT, Dose limiting toxicities; DOR, Duration of response; DSL, Delta/Serrate/Lag2; ICI, Immune checkpoint inhibitor; IHC, Immunohistochemistry; LCNEC, Large-cell neuroendocrine carcinoma; mOS, Median overall survival; mPFS, Median progression-free survival; NE, neuroendocrine; NeuroD1, Neurogenic differentiation factor 1; NSCLC, Non-small-cell lung cancer; NGS, Next generation sequencing; ORR, Objective response rate; OS, Overall survival; PFS, Progression-free survival; POU2F3, POU domain class 2 homeobox 3; PR, Partial response; ROVA-T, Rovalpituzumab tesirine; SAE, Serious adverse event; SCLC, Small-cell lung cancer; T-DM1, trastuzumab emtansine; T-DXd, trastuzumab deruxtecan; TEAE, Treatment-emergent adverse event; YAP1, Yes-associated protein 1.
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