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ABSTRACT
Introduction:  Small cell lung cancer (SCLC) initially responds well to cisplatin-based 
chemotherapy, but rapid development of drug resistance limits long-term efficacy and 
subsequent treatment options. Understanding the multifactorial mechanisms of cisplatin 
resistance is essential for improving patient outcomes. This review synthesizes recent 
preclinical and clinical advances, focusing on seven key resistance mechanisms and 
emerging therapeutic strategies, including immunotherapy, targeted therapy, and novel 
chemotherapeutic agents.
Discussion:  Cisplatin resistance in SCLC arises through multiple mechanisms. First, 
reduction of drug deposition due to altered uptake or enhanced efflux decreases 
intracellular cisplatin levels. Second, dysregulation of apoptotic pathways, including 
overexpression of anti-apoptotic proteins such as Bcl-2, allows tumor cells to evade 
chemotherapy-induced cell death. Third, enhanced DNA damage repair restores 
cisplatin-induced lesions, limiting cytotoxicity. Fourth, the tumor microenvironment can 
induce resistance through stromal and immune interactions. Fifth, metabolic adaptations 
enable tumor cells to survive under chemotherapeutic stress. Sixth, SCLC subtype 
transitions alter cellular phenotype and chemosensitivity. Seventh, epigenetic changes 
drive transcriptional programs that confer resistance.
Targeted therapies, such as multidrug resistance (MDR) inhibitors and Bcl-2 family 
inhibitors, can restore tumor sensitivity but are limited by toxicity and tumor-specific 
efficacy. Immunotherapy, including PD-1/PD-L1 and CTLA-4 inhibitors, shows potential, 
although effectiveness is constrained by the immunosuppressive tumor microenvironment 
and rapid progression. Targeted therapies, such as PARP inhibitors, demonstrate variable 
efficacy influenced by genetic heterogeneity, biomarker expression, and 
microenvironmental factors. Novel chemotherapeutic agents offer alternative options for 
cisplatin-resistant patients. Preclinical and early clinical studies suggest that combining 
these approaches may further enhance antitumor activity, potentially improving 
progression-free survival and quality of life. Biomarker-guided strategies may optimize 
personalized therapy and patient selection.
Conclusion:  Cisplatin resistance in SCLC is a complex, multifactorial process involving 
cellular, molecular, and microenvironmental mechanisms. Integrating mechanistic 
insights with emerging therapies, including immunotherapy, targeted therapy, and 
novel chemotherapeutics, offers a promising path to overcome resistance, guiding 
future research and the development of more effective, personalized treatment 
strategies for patients with cisplatin-resistant SCLC.

1.  Introduction

SCLC is an aggressive form of lung cancer, accounting for 10–15% of cases and characterized by rapid 
growth and early metastasis, often diagnosed at an advanced stage [1–3]. Since its first evidence in 1985, 
cisplatin-etoposide combination chemotherapy has been established as the primary therapeutic regimen 
for extensive-stage small cell lung cancer (ES-SCLC) [4,5]. However, most patients experience relapse and 

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

CONTACT Wei Liu  l_w01@jlu.edu.cn; Mingbo Tang  mbtang@jlu.edu.cn  Department of Thoracic Surgery, The First Hospital of Jilin 
University, Changchun 130021, China.
*These two authors contributed equally to this work and shared corresponding authorship.

https://doi.org/10.1080/07853890.2025.2601401

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/
by-nc/4.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms 
on which this article has been published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 2 September 
2025
Revised 9 November 
2025
Accepted 3 December 
2025

KEYWORDS
Small cell lung cancer; 
cisplatin resistance; 
immunotherapy; targeted 
therapy; the novel 
chemotherapy

http://orcid.org/0000-0003-0012-6845
http://orcid.org/0000-0001-5097-0644
mailto:l_w01@jlu.edu.cn
mailto:mbtang@jlu.edu.cn
https://doi.org/10.1080/07853890.2025.2601401
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/07853890.2025.2601401&domain=pdf&date_stamp=2026-3-20


2 Z. CHEN ET AL.

resistance to further treatment [6,7]. While radiotherapy can control local tumours, it fails to prevent 
distant metastasis [8,9]. As a result, outcomes remain poor, with a median survival of 7–11 months and 
a 2-year survival rate below 5% [10–12].

Cisplatin is the cornerstone of SCLC treatment, forming DNA adducts that interfere with DNA replication 
and transcription, ultimately inducing apoptosis [13]. Cisplatin induces the formation of cross-links between 
DNA strands, which obstructs the activity of DNA helicase and DNA polymerase. This interference results in 
cell cycle arrest and ultimately leads to cellular apoptosis [14]. The combined use of cisplatin-based regi-
mens has been proven to significantly enhance the initial treatment response rate in SCLC patients [15,16].

Despite the significant efficacy of cisplatin in initial SCLC treatment, resistance emergence is a com-
mon and serious problem. The mechanisms are complex and multifactorial, including increased drug 
efflux, altered apoptosis, enhanced DNA repair, changes in the tumour microenvironment, as well as 
tumour metabolism, epigenetic regulation and subtype transition. Resistance development significantly 
reduces treatment efficacy, making it difficult for relapsed patients to achieve effective subsequent treat-
ment options [17]. Resistance not only limits the long-term efficacy of cisplatin but also significantly 
impacts patient survival and quality of life [10].

This review will delve into the following aspects: (1) the molecular mechanisms of cisplatin resistance, 
as illustrated in Figure 1; (2) current applications of immunotherapy in SCLC and its potential mecha-
nisms for overcoming resistance, summarized in Figure 2; (3) applications and recent advances of tar-
geted therapy in overcoming cisplatin resistance; (4) research progress on novel chemotherapeutic agents 
and their roles in mitigating resistance; (5) preclinical advances in overcoming cisplatin resistance, focus-
ing on newly identified molecular targets and epigenetic regulators.

2.  Mechanisms of cisplatin resistance

2.1.  Mechanisms of drug deposition reduction leading to resistance

Studies have suggested that the drug efflux pumps of SCLC cells are greatly associated with their resis-
tance feature to cisplatin-based therapies. The drug efflux pumps, including members of the ATP-binding 

Figure 1.  Mechanism of cisplatin resistance in small cell lung cancer.
(a) Decrease in DNA adduct levels. Inward transport: copper transporter 1 (CTR1) and passive diffusion. Outward transport: P-gp, MRP1 and 
ATP7A/7B.
(b) The DNA damage repair mechanism increases the resistance to cisplatin.
(c) The increase in anti-apoptotic signals and the decrease in pro-apoptotic signals enhance cisplatin resistance.
(d) Hypoxic conditions enhance resistance to cisplatin.
(e) Acidic microenvironment contributes to cisplatin resistance.
(f ) Inflammation, tumour stroma and extracellular matrix contribute to cisplatin resistance. (Thanks for Figdraw).
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cassette (ABC) transporter family such as P-glycoprotein (P-gp) and multidrug resistance protein 1 (MRP1), 
along with copper-transporting ATPases (ATP7A/7B), function to actively pump cisplatin drugs out of the 
cells, reducing drug accumulation within the cells and consequently diminishing the cytotoxic effects of 
the drugs [18,19]. Compared to the original cisplatin-sensitive SCLC cells, resistant cells exhibit stronger 
drug efflux capabilities.

Research has demonstrated that activation of multiple signalling pathways has been implicated in 
the upregulation of efflux transporters that mediate cisplatin resistance. Specifically, activation of the 
MCAM–PI3K/Akt–SOX2 signalling axis promotes transcriptional upregulation of MRP1 (ABCC1), enhanc-
ing cisplatin efflux and reducing intracellular drug accumulation [20]. In addition, the Nrf2–ARE path-
way has been identified as another critical regulatory mechanism of MRP1 expression in multidrug-resistant 
SCLC cells. Compared with the parental H69 cell line, H69AR cells exhibit significantly higher Nrf2 activ-
ity and MRP1 expression, and Nrf2 knockdown markedly decreases MRP1 levels while restoring chemo-
sensitivity. Promoter analysis further identified two antioxidant response elements (ARE1 and ARE2) in 
the MRP1 gene that directly bind Nrf2, confirming its transcriptional regulation of MRP1 [21]. 
Cisplatin-resistant SCLC cells can also redistribute ATP7A/B, originally residing in the trans-Golgi net-
work, to more peripheral vesicles in the cytosol, insulating cisplatin away from the nuclei of resistant 
cells [22,23], thus enhancing cellular drug tolerance. Research has shown that miR-495 can directly 
attach to the 3′ untranslated region (3′UTR) of ATP7A/B mRNA, leading to a reduction in ATP7A/B 
expression. This interaction was found to inhance the response of non-small cell lung cancer (NSCLC) 
cells to cisplatin, highlighting the involvement of ATP7A/B in the process of cisplatin efflux [24]. Similarly, 
in SCLC, miR-7 has been identified as a critical post-transcriptional regulator of MRP1/ABCC1. Reduced 
expression of miR-7 in chemoresistant SCLC tissues and H69AR cells is inversely correlated with MRP1 
levels, while transfection with miR-7 mimics suppresses MRP1 expression and restores cisplatin sensitiv-
ity. Dual-luciferase reporter assays further confirmed that miR-7 directly targets the 3′UTR of MRP1/
ABCC1 mRNA, thereby repressing its translation and mitigating drug resistance [25]. Simultaneously, 

Figure 2.  Molecular mechanism of immunotherapy.
(a) CTLA-4 inhibitors impede the binding of CTLA-4 to B7 (encompassing CD80 and CD86), thereby diminishing the transmission of inhibitory 
signals to T cells, which in turn enhances the activation and proliferation of T cell.
(b) PD-1/PD-L1 inhibitors disrupt the engagement of PD-1 with PD-L1, alleviating the suppression of T cells, and restoring their functionality, 
enabling them to secrete cytotoxic granules and cytokines to eliminate tumour cells. PFN, perforin; GzmB, GranzymeB; INEγ, Interferon γ; INEα, 
Interferon α
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some scholars propose that the lower accumulation of cisplatin is a result of diminished drug uptake 
instead of heightened drug efflux [26]. It is widely recognized that passive diffusion and the copper 
transport protein Ctr1 play key roles in the influx of cisplatin. In mouse fibroblasts, it was further con-
firmed that cisplatin triggers the rapid degradation of copper membrane transporter CTR1, reducing 
cisplatin influx and leading to drug resistance [27]. The knockout of the CTR1 gene resulted in in vivo 
resistance to cisplatin, whereas cells with higher levels of CTR1 expression exhibited greater accumula-
tion of cisplatin and, in most instances, heightened sensitivity to the drug [28].

2.2.  Mechanisms of resistance through apoptotic pathways

In lung cancer cells that exhibit resistance to cisplatin-based therapies, modifications in apoptotic path-
ways play an essential part in the formation of this resistance. Cisplatin-based chemotherapeutic agents 
generally induce cytotoxicity in cancer cells by triggering apoptotic signalling cascades, which encom-
pass both the extrinsic death receptor pathway and the intrinsic mitochondrial pathway [29,30].

Tumour necrosis factor-α (TNFα) ligands attach to their receptor families to create the death-inducing 
signalling complex (DISC), which in turn activates the extrinsic apoptosis pathway by recruiting and 
aggregating adaptor proteins and procaspase-8. The intrinsic apoptosis pathway is activated by cellular 
stress factors such as DNA damage, leading to the release of cytochrome c from mitochondria, which 
interacts with apoptotic protease activating factor-1 (APAF-1) to trigger and activate precursor caspase-9, 
forming an active apoptotic complex. The Bcl-2 protein family further regulates the release of cytochrome 
c from mitochondria, thereby controlling apoptosis that is triggered by DNA damage [31,32].

In SCLC, however, multiple molecular alterations disrupt these apoptotic pathways, leading to pro-
nounced cisplatin resistance. Nearly all SCLCs harbour biallelic inactivation of TP53 and RB1, impairing 
DNA damage sensing and downstream activation of apoptosis after platinum treatment [33]. Dysregulation 
of BCL-2 family proteins further attenuates the intrinsic pathway: overexpression of BCL-2 and MCL-1 
prevents mitochondrial outer membrane permeabilization, whereas MCL-1 inhibition restores BAK-mediated 
apoptosis and re-sensitizes resistant SCLC cells to chemotherapy [34]. Reduced expression of pro-apoptotic 
BAX has similarly been detected in cisplatin-resistant SCLC cells, resulting in suppressed caspase activa-
tion and mitochondrial cytochrome c release [35]. In parallel, overexpression of inhibitors of apoptosis 
proteins (IAPs), particularly survivin (BIRC5), correlates with poor prognosis and decreased sensitivity to 
chemotherapeutic agents [36]. Additionally, activation of prosurvival signalling cascades such as the 
PI3K/Akt and TRIB2 pathways further suppresses apoptosis and promotes chemoresistance [37]. At the 
post-transcriptional level, dysregulation of apoptosis-related microRNAs has also been implicated. For 
instance, miR-7 downregulation in resistant SCLC cells leads to upregulation of MRP1 (ABCC1), which not 
only enhances drug efflux but also suppresses cisplatin-induced apoptosis by reducing intracellular drug 
accumulation and subsequent DNA damage. Conversely, miR-7 restoration restores chemosensitivity by 
promoting apoptosis [25]. Together, these findings indicate that SCLC cells develop a multifaceted 
anti-apoptotic phenotype through genetic inactivation, signalling reprogramming and microRNA-mediated 
regulation, collectively driving cisplatin resistance.

2.3.  Mechanisms of resistance through DNA damage repair

Enhanced DNA damage repair mechanisms are central to the acquisition of cisplatin resistance SCLC. 
Cisplatin induces apoptosis primarily by forming DNA adducts that disrupt replication and transcription 
[38]. However, resistant SCLC cells adapt by upregulating multiple DNA repair pathways, thereby mitigat-
ing drug-induced genotoxicity. Among these, homologous recombination repair (HR) and nucleotide 
excision repair (NER) play key roles.

For example, HR is a precise mechanism for repairing DNA double-strand breaks, maintaining genetic 
information integrity by using homologous sequences as templates. When this pathway is enhanced, it can 
effectively repair DNA damage induced by cisplatin, reducing the drug’s lethal effect [39]. BRCA1 and 
BRCA2, core components of HR, are frequently dysregulated in SCLC. While low BRCA1 expression correlates 
with initial chemosensitivity, reactivation during relapse enhances HR efficiency and promotes platinum 
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resistance [40]. Moreover, loss of SLFN11 – an essential determinant of replication stress response – confers 
tolerance to DNA-damaging agents by allowing continued replication despite unrepaired lesions [41].

The nucleotide excision repair (NER) pathway plays a crucial role in the repair of substantial DNA damage 
induced by chemical agents. In SCLC, the efficient operation of the NER pathway can remove cisplatin-DNA 
adducts, reducing their cytotoxicity [42]. At the molecular level, the upregulation of key NER pathway pro-
teins such as ERCC1 and XPC is an important factor in enhancing resistance. These proteins augment the 
cellular capacity to repair DNA damage induced by cisplatin-based chemotherapeutic agents and their inter-
actions with signalling pathways, such as the PI3K/Akt pathway, further contribute to enhanced cell survival 
and resistance [43]. Empirical studies have demonstrated that the enhancement of the NER pathway, partic-
ularly the activation of ERCC1 and XPC, is crucial for maintaining SCLC cell resistance to cisplatin. Specifically, 
ERCC1 and XPC facilitate the ability of SCLC cells to evade the cytotoxic effects of cisplatin-based chemo-
therapeutics by participating in the repair of DNA cross-link damage induced by these drugs [44]. The 
upregulation of ERCC1 expression in SCLC treatment is positively correlated with weakened chemotherapy 
effects, highlighting its core role in the chemotherapy resistance mechanism [45].

Targeting the key molecules in these DNA repair mechanisms, such as using BRCA or ERCC1 inhibitors, 
can potentially reduce SCLC cell resistance to cisplatin and enhance the efficacy of chemotherapy [45,46]. 
This approach has demonstrated promise in clinical trials for enhancing sensitivity to cisplatin-based che-
motherapeutics, thereby offering novel avenues for the management of cisplatin-resistant SCLC.

2.4.  Mechanisms of tumour microenvironment-induced resistance

Various elements present in the tumour microenvironment, including hypoxia, acidity, inflammation and 
alterations in the tumour stroma and extracellular matrix, significantly influence the effectiveness of 
cisplatin.

2.4.1.  Hypoxia
Hypoxia, is a common feature in SCLC, as highlighted by multiple studies. Immunohistochemical investi-
gations have shown that SCLC tumours frequently contain regions of low oxygenation [47]. This hypoxic 
microenvironment stabilizes hypoxia-inducible factors, enabling cells to adapt and survive under 
low oxygen.

Analyses of hypoxia-inducible factors in SCLC reveal distinct patterns: HIF-2α is generally absent, 
whereas HIF-1α is strongly expressed, especially near necrotic tumour areas. Consistently, SCLC cell lines 
under hypoxic conditions display accumulation of HIF-1α but minimal or no HIF-2α, enabling cell survival 
even under moderate or severe oxygen deprivation [48]. Clinically, HIF-1α and HIF-2α were detected in 
48.9% and 24.4% of patients, respectively. HIF-2α tends to localize around necrotic regions and is asso-
ciated with tumour progression and distant metastasis, while HIF-1α is more diffusely distributed within 
tumour nests. Overexpression of either factor has been linked to poorer overall survival [49]. Functional 
studies demonstrate that HIF-1α upregulation enhances the expression of VEGF-A, MMPs and GLUT1, 
thereby promoting angiogenesis and metabolic adaptation in SCLC [50]. Targeting HIF-1α with the inhib-
itor PX-478 significantly suppresses tumour growth and prolongs survival in multiple SCLC xenograft 
models, confirming HIF-1α as a viable therapeutic target [51]. Clinically, high HIF-1α expression correlates 
with poor prognosis in SCLC patients, reinforcing its functional relevance [52].

Metabolically, hypoxic SCLC cells primarily depend on glycolysis [53]. This reliance makes lactate trans-
porters, such as monocarboxylate transporter 1 (MCT1), attractive therapeutic targets. In approximately 
21% of SCLC tumours, MCT1 and the hypoxia-associated marker carbonic anhydrase IX are expressed 
without detectable MCT4. Inhibition of MCT1 using AZD3965 significantly suppresses tumour growth and 
elevates intratumoural lactate levels in hypoxic SCLC cells lacking MCT4, highlighting a potential vulner-
ability in lactate-dependent metabolic adaptation [54].

2.4.2.  Acidity
Although acidic tumour microenvironments have been implicated in chemotherapy resistance in several 
tumour types, direct evidence in SCLC of extracellular acidity contributing to cisplatin resistance remains 
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limited. For example, a retrospective cohort of SCLC patients found that alkalization therapy (an alkaline 
diet and bicarbonate therapy) combined with intravenous vitamin C treatment was associated with lon-
ger survival but did not explore the underlying pH-modulated cellular mechanisms [55]. In lung carci-
noma models, long modelling of acidosis showed enhanced extracellular matrix remodelling and 
side-population cell survival under low pH conditions [56]. These findings suggest that acidification may 
support survival and therapeutic tolerance, but further SCLC-specific mechanistic work – such as pH 
perturbation in SCLC cell lines or xenografts – is needed.

2.4.3.  Inflammation
In the context of SCLC, emerging evidence indicates that the inflammatory tumour microenvironment 
contributes not only to tumour progression but also to the acquisition of platinum-based chemoresis-
tance by altering specific signalling axes in tumour cells and immune stromal elements. For example, 
tumour-associated macrophages (TAMs), especially M2-polarized macrophages, accumulate in SCLC and 
secrete interleukin-6 (IL-6), which in turn activates STAT3 signalling in adjacent SCLC cells, promoting 
survival, reduced apoptosis and enhanced resistance to chemotherapy [57]. Indeed, TAM-derived IL-6 was 
shown to drive STAT3 phosphorylation in SCLC cell lines (SBC-3, SBC-5) and a small-molecule inhibitor of 
STAT3 (the natural compound onionin A) reduced macrophage-induced SCLC proliferation [58].

Furthermore, in SCLC the enrichment of M2-type macrophages (CD206+) correlates with poorer prog-
nosis and is associated with activation of the NF-κB pathway via the NLRP6 inflammasome in macro-
phages, triggered by tumour-derived exosomes [59]. This provides a link between tumour inflammation 
and metastatic spread, and by extension may contribute to therapy resistance.

While there is still limited direct data on inflammation-driven cisplatin resistance specifically in SCLC, 
analogous mechanisms from other lung-cancer subtypes point to key candidate pathways. For instance, 
in NSCLC, up-regulation of NF-κB in cisplatin-resistant lines was documented and pharmacologic NF-κB 
inhibition restored cisplatin sensitivity [60].

2.4.4.  Tumour stroma and extracellular matrix
The tumour stroma and extracellular matrix (ECM) play a pivotal role in shaping the chemoresistant 
phenotype of SCLC. Fibroblast-rich stroma promotes a transition of tumour cells from the classical neu-
roendocrine to a non-neuroendocrine phenotype through cytokine-driven activation of JAK2/STAT3 and 
NOTCH signalling pathways. This phenotypic shift enhances cellular plasticity, suppresses apoptosis and 
contributes to reduced responsiveness to cytotoxic therapy [61]. In parallel, ECM remodelling alters 
integrin-mediated adhesion dynamics. Increased expression of β1-integrin and activation of focal adhe-
sion kinase (FAK) and Src signalling sustain tumour cell survival, invasion and metastasis, while attenuat-
ing chemotherapy-induced cell death [62]. Impaired ubiquitin-mediated degradation of β1-integrin 
further amplifies these effects, maintaining persistent FAK/Src signalling and promoting resistance. 
Moreover, cancer-associated fibroblasts (CAFs) communicate with SCLC cells via exosomal transfer of long 
noncoding RNAs that regulate the miR-15a-5p/CCNE1 axis, thereby facilitating cell-cycle progression and 
cisplatin tolerance [63]. Together, stromal fibroblasts and ECM remodelling cooperate to establish a pro-
tective microenvironment that promotes tumour adaptability, survival and therapeutic resistance. 
Targeting the ECM–integrin axis and CAF-derived signalling pathways offers a promising strategy to over-
come chemoresistance in SCLC.

2.5.  Tumour metabolism

Metabolic reprogramming is a recurring and functionally important feature of cisplatin-resistant lung 
cancer and contributes to therapeutic failure in SCLC. Cisplatin-resistant cells frequently display elevated 
reactive oxygen species (ROS) together with a metabolic switch away from strict glycolytic dependence 
toward increased mitochondrial oxidative phosphorylation (OXPHOS) and alternative substrate utilization. 
They often exhibit enhanced glutamine uptake and oxidation, which supports ATP production for 
energy-intensive resistance mechanisms such as drug efflux and DNA repair while maintaining redox 
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homeostasis [64]. In several tumour models, acquired cisplatin resistance is also associated with decreased 
de novo lipogenesis accompanied by increased uptake and β-oxidation of exogenous fatty acids. Blocking 
fatty acid oxidation (FAO) resensitizes resistant cells to platinum both in vitro and in vivo, indicating FAO 
as a targetable metabolic vulnerability [65]. In SCLC, mitochondrial quality control mechanisms (such as 
mitophagy) are up-regulated in chemoresistant cells, implicating altered mitochondrial metabolism in 
resistance phenotypes [66]. Finally, metabolic reprogramming generates therapeutic liabilities because 
pharmacologic or genetic inhibition of glutamine metabolism, FAO, or components of OXPHOS selec-
tively impairs cisplatin-resistant cells in preclinical studies [67]. These findings provide a rationale to com-
bine metabolic inhibitors with platinum-based chemotherapy to overcome or prevent resistance in SCLC.

2.6.  SCLC subtype transition

SCLC exhibits pronounced lineage plasticity, in which tumours transition between neuroendocrine (NE) 
and non-neuroendocrine (non-NE) states. This plasticity contributes directly to therapeutic failure by gen-
erating cell populations with distinct survival programs and drug sensitivities. Experimental models 
demonstrate that activation of Notch signalling and cooperating oncogenic drivers can induce a shift 
from the NE to the non-NE phenotype, producing distinct cells that display reduced chemosensitivity 
and an increased propensity for vasculogenic mimicry and dissemination [68]. Transcriptional control 
underlies these shifts. Suppression of NE lineage factors leads to the emergence of a SOX9-positive 
neural-crest-like program, while disruption of lineage-defining transcriptional networks remodels cell 
identity toward states with enhanced stress tolerance and altered cell-cycle control [69]. Longitudinal 
profiling of preclinical and clinical samples reveals that subtype composition can evolve during disease 
progression or after therapy, with MYC activation and downstream pathway changes driving sequential 
transitions among subtype programs [70]. Functionally, non-NE states exhibit distinct interactions with 
the tumour microenvironment and immune milieu, and the coexistence or cooperation between NE and 
non-NE compartments promotes metastatic outgrowth [71]. Collectively, these primary-research findings 
support a model in which dynamic subtype transition is a mechanistic contributor to SCLC relapse and 
indicate that therapeutic strategies should account for lineage plasticity to prevent or overcome resistance.

2.7.  Epigenetic changes

Epigenetic alterations are fundamental to the development and progression of SCLC, influencing lineage 
identity, tumour heterogeneity and therapeutic resistance. Recent genome-wide methylation analyses 
have demonstrated that tumour and circulating cell-free DNA methylation profiles accurately classify 
molecular SCLC subtypes and reflect treatment-induced evolution, highlighting DNA methylation as both 
a mechanistic driver and a potential biomarker [72]. Aberrant activation of the polycomb repressive com-
plex 2, particularly through overexpression of EZH2, promotes H3K27me3-mediated repression of differ-
entiation and DNA-repair genes; inhibition of EZH2 restores gene expression and enhances chemosensitivity 
in SCLC models [72]. Moreover, loss or functional inactivation of SWI/SNF chromatin-remodelling compo-
nents, especially SMARCA4, disrupts enhancer accessibility and facilitates transitions between neuroendo-
crine and non-neuroendocrine phenotypes, contributing to intratumoural plasticity and drug tolerance 
[73]. Dysregulated expression of microRNAs, including miR‑1 (which attenuates the growth and metasta-
sis of SCLC through the CXCR4/FOXM1/RRM2 axis) and miR‑375, has been shown to regulate key onco-
genic pathways associated with proliferation, metastasis and chemoresistance in experimental models of 
SCLC [74]. Together, these findings underscore that DNA methylation dynamics, histone modifications 
and non-coding RNA perturbations cooperate to shape the SCLC epigenome, offering potential targets 
for epigenetic-based therapeutic interventions.

3.  The novel therapeutic approaches

3.1.  Immunotherapy

Immunotherapy utilizes the patient’s immune system to recognize and target cancer cells by stimulating 
or augmenting the immune response. Prominent forms of immunotherapy encompass immune 



8 Z. CHEN ET AL.

checkpoint inhibitors (ICIs), cancer vaccines and adoptive cell therapies [75]. SCLC has historically been 
recognized as an immunogenic neoplasm. Immune-mediated paraneoplastic syndromes, including 
Lambert-Eaton myasthenic syndrome and encephalomyelitis, manifest in approximately 15–20% of 
patients with SCLC. These syndromes are linked to autoimmune responses targeting antigens that are 
expressed by both SCLC cells and normal neuronal tissues, such as HuD, HuC and Hel-N1 [76,77]. SCLC 
is distinguished by a high tumour mutation burden (TMB), closely linked to the carcinogenic effects of 
extensive tobacco exposure [78,79], which results in the exposure of numerous potentially immunogenic 
neoantigens. Therefore, immunotherapy for SCLC could theoretically target these characteristics.

The introduction of immune checkpoint inhibitors has significantly transformed the conventional 
treatment protocols for various solid tumours, including SCLC. The predominant immune checkpoint 
inhibitors utilized in clinical practice are those targeting PD-1, PD-L1 and CTLA-4, which have proved 
promising efficacy in clinical studies, as summarized in Table 1.

3.1.1.  Ipilimumab
Due to the role of CTLA-4 in regulating T cell activation at lymphoid sites [80], CTLA-4 became one of 
the earliest studied immune co-inhibitory targets [81]. Ipilimumab is a human monoclonal antibody tar-
geting CTLA-4, blocking its interaction with the ligands CD80 and CD86. This mechanism facilitates the 
activation and growth of T cells [82]. Early clinical trials showed durable inhibitory effects of Ipilimumab 
in various tumour types [83–85].

The CheckMate 032 trial investigated the efficacy of combining ipilimumab and nivolumab in patients 
with relapsed SCLC. Among the 61 patients who were treated with nivolumab at a dosage of 1 mg/kg 

Table 1. C linical trials of immunotherapy for cisplatin-resistant small cell lung cancer.
Phase Study Treatment arms Patients (n) ORR (%) PFS (months) OS (months)

First line
 II  NCT01331525 Ipilimumab + carboplatin + cisplatin; 

maintained with ipilimumab
42 72.4 6.9 (95% CI: 5.5–7.9) 17 (95% CI: 7.9–24.3)

 III  NCT01450761 Ipilimumab + etoposide + platinum vs. 
placebo + etoposide + platinum

954 62 vs. 62 4.6 vs. 4.4 (HR: 0.85; 
95% CI: 
0.75–0.97; 
p = 0.016)

11.0 vs. 10.9  
(HR: 0.94; 95%  
CI: 0.81–1.09; 
p = 0.38)

 III  Impower133 Atezolizumab + carboplatin + etoposide 
vs. placebo + etoposide + platinum; 
maintained with atezolizumab vs. 
placebo

403 60.2 vs. 
64.4

5.2 vs. 4.3 (HR: 0.77; 
95% CI: 
0.62–0.96; 
p = 0.02)

12.3 vs. 10.3  
(HR: 0.70; 95%  
CI: 0.54–0.91; 
p = 0.007)

 III  NCT04256421 Tiragolumab + atezolizumab + CE vs. 
placebo + atezolizumab + CE; 
maintenance: 
tiragolumab + atezolizumab vs. 
placebo + atezolizumab.

490 73.5 vs. 
66.7

5.4 vs. 5.6
(HR = 1.11; 

p = 0.3504)

13.1 vs. 13.1
(HR = 1.14; 

p = 0.2859)

 III  KEYNOTE-604 Pembrolizumab + etoposide + platinum 
vs. placebo + etoposide + platinum

453 70.6 vs. 
61.8

13.6 vs. 3.1 (HR: 
0.75; 95% CI: 
0.61–0.91; 
p = 0.0023) 
12-month PFS

22.5 vs. 11.2  
(HR: 0.80; 95%  
CI: 0.64–0.98; 
p = 0.0164) 
24-month OS

 III  NCT03043872 Durvalumab + platinum-etoposide vs. 
platinum-etoposide alone

537 68 vs. 58 5.1 vs. 5.4 (HR: 0.78; 
95% CI: 
0.65–0.94)

13 vs. 10.3 (HR: 0.73; 
95% CI: 
0.59–0.91; 
p = 0.0047)

 III  NCT03703297 Durvalumab vs. placebo 530 30.3 vs. 32 55.9 vs. 33.4
(HR 0.73)

16.6 vs. 9.2
(HR 0.76)

Maintenance
 II  NCT02359019 Pembrolizumab 45 11.1 1.4 9.6
 III  CheckMate 451 Nivolumab + ipilimumab vs. nivolumab 

vs. placebo
789 0.09 vs. 

0.11 vs. 
0.04

1.7 vs. 1.9 vs. 1.4 
(HR: 0.72; 95% CI: 
0.60–0.87) (HR: 
0.67; 95% CI: 
0.56–0.81)

9.2 vs. 10.4 vs. 9.6 
(HR: 0.92; 95%  
CI: 0.75–1.12; 
p = 0.37)  
(HR: 0.84; 95%  
CI: 0.69–1.02)

Relapsed
 I /II CheckMate 032 Nivolumab 3 mg/kg vs. nivolumab 

1 mg/kg + ipilimumab 3 mg/kg vs. 
nivolumab 3 mg/kg + ipilimumab 
1 mg/kg

213 10 vs. 23 
vs. 19

1.4 vs. 2.6 vs. 1.4 4.4 vs. 7.7 vs. 6.0

 I B KEYNOTE-028 Pembrolizumab 24 33.3 1.9 9.7
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in conjunction with ipilimumab at 3 mg/kg, 23% achieved an objective response rate (ORR), significantly 
higher than the 10% in the nivolumab 3 mg/kg monotherapy group (98 patients). Nevertheless, the 
occurrence of grade 3 or higher adverse events was elevated in the group receiving combination ther-
apy, with a rate of 30% reported [86]. The findings indicate that although combination therapy demon-
strates a degree of efficacy, it is imperative to thoroughly evaluate safety considerations.

An open-label clinical trial examined the efficacy of ipilimumab in conjunction with carboplatin and 
etoposide as a first-line therapeutic approach aimed at enhancing progression-free survival (PFS) and 
overall survival (OS) in patients diagnosed with ES-SCLC. A total of 42 patients were enrolled in this 
phase II clinical trial. Among these participants, 72.4% demonstrated an objective response, while 84.8% 
exhibited an immune-related objective response. The median PFS was recorded at 6.9 months (95% CI: 
5.5–7.9), and the median immune-related PFS was noted to be 7.3 months (95% CI: 5.5–8.8). Furthermore, 
the median OS was determined to be 17.0 months (95% CI: 7.9–24.3) [87]. These data preliminarily 
demonstrate the potential efficacy of ipilimumab combined with chemotherapy.

A comprehensive phase III clinical trial, encompassing 1,132 participants, examined the effectiveness 
of ipilimumab in conjunction with etoposide and cisplatin chemotherapeutic agents in patients with 
cisplatin-resistant SCLC. Results showed that both groups had the same ORR of 62%. The median OS in 
the ipilimumab cohort was recorded at 11.0 months, in contrast to 10.9 months in the control group (HR 
0.94, 95% CI: 0.81–1.09; p = 0.3775), indicating that the inclusion of ipilimumab did not result in a statis-
tically meaningful improvement in OS. However, the median PFS exhibited a modest improvement, with 
values of 4.6 months for the ipilimumab group compared to 4.4 months for the control group (HR 0.85, 
95% CI: 0.75–0.97) [88]. These results suggest that while ipilimumab offers some improvement, overall 
efficacy requires further validation.

In the STIMULI trial, the administration of ipilimumab and nivolumab as maintenance treatment after 
initial chemotherapy did not demonstrate a statistically significant enhancement in PFS or OS among 
patients diagnosed with limited-stage SCLC. The trial results indicated that the median PFS was 14.5 months 
for the observation group, while it was 10.7 months for the control group. Additionally, the median OS 
for the observation group was reported as 32.1 months, whereas the experimental group had not yet 
reached a median OS value [89]. These results indicate that combined maintenance therapy has limited 
effectiveness in improving patient outcomes. The CheckMate 451 study conducted a further assessment 
of the effectiveness of the combination of nivolumab and ipilimumab as maintenance therapy following 
initial chemotherapy in patients with ES-SCLC. A total of 789 patients participated in this study and were 
randomly assigned in a 1:1:1 ratio to receive either the combination of nivolumab and ipilimumab, 
nivolumab monotherapy, or a placebo. Results showed ORRs of 0.09, 0.11 and 0.04; PFS of 1.7, 1.9 and 
1.4 months (HR:0.72; 95% CI: 0.60–0.87) (HR:0.67; 95% CI: 0.56–0.81); and median OS of 9.2, 10.4 and 
9.6 months (HR:0.92; 95% CI: 0.75–1.12; p = 0.37) (HR:0.84; 95% CI: 0.69 to 1.02), respectively. Results did 
not demonstrate a statistically significant enhancement in OS and PFS with combined therapy [90]. This 
study further underscores the challenges and limitations of combination therapy in clinical application.

3.1.2.  Atezolizumab
Atezolizumab is a humanized monoclonal antibody that specifically binds to programmed death ligand 
1 (PD-L1), which inhibits T cell activation and growth by interacting with the PD-1 receptor [91]. The 
phase III IMpower133 trial was the first to demonstrate a significant survival advantage with immune 
checkpoint inhibition in ES-SCLC. In this study, 403 previously untreated patients were randomized to 
receive atezolizumab or placebo in combination with carboplatin and etoposide (CP/ET), followed by 
maintenance therapy. The initial analysis reported an ORR of 60.2% in the atezolizumab group and 64.4% 
in the control group, with a median OS of 12.3 months versus 10.3 months, respectively (HR = 0.70; 95% 
CI: 0.54–0.91; p = 0.007). Median PFS was 5.2 months versus 4.3 months (HR = 0.77; 95% CI: 0.62–0.96; 
p = 0.02) [12]. Updated data confirmed consistent benefit, with an 18-month OS rate of 34.0% in the 
atezolizumab arm compared to 21.0% in the placebo arm, irrespective of PD-L1 expression or blood 
tumour mutational burden (bTMB) [92]. A comprehensive safety analysis revealed comparable incidences 
of grade 3–4 and serious adverse events between both groups [93].

Long-term outcomes were subsequently assessed in the IMbrella A extension study, which included 
18 rollover patients from IMpower133 who continued atezolizumab therapy. With a median follow-up of 
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59.4 months, the 3-, 4- and 5-year OS rates were 16% (95% CI: 11–21%), 13% (8–18%) and 12% (7–17%), 
respectively. Only three patients (16.7%) experienced serious adverse events, and a single grade 2 hypo-
thyroidism event was reported [94]. Despite the limited sample size, these data provide the first evidence 
of 5-year survival durability in ES-SCLC treated with first-line chemoimmunotherapy.

Given the established benefit of PD-L1 inhibition, attention has turned to dual immune checkpoint 
blockade. Tiragolumab, a fully human anti-TIGIT antibody [95], was evaluated in combination with atezoli-
zumab and chemotherapy in the phase III SKYSCRAPER-02 trial. In this study, 490 untreated ES-SCLC 
patients were randomized to receive tiragolumab or placebo plus atezolizumab and CP/ET, followed by 
maintenance therapy. However, the trial did not demonstrate additional efficacy with the addition of 
tiragolumab. Median PFS was 5.4 months versus 5.6 months (HR = 1.11; p = 0.3504), and median OS was 
13.1 months in both groups (HR = 1.14; p = 0.2859). The safety profile remained acceptable, with 
immune-related adverse events observed in 54.4% of tiragolumab-treated and 49.2% of control patients, 
and grade 3–4 events in 7.9% and 7.7%, respectively [96].

In summary, atezolizumab combined with carboplatin and etoposide remains the standard first-line 
therapy for ES-SCLC, providing durable survival benefits with manageable toxicity. Although tiragolumab 
failed to improve outcomes beyond PD-L1 inhibition, its good tolerability warrants further study of TIGIT 
blockade in selected populations or in combination strategies to overcome immune resistance.

3.1.3.  Pembrolizumab
Pembrolizumab is a humanized monoclonal antibody designed to targets the PD-1 receptor, thereby 
obstructing the negative signalling that happens when PD-1 interacts with its ligands [97]. The 
KEYNOTE-028 trial, a Phase Ib study, assessed the effectiveness and safety of pembrolizumab in a cohort 
of 24 patients diagnosed with PD-L1-positive recurrent SCLC. The findings revealed that treatment with 
pembrolizumab yielded an ORR of 33%. Additionally, the median PFS was recorded at 1.9 months (95% CI: 
1.7–5.9 months), while the median OS was observed to be 9.7 months (95% CI: 4.1 months to not reached). 
The adverse events that were reported most often included fatigue, weakness and coughing. All partici-
pants experienced treatment-related adverse events, with two individuals encountering grade 3–5 adverse 
events: one patient exhibited grade 3 elevated bilirubin levels, while another presented with grade 3 
fatigue and grade 5 colitis. Notably, fewer than 10% of participants reported grade 3–5 treatment-related 
adverse events [98]. This trial indicates that pembrolizumab has a safety profile consistent with other 
tumour types and demonstrates encouraging anti-tumour efficacy in patients with pre-treated SCLC.

A larger Phase II clinical trial involving 45 participants assessed the effectiveness of pembrolizumab as 
a maintenance therapy subsequent to treatment with cisplatin and etoposide in individuals diagnosed 
with ES-SCLC. The findings indicated that, irrespective of PD-L1 expression status, the median PFS for the 
overall cohort was 1.4 months (95% CI: 1.3–2.8), with a 1-year PFS rate of 13%. The median overall OS 
was recorded at 9.6 months (95% CI: 7.0–12), accompanied by a 1-year OS rate of 37%. The ORR was 
determined to be 11.1%. Among the eight patients exhibiting PD-L1 expression at the stromal interface, 
the median PFS and OS were 6.5 months (95% CI: 1.1–12.8) and 12.8 months (95% CI: 1.1–17.6). Conversely, 
among the 12 patients with PD-L1-negative tumour stroma, the median PFS and OS were significantly 
lower, at 1.3 months (95% CI: 0.6–2.5) and 7.6 months (95% CI: 2.0–12.7) [99].

Pembrolizumab has been evaluated in conjunction with etoposide and cisplatin as a first-line thera-
peutic option for ES-SCLC. The randomized, double-blind, phase III KEYNOTE-604 trial investigated the 
effectiveness of pembrolizumab combined with etoposide and cisplatin (EP) versus a placebo combined 
with EP in previously untreated patients with ES-SCLC. A total of 453 participants were enrolled, with 228 
allocated to the pembrolizumab plus EP cohort and 225 to the placebo plus EP cohort. The findings 
revealed an ORR of 70.6% in the pembrolizumab plus EP group, compared to 61.8% in the placebo plus 
EP group. The 12-month PFS estimates were 13.6% for the pembrolizumab plus EP group and 3.1% for 
the placebo plus EP group, indicating a statistically significant enhancement in PFS with pembrolizumab 
plus EP (HR 0.75; 95% CI: 0.61–0.91; p = .0023). The 24-month OS estimates were 22.5% for the pembroli-
zumab plus EP group and 11.2% for the placebo plus EP group. Although the combination of pembroli-
zumab and EP extended OS, it did not achieve statistical significance (HR, 0.80; 95% CI: 0.64–0.98;  
p = .0164). The most frequently reported adverse events included neutropenia, anaemia, nausea and 
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alopecia, with no unexpected toxicities noted [100]. These results underscore the potential of pembroli-
zumab in conjunction with EP to enhance the prognosis for patients with ES-SCLC.

3.1.4.  Durvalumab
Durvalumab is a human monoclonal antibody that selectively binds to PD-L1, with the objective of 
inhibiting the interaction between PD-L1 and its receptors, PD-1 and CD80 [101]. A phase III clinical trial 
published in The Lancet in 2019 evaluated the effectiveness of durvalumab in conjunction with 
cisplatin-etoposide as a first-line treatment for ES-SCLC. In this trial, 268 participants were allocated to 
receive a treatment regimen consisting of durvalumab and cisplatin-etoposide, while 269 participants 
were assigned to the cisplatin-etoposide monotherapy group. The findings indicated an ORR of 68% in 
the durvalumab plus cisplatin-etoposide cohort, compared to 58% in the cisplatin-etoposide group. 
Furthermore, the median OS was reported as 13.0 months (95% CI: 11.5–14.8) for the durvalumab plus 
cisplatin-etoposide group, in contrast to 10.3 months (95% CI: 9.3–11.2) for the cisplatin-etoposide group. 
Grade 3 or 4 adverse events were reported in 163 (62%) of the 268 patients treated with durvalumab in 
combination with cisplatin-etoposide, as well as in 166 (62%) of the 269 patients receiving 
cisplatin-etoposide alone [102]. These results indicate that the incorporation of durvalumab into first-line 
cisplatin-etoposide chemotherapy significantly enhances OS outcomes for patients with ES-SCLC, while 
the safety profile aligns with previously established data.

A midterm analysis of patient-reported outcomes (PROs) from the CASPIAN trial evaluated the addi-
tion of durvalumab to etoposide-platinum (EP) as first-line therapy for ES-SCLC. Among 261 patients 
receiving durvalumab plus EP and 260 on EP alone, durvalumab delayed deterioration of key symptoms 
(cough HR 0.78; dyspnoea 0.79; chest pain 0.76; fatigue 0.82; appetite loss 0.70), improved functional 
abilities and maintained better overall health-related quality of life, suggesting enhanced survival without 
compromising QoL [103].

An exploratory CASPIAN analysis assessed PD-L1 expression and tissue tumour mutational burden 
(tTMB) as potential predictors of response. The OS benefit of durvalumab plus EP was comparable across 
PD-L1 expression levels (HRs 0.47–0.79), and no interaction was observed between tTMB and treatment 
effect (durvalumab plus EP vs. EP, p = 0.916) [104], indicating that first-line durvalumab efficacy is inde-
pendent of PD-L1 or tTMB status.

Beyond ES-SCLC, the phase III ADRIATIC trial evaluated durvalumab as adjuvant therapy after concur-
rent platinum-based chemoradiotherapy in limited-stage SCLC. Durvalumab significantly prolonged OS 
(median 55.9 vs. 33.4 months; HR 0.73) and PFS (16.6 vs. 9.2 months; HR 0.76) compared with placebo, 
with a manageable safety profile, supporting its use in the adjuvant setting [105].

3.2.  Targeted therapy

Targeted therapy represents a therapeutic approach that aims to impede the proliferation and dissemination 
of cancer cells by specifically targeting molecules and signalling pathways that are unique to tumour cells. 
Compared to conventional chemotherapy, targeted therapy inflicts less damage on normal cells and is asso-
ciated with fewer side effects. Common targeted therapeutic agents include PARP inhibitors, angiogenesis 
inhibitors and DLL3 inhibitors [106]. These therapeutic strategies have demonstrated varying degrees of effi-
cacy in clinical trials, offering new hope and treatment options for patients with cisplatin-resistant SCLC. A 
summary of the current targeted therapeutic agents and their clinical outcomes is presented in Table 2.

3.2.1.  DLL3 inhibitor
In SCLC, inactivating mutations are commonly observed in the key components of the Notch signalling 
pathway. Furthermore, the overexpression of delta-like protein 3 (DLL3), a significant negative regulator 
of Notch signalling, is prevalent in the majority of SCLC tumours, while its expression is minimal in 
healthy adult tissues [107]. The dysregulation of the Notch pathway plays a critical role in the tumouri-
genesis, progression and chemoresistance of SCLC, with studies indicating that its inhibition is effective 
in in vivo animal models [108]. Therefore, DLL3 emerges as a potential therapeutic target for SCLC that 
is resistant to cisplatin-based treatments.
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Rovalpituzumab tesirine (Rova-T, SC16LD6.5) is an antibody-drug conjugate specifically engineered to 
target the DLL3 protein. In vivo studies demonstrate that Rova-T interacts with DLL3 receptors located 
on the surface of tumour cells. Following this binding, ROVA-T undergoes endocytosis, allowing it to 
enter the cell and subsequently induce the release of its cytotoxic payload in the form of pyrrolobenzo-
diazepine (PBD) dimers. The PBD dimers migrate to the cell nucleus, where they cause DNA damage, 
subsequently facilitating the process of apoptosis [109]. A phase I trial in 2017 involving 74 patients with 
relapsed SCLC showed that Rova-T achieved objective responses in 18% of evaluable patients, with 
median PFS and OS of 3.1 and 4.6 months, respectively [110]. However, the phase II TRINITY study 
demonstrated limited efficacy, with ORRs of 12.4–14.3% in DLL3-positive patients, and significant toxici-
ties including fatigue, photosensitivity, pleural effusion and peripheral oedema; grade 3–4 adverse events 
occurred in 54%, and 10% experienced grade 5 events [111,112]. A maintenance trial was terminated 
early due to no survival benefit and higher toxicity [113]. Although Rova-T failed due to its specific and 
substantial toxicities, DLL3 remains a critical target in SCLC.

Recent advances have shifted focus to DLL3-targeted T-cell engaging strategies. Tarlatamab (AMG 757) 
is a first-in-class bispecific T-cell engager (BiTE) that binds both DLL3 and CD3, directing T-cell mediated 
cytotoxicity toward DLL3-expressing tumour cells [108]. In a 2023 phase I study of 107 heavily pretreated 
relapsed/refractory SCLC patients, tarlatamab monotherapy achieved an ORR of 23.4%, a disease control 
rate of 51.4% and a median duration of response of 12.3 months. Median PFS and OS were 3.7 and 
13.2 months, respectively [114]. Building on these results, a recent multinational, open-label phase III trial 
(DeLLphi-304) evaluated tarlatamab versus standard chemotherapy (topotecan, lurbinectedin, or amrubi-
cin) in 509 patients with SCLC whose disease progressed during or after platinum-based chemotherapy. 
Tarlatamab significantly improved OS compared with chemotherapy (median OS 13.6 vs. 8.3 months; HR 
0.60; p < 0.001), and also demonstrated superior PFS and patient-reported outcomes. Notably, grade ≥3 
adverse events and treatment discontinuations due to toxicity were less frequent with tarlatamab than 
chemotherapy (54% vs. 80% and 5% vs. 12%, respectively)[115].

In 2025, the DeLLphi-303 study evaluated tarlatamab in combination with a PD-L1 inhibitor (atezoli-
zumab or durvalumab) as first-line maintenance therapy in ES-SCLC patients who had not progressed 
after standard platinum-etoposide plus PD-L1 inhibitor chemotherapy. Among 88 patients, the grade 3–4 
adverse events included hyponatremia (10%), anaemia (8%) and neutropenia (7%). Serious adverse events 
occurred in 57% of patients, most commonly cytokine release syndrome (24%), fever (7%), immune effec-
tor cell-associated neurotoxicity syndrome (5%) and pneumonia (5%). Importantly, no treatment-related 
deaths were reported. Median OS was 25.3 months (95% CI: 20.3–not estimable), highlighting both man-
ageable safety and promising anticancer activity [116]. Overall, although early studies of Rova-T were 
unsuccessful, novel DLL3-targeted strategies – particularly tarlatamab and its combination with PD-L1 
inhibitors – have demonstrated greater potential in both efficacy and tolerability, offering a new thera-
peutic avenue for cisplatin-resistant SCLC.

3.2.2.  Anti-angiogenic drugs
Anti-angiogenic agents predominantly function by inhibiting vascular endothelial growth factor (VEGF) 
and its associated receptors VEGFR. VEGF is a key signalling protein that facilitates angiogenesis, and by 
binding to VEGF receptor tyrosine kinases (VEGFR1–3), VEGF activates VEGF signalling in endothelial cells, 
thereby enhancing tumour vascularization [117]. By inhibiting this process, anti-angiogenic drugs can 
deprive the tumour of its nutrient supply, thus inhibiting its growth. In SCLC, common anti-angiogenic 
drugs include bevacizumab, anlotinib and apatinib. These drugs can be used alone or in combination 
with chemotherapy to enhance therapeutic efficacy.

3.2.2.1. Bevacizumab.  Bevacizumab, a monoclonal antibody that targets angiogenesis, impedes tumour 
growth and metastasis in small cell lung cancer by obstructing the VEGF signalling pathway, which in 
turn inhibits the formation of new blood vessels [118,119]. A number of investigations have shown that 
the administration of bevacizumab in conjunction with carboplatin can enhance both median survival 
and overall survival rates in patients with NSCLC. However, subsequent efforts to implement this 
combination therapy in SCLC, especially among patients with ES-SCLC, have not yielded any notable 
enhancements in median PFS or median OS [120]. Furthermore, bevacizumab use is associated with 
severe adverse events; for example, an increased risk of tracheoesophage [121]. In a study of recurrent 
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SCLC, 34 patients received paclitaxel plus bevacizumab followed by bevacizumab maintenance after 4–6 
cycles, yielding an ORR of 18.1%, median PFS of 14.7 weeks (95% CI: 7–15.7) and median OS of 30 weeks 
(95% CI: 18–48), indicating no substantial improvement over paclitaxel alone [122]. A systematic review 
and meta-analysis of seven phase II/III trials involving 1,322 patients found that bevacizumab modestly 
improved PFS (HR = 0.73, 95% CI: 0.42–0.97, p = 0.04) but did not significantly enhance OS (HR = 0.99, 
95% CI: 0.88–1.12, p = 0.91) or ORR (OR = 1.12, 95% CI: 0.85–1.47, p = 0.41), and 1- and 2-year survival 
rates showed no clear benefit [123]. Subgroup analyses suggested a potential PFS benefit (HR = 0.74, 
95% CI: 0.59–0.92, p = 0.007) and a trend toward improved OS (HR = 0.84, 95% CI: 0.67–1.06, p = 0.14) 
[124]. Overall, bevacizumab may provide limited benefit in select SCLC patients, but its broad incorporation 
into standard chemotherapy regimens has not demonstrated consistent long-term survival improvements, 
and risks such as constipation and thrombosis warrant careful consideration [123].

Notably, the 2025 CeLEBrATE study evaluated the combination of carboplatin, etoposide, bevacizumab 
and the PD-L1 inhibitor atezolizumab as first-line treatment in patients with ES-SCLC. This Italian multi-
centric single-arm phase II trial enrolled 53 patients (median age 65 years), who received four to six 
cycles of induction therapy consisting of carboplatin (AUC 5 ml/min), etoposide (100 mg/m2), bevaci-
zumab (7.5 mg/kg) and atezolizumab (1,200 mg) every 3 weeks, followed by maintenance with bevaci-
zumab and atezolizumab. At a median follow-up of 23.4 months (95% CI: 21.1–26.0), the 1-year OS rate 
was 61.8% (90% CI 50.7–72.8%), median OS was 12.9 months (95% CI: 11.6–17.5), median PFS was 
6.2 months (95% CI: 5.4–6.6) and the ORR was 83.3% (95% CI: 69.8–92.5%). Grade 3–4 adverse events 
occurred in 64.2% of patients, with dose reductions and delays observed during both induction and 
maintenance phases, and 35.8% of patients experienced treatment-related serious adverse events [125].

Overall, these findings suggest that while bevacizumab alone has shown limited and inconsistent benefits 
in SCLC, its combination with carboplatin, etoposide and the PD-L1 inhibitor atezolizumab in the CeLEBrATE 
study demonstrates promising antitumour activity and a manageable safety profile, indicating that VEGF 
inhibition may enhance the efficacy of standard first-line chemo-immunotherapy in patients with ES-SCLC.

3.2.2.2. Anlotinib.  Anlotinib is a recently developed oral small-molecule multi-target tyrosine kinase 
inhibitor. Its antitumour efficacy is mediated through the inhibition of several receptors that are essential 
for tumour angiogenesis and cellular proliferation, including the vascular endothelial growth factor 
receptor (VEGFR), platelet-derived growth factor receptor (PDGFR), fibroblast growth factor receptor 
(FGFR), among other associated targets [126].

Anlotinib has been authorized for the treatment of several malignancies, including NSCLC, soft tissue 
sarcoma and metastatic renal cell carcinoma [127–129]. Recent findings from the phase II ALTER 1202 
trial evaluated anlotinib as a third-line or later treatment for recurrent SCLC. This randomized, double-blind, 
placebo-controlled, multicentre study enrolled 120 patients, who were assigned in a 2:1 ratio to receive 
either anlotinib (n = 82) or placebo (n = 38). The median PFS was 4.1 months (95% CI: 2.8–4.2) in the anlo-
tinib group versus 0.7 months (95% CI: 0.7–0.8) in the placebo group (HR = 0.19; p < 0.0001), with a sig-
nificantly higher disease control rate (71.6% vs. 13.2%; p < 0.0001). Updated OS data indicated a survival 
advantage for anlotinib (7.3 vs. 4.9 months) [130,131]. In another prospective phase II trial including 45 
patients with recurrent SCLC, anlotinib achieved an ORR of 11%, a median PFS of 4.1 months and a 
median OS of 6.1 months. The most common treatment-related adverse events were hypertension (13%), 
decreased appetite (9%) and fatigue (9%), reflecting a manageable safety profile [132].

Building upon these monotherapy results, the phase III ETER701 trial further evaluated anlotinib in 
combination therapy for first-line treatment of ES-SCLC. In this multicentre, double-blind, randomized, 
placebo-controlled study, treatment-naïve patients received either benmelstobart (a novel PD-L1 inhibi-
tor) plus anlotinib and standard etoposide/carboplatin (EC) chemotherapy, anlotinib plus EC, or EC alone, 
followed by corresponding maintenance therapy. The addition of benmelstobart and anlotinib to EC sig-
nificantly prolonged OS compared with EC alone (19.3 vs. 11.9 months; HR = 0.61; p = 0.0002), represent-
ing the longest OS reported in randomized ES-SCLC trials. In contrast, the anlotinib + EC arm showed a 
median OS of 13.3 months versus 11.9 months for EC alone, but this improvement did not reach statisti-
cal significance (HR = 0.86; p = 0.1723). Grade ≥3 treatment-related adverse events occurred in 93.1%, 
94.3% and 87.0% of patients in the benmelstobart + anlotinib + EC, anlotinib + EC and EC-alone groups, 
respectively [133]. These results highlight that the triple combination achieved the longest OS reported 
to date in randomized ES-SCLC trials, with a tolerable and manageable safety profile.
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Meanwhile, a 2024 phase II study evaluated sintilimab (a PD-1 inhibitor) combined with anlotinib and 
nab-paclitaxel as a second-line or later therapy for relapsed ES-SCLC. Among 25 enrolled patients, the 
confirmed ORR was 60%, with a median PFS of 6.0 months and a median OS of 13.4 months. Grade ≥3 
adverse events occurred in only 12% of patients, indicating good tolerability [134]. These findings sup-
port the growing potential of anlotinib-based strategies across multiple treatment lines in SCLC.

3.2.2.3. Apatinib.  Apatinib is a tyrosine kinase inhibitor (TKI) that is administered orally and specifically 
targets and inhibits the vascular endothelial growth factor receptor-2 (VEGFR-2). Previous studies have 
indicated that apatinib displays promising antitumour activity and a tolerable safety profile across a range 
of solid tumours, including SCLC [135]. A retrospective study conducted at a single centre in China found 
that apatinib (250 mg daily) as maintenance therapy for ES-SCLC showed promising effectiveness (PFS of 
4.1 months and OS of 12.5 months) and an acceptable safety profile. The most frequently observed adverse 
events associated with treatment were hand-foot syndrome (43.5%, 10/23) and secondary hypertension 
(30.4%, 7/23), followed by fatigue, proteinuria, nausea and oral mucositis (17.4%, 13.0%, 13.0% and 8.7%, 
respectively), with no new toxicity observed [136]. A phase II prospective study carried out in 2019 
assessed the efficacy and safety of apatinib in patients diagnosed with ES-SCLC who had undergone two 
to three previous treatment regimens. In this study, 40 patients were recruited and administered 500 mg 
apatinib once daily. As of the data cutoff date of November 15, 2018, the study results showed that 7 out 
of 40 intention-to-treat patients (17.5%) achieved an objective response, while 7 out of 38 patients in the 
per-protocol group (18.4%) achieved an objective response. The median PFS was recorded at 3.0 months 
(95% CI: 2.2–3.7), while the median OS was noted to be 5.8 months (95% CI: 3.7–7.9). The most frequently 
reported grade 3 or higher treatment-related adverse events included hypertension, hand-foot syndrome 
and elevated levels of gamma-glutamyl transferase [137]. A phase II prospective study evaluated the 
effectiveness of apatinib in conjunction with chemotherapy as a second-line treatment for advanced small 
cell lung cancer. The findings indicated that following treatment with apatinib and chemotherapy, along 
with maintenance therapy, the ORR and DCR were 27.59% (8 out of 29 patients) and 96.55% (28 out of 
29 patients), respectively. Furthermore, the median PFS and OS were reported as 7.36 and 14.16 months, 
respectively, suggesting an improved efficacy relative to standard second-line chemotherapy. The most 
frequently occurring adverse events (AEs) were neutropenia (41.94%, 13/31), followed by leukopoenia 
(35.48%, 11/31) and thrombocytopenia (25.81%, 8/31). Nearly all patients experienced various AEs, but 
most AEs were mild and tolerable [138]. Recently, a 2025 multicentre, single-arm trial investigated 
induction chemotherapy followed by camrelizumab plus apatinib and chemotherapy as first-line treatment 
for untreated ES-SCLC. Among 36 evaluable patients, the confirmed ORR reached 88.9%, with a median 
PFS of 7.3 months and median OS of 17.3 months. Grade ≥3 adverse events occurred in 75% of patients, 
mainly neutropenia, anaemia and elevated alanine aminotransferase, with no treatment-related deaths. 
RB1 mutations, high tumour mutation burden, increased levels of natural killer cells and interferons, and 
low levels of cancer-associated fibroblasts were associated with prolonged PFS [139]. These studies indicate 
that apatinib has potential in treating cisplatin-resistant SCLC patients, particularly in prolonging PFS and 
OS. Nonetheless, additional phase III clinical trials are required to thoroughly assess its efficacy and safety.

3.2.3.  PARP inhibitors
The majority of SCLC cells harbour genetic alterations, particularly in TP53 and RB1, leading to impaired 
DNA repair capacity [33]. This defect partly explains the initial chemosensitivity of SCLC to DNA-damaging 
agents, including alkylators (cisplatin, temozolomide) and topoisomerase inhibitors (etoposide, topotecan, 
irinotecan). Consequently, targeting DNA repair pathways has emerged as a promising therapeutic 
strategy.

Poly (ADP-ribose) polymerase (PARP) is a key enzyme in the base excision repair (BER) pathway, essen-
tial for repairing single-strand DNA breaks and maintaining genomic stability [140,141]. PARP inhibitors 
(PARPi) block DNA repair, sensitizing tumour cells to cytotoxic agents. In preclinical SCLC models, the 
potent PARPi talazoparib (BMN673) demonstrated significant single-agent antitumour activity across mul-
tiple SCLC cell lines [142]. However, the clinical efficacy of PARPi monotherapy remains limited. In a 
phase II trial evaluating olaparib alone or in combination with the ATR inhibitor ceralasertib (AZD6738), 
only modest activity was observed: ORRs were 6.7% and 3.8%, DCR were 33.3% and 42.3%, and median 
PFS was 1.4 and 2.8 months, respectively [143]. These findings suggest that PARPi-based combination 
strategies may provide greater clinical benefit.
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PARP inhibitors have undergone extensive investigation in combination with various therapeutic reg-
imens for SCLC [144]. A randomized, double-blind phase II trial further evaluated temozolomide (TMZ) 
plus veliparib versus TMZ plus placebo in patients with recurrent SCLC (n = 104). Although PFS and OS 
were not significantly different, the ORR was higher in the veliparib arm (39% vs. 14%, p = 0.016). In 
SLFN11-positive tumours, PFS (5.7 vs. 3.6 months, p = 0.009) and OS (12.2 vs. 7.5 months, p = 0.014) were 
significantly prolonged, highlighting SLFN11 as a predictive biomarker for PARPi response. Increased 
grade 3–4 haematologic toxicities (thrombocytopenia 50%, neutropenia 31%) were observed [145].

Building upon this biomarker-driven strategy, a phase II randomized trial (S1929) investigated whether 
adding the PARP inhibitor talazoparib to maintenance atezolizumab could improve outcomes in 
SLFN11-positive ES-SCLC following initial chemoimmunotherapy. A total of 106 eligible patients were 
enrolled and randomized to receive atezolizumab alone or atezolizumab plus talazoparib. The combina-
tion regimen resulted in a significant improvement in PFS (HR = 0.66, 80% CI: 0.50–0.86, one-sided 
p = 0.019), with median PFS of 2.9 vs. 2.4 months, while OS was not significantly different (HR = 0.98, 80% 
CI: 0.71–1.36, one-sided p = 0.47). Grade ≥3 haematologic adverse events occurred more frequently with 
the combination (50% vs. 4%, p < 0.001), mainly due to anaemia, whereas non-haematologic toxicities 
were comparable (17% vs. 14%)[146]. These results further validate the concept of PARP inhibition in 
biomarker-selected SLFN11-positive SCLC, highlighting that precision-based therapeutic selection may 
yield tangible clinical benefit despite increased haematologic toxicity.

Additionally, a phase I/II study of olaparib plus TMZ in recurrent SCLC (n = 50) reported an ORR of 
41.7%, median PFS of 4.2 months, and median OS of 8.5 months [147],further supporting the potential 
synergy of PARPi with alkylating agents.

In the frontline setting, a phase II trial enrolling 128 patients with ES-SCLC compared cisplatin and etopo-
side plus veliparib versus cisplatin and etoposide plus placebo. Patients receiving the combination of cispla-
tin and etoposide plus veliparib achieved a slightly higher ORR compared with the placebo arm (71.9% vs. 
65.6%, p = 0.57), although the difference was not statistically significant. Median PFS was modestly prolonged 
in the veliparib arm (6.1 vs. 5.5 months; HR = 0.63, p = 0.01), and median OS was also increased but did not 
reach statistical significance (10.3 vs. 8.9 months; stratified HR = 0.83; 80% CI, 0.64–1.07; one-sided p = 0.17). 
Notably, male patients with elevated lactate dehydrogenase (LDH) levels derived substantial benefit in PFS 
from the combination therapy (HR = 0.34; 80% CI, 0.22–0.51), whereas no significant advantage was observed 
in other patient subgroups (HR = 0.81; 80% CI, 0.60–1.09). Haematologic toxicities were increased in the 
combination arm, particularly neutropenia and CD4 lymphopenia. Collectively, these findings indicate that 
PARPi monotherapy provides limited benefit but holds greater potential when combined with chemotherapy 
or immunotherapy, particularly in SLFN11-positive subgroups. Ongoing biomarker-driven trials may further 
optimize patient selection and combination treatment strategies in SCLC. A comprehensive summary of clin-
ical trials evaluating PARP inhibitor–based combination therapies in SCLC is presented in Table 3.

Table 3. C linical trial of PARR inhibitor combination therapy for cisplatin-resistant small cell lung cancer.
Phase Study Treatment arms Patients (n) ORR (%) PFS (months) OS (months)

First line
 I  NCT02289690 Veliparib + chemotherapy vs. 

placebo + chemotherapy; 
maintained with veliparib 
vs. placebo

181 77 vs. 59 vs. 64 5.8 vs. 5.7 vs. 5.6 10.1 vs. 10.0 vs. 
11.4

 II  ECOG-ACRIN 2511 Veliparib + etoposide + cisplatin 
vs. placebo +  
etoposide + cisplatin

128 71.9 vs. 65.6 
(p = 0.57)

6.1 vs. 5.5  
(HR: 0.75; 
p = 0.06)

10.3 vs. 8.9  
(HR: 
0.83;  p = 0.17)

 II  S1929 Atezolizumab vs. 
atezolizumab + talazoparib

106 19 vs. 11 2.9 vs. 2.4
(HR = 0.66,80% 

CI: 0.50-0.86, 
p = 0.019)

9.5 vs. 9.7
(HR = 0.98,80% 

CI: 0.71–1.36; 
p = 0.47)

Relapsed
 I /II NCT02446704 Olaparib + temozolomide 50 41.7 (48 

assessable 
patients)

4.2 (95%  
CI: 2.8–5.7)

8.5 (95%  
CI: 5.1–11.3)

 I /II NCT02734004 Olaparib + durvalumab 40 10.5 (95% CI: 
2.9–24.8)

2.4 (95%  
CI: 0.9–3.0)

7.6 (95%  
CI: 5.6–8.8)

 II  NCT03009682 + NCT0328607 Olaparib vs. olaparib and 
ceralasertib

41 6.7 vs. 3.8 1.4 vs. 2.8 8.6 vs. 7.2

 II  NCT01638546 Veliparib + temozolomide vs. 
placebo + temozolomide

104 39 vs. 14 
(p = 0.016)

3.8 vs. 2.0 
(p = 0.39)

8.2 vs. 7.0 
(p = 0.50)
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3.3.  The novel chemotherapy

3.3.1.  Lurbinectedin
Lurbinectedin is an innovative anticancer agent belonging to the ecteinascidin class of compounds. It 
binds to DNA, obstructing access to transcription factors and essential transcription machinery such as 
RNA polymerase II, thereby disrupting the transcription process, causing the buildup of DNA double-strand 
breaks, which ultimately leads to cell death [148,149]. Furthermore, lurbinectedin may influence the 
tumour microenvironment by diminishing both the quantity and transcriptional activity of 
tumour-associated macrophages, which could result in a reduction in tumour cell survival, angiogenesis 
and an enhancement of antitumour immunity. A single-arm, open-label, phase II basket trial assessed the 
efficacy and safety of lurbinectedin in a cohort of 105 patients diagnosed with SCLC who had previously 
failed cisplatin-based chemotherapy. Among these participants, 37 individuals (35.2%, 95% CI: 26.2–45.2) 
exhibited an overall response to the treatment. The ORR was recorded at 35.2%, with a median PFS of 
3.5 months and a median OS of 9.3 months. The most frequently observed grade 3–4 adverse events 
were haematologic disorders, which included anaemia (9%), leukopoenia (29%), neutropenia (46%), 
thrombocytopenia (7%) and febrile neutropenia (5%) [150]. In light of these favourable clinical outcomes, 
lurbinectedin received accelerated approval from the U.S. Food and Drug Administration (FDA) in 2020 
for the management of relapsed small cell lung cancer.

Recently, another study in ES-SCLC without central nervous system (CNS) metastases found that lurbi-
nectedin had a statistically significant higher ORR compared to the topotecan control group (41.0% vs. 
25.5%; p = 0.0382). The lurbinectedin group also had a higher ORR (33.7% vs. 25.5%), longer median 
duration of response (5.3 months vs. 3.9 months) and longer median OS (10.2 months vs. 7.6 months). 
Additionally, the lurbinectedin group had significantly lower grade 3 haematologic abnormalities com-
pared to the control group: anaemia (12.0% vs. 54.1%), leukopoenia (30.1% vs. 68.4%), neutropenia 
(47.0% vs. 75.5%) and thrombocytopenia (6.0% vs. 52.0%) [151]. These results indicate that lurbinectedin 
used alone is safe and shows considerable effectiveness as a second-line therapy for SCLC.

Following confirmation of lurbinectedin’s efficacy as monotherapy, combination strategies have been 
explored. A phase III trial assessed lurbinectedin plus doxorubicin in 613 patients with relapsed SCLC, 
compared with topotecan or CAV (cyclophosphamide, doxorubicin, vincristine) control. Median OS was 
8.6 months versus 7.6 months (HR 0.97, p = 0.70), without statistical significance, but haematologic toxici-
ties – including anaemia, neutropenia and thrombocytopenia – were lower in the combination arm, 
suggesting a potential safety advantage [152]. Building on this, the phase 3 IMforte trial evaluated 
first-line maintenance therapy with lurbinectedin plus atezolizumab versus atezolizumab alone in 483 
ES-SCLC patients who had not progressed after induction with atezolizumab, carboplatin and etoposide. 
Lurbinectedin plus atezolizumab significantly prolonged PFS (HR 0.54; 95% CI: 0.43–0.67; p < 0.0001) and 
OS (HR 0.73; 95% CI: 0.57–0.95; p = 0.017) compared with atezolizumab alone. Grade 3–4 adverse events 
were more frequent with the combination (38% vs. 22%), mainly anaemia, neutropenia and thrombocy-
topenia, while grade 5 events occurred in 5% versus 3% [153]. These findings indicate that lurbinectedin, 
particularly in combination with doxorubicin or atezolizumab, represents a promising therapeutic option 
for relapsed and first-line maintenance treatment of ES-SCLC.

3.3.2.  Alisertib
Aurora kinase A (AURKA) serves as a critical regulator of mitotic processes and is frequently found to be 
amplified or overexpressed in various solid tumours, including SCLC, suggesting its potential involvement 
in tumourigenesis [154,155]. The AURKA inhibitor alisertib has demonstrated effectiveness as a stand-
alone treatment in a phase II clinical trial, where 10 out of 48 patients (21%; 95% CI: 10–35) attained an 
objective response, with a median PFS of 2.1 months (95% CI: 1.4–3.4) [156]. Furthermore, the combina-
tion of alisertib and paclitaxel has been evaluated as a second-line therapeutic option for SCLC. The 
findings indicated an ORR of 22% in the alisertib/paclitaxel cohort, in contrast to 18% in the placebo/
paclitaxel cohort. The median OS was recorded at 6.86 months for the combination therapy group, com-
pared to 5.58 months for the placebo group (HR = 0.93, 95% CI: 0.652–1.341, p = 0.714), revealing no 
statistically significant difference in OS between the two groups. Additionally, the median PFS was 
3.32 months for the combination therapy group, as opposed to 2.17 months for the placebo group (HR: 
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0.77; 95% CI: 0.557–1.067, p = 0.113). Notably, a subset of patients expressing c-Myc showed a marked 
enhancement in PFS when treated with alisertib/paclitaxel [157]. These results align with the proposed 
mechanism of action of alisertib as a mitotic inhibitor, which has the capacity to disrupt the cell cycle. 
Consequently, c-Myc expression may function as a biomarker for predicting the therapeutic efficacy of 
alisertib in the treatment of SCLC. Despite the promising outcomes observed in clinical trials, the com-
bination therapy approach involving alisertib has yet to be comprehensively validated through large-scale 
clinical studies, necessitating further exploration of its efficacy and safety profile. A summary of recent 
clinical and experimental studies investigating lurbinectedin and alisertib in SCLC is presented in Table 4.

4.  Preclinical advances in overcoming cisplatin resistance

Recent preclinical investigations have converged on a multifactorial model of platinum resistance in SCLC 
in which oncogenic drivers, epigenetic reprogramming, altered mitophagy and checkpoint dependence 
create distinct but potentially targetable vulnerabilities. Functionally, both acquired and enforced MYC 
overexpression drive platinum resistance in cell lines and autochthonous models, and high-throughput 
screening identified the dual PI3K–HDAC inhibitor fimepinostat as an agent that downregulates MYC and 
produces potent single-agent efficacy in xenograft and patient-derived models while significantly pro-
longing survival when combined with platinum–etoposide [158]. Targeting cell-cycle checkpoints offers 
a complementary approach. CHK1 inhibition (prexasertib, AZD7762) synergizes with cisplatin to induce 
mitotic catastrophe in p53-deficient SCLC and restores sensitivity in resistant models [159]. Integrative 
methylome–transcriptome analyses further nominate epigenetic biomarkers and druggable interactions: 
hypomethylation and upregulation of PCDHB4 associate with stemness/EMT phenotypes, reduced 
immune infiltration and poorer outcomes after platinum therapy [160], while an epigenome-wide study 
across 66 SCLC cell lines revealed methylation–expression correlations (e.g. TREX1, SLFN11, CEP350, 
EPAS1, KDM1A, EZH2, YAP1) that predict sensitivity or resistance to specific classes of agents (Aurora 
kinase inhibitors, PLK1 inhibitors, PARP/ATR pathway agents and microtubule poisons) [161].

5.  Perspective

While therapies targeting the four mechanisms of resistance to cisplatin-based drugs, such as multidrug 
resistance (MDR) inhibitors and Bcl-2 family inhibitors, have been developed to address specific resis-
tance pathways, their substantial side effects and efficacy limited to specific tumour types have restricted 

Table 4. C linical trials of novel chemotherapy drugs for cisplatin-resistant small cell lung cancer.

Phase Study Treatment arms
Patients 

(n) ORR (%) PFS (months) OS (months)

First line
 III  NCT05091567 Lurbinectedin + atezolizumab 

vs. atezolizumab
483 59.1 vs. 

74.0
5.4 vs. 2.1
(HR: 0.54; 95% CI: 

0.43–0.67; 
p < 0·0001)

13.2 vs. 10.6
(HR: 0.73; 95% CI: 

0.57–0.95; 
p = 0.017)

Relapsed
 II  NCT02454972 Lurbinectedin 105 35.2 3.5 (95% CI: 

2.6–4.3)
9.3 (95% CI: 

6.3–11.8)
 II  NCT01045421 Alisertib 48 10 2.1 (95% CI: 

1.4–3.4)
/

 II  NCT02038647 Alisertib + paclitaxel vs. 
placebo + paclitaxel

178 22 vs. 18 3.32 vs. 2.17 (HR: 
0.77; 95% CI: 
0.557–1.067; 
p = 0.113)

6.86 vs. 5.58 (HR: 
0.93; 95% CI: 
0.652–1.341; 
p = 0.714)

 II /III NCT02454972 + NCT02566993 Lurbinectedin vs. topotecan 181 IA: 41 vs. 
25.5 
IRC: 
33.7 vs. 
25.5

IA: 5.3 vs. 3.9 
(p = 0.7323) IRC: 
5.1 vs. 4.3 
(p = 0.6102)

10.2 vs. 7.6 
(p = 0.3037)

 III  NCT02566993 Lurbinectedin + doxorubicin vs. 
topotecan or CAV

613 32 vs. 30 4.0 vs. 4.0 (HR: 
0.83; 95% CI: 
0.69–1.00)

8.6 vs. 7.6 (HR: 
0.97; 95CI%: 
0.82–1.15; 
p = 0.70)
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their widespread use in the treatment of cisplatin-resistant SCLC. Currently, immunotherapy and targeted 
therapy remain the mainstream treatments for this type of lung cancer.

Studies have shown that the MDR inhibitor Cyclosporine A can reduce the activity of P-gp, enhanc-
ing the sensitivity of lung cancer cells to cisplatin-based drugs, but its immunosuppressive effects and 
renal toxicity limit its clinical application [162]. Similarly, the Bcl-2 family inhibitor Venetoclax has shown 
significant therapeutic effects in clinical trials on various haematological malignancies, such as chronic 
lymphocytic leukaemia and multiple myeloma, particularly displaying an overall response rate of up to 
70% when used in combination with other drugs [163,164]. However, its effects in solid tumours are 
relatively weak, possibly due to the more complex anti-apoptotic mechanisms in these tumours [165].

In this context, immunotherapy and targeted therapy have emerged as significant areas of research, 
each with unique mechanisms and potential advantages. Immunotherapy, particularly inhibitors target-
ing the PD-1/PD-L1 pathway (such as nivolumab and pembrolizumab), although effective in some 
patients, still shows limited overall response rates and improvements in survival. This variability in effec-
tiveness may be related to the significant immunosuppressive environment in SCLC, characterized by 
restricted T-cell infiltration and impaired antigen presentation [166]. Although SCLC generally exhibits a 
high tumour mutation burden (TMB), the immune suppressive factors limit the response to immunother-
apy, which may explain why PD-1/PD-L1 blockade is not as effective in SCLC as expected [167]. Similarly, 
CTLA-4 inhibitors such as Ipilimumab have not significantly improved ORR, PFS, or OS in SCLC. This may 
be due to CTLA-4 inhibitors primarily modulating T cell activation within lymph nodes, and the insuffi-
cient immune activation signals in the SCLC tumour microenvironment, combined with the rapid pro-
gression nature of the tumour, limits the effectiveness of such immunotherapy [168].

On the other hand, targeted therapy, such as PARP inhibitors (PARPi), although theoretically potent 
against SCLC, has not yet become a recommended standard treatment. This is partly because the response 
of SCLC patients to PARPi varies, and even in clinical trials involving combination therapies, some patients 
show significantly better responses than others. The variability in response can be attributed to several 
factors, including genetic heterogeneity, expression levels of relevant biomarkers like BRCA mutations and 
RAD51, differences in the tumour microenvironment that affect drug metabolism and efficacy, and the 
complexities of drug interactions in combination therapies. Therefore, future research should focus on 
identifying specific patient groups through biomarkers to optimize the application of PARPi in SCLC treat-
ment, enhancing personalized therapy approaches to improve clinical outcomes.

Combining immunotherapy with targeted treatments such as PARP inhibitors provides a promising 
therapeutic strategy for platinum-resistant SCLC by targeting multiple pathways simultaneously. PARP 
inhibitors disrupt the DNA repair mechanisms of tumour cells, thereby enhancing the immune system’s 
attack on these cells, which in turn strengthens the effect of immunotherapy. This combined strategy not 
only overcomes the immunosuppressive microenvironment of the tumour but also leverages the genetic 
predisposition of patients to enhance the overall effectiveness of the treatment. Future clinical trials should 
focus on utilizing biomarkers such as TP53 and RB1 genes to identify patients most likely to benefit from 
these combined therapies, aiming for more precise treatment. This approach seeks to advance treatment 
toward greater personalization and efficacy by improving response rates and extending survival times.

Acknowledgments

The authors would like to thank all colleagues who provided helpful discussions and support during the preparation 
of this manuscript.

Authors contributions

CRediT: Zhe Chen: Data curation, Visualization, Writing – original draft; Min Qiang: Data curation, Validation, Writing –  
original draft; Junxue Dong: Writing – review & editing; Kejian Gong: Writing – review & editing; Xinjun Zhang: 
Writing – review & editing; Peng Huo: Writing – review & editing; Jingjun Zhu: Writing – review & editing; Yifeng 
Shao: Writing – review & editing; Jianzun Ma: Writing – review & editing; Bowei Zhang: Writing – review & editing; 
Wei Liu: Conceptualization, Methodology, Supervision, Writing – review & editing; Mingbo Tang: Conceptualization, 
Funding acquisition, Supervision, Writing – review & editing.



20 Z. CHEN ET AL.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

The study was supported by Surgical standardized diagnosis and treatment research project WKZX2023WK0112, Jilin 
Province’s Special Project for Medical and Health Care Talents JLSWSRCZX2023-35 and JLSWSRCZX2023-96.

ORCID

Wei Liu  http://orcid.org/0000-0003-0012-6845
Mingbo Tang  http://orcid.org/0000-0001-5097-0644

Data availability statement

Data sharing is not applicable to this article as no datasets were generated or analyzed during the current study.

References

	 [1]	 Gazdar AF, Bunn PA, Minna JD. Small-cell lung cancer: what we know, what we need to know and the path 
forward. Nat Rev Cancer. 2017;17(12):725–737. doi: 10.1038/nrc.2017.87.

	 [2]	 Wang WZ, Shulman A, Amann JM, et al. Small cell lung cancer: subtypes and therapeutic implications. Semin 
Cancer Biol. 2022;86(Pt 2):543–554. doi: 10.1016/j.semcancer.2022.04.001.

	 [3]	 Megyesfalvi Z, Gay CM, Popper H, Jr., et al. Clinical insights into small cell lung cancer: tumor heterogeneity, 
diagnosis, therapy, and future directions. CA Cancer J Clin. 2023;73(6):620–652. doi: 10.3322/caac.21785.

	 [4]	 Farago AF, Keane FK. Current standards for clinical management of small cell lung cancer. Transl Lung Cancer 
Res. 2018;7(1):69–79. doi: 10.21037/tlcr.2018.01.16.

	 [5]	 Levy B, Saxena A, Schneider BJ. Systemic therapy for small cell lung cancer. J Natl Compr Cancer Networks. 
2013;11(7):780–787. doi: 10.6004/jnccn.2013.0100.

	 [6]	 Kim YH, Goto K, Yoh K, et al. Performance status and sensitivity to first-line chemotherapy are significant 
prognostic factors in patients with recurrent small cell lung cancer receiving second-line chemotherapy. 
Cancer. 2008;113(9):2518–2523. doi: 10.1002/cncr.23871.

	 [7]	 van Meerbeeck JP, Fennell DA, De Ruysscher DK. Small-cell lung cancer. Lancet. 2011;378(9804):1741–1755. doi: 
10.1016/s0140-6736(11)60165-7.

	 [8]	 Jeremic B, Shibamoto Y, Nikolic N, et al. Role of radiation therapy in the combined-modality treatment of 
patients with extensive disease small-cell lung cancer: a randomized study. J Clin Oncol. 1999;17(7):2092–2099. 
doi: 10.1200/jco.1999.17.7.2092.

	 [9]	 Slotman BJ, van Tinteren H, Praag JO, et al. Use of thoracic radiotherapy for extensive stage small-cell lung 
cancer: a phase 3 randomised controlled trial. Lancet. 2015;385(9962):36–42. doi: 10.1016/s0140-6736(14)61085-0.

	[10]	 Govindan R, Page N, Morgensztern D, et al. 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. 2006;24(28):4539–4544. doi: 10.1200/jco.2005.04.4859.

	[11]	 Lally BE, Urbanic JJ, Blackstock AW, et al. Small cell lung cancer: have we made any progress over the last 25 
years? Oncologist. 2007;12(9):1096–1104. doi: 10.1634/theoncologist.12-9-1096.

	[12]	 Horn L, Mansfield AS, Szczęsna A, et al. First-line atezolizumab plus chemotherapy in extensive-stage small-cell 
lung cancer. N Engl J Med. 2018;379(23):2220–2229. doi: 10.1056/NEJMoa1809064.

	[13]	 Galluzzi L, Senovilla L, Vitale I, et al. Molecular mechanisms of cisplatin resistance. Oncogene. 2012;31(15):1869–
1883. doi: 10.1038/onc.2011.384.

	[14]	 Ghosh S. Cisplatin: the first metal based anticancer drug. Bioorg Chem. 2019;88:102925. doi: 10.1016/j.bio-
org.2019.102925.

	[15]	 Fink TH, Huber RM, Heigener DF, et al. Topotecan/cisplatin compared with cisplatin/etoposide as first-line treat-
ment for patients with extensive disease small-cell lung cancer: final results of a randomized phase III trial. J 
Thorac Oncol. 2012;7(9):1432–1439. doi: 10.1097/JTO.0b013e318260de75.

	[16]	 Ganti AKP, Loo BW, Bassetti M, et al. Small cell lung cancer, version 2.2022, NCCN clinical practice guidelines 
in oncology. J Natl Compr Canc Netw. 2021;19(12):1441–1464. doi: 10.6004/jnccn.2021.0058.

	[17]	O wonikoko TK, Behera M, Chen Z, et al. A systematic analysis of efficacy of second-line chemotherapy in 
sensitive and refractory small-cell lung cancer. J Thorac Oncol. 2012;7(5):866–872. doi: 10.1097/
JTO.0b013e31824c7f4b.

http://orcid.org/0000-0003-0012-6845
http://orcid.org/0000-0001-5097-0644
https://doi.org/10.1038/nrc.2017.87
https://doi.org/10.1016/j.semcancer.2022.04.001
https://doi.org/10.3322/caac.21785
https://doi.org/10.21037/tlcr.2018.01.16
https://doi.org/10.6004/jnccn.2013.0100
https://doi.org/10.1002/cncr.23871
https://doi.org/10.1016/s0140-6736(11)60165-7
https://doi.org/10.1200/jco.1999.17.7.2092
https://doi.org/10.1016/s0140-6736(14)61085-0
https://doi.org/10.1200/jco.2005.04.4859
https://doi.org/10.1634/theoncologist.12-9-1096
https://doi.org/10.1056/NEJMoa1809064
https://doi.org/10.1038/onc.2011.384
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.1097/JTO.0b013e318260de75
https://doi.org/10.6004/jnccn.2021.0058
https://doi.org/10.1097/JTO.0b013e31824c7f4b
https://doi.org/10.1097/JTO.0b013e31824c7f4b


Annals of Medicine 21

	[18]	 Triller N, Korosec P, Kern I, et al. Multidrug resistance in small cell lung cancer: expression of P-glycoprotein, 
multidrug resistance protein 1 and lung resistance protein in chemo-naive patients and in relapsed disease. 
Lung Cancer. 2006;54(2):235–240. doi: 10.1016/j.lungcan.2006.06.019.

	[19]	 Furukawa T, Komatsu M, Ikeda R, et al. Copper transport systems are involved in multidrug resistance and 
drug transport. Curr Med Chem. 2008;15(30):3268–3278. doi: 10.2174/092986708786848479.

	[20]	 Tripathi SC, Fahrmann JF, Celiktas M, et al. MCAM mediates chemoresistance in small-cell lung cancer via 
the PI3K/AKT/SOX2 signaling pathway. Cancer Res. 2017;77(16):4414–4425. doi: 10.1158/0008-5472.Can-16-
2874.

	[21]	 Ji L, Li H, Gao P, et al. Nrf2 pathway regulates multidrug-resistance-associated protein 1 in small cell lung 
cancer. PLoS One. 2013;8(5):e63404. doi: 10.1371/journal.pone.0063404.

	[22]	 Kalayda GV, Wagner CH, Buss I, et al. Altered localisation of the copper efflux transporters ATP7A and ATP7B 
associated with cisplatin resistance in human ovarian carcinoma cells. BMC Cancer. 2008;8(1):175. doi: 
10.1186/1471-2407-8-175.

	[23]	 Chisholm CL, Wang H, Wong AH, et al. Ammonium tetrathiomolybdate treatment targets the copper transport-
er ATP7A and enhances sensitivity of breast cancer to cisplatin. Oncotarget. 2016;7(51):84439–84452. doi: 
10.18632/oncotarget.12992.

	[24]	 Song L, Li Y, Li W, et al. miR-495 enhances the sensitivity of non-small cell lung cancer cells to platinum by 
modulation of copper-transporting P-type adenosine triphosphatase A (ATP7A). J Cell Biochem. 2014;115(7):1234–
1242. doi: 10.1002/jcb.24665.

	[25]	 Liu H, Wu X, Huang J, et al. miR-7 modulates chemoresistance of small cell lung cancer by repressing MRP1/
ABCC1. Int J Exp Pathol. 2015;96(4):240–247. doi: 10.1111/iep.12131.

	[26]	 Fuertes MA, Alonso C, Pérez JM. Biochemical modulation of Cisplatin mechanisms of action: enhancement of 
antitumor activity and circumvention of drug resistance. Chem Rev. 2003;103(3):645–662. doi: 10.1021/
cr020010d.

	[27]	 Lin X, Okuda T, Holzer A, et al. The copper transporter CTR1 regulates cisplatin uptake in Saccharomyces cer-
evisiae. Mol Pharmacol. 2002;62(5):1154–1159. doi: 10.1124/mol.62.5.1154.

	[28]	 Ishida S, Lee J, Thiele DJ, et al. Uptake of the anticancer drug cisplatin mediated by the copper transporter 
Ctr1 in yeast and mammals. Proc Natl Acad Sci U S A. 2002;99(22):14298–14302. doi: 10.1073/pnas.162491399.

	[29]	 Kimura H, Kamiyama K, Imamoto T, et al. Dichloroacetate reduces cisplatin-induced apoptosis by inhibiting the 
JNK/14-3-3/Bax/caspase-9 pathway and suppressing caspase-8 activation via cFLIP in murine tubular cells. Sci 
Rep. 2024;14(1):24307. doi: 10.1038/s41598-024-75229-z.

	[30]	 Shimada T, Yabuki Y, Noguchi T, et al. The distinct roles of LKB1 and AMPK in p53-dependent apoptosis in-
duced by cisplatin. Int J Mol Sci. 2022;23(17):10064. doi: 10.3390/ijms231710064.

	[31]	 Kim R, Tanabe K, Uchida Y, et al. Current status of the molecular mechanisms of anticancer drug-induced 
apoptosis. The contribution of molecular-level analysis to cancer chemotherapy. Cancer Chemother Pharmacol. 
2002;50(5):343–352. doi: 10.1007/s00280-002-0522-7.

	[32]	 Bai L, Wang S. Targeting apoptosis pathways for new cancer therapeutics. Annu Rev Med. 2014;65(1):139–155. 
doi: 10.1146/annurev-med-010713-141310.

	[33]	 George J, Lim JS, Jang SJ, et al. Comprehensive genomic profiles of small cell lung cancer. Nature. 
2015;524(7563):47–53. doi: 10.1038/nature14664.

	[34]	 Yasuda Y, Ozasa H, Kim YH, et al. MCL1 inhibition is effective against a subset of small-cell lung cancer with 
high MCL1 and low BCL-X(L) expression. Cell Death Dis. 2020;11(3):177. doi: 10.1038/s41419-020-2379-2.

	[35]	 Biagosch J, Huber RM, Bergner A. Reduced expression of Bax in small cell lung cancer cells is not sufficient to 
induce cisplatin-resistance. Eur J Med Res. 2010;15(10):448–451. doi: 10.1186/2047-783x-15-10-448.

	[36]	 Yano Y, Otsuka T, Hirano H, et al. Nuclear survivin expression in small cell lung cancer. Anticancer Res. 
2015;35(5):2935–2939.

	[37]	 Liang Y, Yu D, Perez-Soler R, et al. TRIB2 contributes to cisplatin resistance in small cell lung cancer. Oncotarget. 
2017;8(65):109596–109608. doi: 10.18632/oncotarget.22741.

	[38]	 Dasari S, Tchounwou PB. Cisplatin in cancer therapy: molecular mechanisms of action. Eur J Pharmacol. 
2014;740:364–378. doi: 10.1016/j.ejphar.2014.07.025.

	[39]	 Kiss RC, Xia F, Acklin S. Targeting DNA damage response and repair to enhance therapeutic index in 
cisplatin-based cancer treatment. Int J Mol Sci. 2021;22(15):8199. doi: 10.3390/ijms22158199.

	[40]	 Zhang J, Liu X, Hou P, et al. BRCA1 orchestrates the response to BI-2536 and its combination with alisertib in 
MYC-driven small cell lung cancer. Cell Death Dis. 2024;15(7):551. doi: 10.1038/s41419-024-06950-w.

	[41]	 Gardner EE, Lok BH, Schneeberger VE, et al. Chemosensitive relapse in small cell lung cancer proceeds through 
an EZH2-SLFN11 axis. Cancer Cell. 2017;31(2):286–299. doi: 10.1016/j.ccell.2017.01.006.

	[42]	 Stover EH, Konstantinopoulos PA, Matulonis UA, et al. Biomarkers of response and resistance to DNA repair 
targeted therapies. Clin Cancer Res. 2016;22(23):5651–5660. doi: 10.1158/1078-0432.Ccr-16-0247.

	[43]	 Rascio F, Spadaccino F, Rocchetti MT, et al. The pathogenic role of PI3K/AKT pathway in cancer onset and drug 
resistance: an updated review. Cancers (Basel). 2021;13(16):3949. doi: 10.3390/cancers13163949.

	[44]	 Reed E. Platinum-DNA adduct, nucleotide excision repair and platinum based anti-cancer chemotherapy. 
Cancer Treat Rev. 1998;24(5):331–344. doi: 10.1016/s0305-7372(98)90056-1.

https://doi.org/10.1016/j.lungcan.2006.06.019
https://doi.org/10.2174/092986708786848479
https://doi.org/10.1158/0008-5472.Can-16-2874
https://doi.org/10.1158/0008-5472.Can-16-2874
https://doi.org/10.1371/journal.pone.0063404
https://doi.org/10.1186/1471-2407-8-175
https://doi.org/10.18632/oncotarget.12992
https://doi.org/10.1002/jcb.24665
https://doi.org/10.1111/iep.12131
https://doi.org/10.1021/cr020010d
https://doi.org/10.1021/cr020010d
https://doi.org/10.1124/mol.62.5.1154
https://doi.org/10.1073/pnas.162491399
https://doi.org/10.1038/s41598-024-75229-z
https://doi.org/10.3390/ijms231710064
https://doi.org/10.1007/s00280-002-0522-7
https://doi.org/10.1146/annurev-med-010713-141310
https://doi.org/10.1038/nature14664
https://doi.org/10.1038/s41419-020-2379-2
https://doi.org/10.1186/2047-783x-15-10-448
https://doi.org/10.18632/oncotarget.22741
https://doi.org/10.1016/j.ejphar.2014.07.025
https://doi.org/10.3390/ijms22158199
https://doi.org/10.1038/s41419-024-06950-w
https://doi.org/10.1016/j.ccell.2017.01.006
https://doi.org/10.1158/1078-0432.Ccr-16-0247
https://doi.org/10.3390/cancers13163949
https://doi.org/10.1016/s0305-7372(98)90056-1


22 Z. CHEN ET AL.

	[45]	 Friboulet L, Olaussen KA, Pignon JP, et al. ERCC1 isoform expression and DNA repair in non-small-cell lung 
cancer. N Engl J Med. 2013;368(12):1101–1110. doi: 10.1056/NEJMoa1214271.

	[46]	 Curtin NJ. PARP inhibitors for cancer therapy. Expert Rev Mol Med. 2005;7(4):1–20. doi: 10.1017/
s146239940500904x.

	[47]	 Ioannou M, Papamichali R, Kouvaras E, et al. Hypoxia inducible factor-1 alpha and vascular endothelial growth 
factor in biopsies of small cell lung carcinoma. Lung. 2009;187(5):321–329. doi: 10.1007/s00408-009-9169-z.

	[48]	 Munksgaard Persson M, Johansson ME, Monsef N, et al. HIF-2α expression is suppressed in SCLC cells, which 
survive in moderate and severe hypoxia when HIF-1α is repressed. Am J Pathol. 2012;180(2):494–504. doi: 
10.1016/j.ajpath.2011.10.014.

	[49]	 Luan Y, Gao C, Miao Y, et al. Clinicopathological and prognostic significance of HIF-1α and HIF-2α expression 
in small cell lung cancer. Pathol Res Pract. 2013;209(3):184–189. doi: 10.1016/j.prp.2012.10.017.

	[50]	 Wan J, Chai H, Yu Z, et al. HIF-1α effects on angiogenic potential in human small cell lung carcinoma. J Exp 
Clin Cancer Res. 2011;30(1):77. doi: 10.1186/1756-9966-30-77.

	[51]	 Jacoby JJ, Erez B, Korshunova MV, et al. Treatment with HIF-1alpha antagonist PX-478 inhibits progression and 
spread of orthotopic human small cell lung cancer and lung adenocarcinoma in mice. J Thorac Oncol. 
2010;5(7):940–949. doi: 10.1097/JTO.0b013e3181dc211f.

	[52]	 Lin CS, Liu TC, Lee MT, et al. Independent prognostic value of hypoxia-inducible factor 1-alpha expression in 
small cell lung cancer. Int J Med Sci. 2017;14(8):785–790. doi: 10.7150/ijms.19512.

	[53]	 Guillaumond F, Leca J, Olivares O, et al. Strengthened glycolysis under hypoxia supports tumor symbiosis and 
hexosamine biosynthesis in pancreatic adenocarcinoma. Proc Natl Acad Sci U S A. 2013;110(10):3919–3924. 
doi: 10.1073/pnas.1219555110.

	[54]	 Polański R, Hodgkinson CL, Fusi A, et al. Activity of the monocarboxylate transporter 1 inhibitor AZD3965 in 
small cell lung cancer. Clin Cancer Res. 2014;20(4):926–937. doi: 10.1158/1078-0432.Ccr-13-2270.

	[55]	 Hamaguchi R, Narui R, Morikawa H, et al. Improved chemotherapy outcomes of patients with small-cell lung 
cancer treated with combined alkalization therapy and intravenous vitamin C. Cancer Diagn Progn. 
2021;1(3):157–163. doi: 10.21873/cdp.10021.

	[56]	 Shie WY, Chu PH, Kuo MY, et al. Acidosis promotes the metastatic colonization of lung cancer via remodeling 
of the extracellular matrix and vasculogenic mimicry. Int J Oncol. 2023;63(6):136. doi: 10.3892/ijo.2023.5584.

	[57]	 Iriki T, Ohnishi K, Fujiwara Y, et al. The cell-cell interaction between tumor-associated macrophages and small 
cell lung cancer cells is involved in tumor progression via STAT3 activation. Lung Cancer. 2017;106:22–32. doi: 
10.1016/j.lungcan.2017.01.003.

	[58]	 Mito R, Iriki T, Fujiwara Y, et al. Onionin A inhibits small-cell lung cancer proliferation through suppressing 
STAT3 activation induced by macrophages-derived IL-6 and cell-cell interaction with tumor-associated macro-
phage. Hum Cell. 2023;36(3):1068–1080. doi: 10.1007/s13577-023-00895-6.

	[59]	 Rao X, Zhou X, Wang G, et al. NLRP6 is required for cancer-derived exosome-modified macrophage M2 polar-
ization and promotes metastasis in small cell lung cancer. Cell Death Dis. 2022;13(10):891. doi: 10.1038/
s41419-022-05336-0.

	[60]	 Ryan SL, Beard S, Barr MP, et al. Targeting NF-κB-mediated inflammatory pathways in cisplatin-resistant NSCLC. 
Lung Cancer. 2019;135:217–227. doi: 10.1016/j.lungcan.2019.07.006.

	[61]	 Lu Y, Li H, Zhao P, et al. Dynamic phenotypic reprogramming and chemoresistance induced by lung fibroblasts 
in small cell lung cancer. Sci Rep. 2024;14(1):2884. doi: 10.1038/s41598-024-52687-z.

	[62]	 Meder L, Orschel CI, Otto CJ, et al. Blocking the angiopoietin-2-dependent integrin β-1 signaling axis abro-
gates small cell lung cancer invasion and metastasis. JCI Insight. 2024;9(10):e166402. doi: 10.1172/jci.in-
sight.166402.

	[63]	 Sun Y, Hao G, Zhuang M, et al. MEG3 LncRNA from exosomes released from cancer-associated fibroblasts 
enhances cisplatin chemoresistance in SCLC via a MiR-15a-5p/CCNE1 axis. Yonsei Med J. 2022;63(3):229–240. 
doi: 10.3349/ymj.2022.63.3.229.

	[64]	 Wangpaichitr M, Wu C, Li YY, et al. Exploiting ROS and metabolic differences to kill cisplatin resistant lung 
cancer. Oncotarget. 2017;8(30):49275–49292. doi: 10.18632/oncotarget.17568.

	[65]	 Tan Y, Li J, Zhao G, et al. Metabolic reprogramming from glycolysis to fatty acid uptake and beta-oxidation in 
platinum-resistant cancer cells. Nat Commun. 2022;13(1):4554. doi: 10.1038/s41467-022-32101-w.

	[66]	 Sun Y, Shen W, Hu S, et al. METTL3 promotes chemoresistance in small cell lung cancer by inducing mitoph-
agy. J Exp Clin Cancer Res. 2023;42(1):65. doi: 10.1186/s13046-023-02638-9.

	[67]	O brist F, Michels J, Durand S, et al. Metabolic vulnerability of cisplatin-resistant cancers. EMBO J. 
2018;37(14):e98597. doi: 10.15252/embj.201798597.

	[68]	 Shue YT, Drainas AP, Li NY, et al. A conserved YAP/Notch/REST network controls the neuroendocrine cell fate 
in the lungs. Nat Commun. 2022;13(1):2690. doi: 10.1038/s41467-022-30416-2.

	[69]	O lsen RR, Ireland AS, Kastner DW, et al. ASCL1 represses a SOX9(+) neural crest stem-like state in small cell 
lung cancer. Genes Dev. 2021;35(11-12):847–869. doi: 10.1101/gad.348295.121.

	[70]	O zen M, Lopez CF. Data-driven structural analysis of small cell lung cancer transcription factor network sug-
gests potential subtype regulators and transition pathways. NPJ Syst Biol Appl. 2023;9(1):55. doi: 10.1038/
s41540-023-00316-2.

https://doi.org/10.1056/NEJMoa1214271
https://doi.org/10.1017/s146239940500904x
https://doi.org/10.1017/s146239940500904x
https://doi.org/10.1007/s00408-009-9169-z
https://doi.org/10.1016/j.ajpath.2011.10.014
https://doi.org/10.1016/j.prp.2012.10.017
https://doi.org/10.1186/1756-9966-30-77
https://doi.org/10.1097/JTO.0b013e3181dc211f
https://doi.org/10.7150/ijms.19512
https://doi.org/10.1073/pnas.1219555110
https://doi.org/10.1158/1078-0432.Ccr-13-2270
https://doi.org/10.21873/cdp.10021
https://doi.org/10.3892/ijo.2023.5584
https://doi.org/10.1016/j.lungcan.2017.01.003
https://doi.org/10.1007/s13577-023-00895-6
https://doi.org/10.1038/s41419-022-05336-0
https://doi.org/10.1038/s41419-022-05336-0
https://doi.org/10.1016/j.lungcan.2019.07.006
https://doi.org/10.1038/s41598-024-52687-z
https://doi.org/10.1172/jci.insight.166402
https://doi.org/10.1172/jci.insight.166402
https://doi.org/10.3349/ymj.2022.63.3.229
https://doi.org/10.18632/oncotarget.17568
https://doi.org/10.1038/s41467-022-32101-w
https://doi.org/10.1186/s13046-023-02638-9
https://doi.org/10.15252/embj.201798597
https://doi.org/10.1038/s41467-022-30416-2
https://doi.org/10.1101/gad.348295.121
https://doi.org/10.1038/s41540-023-00316-2
https://doi.org/10.1038/s41540-023-00316-2


Annals of Medicine 23

	[71]	 Pearsall SM, Williamson SC, Humphrey S, et al. Lineage plasticity in SCLC generates non-neuroendocrine cells 
primed for vasculogenic mimicry. J Thorac Oncol. 2023;18(10):1362–1385. doi: 10.1016/j.jtho.2023.07.012.

	[72]	 Heeke S, Gay CM, Estecio MR, II, et al. Tumor- and circulating-free DNA methylation identifies clinically relevant 
small cell lung cancer subtypes. Cancer Cell. 2024;42(2):225–237.e225. doi: 10.1016/j.ccell.2024.01.001.

	[73]	 Redin E, Sridhar H, Zhan YA, et al. SMARCA4 controls state plasticity in small cell lung cancer through regula-
tion of neuroendocrine transcription factors and REST splicing. J Hematol Oncol. 2024;17(1):58. doi: 10.1186/
s13045-024-01572-3.

	[74]	 Khan P, Siddiqui JA, Kshirsagar PG, et al. MicroRNA-1 attenuates the growth and metastasis of small cell lung 
cancer through CXCR4/FOXM1/RRM2 axis. Mol Cancer. 2023;22(1):1. doi: 10.1186/s12943-022-01695-6.

	[75]	 Zhang S, Cheng Y. Immunotherapy for extensive-stage small-cell lung cancer: current landscape and future 
perspectives. Front Oncol. 2023;13:1142081. doi: 10.3389/fonc.2023.1142081.

	[76]	 Darnell RB. Onconeural antigens and the paraneoplastic neurologic disorders: at the intersection of cancer, 
immunity, and the brain. Proc Natl Acad Sci U S A. 1996;93(10):4529–4536. doi: 10.1073/pnas.93.10.4529.

	[77]	 Remon J, Aldea M, Besse B, et al. Small cell lung cancer: a slightly less orphan disease after immunotherapy. 
Ann Oncol. 2021;32(6):698–709. doi: 10.1016/j.annonc.2021.02.025.

	[78]	 Pleasance ED, Stephens PJ, O’Meara S, et al. A small-cell lung cancer genome with complex signatures of to-
bacco exposure. Nature. 2010;463(7278):184–190. doi: 10.1038/nature08629.

	[79]	 Alexandrov LB, Ju YS, Haase K, et al. Mutational signatures associated with tobacco smoking in human cancer. 
Science. 2016;354(6312):618–622. doi: 10.1126/science.aag0299.

	[80]	 Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways: similarities, differences, and implications of their inhibition. 
Am J Clin Oncol. 2016;39(1):98–106. doi: 10.1097/coc.0000000000000239.

	[81]	 Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade. Science. 2018;359(6382):1350–1355. 
doi: 10.1126/science.aar4060.

	[82]	 Hoos A, Ibrahim R, Korman A, et al. Development of ipilimumab: contribution to a new paradigm for cancer 
immunotherapy. Semin Oncol. 2010;37(5):533–546. doi: 10.1053/j.seminoncol.2010.09.015.

	[83]	 Small EJ, Tchekmedyian NS, Rini BI, et al. A pilot trial of CTLA-4 blockade with human anti-CTLA-4 in patients 
with hormone-refractory prostate cancer. Clin Cancer Res. 2007;13(6):1810–1815. doi: 10.1158/1078-0432.
Ccr-06-2318.

	[84]	 Hodi FS, O’Day SJ, McDermott DF, et al. Improved survival with ipilimumab in patients with metastatic mela-
noma. N Engl J Med. 2010;363(8):711–723. doi: 10.1056/NEJMoa1003466.

	[85]	 Andresen NK, Røssevold AH, Quaghebeur C, et al. Ipilimumab and nivolumab combined with anthracycline-based 
chemotherapy in metastatic hormone receptor-positive breast cancer: a randomized phase 2b trial. J 
Immunother Cancer. 2024;12(1):e007990. doi: 10.1136/jitc-2023-007990.

	[86]	 Antonia SJ, López-Martin JA, Bendell J, et al. Nivolumab alone and nivolumab plus ipilimumab in recurrent 
small-cell lung cancer (CheckMate 032): a multicentre, open-label, phase 1/2 trial. Lancet Oncol. 2016;17(7):883–
895. doi: 10.1016/s1470-2045(16)30098-5.

	[87]	 Arriola E, Wheater M, Galea I, et al. Outcome and biomarker analysis from a multicenter phase 2 study of 
ipilimumab in combination with carboplatin and etoposide as first-line therapy for extensive-stage SCLC. J 
Thorac Oncol. 2016;11(9):1511–1521. doi: 10.1016/j.jtho.2016.05.028.

	[88]	 Reck M, Luft A, Szczesna A, et al. Phase III randomized trial of ipilimumab plus etoposide and platinum versus 
placebo plus etoposide and platinum in extensive-stage small-cell lung cancer. J Clin Oncol. 2016;34(31):3740–
3748. doi: 10.1200/jco.2016.67.6601.

	[89]	 Peters S, Pujol JL, Dafni U, et al. Consolidation nivolumab and ipilimumab versus observation in limited-disease 
small-cell lung cancer after chemo-radiotherapy – results from the randomised phase II ETOP/IFCT 4-12 
STIMULI trial. Ann Oncol. 2022;33(1):67–79. doi: 10.1016/j.annonc.2021.09.011.

	[90]	O wonikoko TK, Park K, Govindan R, et al. Nivolumab and ipilimumab as maintenance therapy in 
extensive-disease small-cell lung cancer: CheckMate 451. J Clin Oncol. 2021;39(12):1349–1359. doi: 10.1200/
jco.20.02212.

	[91]	 Herbst RS, Soria JC, Kowanetz M, et al. Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A 
in cancer patients. Nature. 2014;515(7528):563–567. doi: 10.1038/nature14011.

	[92]	 Liu SV, Reck M, Mansfield AS, et al. Updated overall survival and PD-L1 subgroup analysis of patients with 
extensive-stage small-cell lung cancer treated with atezolizumab, carboplatin, and etoposide (IMpower133). J 
Clin Oncol. 2021;39(6):619–630. doi: 10.1200/jco.20.01055.

	[93]	 Mansfield AS, Każarnowicz A, Karaseva N, et al. Safety and patient-reported outcomes of atezolizumab, carbo-
platin, and etoposide in extensive-stage small-cell lung cancer (IMpower133): a randomized phase I/III trial. 
Ann Oncol. 2020;31(2):310–317. doi: 10.1016/j.annonc.2019.10.021.

	[94]	 Reck M, Dziadziuszko R, Sugawara S, Jr., et al. Five-year survival in patients with extensive-stage small cell lung 
cancer treated with atezolizumab in the phase III IMpower133 study and the phase III IMbrella A extension 
study. Lung Cancer. 2024;196:107924. doi: 10.1016/j.lungcan.2024.107924.

	[95]	 Bendell J, Bedard P, Bang Y-J, et al. Abstract CT302: phase Ia/Ib dose-escalation study of the anti-TIGIT anti-
body tiragolumab as a single agent and in combination with atezolizumab in patients with advanced solid 
tumors.Cancer Research. 2020;80(16 Suppl):CT302. doi: 10.1158/1538-7445.AM2020-CT302.

https://doi.org/10.1016/j.jtho.2023.07.012
https://doi.org/10.1016/j.ccell.2024.01.001
https://doi.org/10.1186/s13045-024-01572-3
https://doi.org/10.1186/s13045-024-01572-3
https://doi.org/10.1186/s12943-022-01695-6
https://doi.org/10.3389/fonc.2023.1142081
https://doi.org/10.1073/pnas.93.10.4529
https://doi.org/10.1016/j.annonc.2021.02.025
https://doi.org/10.1038/nature08629
https://doi.org/10.1126/science.aag0299
https://doi.org/10.1097/coc.0000000000000239
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1053/j.seminoncol.2010.09.015
https://doi.org/10.1158/1078-0432.Ccr-06-2318
https://doi.org/10.1158/1078-0432.Ccr-06-2318
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1136/jitc-2023-007990
https://doi.org/10.1016/s1470-2045(16)30098-5
https://doi.org/10.1016/j.jtho.2016.05.028
https://doi.org/10.1200/jco.2016.67.6601
https://doi.org/10.1016/j.annonc.2021.09.011
https://doi.org/10.1200/jco.20.02212
https://doi.org/10.1200/jco.20.02212
https://doi.org/10.1038/nature14011
https://doi.org/10.1200/jco.20.01055
https://doi.org/10.1016/j.annonc.2019.10.021
https://doi.org/10.1016/j.lungcan.2024.107924
https://doi.org/10.1158/1538-7445.AM2020-CT302


24 Z. CHEN ET AL.

	[96]	 Rudin CM, Liu SV, Soo RA, et al. SKYSCRAPER-02: tiragolumab in combination with atezolizumab plus chemo-
therapy in untreated extensive-stage small-cell lung cancer. J Clin Oncol. 2024;42(3):324–335. doi: 10.1200/
jco.23.01363.

	[97]	 Chung HC, Piha-Paul SA, Lopez-Martin J, et al. Pembrolizumab after two or more lines of previous therapy in 
patients with recurrent or metastatic SCLC: results from the KEYNOTE-028 and KEYNOTE-158 studies. J Thorac 
Oncol. 2020;15(4):618–627. doi: 10.1016/j.jtho.2019.12.109.

	[98]	O tt PA, Elez E, Hiret S, et al. Pembrolizumab in patients with extensive-stage small-cell lung cancer: results 
from the phase Ib KEYNOTE-028 study. J Clin Oncol. 2017;35(34):3823–3829. doi: 10.1200/jco.2017.72.5069.

	[99]	 Gadgeel SM, Pennell NA, Fidler MJ, et al. Phase II study of maintenance pembrolizumab in patients with 
extensive-stage small cell lung cancer (SCLC). J Thorac Oncol. 2018;13(9):1393–1399. doi: 10.1016/j.
jtho.2018.05.002.

	[100]	 Rudin CM, Awad MM, Navarro A, et al. 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. 2020;38(21):2369–2379. doi: 10.1200/jco.20.00793.

	[101]	 Stewart R, Morrow M, Hammond SA, et al. Identification and characterization of MEDI4736, an antagonistic 
anti-PD-L1 monoclonal antibody. Cancer Immunol Res. 2015;3(9):1052–1062. doi: 10.1158/2326-6066.Cir-14-
0191.

	[102]	 Paz-Ares L, Dvorkin M, Chen Y, et al. Durvalumab plus platinum-etoposide versus platinum-etoposide in 
first-line treatment of extensive-stage small-cell lung cancer (CASPIAN): a randomised, controlled, open-label, 
phase 3 trial. Lancet. 2019;394(10212):1929–1939. doi: 10.1016/s0140-6736(19)32222-6.

	[103]	 Goldman JW, Garassino MC, Chen Y, et al. Patient-reported outcomes with first-line durvalumab plus 
platinum-etoposide versus platinum-etoposide in extensive-stage small-cell lung cancer (CASPIAN): a ran-
domized, controlled, open-label, phase III study. Lung Cancer. 2020;149:46–52. doi: 10.1016/j.lung-
can.2020.09.003.

	[104]	 Paz-Ares L, Garassino MC, Chen Y, et al. Durvalumab ± tremelimumab + platinum-etoposide in extensive-stage 
small cell lung cancer (CASPIAN): outcomes by PD-L1 expression and tissue tumor mutational burden. Clin 
Cancer Res. 2024;30(4):824–835. doi: 10.1158/1078-0432.Ccr-23-1689.

	[105]	 Cheng Y, Spigel DR, Cho BC, et al. Durvalumab after chemoradiotherapy in limited-stage small-cell lung cancer. 
N Engl J Med. 2024;391(14):1313–1327. doi: 10.1056/NEJMoa2404873.

	[106]	 Cani M, Napoli VM, Garbo E, et al. Targeted therapies in small cell lung cancer: from old failures to novel 
therapeutic strategies. Int J Mol Sci. 2023;24(10):8883. doi: 10.3390/ijms24108883.

	[107]	 Saunders LR, Bankovich AJ, Anderson WC, et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade 
pulmonary neuroendocrine tumor-initiating cells in vivo. Sci Transl Med. 2015;7(302):302ra136. doi: 10.1126/
scitranslmed.aac9459.

	[108]	 Giffin MJ, Cooke K, Lobenhofer EK, et al. AMG 757, a half-life extended, DLL3-targeted bispecific T-cell engag-
er, shows high potency and sensitivity in preclinical models of small-cell lung cancer. Clin Cancer Res. 
2021;27(5):1526–1537. doi: 10.1158/1078-0432.Ccr-20-2845.

	[109]	 Rath B, Plangger A, Krenbek D, et al. Rovalpituzumab tesirine resistance: analysis of a corresponding small cell 
lung cancer and circulating tumor cell line pair. Anticancer Drugs. 2022;33(3):300–307. doi: 10.1097/
cad.0000000000001267.

	[110]	 Rudin CM, Pietanza MC, Bauer TM, 3rd, et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conju-
gate, in recurrent small-cell lung cancer: a first-in-human, first-in-class, open-label, phase 1 study. Lancet Oncol. 
2017;18(1):42–51. doi: 10.1016/s1470-2045(16)30565-4.

	[111]	 Morgensztern D, Besse B, Greillier L, et al. Efficacy and safety of rovalpituzumab tesirine in third-line and be-
yond patients with DLL3-expressing, relapsed/refractory small-cell lung cancer: results from the phase II 
TRINITY study. Clin Cancer Res. 2019;25(23):6958–6966. doi: 10.1158/1078-0432.Ccr-19-1133.

	[112]	 Blackhall F, Jao K, Greillier L, et al. Efficacy and safety of rovalpituzumab tesirine compared with topotecan as 
second-line therapy in DLL3-high SCLC: results from the phase 3 TAHOE study. J Thorac Oncol. 2021;16(9):1547–
1558. doi: 10.1016/j.jtho.2021.02.009.

	[113]	 Johnson ML, Zvirbule Z, Laktionov K, et al. Rovalpituzumab tesirine as a maintenance therapy after first-line 
platinum-based chemotherapy in patients with extensive-stage-SCLC: results from the phase 3 MERU study. J 
Thorac Oncol. 2021;16(9):1570–1581. doi: 10.1016/j.jtho.2021.03.012.

	[114]	 Paz-Ares L, Champiat S, Lai WV, et al. Tarlatamab, a first-in-class DLL3-targeted bispecific T-cell engager, in 
recurrent small-cell lung cancer: an open-label, phase I study. J Clin Oncol. 2023;41(16):2893–2903. doi: 
10.1200/jco.22.02823.

	[115]	 Mountzios G, Sun L, Cho BC, et al. Tarlatamab in small-cell lung cancer after platinum-based chemotherapy. N 
Engl J Med. 2025;393(4):349–361. doi: 10.1056/NEJMoa2502099.

	[116]	 Paulson KG, Lau SCM, Ahn MJ, et al. Safety and activity of tarlatamab in combination with a PD-L1 inhibitor 
as first-line maintenance therapy after chemo-immunotherapy in patients with extensive-stage small-cell lung 
cancer (DeLLphi-303): a multicentre, non-randomised, phase 1b study. Lancet Oncol. 2025;26(10):1300–1311. 
doi: 10.1016/s1470-2045(25)00480-2.

https://doi.org/10.1200/jco.23.01363
https://doi.org/10.1200/jco.23.01363
https://doi.org/10.1016/j.jtho.2019.12.109
https://doi.org/10.1200/jco.2017.72.5069
https://doi.org/10.1016/j.jtho.2018.05.002
https://doi.org/10.1016/j.jtho.2018.05.002
https://doi.org/10.1200/jco.20.00793
https://doi.org/10.1158/2326-6066.Cir-14-0191
https://doi.org/10.1158/2326-6066.Cir-14-0191
https://doi.org/10.1016/s0140-6736(19)32222-6
https://doi.org/10.1016/j.lungcan.2020.09.003
https://doi.org/10.1016/j.lungcan.2020.09.003
https://doi.org/10.1158/1078-0432.Ccr-23-1689
https://doi.org/10.1056/NEJMoa2404873
https://doi.org/10.3390/ijms24108883
https://doi.org/10.1126/scitranslmed.aac9459
https://doi.org/10.1126/scitranslmed.aac9459
https://doi.org/10.1158/1078-0432.Ccr-20-2845
https://doi.org/10.1097/cad.0000000000001267
https://doi.org/10.1097/cad.0000000000001267
https://doi.org/10.1016/s1470-2045(16)30565-4
https://doi.org/10.1158/1078-0432.Ccr-19-1133
https://doi.org/10.1016/j.jtho.2021.02.009
https://doi.org/10.1016/j.jtho.2021.03.012
https://doi.org/10.1200/jco.22.02823
https://doi.org/10.1056/NEJMoa2502099
https://doi.org/10.1016/s1470-2045(25)00480-2


Annals of Medicine 25

	[117]	 Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its receptors. Nat Med. 2003;9(6):669–676. doi: 
10.1038/nm0603-669.

	[118]	 Sandler A, Gray R, Perry MC, et al. Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell lung 
cancer. N Engl J Med. 2006;355(24):2542–2550. doi: 10.1056/NEJMoa061884.

	[119]	 Reck M, von Pawel J, Zatloukal P, et al. Phase III trial of cisplatin plus gemcitabine with either placebo or 
bevacizumab as first-line therapy for nonsquamous non-small-cell lung cancer: AVAiL. J Clin Oncol. 
2009;27(8):1227–1234. doi: 10.1200/jco.2007.14.5466.

	[120]	 Pujol JL, Lavole A, Quoix E, et al. Randomized phase II-III study of bevacizumab in combination with chemo-
therapy in previously untreated extensive small-cell lung cancer: results from the IFCT-0802 trial†. Ann Oncol. 
2015;26(5):908–914. doi: 10.1093/annonc/mdv065.

	[121]	 Spigel DR, Hainsworth JD, Yardley DA, 3rd, et al. Tracheoesophageal fistula formation in patients with lung 
cancer treated with chemoradiation and bevacizumab. J Clin Oncol. 2010;28(1):43–48. doi: 10.1200/
jco.2009.24.7353.

	[122]	 Jalal S, Bedano P, Einhorn L, et al. Paclitaxel plus bevacizumab in patients with chemosensitive relapsed small 
cell lung cancer: a safety, feasibility, and efficacy study from the Hoosier Oncology Group. J Thorac Oncol. 
2010;5(12):2008–2011. doi: 10.1097/JTO.0b013e3181f77b6e.

	[123]	 Li Q, Wu T, Jing L, et al. Angiogenesis inhibitors for the treatment of small cell lung cancer (SCLC): a 
meta-analysis of 7 randomized controlled trials. Medicine (Baltimore). 2017;96(13):e6412. doi: 10.1097/
md.0000000000006412.

	[124]	 He J, Pan H, He J, et al. Effectiveness and safety of bevacizumab in extensive-disease small cell lung cancer: 
a systemic review and meta-analysis. Ann Transl Med. 2021;9(16):1285–1285. doi: 10.21037/atm-21-963.

	[125]	 Lamberti G, Rihawi K, Mazzoni F, et al. Carboplatin, etoposide, atezolizumab, and bevacizumab in the first-line 
treatment of patients with extensive stage small-cell lung cancer: the GOIRC-01-2019 CeLEBrATE study. J 
Immunother Cancer. 2025;13(5):e010694. doi: 10.1136/jitc-2024-010694.

	[126]	 Xie C, Wan X, Quan H, et al. Preclinical characterization of anlotinib, a highly potent and selective vascular 
endothelial growth factor receptor-2 inhibitor. Cancer Sci. 2018;109(4):1207–1219. doi: 10.1111/cas.13536.

	[127]	 Han B, Li K, Wang Q, et al. Effect of anlotinib as a third-line or further treatment on overall survival of patients 
with advanced non-small cell lung cancer: the ALTER 0303 phase 3 randomized clinical trial. JAMA Oncol. 
2018;4(11):1569–1575. doi: 10.1001/jamaoncol.2018.3039.

	[128]	 Chi Y, Sun Y, Cai J, et al. Phase II study of anlotinib for treatment of advanced soft tissues sarcomas. American 
Society of Clinical Oncology; Chicago, IL, USA; 2016.

	[129]	 Zhou A-P, Bai Y, Song Y, et al. Anlotinib in metastatic renal cell carcinoma (mRCC) with a previous anti-VEGFR 
TKI: preliminary results from a multicenter, phase II trial. American Society of Clinical Oncology; Chicago, IL, 
USA; 2016.

	[130]	 Cheng Y, Wang Q, Li K, et al. OA13. 03 anlotinib as third-line or further-line treatment in relapsed SCLC: a 
multicentre, randomized, double-blind phase 2 trial. J Thorac Oncol. 2018;13(10):S351–S352. doi: 10.1016/j.
jtho.2018.08.308.

	[131]	 Cheng Y, Wang Q, Li K, et al. Anlotinib vs placebo as third- or further-line treatment for patients with small 
cell lung cancer: a randomised, double-blind, placebo-controlled Phase 2 study. Br J Cancer. 2021;125(3):366–
371. doi: 10.1038/s41416-021-01356-3.

	[132]	 Wu D, Nie J, Hu W, et al. A phase II study of anlotinib in 45 patients with relapsed small cell lung cancer. Int 
J Cancer. 2020;147(12):3453–3460. doi: 10.1002/ijc.33161.

	[133]	 Cheng Y, Chen J, Zhang W, et al. Benmelstobart, anlotinib and chemotherapy in extensive-stage small-cell lung 
cancer: a randomized phase 3 trial. Nat Med. 2024;30(10):2967–2976. doi: 10.1038/s41591-024-03132-1.

	[134]	 Han X, Guo J, Li L, et al. Sintilimab combined with anlotinib and chemotherapy as second-line or later thera-
py in extensive-stage small cell lung cancer: a phase II clinical trial. Signal Transduct Target Ther. 2024;9(1):241. 
doi: 10.1038/s41392-024-01957-3.

	[135]	 Lan CY, Wang Y, Xiong Y, et al. Apatinib combined with oral etoposide in patients with platinum-resistant or 
platinum-refractory ovarian cancer (AEROC): a phase 2, single-arm, prospective study. Lancet Oncol. 
2018;19(9):1239–1246. doi: 10.1016/s1470-2045(18)30349-8.

	[136]	 Yan X, Wang Q, Wang H, et al. Apatinib as maintenance therapy in extensive-stage small-cell lung cancer: 
results from a single-center retrospective study. J Cancer Res Clin Oncol. 2019;145(1):235–240. doi: 10.1007/
s00432-018-2764-8.

	[137]	 Xu Y, Huang Z, Lu H, et al. Apatinib in patients with extensive-stage small-cell lung cancer after second-line 
or third-line chemotherapy: a phase II, single-arm, multicentre, prospective study. Br J Cancer. 2019;121(8):640–
646. doi: 10.1038/s41416-019-0583-6.

	[138]	 Xu Y, Wang X, Sun C, et al. A phase II study of antiangiogenic therapy (Apatinib) plus chemotherapy as 
second-line treatment in advanced small cell lung cancer. Cancer Med. 2023;12(3):2979–2989. doi: 10.1002/
cam4.5217.

	[139]	 Liu M, Qiu G, Guan W, et al. Induction chemotherapy followed by camrelizumab plus apatinib and chemother-
apy as first-line treatment for extensive-stage small-cell lung cancer: a multicenter, single-arm trial. Signal 
Transduct Target Ther. 2025;10(1):65. doi: 10.1038/s41392-025-02153-7.

https://doi.org/10.1038/nm0603-669
https://doi.org/10.1056/NEJMoa061884
https://doi.org/10.1200/jco.2007.14.5466
https://doi.org/10.1093/annonc/mdv065
https://doi.org/10.1200/jco.2009.24.7353
https://doi.org/10.1200/jco.2009.24.7353
https://doi.org/10.1097/JTO.0b013e3181f77b6e
https://doi.org/10.1097/md.0000000000006412
https://doi.org/10.1097/md.0000000000006412
https://doi.org/10.21037/atm-21-963
https://doi.org/10.1136/jitc-2024-010694
https://doi.org/10.1111/cas.13536
https://doi.org/10.1001/jamaoncol.2018.3039
https://doi.org/10.1016/j.jtho.2018.08.308
https://doi.org/10.1016/j.jtho.2018.08.308
https://doi.org/10.1038/s41416-021-01356-3
https://doi.org/10.1002/ijc.33161
https://doi.org/10.1038/s41591-024-03132-1
https://doi.org/10.1038/s41392-024-01957-3
https://doi.org/10.1016/s1470-2045(18)30349-8
https://doi.org/10.1007/s00432-018-2764-8
https://doi.org/10.1007/s00432-018-2764-8
https://doi.org/10.1038/s41416-019-0583-6
https://doi.org/10.1002/cam4.5217
https://doi.org/10.1002/cam4.5217
https://doi.org/10.1038/s41392-025-02153-7


26 Z. CHEN ET AL.

	[140]	 Huang D, Kraus WL. The expanding universe of PARP1-mediated molecular and therapeutic mechanisms. Mol 
Cell. 2022;82(12):2315–2334. doi: 10.1016/j.molcel.2022.02.021.

	[141]	 Ronson GE, Piberger AL, Higgs MR, et al. PARP1 and PARP2 stabilise replication forks at base excision repair 
intermediates through Fbh1-dependent Rad51 regulation. Nat Commun. 2018;9(1):746. doi: 10.1038/
s41467-018-03159-2.

	[142]	 Cardnell RJ, Feng Y, Diao L, et al. Proteomic markers of DNA repair and PI3K pathway activation predict re-
sponse to the PARP inhibitor BMN 673 in small cell lung cancer. Clin Cancer Res. 2013;19(22):6322–6328. doi: 
10.1158/1078-0432.Ccr-13-1975.

	[143]	 Park S, Kim YJ, Min YJ, et al. Biomarker-driven phase 2 umbrella trial: clinical efficacy of olaparib monotherapy 
and combination with ceralasertib (AZD6738) in small cell lung cancer. Cancer. 2024;130(4):541–552. doi: 
10.1002/cncr.35059.

	[144]	 Knelson EH, Patel SA, Sands JM. PARP inhibitors in small-cell lung cancer: rational combinations to improve 
responses. Cancers (Basel). 2021;13(4):727. doi: 10.3390/cancers13040727.

	[145]	 Pietanza MC, Waqar SN, Krug LM, et al. Randomized, double-blind, phase II study of temozolomide in combi-
nation with either veliparib or placebo in patients with relapsed-sensitive or refractory small-cell lung cancer. 
J Clin Oncol. 2018;36(23):2386–2394. doi: 10.1200/JCO.2018.77.7672.

	[146]	 Karim NA, Miao J, Reckamp KL, et al. Phase II randomized study of maintenance atezolizumab versus atezoli-
zumab plus talazoparib in patients with SLFN11 positive extensive-stage SCLC: S1929. J Thorac Oncol. 
2025;20(3):383–394. doi: 10.1016/j.jtho.2024.10.021.

	[147]	 Farago AF, Yeap BY, Stanzione M, et al. Combination olaparib and temozolomide in relapsed small-cell lung 
cancer. Cancer Discov. 2019;9(10):1372–1387. doi: 10.1158/2159-8290.Cd-19-0582.

	[148]	 Santamaría Nuñez G, Robles CM, Giraudon C, et al. Lurbinectedin specifically triggers the degradation of phos-
phorylated RNA polymerase II and the formation of DNA breaks in cancer cells. Mol Cancer Ther. 
2016;15(10):2399–2412. doi: 10.1158/1535-7163.Mct-16-0172.

	[149]	 Singh S, Jaigirdar AA, Mulkey F, et al. FDA approval summary: lurbinectedin for the treatment of metastatic 
small cell lung cancer. Clin Cancer Res. 2021;27(9):2378–2382. doi: 10.1158/1078-0432.Ccr-20-3901.

	[150]	 Belgiovine C, Bello E, Liguori M, et al. Lurbinectedin reduces tumour-associated macrophages and the inflam-
matory tumour microenvironment in preclinical models. Br J Cancer. 2017;117(5):628–638. doi: 10.1038/
bjc.2017.205.

	[151]	 Peters S, Trigo J, Besse B, et al. Lurbinectedin in patients with small cell lung cancer with chemotherapy-free 
interval ≥30 days and without central nervous metastases. Lung Cancer. 2024;188:107448. doi: 10.1016/j.lung-
can.2023.107448.

	[152]	 Aix SP, Ciuleanu TE, Navarro A, et al. Combination lurbinectedin and doxorubicin versus physician’s choice of 
chemotherapy in patients with relapsed small-cell lung cancer (ATLANTIS): a multicentre, randomised, 
open-label, phase 3 trial. Lancet Respir Med. 2023;11(1):74–86. doi: 10.1016/s2213-2600(22)00309-5.

	[153]	 Paz-Ares L, Borghaei H, Liu SV, et al. Efficacy and safety of first-line maintenance therapy with lurbinectedin 
plus atezolizumab in extensive-stage small-cell lung cancer (IMforte): a randomised, multicentre, open-label, 
phase 3 trial. Lancet. 2025;405(10495):2129–2143. doi: 10.1016/s0140-6736(25)01011-6.

	[154]	 Görgün G, Calabrese E, Hideshima T, et al. A novel aurora-A kinase inhibitor MLN8237 induces cytotoxicity and 
cell-cycle arrest in multiple myeloma. Blood. 2010;115(25):5202–5213. doi: 10.1182/blood-2009-12-259523.

	[155]	 Sharma RK, Chafik A, Bertolin G. Aurora kinase A/AURKA functionally interacts with the mitochondrial ATP 
synthase to regulate energy metabolism and cell death. Cell Death Discov. 2023;9(1):203. doi: 10.1038/
s41420-023-01501-2.

	[156]	 Melichar B, Adenis A, Lockhart AC, et al. Safety and activity of alisertib, an investigational aurora kinase A 
inhibitor, in patients with breast cancer, small-cell lung cancer, non-small-cell lung cancer, head and neck 
squamous-cell carcinoma, and gastro-oesophageal adenocarcinoma: a five-arm phase 2 study. Lancet Oncol. 
2015;16(4):395–405. doi: 10.1016/s1470-2045(15)70051-3.

	[157]	O wonikoko TK, Niu H, Nackaerts K, et al. Randomized phase II study of paclitaxel plus alisertib versus pacli-
taxel plus placebo as second-line therapy for SCLC: primary and correlative biomarker analyses. J Thorac Oncol. 
2020;15(2):274–287. doi: 10.1016/j.jtho.2019.10.013.

	[158]	 Chen J, Guanizo AC, Jakasekara WSN, et al. MYC drives platinum resistant SCLC that is overcome by the dual 
PI3K-HDAC inhibitor fimepinostat. J Exp Clin Cancer Res. 2023;42(1):100. doi: 10.1186/s13046-023-02678-1.

	[159]	 Hsu WH, Zhao X, Zhu J, et al. Checkpoint kinase 1 inhibition enhances cisplatin cytotoxicity and overcomes 
cisplatin resistance in SCLC by promoting mitotic cell death. J Thorac Oncol. 2019;14(6):1032–1045. doi: 
10.1016/j.jtho.2019.01.028.

	[160]	 Zhu Q, Fu M, Qi J, et al. Cisplatin resistance-related transcriptome and methylome integration identifies 
PCDHB4 as a novel prognostic biomarker in small cell lung cancer. iScience. 2024;27(8):110413. doi: 10.1016/j.
isci.2024.110413.

	[161]	 Krushkal J, Silvers T, Reinhold WC, et al. Epigenome-wide DNA methylation analysis of small cell lung cancer 
cell lines suggests potential chemotherapy targets. Clin Epigenet. 2020;12(1):93. doi: 10.1186/s13148-020-00876-8.

	[162]	 Shou J, You L, Yao J, et al. Cyclosporine A sensitizes human non-small cell lung cancer cells to gefitinib through 
inhibition of STAT3. Cancer Lett. 2020;493(1):13–15. doi: 10.1016/j.canlet.2016.06.002.

https://doi.org/10.1016/j.molcel.2022.02.021
https://doi.org/10.1038/s41467-018-03159-2
https://doi.org/10.1038/s41467-018-03159-2
https://doi.org/10.1158/1078-0432.Ccr-13-1975
https://doi.org/10.1002/cncr.35059
https://doi.org/10.3390/cancers13040727
https://doi.org/10.1200/JCO.2018.77.7672
https://doi.org/10.1016/j.jtho.2024.10.021
https://doi.org/10.1158/2159-8290.Cd-19-0582
https://doi.org/10.1158/1535-7163.Mct-16-0172
https://doi.org/10.1158/1078-0432.Ccr-20-3901
https://doi.org/10.1038/bjc.2017.205
https://doi.org/10.1038/bjc.2017.205
https://doi.org/10.1016/j.lungcan.2023.107448
https://doi.org/10.1016/j.lungcan.2023.107448
https://doi.org/10.1016/s2213-2600(22)00309-5
https://doi.org/10.1016/s0140-6736(25)01011-6
https://doi.org/10.1182/blood-2009-12-259523
https://doi.org/10.1038/s41420-023-01501-2
https://doi.org/10.1038/s41420-023-01501-2
https://doi.org/10.1016/s1470-2045(15)70051-3
https://doi.org/10.1016/j.jtho.2019.10.013
https://doi.org/10.1186/s13046-023-02678-1
https://doi.org/10.1016/j.jtho.2019.01.028
https://doi.org/10.1016/j.isci.2024.110413
https://doi.org/10.1016/j.isci.2024.110413
https://doi.org/10.1186/s13148-020-00876-8
https://doi.org/10.1016/j.canlet.2016.06.002


Annals of Medicine 27

	[163]	 Roberts AW, Davids MS, Pagel JM, et al. Targeting BCL2 with venetoclax in relapsed chronic lymphocytic leu-
kemia. N Engl J Med. 2016;374(4):311–322. doi: 10.1056/NEJMoa1513257.

	[164]	 Kumar SK, Harrison SJ, Cavo M, et al. Venetoclax or placebo in combination with bortezomib and dexameth-
asone in patients with relapsed or refractory multiple myeloma (BELLINI): a randomised, double-blind, multi-
centre, phase 3 trial. Lancet Oncol. 2020;21(12):1630–1642. doi: 10.1016/s1470-2045(20)30525-8.

	[165]	 Tse C, Shoemaker AR, Adickes J, et al. ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor. Cancer 
Res. 2008;68(9):3421–3428. doi: 10.1158/0008-5472.Can-07-5836.

	[166]	 Yamane H, Isozaki H, Takeyama M, et al. Programmed cell death protein 1 and programmed death-ligand 1 
are expressed on the surface of some small-cell lung cancer lines. Am J Cancer Res. 2015;5:1553–1557.

	[167]	 Majem M, Rudin CM. Small-cell lung cancer in the era of immunotherapy. Transl Lung Cancer Res. 2017;6(Suppl 
1):S67–s70. doi: 10.21037/tlcr.2017.10.06.

	[168]	 Zhang H, Dai Z, Wu W, et al. Regulatory mechanisms of immune checkpoints PD-L1 and CTLA-4 in cancer. J 
Exp Clin Cancer Res. 2021;40(1):184. doi: 10.1186/s13046-021-01987-7.

https://doi.org/10.1056/NEJMoa1513257
https://doi.org/10.1016/s1470-2045(20)30525-8
https://doi.org/10.1158/0008-5472.Can-07-5836
https://doi.org/10.21037/tlcr.2017.10.06
https://doi.org/10.1186/s13046-021-01987-7

	Application and mechanistic research of novel therapeutic strategies in cisplatin-resistant small cell lung cancer
	ABSTRACT
	1. Introduction
	2. Mechanisms of cisplatin resistance
	2.1. Mechanisms of drug deposition reduction leading to resistance
	2.2. Mechanisms of resistance through apoptotic pathways
	2.3. Mechanisms of resistance through DNA damage repair
	2.4. Mechanisms of tumour microenvironment-induced resistance
	2.4.1. Hypoxia
	2.4.2. Acidity
	2.4.3. Inflammation
	2.4.4. Tumour stroma and extracellular matrix

	2.5. Tumour metabolism
	2.6. SCLC subtype transition
	2.7. Epigenetic changes

	3. The novel therapeutic approaches
	3.1. Immunotherapy
	3.1.1. Ipilimumab
	3.1.2. Atezolizumab
	3.1.3. Pembrolizumab
	3.1.4. Durvalumab

	3.2. Targeted therapy
	3.2.1. DLL3 inhibitor
	3.2.2. Anti-angiogenic drugs
	3.2.3. PARP inhibitors

	3.3. The novel chemotherapy
	3.3.1. Lurbinectedin
	3.3.2. Alisertib


	4. Preclinical advances in overcoming cisplatin resistance
	5. Perspective
	Acknowledgments
	Authors contributions
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	References


