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Small cell lung cancer (SCLC), accounting for 10-20% of lung cancers, remains
one of the most aggressive neuroendocrine malignancies, with fewer than 7% of
patients surviving beyond five years. While the addition of immune checkpoint
inhibitors (ICls) to platinum-based chemotherapy has modestly improved
outcomes, long-term benefits are limited to a subset of patients, highlighting the
critical need for reliable biomarkers and innovative therapies. Delta-like ligand 3
(DLL3), a Notch signaling regulator overexpressed in 70—-80% of SCLC tumors, has
emerged as a simultaneous biomarker and therapeutic target. This review aims to
synthesize recent advances in DLL3-targeted strategies, bridging biomarker-driven
diagnostics to next-generation immunotherapies, while addressing clinical
challenges and future directions. The 2024 FDA approval of tarlatamab—a
bispecific T-cell engager (BiTE) targeting DLL3 and CD3—marks a pivotal
advancement, demonstrating improvement in survival in refractory disease. This
review examines three key advances reshaping SCLC management: (1)
mechanistic links between DLL3-driven tumorigenesis and PD-L1-mediated
immunosuppression, (2) clinical progress in antibody-drug conjugates (ADCs)
with next-generation payloads (e.g., FZ-AD0O05), multispecific BiTEs (e.g.,
HPN328), and engineered CAR-T/NK cells with enhanced metabolic resilience,
and (3) precision strategies combining liquid biopsy for dynamic DLL3 profiling with
immuno-PET imaging using [89Zr]Zr-DFO-SC16. Emerging synergies, such as
combining DLL3-targeted BiTEs with ICls to amplify T-cell infiltration or
reprogramming CAR-T mitochondrial metabolism, further underscore the
potential of multimodal approaches. Together, these developments signal a
transformative era in SCLC treatment, where molecular diagnostics and
engineered immunotherapies converge to address unmet clinical needs.
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Highlights

* Delta-like ligand 3 (DLL3) serves as a therapeutic target in
solid tumors, particularly in neuroendocrine cancers, where
its expression is linked to aggressive tumor behavior and
poor prognosis.

* Emerging therapies targeting DLL3, such as bispecific T-cell
engager (BiTE) and chimeric antigen receptor (CAR) T
cells, show promising anti-tumor activity in clinical trials
and synergize with immune checkpoint inhibitors.

* DLL3’s molecular heterogeneity across SCLC subtypes
highlights its potential as a diagnostic and prognostic
biomarker in personalized cancer care.

1 Introduction

Small cell lung cancer (SCLC), representing 10-20% of
pulmonary malignancies, persists as a formidable clinical
challenge with a 5-year survival rate under 7%, underscoring its
designation as the most lethal lung cancer subtype (1, 2). Global
epidemiology estimates 250,000 annual diagnoses and over 200,000
deaths, driven by aggressive metastatic spread and inherent therapy
resistance (3, 4). While the conventional limited-stage (LS) and
extensive-stage (ES) stratification informs therapeutic algorithms—
with 70% presenting as ES-SCLC (median survival: 10 months)—
this system fails to account for molecular heterogeneity (5-7).
Current LS-SCLC protocols combining etoposide-cisplatin
chemoradiation with prophylactic cranial irradiation achieve
transient responses, whereas ES-SCLC first-line treatment
incorporates PD-1/PD-L1 inhibitors alongside platinum-based
chemotherapy, per IMpowerl133 and CASPIAN trial frameworks
(8-10). Despite these paradigm-shifting approaches, >80% of
patients experience relapse within 12 months, with salvage
therapies sustaining median progression-free survival below three
months (11, 12).

The modest efficacy of immune checkpoint inhibitors (ICIs) in
SCLC contrasts sharply with their success in non-small cell lung
cancer (NSCLC), a discrepancy attributable to distinct immune
evasion mechanisms. SCLC tumors frequently demonstrate major
histocompatibility complex (MHC) class I/II downregulation
coupled with dynamic NOTCH pathway modifications,
collectively fostering an immune-resistant tumor environment
(13-16). Although chemoimmunotherapy extends overall survival
by 2-4 months in ES-SCLC, these marginal gains highlight the
critical need for biomarker- informed therapeutic strategies
(17-20).

While traditional antigen discovery focused on genomic
aberrations, emerging paradigms emphasize post-translational
modifications (PTMs) in generating neoantigenic epitopes.
Notably, glycoxidative alterations to histone H2A elicit cancer-

Frontiers in Immunology

10.3389/fimmu.2025.1592291

specific autoantibody responses, establishing PTMs as key
immunogenic drivers (21). This mechanistic framework extends
to surface oncoproteins like Delta-like ligand 3 (DLL3), which
exhibits tumor-selective overexpression in 70-80% of SCLC cases
versus negligible normal tissue expression—establishing its dual
role as a biomarker and therapeutic target with intrinsic
immunogenic potential (22-25).

Functioning as a non-canonical Notch modulator, DLL3
demonstrates context-dependent oncobiology in SCLC, serving
paradoxical roles as both tumorigenic driver and metastasis
suppressor (10, 26-28). Its functional duality, combined with
microenvironmental PD-L1 co-expression patterns, reinforces
DLL3’s utility as a theranostic target (28, 29). Early therapeutic
efforts prioritized antibody-drug conjugates (ADCs) like
rovalpituzumab tesirine (Rova-T), which showed initial antitumor
activity but faced discontinuation due to payload-associated
toxicities (30-33). Subsequent innovations yielded tarlatamab, a
DLL3-guided T-cell activator approved by the FDA in 2024 for
platinum-refractory ES-SCLC, leveraging its optimized
pharmacokinetics and favorable safety profile (34-37). Parallel
advancements include trispecific T-cell engagers (HPN328) and
CAR-T/NK platforms demonstrating complete tumor regression in
disseminated SCLC models (38-41). Despite these breakthroughs,
predictive biomarkers for DLL3-targeted therapies remain
undefined, necessitating molecular profiling approaches to refine
patient selection.

To ensure a comprehensive synthesis of recent advancements,
this review systematically evaluated peer-reviewed articles
(PubMed, Web of Science; 2010-2025), registered clinical trials
(ClinicalTrials.gov), and preclinical studies, prioritizing high-
impact journals and FDA-approved therapies (e.g., tarlatamab).
Search terms included ‘DLL3,” ‘SCLC,” ‘BiTE, and ‘CAR-T, with
exclusion of non-English or non-peer-reviewed sources. This review
synthesizes the evolving role of DLL3 in SCLC therapeutics,
critically evaluating current clinical strategies and future directions.

2 Recent advancements in DLL3 as a
diagnostic biomarker

The diagnostic evaluation of SCLC faces inherent challenges
due to the difficulty of obtaining tumor tissue biopsies, which are
further compounded by the aggressive biology of this malignancy
(42, 43). Liquid biopsy has emerged as a critical alternative,
particularly given SCLC’s rapid progression (median tumor
doubling time <90 days) and frequent presentation with
metastatic disease (44-46). Circulating tumor cells (CTCs)
demonstrate particular utility in this context, enabling serial
molecular profiling that aligns with the dynamic evolution of
SCLC under therapeutic pressure (47). While CTCs may exhibit
phenotypic divergence from primary tumor cells (48, 49), their
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capacity to reflect real-time tumor biology positions liquid biopsy as
an indispensable tool for monitoring DLL3 expression dynamics
during treatment (50).

DLL3’s diagnostic potential is underscored by its
overexpression in >75% of SCLC tumors, with expression
patterns conserved across limited- and extensive-stage disease (29,
33, 51, 52). The largest systematic review to date (Bylsma et al.,
2023) reported DLL3 positivity in 80-93.5% of SCLC tumors using
a threshold of 1% tumor cells and 58.3-91.1% with >25%
expression. High expression (=50% or >75%) was observed in
45.8-79.5% and 47.3-75.6% of cases, respectively. Notably, no
consistent associations were found between DLL3 levels and
patient demographics (age, sex, smoking) or survival outcomes,
underscoring the need for standardized biomarker validation in
therapeutic targeting (53). This biomarker prevalence exceeds
traditional neuroendocrine markers like chromogranin A, offering
improved diagnostic sensitivity (54). Clinical correlates reveal that
elevated DLL3 expression associates with inferior outcomes in ES-
SCLC and predicts enhanced response to DLL3-targeted therapies
—patients with >75% DLL3+ tumor cells demonstrated a 38%
objective response rate to Rova-T versus 11% in low expressers
(29, 55).

However, the biomarker’s pathophysiological duality
complicates interpretation: while promoting metastasis via Snail-
mediated EMT, DLL3 simultaneously correlates with
immunosuppressive tumor microenvironment (TME) features
including decreased CD8+ T-cell infiltration and increased PD-L1
expression (27, 56). In addition, emerging clinical evidence
challenges the exclusivity of DLL3 as a predictive biomarker. The
phase II DeLLphi-301 trial demonstrated that tarlatamab, a DLL3/
CD3 BiTE, achieved comparable response rates (40% vs. 32%) and
progression-free survival (4.9 vs. 3.9 months) across SCLC patients
irrespective of DLL3 expression thresholds, suggesting the
involvement of DLL3-independent immune activation
mechanisms (57). This paradox highlights the need to reconcile
DLL3’s diagnostic prominence with its limited predictive power in
BiTE therapies, necessitating multimodal biomarker strategies to
optimize patient selection.

Technological innovations are resolving key barriers to clinical
implementation. Sharma et al. pioneered DLL3-targeted PET
imaging using 89Zr-labeled SC16.56 antibodies, achieving 92%
sensitivity in detecting DLL3+ metastases while overcoming the
sampling bias of biopsy-based approaches (58). Subsequent
validation in the phase I/II ZENITH trial (NCT04199741)
demonstrated [89Zr]Zr-DFO-SC16.56’s ability to discriminate
DLL3 expression levels across metastatic sites, with tumor-to-
background ratios >5.0 predicting Rova-T response (59).
Standardization efforts now focus on harmonizing detection
platforms—comparative analyses reveal immunohistochemistry
(IHC) H-scores show strong correlation with RNAscope
quantification (r=0.81) and NanoString digital spatial profiling
(r=0.76), though inter-laboratory variability remains a concern
(60-62).
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The integration of CTC-based DLL3 monitoring with
radiographic biomarkers presents a transformative opportunity
for adaptive treatment strategies. Longitudinal studies reveal CTC
DLL3 expression fluctuates during therapy, with >50% reductions
predicting radiographic response 8 weeks earlier than conventional
CT metrics (63). When combined with immuno-PET, this multi-
modal approach achieves 94% accuracy in identifying DLL3-avid
clones resistant to PD-1 inhibitors, enabling timely escalation to
BiTE or CAR-T therapies (58, 59, 64, 65). While challenges persist
in defining universal expression thresholds, contemporary advances
position DLL3 as the cornerstone of next-generation SCLC
diagnostic frameworks (Table 1).

3 Cutting-edge developments and
pioneering achievements in DLL3-
targeted therapies for SCLC

DLL3, a Notch inhibitory ligand selectively overexpressed on
the surface of small cell lung cancer (SCLC) cells, has emerged as a
promising therapeutic target. Current strategies include ADCs and
immunotherapies such as BiTEs and chimeric antigen receptor T
cells (CAR-Ts), which redirect immune cytotoxicity toward DLL3-
expressing tumors (66, 67) (Figure 1). This section highlights recent
advancements in DLL3-targeted therapies, focusing on preclinical
and clinical progress.

3.1 Antibody-drug conjugates

3.1.1 Rova-T

Rova-T, the first DLL3-targeting ADC developed for extensive-
stage SCLC (ES-SCLC), combines a humanized monoclonal antibody
with a DNA cross-linker payload via a protease-cleavable linker (10,
26, 68, 69). Its dual mechanism targets cancer stem cells via DLL3
binding and eliminates bulk tumor cells through cytotoxic payload
delivery (68). Initial phase I trials (NCT01901653) demonstrated
promising antitumor activity and tolerability in pretreated SCLC
patients (33). However, the subsequent phase II TRINITY trial
(NCT02674568) revealed significant toxicity, with 63% of
participants experiencing grade 3-5 adverse events (e.g., pleural
effusions, photosensitivity) (29). Two phase III trials (MERU:
NCT03033511; TAHOE: NCT03061812) further showed no
survival benefit compared to standard therapies, coupled with
severe toxicities such as edema and thrombocytopenia, ultimately
halting its clinical development (30, 57, 70).

3.1.2 FZ-ADOO5

To address Rova-T’s limitations, FZ-AD005 was designed with
a topoisomerase I inhibitor (DXd) payload, Fc-silencing technology
to reduce off-target effects, and an optimized drug-to-antibody ratio
(DAR=8.0) for enhanced tumor delivery (71). Preclinical studies
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TABLE 1 Comparative analysis of DLL3 biomarker detection methods.

10.3389/fimmu.2025.1592291

Sensitivity = Specificity Clinical Utility Limitations Reference
THC High High Standard for tissue-based DLL3 quantification Inter-lab variability (52)
Liquid Biopsy (CTC) Moderate High Real-time monitoring; correlates with Limited in low 49)
treatment response tumor burden
Immuno-PET ([89Zr]Zr- High High Non-invasive; detects h'eterogeneous ' R.equil.‘es ' (58)
DFO-SC16) DLL3 expression specialized imaging
RNAscope High High High-resolution spatial profiling Tissue fixation artifacts (61)

demonstrated potent DLL3-specific antitumor activity in both cell
line-derived and patient-derived xenograft models, with improved
safety profiles attributed to reduced Fc-mediated toxicity (71). A
first-in-human clinical trial, approved in April 2024, is underway to
evaluate its therapeutic potential.

3.1.3 ZL-1310 and DB-1314

ZL-1310, a novel ADC employing camptothecin derivatives,
exhibits high DLL3 specificity without cross-reactivity to other
Delta ligands. Preclinical studies revealed dose-dependent tumor
suppression and favorable in vivo tolerability (72). A phase Ia/Ib
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FIGURE 1

An Overview of the Current Status of DLL3-Targeted Drug Development for SCLC Treatment. This figure illustrates the current landscape of DLL3-
targeted therapies for small-cell lung cancer (SCLC) treatment, focusing on three key approaches: Antibody-Drug Conjugates (ADCs): ADCs deliver
cytotoxic agents, such as pyrrolobenzodiazepine (PBD), to tumor cells. These agents induce DNA damage, targeting cancer cells while sparing
healthy tissue. Bispecific T-Cell Engagers (BiTEs): BiTEs function by simultaneously binding to DLL3 on tumor cells and CD3/CD137 on T-cells. This
dual targeting activates T-cells, enhancing their anti-tumor activity. Chimeric Antigen Receptor (CAR) T/NK-Cells: CAR T/NK-cells are engineered to
express receptors that recognize DLL3 on tumor surfaces. Upon binding, these cells activate and replicate, leading to robust anti-tumor activity. This
figure highlights the diverse mechanisms employed in DLL3-targeted therapies, offering insights into their potential for effective SCLC treatment.
ADCs, Antibody-drug conjugates; BIiTEs, Bispecific T-cell engagers; CAR T-cell, Chimeric antigen receptor T-cell; PBD, Pyrrolobenzodiazepine.
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multicenter trial (NCT05557122) is currently assessing its
pharmacokinetics and safety in SCLC patients (73). Similarly,
DB-1314 incorporates a humanized anti-DLL3 antibody
conjugated to a topoisomerase I inhibitor (P1021), inducing
robust DNA damage and sustained antitumor effects in
preclinical models (74). Its enhanced cytotoxic potency, compared
to Rova-T, positions it as a potential breakthrough in overcoming
prior therapeutic shortcomings (74). A key innovation of DB-1314
compared to Rova-T is the use of P1021 as a cytotoxic warhead to
drive the cytotoxic activity of DB-1314 by inducing more potent
DNA damage, which may enable DB-1314 to achieve success not
seen with Rova-T.

This evolving landscape underscores the need for optimized
ADC designs to balance efficacy with manageable toxicity, paving
the way for next-generation DLL3-targeted therapies in SCLC.

3.2 BiTE therapies

3.2.1 Tarlatamab (AMG757)

BiTEs are composed of two single-chain fragment variables
(scFvs)—one targeting tumor antigens (e.g., DLL3) and another
engaging T-cell CD3—along with an Fc region to prolong serum
half-life (57). Tarlatamab (AMG757), a DLL3-targeting BiTE
engineered by Giffin’s team, demonstrates enhanced
pharmacokinetics and low picomolar potency against SCLC cells
in vitro, coupled with robust tumor growth inhibition in preclinical
models (75). As the first-in-class DLL3 BiTE, tarlatamab recruits T
cells to DLL3-expressing tumors, triggering MHC-I-independent
activation, granzyme/perforin release, and tumor lysis (26, 76).
Clinical trials in pretreated SCLC patients revealed manageable
toxicity profiles, though neutropenia emerged as an unexpected risk
(76). A phase II study (10 mg biweekly) reported durable objective
responses, survival benefits, and no new safety signals, supporting
its antitumor efficacy (77). To optimize outcomes, ongoing trials are
evaluating tarlatamab combined with PD-1/PD-L1 inhibitors
(NCT03319940, NCT04885998, NCT05740566, and
NCT05361395) (40). Notably, tarlatamab recently gained U.S.
approval for extensive-stage SCLC progressing during or after
chemotherapy, a landmark achievement in the field (34, 35).

3.2.2 BI764532, QLS31904, and PT217

Building on the success of AMG757, several novel BiTE
constructs targeting DLL3 have advanced in SCLC research.
BI764532, an IgG-like DLL3/CD3 T-cell engager (TCE),
demonstrates potent antitumor activity in DLL3+ cell lines and
xenograft models, inducing T-cell infiltration and complete tumor
regression in humanized mouse models (37, 78). A phase I dose-
escalation trial (NCT04429087) is currently evaluating its safety and
preliminary efficacy in locally advanced or metastatic DLL3+ SCLC
(79). QLS31904, another DLL3/CD3 BiTE developed by Yang et al.,
achieves complete tumor regression in xenograft models at low
doses (20 pg/kg) via CD3-mediated T-cell priming and activation
(80). Concurrently, PT217—a DLL3/CD47 bispecific antibody with
Fc eftector function—blocks CD47-mediated immune evasion while
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enhancing macrophage phagocytosis (ADCP) and NK cell
cytotoxicity (ADCC) through Fc engagement, showing preclinical
efficacy with minimal hematotoxicity (81). The initiation of a PT217
phase I trial and its FDA orphan drug designation highlight its
therapeutic potential despite remaining developmental
challenges (10).

3.3 Trispecific T-cell engagers

3.3.1 HPN328

HPN328, a trispecific T-cell activation construct (TriTAC),
integrates three functional domains: a DLL3-targeting module for
tumor binding, an albumin-binding domain to prolong serum half-
life, and a CD3-binding domain for T-cell engagement (38). This
innovative T-cell engager (TCE) platform combines the extended
pharmacokinetic profile of traditional BiTEs with enhanced tumor
penetration due to its compact molecular size and structural
stability (82, 83). Preclinical studies confirmed HPN328’s potent,
dose-dependent cytotoxicity against DLL3-expressing SCLC cells in
vitro, coupled with robust T-cell activation and cytokine release
(38). A phase 1/2 trial (NCT04471727) evaluating HPN328
monotherapy in advanced DLL3+ malignancies, including ES-
SCLC, has reported interim results: 40% of SCLC patients
achieved target lesion reduction, with no grade >3 adverse events
observed in responders (>30% tumor shrinkage), while 20%
exhibited disease stabilization (84). These findings underscore its
potential as a next-generation TCE for solid tumors.

3.3.2 DLL3/CD3/CD137 trispecific antibody

While BiTEs show promise in immune checkpoint inhibitor
(ICI)-resistant cancers, their efficacy remains inconsistent in SCLC
(85, 86). To address this limitation, Mikami et al. pioneered a
trispecific antibody design by engineering a CD3/CD137 (4-1BB)
bispecific Fab scaffold. This foundation enables competitive binding
to CD3 and CD137, preventing off-target DLL3 cross-linking while
enhancing tumor-specific T-cell activation. Preclinical studies
demonstrated superior tumor control and increased intratumoral
T-cell infiltration compared to conventional DLL3 BiTEs (87).
Building on these results, a phase I trial (NCT05619744) is
evaluating RG6524 (RO7616789), a trispecific DLL3-targeted
antibody, in SCLC patients.

3.4 DLL3-targeted CAR T-cell therapy

CAR T-cell therapy involves engineering patient-derived T cells
to express receptors targeting tumor-specific antigens like DLL3
(88). While CAR T-cell therapies have achieved success in
refractory B-cell malignancies, their application in solid tumors
such as SCLC remains limited due to challenges like T-cell
exhaustion and poor tumor infiltration (89-91). Compared to
BiTE therapies, CAR T cells offer advantages including sustained
in vivo expansion, prolonged activity, and potential for combination
with anti-aging strategies (92). Regional delivery approaches have
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shown promise in enhancing CAR T-cell proliferation, infiltration,
and systemic immunity in solid tumors (92, 93). DLL3’s consistent
expression in newly diagnosed, recurrent, and treatment-resistant
SCLC positions it as an ideal target for CAR T-cell immunotherapy
(94-96). Preclinical studies by Zhang et al. demonstrated that
allogeneic DLL3 CAR T cells exhibit potent specificity and
cytotoxicity against SCLC cell lines, even those with extremely
low DLL3 expression (<1000 molecules/cell), mirroring levels
observed in primary tumors (41). In vivo, DLL3 CAR T-cell
infusion induced complete tumor regression in systemic and
subcutaneous SCLC models (41), with efficacy further validated in
orthotopic and metastatic settings, suggesting clinical potential for
ES-SCLC (40).

The second-generation DLL3-targeted CAR T-cell therapy
AMGI119, incorporating a 4-1BB (CD137) costimulatory domain,
demonstrated durable tumor-killing effects in preclinical SCLC
xenograft models (97, 98). An early-phase trial in relapsed/
refractory SCLC patients post-platinum therapy reported a
favorable safety profile and preliminary antitumor activity,
though a combination study with tarlatamab (NCT03392064) was
halted due to low enrollment (10, 66, 97). To overcome CAR T-cell
limitations, IL-18-engineered DLL3-targeted CAR T cells were
developed, showing enhanced activation, reduced exhaustion, and
synergistic efficacy with anti-PD-1 therapy in preclinical models
(99). Additionally, DLL3-TREM1/DAP12 CAR-T (DLL3-DT CAR-
T) demonstrated improved memory phenotypes and antigen-
presenting cell activation in vitro (9). Emerging candidates under
investigation include LB2102 (NCT05680922) and ALLO-213 (57,
100). These advances underscore the evolving potential of DLL3-
targeted CAR T-cell therapies for SCLC (Table 2).

3.5 DLL3-targeted CAR NK-cell therapy

CAR NK-cell therapy represents a promising alternative to CAR
T-cell approaches in SCLC, offering distinct advantages such as
allogeneic compatibility (eliminating the need for MHC matching)
and dual tumor-killing mechanisms—both CAR-dependent
targeting and innate CAR-independent cytotoxicity—while
minimizing risks of cytokine release syndrome and neurotoxicity
(101). NK-92 cells, a widely studied CAR NK platform, are further
enhanced by the NKG2D transmembrane domain and the 2B4-
CD3 co-stimulatory molecule, amplifying their cytotoxic potential

TABLE 2 Key clinical trials of DLL3-Targeted therapies in SCLC.

10.3389/fimmu.2025.1592291

(102-104). These features have propelled CAR NK-92 cells into
clinical exploration for solid tumors. Preclinical studies of DLL3-
targeted CAR NK-92 cells demonstrated potent antitumor activity
and robust infiltration in SCLC subcutaneous xenograft models
(39). Building on these findings, a phase I trial (NCT05507593)
evaluating DLL3-CAR NK-cell therapy in ES-SCLC patients has
been initiated, marking a critical milestone in translating this off-
the-shelf approach to clinical practice.

3.6 Other promising therapies targeting
DLL3

Targeted radiotherapy using the radioimmunoconjugate[177Lul]
Lu-DTPA-CHX-A-SC16—a lutetium-177-labeled DLL3 monoclonal
antibody—demonstrates precise binding to DLL3 on SCLC cells,
enabling localized radiation delivery while sparing healthy tissues, a
breakthrough in precision oncology (105). Another innovative
approach, near-infrared photoimmunotherapy (NIR-PIT),
combines antibody-mediated targeting with photodynamic
ablation. This strategy employs conjugates such as “rova-IR700,”
formed by linking the anti-DLL3 antibody rovalpituzumab to the
photosensitizer IR700. Upon near-infrared light exposure, rova-
IR700 selectively induces rapid cancer cell death in DLL3-
overexpressing SCLC models while preserving normal cells,
highlighting its therapeutic specificity (106, 107).

3.7 Molecular mechanisms of DLL3
signaling and therapeutic vulnerability

DLL3, a non-canonical inhibitor of the Notch signaling
pathway, exhibits unique molecular mechanisms that underpin its
dual role in small cell lung cancer (SCLC) progression and
therapeutic targeting. Structurally distinct from other Delta-like
family members, DLL3 lacks the canonical DSL (Delta-Serrate-
Lag2) domain required for Notch receptor activation, instead
forming intracellular interactions with Notch ligands and
receptors to inhibit signaling via ligand cis-inhibition and
receptor retention in the Golgi apparatus (26, 95). This Notch-
suppressive activity drives the maintenance of neuroendocrine
differentiation and stem-like properties in SCLC, as evidenced by
ASCL1-dependent transcriptional upregulation of DLL3 in tumor-

Therapy Type Clinical Phase Key Findings Reference
Rova-T ADC Phase II (TRINITY) ORR: 14.3% in high DLL3 expressers; severe toxicity (29)
Tarlatamab (AMG757) BiTE (DLL3/CD3) Phase /11 Durable responses in refractory SCLC; manageable safety profile (77)
HPN328 TriTAC Phase I/II 40% lesion reduction in SCLC; no grade >3 adverse events in responders (84)
Preclinical ion; i luati f
711310 ADC Phase Ta/Ib reclinical tumor suppression; ongoing evaluation o 73)

ORR, objective response rate.
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initiating cells (26, 27, 108). Preclinical studies demonstrate that
DLL3 overexpression promotes epithelial-mesenchymal transition
(EMT) through Snail-mediated repression of E-cadherin,
enhancing metastatic potential while paradoxically correlating
with reduced CD8+ T-cell infiltration and elevated PD-LI
expression in the TME (27, 56).

Therapeutically, DLL3’s tumor-specific membrane localization
and minimal normal tissue expression render it an ideal target for
precision therapies. However, its role in immune evasion
complicates therapeutic outcomes. Mechanistic studies reveal that
DLL3-high SCLC tumors exhibit STAT3-driven PD-L1
upregulation, creating an immunosuppressive niche resistant to
immune checkpoint inhibitors (ICIs) (56). This duality is exploited
by BiTEs like tarlatamab, which redirect T cells to DLL3+ tumors
while bypassing MHC-I downregulation—a common immune
evasion mechanism in SCLC (36, 77). Preclinical models further
demonstrate that DLL3-targeted BiTEs induce T-cell activation and
cytokine secretion, synergizing with PD-1/PD-L1 blockade to
overcome adaptive immune resistance (85, 109).

DLL3’s therapeutic vulnerability is also influenced by molecular
heterogeneity across SCLC subtypes. ASCLI- and NEURODI1-
driven tumors exhibit robust DLL3 expression, whereas POU2F3-
defined subtypes show reduced levels, correlating with differential
responses to DLL3-directed therapies (110, 111). This heterogeneity
underscores the importance of dynamic biomarker monitoring, as
chemotherapy and targeted therapies can epigenetically suppress
DLL3 via DNA methylation, reducing target availability (26, 32).
Liquid biopsy studies reveal that circulating tumor cell (CTC) DLL3
expression fluctuates during treatment, with >50% reductions
predictive of early radiographic response, enabling real-time
therapeutic adaptation (49, 63).

Emerging strategies to address DLL3-driven resistance focus on
combinatorial approaches and cellular engineering. For instance, IL-
18-secreting DLL3 CAR-T cells counteract TME immunosuppression
by enhancing T-cell persistence and reversing exhaustion, achieving
complete tumor regression in preclinical models (99). Similarly,
trispecific antibodies targeting DLL3, CD3, and CD137 amplify T-
cell co-stimulation, demonstrating superior tumor control compared
to conventional BiTEs in vivo (87). These advances highlight the
convergence of molecular insights and engineered immunotherapies
in exploiting DLL3’s signaling paradox for clinical benefit.

4 Role of DLL3 in multiple tumors

Emerging evidence reveals DLL3 as a pan-cancer oncoprotein
with context-dependent therapeutic implications across diverse
malignancies. Its expression patterns demonstrate remarkable
tissue specificity, ranging from ubiquitous surface presentation in
neuroendocrine tumors to epigenetic silencing in certain
carcinomas. While DLL3-targeted therapies show particular
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promise in tumors with high antigen homogeneity like SCLC,
their clinical application in other cancers requires careful
consideration of tumor microenvironment complexities, blood-
brain barrier limitations, and compensatory signaling pathways.
The following sections systematically analyze DLL3’s multifaceted
roles in various neoplasms, highlighting both diagnostic/prognostic
utilities and therapeutic vulnerabilities.

4.1 Neuroendocrine carcinomas

DLL3 exhibits broad expression across neuroendocrine
carcinomas (NECs), encompassing high-grade pulmonary,
mammary, pancreatic, prostatic, and intestinal NECs, as well as low-
grade gliomas and neuroblastomas, establishing its viability as a surface
antigen for targeted therapies (51, 99). In gastroenteropancreatic
neuroendocrine neoplasms (GEP-NENs)—a rare, heterogeneous
entity with variable clinical trajectories—DLL3 serves dual diagnostic
roles. Early investigations localized its expression to neuroendocrine
cells, suggesting involvement in gastrointestinal oncogenesis (112),
while subsequent studies validated its utility in histological
differentiation of poorly differentiated NEC subtypes, including GEP-
NENS (113, 114).

4.2 NEPC and CRPC

DLL3 overexpression characterizes neuroendocrine prostate
cancer (NEPC), an aggressive variant with constrained therapeutic
options (115). Korsen et al. pioneered translational applications
through the development of ’Lu-DTPA-SCI16, a lutetium-177-
conjugated DLL3-targeting antibody demonstrating clinical efficacy
(116), complemented by 897r-DFO-SC16 for PET-based detection of
DLL3-positive lesions (65). In medullary thyroid carcinoma (MTC),
DLL3 overexpression (=50% tumor positivity) associates with
diminished overall and disease-free survival, particularly in cases
exhibiting exfoliated cells, reinforcing its prognostic relevance in
aggressive disease (117). Comparative analysis reveals unique
challenges in NEPC-targeted therapy versus SCLC, including
reduced antigen homogeneity (<50% positivity in 60% of cases)
and competition with established targets like PSMA (65, 118).
Although preclinical models show efficacy of [*”Lu]Lu-DTPA-
SC16 in NEPC (116), clinical translation necessitates strategies to
overcome tumor heterogeneity and microenvironment-
mediated resistance.

DLL3 similarly features prominently in castration-resistant
prostate cancer (CRPC), where expression correlates with
epigenetic markers such as H3K27me3, suggesting mechanistic
involvement in disease progression (25, 119). Multi-omics
analyses across pulmonary carcinoids, large cell neuroendocrine
carcinomas (LCNEC), and SCLC further substantiate DLL3’s
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therapeutic candidacy (113). Its marked overexpression in bladder
small-cell carcinomas and LCNEC underscores broad applicability
in rare, aggressive malignancies (120, 121).

4.3 Gliomas

Despite uniform DLL3 expression in IDH-mutant gliomas,
therapeutic exploitation remains constrained by blood-brain
barrier impermeability and NOTCH pathway redundancy. Rova-
T’s limited efficacy in glioblastoma—attributed to suboptimal
tumor penetration and compensatory signaling—exemplifies these
challenges (122, 123).

4.4 Breast and hepatocellular carcinomas

Beyond neuroendocrine malignancies, elevated DLL3 expression
portends adverse prognosis and enhanced immune infiltration in
invasive breast cancer (124). Hepatocellular carcinoma (HCC)
presents a paradoxical scenario: epigenetic silencing via DNA
methylation and histone acetylation facilitates immune evasion,
while forced overexpression induces apoptosis (125). Metastatic
analyses further associate DLL3 expression in treatment-emergent
small cell/NEPCs with survival reduction (118). This tissue-specific
regulation, contrasting with SCLC’s constitutive expression,
emphasizes context-dependent targetability (125).

4.5 Therapeutic context-dependency

Collectively, these findings emphasize the necessity for tumor-
specific therapeutic designs. While SCLC’s high DLL3 homogeneity
enables potent responses to T-cell engagers like tarlatamab (77),
gliomas and CRPC may require combinatorial approaches with
epigenetic modulators to circumvent resistance mechanisms
(118, 122).

5 Challenges and controversies in
DLL3-targeted therapy

Despite advancements, DLL3-targeted therapies face interrelated
scientific and clinical hurdles. The functional duality of DLL3—
suppressing metastasis while fostering immune evasion—creates a
therapeutic paradox requiring context-specific strategies (27, 56).
Clinical setbacks, exemplified by Rova-T’s toxicity and BiTE-
associated CRS, underscore the need for optimized payloads and
dosing regimens (29, 77). Similarly, CAR-T/NK therapies, though
promising, grapple with TME-driven resistance and manufacturing
scalability (40, 99). Future success hinges on three pillars: (1)
biomarker-guided combinatorial regimens (e.g., BiTEs + ICIs) to
counteract compensatory immune checkpoints; (2) engineered
cellular therapies with metabolic resilience; and (3) real-time
monitoring via liquid biopsy and immuno-PET to track DLL3
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dynamics. These priorities, rooted in lessons from past failures,
must drive collaborative translational efforts.

5.1 Limitations of BiTEs and CAR-T
therapies

While BiTEs and CAR-T therapies targeting DLL3 have shown
remarkable clinical promise, their limitations warrant careful
scrutiny. For BiTEs, systemic toxicity remains a critical challenge—
the trial reported cytokine release syndrome (CRS) in 52% of
tarlatamab-treated patients (grade >3 in 1%) and Any-grade
treatment-related adverse events in 90.7% (76). These adverse
events stem from on-target, off-tissue activity due to low-level
DLL3 expression in normal tissues (e.g., CNS, pancreas) and
hyperactivation of circulating T cells (37). While BiTEs like DLL3-
targeted constructs enhance T-cell activation, preclinical models
suggest that SCLC tumors may compensate via alternative
immunosuppressive pathways. In Chen et al. (2020), combining
DLL3 BiTE (SC16.56) with PD-1 blockade improved antitumor
efficacy compared to monotherapy in vivo, implying that PD-L1/
PD-1 signaling remains a resistance mechanism even during BiTE
treatment (109). Although the study did not directly measure PD-L1
levels post-BiTE, the synergy highlights the need for combinatorial
approaches to counteract adaptive immune evasion.

CAR-T therapies face additional hurdles: antigen heterogeneity
(only 60-70% of SCLC tumors exhibit homogeneous DLL3
expression) and T-cell exhaustion within the TME. Preclinical
studies observed that DLL3-targeted CAR-T cells require repeated
dosing to sustain efficacy in SCLC xenografts (41). Recent studies by
Shirasawa et al. further reveal that spatial heterogeneity in DLL3
expression correlates with clonal evolution under therapeutic
pressure. Their work demonstrates that DLL3High tumors, despite
harboring higher neoantigen loads, develop resistance to
immunochemotherapy through suppressed antigen-presenting
functions (e.g., dendritic cell differentiation) and diminished T-cell
infiltration. This paradox highlights the need for dynamic monitoring
of DLL3 expression patterns to address evolving resistance (56).
Strategies to overcome TME-mediated CAR-T exhaustion are being
explored. For example, Jaspers et al. (2023) demonstrated that IL-18-
secreting DLL3 CAR-T cells enhance T-cell activation and reduce
exhaustion in SCLC preclinical models (99). Furthermore, metabolic
engineering methods and epigenetic modifications, including
enhancing mitochondrial function and altering the function of
epigenetic enzymes, have demonstrated efficacy in preclinical
studies but necessitate additional clinical validation (126, 127).

5.2 Clinical failure of Rova-T: beyond
preclinical promise

The failure of Rova-T despite robust preclinical activity (80%
tumor regression in PDX models) highlights translational challenges
in ADC development. Key factors include (1) Target Heterogeneity:
Only 68% patients had high DLL3 expression (defined as >75% of
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TABLE 3 Comparative analysis of DLL3-Targeted therapeutic modalities in SCLC.

Category

Mechanism

Anti-DLL3 mAb + DNA

Key Efficacy

ORR: 14.3%, OS: 5.7 months, and

Major Toxicities

Grade 3-5 AEs: 63% (fatigue,

Clinical Stage Advantages

Potent tumor-specific

Limitations

Payload-related

Rova-T Jinker (PBD) PFS: 3.8 months in DLL3-high photosensitivity reaction, and Discontinued cytotoxicity; targets toxicity; uncontrollable
crosslinker
(TRINITY phase II) (29) pleural effusion) (29) cancer stem cells (68) adverse reactions (30)
ADCs Fc-silenced anti-DLL3 L. L.
X . X Limited clinical data;
mAD + topoisomerase I Preclinical: potent tumor No fatal cases or life- . Improved safety profile;
FZ-ADO005 o . . L Phase I (ongoing) . long-term
inhibitor regression in PDX models (71) threatening toxicities (71) optimized DAR (71) safety unknown
afety ui Wi
(DXd; DAR=8.0) ty
Rapid T-cell Short half-life
DLL3/CD3 bispecific IgG OS: 4.9 months (10mg),3.9 CRS (manageable); apt ¢ © serux-n ail-iite
Tarlatamab (AMG757) . . . FDA-approved engagement; MHC-I requires
with extended half-life (100mg) (phase II) (77) neutropenia (76, 77) . . .
independent (77) biweekly dosing
Enh: P ial h logi
. DLL3/CD3 IgG-like T- Preclinical: Complete regression in . n a'nced tum‘or' otential 'efnato o8l
BiTEs BI764532 Pending phase I data (79) Phase I penetration; preclinical toxicity
cell engager xenografts (37) . .
synergy with ICIs (37) (preclinical) (78)
Trispecific TCE (DLL3/ Target lesion reduction: 40% in No grade >3 AEs in Extended half-life; Limited efficacy data
HPN328 . i R Phase /11 compact molecular R
CD3/albumin-binding) SCLC (phase I/II interim) (84) responders (84) Rk in NECs
design (83)
Manufacturing
AMGL19 IIDLL3-targeted. CAR—T Precliflica?: Durable tumor No dose-limiting toxicities or Discontinued Be.tter T cell complexit?l; T.-cell
with 4-1BB costimulation regression in xenografts (97) grade 4/5 AEs (97) persistence (97) exhaustion in
TME (40)
IL-18-engineered CAR-T DLL3 CAR-T + IL- actf\faetcingc: hnf: ha:v‘i:tes aTn_tCielP}D N/A (preclinical) Preclinical imriziiszs Tl"ﬁfion' Unclear
CAR-T/NK & 18 secretion  Synergy P PP ’ clinical translatability

1 (99)

reduces exhaustion (99)

CAR NK-92 cells

Allogeneic NK cells
engineered with DLL3-
specific CAR + NKG2D/
2B4
costimulatory domains

Preclinical: Potent cytotoxicity in
systemic SCLC models (39)

Minimal CRS risk
(preclinical) (39)

Off-the-shelf availability;
dual killing
mechanisms (101)

Phase I (NCT05507593)

AE, adverse event; ORR, Objective Response Rate; OS, Overall Survival; CRS, Cytokine Release Syndrome; DAR, Drug-to-Antibody Ratio; PDX, Patient-Derived Xenograft; NEC, Neuroendocrine Carcinoma.

Limited infiltration in
fibrotic tumors (39)
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FIGURE 2

Future Directions in DLL3-Targeted Immunotherapy for Small Cell Lung Cancer: Integrated Strategies to Overcome Therapeutic Challenges. The
future development of DLL3-targeted immunotherapies for small-cell lung cancer (SCLC) will focus on three key strategies: Antibody-Drug
Conjugates (ADCs): Designing ADCs with potent yet minimally toxic payloads, such as pyrrolobenzodiazepine (PBD), to selectively target DLL3-
expressing tumors. BiTE and Immune Checkpoint Inhibitor (ICl) Combination: Enhancing antitumor efficacy by combining BiTEs with ICls, targeting
PD-1, PD-L1, or CTLA-4 to boost immune response. Metabolically Reprogrammed CAR T Cells: Engineering chimeric antigen receptor (CAR) T cells
to enhance their persistence and functionality in the tumor microenvironment, potentially through cytokine secretion or epigenetic metabolic
modifications. ADCs, Antibody-drug conjugates; BIiTEs, Bispecific T-cell engagers; CAR T, Chimeric antigen receptor T-cell; PBD,
Pyrrolobenzodiazepine; ICls, Immune checkpoint inhibitors; PD-1, Programmed cell death protein 1; PD-L1, Programmed cell death ligand 1; CTLA-

4, Cytotoxic T lymphocyte-associated protein 4.

tumor cells) (52), but the phase III TAHOE trial enrolled patients
regardless of DLL3 levels (70), diluting efficacy. Furthermore, DLL3
expression levels may demonstrate a downward trend following
chemotherapy, thereby reducing the treatment window. (2) Payload
Toxicity: The pyrrolobenzodiazepine (PBD) dimer caused dose-
limiting vascular leak syndrome and thrombocytopenia, restricting
therapeutic indices (33). In contrast, next-gen ADCs like FZ-AD005
employ topoisomerase inhibitors with narrower toxicity profiles (71).
(3) Tumor Plasticity: Preclinical models overrepresented ASCL1-
driven SCLC subtypes with stable DLL3 expression, whereas
NEURODI-dominant subtypes show epigenetic DLL3 suppression
under therapeutic pressure (26). Emerging evidence suggests that
chemotherapy-induced DLL3 downregulation may further
contribute to Rova-T resistance. As highlighted by Su et al,
platinum/etoposide regimens epigenetically suppress DLL3
expression via ASCLI1 inhibition in NEURODI-dominant SCLC
subtypes (13, 57). This mirrors preclinical findings where
chemotherapy reduced DLL3 membrane localization in SCLC PDX
models, impairing Rova-T binding (33). These dynamics underscore
the need for longitudinal DLL3 monitoring, as stable DLL3
expression was observed in <30% of post-chemotherapy SCLC
biopsies in TRINITY. This plasticity underscores the need for real-
time biomarker monitoring.
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5.3 DLL3's dual role: therapeutic paradox
or contextual nuance?

DLL3’s conflicting roles—promoting metastasis via EMT yet
correlating with immune evasion—reflect contextual signaling
crosstalk. Mechanistically, DLL3 inhibits NOTCH-mediated
differentiation in SCLC stem cells (95), fostering aggressiveness,
while its high expression correlates with STAT3 activation and PD-
L1 upregulation (56). In addition, Shirasawa et al. directly links
DLL3High status to STAT3-driven PD-L1 amplification and
suppressed antigen presentation (e.g., downregulated MHC-I/IT
and dendritic cell dysfunction), mechanistically explaining the
‘cold” TME resistant to ICIs. Their transcriptomic data reveal that
even neoantigen-rich DLL3High tumors evade immune recognition
via STAT3/PD-L1 axis activation, reinforcing the need for
combination strategies targeting both DLL3 and PD-L1 (56). This
duality creates a therapeutic paradox: DLL3-targeted therapies may
inadvertently select for PD-L1-high, immune-resistant clones.
However, the relationship between molecular subtypes and PD-L1
expression remains controversial. In the Lang et al. study of
surgically resected SCLC, neither tumoral nor stromal PD-L1
expression correlated with ASCL1, NEURODI, or POU2F3
subtypes (128). Emerging data suggest that the interplay between
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DLL3 and PD-L1 may depend on tumor microenvironmental cues
rather than intrinsic subtype biology. For instance, ASCL1-high
tumors often exhibit neuroendocrine-driven immune exclusion,
while POU2F3-driven tumors may lack PD-L1 due to reduced T-
cell infiltration (110). These findings highlight the need for
multimodal biomarker strategies integrating molecular subtyping
and immune contexture analysis.

5.4 Emerging research trends and future
directions

DLL3, expressed in most SCLC patients, is a critical therapeutic
target driven by the transcription factor ASCLI, enhancing
tumorigenic, clonogenic, and metastatic capacities in preclinical
models (27, 53, 108, 129, 130). While its role in promoting SCLC
progression via epithelial-mesenchymal transition (EMT) regulation
has been proposed (27), clinical studies reveal no correlation between
DLL3/ASCL1 expression and survival outcomes in limited- or
extensive-stage SCLC (27, 56, 131). Intriguingly, molecular
subtyping of SCLC tumors demonstrates DLL3’s absence in ASCL1/
NEURODI double-negative subtypes but high expression in ASCL1-
or NEUROD1-dominant tumors (110, 111), underscoring its complex
diagnostic utility. Like PD-1 inhibitors, DLL3-targeted therapies face
intrinsic resistance driven by MHC-I loss and terminally exhausted T-
cell states. Preclinical data suggest that DLL3High/PD-L1High tumors
amplify these mechanisms via STAT3/B-catenin crosstalk,
necessitating combinatorial strategies such as DLL3 BiTEs with
epigenetic modulators (e.g., HDAC inhibitors) or metabolic
reprogramming of CAR-T cells (132). Recent advances in off-the-
shelf iPSC-derived NK cell platforms offer a scalable solution to the
manufacturing bottlenecks of autologous CAR-T/NK therapies (133,
134). Engineered iPSC-NK cells with stable DLL3-targeting CARs and
enhanced metabolic fitness (e.g., IL-15/21 priming) demonstrate
potent cytotoxicity against heterogeneous DLL3High/PD-L1High
SCLC models while evading fratricide and exhaustion. These
‘universal’ cells could synergize with BiTEs to overcome TME
immunosuppression, representing a paradigm shift in scalable
DLL3-targeted immunotherapy. Future research must prioritize
large-scale studies and standardized assays to clarify DLL3’s dual
role as a therapeutic target and prognostic marker.

SCLC therapy development faces challenges including rapid
disease progression, limited biomarker characterization, and
treatment resistance (135-137). Although chemo-immunotherapy
(e.g., atezolizumab with carboplatin/etoposide) has improved survival
in ES-SCLC (18, 19, 138-141), identifying biomarkers to predict
therapeutic response remains urgent. The divergent clinical
trajectories of DLL3-targeted modalities—spanning ADCs, BiTEs,
and CAR-based platforms—reflect both their unique therapeutic
potentials and shared challenges. Table 3 provides a critical synthesis
of these approaches, contrasting their mechanisms, clinical
performance, and translational bottlenecks. While ADCs like FZ-
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ADO0O05 prioritize payload precision, BiTEs such as tarlatamab
emphasize rapid immune engagement, and CAR-T/NK therapies
aim for durable remissions. However, common barriers—including
antigen heterogeneity, immunosuppressive TME, and on-target/off-
tumor toxicity—demand innovative solutions. Future efforts must
focus on biomarker-guided combinatorial strategies, such as pairing
BiTEs with ICIs to amplify T-cell infiltration or engineering CAR-T
cells with metabolic resilience to counteract TME-driven exhaustion.
For instance, BI764532 enhances T-cell infiltration in SCLC tumors
while upregulating PD-1/PD-L1, suggesting combinatorial potential
with checkpoint blockade (37, 109). Similarly, combining DLL3 BiTEs
with PD-1 inhibitors improves efficacy in xenograft models (85, 109),
laying groundwork for clinical trials.

CAR T-cell therapy, distinct from BiTEs in its costimulation-
dependent T-cell activation (109), faces hurdles in solid tumors due to
antigen heterogeneity and immunosuppressive microenvironments
(41, 92, 142-145). DLL3’s tumor-specific expression in SCLC offers a
viable target, while engineering strategies such as cytokine-secreting
“armored” CARs (e.g., IL-12 or IL-18 producers) show promise in
overcoming TME resistance (96, 146-149). Preclinical success with IL-
18-expressing DLL3 CAR T cells in SCLC (99) suggests similar
potential for IL-12 variants. Future directions include developing
multifunctional DLL3-targeted CAR T cells incorporating metabolic
reprogramming, epigenetic modifiers, or dual cytokine secretion to
enhance potency and durability (Figure 2).

Author contributions

KJ: Investigation, Methodology, Software, Validation, Writing —
original draft, Writing - review & editing. LG: Conceptualization,
Data curation, Investigation, Methodology, Software, Writing -
original draft. DZ: Methodology, Writing — review & editing. MF:
Funding acquisition, Investigation, Supervision, Writing — review &
editing. XC: Funding acquisition, Writing - original draft. ZZ:
Investigation, Project administration, Supervision, Visualization,
Writing — original draft, Writing - review & editing. JT: Funding
acquisition, Investigation, Project administration, Supervision,
Validation, Visualization, Writing - original draft, Writing -
review & editing. GC: Formal Analysis, Investigation, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was funded by
the National Natural Science Foundation of China (32300783).
Wuhan Knowledge Innovation Foundation (2024040801020361).
Wu Jieping Medical Foundation (320.6750.2020-02-25).

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1592291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

Acknowledgments

We extend our gratitude to the Public Instrument Platform of
the College of Life Science and Technology at Huazhong
Agricultural University. We also thank Bullet Edits Limited for
the linguistic editing and proofreading of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

1. Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for
36 cancers in 185 countries. CA Cancer ] Clin. (2024) 74:229-63. doi: 10.3322/
caac.21834

2. Andrini E, Ricco G, Zappi A, Aloi S, Giordano M, Altimari A, et al. Challenges
and future perspectives for the use of temozolomide in the treatment of SCLC. Cancer
Treat Rev. (2024) 129:102798. doi: 10.1016/j.ctrv.2024.102798

3. Rudin CM, Brambilla E, Faivre-Finn C, Sage J. Small-cell lung cancer. Nat Rev Dis
Primers. (2021) 7:3. doi: 10.1038/s41572-020-00235-0

4. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2022. CA Cancer |
Clin. (2022) 72:7-33. doi: 10.3322/caac.21708

5. Cheng Y, Han L, Wu L, Chen J, Sun H, Wen G, et al. Effect of first-line serplulimab
vs placebo added to chemotherapy on survival in patients with extensive-stage small
cell lung cancer: the ASTRUM-005 randomized clinical trial. Jama. (2022) 328:1223-
32. doi: 10.1001/jama.2022.16464

6. Grenda A, Krawczyk P, Obara A, Gajek I, Lomza-Laba A, Milanowski J.
Transitioning to a personalized approach in molecularly subtyped small-cell lung
cancer (SCLC). Int ] Mol Sci. (2024) 25(8):4208. doi: 10.3390/ijms25084208

7. Bogart JA, Wagar SN, Mix MD. Radiation and systemic therapy for limited-stage
small-cell lung cancer. J Clin Oncol. (2022) 40:661-70. doi: 10.1200/JCO.21.01639

8. Zugazagoitia J, Paz-Ares L. Extensive-stage small-cell lung cancer: first-line and
second-line treatment options. J Clin Oncol. (2022) 40:671-80. doi: 10.1200/
JCO.21.01881

9. Nie F, Chen Y, Hu Y, Huang P, Shi X, Cai J, et al. TREM1/DAP12 based novel
multiple chain CAR-T cells targeting DLL3 show robust anti-tumour efficacy for small
cell lung cancer. Immunology. (2024) 172:362-74. doi: 10.1111/imm.v172.3

10. Zhang H, Yang Y, Li X, Yuan X, Chu Q. Targeting the Notch signaling pathway
and the Notch ligand, DLL3, in small cell lung cancer. BioMed Pharmacother. (2023)
159:114248. doi: 10.1016/j.biopha.2023.114248

11. Roper N, Velez MJ, Chiappori A, Kim YS, Wei JS, Sindiri S, et al. Notch signaling
and efficacy of PD-1/PD-LI blockade in relapsed small cell lung cancer. Nat Commun.
(2021) 12:3880. doi: 10.1038/s41467-021-24164-y

12. Ready N, Farago AF, de Braud F, Atmaca A, Hellmann MD, Schneider JG, et al.
Third-line nivolumab monotherapy in recurrent SCLC: checkMate 032. ] Thorac Oncol.
(2019) 14:237-44. doi: 10.1016/j.jtho.2018.10.003

13. Gay CM, Stewart CA, Park EM, Diao L, Groves SM, Heeke S, et al. Patterns of
transcription factor programs and immune pathway activation define four major
subtypes of SCLC with distinct therapeutic vulnerabilities. Cancer Cell. (2021)
39:346-360.¢7. doi: 10.1016/j.ccell.2020.12.014

14. Stewart CA, Gay CM, Xi Y, Sivajothi S, Sivakamasundari V, Fujimoto J, et al.
Single-cell analyses reveal increased intratumoral heterogeneity after the onset of
therapy resistance in small-cell lung cancer. Nat Cancer. (2020) 1:423-36.
doi: 10.1038/5s43018-019-0020-2

15. Tian Y, Zhai X, Han A, Zhu H, Yu J. Potential immune escape mechanisms
underlying the distinct clinical outcome of immune checkpoint blockades in small cell
lung cancer. ] Hematol Oncol. (2019) 12:67. doi: 10.1186/s13045-019-0753-2

16. McNamee N, da Silva IP, Nagrial A, Gao B. Small-cell lung cancer-an update on
targeted and immunotherapies. Int J Mol Sci. (2023) 24(9):8129. doi: 10.3390/
ijms24098129

Frontiers in Immunology

12

10.3389/fimmu.2025.1592291

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17. Gomez-Randulfe I, Leporati R, Gupta B, Liu S, Califano R. Recent advances and
future strategies in first-line treatment of ES-SCLC. Eur J Cancer. (2024) 200:113581.
doi: 10.1016/j.jca.2024.113581

18. Horn L, Mansfield AS, Szczgsna A, Havel L, Krzakowski M, Hochmair MJ, et al.
First-line atezolizumab plus chemotherapy in extensive-stage small-cell lung cancer. N
Engl ] Med. (2018) 379:2220-9. doi: 10.1056/NEJMoa1809064

19. Paz-Ares L, Dvorkin M, Chen Y, Reinmuth N, Hotta K, Trukhin D, 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) 394:1929-39. doi: 10.1016/S0140-6736(19)32222-6

20. Megyesfalvi Z, Gay CM, Popper H, Pirker R, Ostoros G, Heeke S, et al. Clinical
insights into small cell lung cancer: Tumor heterogeneity, diagnosis, therapy, and future
directions. CA Cancer J Clin. (2023) 73:620-52. doi: 10.3322/caac.21785

21. Mir AR, Moinuddin, Islam S. Circulating autoantibodies in cancer patients have
high specificity for glycoxidation modified histone H2A. Clin Chim Acta. (2016)
453:48-55. doi: 10.1016/j.cca.2015.12.004

22. Zaidi S, Park J, Chan JM, Roudier MP, Zhao JL, Gopalan A, et al. Single-cell
analysis of treatment-resistant prostate cancer: Implications of cell state changes for cell
surface antigen-targeted therapies. Proc Natl Acad Sci U.S.A. (2024) 121:¢2322203121.
doi: 10.1073/pnas.2322203121

23. Weber EW, Maus MV, Mackall CL. The emerging landscape of immune cell
therapies. Cell. (2020) 181:46-62. doi: 10.1016/j.cell.2020.03.001

24. Hu Z, Yuan J, Long M, Jiang J, Zhang Y, Zhang T, et al. The Cancer Surfaceome
Atlas integrates genomic, functional and drug response data to identify actionable
targets. Nat Cancer. (2021) 2:1406-22. doi: 10.1038/s43018-021-00282-w

25. Ajkunic A, Sayar E, Roudier MP, Patel RA, Coleman IM, De Sarkar N, et al.
Assessment of TROP2, CEACAMS5 and DLL3 in metastatic prostate cancer: Expression
landscape and molecular correlates. NPJ Precis Oncol. (2024) 8:104. doi: 10.1038/
541698-024-00599-6

26. Rudin CM, Reck M, Johnson ML, Blackhall F, Hann CL, Yang JC, et al. Emerging
therapies targeting the delta-like ligand 3 (DLL3) in small cell lung cancer. ] Hematol
Oncol. (2023) 16:66. doi: 10.1186/513045-023-01464-y

27. Furuta M, Kikuchi H, Shoji T, Takashima Y, Kikuchi E, Kikuchi J, et al. DLL3
regulates the migration and invasion of small cell lung cancer by modulating Snail.
Cancer Sci. (2019) 110:1599-608. doi: 10.1111/cas.2019.110.issue-5

28. Li W, Ye L, Huang Y, Zhou F, Wu C, Wu F, et al. Characteristics of Notch
signaling pathway and its correlation with immune microenvironment in SCLC. Lung
Cancer. (2022) 167:25-33. doi: 10.1016/j.lungcan.2022.03.019

29. Morgensztern D, Besse B, Greillier L, Santana-Davila R, Ready N, Hann CL, et al.
Efficacy and safety of rovalpituzumab tesirine in third-line and beyond patients with
DLL3-expressing, relapsed/refractory small-cell lung cancer: results from the phase II
TRINITY study. Clin Cancer Res. (2019) 25:6958-66. doi: 10.1158/1078-0432.CCR-19-
1133

30. Johnson ML, Zvirbule Z, Laktionov K, Helland A, Cho BC, Gutierrez V, 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. ] Thorac Oncol. (2021) 16:1570-81. doi: 10.1016/j.jtho.2021.03.012

31. Malhotra J, Nikolinakos P, Leal T, Lehman J, Morgensztern D, Patel JD, et al. A
phase 1-2 study of rovalpituzumab tesirine in combination with nivolumab plus or

frontiersin.org


https://doi.org/10.3322/caac.21834
https://doi.org/10.3322/caac.21834
https://doi.org/10.1016/j.ctrv.2024.102798
https://doi.org/10.1038/s41572-020-00235-0
https://doi.org/10.3322/caac.21708
https://doi.org/10.1001/jama.2022.16464
https://doi.org/10.3390/ijms25084208
https://doi.org/10.1200/JCO.21.01639
https://doi.org/10.1200/JCO.21.01881
https://doi.org/10.1200/JCO.21.01881
https://doi.org/10.1111/imm.v172.3
https://doi.org/10.1016/j.biopha.2023.114248
https://doi.org/10.1038/s41467-021-24164-y
https://doi.org/10.1016/j.jtho.2018.10.003
https://doi.org/10.1016/j.ccell.2020.12.014
https://doi.org/10.1038/s43018-019-0020-z
https://doi.org/10.1186/s13045-019-0753-2
https://doi.org/10.3390/ijms24098129
https://doi.org/10.3390/ijms24098129
https://doi.org/10.1016/j.ejca.2024.113581
https://doi.org/10.1056/NEJMoa1809064
https://doi.org/10.1016/S0140-6736(19)32222-6
https://doi.org/10.3322/caac.21785
https://doi.org/10.1016/j.cca.2015.12.004
https://doi.org/10.1073/pnas.2322203121
https://doi.org/10.1016/j.cell.2020.03.001
https://doi.org/10.1038/s43018-021-00282-w
https://doi.org/10.1038/s41698-024-00599-6
https://doi.org/10.1038/s41698-024-00599-6
https://doi.org/10.1186/s13045-023-01464-y
https://doi.org/10.1111/cas.2019.110.issue-5
https://doi.org/10.1016/j.lungcan.2022.03.019
https://doi.org/10.1158/1078-0432.CCR-19-1133
https://doi.org/10.1158/1078-0432.CCR-19-1133
https://doi.org/10.1016/j.jtho.2021.03.012
https://doi.org/10.3389/fimmu.2025.1592291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

minus ipilimumab in patients with previously treated extensive-stage SCLC. J Thorac
Oncol. (2021) 16:1559-69. doi: 10.1016/j.jtho.2021.02.022

32. Mansfield AS, Hong DS, Hann CL, Farago AF, Beltran H, Wagqar SN, et al. A
phase I/II study of rovalpituzumab tesirine in delta-like 3-expressing advanced solid
tumors. NPJ Precis Oncol. (2021) 5:74. doi: 10.1038/s41698-021-00214-y

33. Rudin CM, Pietanza MC, Bauer TM, Ready N, Morgensztern D, Glisson BS, et al.
Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate, in recurrent small-
cell lung cancer: a first-in-human, first-in-class, open-label, phase 1 study. Lancet
Oncol. (2017) 18:42-51. doi: 10.1016/S1470-2045(16)30565-4

34. Dhillon S. Tarlatamab: first approval. Drugs. (2024) 84(8):995-1003.
doi: 10.1007/s40265-024-02070-z

35. Mullard A. FDA approves first DLL3 x CD3 bispecific T-cell engager for lung
cancer. Nat Rev Drug Discov. (2024) 23:487. doi: 10.1038/d41573-024-00088-2

36. Giffin MJ, Cooke K, Lobenhofer EK, Estrada J, Zhan J, Deegen P, et al. AMG 757,
a half-life extended, DLL3-targeted bispecific T-cell engager, shows high potency and
sensitivity in preclinical models of small-cell lung cancer. Clin Cancer Res. (2021)
27:1526-37. doi: 10.1158/1078-0432.CCR-20-2845

37. Hipp S, Voynov V, Drobits-Handl B, Giragossian C, Trapani F, Nixon AE, et al.
A bispecific DLL3/CD3 IgG-like T-cell engaging antibody induces antitumor responses
in small cell lung cancer. Clin Cancer Res. (2020) 26:5258-68. doi: 10.1158/1078-
0432.CCR-20-0926

38. Molloy ME, Aaron WH, Barath M, Bush MC, Callihan EC, Carlin K, et al.
HPN328, a trispecific T cell-activating protein construct targeting DLL3-expressing
solid tumors. Mol Cancer Ther. (2024) 23(9):1294-304. doi: 10.1158/1535-
7163.26934608

39. Liu M, Huang W, Guo Y, Zhou Y, Zhi C, Chen ], et al. CAR NK-92 cells targeting
DLL3 kill effectively small cell lung cancer cells in vitro and in vivo. J Leukoc Biol. (2022)
112:901-11. doi: 10.1002/JLB.5MA0122-467R

40. Bellis RY, Adusumilli PS, Amador-Molina A. DLL3-targeted CAR T-cell therapy
in pre-clinical models for small cell lung cancer: safety, efficacy, and challenges. Transl
Lung Cancer Res. (2024) 13:694-8. doi: 10.21037/tlcr-23-820

41. Zhang Y, Tacheva-Grigorova SK, Sutton J, Melton Z, Mak YSL, Lay C, et al.
Allogeneic CAR T cells targeting DLL3 are efficacious and safe in preclinical models of
small cell lung cancer. Clin Cancer Res. (2023) 29:971-85. doi: 10.1158/1078-
0432.CCR-22-2293

42. Yung RC. Tissue diagnosis of suspected lung cancer: selecting between
bronchoscopy, transthoracic needle aspiration, and resectional biopsy. Respir Care
Clin N Am. (2003) 9:51-76. doi: 10.1016/S1078-5337(02)00083-7

43. Garcia-Pardo M, Czarnecka-Kujawa K, Law JH, Salvarrey AM, Fernandes R, Fan
7], et al. Association of circulating tumor DNA testing before tissue diagnosis with time
to treatment among patients with suspected advanced lung cancer: the ACCELERATE
nonrandomized clinical trial. JAMA Netw Open. (2023) 6:¢2325332. doi: 10.1001/
jamanetworkopen.2023.25332

44. Yu Y, Chen K, Fan Y. Extensive-stage small-cell lung cancer: Current
management and future directions. Int J Cancer. (2023) 152:2243-56. doi: 10.1002/
ijevl52.11

45. Shrestha P, Kao S, Cheung VK, Cooper WA, van Zandwijk N, Rasko JEJ, et al.
Circulating tumor cells: advancing personalized therapy in small cell lung cancer
patients. Mol Oncol. (2024). doi: 10.1002/1878-0261.13696

46. Li W, Liu JB, Hou LK, Yu F, Zhang J, Wu W, et al. Liquid biopsy in lung cancer:
significance in diagnostics, prediction, and treatment monitoring. Mol Cancer. (2022)
21:25. doi: 10.1186/s12943-022-01505-2

47. Wang Y, Zhang L, Tan J, Zhang Z, Liu Y, Hu X, et al. Longitudinal detection of
subcategorized CD44v6(+) CTCs and circulating tumor endothelial cells (CTECs)
enables novel clinical stratification and improves prognostic prediction of small cell
lung cancer: A prospective, multi-center study. Cancer Lett. (2023) 571:216337.
doi: 10.1016/j.canlet.2023.216337

48. Obermayr E, Agreiter C, Schuster E, Fabikan H, Weinlinger C, Baluchova K,
et al. Molecular characterization of circulating tumor cells enriched by A microfluidic
platform in patients with small-cell lung cancer. Cells. (2019) 8(8):880. doi: 10.3390/
cells8080880

49. Messaritakis I, Nikolaou M, Koinis F, Politaki E, Koutsopoulos A, Lagoudaki E,
et al. Characterization of DLL3-positive circulating tumor cells (CTCs) in patients with
small cell lung cancer (SCLC) and evaluation of their clinical relevance during front-
line treatment. Lung Cancer. (2019) 135:33-9. doi: 10.1016/j.lungcan.2019.06.025

50. Hamilton G, Rath B, Holzer S, Hochmair M. Second-line therapy for small cell
lung cancer: exploring the potential role of circulating tumor cells. Transl Lung Cancer
Res. (2016) 5:71-7. doi: 10.3978/j.issn.2218-6751.2015.12.12

51. Yao]J, Bergsland E, Aggarwal R, Aparicio A, Beltran H, Crabtree JS, et al. DLL3 as
an emerging target for the treatment of neuroendocrine neoplasms. Oncologist. (2022)
27:940-51. doi: 10.1093/oncolo/oyac161

52. Rojo F, Corassa M, Mavroudis D, Oz AB, Biesma B, Brcic L, et al. International
real-world study of DLL3 expression in patients with small cell lung cancer. Lung
Cancer. (2020) 147:237-43. doi: 10.1016/j.lungcan.2020.07.026

53. Bylsma LC, Pundole X, Ju CH, Hooda N, Movva N, Elkhouly E, et al. Systematic
literature review of the prevalence and prognostic value of delta-like ligand 3 protein
expression in small cell lung cancer. Target Oncol. (2023) 18:821-35. doi: 10.1007/
511523-023-01008-x

Frontiers in Immunology

13

10.3389/fimmu.2025.1592291

54. Lim SW, Hong MH, Kim §, Chung S. P2.12-18 prevalence of DLL3 expression
and its prognostic role in extensive stage small cell lung cancer. J Thorac Oncol. (2019)
14:10. doi: 10.1016/j.jtho.2019.08.1763

55. Hann CL, Burns TF, Dowlati A, Morgensztern D, Ward PJ, Koch MM, et al. A
phase 1 study evaluating rovalpituzumab tesirine in frontline treatment of patients with
extensive-stage SCLC. J Thorac Oncol. (2021) 16:1582-8. doi: 10.1016/
jjtho.2021.06.022

56. Shirasawa M, Yoshida T, Shiraishi K, Goto N, Yagishita S, Imabayashi T, et al.
Tumor microenvironment-mediated immune profiles and efficacy of anti-PD-L1
antibody plus chemotherapy stratified by DLL3 expression in small-cell lung cancer.
Br J Cancer. (2023) 129:2003-13. doi: 10.1038/s41416-023-02427-3

57. Su PL, Chakravarthy K, Furuya N, Brownstein J, Yu J, Long M, et al. DLL3-
guided therapies in small-cell lung cancer: from antibody-drug conjugate to precision
immunotherapy and radioimmunotherapy. Mol Cancer. (2024) 23:97. doi: 10.1186/
§12943-024-02012-z

58. Sharma SK, Pourat J, Abdel-Atti D, Carlin SD, Piersigilli A, Bankovich AJ, et al.
Noninvasive interrogation of DLL3 expression in metastatic small cell lung cancer.
Cancer Res. (2017) 77:3931-41. doi: 10.1158/0008-5472.CAN-17-0299

59. Tendler S, Dunphy MP, Agee M, O’Donoghue J, Aly RG, Choudhury NJ, et al.
Imaging with [(89)Zr]Zr-DFO-SC16.56 anti-DLL3 antibody in patients with high-
grade neuroendocrine tumours of the lung and prostate: a phase 1/2, first-in-human
trial. Lancet Oncol. (2024) 25:1015-24. doi: 10.1016/S1470-2045(24)00249-3

60. Chen B, Li H, Liu C, Wang S, Zhang F, Zhang L, et al. Potential prognostic value
of delta-like protein 3 in small cell lung cancer: a meta-analysis. World ] Surg Oncol.
(2020) 18:226. doi: 10.1186/512957-020-02004-5

61. Xie H, Boland JM, Maleszewski JJ, Aubry MC, Yi ES, Jenkins SM, et al.
Expression of delta-like protein 3 is reproducibly present in a subset of small cell
lung carcinomas and pulmonary carcinoid tumors. Lung Cancer. (2019) 135:73-9.
doi: 10.1016/j.lungcan.2019.07.016

62. Yang W, Wang W, Li Z, Wu J, Huang X, Li J, et al. Delta-like ligand 3 in small
cell lung cancer: Potential mechanism and treatment progress. Crit Rev Oncol Hematol.
(2023) 191:104136. doi: 10.1016/j.critrevonc.2023.104136

63. De Luca A, Gallo M, Esposito C, Morabito A, Normanno N. Promising role of
circulating tumor cells in the management of SCLC. Cancers (Basel). (2021) 13(9):2029.
doi: 10.3390/cancers13092029

64. Sharma SK, Adumeau P, Keindnen O, Sisodiya V, Sarvaiya H, Tchelepi R, et al.
Synthesis and comparative in vivo evaluation of site-specifically labeled
radioimmunoconjugates for DLL3-targeted immunoPET. Bioconjug Chem. (2021)
32:1255-62. doi: 10.1021/acs.bioconjchem.1c00121

65. Korsen JA, Kalidindi TM, Khitrov S, Samuels ZV, Chakraborty G, Gutierrez JA,
et al. Molecular imaging of neuroendocrine prostate cancer by targeting delta-like
ligand 3. ] Nucl Med. (2022) 63:1401-7. doi: 10.2967/jnumed.121.263221

66. Owen DH, Giffin M]J, Bailis JM, Smit MD, Carbone DP, He K. DLL3: an
emerging target in small cell lung cancer. ] Hematol Oncol. (2019) 12:61. doi: 10.1186/
§13045-019-0745-2

67. Hoseini SS, Dobrenkov K, Pankov D, Xu XL, Cheung NK. Bispecific antibody
does not induce T-cell death mediated by chimeric antigen receptor against
disialoganglioside GD2. Oncoimmunology. (2017) 6:€1320625. doi: 10.1080/
2162402X.2017.1320625

68. Mullard A. Cancer stem cell candidate Rova-T discontinued. Nat Rev Drug
Discov. (2019) 18:814. doi: 10.1038/d41573-019-00176-8

69. Waqar SN, Morgensztern D. Treatment advances in small cell lung cancer
(SCLC). Pharmacol Ther. (2017) 180:16-23. doi: 10.1016/j.pharmthera.2017.06.002

70. Blackhall F, Jao K, Greillier L, Cho BC, Penkov K, Reguart N, 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)
16:1547-58. doi: 10.1016/j.jtho.2021.02.009

71. Guo Q, Gao B, Song R, Li W, Zhu S, Xie Q, et al. FZ-AD005, a novel DLL3-
targeted antibody-drug conjugate with topoisomerase I inhibitor, shows potent
antitumor activity in preclinical models. Mol Cancer Ther. (2024) 23:1367-77.
doi: 10.1158/1535-7163.MCT-23-0701

72. Lin LN, Wan B, Ye Q, Wang L, Wang C, Peng W, et al. 241P Development and
characterization of a novel DLL3-targeting antibody drug conjugate (ADC) for the
treatment of solid tumors. ESMO Open. (2024) 9. doi: 10.1016/j.esmo0p.2024.102891

73. Dowlati A, Spira A, Shen X, Fu Y, Pan Y, Liu L, et al. Abstract CT155: Trial in
progress: A phase Ia/Ib, an open-label, multicenter study of ZL-1310 to evaluate the
safety, tolerability, and pharmacokinetics in subjects with small cell lung cancer. Cancer
Res. (2024) 84:CT155-5. doi: 10.1158/1538-7445.AM2024-CT155

74. Lin S, Zhang Y, Yao J, Yang J, Qiu Y, Zhu Z, et al. DB-1314, a novel DLL3-
targeting ADC with DNA topoisomerase I inhibitor, exhibits promising safety profile
and therapeutic efficacy in preclinical small cell lung cancer models. J Transl Med.
(2024) 22:766. doi: 10.1186/512967-024-05568-y

75. Giffin M, Cooke K, Lobenhofer E, Friedrich M, Raum T, Coxon A. P3.12-03
targeting DLL3 with AMG 757, a biTE® Antibody construct, and AMG 119, a CAR-T,
for the treatment of SCLC. J Thorac Oncol. (2018) 13:5971.

76. Paz-Ares L, Champiat S, Lai WV, Izumi H, Govindan R, Boyer M, et al.
Tarlatamab, a first-in-class DLL3-targeted bispecific T-cell engager, in recurrent

frontiersin.org


https://doi.org/10.1016/j.jtho.2021.02.022
https://doi.org/10.1038/s41698-021-00214-y
https://doi.org/10.1016/S1470-2045(16)30565-4
https://doi.org/10.1007/s40265-024-02070-z
https://doi.org/10.1038/d41573-024-00088-2
https://doi.org/10.1158/1078-0432.CCR-20-2845
https://doi.org/10.1158/1078-0432.CCR-20-0926
https://doi.org/10.1158/1078-0432.CCR-20-0926
https://doi.org/10.1158/1535-7163.26934608
https://doi.org/10.1158/1535-7163.26934608
https://doi.org/10.1002/JLB.5MA0122-467R
https://doi.org/10.21037/tlcr-23-820
https://doi.org/10.1158/1078-0432.CCR-22-2293
https://doi.org/10.1158/1078-0432.CCR-22-2293
https://doi.org/10.1016/S1078-5337(02)00083-7
https://doi.org/10.1001/jamanetworkopen.2023.25332
https://doi.org/10.1001/jamanetworkopen.2023.25332
https://doi.org/10.1002/ijc.v152.11
https://doi.org/10.1002/ijc.v152.11
https://doi.org/10.1002/1878-0261.13696
https://doi.org/10.1186/s12943-022-01505-z
https://doi.org/10.1016/j.canlet.2023.216337
https://doi.org/10.3390/cells8080880
https://doi.org/10.3390/cells8080880
https://doi.org/10.1016/j.lungcan.2019.06.025
https://doi.org/10.3978/j.issn.2218-6751.2015.12.12
https://doi.org/10.1093/oncolo/oyac161
https://doi.org/10.1016/j.lungcan.2020.07.026
https://doi.org/10.1007/s11523-023-01008-x
https://doi.org/10.1007/s11523-023-01008-x
https://doi.org/10.1016/j.jtho.2019.08.1763
https://doi.org/10.1016/j.jtho.2021.06.022
https://doi.org/10.1016/j.jtho.2021.06.022
https://doi.org/10.1038/s41416-023-02427-3
https://doi.org/10.1186/s12943-024-02012-z
https://doi.org/10.1186/s12943-024-02012-z
https://doi.org/10.1158/0008-5472.CAN-17-0299
https://doi.org/10.1016/S1470-2045(24)00249-3
https://doi.org/10.1186/s12957-020-02004-5
https://doi.org/10.1016/j.lungcan.2019.07.016
https://doi.org/10.1016/j.critrevonc.2023.104136
https://doi.org/10.3390/cancers13092029
https://doi.org/10.1021/acs.bioconjchem.1c00121
https://doi.org/10.2967/jnumed.121.263221
https://doi.org/10.1186/s13045-019-0745-2
https://doi.org/10.1186/s13045-019-0745-2
https://doi.org/10.1080/2162402X.2017.1320625
https://doi.org/10.1080/2162402X.2017.1320625
https://doi.org/10.1038/d41573-019-00176-8
https://doi.org/10.1016/j.pharmthera.2017.06.002
https://doi.org/10.1016/j.jtho.2021.02.009
https://doi.org/10.1158/1535-7163.MCT-23-0701
https://doi.org/10.1016/j.esmoop.2024.102891
https://doi.org/10.1158/1538-7445.AM2024-CT155
https://doi.org/10.1186/s12967-024-05568-y
https://doi.org/10.3389/fimmu.2025.1592291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

small-cell lung cancer: an open-label, phase I study. J Clin Oncol. (2023) 41:2893-903.
doi: 10.1200/JCO.22.02823

77. Ahn MJ, Cho BC, Felip E, Korantzis I, Ohashi K, Majem M, et al. Tarlatamab for
patients with previously treated small-cell lung cancer. N Engl ] Med. (2023) 389:2063—
75. doi: 10.1056/NEJMo0a2307980

78. Wermke M, Felip E, Kuboki Y, Morgensztern D, Sayehli C, Sanmamed MF, et al.
First-in-human dose-escalation trial of BI 764532, a delta-like ligand 3 (DLL3)/CD3
IgG-like T-cell engager in patients (pts) with DLL3-positive (DLL3+) small-cell lung
cancer (SCLC) and neuroendocrine carcinoma (NEC). J Clin Oncol. (2023) 41:8502-2.
doi: 10.1200/JCO.2023.41.16_suppl.8502

79. Wermke M, Felip E, Gambardella V, Kuboki Y, Morgensztern D, Hamed ZO,
et al. Phase I trial of the DLL3/CD3 bispecific T-cell engager BI 764532 in DLL3-
positive small-cell lung cancer and neuroendocrine carcinomas. Future Oncol. (2022)
18:2639-49. doi: 10.2217/fon-2022-0196

80. Yang L, Li R, Jiang J, Qian H, Ge H, Lu T, et al. Abstract 5550: QLS31904: An
anti-DLL3/CD3 bispecific antibody for T cell immunotherapy of small cell lung cancer.
Cancer Res. (2022) 82:5550-0. doi: 10.1158/1538-7445.AM2022-5550

81. Jia H, Fang D, Lobsinger M, Long Y, Chen K, Lam A, et al. Abstract 2908: PT217,
an anti-DLL3/anti-CD47 bispecific antibody, exhibits anti-tumor activity through
novel mechanisms of action. Cancer Res. (2022) 82:2908-8. doi: 10.1158/1538-
7445.AM2022-2908

82. Aaron WH, Austin R, Barath M, Callihan E, Cremin M, Evans T, et al. Abstract
C033: HPN328: An anti-DLL3 T cell engager for treatment of small cell lung cancer.
Mol Cancer Ther. (2019) 18:C033-3. doi: 10.1158/1535-7163. TARG-19-C033

83. Austin R], Lemon BD, Aaron WH, Barath M, Culp PA, DuBridge RB, et al.
TriTACs, a novel class of T-cell-engaging protein constructs designed for the treatment
of solid tumors. Mol Cancer Ther. (2021) 20:109-20. doi: 10.1158/1535-7163.MCT-20-
0061

84. Johnson ML, Dy GK, Mamdani H, Dowlati A, Schoenfeld AJ, Pacheco JM, et al.
Interim results of an ongoing phase 1/2a study of HPN328, a tri-specific, half-life
extended, DLL3-targeting, T-cell engager, in patients with small cell lung cancer and
other neuroendocrine cancers. J Clin Oncol. (2022) 40:8566-6. doi: 10.1200/
JC0.2022.40.16_suppl.8566

85. Belmontes B, Sawant DV, Zhong W, Tan H, Kaul A, Aeftner F, et al.
Immunotherapy combinations overcome resistance to bispecific T cell engager
treatment in T cell-cold solid tumors. Sci Transl Med. (2021) 13(608):eabd1524.
doi: 10.1126/scitranslmed.abd1524

86. Owonikoko TK, Champiat S, Johnson ML, Govindan R, Izumi H, Lai WVV,
et al. Updated results from a phase 1 study of AMG 757, a half-life extended bispecific
T-cell engager (BiTE) immuno-oncology therapy against delta-like ligand 3 (DLL3), in
small cell lung cancer (SCLC). J Clin Oncol. (2021) 39:8510-0. doi: 10.1200/
JCO.2021.39.15_suppl.8510

87. Mikami H, Feng S, Matsuda Y, Ishii S, Naoi S, Azuma Y, et al. Engineering CD3/
CD137 Dual Specificity into a DLL3-Targeted T-Cell Engager Enhances T-Cell
Infiltration and Efficacy against Small-Cell Lung Cancer. Cancer Immunol Res.
(2024) 12:719-30. doi: 10.1158/2326-6066.CIR-23-0638

88. Zheng R, Zhu X, Xiao Y. Advances in CAR-T-cell therapy in T-cell
Malignancies. ] Hematol Oncol. (2024) 17:49. doi: 10.1186/s13045-024-01568-z

89. Albelda SM. CAR T cell therapy for patients with solid tumours: key lessons to
learn and unlearn. Nat Rev Clin Oncol. (2024) 21:47-66. doi: 10.1038/s41571-023-
00832-4

90. Rasche L, Hudecek M, Einsele H. CAR T-cell therapy in multiple myeloma:
mission accomplished? Blood. (2024) 143:305-10. doi: 10.1182/blood.2023021221

91. Kaczanowska S, Murty T, Alimadadi A, Contreras CF, Duault C, Subrahmanyam
PB, et al. Immune determinants of CAR-T cell expansion in solid tumor patients
receiving GD2 CAR-T cell therapy. Cancer Cell. (2024) 42:35-51.e8. doi: 10.1016/
j.ccell2023.11.011

92. Cherkassky L, Hou Z, Amador-Molina A, Adusumilli PS. Regional CAR T cell
therapy: An ignition key for systemic immunity in solid tumors. Cancer Cell. (2022)
40:569-74. doi: 10.1016/j.ccell.2022.04.006

93. Rafiq S, Hackett CS, Brentjens R]J. Engineering strategies to overcome the current
roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147-67. doi: 10.1038/
541571-019-0297-y

94. Kuempers C, Jagomast T, Krupar R, Paulsen FO, Heidel C, Ribbat-Idel J, et al.
Delta-like protein 3 expression in paired chemonaive and chemorelapsed small cell
lung cancer samples. Front Med (Lausanne). (2021) 8:734901. doi: 10.3389/
fmed.2021.734901

95. Saunders LR, Bankovich AJ, Anderson WC, Aujay MA, Bheddah S, Black K,
et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary
neuroendocrine tumor-initiating cells in vivo. Sci Transl Med. (2015) 7:302ral36.
doi: 10.1126/scitranslmed.aac9459

96. Mazza R, Maher J, Hull CM. Challenges and considerations in the
immunotherapy of DLL3-positive small-cell lung cancer using IL-18 armoured
chimeric antigen receptor T-cells. Transl Lung Cancer Res. (2024) 13:678-83.
doi: 10.21037/tlcr-23-793

97. Byers L, Heymach J, Gibbons D, Zhang J, Chiappori A, Rasmussen E, et al. 697 A
phase 1 study of AMG 119, a DLL3-targeting, chimeric antigen receptor (CAR) T cell

Frontiers in Immunology

14

10.3389/fimmu.2025.1592291

therapy, in relapsed/refractory small cell lung cancer (SCLC). J ImmunoTher Cancer.
(2022) 10:A728-8. doi: 10.1136/jitc-2022-SITC2022.0697

98. Zhou D, Byers LA, Sable B, Smit MD, Sadraei NH, Dutta S, et al. Clinical
pharmacology profile of AMG 119, the first chimeric antigen receptor T (CAR-T) cell
therapy targeting delta-like ligand 3 (DLL3), in patients with relapsed/refractory small
cell lung cancer (SCLC). J Clin Pharmacol. (2024) 64:362-70. doi: 10.1002/jcph.v64.3

99. Jaspers JE, Khan JF, Godfrey WD, Lopez AV, Ciampricotti M, Rudin CM, et al.
IL-18-secreting CAR T cells targeting DLL3 are highly effective in small cell lung cancer
models. J Clin Invest. (2023) 133(9):¢166028. doi: 10.1172/JCI166028

100. Sands J, Schoenfeld A, Schwarzenberger P, delCorral C, Geng D, Yun Z, et al.
702 Phase 1 study of DLL3-directed chimeric antigen receptor T-cells in subjects with
extensive stage small cell lung cancer. J ImmunoTher Cancer. (2023) 11:A797-7.
doi: 10.1136/jitc-2023-SITC2023.0702

101. Pan K, Farrukh H, Chittepu V, Xu H, Pan CX, Zhu Z. CAR race to cancer
immunotherapy: from CAR T, CAR NK to CAR macrophage therapy. | Exp Clin
Cancer Res. (2022) 41:119. doi: 10.1186/s13046-022-02327-z

102. Heim C, Moser LM, Kreyenberg H, Bonig HB, Tonn T, Wels WS, et al. ErbB2
(HER2)-CAR-NK-92 cells for enhanced immunotherapy of metastatic fusion-driven
alveolar rhabdomyosarcoma. Front Immunol. (2023) 14:1228894. doi: 10.3389/
fimmu.2023.1228894

103. Cao B, Liu M, Huang J, Zhou J, Li ], Lian H, et al. Development of mesothelin-
specific CAR NK-92 cells for the treatment of gastric cancer. Int J Biol Sci. (2021)
17:3850-61. doi: 10.7150/ijbs.64630

104. PengY, Zhang W, Chen Y, Zhang L, Shen H, Wang Z, et al. Engineering c-Met-
CAR NK-92 cells as a promising therapeutic candidate for lung adenocarcinoma.
Pharmacol Res. (2023) 188:106656. doi: 10.1016/j.phrs.2023.106656

105. Tully KM, Tendler S, Carter LM, Sharma SK, Samuels ZV, Mandleywala K,
et al. Radioimmunotherapy targeting delta-like ligand 3 in small cell lung cancer
exhibits antitumor efficacy with low toxicity. Clin Cancer Res. (2022) 28:1391-401.
doi: 10.1158/1078-0432.CCR-21-1533

106. Kobayashi H, Choyke PL. Near-infrared photoimmunotherapy of cancer. Acc
Chem Res. (2019) 52:2332-9. doi: 10.1021/acs.accounts.9b00273

107. Isobe Y, Sato K, Nishinaga Y, Takahashi K, Taki S, Yasui H, et al. Near infrared
photoimmunotherapy targeting DLL3 for small cell lung cancer. EBioMedicine. (2020)
52:102632. doi: 10.1016/j.ebiom.2020.102632

108. Borromeo MD, Savage TK, Kollipara RK, He M, Augustyn A, Osborne JK, et al.
ASCL1 and NEURODI reveal heterogeneity in pulmonary neuroendocrine tumors and
regulate distinct genetic programs. Cell Rep. (2016) 16:1259-72. doi: 10.1016/
j.celrep.2016.06.081

109. Chen X, Amar N, Zhu Y, Wang C, Xia C, Yang X, et al. Combined DLL3-
targeted bispecific antibody with PD-1 inhibition is efficient to suppress small cell lung
cancer growth. J Immunother Cancer. (2020) 8(1):000785. doi: 10.1136/jitc-2020-
000785

110. Baine MK, Hsieh MS, Lai WV, Egger JV, Jungbluth AA, Daneshbod Y, et al.
SCLC subtypes defined by ASCL1, NEURODI, POU2F3, and YAP1: A comprehensive
immunohistochemical and histopathologic characterization. J Thorac Oncol. (2020)
15:1823-35. doi: 10.1016/}.jth0.2020.09.009

111. Rudin CM, Poirier JT, Byers LA, Dive C, Dowlati A, George J, et al. Molecular
subtypes of small cell lung cancer: a synthesis of human and mouse model data. Nat Rev
Cancer. (2019) 19:289-97. doi: 10.1038/s41568-019-0133-9

112. Matsuo K, Taniguchi K, Hamamoto H, Ito Y, Futaki S, Inomata Y, et al. Delta-
like 3 localizes to neuroendocrine cells and plays a pivotal role in gastrointestinal
neuroendocrine Malignancy. Cancer Sci. (2019) 110:3122-31. doi: 10.1111/cas.v110.10

113. Zhang XB, Fan YB, Jing R, Getu MA, Chen WY, Zhang W, et al.
Gastroenteropancreatic neuroendocrine neoplasms: current development, challenges,
and clinical perspectives. Mil Med Res. (2024) 11:35. doi: 10.1186/s40779-024-00535-6

114. Liverani C, Bongiovanni A, Mercatali L, Pieri F, Spadazzi C, Miserocchi G, et al.
Diagnostic and predictive role of DLL3 expression in gastroenteropancreatic
neuroendocrine neoplasms. Endocr Pathol. (2021) 32:309-17. doi: 10.1007/s12022-
020-09657-8

115. Alabi BR, Liu S, Stoyanova T. Current and emerging therapies for
neuroendocrine prostate cancer. Pharmacol Ther. (2022) 238:108255. doi: 10.1016/
j.pharmthera.2022.108255

116. Korsen JA, Gutierrez JA, Tully KM, Carter LM, Samuels ZV, Khitrov S, et al.
Delta-like ligand 3-targeted radioimmunotherapy for neuroendocrine prostate cancer.
Proc Natl Acad Sci U.S.A. (2022) 119:e2203820119. doi: 10.1073/pnas.2203820119

117. Ruz-Caracuel I, Caniego-Casas T, Alonso-Gordoa T, Carretero-Barrio I,
Arifio-Palao C, Santon A, et al. Transcriptomic differences in medullary thyroid
carcinoma according to grade. Endocr Pathol. (2024) 35(3):207-18. doi: 10.1007/
512022-024-09817-0

118. Chou J, Egusa EA, Wang S, Badura ML, Lee F, Bidkar AP, et al.
Immunotherapeutic targeting and PET imaging of DLL3 in small-cell
neuroendocrine prostate cancer. Cancer Res. (2023) 83:301-15. doi: 10.1158/0008-
5472.CAN-22-1433

119. Puca L, Gavyert K, Sailer V, Conteduca V, Dardenne E, Sigouros M, et al. Delta-
like protein 3 expression and therapeutic targeting in neuroendocrine prostate cancer.
Sci Transl Med. (2019) 11(484):eaav0891. doi: 10.1126/scitranslmed.aav0891

frontiersin.org


https://doi.org/10.1200/JCO.22.02823
https://doi.org/10.1056/NEJMoa2307980
https://doi.org/10.1200/JCO.2023.41.16_suppl.8502
https://doi.org/10.2217/fon-2022-0196
https://doi.org/10.1158/1538-7445.AM2022-5550
https://doi.org/10.1158/1538-7445.AM2022-2908
https://doi.org/10.1158/1538-7445.AM2022-2908
https://doi.org/10.1158/1535-7163.TARG-19-C033
https://doi.org/10.1158/1535-7163.MCT-20-0061
https://doi.org/10.1158/1535-7163.MCT-20-0061
https://doi.org/10.1200/JCO.2022.40.16_suppl.8566
https://doi.org/10.1200/JCO.2022.40.16_suppl.8566
https://doi.org/10.1126/scitranslmed.abd1524
https://doi.org/10.1200/JCO.2021.39.15_suppl.8510
https://doi.org/10.1200/JCO.2021.39.15_suppl.8510
https://doi.org/10.1158/2326-6066.CIR-23-0638
https://doi.org/10.1186/s13045-024-01568-z
https://doi.org/10.1038/s41571-023-00832-4
https://doi.org/10.1038/s41571-023-00832-4
https://doi.org/10.1182/blood.2023021221
https://doi.org/10.1016/j.ccell.2023.11.011
https://doi.org/10.1016/j.ccell.2023.11.011
https://doi.org/10.1016/j.ccell.2022.04.006
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.3389/fmed.2021.734901
https://doi.org/10.3389/fmed.2021.734901
https://doi.org/10.1126/scitranslmed.aac9459
https://doi.org/10.21037/tlcr-23-793
https://doi.org/10.1136/jitc-2022-SITC2022.0697
https://doi.org/10.1002/jcph.v64.3
https://doi.org/10.1172/JCI166028
https://doi.org/10.1136/jitc-2023-SITC2023.0702
https://doi.org/10.1186/s13046-022-02327-z
https://doi.org/10.3389/fimmu.2023.1228894
https://doi.org/10.3389/fimmu.2023.1228894
https://doi.org/10.7150/ijbs.64630
https://doi.org/10.1016/j.phrs.2023.106656
https://doi.org/10.1158/1078-0432.CCR-21-1533
https://doi.org/10.1021/acs.accounts.9b00273
https://doi.org/10.1016/j.ebiom.2020.102632
https://doi.org/10.1016/j.celrep.2016.06.081
https://doi.org/10.1016/j.celrep.2016.06.081
https://doi.org/10.1136/jitc-2020-000785
https://doi.org/10.1136/jitc-2020-000785
https://doi.org/10.1016/j.jtho.2020.09.009
https://doi.org/10.1038/s41568-019-0133-9
https://doi.org/10.1111/cas.v110.10
https://doi.org/10.1186/s40779-024-00535-6
https://doi.org/10.1007/s12022-020-09657-8
https://doi.org/10.1007/s12022-020-09657-8
https://doi.org/10.1016/j.pharmthera.2022.108255
https://doi.org/10.1016/j.pharmthera.2022.108255
https://doi.org/10.1073/pnas.2203820119
https://doi.org/10.1007/s12022-024-09817-0
https://doi.org/10.1007/s12022-024-09817-0
https://doi.org/10.1158/0008-5472.CAN-22-1433
https://doi.org/10.1158/0008-5472.CAN-22-1433
https://doi.org/10.1126/scitranslmed.aav0891
https://doi.org/10.3389/fimmu.2025.1592291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal

120. Akbulut D, Whiting K, Teo MY, Tallman JE, Ozcan GG, Basar M, et al.
Differential NEUROD1, ASCL1, and POU2F3 expression defines molecular subsets of
bladder small cell/neuroendocrine carcinoma with prognostic implications. Mod
Pathol. (2024) 37:100557. doi: 10.1016/j.modpat.2024.100557

121. Koshkin VS, Garcia JA, Reynolds J, Elson P, Magi-Galluzzi C, McKenney JK,
et al. Transcriptomic and protein analysis of small-cell bladder cancer (SCBC) identifies
prognostic biomarkers and DLL3 as a relevant therapeutic target. Clin Cancer Res.
(2019) 25:210-21. doi: 10.1158/1078-0432.CCR-18-1278

122. Spino M, Kurz SC, Chiriboga L, Serrano J, Zeck B, Sen N, et al. Cell surface
notch ligand DLL3 is a therapeutic target in isocitrate dehydrogenase-mutant glioma.
Clin Cancer Res. (2019) 25:1261-71. doi: 10.1158/1078-0432.CCR-18-2312

123. Kitagawa Y, Kobayashi A, Cahill DP, Wakimoto H, Tanaka S. Molecular
biology and novel therapeutics for IDH mutant gliomas: The new era of IDH inhibitors.
Biochim Biophys Acta Rev Cancer. (2024) 1879:189102. doi: 10.1016/
j.bbcan.2024.189102

124. Yuan C, Chang K, Xu C, Li Q, Du Z. High expression of DLL3 is associated with
a poor prognosis and immune infiltration in invasive breast cancer patients. Transl
Oncol. (2021) 14:101080. doi: 10.1016/j.tranon.2021.101080

125. Matsuo K, Taniguchi K, Hamamoto H, Inomata Y, Komura K, Tanaka T, et al.
Delta-like canonical Notch ligand 3 as a potential therapeutic target in Malignancies: A
brief overview. Cancer Sci. (2021) 112:2984-92. doi: 10.1111/cas.v112.8

126. Kawalekar OU, O’Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD]r.,
et al. Distinct signaling of coreceptors regulates specific metabolism pathways and
impacts memory development in CAR T cells. Immunity. (2016) 44:380-90.
doi: 10.1016/j.immuni.2016.01.021

127. Jain N, Zhao Z, Koche RP, Antelope C, Gozlan Y, Montalbano A, et al.
Disruption of SUV39HI1-mediated H3K9 methylation sustains CAR T-cell function.
Cancer Discov. (2024) 14:142-57. doi: 10.1158/2159-8290.CD-22-1319

128. Lang C, Lantos A, Megyesfalvi Z, Egger F, Hoda MA, Mosleh B, et al. Clinical
and prognostic implications of CD47 and PD-L1 expression in surgically resected
small-cell lung cancer. ESMO Open. (2022) 7:100631. doi: 10.1016/
j-esmoop.2022.100631

129. Sabari JK, Lok BH, Laird JH, Poirier JT, Rudin CM. Unravelling the biology of
SCLC: implications for therapy. Nat Rev Clin Oncol. (2017) 14:549-61. doi: 10.1038/
nrclinonc.2017.71

130. Furuta M, Sakakibara-Konishi J, Kikuchi H, Yokouchi H, Nishihara H,
Minemura H, et al. Analysis of DLL3 and ASCL1 in surgically resected small cell
lung cancer (HOT1702). Oncologist. (2019) 24:e1172-9. doi: 10.1634/
theoncologist.2018-0676

131. Tanaka K, Isse K, Fujihira T, Takenoyama M, Saunders L, Bheddah S, et al.
Prevalence of Delta-like protein 3 expression in patients with small cell lung cancer.
Lung Cancer. (2018) 115:116-20. doi: 10.1016/j.lungcan.2017.11.018

132. Dolkar T, Gates C, Hao Z, Munker R. New developments in immunotherapy
for SCLC. J Immunother Cancer. (2025) 13(1):e009667. doi: 10.1136/jitc-2024-009667

133. LiY, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSC-derived natural
killer cells engineered with chimeric antigen receptors enhance anti-tumor activity. Cell
Stem Cell. (2018) 23:181-192.e5. doi: 10.1016/j.stem.2018.06.002

134. Thangaraj JL, Coffey M, Lopez E, Kaufman DS. Disruption of TGF-B signaling
pathway is required to mediate effective killing of hepatocellular carcinoma by human
iPSC-derived NK cells. Cell Stem Cell. (2024) 31:1327-1343.e5. doi: 10.1016/
j.stem.2024.06.009

Frontiers in Immunology

15

10.3389/fimmu.2025.1592291

135. Wang Q, Giimiig ZH, Colarossi C, Memeo L, Wang X, Kong CY, et al. SCLC:
epidemiology, risk factors, genetic susceptibility, molecular pathology, screening, and
early detection. J Thorac Oncol. (2023) 18:31-46. doi: 10.1016/j.jtho.2022.10.002

136. Leonetti A, Facchinetti F, Minari R, Cortellini A, Rolfo CD, Giovannetti E, et al.
Notch pathway in small-cell lung cancer: from preclinical evidence to therapeutic
challenges. Cell Oncol (Dordr). (2019) 42:261-73. doi: 10.1007/s13402-019-00441-3

137. Mak DWS, Li S, Minchom A. Challenging the recalcitrant disease-developing
molecularly driven treatments for small cell lung cancer. Eur J Cancer. (2019) 119:132-
50. doi: 10.1016/j.ejca.2019.04.037

138. Liu SV, Reck M, Mansfield AS, Mok T, Scherpereel A, Reinmuth N, 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) 39:619-30. doi: 10.1200/JC0O.20.01055

139. Paz-Ares L, Garassino MC, Chen Y, Reinmuth N, Hotta K, Poltoratskiy A, 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) 30:824-35. doi: 10.1158/1078-0432.CCR-23-1689

140. Goldman JW, Dvorkin M, Chen Y, Reinmuth N, Hotta K, Trukhin D, et al.
Durvalumab, with or without tremelimumab, plus platinum-etoposide versus
platinum-etoposide alone in first-line treatment of extensive-stage small-cell lung
cancer (CASPIAN): updated results from a randomised, controlled, open-label,
phase 3 trial. Lancet Oncol. (2021) 22:51-65. doi: 10.1016/S1470-2045(20)30539-8

141. Nabet BY, Hamidi H, Lee MC, Banchereau R, Morris S, Adler L, et al. Immune
heterogeneity in small-cell lung cancer and vulnerability to immune checkpoint
blockade. Cancer Cell. (2024) 42:429-443.e4. doi: 10.1016/j.ccell.2024.01.010

142. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA.
Case report of a serious adverse event following the administration of T cells
transduced with a chimeric antigen receptor recognizing ERBB2. Mol Ther. (2010)
18:843-51. doi: 10.1038/mt.2010.24

143. Nguyen DT, Ogando-Rivas E, Liu R, Wang T, Rubin J, Jin L, et al. CAR T cell
locomotion in solid tumor microenvironment. Cells. (2022) 11(12):1974. doi: 10.3390/
cells11121974

144. YuT, Yu SK, Xiang Y, Lu KH, Sun M. Revolution of CAR engineering for next-
generation immunotherapy in solid tumors. Front Immunol. (2022) 13:936496.
doi: 10.3389/fimmu.2022.936496

145. Hou AJ, Chen LC, Chen YY. Navigating CAR-T cells through the solid-tumour
microenvironment. Nat Rev Drug Discov. (2021) 20:531-50. doi: 10.1038/s41573-021-
00189-2

146. Koneru M, Purdon TJ, Spriggs D, Koneru S, Brentjens R]. IL-12 secreting
tumor-targeted chimeric antigen receptor T cells eradicate ovarian tumors in vivo.
Oncoimmunology. (2015) 4:€994446. doi: 10.4161/2162402X.2014.994446

147. YangY, Yang H, Alcaina Y, Puc J, Birt A, Vedvyas Y, et al. Inducible expression
of interleukin-12 augments the efficacy of affinity-tuned chimeric antigen receptors in
murine solid tumor models. Nat Commun. (2023) 14:2068. doi: 10.1038/s41467-023-
37646-y

148. Agliardi G, Liuzzi AR, Hotblack A, De Feo D, Nuiiez N, Stowe CL, et al.
Intratumoral IL-12 delivery empowers CAR-T cell immunotherapy in a pre-clinical
model of glioblastoma. Nat Commun. (2021) 12:444. doi: 10.1038/s41467-020-20599-x

149. Zhu Y, Wang K, Yue L, Zuo D, Sheng J, Lan S, et al. Mesothelin CAR-T cells
expressing tumor-targeted immunocytokine IL-12 yield durable efficacy and fewer side
effects. Pharmacol Res. (2024) 203:107186. doi: 10.1016/j.phrs.2024.107186

frontiersin.org


https://doi.org/10.1016/j.modpat.2024.100557
https://doi.org/10.1158/1078-0432.CCR-18-1278
https://doi.org/10.1158/1078-0432.CCR-18-2312
https://doi.org/10.1016/j.bbcan.2024.189102
https://doi.org/10.1016/j.bbcan.2024.189102
https://doi.org/10.1016/j.tranon.2021.101080
https://doi.org/10.1111/cas.v112.8
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1158/2159-8290.CD-22-1319
https://doi.org/10.1016/j.esmoop.2022.100631
https://doi.org/10.1016/j.esmoop.2022.100631
https://doi.org/10.1038/nrclinonc.2017.71
https://doi.org/10.1038/nrclinonc.2017.71
https://doi.org/10.1634/theoncologist.2018-0676
https://doi.org/10.1634/theoncologist.2018-0676
https://doi.org/10.1016/j.lungcan.2017.11.018
https://doi.org/10.1136/jitc-2024-009667
https://doi.org/10.1016/j.stem.2018.06.002
https://doi.org/10.1016/j.stem.2024.06.009
https://doi.org/10.1016/j.stem.2024.06.009
https://doi.org/10.1016/j.jtho.2022.10.002
https://doi.org/10.1007/s13402-019-00441-3
https://doi.org/10.1016/j.ejca.2019.04.037
https://doi.org/10.1200/JCO.20.01055
https://doi.org/10.1158/1078-0432.CCR-23-1689
https://doi.org/10.1016/S1470-2045(20)30539-8
https://doi.org/10.1016/j.ccell.2024.01.010
https://doi.org/10.1038/mt.2010.24
https://doi.org/10.3390/cells11121974
https://doi.org/10.3390/cells11121974
https://doi.org/10.3389/fimmu.2022.936496
https://doi.org/10.1038/s41573-021-00189-2
https://doi.org/10.1038/s41573-021-00189-2
https://doi.org/10.4161/2162402X.2014.994446
https://doi.org/10.1038/s41467-023-37646-y
https://doi.org/10.1038/s41467-023-37646-y
https://doi.org/10.1038/s41467-020-20599-x
https://doi.org/10.1016/j.phrs.2024.107186
https://doi.org/10.3389/fimmu.2025.1592291
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Jietal.

Glossary

ADC antibody-drug conjugate

ADCC antibody-dependent cell-mediated cytotoxicity
ASCL1 achaete-scute homolog 1

ADCP antibody-dependent cell phagocytosis
BiTE bispecific T-cell engager

CAIX carbonic anhydrase IX

CART chimeric antigen receptor T

CDX cell line-derived xenograft

CE carboplatin and etoposide

CHK1 checkpoint kinase 1

CRPC castration-resistant prostate cancer

CTCs circulating tumor cells

CTLA-4 cytotoxic T lymphocyte associate protein-4
DLL3 delta-like canonical notch ligand 3

DAR drug antibody ratio

DFO desferrioxamine

DFS disease-free survival

DXd deruxtecan

EMT epithelial-mesenchymal transition
ES-SCLC extensive-stage SCLC

Fc fragment crystallization

GEP-NENs gastroenteropancreatic neuroendocrine neoplasms
HCC hepatocellular carcinoma

HER2 human epidermal growth factor receptor 2
H3K27me3 histone H3 lysine 27 methylation

IBC invasive breast cancer

ICIs immune checkpoint inhibitors

IDH isocitrate dehydrogenase
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IHC
LCNEC
LS-SCLC
mAb
MHC
MTC
NECs
NEPC
NIR-PIT
NKG2D
NSCLC
oS
PARP1
PBD
PD-1
PD-L1
PDX
PET
Rova-T
scc
scFv
SCLC
SPs

TCE
TME
TriTAC
TRUCKs
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immunohistochemistry

large cell neuroendocrine carcinoma
limited-stage SCLC

monoclonal antibody

major histocompatibility complex
medullary thyroid carcinoma
neuroendocrine carcinomas
neuroendocrine prostate cancer
near-infrared photoimmunotherapy
natural-killer group 2, member D
non-small cell lung cancer
overall survival

poly (ADP-ribose) polymerase-1
pyrrolobenzodiazepine.
programmed cell death protein 1
programmed cell death ligand 1
patient-derived xenograft
positron emission tomography
rovalpituzumab tesirine
small-cell carcinomas
single-chain fragment variable
small cell lung cancer

surface proteins

T-cell engager

tumor microenvironment

tri-specific T-cell activation construct

T cell redirection for universal cytokine-mediated killing
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