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Abstract

Small cell lung cancer (SCLC) is an aggressive malignancy characterized by rapid proliferation and high metastatic
potential. It is characterized by universal inactivation of and RB1, overexpression of the MYC family and dysregulation
of multiple oncogenic signaling pathways. Among different patients, SCLCs are similar at the genetic level but exhibit
significant heterogeneity at the molecular level. The classification of SCLC has evolved from a simple neuroendo-
crine (NE)/non-neuroendocrine (non-NE) classification system to a transcription factor-based molecular subtype
system; lineage plasticity adds further complexity and poses challenges for therapeutic development. While SCLC

is initially sensitive to platinum-based chemotherapy, resistance develops rapidly, leading to a dismal prognosis. Vari-
ous antibodies, including PD-1/PD-L1 inhibitors and antibody—drug conjugates, have been introduced into clinical
practice or are being evaluated in clinical trials. However, their therapeutic benefits for SCLC patients remain limited.
This review summarizes SCLC carcinogenic mechanisms, tumor heterogeneity, and the immune microenvironment
of SCLC, with a focus on recent advances in metastasis and resistance mechanisms. Additionally, the corresponding
clinical progress in tackling these challenges is discussed.
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Introduction

Approximately 15% of lung cancer cases are small cell
lung cancer (SCLC), which is typically characterized by
rapid proliferation, early metastasis, and a poor progno-
sis [1]. Although low-dose computed tomography (CT)
has been applied for early detection, 80—-85% of patients
present with extensive-stage SCLC (ES-SCLC) at first
diagnosis, and less than 7% of them survive 5 years past
diagnosis [2, 3]. SCLC is associated with heavy smok-
ing or passive smoking, radon radiation, air pollutants,
or older age (Fig. 1) [4, 5]. Thus, reducing the frequency
of smoking is one of the main prevention methods for
SCLC, and the ever-decreasing incidence confirms its
effectiveness. However, SCLC is very difficult to treat
SCLC patients rarely benefit from surgery. Etoposide-
platinum (EP) is the current standard chemotherapeutic
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regimen. SCLC patients respond to chemotherapy ini-
tially, but most acquire resistance rapidly and relapse
quickly [6]. Although there are additional therapies for
relapsed patients, their response to further therapies is
substantially reduced. As immunotherapy has been effi-
cacious against in many other tumors, anti-PD-L1 or
anti-PD-1 antibodies have also been used along with EP
in the first-line treatment of SCLC and have improved
overall survival, but the benefit is not significant [7].
SCLC patients have a median PFS of approximately
5 months and an average OS of 12 months, and there is
an urgent need to find more effective therapies to pro-
long patient survival.

SCLC originates predominantly from pulmonary neu-
roendocrine cells (PNECs); major changes in the pro-
liferative and metastatic potential of these cell lead to
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Fig. 1 The epidemiology, cell origin, and clinical characteristics of SCLC. The main epidemiological factors for SCLC include smoking, radiation, air
pollution, and aging. On the one hand, the cellular origin of SCLC may be neuroendocrine cells within the lung. On the other hand, non-small cell
lung cancer with tyrosine kinase inhibitor (TKI) resistance can transform into SCLC. SCLC has an oat cell shape and is sensitive to chemotherapy
but is prone to recurrence. Abbreviations: ALK-TKIs, ALK tyrosine kinase inhibitors; AT2s, alveolar type Il epithelial cells; EGFR-TKIs, EGFR tyrosine

kinase inhibitors; PNECs, pulmonary neuroendocrine cells
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paraneoplastic syndrome (PNS) [8, 9]. Barnard first men-
tioned SCLC in 1926 as "oat-cell sarcoma” on the basis
of its morphological features; Azzopardi elaborated on
the features of SCLC approximately 30 years later [10,
11]. The histopathological features of SCLC include
small tumor cells with a round to fusiform shape loosely
arranged or in a syncytial pattern, scant cytoplasm, rough
chromatin, and obscure nucleoli [12, 13]. At the molecu-
lar level, unlike other solid tumors, SCLC is characterized
by dual inactivation of the tumor suppressors P53 and
RB1 rather than the activation of oncogenes, which leads
to different changes in signaling pathways [14, 15]. Dif-
ferent SCLCs have different transcription factor expres-
sion profiles, so transcription factors can be assessed for
molecular subtyping [16, 17]. SCLCs usually have a com-
plicated tumor microenvironment, and the interaction of
tumor cells with stromal cells in the microenvironment
facilitates their strong immune evasion capacity [18].

Several new regimens have been developed on the basis
of the biological characteristics of SCLC, as its cellular
origins, metastatic properties, and genomic features have
gradually been clairified. However, tumor heterogeneity
and therapeutic resistance remain bottlenecks in clinical
treatment [1, 7, 19-21].

This review summarizes new findings on SCLC clinical
and biological features, including its pathogenesis, het-
erogeneity, drug resistance mechanism, and treatment
options. We also discuss the possible resolution of drug
resistance and screening efficiency.

Molecular characteristics of SCLC

Cell origins and transformation of SCLC

Transformation of normal cells

There are currently conflicting accounts of the origin of
SCLC cells. Initially, SCLCs were thought to be derived
from pulmonary neuroendocrine cells (PNECs) on the
basis of the high expression of neuroendocrine markers,
such as synaptophysin and chromogranin A, in SCLC
tumors (Fig. 1) [22, 23]. In addition, PNECs differenti-
ate early during lung development, suggesting that they
may also possess the regenerative capacity of progenitor
cells [24]. Many groups have investigated the mechanism
by which PNECs affect tumor cell transformation. Using
lineage tracing approaches in AsclI“*, Trp53"f and
Rb1" mice, Ouadhah et al. found that SCLC is derived
from a subset of PNECs with stem cell features. Specifi-
cally, Notch signaling pathway activation is necessary for
reprogramming neuroendocrine cells in the lungs.

In contrast, deletion of Rb/p53 further promotes the
dispersal and reprogramming of neuroendocrine cells in
the lungs, ultimately giving SCLC cells early metastasis-
promoting properties [25]. Furthermore, Chen et al. gen-
erated SCLC-like tumor cells by knocking down TP53
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and RBI and overexpressing ¢-MYC in human PNECs
[26, 27]. However, PNECs are not the exclusive cell ori-
gin of SCLCs, and some studies have suggested that other
epithelial cells, such as alveolar type II epithelial cells
(AT2), club cells, and basal cells, may also differentiate
into SCLC cells. Chen’s group reported that SCLC tumors
can be derived from multiple cell lineages, including
PNECs, AT?2 cells, and club cells, in the context of Trp53,
Rb1I loss, and MYC gain [28]. Ferone et al. reported that
SCLC could be initiated from basal cells with inactiva-
tion of RbI and Trp53 and activation of FGFRI in the
Ad5-K14-Cre mouse model [29]. However, the exact
mechanism of tumorigenesis has not been explicitly
investigated. Moreover, SCLCs derived from different
cell lineages have distinct expression profiles and pheno-
types that are correlated with SCLC molecular subtypes.
For example, PNEC-initiated SCLC expresses SCLC-A
subtype features such as highly upregulated ASCL1 [30].
Huang et al. suggested that the SCLC-P subtype may
transform from tuft cells, a previously unrecognized cell
lineage. Overall, there are still many unanswered ques-
tions about the origin of SCLC, but understanding the
origin of SCLC will facilitate the identification of treat-
ment targets and prevention strategies for SCLC.

NSCLC to SCLC histological transformation
The histological transformation of NSCLC to SCLC
is thought to be another origin of SCLC. It has been
observed after targeted therapeutic resistance in NSCLC
(Fig. 1) [31]. Genealogical plasticity theory holds that
NSCLC is transformed into SCLC through EGFR muta-
tion or ALK rearrangement-mediated cell phenotypic
transformation [32, 33]. Approximately 3%-14% of
NSCLC patients undergo SCLC transformation during
resistance to EGFR tyrosine kinase inhibitors (EGFR-
TKIs). Genomic sequencing revealed that most post-
transformed SCLC cells retained the original EGFR
mutations in primary NSCLC, indicating the direct evo-
lution of SCLC from original EGFR-mutated NSCLC
tumor cells under the selective pressure of TKIs [34—36].
Furthermore, Offin et al. reported that EGFR/TP53/
RBI-mutant lung cancers are at unique risk of histo-
logic transformation, with 25% presenting with de novo
SCLC or eventual small-cell transformation [37]. SCLC
transformation is also commonly observed in patients
with ALK-rearranged lung cancer after resistance to ALK
inhibitors (ALKis). Levacq et al. reported a case in which
RB1, TP53, PTEN, and NOTCHI inactivation in pri-
mary NSCLC induced SCLC transformation after ALKi
therapies [38]. The transformation of NSCLC to SCLC
with therapeutic resistance indicates that NSCLCs and
SCLCs share the same cell origins. As mentioned above,
some SCLCs can develop from AT2 cells, which are also
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considered the origin cells of NSCLCs [39]. Another
study revealed that cells with a transitional morphol-
ogy expressed TTF-1 (a PNEC marker) on the border of
SCLC and NSCLC, suggesting that they were possibly
derived from the common PNEC ancestor [40]. As SCLC
transformation commonly occurs during resistance to
targeted therapies in NSCLC, novel treatments targeting
the trunk mutation of the common ancestor are highly
needed to overcome the current problem of therapeutic
resistance.

Key pathways in SCLC tumorigenesis

In both normal cells and those transformed from other
malignant tumors, many activations of oncogenic mole-
cules or inactivation of oncogenic pathways occur during
the process. For example, inactivation of the oncogenes
TP53 and RBI and activation of the MYC oncogene, as
well as upregulation of the NOTCH pathway and activa-
tion of the PI3K/Akt/mTOR pathway and several other
oncogenic pathways, contribute to the development of
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SCLC, ultimately leading to the distinctive characteris-
tics of SCLC in terms of its rapid amplification and high
metastasis efficiency (Fig. 2).

Dual inactivation of p53 and RB1

P53 is a major tumor suppressor transcription fac-
tor that responds to various cellular stresses, including
DNA damage, hypoxia, and hyperproliferative stimuli,
to maintain genome stability and inhibit cancer progres-
sion [41-43]. RBI is another important transcriptional
regulator with tumor suppressor functions. It exerts its
regulatory effects by forming protein complexes with the
E2F family of transcription factors and binding to gene
promoters that trigger cell cycle S-phase progression and
cell proliferation [44]. Inactivation of p53 and RBI occurs
frequently in SCLC. Epidemiologically, a heavy smok-
ing history and long-term tobacco-related carcinogen
exposure are significantly associated with gene mutation
accumulation in SCLC patients [14]. The two genes with
the highest mutation rates in SCLC are TP53 (75%-90%)
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and RB1 (93%) [14, 45]. For p53 inactivation, the inhibi-
tion of procyclin isomerase activity or genetic ablation
of specific procyclin genes inhibits p53-mediated cell
necrosis by restricting p53 transcription without affect-
ing p53 chromatin binding, thereby ensuring SCLC sur-
vival [46]. Investigators have modulated the stability of
mutant p53 by controlling the ubiquitination-mediated
proteasomal degradation of proteins after the deacetylase
sirtuin 3 (SIRT3) is overexpressed in SCLC to promote
necrosis and apoptosis in SCLC [47]. With respect to the
regulatory effect of RB inactivation on SCLC, Wu et al.
reported that the inactivation of RBI in SCLC allows the
transcription factor E2F7 to recruit the repressive REST
corepressor protein 1 (RCOR1/CoREST1)-lysine-specific
demethylase 1A (LSD1, KDM1A)-histone deacetylases
1 and 2 (HDAC1/2) complexes to the gene promoter
of YAP and to downregulate its expression, resulting in
the repression of YAP transcription, which increases the
metastatic potential of SCLC cells [48]. More impor-
tantly, many studies have shown that dual inactivation
of RB1 and Tp53 is required for SCLC development.
Somatic inactivation of both Trp53 and Rb1 induces
SCLC in mice [49], whereas depletion of Rbl or p53
causes only lung adenocarcinoma [50]. Therefore, the
p53 and RBI double mutation, a unique feature of SCLC
among solid tumors, has become a critical characteristic
for SCLC diagnosis.

MYC family

MYC (c-Myc) is a major regulator of several biological
programs; it exerts most of its functions as a transcrip-
tion factor, regulating the expression of thousands of
genes directly or indirectly, and is one of the most fre-
quently activated products in human cancers [51]. In 20%
of SCLCs, MYC family genes are amplified and overex-
pressed, and this phenotype is associated with aggressive
tumor characteristics [14]. Pongor et al. reported that
extrachromosomal DNA (cDNA) enables exceptionally
high Myc gene levels by promoting its transcriptional
amplification [52]. Recent studies have also shown that
Myc amplification in SCLC tumors controls dysregulated
lineage-specific gene expression programs and molecu-
lar features of tumor heterogeneity that drive subtype
switching in SCLC. These molecular features may pro-
vide effective alternative therapeutic strategies for SCLC
in addition to standard first-line treatments [53]. The
MYC family includes two paralogs, MYCL and MYCN,
and ¢-Myc. L-MYC expression was initially thought to
be associated with SCLC risk; however, insights gained
from genome sequencing studies suggest that N-MYC
has a broader role in SCLC [54]. Grunblatt et al. con-
structed mouse models of SCLC with MYCN or MYCL
overexpression and reported that MYCN overexpression
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inhibited the response to cisplatin-etoposide chemo-
therapy, with similar findings in the case of MYCL
overexpression. Among them, in primed mice, MYCN
overexpression promoted cell cycle progression, inhib-
ited cytotoxic T-cell infiltration, and accelerated SCLC
progression, whereas USP7 inhibition resensitized
MYCN-overexpressing chemoresistant tumors to EP reg-
imens (etoposide and cisplatin in combination), provid-
ing a genotype-specific strategy for targeting a subgroup
of chemoresistant SCLCs [55]. These data suggest that
Myc and Myc-dependent cellular mechanisms are strong
candidates for therapeutic targets in SCLC.

Notch pathway

Notch signaling involves multiple aspects of postnatal
animal life, including cell fate determination, embryonic
and tissue development, tissue function and repair, and
numerous cancerous diseases, including SCLC. Single-
sample gene set enrichment analysis (ssGSEA) revealed
that Notch signaling was the most significantly enriched
gene set associated with clinical benefit in patients with
recurrent SCLC [56]. Lim et al. reported that Notch
signaling could be tumor-suppressive and protumori-
genic in SCLCs [57]. These results showed that non-NE
SCLC tumor cells with activated Notch are slow-grow-
ing, which is consistent with a tumor-suppressive role
for Notch. However, these cells are chemoresistant and
provide nutrient support for NE SCLC cells, indicating a
protumorigenic role of Notch activation.

Notch signaling involves many typical ligands, and
DLL3 is a unique ligand that is typically involved in only
cis-inhibition [58]. Analysis of clinical trial populations
confirmed that DLL3 is expressed in more than 80% of
SCLCs. In preclinical models, DLL3 promoted SCLC
cell migration and invasion by regulating expression of
the epithelial-mesenchymal transition protein Snail [59].
DLL3 is the most promising target in the Notch path-
way for developing drugs against SCLC because DLL3
is located mainly in the Golgi. However, some DLL3
escapes to the cell surface [60], and this surface DLL is
the candidate target for treatment. Additionally, DLL3
expression is undetectable in normal tissues [60], which
reduces the likelihood of adverse effects.

PI3K/Akt/mTOR pathway

The PI3K/Akt/mTOR pathway is involved in many cel-
lular processes, including the cell cycle, cell growth,
glucose metabolism, and protein synthesis. Genetic alter-
ations in the PI3K/Akt/mTOR pathway, which are associ-
ated with tumor progression and chemoresistance, were
observed in 36% of SCLCs. High mutation rates have
been reported for many related genes, including PIK3CA,
PTEN, AKT2, AKT3, RICTOR, and MTOR, in SCLC
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patients [61]. The heterozygous loss of PTEN in Rb/
P53-deleted mice led to accelerated SCLC with frequent
metastasis to the liver. Activation of the PI3K/Akt/mTOR
pathway promotes a phenotypic transition (from suspen-
sion to adherent growth patterns) and induces chemore-
sistance [62]. mTOR signaling is usually identified as an
essential kinase in SCLC. Inhibition of mTOR signaling
sensitized SCLC patient-derived xenografts (PDXs) to
cisplatin and etoposide therapy, attenuating chemoresist-
ance [63].

Furthermore, Horie et al. reported that SCLC cell lines
with high expression of YAP and TAZ are more sensi-
tive to mTOR inhibitors [64]. Subsequent studies have
shown that PI3K/mTOR inhibitors in combination with
chemotherapy synergistically inhibit the growth of SCLC
cells [65], highlighting the effectiveness of this combi-
nation therapy. In conclusion, PI3K/mTOR inhibitors
have shown limited efficacy in monotherapy, and more
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attention should be given to rational combination ther-
apy strategies. Therefore, the PI3K/AKT/mTOR pathway
will likely be the primary therapeutic focus for SCLC.

The SCLC tumor microenvironment (TME)

In addition to the activation and inactivation of key
molecular pathways involved in the tumorigenesis of
SCLC tumor cells, cell-cell interactions in the TME
play important roles in tumorigenesis and progression
(Fig. 3). SCLC has an angiogenic and hypoxic tumor
microenvironment that supports an immunosuppressive
phenotype; an immunosuppressive microenvironment is
associated with SCLC development and a poor progno-
sis. A comprehensive understanding of the TME has the
potential to reveal promising therapeutic opportunities
for SCLC patients. Here, we dissected the TME into the
stromal and immune microenvironments and explored
the characteristics of the TME, conditions leading to a
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suppressive immune microenvironment, and potential
therapeutic targets of the TME.

Stromal microenvironment
The stromal microenvironment comprises the vascular
system, tumor stroma cells, and biochemical components
[66]. The rapid division of tumor cells leads to an increase
in oxygen consumption. Moreover, tumor angiogenesis
is insufficient to provide enough oxygen to tumor cells;
in turn, this incomplete vascularization ultimately leads
to an oxygen concentration of less than 1%, creating a
hypoxic environment [67]. Histological analysis of biopsy
samples revealed areas of hypoxia in more than 50% of
patients with newly diagnosed SCLC, a higher percent-
age than in most other tumor types and a value that
may be even greater given the small size of the samples
analyzed and the failure to reveal complete intratumor
heterogeneity [68]. Lin et al. showed, by immunohisto-
chemistry, that the presence of hypoxic areas in SCLC
is strongly associated with tumor progression and poor
survival [69]. Upon hypoxia, hypoxia-inducible factor
HIF-1a is upregulated in SCLC, which further upregu-
lates the expression of immune checkpoint ligands in
SCLC tumors and stromal cells, leading to low infiltra-
tion of CD8+ and CD4+ T cells within the tumor [70].
These findings indicate that the hypoxia-inducible factor
HIF-1a is a favorable target for improving the immune
microenvironment of SCLC and increasing the efficacy
of immunotherapy. Researchers have successfully inhib-
ited the progression and spread of in situ human small-
cell lung cancer in mice via the use of HIF-1a antagonists
[71]. In addition, SCLC tends to have an acidic chemical
environment, which is caused by the “Warburg effect”
[72], and acidification of the chemical environment of
SCLC is closely related to tumor immune escape. For
example, acidosis affects the differentiation of monocytes
into dendritic cells, inhibits the antigen-presenting func-
tion of dendritic cells, and thus inhibits the activation of
T cells [73]. SCLC cells tend to utilize glucose through
the glycolytic process due to the hypoxic environment,
which leads to the accumulation of lactic acid and a
decrease in the microenvironmental pH [74], promoting
angiogenic invasion and tumor metastasis, which is asso-
ciated with resistance to chemotherapy and radiotherapy
[75]. In summary, targeting tumor hypoxia and lactate
accumulation could be a potential therapeutic strategy.
Other components of the stromal microenvironment
of SCLC, such as tumor-associated fibroblasts (CAFs)
and myeloid-derived suppressor cells (MDSCs), also
play essential roles in shaping the SCLC microenviron-
ment. CAFs, as critical cellular components of the tumor
stromal microenvironment, play multiple roles in tumor
progression, drug resistance, and immune regulation.
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For example, CAFs mainly inhibit vascular cell adhesion
molecule 1 (VCAM-1) expression to prevent immune
cell infiltration [76]. MEG3 IncRNA in exosomes released
from CAFs enhances cisplatin resistance in SCLC via
the miR-15a-5p/CCNE1 axis [77]. However, in SCLC,
CAFs have also been found to play a role in promoting
antitumor immunity. For example, Lu et al. reported that
CAF-rich SCLCs can undergo phenotypic reprogram-
ming from NE tumors to non-NE tumors. In this process,
fibroblast-derived IL-6 activates JAK2/STAT3 signaling,
upregulates c-MYC expression, and subsequently acti-
vates the NOTCH pathway, driving non-NE phenotypic
reprogramming [78]; these changes are accompanied by
an increased inflammatory gene signature and immune
cell infiltration in SCLC, which contributes to a bet-
ter response to immune checkpoint inhibitors [79]. In
addition, Takahashi et al. cocultured CAFs overexpress-
ing PDPN with SCLC cells and reported that the num-
ber of SCLC cells was reduced in the coculture group
vs. the control group. Moreover, inhibition of PDPN
expression in CAFs with shRNA led to an increase in the
number of SCLC cells, suggesting that PDPN-expressing
CAFs are tumor-suppressive stromal cells in SCLC [80].
The controversial role of CAFs in SCLC complicates the
concept of treatments targeting CAFs, and more studies
are needed to further elucidate the function of CAFs in
SCLC.

Immune microenvironment

Most primary SCLCs are considered to have an immu-
nosuppressive microenvironment, with many T cells sur-
rounding the tumor margins rather than infiltrating the
tumor nests [81-83], which explains the poor prognosis
of SCLC treated with immunotherapy. In addition to the
physical barrier driving the “cold” tumor phenotype of
SCLC, defective antigen presentation (MHC-1 and MHC-
1), which impedes the immune-killing process, is another
reason for the extremely low immunogenicity of SCLC
[84]. Burr et al. reported that transcriptional silencing of
the MHC-I antigen processing pathway (MHC-I APP) in
SCLC promoted evasion of T-cell-mediated antitumor
immunity [85]. Moreover, targeted inhibition of LSD1 (a
lysine-specific demethylase) in SCLC restored cell sur-
face MHC-I expression, further induced interferon sign-
aling, induced intrinsic immunogenicity and enhanced
the antitumor immune response against immune check-
point blockade in SCLC [86]. Notably, MHC class II mol-
ecules are not expressed in SCLC cells because of the lack
of IEN-y-induced expression of class II transcription fac-
tor (cIITA), which hinders the antitumor immune effects
of CD4 T cells and contributes to tumor immunosup-
pression [87, 88].
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To combat the immunosuppressive microenviron-
ment, researchers have focused on two aspects: increas-
ing immune cell infiltration and promoting immune
cell antitumor immunity. To promote T-cell infiltration,
Hiatt et al. reported inhibited EZH2 or LSD1 expres-
sion, which significantly upregulated MHC-I expression
in SCLC, resulting in increased CD8+ T-cell infiltration
and an enhanced therapeutic response to PD-1 inhibi-
tor treatment [89]. Another group reported that 6TdG, a
nucleoside analog with a high affinity for telomerase, can
promote antitumor immunity by activating STING and
type-I interferon signaling, leading to tumor recognition
by the immune system [90]. Furthermore, recent stud-
ies have shown that the degree of immune cell infiltra-
tion in SCLC is also associated with the neuroendocrine
(NE) phenotype. Cai et al. reported that SCLCs with high
NE signatures have repressed expression of interferon-
stimulated genes (ISGs). In contrast, SCLCs with low
NE scores presented increased CD4+ or CD8+ T-cell
infiltration and immune interactions [91], indicating the
importance of SCLC subtyping when immunotherapy is
considered.

In addition, some immunosuppressive cells in the
immune microenvironment, such as myeloid-derived
suppressor cells (MDSCs), have immunosuppressive
functions in the antitumor process and may decrease
the sensitivity to immunotherapy [92]. In one clini-
cal trial of SCLC, compared with 37 healthy subjects,
42 SCLC patients exhibited a significant increase in the
number and frequency of circulating CD14+ HLA-DR-/
low MDSCs, which suggests that an increase in CD14(+)
HLA-DR-/low myeloid-derived suppressor cells is associ-
ated with a poor prognosis [93]. In a clinical trial (Clini-
calTrials.gov Identifier: NCT03728361), a patient with
refractory SCLC treated with the combination of natali-
zumab and temozolomide had reduced early MDSCs,
thus enhancing the high proliferative capacity of CD8+
and CD4+ T cells [94]. Another clinical trial in patients
with extensive-stage SCLC revealed a significant increase
in the immune response after MDSC depletion was
induced by vaccination combined with all-trans retinoic
acid (ATRA) [95]. In conclusion, immunosuppressive
cells are also topics of interest in developing research on
SCLC.

Metastasis of SCLC

Metastasis occurs when genetically unstable malignant
cells acquire the adaptive capacity to thrive within distant
tissue microenvironments. The most common modes of
invasion and metastasis of lung cancer are shedding of
tumor cells in the extracellular matrix (ECM), invasion
of adjacent tissues and basement membranes, infiltration
of blood vessels or lymphatic vessels, transport by blood
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and lymphatic means, extravasation from distant sites,
and the formation of metastatic lesions. This complex
pathophysiology involves tumor stem cells, the prolif-
eration of tumor cells, apoptosis, immune escape, angi-
ogenesis, extravasation, and the proliferation of distant
metastatic cells (Fig. 4) [96].

SCLC is highly metastatic, and more than 60% of
patients have metastases to the liver, brain, bone, or
elsewhere in the lungs [97, 98]. Determining the specific
mechanism of metastasis is important for developing
new therapies to prolong the survival of SCLC patients.

Type of SCLC metastasis

SCLC has the most substantial metastatic potential of
any cancer, with metastasis occurring in more than 60%
of patients [97]. As Paget’s “seed and soil” theory explains,
some sites are preferred for SCLC metastasis [99]. The
main sites of SCLC metastasis include the bone (20—
25%), liver (20-30%), and brain (15-20%) [100]. Notably,
a clinical study on the site of bone metastasis of SCLC
revealed that spinal metastasis accounted for 64.7% of all
bone metastases, whereas metastasis to the tibia or hand
bone did not occur in any patients [101]. The selectiv-
ity of metastatic SCLC cells for the bone deserves some
degree of investigation.

Furthermore, the median survival time (MST) of
SCLC patients with bone metastases has significantly
decreased; for example, the MST of SCLC patients with
bone metastasis (MST=6 months, 95% CI=5.441-
6.559 months) was shorter than that of SCLC patients
without bone metastasis (MST=10 months, 95%
CI=9.507-10.493 months) [102]. Patients with concur-
rent liver metastases are less likely to benefit from first-
line immunotherapy in combination with chemotherapy,
resulting in greater resistance [103]. SCLC with metasta-
ses is relatively more drug resistant and more malignant.
Finally, the development of different markers may facili-
tate the clinical diagnosis of these metastases. Currently,
different clinical markers have been developed for these
metastases to facilitate diagnosis, such as annexin Al
(bone metastasis) [104], APOH (liver metastasis) [105],
and MBP (brain metastasis) [106, 107]. However, these
markers are still in the exploratory stage and are far from
clinical application, and more research is still needed for
the early detection and diagnosis of SCLC metastasis.

SCLC metastasis model

To better study SCLC metastasis, scientists have estab-
lished various in vivo mouse models of spontaneous
SCLC metastasis. The most common ones are the SCLC
mouse model constructed with complete deletion of
Trp53 and Rb1 with high expression of ASCL1 and the
mouse model with additional MYC overexpression and
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high expression of NeuroD1 [17, 49, 108]. Rapid metas-
tasis can occur in all of these models, but the organ
specificity of metastasis is low. However, mouse models
for SCLC-Y and SCLC-P have not been constructed suc-
cessfully [17]. Therefore, better metastasis models are
urgently needed.

In recent years, on the basis of the standard deletion
of Trp53 and Rb1, researchers have further knocked out
Pten, Crebbp, or Rbi2, also known as p130, and con-
structed triple-knockout genetically engineered mice,
which exhibit rapid tumor growth and have a 50%-60%
probability of liver metastasis [50, 109, 110]. In addition
to multiple-gene knockout, 3D printing technology is
also an idea for improving models. One group utilized
a combination of 3D printing technology and bone-
on-a-chip technology to centralize the ecological niche
prior to bone metastasis on a single chip, simulating
bone metastasis with high fidelity and proof of concept
while being portable [111]. This approach is less likely

to be widely used because of the high degree of tech-
nical requirements. Because brain metastasis is rare in
mouse models of SCLC, SCLC brain metastasis experi-
ments in mice are usually performed by injecting SCLC
cells directly into the striatum or left ventricle [49, 112,
113]. Since zebrafish can be conveniently injected at
the embryo stage, tumor cells can be injected when the
blood-brain barrier is not fully developed, thus realiz-
ing the construction of tumor brain metastasis models;
therefore, a recent study in which zebrafish were used
as an animal model revealed that cordycepin can effi-
ciently inhibit the brain metastasis of SCLC [114, 115].
Zebrafish have been proven to be a rapid and accurate
model for displaying a wide range of biological tumor
characteristics and assessing tumor response to ther-
apy [116]. The model can be used for basic research
and clinical precision medicine, with many future
applications.
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Mechanisms of SCLC metastasis

Cells in SCLC metastases exhibit significant changes at
the cellular level compared to premetastatic SCLC cells.
SCLC can show varying degrees of up- or downregula-
tion of different genes, which affects SCLC metastasis.
Ma et al. reported that the upregulation of COTEI, a gene
encoding a membrane protein, can mediate the AMPK/
mTOR pathway to promote cellular autophagy and thus
promote SCLC cell invasion by promoting invasion of
the basement membrane [117]. Moreover, RBI loss pro-
motes SCLC metastasis by silencing YAP transcription
via increased E2F7, which recruits RCOR repressors [48].
SCLC also increases the likelihood of colonization to spe-
cific organs by altering gene expression levels, e.g., tumor
cell invasion and liver metastasis in SCLC are triggered
by the angiopoietin 2 (ANG-2)/integrin pB-1-dependent
pathway in tumor cells, while blockade of integrin -1
signaling by anti-ANG-2 treatment blocks the formation
of liver metastases in vivo [118]. In addition, many genes,
such as PLCG2 and ANXA, are associated with metas-
tasis from the perspective of tumor samples and may be
targets for metastatic SCLC treatment in the future [104,
119].

In addition to alterations at the genetic level, epigenetic
modifications may also regulate SCLC metastasis. H3
lysine 4 methyltransferase (KMT2C) converts unmeth-
ylated H3K4 to methylated H3K4 via monomethylation
of lysine 4 on the subunit of the histone H3 protein. It
is considered a core protein in the COMPASS complex.
Defects in this gene affect the epigenomic landscape,
thereby affecting the growth or metastasis of, for exam-
ple, breast cancer, colorectal cancer, and other cancers
[120, 121]. In SCLC, Na et al. reported that deletion of
KMT2C could cause SCLC to exhibit histone and DNA
hypomethylation, inhibiting the expression of DNMT3A
and promoting SCLC metastasis [122]. Furthermore,
NFIB is a component of the NFI protein, which inter-
acts with DNA in a dimerized manner to regulate gene
transcription. In human SCLC cell lines, NFIB is highly
expressed in approximately 50% of primary human
SCLC metastases, and its high expression is associated
with worse patient survival cycles [123-125]. NFIB can
promote the metastasis of SCLC by increasing chro-
matin plasticity, thereby promoting the expression of
neural-related genes [124]. The genealogical plasticity of
SCLC also affects metastasis. For example, vasculogenic
mimicry (VM), a process by which cancer cells acquire
endothelial cell characteristics and can form a tumor-
derived vascular network from scratch, has been dem-
onstrated to be associated with tumor progression and
metastasis in other cancers [126]. Some circulating tumor
cells in SCLC can express the VM marker VE-cadherin
and cytokeratins [127]. Once non-VM SCLC cells leave
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the primary tumor and circulate in the bloodstream,
VM-expressing and non-VM-expressing SCLC cells con-
tinue interacting, potentially promoting their survival
and metastasis [100]. Different subtypes of SCLC can
also undergo a certain degree of transformation. SCLC-A
can transform into SCLC-N, which exhibits fewer epithe-
lial features and lower expression of EPCAM, and SCLC-
N shows stronger metastatic potential as a whole [128].
Finally, in SCLC patients, higher levels of neuronal mark-
ers such as neuron-specific enolase (NSE) are associated
with shorter survival and a greater metastatic disease
burden [129, 130]. Yang et al. also reported that axon-like
protrusions in SCLC cells can increase the metastatic and
invasive ability of SCLC cells [9]. These studies suggest
that a high neuroendocrine state can instead promote
SCLC metastasis.

Metastasis is a very complex process; in addition to
changes in SCLC itself, its interaction with the surround-
ing environment affects the occurrence and progression
of metastasis. Several studies have demonstrated the
importance of cytoplasmic matrix alterations in SCLC
metastasis. For example, SCLC cells can overexpress
CEMIP, a novel hyaluronidase that promotes the break-
down of hyaluronic acid (HA) and the accumulation of
low-molecular-weight (LMW)-HA, which activates its
receptor, TLR2, and subsequently recruits c-Src to acti-
vate ERK1/2 signaling, which promotes the rearrange-
ment of F-actin and ultimately leads to the migration
and invasion of SCLC cells [131]. Moreover, Kim et al.
revealed that the overexpression of syntenin, a PDZ
domain-containing junction protein, can lead to the
overexpression of membrane type 1-matrix metallopro-
teinase (MT1-MMP) and matrix metalloproteinase 2
(MMP2), which are capable of degrading the ECM and
thus lead to transduction through p38 MAPK and PI3K/
AKT, activating SP1 and promoting SCLC metastasis
[132]. Alterations in the ECM can also promote SCLC
metastasis. Burnier et al. reported that type IV collagen
promotes liver-specific metastasis in an a2 integrin/FAK-
dependent manner [133]. Increased deposition of colla-
gen IVal and o2 in the liver is also characteristic of the
pathological condition of the liver and is indicative of the
tissue repair response of this organ [134, 135]. However,
it has been hypothesized that tumor cell entry into the
liver may trigger this repair process through local tissue
injury; in turn, these changes in the TME may provide
additional scaffolds for tumor cell adhesion and migra-
tion [136].

In addition to changes in the cytoplasmic matrix,
tumor cells can interact with other cells, thus promoting
metastasis. In bone metastasis, osteoclasts can secrete
IL-19, which binds to IL20RB in tumor cells and acti-
vates the intracellular JAK/STAT signaling pathway, thus
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promoting the proliferation of tumor cells [137]. During
brain metastasis, SCLC cells can secrete the brain devel-
opment factor Reelin, which masquerades other neuronal
cells in the developing brain to recruit reactive astrocytes.
The recruited astrocytes can secrete neuronal prosur-
vival factors such as SERPINE], which, in turn, promote
SCLC growth and metastasis. The SERPINE1 inhibitor
tiplaxtinin attenuates the pro-growth, anti-apoptosis,
pro-metastasis effects of SERPINE1 in SCLC [113]. Dis-
ruption of the blood-brain barrier by tumor cells is a
critical step in the formation of brain metastases. In this
step, the interaction between human brain microvascular
endothelial cells (HBMECs) and SCLC cells in the BBB
can increase endostatin serum levels. Lactone rapidly
upregulates CCL2 expression in SCLC cells in an auto-
crine manner. This factor destroys the BBB and promotes
the passage of tumor cells mediated by HBMECs [138].
In addition, in experiments on mice with NFIB-driven
metastasis, tumors formed from lung epithelial cells
transduced with adenovirus-CMV-cre, whereas when the
same tumors formed by adenovirus-CGRP-cre in lung
neuronal cells expressing the neuroendocrine marker
CGRP, the metastatic tumors that arose did not upregu-
late NFIB [124, 139]. These observations suggest that the
cell type of origin may also influence the mechanism of
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SCLC metastasis. With respect to the four types of SCLC
and extensive tumor heterogeneity, the exploration of the
mechanism of metastasis still requires further research
[140].

SCLC subtypes and evolution

Recent advances in SCLC studies highlight the impor-
tance of tumor heterogeneity and cancer subtyping in
the design of personalized therapeutic regimens. In 1985,
SCLCs were classified into classic and mutant pheno-
types [141]. Subsequently, tumor cells were further clas-
sified into neuroendocrine and non-neuroendocrine
types on the basis of their neuroendocrine signatures
[83]. Recently, four SCLC subtypes were identified on the
basis of tumor expression data via non-negative matrix
factorization (NMF). These subtypes include SCLC-A
(high expression of ASCL1), SCLC-N (high expression of
NEUROD1), SCLC-P (high expression of POU2F3) and
SCLC-I (low expression of the three transcription factors)
(Fig. 5) [16]. These subtypes can also be distinguished
according to DNA methylation profiles using machine
learning approaches [142]. In addition, the latest research
suggests that SCLC can also be classified on the basis
of treatment outcomes and therapeutic targets into the
NSCLC group (featuring genetic alterations associated
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with NSCLC), the hotspot mutation group (harboring
common hotspot targetable mutations in tumors), the
MYC group (with MYC amplification), the PI3K group
(with alterations in the PI3K/AKT/mTOR pathway), and
the HME subgroup (with mutations in histone-modifying
enzymes) [143]. More importantly, SCLC can exhibit
genealogical plasticity, represented by switching between
subtypes at the single-cell level, which ultimately leads to
the temporal evolution of SCLC, suggesting that combi-
natorial or plasticity-targeting therapeutic approaches
are needed to counteract these features of SCLC tumors.

Molecular subtypes

SCLC-A is the most common SCLC subtype and is char-
acterized by the expression of the transcription factor
ASCL1. ASCL1 is a major regulator of NE fate, regulating
oncogenes such as MYCL1, RET, SOX2, and NFIB128.
Therefore, SCLC-A is highly neuroendocrine. In addi-
tion, ASCL1 is highly expressed in PNECs, the main cell
of origin of SCLCs, suggesting that the majority of SCLCs
may be derived from PNECs. Increased ASCL1 expres-
sion is associated with a poor prognosis and poor sur-
vival [144].

SCLC-N accounts for approximately 12% of all tumors.
The characteristic transcription factor NEUROD1 of this
subtype is involved in neuronal, neuroendocrine, and
pancreatic beta cell differentiation [145]. NEUROD1
overexpression in nonendocrine lung cancer cell lines
can induce an NE-associated phenotype and increase cell
proliferation [146]. Thus, despite having low NE mark-
ers, SCLC-N still shows NE characteristics. NEUROD1
is upregulated in extensive-stage SCLCs, and overexpres-
sion of NEURODL1 is associated with cell migration, sug-
gesting that NEUROD1 may promote SCLC metastasis
[147]. Osborne et al. demonstrated that nicotine-induced
upregulation of NEUROD1 in immortalized normal
bronchial epithelial cells and that increased expression
of NEUROD1 subsequently led to the modulation of the
expression and function of the nicotinic acetylcholine
receptor subunit clusters a3, o5, and p4, which ultimately
increased migration and invasion capacity [148], which is
consistent with epidemiological studies and suggests that
SCLC-N may originate from lung epithelial cells.

SCLC-P is associated with low levels of classical neu-
roendocrine markers (synaptophysin, chromogranin
A, CD56, and INSM1), accounting for 12% of SCLCs
[149]. The SCLC-P-specific transcription factor POU2F3
is usually selectively expressed in tufted cells, a rare
chemosensory cell type in the lung epithelium [150].
POU2F3 expression is correlated with chemosensitivity
and favorable prognosis [144]. SCLC-P cells have similar
expression profiles to tufted cells [151].
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SCLC-I is a subtype with no expression of three tran-
scription factors in the other three subtypes (ASCLI,
NEUROD1, POU2E3). Instead, it specifically expresses
many immune checkpoints and human leukocyte anti-
gens (HLAs). The expression of immune cell mark-
ers such as CD8A and CDS8B is significantly greater in
SCLC-I, suggesting greater cytotoxic T-cell infiltration.
The upregulated expression of immune checkpoint mol-
ecules, such as CD274 and PDCD1, suggests that SCLC-I
tumors may benefit from immune checkpoint blockade
(ICB) [16].

In addition to the four subtypes mentioned above,
another study defined an SCLC subtype characterized by
the transcription factor YAP1 (SCLC-Y), although this
finding was not confirmed by IHC [152]. However, YAP1-
defined SCLC is still valuable for basic experimental and
clinical trial studies. For example, Chen et al. reported
that, compared with other subtypes, SCLC-Y has higher
PD-L1 expression and suppressed T-cell activation, lead-
ing to immune escape. SCLC-Y patients usually have the
worst clinical outcomes [153].

Currently, transcription factor-based molecular typ-
ing of SCLC, although widely recognized, has a limited
direct impact on subtype-based therapy selection. Thus,
proteomics-based SCLC typing may be more relevant
for treatment. Liu et al. used unsupervised clustering to
classify SCLC tumors into four subtypes, with respec-
tive biological differences and therapeutic vulnerabilities
among the subtypes [154]. The nmfl subtype is asso-
ciated with high proliferation rates, replication stress,
and NE differentiation, suggesting that this subtype is
potentially responsive to agents that exacerbate DNA
damage. This hypothesis was validated by E/P-based
chemotherapy treatments [154]. The nmf2 subtype shows
high expression of DLL3, suggesting a potential response
to anti-DLL3 therapies, such as the T-cell splicer (TCE)
molecule tarlatamab [155]. High DLL3 expression was
also detected in SCLC-A and SCLC-N subtypes, but an
increase was not detected in other subtypes [152]. The
nmf3 subtype is characterized by a high EMT state and
elevated RTK signaling and may therefore benefit from
treatment with RTK inhibitors such as amilorotinib,
which has been validated in the cell-derived xenograft
(CDX)/PDX model [154]. Among non-NE tumors, nmf4
tumors highly express MYC and POU2F3 and may be
sensitive to AURK inhibitors [108], as also demonstrated
in in vitro cell cultures and in vivo PDX/CDX models
[154]. In addition, they assessed the expression patterns
of the transcription factor ANPY (ASCL1, NEURODI,
POU2F3, and YAP]1) in the four subtypes of nmfl-4 on
the basis of mRNA expression and reported that the
nmfl—-4 subtypes did not show a complete one-to-one
correspondence with ANPY. These findings suggest that



Zhai et al. Journal of Hematology & Oncology (2025) 18:37

proteomics-based subtyping of SCLC is uniquely valu-
able in guiding therapeutic decision making for SCLC.

Temporal evolution between subtypes

Initially, SCLC subtypes were thought to be mutually
exclusive. However, recent evidence suggests that intra-
tumoral heterogeneity means that multiple SCLC phe-
notypes can exist within the same tumor and can evolve
during disease progression [142]. Using single-cell RNA
sequencing (scRNA-seq), Gay et al. that numerous cells
coexpressed ASCL1 and NEURODY], indicating a tran-
sition state from SCLC-A to SCLC-N [16]. Subsequent
studies revealed that KDM6A normally maintains an
active chromatin state in favor of ASCL1 isoforms, but
KDM6A/UTX inactivation in mice induced a decrease
in H3K4mel on neuroendocrine gene enhancers and an
increase in the expression of the neuroendocrine gene
enhancer H3K27me3, resulting in a decrease in SCLC
tumors expressing both ASCL1 and NEUROD1. NEU-
RODI1 in SCLC tumors suggests a transition of subtypes
from SCLC-A to SCLC-N [156]. In another study, Ireland
et al. performed time series single-cell transcriptome
analysis using mouse and human models and found that
MYC dedifferentiated tumor cells by activating the Notch
pathway; in neuroendocrine cells, this led to temporal
subtyping of SCLC from the ASCL1 to NEURODL1 to the
YAP1 state. Temporal subtype transition from ASCL1 to
YAPI1 status was also observed [157].

In addition, cisplatin treatment of SCLC-A PDXs
induced tumor transition to the SCLC-I subtype, sug-
gesting that subtype switching is a mechanism related to
acquired platinum resistance in SCLC. For example, with
the transition of SCLC subtypes, there are significant dif-
ferences in the promoter methylation of immune-related
genes, such as CXCL12 (T-cell recruitment), CIITA
(antigen-presentation mechanism transcription), STAT1
(inflammatory gene transcription), and interferon a and
y receptors (IFNRA1, IFNRA2, and IFNGR1). These
results highlight profound changes in the tumor immu-
nophenotype [142].

SCLC resistance

Platinum-based chemotherapy is the mainstay treat-
ment for SCLC. While the objective response rate (ORR)
is high, patients develop recurrence and progression
within 6 months [158, 159]. Although the combina-
tion of chemoimmunotherapy is being approved as a
new first-line treatment for SCLC, there are only mod-
est improvements in overall survival compared with
chemotherapy alone [160]. The main factors of SCLC
therapeutic resistance are a lack of targetable genomic
alterations, inter- and intratumor heterogeneity, and a
cold tumor microenvironment (TME) (Fig. 6). To resolve
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rapid resistance and identify therapeutic vulnerabilities,
an increasing number of researchers have focused on epi-
genetic regulation, metabolic changes, lineage plasticity,
and TME remodeling.

Genomic alterations

Investigating tumor evolution through longitudinal
genomic profiling of treatment-naive and recurrent sam-
ples is one of the main strategies for studying the mecha-
nisms of drug resistance. An increasing number of studies
have shown that primary SCLC exhibits clonal homo-
geneity at different tumor sites, whereas first-line plat-
inum-based chemotherapy leads to a burst of genomic
intratumor heterogeneity and spatial clonal diversity
[161]. For example, Wagner et al. used whole-exome
sequencing data from 12 paired SCLC samples at diagno-
sis and recurrence to identify significant similarities and
differences before and after chemotherapy. Mutations
such as those in TP53 and RB1 were found in treatment-
naive and recurrent samples, suggesting that these muta-
tions occur early in SCLC tumorigenesis [162]. However,
ABCCI gains and MYCL, MSH2, and MSH6 deletions
were observed only in relapse samples [162]. George
et al. reported TP53-damaging alterations and features
such as coalterations of CREBBP/EP300, TP73 or FMN2
in SCLC cells after the course of treatment [161]. These
studies further suggest that drug resistance in SCLC may
be a process of ongoing evolutionary adaptation. Under
treatment-induced stress, some inherently drug-resistant
cells survive and develop into subclones that lead to clini-
cal relapse and drug resistance.

Molecular heterogeneity and lineage plasticity

The four molecular subtypes of SCLC have been gradu-
ally recognized since 2019 [17]. Unique molecular sig-
natures in SCLC subtypes indicate distinct therapeutic
vulnerabilities. For example, SCLC-A cells exhibit
increased sensitivity to a BCL-2 inhibitor (a transcrip-
tional target of ASCL1) [16]. In SCLC-N, c-MYC protein
expression is a predictive biomarker for the response
to AURK inhibitors [16, 163]. SCLC-P has an increased
dependence on IGF-1R and PARP [164, 165]. In SCLC-Y,
the high expression of PD-L1 and CD38 suggests sensi-
tivity to PD-1/PD-L1 inhibitors and immune checkpoint
inhibitors [165, 166]. However, SCLC subtype transfor-
mation, which is one of the key drivers of cancer progres-
sion and therapeutic resistance, is frequently observed
in both longitudinal human samples and mouse models
[167]. Acquired resistance was observed in the cispl-
atin treatment of SCLC-A PDXs, where the tumor sub-
type shifted toward SCLC-I, a highly platinum-resistant
subtype [16]. After chemotherapy in patients with pre-
dominantly SCLC-N tumors, the tumors transform to
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predominantly SCLC-A tumors, so the transformation
from SCLC-N to SCLC-A at the tumor level may also
lead to chemoresistance [168]. In addition, MYC can
drive the conversion of SCLC-A and SCLC-N to SCLC-
Y, which exhibits a higher degree of chemoresistance and
a worse prognosis [157, 169]. Mechanically, key regula-
tory factors driving the transformation of SCLC subtypes
have been gradually identified. For example, studies have
revealed that SMARCAA4 can increase the expression of
neuroendocrine genes by interacting with ASCL1 and
NEURODI, whereas the inhibition of SMARCA4 leads
to a reduction in neuroendocrine gene expression and
the activation of non-neuroendocrine factors [170]. In
addition to transformation among SCLC subtypes, SCLC
cells can acquire resistance to therapy through dediffer-
entiation. Studies have shown that WNT activation is
associated with SCLC chemoresistance, where the num-
ber of CD133" (upstream genes of WNT) cancer stem-
like cells (CSCs) is increased in mouse and human SCLC
after chemotherapy [5, 171]. Moreover, WNT-induced
transcription factors include TWIST1, one of the most
upregulated genes related to chemotherapy resistance
[162, 172]. Additionally, signaling pathways induced
downstream of WNT include the PI3K/AKT and mTOR
pathways, which have previously been found to alter
chemoresistance in SCLC, and inhibition of the mTOR

pathway in combination with etoposide reversed chem-
oresistance in myc-driven SCLC cells [173, 174]. Interest-
ingly, SCLC is involved in NSCLC therapeutic resistance
through lung adenocarcinoma neuroendocrine transdif-
ferentiation, especially after targeted treatments, includ-
ing anti-EGFR therapy and ALK inhibition [37, 167, 175].

DNA damage repair

Since the main drugs used for chemotherapy (e.g., plati-
num and DNA topoisomerase inhibitors such as etopo-
side or irinotecan) and high doses of radiation mainly
kill tumor cells through DNA damage, SCLC cells can
acquire greater DNA damage repair capacity by alter-
ing the expression of genes and proteins related to
DNA repair, thus leading to resistance to chemotherapy
and radiotherapy [176, 177]. Noyes et al. reported that
DEAD-box helicase 4 (DDX4), a conserved regulator of
mRNA translation, upregulated the expression of pro-
teins related to DNA repair and immune/inflammatory
responses, such as PARP2, ASCC2, and NCK1, which
increased the survival of SCLC cells and promoted resist-
ance to cisplatin. Moreover, high expression of DDX4
was associated with decreased survival time, and low
expression of DDX4 was associated with longer sur-
vival [178-180]. Additionally, the upregulation of Rad51
is a potential strategy for SCLC patients to cope with
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etoposide. Rad51 is an ATPase that forms nucleoprotein
filaments on single-stranded DNA, enabling accurate
and timely double-stranded DNA repair by searching for
and invading homologous DNA, which is a key regulator
of DNA fidelity [181]. Dysregulation of Rad51 has been
shown to be correlated with cancer development [182].
Although the specific mechanism by which the Rad51
protein resists etoposide in SCLC still needs to be inves-
tigated, Hansen et al. reported that aberrant expression
of Rad51 alters the efficacy of etoposide by reversing
etoposide-induced DNA breaks [183]. In addition, non-
homologous end joining (NHE]) in tumor cells also plays
arole in chemoresistance. Hansen et al. reported that the
efficacy of etoposide varies with the expression level of
DNA-dependent protein kinase (DNA-PK), an important
enzyme in the NHE] process [183]. Therefore, synergisti-
cally targeting DNA repair pathways with chemotherapy
might be a way to increase SCLC chemosensitivity in the
future.

Metabolism

SCLC can also resist therapies by undergoing metabolic
reprogramming, including dysregulation of amino acid
metabolism, energy programs, and GTP, purine, and
pyrimidine biosynthesis. Tumors with these metabolic
alterations become resistant through DNA repair and
autophagy dysfunction. Notably, MYC-overexpressing
SCLCs are associated with multiple metabolic vulner-
abilities. Studies have shown that MYC-amplified SCLC
is often chemoresistant to increased Aurora kinase,
arginine, and leucine levels [173]. The use of arginine
inhibitors and Aurora inhibitors has also been shown to
significantly inhibit the growth of MYC-amplified SCLC
[108, 173]. SCLC can also develop therapeutic resist-
ance through alteration of energy metabolic programs.
Chen et al. reported that the activation of PIK3/AKT is
associated with radioresistance through the inhibition of
G6PD, which promotes the pentose phosphate pathway
(PPP) and further induces the increase in NADPH lev-
els and resistance to oxidative effects mediated by ROS.
Inhibition of PIK3/AKT also increases oxidative damage
stress in cells, thereby resensitizing SCLC cells to radio-
therapy [184-187]. In addition, MYC-overexpressing
SCLC exhibited increased glycolysis. Inhibition of gly-
colysis with PFK158 preferentially attenuated glucose
uptake, ATP production, and lactate production in SCLC
cells, delaying xenograft tumor growth [188]. Further-
more, MYC-hi SCLC cells with acquired chemoresist-
ance presented increased levels of GTP synthesis, and
these cells were sensitive to an inhibitor of the GTP syn-
thesis enzyme IMPDH. IMPDH inhibition suppressed
tumor growth by preventing Pol I from binding to rDNA
and thus prevented pre-RNA synthesis [189]. These
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findings indicate that MYC plays a crucial role in SCLC
metabolism and that inhibiting these metabolic pathways
can significantly suppress tumor growth, suggesting the
potential value of metabolic therapies in the development
of resistance in MYC-hi SCLC.

In SCLC, there is also widespread abnormal overex-
pression of purine and pyrimidine metabolic pathway
components. The mRNA levels encoding hypoxanthine
phosphoribosyl transferase 1 (HPRT1), a key component
of the purine salvage pathway, are lower in gedatolisib (a
dual mTOR/PI3K inhibitor)-sensitive SCLC cells than in
gedatolisib-resistant SCLC cells, which suggests that the
activation of the purine salvage pathway may contrib-
ute to SCLC resistance to PI3K inhibitors [190]. Recent
studies have revealed that the loss of the HPRT1 gene,
which encodes the rate-limiting enzyme of the purine
salvage pathway, significantly suppresses tumor growth
in SCLC. This loss is accompanied by a compensatory
increase in metabolic flux through the PPP and de novo
purine synthesis. Additionally, high expression of HPRT1
is linked to resistance to lemetrexol (LMX), an inhibi-
tor of de novo purine synthesis [191]. Numerous studies
have indicated that pyrimidine synthesis has a particular
impact on SCLC drug resistance. Leanne et al. reported
that SCLC has a relatively greater sensitivity to pyrimi-
dine biosynthesis pathway inhibitors than other cancers
do. Dihydroorotate dehydrogenase (DHODH) inhibi-
tion effectively suppressed the growth of SCLC tumors
in PDX models [192]. Similarly, William et al. discov-
ered through patient-derived organoid (PDO) models
that dysregulation of pyrimidine synthesis in SCLC can
lead to resistance to thymidylate synthase (TS) inhibitors
[193]. Purine synthesis supports the high proliferative
capacity of tumors, and targeting de novo nucleotide bio-
synthesis, including both purine and pyrimidine synthe-
sis, is a highly effective strategy for treating a variety of
malignant tumors. Therefore, genes regulating the purine
and pyrimidine synthesis pathways may serve as poten-
tial therapeutic targets for SCLC in the future [193, 194].

SCLC can develop therapeutic resistance through the
upregulation of autophagy-related pathways. Shen et al.
reported that nuclear receptor binding factor 2 (NRBF2)
can positively regulate autophagy by increasing the for-
mation of autophagosome P62, thus leading to the devel-
opment of chemoresistance in SCLC. Knocking down
NRBF2 can restore the sensitivity of SCLC cells to chem-
otherapy, indicating that NRBF2 can be used as a com-
bination therapy to attenuate chemotherapy resistance
[195]. Furthermore, another study revealed that SR9009,
a drug that targets the core autophagy gene A#g5, strongly
inhibits the proliferation of chemosensitive and chem-
oresistant cells [196]. Guo et al. reported that statins can
overcome chemotherapy resistance in SCLC by reducing
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geranylgeranyl diphosphate (GGPP), thereby inhibiting
the function of RAB7A and suppressing the formation
and maturation of autophagosomes [197]. Although cel-
lular autophagy can suppress the cellular stress response
to drugs and thus lead to drug resistance; the overex-
pression of autophagy-related genes can also lead to the
conversion of cell fate from survival to accelerated cell
death [198-200]. How tumors control the expression
of autophagy-related genes to promote acquisition of
drug-resistant phenotype is still unclear and needs to be
studied.

Epigenetics

Drug resistance in SCLC cannot solely be explained in
terms of genetic factors because “the fate of each cell is
not always written in the genes” [201]. Epigenetic vari-
ability, including histone modifications and DNA meth-
ylation, can contribute directly to the development or
progression of cancer and therapeutic resistance [202,
203].

Altered gene methylation status was found to be associ-
ated with SCLC therapeutic resistance. N6-methyladeno-
sine (m6A), a form of methylation that occurs at the N6
position of adenosine, is involved in SCLC resistance to
multiple treatments [204]. A low m6A score is associated
with a longer overall survival time [205]. Several studies
have indicated that METTL3, an m6A methyltransferase,
is highly expressed in chemotherapy-resistant SCLC cells
[206—208]. For example, Sun et al. reported that METTL3
induced m6A methylation of DCP2, leading to DCP2
degradation, which promoted mitochondrial autophagy
via the Pinkl-Parkin pathway, resulting in chemoresist-
ance [209]. SLEN11 is a gene involved in replication fork
blockade during DNA damage [210]. SLENII inactiva-
tion was found to be associated with SCLC resistance
through hypermethylation of the SLFNII promoter
[211, 212]. Furthermore, Zhai et al. reported that aber-
rant methylation of the hTERT promoter induced radi-
oresistance in SCLC through the upregulation of EZH2
[213], a gene associated with nucleotide excision repair
and SCLC cisplatin resistance [214]. In summary, SCLC
cells can regulate the DNA methylation of genes associ-
ated with DNA repair and, therefore, achieve therapeutic
resistance.

Alterations in histone modifications may also contrib-
ute to treatment resistance in SCLC. KAT6B encodes an
acetyltransferase that acetylates lysine 23 of histone H3.
KAT6B was found to be associated with irinotecan resist-
ance in SCLC. Deletion of KAT6B led to an enhanced
ATM-mediated DNA damage response and, therefore,
sensitized tumor cells to irinotecan treatment [215, 216].
In addition, radioresistant SCLC cells presented lower
levels of histone H3K9 acetylation and higher levels
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of MRE11-RAD50-NBS1 (MRN) complex expression
and exhibited more potent DNA damage repair abil-
ity [66]. In addition to acetylation, the histone methyla-
tion status can also be changed, leading to altered gene
expression levels. In SCLC with low MHC-I expression,
the MHC-I antigen processing and presentation (APP)
gene promoter contains bivalent activating H3K4me3
and H3K27me3 histone modifications; silencing of basal
MHC-I expression and suppression of cytokine-induced
upregulation leads to immunotherapy resistance in SCLC
[85, 217-219]. The use of lysine-specific demethylase
1 (LSD1) to remove the methyl group on monomethyl-
ated and dimethylated lysines 4 and 9 of histone H3 also
activates interferon signaling and sensitizes SCLC cells to
immunotherapy [86].

The immune microenvironment
The main challenge of applying immunotherapy to SCLC
is the cold immune microenvironment, where very few
immune cells infiltrate SCLC tumors. Compared with
NSCLC cells, SCLC cells have lower ratios of B cells and
CD3+ and CD8+ cells [220-222]. Compared with SCLC
patients with short survival times, long-term SCLC sur-
vivors have relatively lower ratios of suppressor immune
cells (e.g., monocytes, regulatory T cells (T-regs), and
macrophages) to CD3+ lymphocytes in their tumors.
Unlike most SCLC tumors, the SCLC-I subtype is char-
acterized by increased infiltration of NK cells, T cells,
and macrophages; increased expression of checkpoint
molecules (e.g., PD-L1 and CTLAA4); relatively increased
expression of antigen-presenting genes; and increased
tumor mutational burden (TMB), which are markers of
increased sensitivity to immunotherapy [16, 17]. Stud-
ies have also revealed that SCLC patients with high
neuroendocrine expression, such as SCLC-N patients
(approximately 31%), exhibit increased tolerance to
immunotherapy, as demonstrated by a decrease in CD8+
T cells and a decrease in the infiltration of NK cells com-
pared with SCLC-I patients [16, 17, 119, 223, 224].
Moreover, most studies have shown that SCLC has
relatively low expression of PD-L1 [222, 225, 226]. PD-L1
expression on tumor-infiltrating immune cells is greater
than that on tumor cells [158]. These findings suggest
that SCLC may not rely on PD-L1 for immune escape
and that PD-L1-targeted immunotherapy does not apply
to SCLC. Therefore, the identification of other key fac-
tors that suppress the antitumor immune response is
urgently needed. For example, CD47, a protein that can
inhibit macrophage and monocyte expansion, is highly
expressed on the membrane of SCLC cells. Blockade of
CD47 promotes the phagocytosis of SCLC cells by mac-
rophages and effectively kills SCLC tumor cells [227,
228].
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New treatment options for SCLC

Clinical management

The clinical management of SCLC depends substantially
on the stage of the disease. According to the Veterans
Administration Lung Cancer Study Group (VALCSG)
staging system, patients are grouped into limited stage
(LS-SCLC) and extensive stage (ES-SCLC) [229]. The
VALCSG-limited stage refers to a disease affecting only
one hemithorax, and extensive stage refers to disease that
affects both the lungs or has extrathoracic metastases.
The VALCSG staging system is an important tool in rou-
tine clinical practice. The tumor, node, metastasis (TNM)
staging system, initially applied for classifying NSCLC
samples, provides a precise definition of tumor spread by
describing the size of the primary tumor, the degree of
evasion of lymph nodes and distant metastasis [230]. The
TNM staging system can also be applied in SCLC; stage
[-1II SCLC according to the TNM staging system corre-
sponds to LS-SCLC in the VALCSG system, whereas ES-
SCLC is considered TNM stage IV [231].

Patients with T1-2NO LS-SCLC are recommended to
undergo surgery followed by adjuvant chemoradiation
therapy [232]. The 5-year survival rate of patients with
early-stage SCLC who received surgery and adjuvant
therapy was 47.4% [233]. However, the main treatment
approach for non-T1-2NO LS-SCLC is etoposide with
platinum (cisplatin or carboplatin, EP) chemotherapy
concurrent with thoracic radiotherapy (TRT) followed
by prophylactic cranial irradiation (PCI) for responsive
disease. For those patients, the median OS has improved
to 25-30 months [234]. For ES-SCLC, EP chemother-
apy combined with PD-1/PD-L1 inhibitors, including
atezolizumab, durvalumab, adebelimab, and serpluli-
mab, has been the standard first-line treatment (Table 1)
[159, 235]. The median OS and PFS were 14.0 months
and 5.6 months, respectively, when ES-SCLC patients
received EP chemotherapy and anti-PD-L1 therapy [236].
Owing to the high likelihood of relapse in SCLC patients,
patients who experience relapse more than 6 months
after first-line treatment are considered sensitive and can
be retreated with the first-line regimen [237]. Patients
who experience relapse within 6 months after first-line
treatment are considered resistant or refractory to treat-
ment and are generally given later-line regimens such as
paclitaxel, docetaxel, irinotecan, temozolomide, CAYV,
oral etoposide, vinorelbine, gemcitabine, nivolumab, and
pembrolizumab.

Chemotherapy combined with immunotherapy

EP chemotherapy has been the cornerstone therapy for
SCLC for the past 30 years. Recently, immune checkpoint
inhibitors combined with EP chemotherapy became a

Page 18 of 37

breakthrough for SCLC, improving the OS of ES-SCLC
patients [7]. Humanized anti-PD-L1/PD-L1 antibodies
inhibit PD-L1-PD-1 and PD-L1-B7-1 signaling and pro-
mote the restoration of tumor-adapted immunity. Clini-
cal studies have demonstrated that combination therapy
confers a more favorable prognosis than does chemo-
therapy alone, but the mechanism by which chemother-
apy increases immune efficacy remains unclear (Tables 2,
3) [238, 239]. The combination of atezolizumab and EP
chemotherapy improved OS from 10.3 to 12.3 months,
which may not be considered a prominent improvement.
Nevertheless, the 18-month survival rate was 34.0%
in the combination group compared with 21.0% in the
chemo-only group, which implies that only a subset of
SCLC patients benefit from the addition of atezolizumab
in the long term, whereas the majority do not [240].

Atezolizumab

Atezolizumab is a monoclonal antibody that targets
PD-L1 and was developed by Roche [241]. Atezolizumab
was the first PD-L1 inhibitor approved by the US Food
and Drug Administration (FDA). It is considered the
first-line treatment in combination with EP chemother-
apy for patients with ES-SCLC on the basis of the results
of the IMpower 133 trial [7]. In this trial, the median OS
was 12.3 months, and the median PFS was 5.2 months in
the atezolizumab combined with chemotherapy group,
which was 2 months and 0.9 months longer than that in
the placebo group. The addition of atezolizumab to first-
line therapy revolutionized the history of SCLC treat-
ment and marked the beginning of immunotherapy for
SCLC. Recently, outcomes of the phase III extension
study IMbrella A were reported for patients with ES-
SCLC who received atezolizumab every three weeks fol-
lowing the closure of the IMpower133 trial. The 3-, 4- and
5-year estimated OS rates of 18 patients who received
atezolizumab plus EP treatment were 16%, 13%, and 12%,
respectively [242]. The MAURIS phase IIIb trial is ongo-
ing to evaluate the efficacy of adding atezolizumab to the
EP strategy in a patient population more similar to that
in the real-world and to further discuss the efficacy and
safety of cycles of induction therapy. The data presented
thus far corroborate the conclusion of the IMpower133
trial.

Durvalumab

Durvalumab is a fully human monoclonal antibody
against PD-L1. It is now approved as the first-line
treatment for patients with ES-SCLC in combination
with etoposide on the basis of data from the planned
interim analysis of the multicenter phase III CASPIAN
trial [243]. The median OS and PFS were 13.0 months
and 5.1 months, respectively, for durvalumab plus
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Table 3 Ongoing clinical trials evaluating the safety and efficacy of immune checkpoint inhibitors in patients with SCLC
Trial number Phase Patients Strategy Drugs N ORR Median OS  Median PFS Safety
(grade 3-4)
NCT03043872 3 ES-SCLC PD-L1 inhibi- Dur- 268 vs. - 13.0 vs. 5.1 vs. 62% vs. 62%
tor+Chemo valumab +Chemo 269 10.3 months 5.4 months
vs. Chemo
NCT03728361 2 Metastatic PD-1 inhibi- Nivolumab+temo-  11(Lung)  64% vs. NR vs. 11.7 vs. 43% (of all)
NEN tor+chemo zolomide VS. 18% 323 months 7.2 months
17(0th-
ers)
NCT02402920 1 ES-SCLC Chemo+TRT+PD-1  Chemo+TRT+Pem- 38 - 84 months 6.1 months 0%
inhibitor brolizumab
NCT04624204 1/2 LS-SCLC CRT+PD-1 inhibitor  CRT+Pembroli- 40 - 39.5months  19.7 months ~ 45/40
zumab

Abbreviations: Chemo, chemotherapy; CRT, chemoradiation treatment; NCT, ClinicalTrials.gov identifier; NEN, neuroendocrine neoplasms; ORR, objective response
rate; OS, overall survival; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; TRT, thoracic radiotherapy

standard chemotherapy, which were better than those
of patients who received platinum—etoposide alone (OS
10.3 months, PFS 5.4 months) [238]. Thus, durvalumab
plus chemotherapy is recommended for ES-SCLC
patients according to the NCCN [244]. A retrospec-
tive comparative cohort study estimated the efficacy of
durvalumab plus chemotherapy and atezolizumab plus
chemotherapy. The median OS of patients who received
durvalumab plus chemotherapy (22.0 months) was sig-
nificantly longer than that of patients who received ate-
zolizumab plus chemotherapy (10.0 months), whereas
the median PFS was not significantly different [245].
Another retrospective study was performed to analyze
the outcomes of patients who received durvalumab/
atezolizumab plus standard chemotherapy combined
with radiotherapy. Although the 1-year OS (33% vs. 28%,
p=0.066) was not significantly different from that of the
group without radiotherapy, the 2-year OS results were
significantly promising (13% vs. 3%, p=0.004), indicat-
ing that durvalumab plus chemotherapy combined with
radiotherapy might be a better choice than durvalumab
plus chemotherapy [246].

Adebrelimab

Adebrelimab is a human anti-PD-L1 monoclonal anti-
body independently developed by Hengrui Pharma-
ceutical, which is based on CAPSTONE-1 research
and was approved for marketing in China in 2023. The
CAPSTONE-1 study evaluated the efficacy and safety
of adebrelimab versus standard chemotherapy as the
first-line treatment for ES-SCLC. The median OS was
significantly longer in the adebrelimab group (median
15.3 months) than in the placebo group (12.8 months)
[247]. An analysis comparing the survival data from
the CASPIAN, Impowerl33, and CAPSTONE-1 tri-
als and reconstructing patient-level data revealed that

adebrelimab significantly prolonged survival outcomes
compared with atezolizumab and durvalumab. The
median OS was 15.3 months in the adebrelimab group
and 12.9 months and 12.3 months in the durvalumab
and atezolizumab groups, respectively [236]. Adebreli-
mab is expected to be the best agent for combination
with chemotherapy for ES-SCLC patients, although
further study is needed.

Serplulimab

Serplulimab, a novel PD-1 inhibitor developed by Shang-
hai Henlius Biotech, Inc., was evaluated in combination
with EP chemotherapy as a first-line treatment in ES-
SCLC patients in the ASTRUM-005 randomized clinical
trial (ClinicalTrials.gov identifier: NCT04063163).

To date, the median OS and PFS times are signifi-
cantly longer in the serplulimab group than in the
placebo group, with 15.4 vs. 10.9 months and 5.7 vs.
4.3 months, respectively [248]. A meta-analysis of data
from seven articles on the CA184-156, ECOG-ACRIN
EA5161, KEYNOTE-604, IMpowerl33, CASPIAN,
CAPSTONE-1, and ASTRUM-00520 trials was per-
formed. Serplulimab plus chemotherapy was compared
with several approved ICIs, including atezolizumab,
durvalumab, adebrelimab, nivolumab, pembrolizumab,
and ipilimumab, in terms of OS, PFS, ORR, and safety.
Serplulimab plus chemotherapy resulted in substan-
tially better outcomes, especially in terms of PFS [249].

Serplulimahas has shown promising results in ES-
SCLC treatment and is likely to be the best first-line
treatment option for ES-SCLC patients in the future
[249]. However, some analyses have shown that ser-
plulimab plus chemotherapy is not cost effective [250,
251]. The high price might be an obstacle to its wide-
range promotion.
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Tislelizumab

Tislelizumab (BGB-A317) is a humanized IgG4 anti-PD-1
monoclonal antibody made by Beigene. The greatest dif-
ference between the anti-PD-1 antibody tislelizumab and
other antibodies is that tislelizumab was engineered with
a constant region that cannot bind to the FcyR receptor.
As a result, it can no longer bind to type II macrophages
with the Fcy receptor, preventing the macrophages from
attacking T cells. This eliminates or at least reduces the
adverse effects of immunotherapy [252]. In a phase II
clinical study of tislelizumab in combination with chemo-
therapy in Chinese patients with advanced lung cancer
(RATIONALE 206), the ORR was 77%, the median PFS
was 6.9 months, and the median OS was 15.6 months
(ClinicalTrials.gov identifier: NCT03432598) [253]. The
most impressive recent trial is RATIONALE 312 (Clini-
calTrials.gov identifier: NCT04005716). Compared with
placebo plus chemotherapy, tislelizumab plus chemo-
therapy significantly improved OS. The median OS was
15.5 vs. 13.5 months in the tislelizumab and placebo
arms, respectively, and the OS rates at 1, 2, and 3 years
were 62.7%, 33.2%, and 25.0%, respectively, in the tisleli-
zumab arm and 58.4%, 22.4%, and 9.3%, respectively, in
the placebo arm [239]; however, the incidence of treat-
ment-related adverse events (TRAEs) was greater in the
tislelizumab group. Tislelizumab plus chemotherapy is
expected to become a first-line treatment for ES-SCLC,
providing patients with long-term survival benefits with
a good safety profile.

Tislelizumab is not only expected to be a first-line
treatment for ES-SCLC but also has the potential to be
used in LS-SCLC patients. A group from Shanghai Pul-
monary Hospital applied tislelizumab plus EP in LS-
SCLC, followed by surgical treatment. The seven patients
who completed four cycles of therapy had an ORR of
85.7%, with five patients undergoing surgery. At a median
follow-up of 18 months, all patients were alive [242]
(ClinicalTrials.gov identifier: NCT04542369). Therefore,
tislelizumab is not only expected to be a first-line treat-
ment for ES-SCLC but also has the potential to be used
in LS-SCLC.

Toripalimab

Toripalimab, a selective recombinant humanized PD-1
monoclonal antibody, binds to the heavy chain of the
former and the FG loop of the latter [254]. It was devel-
oped by Shanghai Junshi Bioscience Co., Ltd., in China
and was recently approved for SCLC on 4th June 2024
by the China National Medical Products Administration
(NMPA). Approval was based on the EXTENTORCH
study (ClinicalTrials.gov identifier: NCT04012606),
a randomized, double-blind, phase III clinical trial
designed to evaluate the efficacy and safety of toripalimab
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in combination with chemotherapy versus placebo in
combination with chemotherapy for the first-line treat-
ment of ES-SCLC. Data published in October 2023
revealed that patients in the toripalimab-chemotherapy
arm exhibited a survival benefit, with PFS times of 5.8 vs.
5.6 months. OS was prolonged by 1.3 months in patients
in the toripalimab arm (14.6 vs. 13.3 months) [255]. In
addition, toripalimab was the first PD-1 inhibitor to
induce PFS and OS benefit in a phase III trial for first-line
ES-SCLC treatment, but whether it is suitable for other
combinations, such as TRT or targeted drugs, needs fur-
ther investigation.

Nivolumab

Nivolumab combined with ipilimumab was the first
approved dual immunotherapy with a potentially syner-
gistic mechanism targeting PD-1 and CTLA-4. This tech-
nique successfully prolonged survival for over 5 years for
patients with many solid tumors [256]. Therefore, this
combination has been studied extensively in SCLC. For
ES-SCLC first-line treatment, CheckMate 451, a double-
blind phase III trial testing nivolumab plus ipilimumab
as maintenance therapy after chemotherapy, showed
that the median OS was 9.2 months in the nivolumab
plus ipilimumab arm compared with 9.6 months in the
placebo arm [257]. In summary, the combination of
nivolumab and ipilimumab failed to prolong survival in
SCLC patients.

However, for recurrent LS/ES SCLC patients, Check-
Mate 032, a phase 1/2 trial, was performed to assess the
effects of treatment with nivolumab with or without ipili-
mumab. The ORR was 11.6% with nivolumab vs. 21.9%
with nivolumab plus ipilimumab, and the median OS
times were 5.7 vs. 4.7 months [258]. The combination
of PD-1 and CTLA-4 inhibitors significantly increased
the response rate, although the incidence of TRAEs
increased to 17.9% (nivolumab) vs. 37.5% (nivolumab
plus ipilimumab). On the basis of these data, the FDA
approved the third-line indication of nivolumab for ES-
SCLC in 2018. However, in CheckMate 331, no signifi-
cant improvement in OS was observed with nivolumab
versus chemotherapy, with median OS times of 7.5 vs. 8.4
months [259]. In 2020, the FDA withdrew the approval
of nivolumab for ES-SCLC patients on the basis of those
trials.

In addition, other novel therapeutic combinations have
been explored. The randomized phase II ETOP/IFCT
4-12 STIMULI trial aimed to evaluate the superiority of
nivolumab plus ipilimumab combination immunother-
apy after chemoradiotherapy plus PCI as the first-line
treatment for LS-SCLC patients. The median PFS was
10.7 months in the experimental arm and 14.5 months in
the observation arm. The median OS was not reached in
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the experimental arm by 03 June 2021. Sixty-two percent
of patients in the experimental arm experienced Grade
>3 TRAEs, and 25% in the observation arm experienced
Grade >3 TRAEs [260]. In a phase I study, lutathera
[175], a lutetium-labeled somatostatin analog, combined
with nivolumab was used to treat relapsed ES-SCLC
patients; this combination showed signs of antitumor
activity, so further exploration is needed (ClinicalTrials.
gov identifier: NCT03325816) [261]. Nivolumab not only
has demonstrated promising efficacy in the treatment
of SCLC but also has been studied in many clinical trial
results as a part of various combination regimens, lay-
ing an important foundation for the development of new
anti-PD-1 drugs.

Pembrolizumab

Pembrolizumab is a highly selective humanized anti-
PD-1 monoclonal IgG4-k isotype antibody. Preclinical
models have revealed that its pharmacokinetics are very
similar to those of nivolumab. In June 2019, the FDA
approved pembrolizumab for SCLC patients who pro-
gressed after prior platinum-based chemotherapy and at
least one other treatment, on the basis of the results of
a phase 1b study (KEYNOTE-028) and a phase 2 study
(KEYNOTE-158).

In a combined analysis of the KEYNOTE-028 and KEY-
NOTE-158 studies involving recurrent SCLC patients
who received pembrolizumab after two or more lines of
treatment, the ORR was 19.3%, whereas 61% of respond-
ers had a durational response of more than 18 months
[262]. However, in the phase III KEYNOTE-604 study
comparing pembrolizumab plus EP with placebo plus
EP for ES-SCLC, the median OS was 10.8 vs. 9.7 months
in the pembrolizumab arm and EP arm, respectively.
The median PFS was 4.5 vs. 4.3 months, which did not
reach prespecified efficacy boundaries [263]. On the basis
of these results, the FDA withdrew the third-line treat-
ment indication of pembrolizumab for ES-SCLC in 2021.
Like nivolumab, pembrolizumab has been employed in a
range of clinical trials investigating combination thera-
pies. A phase I study assessing the safety of combining
pembrolizumab with TRT after induction chemotherapy
for ES-SCLC patients revealed that the median PFS and
OS were 6.1 months and 8.4 months, respectively [264].
The combination of concurrent chemoradiotherapy and
pembrolizumab for the treatment of LS-SCLC was evalu-
ated in a phase I/II trial, in which the median PFS was
19.7 months and the median OS was 39.5 months [265].
Recent studies have shown that the combination of TRT
and immunotherapy exerts synergistic effects by upregu-
lating major histocompatibility complex class I expres-
sion and promoting CD8-positive T-cell infiltration,
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which may indicate a new research hotspot and a highly
promising therapeutic approach in the future [266].

Taken together, although the FDA has withdrawn the
indications for nivolumab and pembrolizumab treat-
ment, the NCCN panel recommends them as a subse-
quent therapy option for patients who have relapsed
6 months or less after primary therapy [244].

Ongoing clinical trials

More ongoing clinical trials are being performed to eval-
uate the efficacy of the combination of PD-1 monoclo-
nal antibodies with EP chemotherapy, such as avelumab
(ClinicalTrials.gov identifier: NCT03568097) and tori-
palimab (ClinicalTrials.gov identifier: NCT04012606),
as first-line treatments for patients with ES-SCLC. The
quadruple-drug combination regimen has drawn increas-
ing attention. A randomized, double-blind, phase III trial
(ClinicalTrials.gov identifier: NCT04234607) combined
Benmelstobart, a novel PD-L1 inhibitor, with anlotinib,
an antivascular agent, plus standard chemotherapy in ES-
SCLC as the first-line treatment was performed. Accord-
ing to the current data, benmelstobart+ anlotinib+EC
significantly improved the median PFS (6.9 months vs.
4.2 months, p<0.0001), median OS (19.3 months vs.
11.9 months, p=0.0002), objective response (81.3%
vs. 66.8%), and duration of response (5.8 months vs.
3.1 months) compared with that in the placebo group.
Benmelstobart plus anlotinib and chemotherapy signifi-
cantly improved OS and PFS at approximately 7.4 months
and 6 months, respectively [239]. Currently, patients are
being recruited for a trial evaluating the efficacy of the
combination in LS-SCLC as a first-line treatment (Clini-
calTrials.gov Identifier: NCT04539977).

In summary, combining immunotherapy and chemo-
therapy has led to a significant change in the treatment
strategy for SCLC, but many limitations remain (Table 4).
For example, in immune-cold tumors, the infiltration
of immune cells into the SCLC tumor mass is limited.
Thus, given the low number of immune cells in tumors,
how anti-PD-1/PD-L1 antibodies improve the survival of
SCLC patients is currently unclear. Several clinical trials
are currently underway to evaluate the efficacy of com-
bining radiotherapy with immunotherapy, with a goal
of exploring more effective and safer clinical treatment
options in the future. Increasing attention has been given
to the selection of patients who are more likely to benefit
from immunotherapy on the basis of their molecular sub-
type or biomarker expression profile.

Radiotherapy

In addition to chemotherapy and immunotherapy, radi-
otherapy plays a vital role in the therapeutic manage-
ment of patients with SCLC, as does palliative therapy.
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Table 4 Comparison of the efficacy of immune checkpoint inhibitors in SCLC
Drug Company  Target Status Approval  Trial Strategy Efficacy
Year
Atezoli- Roche IgG1 FDA 2019/3/1 IMpower133  Combined Ch |
zumab targeting  approved with chemo-  median PFS emo-only
PD-L1 therapy il m Combination
for first-line
median 08
Dur- AstraZeneca 1gG1 FDA 2020/3/1 CASPIAN Combined Chemoonl
valumab UK Ltd targeting  approved with chemo-  median PFS Y
PD-L1 therapy ) m Combination
for first-line .
median OS
Adebeli- Hengrui IgG1 NMPA 2023/3/1 CAPSTONE-1  Combined Chemo-onl
mab Pharmaceu- targeting  approved with chemo-  median PFS gy Y
tical PD-L1 therapy ) = Combination
for first-line .
median OS 153
Serpluli- Shanghai lgG4 NMPA 2022/1/1 ASTRUM-005 Combined Chemo-onl
mab Henlius targeting  approved with chemo-  median PFS Y
Biotech, Inc  PD-1 therapy m Combination
for first-line )
median OS 153
Tisleli- Beigene lgG4 NMPA - RATIONALE ~ Combined Chemo-on
zumab targeting  approved 312 with chemo-  median PFS Y
PD-1 therapy ) ® Combination
for first-line .
median OS
Nivolumab  Bristol-Myers 1G4 FDA 2018/8/1 Check- Combined Chemo-onl
Squibb targeting  approved Mate032 with ipili- median PFS Y
Company PD-1 mumab ® Combination
for second/ .
multi lines ~ median OS
Withdrawn ~ 2020/12/1  CheckMate ~ Combined
451 with ipili- median PFS ® Combination
mumab
for first-li
OrIEEINe  edian 0S
CheckMate ~ Monotherapy
331 forsecond/  median PFS Chemo-only
multi-lines ® Nivolumab
median OS
Pembroli-  MSD lgG4 FDA 2019/6/1 KEY- Monotherapy
zumab targeting  approved NOTE-028 forsecond/ ~ median PFS m Pembrolizumab
PD-1 and KEY- multi-lines
NOTE-158 median OS
Withdrawn  2020/1/1 KEY- Combined
i . Ch -onl
NOTE-604  with chemo- Mmedian PFS emo-only
therapy ‘ median OS l Combination
for first-line

Abbreviations: FDA, U.S. Food and Drug Administration; IgG1/4, immunoglobulin G 1/4; NMPA, National Medical Products Administration; OS, overall survival; PD-1,
programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival
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As we mentioned previously, for patients with postop-
erative pathology suggestive of N1 and N2 disease, adju-
vant chemotherapy combined with chest radiotherapy is
recommended. In contrast, radiotherapy in those with
ES-SCLC consists of consolidative TRT or PCI after first-
line treatment according to their physical condition. It
has been shown that radiochemotherapy is important
for maintaining long-term efficacy after surgery [1]. In
patients with localized and extensive SCLC, in addition
to the combination of etoposide and cisplatin, daily chest
radiotherapy with radiation doses between 50 and 60 Gy
has a higher survival rate than conventional chemother-
apy regimens do [267]. Notably, for early-stage (node-
negative) disease, the debate regarding optimal local
management has increased in recent years with increased
utilization of stereotactic body radiotherapy (SBRT) and
advances in thoracic surgical techniques. However, both
therapeutic approaches lack supporting prospective data.
In the context of immunotherapy, the effects of radio-
therapy and chemotherapy combination regimens are
expected to be elucidated. The question remains whether
the immunogenic cell death caused by radiotherapy is
sufficient to convert the immunosuppressive microen-
vironment into a pro-immunogenic state. Related clini-
cal trials, such as the RAPTOR trial (ClinicalTrials.gov
identifier: NCT04402788) for assessing the addition of
therapy to the usual immune therapy (atezolizumab) for
ES-SCLC, are ongoing.

Novel therapeutic approaches

Angiogenesis

Angiogenesis is initiated at the early stage of tumorigen-
esis and remains activated throughout the progression of
the disease. The inhibition of angiogenesis has been dem-
onstrated to be an effective antitumor strategy [268]. Vas-
cular endothelial growth factor (VEGF), the most crucial
protein with proangiogenic functions, is overexpressed in
SCLC [269-271].

Bevacizumab, a humanized monoclonal antibody that
inhibits angiogenesis, has been approved for treating
several malignant tumors, including SCLC. It was inves-
tigated as a first-line treatment in combination with EP
chemotherapy for ES-SCLC. A phase II trial revealed
prolonged PES with bevacizumab, although the differ-
ence was not statistically significant, and there was no
improvement in OS [272] (Table 5). Similarly, a recent
phase III trial assessing the efficacy of adding bevaci-
zumab to EP chemotherapy as the first-line therapy
reported that the median OS was 9.8 vs. 8.9 months,
and the median PFS was 6.7 vs. 5.7 months in the beva-
cizumab arm and placebo arm, respectively [273]. The
BEAT-SC study, a phase III study evaluating the effi-
cacy of bevacizumab combined with atezolizumab
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plus platinum-based chemotherapy in patients with
ES-SCLC, recently met its endpoint. The median PFS
was 5.7 months (bevcizumab + atezolizumab + EP) vs.
4.4 months (placebo+atezolizumab +EP), while no
improvement in OS was observed [274]. Overall, beva-
cizumab combined with EP chemotherapy may not be
warranted as a first-line treatment for ES-SCLC patients.
A meta-analysis revealed that bevacizumab, in combina-
tion with standard chemotherapy, improved PFS com-
pared with chemotherapy alone. Moreover, there was no
superiority in terms of OS or response rate in ES-SCLC
patients.

Anlotinib is a small-molecule TKI that targets VEGEFR,
FGFR, PDGEFR, and C-KIT, inhibiting angiogenesis [275].
A phase II study (ALTER1202) investigated the efficacy
of anlotinib as a third- or fourth-line therapy in patients
with short-term relapsed SCLC. Compared with placebo,
anlotinib significantly improved the median PFS and OS
(4.0 vs. 0.7 months, p<0.0001 and 7.3 vs. 4.4 months,
p=0.006, respectively) [276]. When combined with the
PD-L1 inhibitor Benmelstobart as a first-line therapy for
ES-SCLC, anlotinib has shown promising results, with a
median PFS of 6.9 months in the combined group and
4.2 months in the EP alone group [239]. Owing to these
encouraging results, additional clinical trials are ongo-
ing to evaluate the efficacy of anlotinib in combination
with anti-PD-1 inhibitors. A phase II study is assessing
the efficacy of tislelizumab combined with anlotinib as
maintenance therapy following tislelizumab and chemo-
therapy for first-line treatment of ES-SCLC (Clinical Tri-
als.gov Identifier: NCT05896059). The use of anlotinib
combined with other regimens is also under investiga-
tion. Compared with other single-agent regimens, the iri-
notecan single-agent regimen appears to have acceptable
toxicity and significant palliative effects for second-line
treatment. A single-arm trial evaluating the combination
of irinotecan liposomes and anlotinib (ClinicalTrials.gov
Identifier: NCT06258642) is active. After many rounds
of failed clinical trials, anlotinib finally showed superior-
ity in combination with an anti-PD-L1 antibody in SCLC
in 2023, indicating a potential breakthrough in the treat-
ment of SCLC.

Cell cycle checkpoints

Both P53 and RB play key roles in cell cycle regulation.
However, deletion of the 7P53 and RB1 genes occurs fre-
quently in SCLC tumor cells, and dual inactivation events
lead to elimination of G1/S checkpoint activity, resulting
in SCLC proliferation. DNA repair at the G2/M check-
point appears to be particularly important. Therefore, cell
cycle regulators, such as Aurora kinase A/B and WEEI,
are interesting targets.
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Alisertinib, an Aurora kinase A inhibitor, is used in
the subsequent treatment of SCLC. Aurora kinase A/B
is highly expressed in RBI-inactivated SCLC cells in a
mouse model, maintaining cell survival. Aurora kinase
interferes with the cell cycle check function, enabling
DNA-damaged cells to progress into the G2/M phase
normally and inhibiting the p53 pathway, thereby pre-
venting apoptosis from proceeding [277, 278]. Aliserti-
nib combined with paclitaxel was evaluated in a phase
II study in the second-line setting for SCLC. Compared
with the placebo plus paclitaxel, the combination arm
with alisertinib improved the median PFS (3.32 vs. 2.17
months) without significantly affecting the ORR (22%
vs. 18%) or median OS (6.17 vs. 5.42 months) [279].
Another phase II study focusing on the efficacy of alis-
ertib in patients with ES-SCLC following progression on
or after chemoimmunotherapy is underway (Clinical Tri-
als.gov Identifier: NCT06095505). Other aurora kinase
inhibitors, such as LSN3321213 combined with a PD-L1
inhibitor, have shown enhanced effects in immunocom-
petent SCLC GEMMs [280]. Chiauranib, a novel orally
active multitarget inhibitor that targets VEGFR/Aurora
B/CSE-1R, is undergoing a phase III clinical trial for
patients with refractory SCLC (ClinicalTrials.gov Identi-
fier: NCT04830813).

The Weel kinase is a critical member of the serine/
threonine protein kinase family and plays a vital role in
cell cycle regulation and DNA damage repair. Owing
to the high frequency of p53 inactivating mutations in
SCLC cells, these cells predominantly rely on the G2/M
checkpoint [53]. Inhibiting WEE1 forces tumor cells to
undergo continuous division without DNA repair, ulti-
mately leading to cell death. In in vitro experiments,
the inhibition of WEE1 has been shown to activate the
STING-TBK1-IRF3 or STAT1 pathway, facilitating CD8"
cytotoxic T-cell infiltration and PD-1 expression [281].
Combining the WEE1 inhibitor AZD1775 with other
DNA-damaging agents or immune checkpoint inhibi-
tors induced a synergistic effect [282, 283]. Although
this combination is theoretically feasible and promising
in vitro, clinical trial data supporting its efficacy are lack-
ing. A phase II study evaluating the efficacy of AZD1775
in combination with EP chemotherapy or PARP inhibi-
tors has been completed, with outcomes pending publi-
cation (ClinicalTrials.gov Identifier: NCT02937818).

Trilaciclib, an inhibitor of CDK4/6 that is primar-
ily used for cell cycle inhibition, is currently used for
bone marrow preservation in patients with ES-SCLC
undergoing standard chemoimmunotherapy. Preclini-
cally, trilaciclib transiently arrested HSPCs in the G1
phase and protects them from chemotherapy-induced
damage, leading to faster hematopoietic recovery and
enhanced antitumor immunity [284]. A phase II trial
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(ClinicalTrials.gov identifier: NCT02499770) revealed
that patients who received trilaciclib before EP chemo-
therapy each cycle had a lower likelihood of having > G3
TRAEs than did those who received placebo (50% vs.
83.8%) [285]. Another phase II trial revealed that patients
who received trilaciclib before chemotherapy and atezoli-
zumab had a significantly lower incidence and duration
of grade 4 neutropenia (1.9% vs. 49.1%) than did those
who received placebo [286].

DNA repair proteins

PARP is currently an active drug target that acts as a
DNA damage response (DDR) protein. PARP inhibitors
can cause DNA double-strand breaks via two mecha-
nisms: by inhibiting the formation of poly-ADP ribose at
the single-strand break and by preventing the release of
PARP complexes at the single-strand break. As a result,
when DNA repair is impaired, cells often resort to alter-
native repair mechanisms that can lead to extensive
genome recombination, leading to cell death [287]. The
ECOG-ACRIN 2511 study evaluated the combination of
veliparib with cisplatin and etoposide in untreated ES-
SCLC patients. The results revealed a median PFS of 6.1
months for the veliparib arm compared with 5.5 months
for the placebo arm, and the median OS was 10.3 months
vs. 8.9 months, respectively, suggesting a benefit of veli-
parib combined with chemotherapy as the first-line treat-
ment [288]. Another phase II study demonstrated that
significantly prolonged PES (5.7 vs. 3.6 months; p=0.009)
and OS (12.2 vs. 7.5 months; p=0.014) were observed in
patients with SLEN11-positive SCLC treated with temo-
zolomide (TMZ) and veliparib, indicating that PARP
inhibitors improved therapeutic efficacy in SCLC patients
with high SLNF11 expression [289]. Notably, different
PARP inhibitors vary in their ability to trap PARP and
thus cause various degrees of cytotoxicity [290]. Com-
pared to TMZ, veliparib has a weaker cytotoxic effect and
a reduced likelihood of TRAE:s in clinical trials because of
its lower affinity for PARP [275, 291]. Combining PARP
inhibitors with immunotherapy is considered to over-
come drug resistance because tumors with homologous
recombination repair (HRR) defects mostly harbor more
mutations and are likely to generate more neoantigens,
potentially enhancing the anticancer immune response.
Several ongoing clinical trials are being performed to
evaluate the efficacy of PD-1/PD-L1 inhibitors combined
with PARP inhibitors, such as camrelizumab (Clini-
calTrials.gov Identifier: NCT04701307), durvalumab
(ClinicalTrials.gov Identifier: NCT04728230) and dostar-
limab (ClinicalTrials.gov Identifier: NCT04701307). And
the outcome of the combination therapy is promising,
with extending OS by 4.7 months in patients with high
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SLEN11 expression, indicating promising results. Addi-
tional clinical trials for more combination therapies are
currently underway.

CHK]1, a serine-threonine kinase, is pivotal in DNA
damage-dependent cell cycle arrest [292]. It has been
reported that overexpression of the CHKI1 protein has
been observed in a portion of SCLC cases, indicating that
CHK1 inhibition is a target of interest. Notably, CHK1
inhibition shows promise in overcoming chemoresist-
ance. Early preclinical data indicated that the CHK1
inhibitor prexasertib (LY260638) had significant single-
agent activity in chemoresistant preclinical models and
augmented the effects of cisplatin or the PARP inhibitor
olaparib, particularly in the MYC-overexpressing subset
[293]. Similar results from other preclinical studies fur-
ther underscore the potential clinical relevance of CHK1
inhibition [294, 295].

Targeting of DLL3

DLL3 is an atypical Notch ligand whose overexpres-
sion supports the growth of SCLC cells, promoting their
migratory and invasive capacity [59]. Notably, up to 85%
of human SCLC tumors express the DLL3 protein on
their cell surface [60], positioning DLL3 as a potential
therapeutic target for SCLC. This is particularly evident
in nmf2-type SCLC, in which DLL3 is highly expressed,
suggesting that therapeutics targeting DLL3 may be espe-
cially beneficial for patients with this subtype [154]. From
Rova-T to tarlatamab, much progress has been made in
the field of DLL3-targeting therapies.

The rovalpituzumab tesirine (Rova-T), a pioneer
ADC for SCLC treatment, is composed of a human-
ized DLL3-specific IgG1 monoclonal antibody, the DNA
cross-linking agent pyrrolobenzodiazepine (PDB), and a
protease-cleavable linker [21]. Rova-T binds to DLL3 on
the tumor surface, causing internalization of the ADC-
target complex via endocytosis. Lysosome-associated
cathepsin B cleaves the linker, releasing PBD into the
cytoplasm, where it subsequently enters the nucleus and
induces tumor cell apoptosis [296]. Rova-T has been
administered to more than 1000 patients as monother-
apy and in combination with other chemotherapies and
immunotherapies in at least 10 clinical trials, including
two phase III clinical trials. The first-in-human study of
Rova-T yielded an ORR of 18%, which increased to 38%
in DLL3-high SCLC patients [297], which was promising.
However, phase III trials comparing Rova-T as a second-
line treatment against topotecan or as maintenance ther-
apy after first-line treatment have failed to meet primary
activity endpoints due to high toxicity [298, 299]. In addi-
tion to these setbacks, Rova-T has paved the way for new
therapeutic strategies in SCLC.
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Tarlatamab is a bimolecular T-cell phagocytosis agent
that targets both DLL3 on tumor cells and CD3 on T
cells. It induces apoptosis in tumor cells by simultane-
ously binding to tumor cells and T cells to form a cyto-
lytic synapse, activating T cells to release pore-forming
enzymes, such as perforin and granzyme B [300, 301].
In a phase II study involving patients with refractory
SCLC, a 10 mg dose of tarlatamab administered biweekly
resulted in a durable ORR of 40% and improved survival
outcomes, with a median PFS of 4.9 months [302]. The
drug has now entered a phase three clinical trial (Clini-
calTrials.gov Identifier: NCT05740566). Tarlatamab
therapy is associated with a significantly increased risk of
cytokine release syndrome (CRS) and immune effector
cell-associated neurotoxicity syndrome (ICANS), which
are adverse events commonly observed in T-cell redirect-
ing immunotherapies. Clinical trial data revealed that
CRS occurred in 61% of patients receiving the 100 mg
dose, although predominantly low-grade (Grades 1-2)
manifestations were effectively mitigated through opti-
mized management protocols, including stepwise dosing
regimens and prophylactic glucocorticoid administration
[302]. While the mechanisms remain incomplete, emerg-
ing evidence suggests that CRS pathogenesis may involve
IFNy-mediated hyperinflammatory responses. Con-
versely, ICANS development appears to be associated
with IL18-driven neuroinflammatory pathways. These
mechanistic insights position IL18 blockade as a rational
therapeutic strategy warranting clinical investigation for
ICANS management [303].

Cellular therapy

Cell therapy for lung cancer has become a research hot-
spot in recent years. Researchers have developed a variety
of cell therapies for SCLC that target DLL3. AMG 119, an
anti-DLL3 CAR-T-cell therapy with a CD28 and 4-1BB
costimulatory structural domain and a CD3 intracellular
structural domain, demonstrated no dose-limiting toxic-
ity or > grade 4 TRAEs in a phase I clinical trial with five
SCLC patients. One patient in the group achieved a PR
and a 43% decrease in tumor diameter from baseline, lay-
ing a solid foundation for future development (Table 6)
[304]. HPN328, a trispecific T-cell-activating construct
(TriTAC), targets CD3, DLL3, and human serum albu-
min. Data presented at the 2022 ASCO annual meet-
ing from a phase I/II study (ClinicalTrials.gov Identifier:
NCT04471727) revealed that among the 9 SCLC patients
treated with all doses of HPN328, 3 (33%) had a greater
than 30% reduction in summed target lesion diameter,
including one confirmed PR. In patients receiving doses
greater than 1.215 mg, the cumulative reduction in tar-
get lesion diameter exceeded 30%, which was observed
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Table 6 Promising basic research, case reports and important clinical trials of cellular treatment in SCLC
Publication Trial number Phase Patients Strategy Drugs N Response Median OS Median PFS
Byers et al. [304] NCT03392064 1 Relapsed SCLC  DLL3 CAR-T AMG 119 41 - 74 months 3.7 months
Wermke et al. [305] NCT04471727 1 SCLC TriTAC HPN328 24 OR:50% - -
Wang et al. [306] Case report - ES-SCLC NK cell therapy+anti ~ NKcell+Atezoli- 1 PR - -
PD-L1+antiangio- zumab + Anlo-
genic tinib
Liu etal. [307] Case report - ES-SCLC ClKtherapy+Chemo  CIKcell+Chemo 1 PR - -
Liu et al. [308] Pre-clinic - - DLL3 CAR-NK - - - - -
Tian et al. [309] Pre-clinic - - CDH17 CAR-T - - - - -

Abbreviations: TriTAC, tri-specific T-cell activating construct; CIK, Cytokine-Induced Killer Cell Therapy; Chemo, chemotherapy; NK cell, natural killer cell; DLL3, delta-

like ligand 3; OS, overall survival

in 2 out of 4 SCLC patients (50%), and a 20% reduction
was observed in another patient. Other drugs, such as
BI 764532, provide valuable insights into DLL3-targeted
therapies [305].

In addition to clinical trials, case reports have shown
that patients have tried a wider variety of cell therapies
with remarkable results. Wang et al. reported a patient
with ES-SCLC in 2023 who achieved satisfactory short-
term results after PD-L1-enhanced adoptive transfer of
NK cells combined with antiangiogenic targeted therapy,
with most of the metastases disappearing and the remain-
ing metastases significantly shrinking [306]. Cytokine-
induced killer (CIK) cell therapy is an immunotherapy
method that mainly involves activating and expanding
patients” immune cells, especially natural killer cells and
cytotoxic T lymphocytes (CTLs), to increase their ability
to kill tumor cells. Liu et al. reported in 2024 a patient
with ES-SCLC who significantly controlled tumor pro-
gression and prolonged survival by combining chemo-
therapy, radiotherapy, and cytokine-induced killing (CIK)
immune cell therapy [307]. The above cases illustrate the
importance of cell therapy in treating SCLC.

In addition, researchers are working hard to target
different proteins and target different kinds of cells. Liu
et al. developed DLL3-specific NK-92 cells and explored
their potential in treating SCLC. Coculture of the DLL3
SCLC cell line with DLL3-CAR NK-92 cells resulted in
significant in vitro cytotoxicity and cytokine produc-
tion. DLL3-CAR-NK-92 cells induce tumor regression
in an H446-derived lung metastasis model with a rea-
sonable safety threshold. The potent antitumor activ-
ity of DLL3-CAR-NK-92 cells was observed in SCLC
subcutaneous tumor models. In addition, significant
numbers of DLL3-CAR NK-92 cells infiltrating tumors
were detected in DLL3 SCLC xenografts. These findings
suggest that DLL3-CAR NK-92 cells may be a poten-
tial strategy for treating SCLC [308]. Tian et al. estab-
lished CDH17 CAR-T cells and cocultured them with

SCLC cells, and the results showed that CDH17 CAR-T
cells exhibited potent cytotoxic activity against CDH17-
expressing SCLC cells in vitro. In addition, CDH17 CAR-
T-cell treatment significantly slowed the growth rate of
SCLC-derived xenograft tumors in vivo. Notably, there
was no significant difference in body weight between the
control group and the CDH17 CAR-T-cell-treated group.
The above phenomena indicate the efficacy and safety of
CDH17 CAR-T-cell therapy in preclinical models [309].

Conclusion and outlook

In this review, we comprehensively explored recent
advancements in SCLC research, focusing on patho-
genesis, subtype, clinical management and therapeutic
resistance. Significant progress has been made in the
understanding of SCLC biology with the development of
engineered models and extensive genomic data analysis,
bringing new hope for improving the overall survival of
SCLC patients. However, substantial knowledge gaps and
challenges remain, so further investigation is needed to
address these issues fully.

SCLC is aggressive and rapidly develops resistance to
standard therapy. While immunotherapies and targeted
therapies have recently been included in clinical trials
and clinical regimens, the OS remains limited, with an
average of 12 months. Surgery is currently considered
a potential addition to advanced treatment for limited-
stage SCLC. The efficacy of neoadjuvant chemoimmuno-
therapy combined with surgery or radiotherapy is under
investigation in multiple clinical trials. A phase II trial
is being performed to evaluate the benefits of neoadju-
vant therapy with toripalimab and JS004 combined with
EP chemotherapy for LS-SCLC (ClinicalTrials.gov Iden-
tifier: NCT06256237). Another phase III trial is being
performed to compare the efficacy of surgery and radio-
therapy following adebrelimab and platinum-containing
doublet induction therapy for LS-SCLC (ClinicalTrials.
gov Identifier: NCT05496166). This approach capitalizes



Zhai et al. Journal of Hematology & Oncology (2025) 18:37

on the rapid tumor remission induced by chemoimmu-
notherapy, followed by surgical removal of the primary
site and immune-mediated clearance of potential distal
metastatic cells, representing a very promising advance-
ment in SCLC treatment. ES-SCLC patients face per-
sistent challenges of therapeutic resistance and relapse
driven by tumor heterogeneity. Although EP chemo-
therapy has been the cornerstone for 30 years, its lim-
ited efficacy necessitates novel strategies. Emerging
evidence highlights the survival benefits and multitarget
synergy of immunotherapy. A quadruple regimen (ben-
melstobart+anlotinib + EP) achieved a landmark, with
a median OS of 19.3 months [239]. Concurrently, the
use of chemoradiotherapy and pembrolizumab in SCLC
patients has led to unprecedented outcomes (median
PES: 19.7 months; OS: 39.5 months) [265]. These findings
highlight combination therapies including drugs target-
ing multiple molecular mechanisms as the most promis-
ing approach.

One of the challenges in overcoming SCLC aggressive-
ness and rapid drug resistance is tumor heterogeneity,
both intratumoral and intertumoral. The identification of
four SCLC subtypes on the basis of transcription factors
has laid a foundation for addressing the heterogeneity of
SCLC, enabling the alignment of therapies with specific
tumor subtypes. Additionally, subtype switching is also a
main factor in therapeutic resistance. As reported by Gay
et al. SCLC-A tumors can evolve into the SCLC-I subtype
after chemotherapy, indicating the importance of longi-
tudinal monitoring of SCLC subtypes during treatment
[16]. In addition to molecular subtypes, genomic diver-
sity also contributes to SCLC heterogeneity and thera-
peutic resistance. Spatial- and temporal-tumor evolution
genomic studies on SCLC identified the common ances-
tral and main driver of resistance [161]. Although tem-
poral heterogeneity remains less understood than spatial
heterogeneity, newly developed time-logging tools based
on scRNA-seq might facilitate a breakthrough regarding
this bottleneck [310]. In the future, molecular biomarker
and mutation assessment at baseline in SCLC patients
and personalized approaches guided by the SCLC sub-
type framework are highly expected in clinical practice.

Early screening for SCLC is particularly important,
given that most patients present with advanced disease
at diagnosis. However, low-dose CT (LDCT), the cur-
rent recommended screening method, is insufficient
to address this issue [311]. A more effective approach
involves the combination of radiography techniques
with other highly specific biomarkers [312]. Numerous
molecular biomarkers from liquid biopsies are used for
early detection in SCLC, including circulating tumor
cells (CTCs), circulating tumor DNA (ctDNA) (includ-
ing DNA methylation), miRNAs, and proteins [313].
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Approximately 70-95% of SCLC patients have detecta-
ble CTCs [314]. In addition, whole-genome sequencing
of ctDNA can reveal the cellular origins of SCLC and
establish a diagnostic model [315, 316]. Furthermore,
methylome analysis of ctDNA fosters early detection,
subtyping and longitudinal tumor monitoring during
treatment [142, 317-319]. However, background noise
from noncancerous signals limits the clinical applica-
tion of the above early detection approaches [320].
miRNA-based assays tend to have increased specific-
ity. Both a miRNA signature classifier (MSC) based on
individual miRNA and miRNA panels with multiple
miRNAs can effectively distinguish lung cancer sam-
ples from controls and differentiate SCLC from NSCLC
[321, 322]. Nevertheless, these findings are based on
a small proportion of SCLC patients, which requires
further validation in larger-scale studies [323]. In sum-
mary, the relatively low sensitivity and specificity of
these markers have limited their clinical application in
screening or diagnosing SCLC. The recent application
of multiomics and machine learning strategies in early
detection studies is anticipated to improve the predic-
tive value of biomarkers and bolster their future clinical
applications.

To conclude, although the biological features of SCLC
are gradually being elucidated, their translation into
clinical practice is lacking. The stagnation in SCLC treat-
ment optimization is largely related to the heterogeneous
nature of SCLC and subtype evolution during therapeu-
tic resistance. Continued exploration of SCLC subtyp-
ing and pathogenesis is fundamental for guiding clinical
therapeutic decision making. Furthermore, the develop-
ment of subtype-specific targeted drugs and the integra-
tion of subtype-specific regimens with standard therapies
are crucial for improving patient outcomes. Future efforts
are expected to reveal novel and precise biomarkers for
early SCLC detection, enabling timely and effective inter-
ventions before the disease progresses to a lethal stage.
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