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Abstract
Background: The ASTRUM-005 study previously demonstrated a signifi-
cant overall survival (OS) benefit with serplulimab (a programmed death
1 inhibitor) plus chemotherapy versus chemotherapy alone in previously
untreated extensive-stage small-cell lung cancer (ES-SCLC). Here, we report
updated efficacy and safety results after an extended median follow-up of 19.8
months, along with the first report on findings from exploratory biomarker
analyses.
Methods: A total of 585 patients were randomized in a 2:1 ratio to receive
4.5 mg/kg serplulimab (n = 389) or placebo (n = 196) intravenously every 3
weeks, together with carboplatin and etoposide. The primary endpoint was
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OS. In addition, genomic profiling was performed to identify mutated genes,
and quantitative serum proteome profiling was conducted to identify differ-
entially expressed proteins (DEPs) between responders and non-responders of
serplulimab plus chemotherapy. Regression analysis was subsequently used to
construct a protein signature based on the DEPs. The associations between
efficacy outcomes (objective response rate [ORR], OS, and progression-free sur-
vival [PFS]) and gene mutation status or DEP expression were also examined
with regression analysis. Furthermore, the prognostic value of hematological
parameters was evaluated.
Results: In the intent-to-treat population, the median OS was 15.8 months
in the serplulimab group versus 11.1 months in the placebo group (haz-
ard ratio, 0.62; 95% confidence interval, 0.50-0.76; P < 0.001). We identified
181 DEPs between responders and non-responders in the serplulimab group,
from which a 15-protein signature was constructed. In the serplulimab group,
patients with a higher 15-protein signature score were associated with sig-
nificantly longer OS and PFS. Also, patients harboring tumor-suppressor
retinoblastoma-1 (RB1) mutations or mutations in Notch pathway members
showed improved ORR, OS, or PFS compared with their wild-type counter-
parts. Baseline neutrophil-to-lymphocyte ratio (NLR) and lactate dehydrogenase
(LDH) level were independent prognosticators of patients with ES-SCLC.
Conclusions: First-line serplulimab provided a sustained clinical benefit over
placebo in patients with ES-SCLC. A 15-protein signature and mutations in RB1
or Notch pathway genes may serve as predictive biomarkers for benefits from
serplulimab plus chemotherapy, while baselineNLR andLDHwere independent
prognosticators for ES-SCLC.
Trial registration: ClinicalTrials.gov, NCT04063163

KEYWORDS
Serplulimab, ES-SCLC, ASTRUM-005, phase 3

1 BACKGROUND

Small-cell lung cancer (SCLC), which accounts for approx-
imately 15% of lung cancer cases, is an aggressive cancer
type [1]. Approximately two-thirds of patients with SCLC
were diagnosed at the extensive stage, with a 5-year sur-
vival rate of 7% [1, 2]. Clinical trials evaluating novel
treatment options, therefore, hold significant clinical value
for patients with SCLC.
The addition of a programmed death-ligand 1 (PD-

L1) inhibitor to chemotherapy represents an advance-
ment in the treatment of extensive-stage SCLC (ES-
SCLC) [3]. Phase 3 clinical trials, evaluating atezolizumab
(IMpower133) [4] and durvalumab plus chemotherapy
(CASPIAN) [5] as first-line treatment for ES-SCLC,
showed statistically significant improvement in over-
all survival (OS). However, IMpower133 and CASPIAN

reported a median OS prolongation ranging from 2.0 to 2.5
months, highlighting the need for further advancements in
therapeutic strategies to achieve greater survival benefits.
The lack of established biomarkers for predicting clini-

cal benefits from chemoimmunotherapy presents another
knowledge gap in ES-SCLC management [6, 7]. PD-L1
showed potential as an efficacy predictor for therapies con-
taining a programmed death 1 (PD-1) or PD-L1 inhibitor
in several solid tumors; however, its expression is low
in SCLC [7]. Several trials, including IMpower133 [4],
CASPIAN [5], ASTRUM-005 [8], KEYNOTE-028 [9], and
KENOTE-158 [9, 10], showed antitumor activity of the
PD-1/PD-L1 inhibitor irrespective of PD-L1 expression.
Conflicting results have been reported for other poten-
tial markers, including tumor mutation burden, which
showed association with outcomes in patients treated with
pembrolizumab in KEYNOTE-028 [11] and KEYNOTE-158
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[12] but not in CAPSIAN [13]. A plethora of promis-
ing candidates, including transcription subtypes [14, 15],
neoantigen load [16], immune cell infiltration [17], and so
on [7], have been proposed based mostly on exploratory
or retrospective analyses, awaiting further validation. To
summarize, challenged by the inherent limitations of clini-
cal data acquisition, robust predictive/prognostic biomark-
ers of ES-SCLCwith high precision and sensitivity have yet
to be identified.
Serplulimab is a fully humanized immunoglobulin G4

monoclonal antibody against PD-1. Serplulimab possesses
a higher affinity to the human PD-1 than nivolumab and
pembrolizumab in vitro [18]. The international phase 3
ASTRUM-005 trial was the first to demonstrate improved
survival outcomes upon the addition of a PD-1 inhibitor
to chemotherapy. Serplulimab plus chemotherapy (carbo-
platin combined with etoposide) significantly improved
OS for 4.5 months in patients with previously untreated
ES-SCLC compared to placebo plus chemotherapy at the
prespecified interim analysis (median OS 15.4 vs. 10.9
months; hazard ratio [HR] = 0.63, 95% confidence interval
[CI] = 0.49-0.82; P < 0.001) [8]. Nonetheless, the efficacy
and safety outcomes with longer durations of follow-up
remain to be revealed.
An updated efficacy and safety analysis was conducted

after a prespecified number (n = 342) of OS events had
occurred per the study protocol [8]. Here, we presented
updated efficacy and safety results from this analysis.
The median follow-up duration was 19.8 months, which
had an additional median follow-up of 7.5 months since
the previous (interim) analysis. Furthermore, we present
findings from exploratory biomarker analyses, in which
multiple candidates — including proteins (quantitative
proteomics), genes (genomic profiling), and hematologi-
cal parameters (routine blood tests) — were evaluated as
potential predictive or prognostic biomarkers. These data
provided further evidence supporting serplulimab plus
chemotherapy as a first-line therapy for patients with ES-
SCLC. In addition, insights into the biomarker predicting
survival benefit from serplulimab plus chemotherapy or
prognosis pave theway for furthermechanistic and clinical
research.

2 METHODS

2.1 Study design and patient
recruitment

This was a multicenter, randomized, double-blind,
placebo-controlled, phase 3 trial conducted in previously
untreated patients with ES-SCLC (NCT04063163). Details
of the study design and patient eligibility criteria, along

with the study protocol, any amendments, and statis-
tical analysis plan, have been previously reported [8].
Briefly, eligible patients were randomized (2:1) to receive
serplulimab plus chemotherapy (serplulimab group)
or placebo plus chemotherapy (placebo group). Major
eligibility criteria included patients with no prior systemic
therapy for histologically or cytologically confirmed ES-
SCLC and Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1. This study was conducted
in accordance with the principles of the Declaration of
Helsinki, Good Clinical Practice guidelines, and local
practice. The study was approved by the central or inde-
pendent institutional review board/ethics committee
(approval ID: 201903-014-01). All participants provided
written informed consent.

2.2 Randomization

Details of the randomization of this study have been
reported previously [8]. Stratification factors for random-
ization included PD-L1 expression level (tumor proportion
score [TPS] < 1%, ≥ 1%, or not evaluable/available) eval-
uated by immunohistochemistry, brain metastases (yes or
no), and age (≥65 or <65 years).

2.3 Procedures

Details of the study interventions have been reported pre-
viously [8]. Briefly, patients were given either serplulimab
or a placebo at 4.5 mg/kg plus chemotherapy (carboplatin
combined with etoposide) intravenously every 3 weeks.
Chemotherapy was administered for up to 4 cycles.
Treatment-emergent adverse event (TEAE) was graded

according to the National Cancer Institute Common Ter-
minology Criteria for Adverse Events version 5.0 [19]. The
investigator evaluated the causality between each study
drug (serplulimab, placebo, carboplatin, and etoposide)
and the TEAE, classifying it into one of five categories:
related, possibly related, unlikely related, unrelated, or
unknown. The criteria for classification are based on
five factors and are detailed in Supplementary Table S2.
TEAEs classified as related, possibly related, and unknown
were recorded as related to the corresponding study drug.
Deaths due to disease progression or coronavirus dis-
ease 2019 (COVID-19) were recorded as serious adverse
events (AEs) andwere counted towards the TEAEs leading
to death. Microsatellite instability (MSI) status and PD-
L1 expression (TPS and combined positive score [CPS])
were analyzed centrally. MSI status was analyzed using
the Med1CDxTM Panel (MEDx Translational Medicine,
Suzhou, Jiangsu, P. R. China), an in-house validated
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next-generation sequencing-based method, on the Illu-
mina platform (Illumina, San Diego, CA, USA).
Retrospective assessments were conducted on baseline

samples for serum proteome, tumor tissue genomic pro-
file, and hematological parameters to identify potential
prognostic or predictive biomarkers.

2.4 Proteomic profiling

Serums from 168 patients with available blood samples
were used in this experiment. For each sample, 2.8 µL was
used for protein expression assay using Olink R© Explore
3072 (Cat. #BD0017, Olink Proteomics AB, Uppsala, Swe-
den) according to the manufacturer’s instructions. The
technology behind the Olink protocol was based on the
Proximity Extension Assay, coupled with readout via next-
generation sequencing. The assay enabled the detection of
up to 2,925 proteins in 88 samples simultaneously, using
only 2.8 µL of serum/plasma sample. In brief, pairs of
oligonucleotide-labeled antibody probes designed for each
protein bound to their target, bringing the complemen-
tary oligonucleotides in close proximity and allowing for
their hybridization. The addition of a DNA polymerase led
to the extension of the hybridized oligonucleotides, gen-
erating a unique protein identification “barcode.” Next,
library preparation added sample identification indexes
and the required nucleotides for Illumina sequencing.
Prior to sequencing using the Illumina NovaSeq 6000 sys-
tem (Cat. #20012850, Illumina), libraries went through a
bead-based purification step, and the quality was assessed
using the Agilent 4200 TapeStation (Cat. #G2991BA, Agi-
lent Technologies, Palo Alto, CA, USA). The raw output
from the sequencer was converted into count data by
bcl2counts (v2.2.0, Olink Proteomics AB) provided by
Olink. Subsequently, the count data were imported into
Olink NPX manager (v3.10.0, Olink Proteomics AB) to
carry out quality control, normalization, and the conver-
sion toNormalized Protein eXpression, Olink’s proprietary
unit of relative abundance. Data normalization was per-
formed using an internal extension control and an external
plate control to adjust for intra- and inter-run variation.
All assay validation data (detection limits, intra- and inter-
assay precision data, predefined values, etc.) were made
available on themanufacturer’s website (www.olink.com).

2.5 DNA extraction

DNA from tumor samples from 305 ES-SCLC patients
receiving serplulimab or placebo plus chemotherapy
was extracted using the QIAamp DNA Formalin-Fixed
Paraffin-Embedded Kit (Cat. #56404, Qiagen, Hilden, Ger-
many). DNA concentration was quantified with the Qubit

3.0 (Cat. #Q33216, Thermo Fisher, Waltham, MA, USA),
while purity was assessed with the Nanodrop 8000 (Cat.
#ND-8000-GL, Thermo Fisher), and integrity was evalu-
ated via agarose gel electrophoresis. Absorbance at 230 nm,
260 nm, and 280 nm was used to assess the purity of DNA.
Samples with 260 nm/280 nm ratios of approximately 1.8
and 260 nm/230 nm ratios of 2.0 to 2.2 were accepted and
used for subsequent analysis.

2.6 Library preparation and
DNA-targeted panel sequencing

The library for DNA-targeted sequencing was constructed
using the NEBNext Ultra II DNA Library Prep Kit for
Illumina (Cat. #E7645, New England Biolabs, Ipswich,
MA, USA). DNA samples were fragmented using Covaris
M220 (Cat. #500295, Covaris, Woburn, MA, USA), fol-
lowed by end repair, A-addition, adapter ligation, and
amplification. Targeted regions were captured using the
Med1CDxTM Panel (Cat. #N020B01, MEDx Translational
Medicine), which covers all exons, certain introns, and
certain key hotspots across 601 genes. Sequencing was
performed on the Illumina NovaSeq 6000 system (Cat.
#20012850, Illumina), generating 150 bp paired-end reads.

2.7 Bioinformatics processing on DNA
sequencing data

The raw FASTQ files were processed by fastp (ver-
sion 0.20.0) to trim adapters and remove low-quality
reads [20]. The qualified reads were then mapped to
the reference genome hg19 by using BWA (version
0.7.17) [21]. The BAM file was sorted by Samtools (ver-
sion 1.9) [22] and marked duplicated reads by Picard
(version 2.20, https://broadinstitute.github.io/picard/faq.
html) [23]. Varscan (version 2.4.3) was used to call sin-
gle nucleotide variants and insertions/deletions [24]. The
ANNOVAR (release date: June 01, 2017) was then used
to annotate the variant call format (VCF) file [25]. We
defined non-synonymous single nucleotide variants or
small (<50 base pairs) insertions/deletions as genetic
mutations. Patients bearingwild-type variants ofNOTCH1,
NOTCH2, NOTCH3, and NOTCH4 were considered wild-
type in Notch signaling pathway members, while patients
bearing a mutant variant of at least one of the genes were
considered mutant in Notch signaling pathway members.

2.8 MSI testing

The Med1CDxTM panel (MEDx Translational Medicine)
was used to assess five microsatellite loci. MSI status
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in tumor tissue samples was determined based on the
sequencing data generated by the panel. Tumors with
instability at two or more of these loci were interpreted as
MSI-high (MSI-H), while those with instability at only one
of the five recommended loci were interpreted as MSI-low
(MSI-L). Tumors with no instability at any of the five loci
were considered microsatellite stable (MSS).

2.9 Principal components analysis

Genetic mutation data in the format of VCF file was con-
verted to a binary matrix using “maftools” (version 2.14.0)
in R (version 4.4.1) [26]. Then, principal components anal-
ysis was performed using the “prcomp” function of the
“stats” R package. Samples with an absolute rotated value
greater than 10 in the first or second component were
identified as outliers and removed from the following
analysis.

2.10 PD-L1 expression evaluation

The PD-L1 IHC 22C3 kit (Cat. #SK00621-5, Agilent Tech-
nologies) and Autostainer Link 48 (Cat. #D64751, Agilent

Technologies) were used for assessing the tumor tissue
PD-L1 expression. Human specimens were sectioned into
blocks of approximately 0.5 cm × 1 cm × 1 cm, fixed with
10% neutral buffered formalin, and embedded with paraf-
fin. A 1:50 dilution of the EnVision™ FLEX low-pH target
retrieval solution provided by the kit was prepared, and
the pH was adjusted to 6.1 ± 0.2. This dilution was sub-
sequently incubated with the sample blocks at 97◦C for 20
minutes for heat-induced antigen retrieval. Following anti-
gen retrieval, endogenous peroxidase activity was blocked
by incubating the samples with FLEX peroxidase blocking
reagent (ready-to-use, provided by the kit) for 5 minutes
at 25◦C. Sample blocks were then incubated at room tem-
perature for 60 minutes with mouse monoclonal antibody

anti-PD-L1, clone 22C3 (ready-to-use, provided by the kit),
or with mouse monoclonal immunoglobulin G1 (ready-to-
use, provided by the kit). Then, after incubationwithEnVi-
sion™FLEX+MouseLINKER (as the secondary antibody,
ready-to-use, provided by the kit) at room temperature for
30 minutes, samples were then incubated with visualiza-
tion reagent (dextran coupled with peroxidase molecules
and goat anti-rabbit and -mouse immunoglobulins; ready-
to-use, provided by the kit). Then, the specimens were
incubated with 3,3’-diaminobenzidine tetrahydrochloride
(DAB) chromogen (ready-to-use, provided by the kit) and
DAB enhancer (cupric sulfate; ready-to-use, provided by
the kit). Afterward, the specimens were counterstained
with hematoxylin and eosin and cover-slipped. The results
were interpreted using a light microscope (Cat. #BX43,
Olympus, Tokyo, Japan). PD - L1 positive cellswere defined
as viable cells showing partial or complete membrane
staining at any intensity. The CPS was calculated using the
following formula:

CPS =
Number of PD-L1 positive cells (including tumor cells, lymphocytes, macrophages)

Total number of viable tumor cells
× 100%

If the calculation result exceeds 100, themaximum score
is defined as CPS 100. The TPS was calculated using the
following formula:

TPS =
Number of PD-L1 positive tumor cells

Number of PD-L1 positive cells + Number of PD-L1 negative cells
× 100%

2.11 Outcomes

The primary endpoint was OS. OS is defined as the time
from randomization to death from any cause. Secondary
endpoints included progression-free survival (PFS), objec-
tive response rate (ORR), duration of response (DOR),
TEAEs, and the relationship between efficacy and PD-
L1 expression or MSI status. PFS is defined as the time
from randomization to the first disease progression or
death from any cause. ORR is defined as the propor-
tion of patients achieving complete response or partial
response. DOR is defined as the time from the first
complete response or partial response to disease pro-
gression or death from any cause. Tumor response was
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assessed by the independent radiology review commit-
tee (IRRC) and investigators per Response Evaluation
Criteria in Solid Tumors (RECIST) v1.1. PFS was addition-
ally assessed by the investigators per modified RECIST
for immunotherapies (iRECIST). Exploratory endpoints
included the identification of serum proteins whose levels
are strongly associated with ORR, OS or PFS of patients
receiving serplulimab and chemotherapy, the relationship
between efficacy and geneticmutation of tumor tissue, and
the relationship between efficacy and baseline hematolog-
ical parameters, including neutrophil-to-lymphocyte-ratio
(NLR), platelet-to-lymphocyte ratio (PLR), and lactate
dehydrogenase level (LDH). NLR was calculated using the
following formula:

NLR =
Neutrophil count in peripheral blood

Lymphocyte count in peripheral blood

PLR was calculated using the following formula:

PLR =
Platelet count in peripheral blood

Lymphocyte counts in peripheral blood

2.12 Exploratory analysis

Patients who had confirmed complete response or par-
tial response were classified as responders, whereas those
who had stable disease or progressive disease were clas-
sified as non-responders. For exploratory analysis, we
conducted comparative analyses of genomic mutations
and hematological parameters between responders and
non-responders in the serplulimab group, respectively.
We also conducted quantitative serum proteome profil-
ing on samples from responders versus non-responders
in both the serplulimab group and the placebobo group.
The identified proteins meeting all the following criteria
were selected as markedly differentially expressed pro-
teins for further processing: (1) The protein was identified
in both comparisons: responders vs. non-responders in
the serplulimab group, and responders vs. non-responders
in the placebo group; (2) In the serplulimab group, the
protein showed a statistically significant difference (P <

0.05) in one-sample t-test comparing responders vs. non-
responders; (3) In contrast, in the placebo group, the same
protein did not show a statistically significant difference (P
≥ 0.05) in the corresponding comparison. These character-
istics were considered potential biomarker candidates. The
optimal cutoffs for hematological parameters to predict OS
were determined using X-tile (version 3.6.1) [27]. The HR
and its 95% CI were estimated using the unstratified Cox
proportional hazards model, and Efron’s method was used
to handle ties. The stepwise selection was used in the mul-

tivariable Cox regression model to identify independent
factors.

2.13 Construction of serum
proteome-based predictive models for OS or
PFS

Patients with available serum proteome profiles in the ser-
plulimab group were divided into the training set (n =

80) and the validation set (n = 48), while patients with
available profiles in the placebo group were used as the
control validation set (n = 40). Regression analysis using
a generalized linear model with 5-fold cross-validation
was performed on proteome profiles of the training set.
Based on the regression results, a composite score was con-
structed using the expression levels of proteins strongly
associated with objective response to the serplulimab
group. The protein levels were normalized by Normalized
Protein eXpression, Olink’s proprietary unit for relative
abundance.

2.14 Identification of the cutoff for
patient subgrouping in survival analysis

The receiver-operating characteristic (ROC) curve was
used to evaluate the performance of the constructed pro-
tein signature score in predicting the objective response
of treatment with serplulimab plus chemotherapy in the
training, validation, and control validation sets. Besides,
ROC was used to evaluate the performance of tetraspanin-
1 (TSPAN1) or 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase beta-1 (PLCB1) expression in predicting
the objective response of treatment with serplulimab plus
chemotherapy in the training set.
Subsequently, for each ROC curve of the 15-protein

score, TSPAN1 expression, or PLCB1 expression derived
from the training set, the cutoff for patient subgrouping
was defined as the Normalized Protein eXpression value
corresponding to the point with the greatest Youden’s
index. ORR analysis of subgroups by the 15-protein score
was performed on a combined dataset consisting of
patients in the validation and control validation sets,
while ORR analysis of subgroups by TSPAN1 expres-
sion or PLCB1 expression was performed on a combined
dataset consisting of patients in the training, validation,
and control validation sets. Survival analysis of OS or PFS
in subgroups stratified by the 15-protein score, TSPAN1
expression, or PLCB1 expression was performed on a
combined dataset consisting of patients in the training,
validation, and control validation sets.
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F IGURE 1 Consolidated Standards of Reporting Trials diagram of this study. a Full reasons for exclusion have been reported previously
[8]. b The month of death was missing for 1 patient, who was excluded from overall survival analysis according to the statistical analysis plan.
Abbreviations: ECOG, Eastern Cooperative Oncology Group; PD-L1, programmed death-ligand 1.

2.15 Statistical analysis

Sample size calculation has been reported previously [8].
Briefly, it was estimated that 342 OS events would be
needed to provide 85% power at a 2-sided α level of 0.05
to detect an HR for death of 0.7, assuming a median OS of
10 months in the placebo group and an entire study period
lasting for 34 months with a 24-month enrollment period.
The assumption of an HR for death of 0.7 was made on the
basis of results from the IMpower133 trial [4]. Assuming
a dropout rate of 20%, enrollment of 567 patients (378 in
the serplulimab group and 189 in the placebo group) was
needed.
The study met the primary endpoint at the prespecified

interim analysis [8]. The updated analyses are consid-
ered descriptive in nature, and P values were not adjusted
for multiplicity. Details of prespecified statistical analyses
have been reported previously [8]. The statistical method
for the exploratory analyses was performed according to
Camp et al. [28]. Briefly, one-sample t-test was used to
identify differentially expressed proteins (DEPs) between

responders and non-responders to serplulimab or placebo
plus chemotherapy. Principal component analysis was per-
formed to identify outliers in genomic profiles. Regression
analysis was performed to identify DEPs strongly associ-
ated with ORR. Association between clinical or molecular
characteristics and OS or PFS were assessed with survival
analysis. Survival curves were plotted using the Kaplan-
Meier method. All statistical analyses were conducted
using SAS version 9.4 software (SAS Institute Inc, Cary,
NC, USA).

3 RESULTS

3.1 Patients and treatments

Between September 12, 2019 and April 27, 2021, 894
patients were screened, and 585 previously untreated ES-
SCLC patients were randomly assigned in a 2:1 ratio to
either the serplulimab group (n = 389) or the placebo
group (n = 196; Figure 1). A total of 309 patients were
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excluded due to not meeting eligibility criteria (n = 302)
or exceeding the maximum screening period (n = 7). The
comprehensive list of reasons for exclusion has been pre-
viously described [8]. Briefly, the most common reason
was failure to provide informed consent or complete all
study procedures (n = 67). Baseline characteristics, which
have been reported previously [8], were balanced between
the two groups. As of the data cutoff on June 13, 2022,
the median follow-up was 19.8 months (range, 0.2-32.5
months). All patients received at least one dose of the study
treatment, and all were included in the subsequent effi-
cacy analysis and safety analysis. As of the data cutoff
date, 247 (63.5%) patients in the serplulimab group and 153
(78.1%) in the placebo group had discontinued the study;
the most common reason for study discontinuation was
death. Subsequent anticancer treatments after the first pro-
gression are listed in Supplementary Table S3. Overall, 193
(49.6%) and 92 (46.9%) patients in the respective groups
received post-progression therapies, including chemother-
apy, immunotherapy, targeted therapy, or other anticancer
therapies.

3.2 Primary endpoint

As of the data cutoff date, 223 (57.3%) patients in the
serplulimab group and 140 (71.4%) in the placebo group
had died (Supplementary Table S4). Consistent with the
interim analysis, serplulimab plus chemotherapy contin-
ued to show anOS benefit over placebo plus chemotherapy
(medianOS: 15.8months versus 11.1 months; HR, 0.62 [95%
CI, 0.50-0.76]; P < 0.001; Figure 2A). The estimated 1-year
OS probabilities were 62.5% and 45.6% for the serplulimab
and placebo group, respectively; the estimated 2-year OS
probabilities were 31.7% and 18.7% for the serplulimab and
placebo group, respectively.

3.3 Secondary endpoints

Based on the assessments by the IRRC per RECIST v1.1,
248 (63.8%) patients in the serplulimab group and 164
(83.7%) in the placebo group had disease progression or
died (Supplementary Table S4). The PFS benefit conferred
by serplulimab plus chemotherapy was sustained (median
PFS, 5.8 months versus 4.3 months; HR, 0.47 [95% CI,
0.38-0.58]; P < 0.001; Figure 2B), consistent with results at
interim analysis [8]. The estimated 1-year PFS probabili-
ties were 27.7% and 6.9% for the serplulimab and placebo
group, respectively; the estimated 2-year PFS probabili-
ties were 12.4% and 2.9% for the serplulimab and placebo
group, respectively. Assessments by the investigator per
RECIST v1.1 and iRECIST also consistently revealed pro-

longed median PFS in the serplulimab group than in the
placebo group (Supplementary Figure S1).
The evaluations by the IRRC per RECIST v1.1 revealed

a confirmed ORR of 68.9% for the serplulimab group and
58.7% for the placebo group, with 6 (1.5%) and 0 patients
with complete response in the respective groups (Supple-
mentary Table S5). Median DOR in the serplulimab group
was longer than in the placebo group (6.5 months ver-
sus 4.2 months; HR, 0.45 [95% CI, 0.35-0.59]; P < 0.001).
The serplulimab group also achieved higher estimated 1-
year (32.1% versus 10.0%) and 2-year (17.2% versus 4.9%)
DOR probabilities, compared to the placebo group. Con-
sistently, the investigator-assessed ORR and DOR favored
the serplulimab group (Supplementary Table S6).

3.4 Prespecified subgroup analyses

A trend of OS benefit with serplulimab plus chemother-
apy was observed across prespecified subgroups, including
age, sex, race, ECOG performance status, and the presence
of brain and liver metastases (Figure 3A; Supplementary
Table S7).
For the Asian patients (n = 401), the median OS in

the serplulimab and placebo group was 15.9 months and
11.1 months (HR, 0.63 [95% CI, 0.49-0.81]), respectively;
for non-Asian patients (n = 184), it was 15.6 months and
11.2 months (HR, 0.56 [95% CI, 0.37-0.83]), respectively
(Figure 3B-C). Among patients with liver metastasis (n
= 150), the median OS in the serplulimab and placebo
groups was 10.8 months and 7.8 months (HR, 0.58 [95%
CI, 0.40-0.84]), respectively; among patients without liver
metastasis (n = 435), it was 17.7 months and 12.2 months
(HR, 0.62 [95% CI, 0.48-0.80]), respectively (Figure 3D-E).
PD-L1 TPS and CPS were evaluable for 565 (96.6%) and

562 (96.1%) patients, respectively. A total of 96 (16.4%)
patients had a tumor PD-L1 TPS ≥ 1%, and 297 (50.8%)
patients had a PD-L1 CPS≥ 1. A trend was observed for the
HR for death favoring the serplulimab group across PD-L1
subgroups defined by either TPS or CPS (Figure 3A).
MSI status was evaluable in 305 (52.1%) patients, includ-

ing 282 (48.2%) with MSS/ MSI-L tumors and 23 (3.9%)
with MSI-H tumors. Median OS in the serplulimab and
placebo group was 15.1 months and 12.3 months in patients
withMSS/MSI-L tumors (HR, 0.75 [95% CI, 0.55-1.01]), and
22.4 months and 11.1 months in those with MSI-H tumors
(HR, 0.41 [95% CI, 0.13-1.26]), respectively (Figure 3A;
Supplementary Table S7).
Subgroup analysis of PFS showed that theHR for disease

progression or death favored serplulimab plus chemother-
apy consistently across all subgroups except those with a
relatively small number of patients, including those with
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F IGURE 2 Survival outcomes of all 585 enrolled ES-SCLC patients treated with serplulimab or placebo plus chemotherapy. (A) Overall
survival. (B) Progression-free survival according to IRRC assessments per RECIST v1.1. The tick marks indicate censored data. P values were
for descriptive analysis and were not adjusted for multiplicity. Abbreviations: CI, confidence interval; ES-SCLC, ES-SCLC, extensive-stage
small-cell lung cancer; HR, hazard ratio; IRRC, independent radiology review committee; RECIST, Response Evaluation Criteria in Solid
Tumors.

TPS ≤ 1 and those with MSI-H tumors (Supplementary
Figure S2; Supplementary Table S8).

3.5 Exploratory biomarker analyses

Serum proteomic profiles were available for 168 patients,
including 128 in the serplulimab group and 40 in the

placebo group. The proteomes of the responders from
the serplulimab group were quantitively compared with
those of the non-responders from the serplulimab group.
A total of 181 differentially expressed proteins were iden-
tified. Among these, the 15 most representative proteins—
defined as those with a non-zero regression coefficient—
were selected to construct a composite score for predicting
treatment efficacy (Supplementary Table S9). The pre-
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10

F IGURE 3 Subgroup analysis of OS in ES-SCLC patients treated with serplulimab or placebo plus chemotherapy. (A) Forest plot of OS
in subgroups stratified by age, sex, race, baseline ECOG performance status, baseline smoking status, brain metastasis, liver metastasis, PD-L1
expression (TPS or CPS), and MSI status. (B-E) Kaplan-Meier curves of OS in Asian patients (B), in non-Asian patients (C), in patients with
liver metastasis (D), and in patients without liver metastasis (E). P values were for descriptive analysis and were not adjusted for multiplicity.
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dictive strength of the 15-protein signature for objective
response was evaluated through ROC analysis. This sig-
nature score showed an area under the ROC of 0.982 for
the training set, 0.918 for the validation set, and 0.545 for
the control validation set (Supplementary Figure S3A-C).
Notably, among the 15 proteins, TSPAN1 and PLCB1
showed the greatest potential in predicting response to ser-
plulimab to chemotherapy, both with an area under the
curve (AUC) of over 0.7 (Supplementary Table S10, Supple-
mentary Figure S3D-E). The 15-protein signature, TSPAN1,
and PLCB1 were further used to stratify patients for com-
parisons of ORR, OS and PFS, using cutoff values of -86.04,
0.12, and -0.01, respectively (Supplementary Figure S3).
Among the patients with high 15-protein scores, the

confirmed ORR was 74.2% and 47.1% in the serplulimab
and placebo group (odds ratio, 3.12 [95% CI, 0.95-10.22];
Supplementary Table S11), respectively. In patients with
high 15-protein scores, the median PFS was 7.9 months
and 4.2 months (HR, 0.36 [95% CI, 0.21-0.65]; P < 0.001;
Figure 4A) in the serplulimab and placebo group, respec-
tively, while the median OS was 17.2 months and 9.7
months (HR, 0.27 [95% CI, 0.15-0.49]; P < 0.001) in the
respective groups (Figure 4B). These data showed trends
suggesting that the addition of serplulimab to chemother-
apy conferred benefits in ORR, PFS, and OS for patients
with high signature scores, while there was no apparent
benefit for those with low signature scores. In terms of
the expression level of TSPAN1 or PLCB1, in patients with
low TSPAN1 or PLCB1 expression, confirmed ORR was
higher in the serplulimab group than in the placebo group
(ORR in patients with low TSPAN1 expression: 80.8% [ser-
plulimab group] vs. 45.8% [placebo group]; ORR in patients
with low PLCB1 expression: 79.2% vs. 45.8%; Supplemen-
tary Table S11). By contrast, in patients with high TSPAN1
or PLCB1 expression, confirmed ORR was lower in the
serplulimab group than in the placebo group (ORR in
patients with high TSPAN1 expression: 43.4% vs. 56.3%;
ORR in patients with high PLCB1 expression: 44.0% vs.
56.3%). Compared with patients with high TSPAN1 or
PLCB1 expression, OS and PFS benefit from adding ser-
plulimab to chemotherapy was also more pronounced in
patients with low TSPAN1 or PLCB1 expression (Supple-
mentary Table S12; Supplementary Figure S4). These data
suggested a trend of association between low TSPAN1 or

PLCB1 expression with more favorable survival outcomes
following treatment with serplulimab plus chemotherapy.
Genetic mutation data were available for 305 patients, of

whom 3 were outliers (Supplementary Figure S5), and the
remaining 302 patients were included in subsequent anal-
ysis. A total of 38 genes with an overall mutation rate ≥

5% were identified in these 302 patients, most commonly
in tumor protein 53 (TP53; 90.1%) and tumor-suppressor
retinoblastoma-1 (RB1; 68.2%; Supplementary Table S13).
Compared to the placebo group, patients treated with ser-
plulimab plus chemotherapy who harbored RB1mutations
showed a trend toward a higher response rate, longer PFS,
and longer OS (Supplementary Figure S6; Supplementary
Table S14 and S15). Similarly, compared with the placebo
group, patients in the serplulimab group harboring muta-
tions in any of themembers of theNotch signaling pathway
(including NOTCH1, NOTCH2, NOTCH3, and NOTCH4)
had a higher response rate (Supplementary Figure S6; Sup-
plementary Table S14). In the serplulimab group, ORRwas
68.5% (95% CI, 59.7%-76.3%) in the wild-type subgroup and
85.7% (95% CI, 74.6%-93.3%) in the mutant subgroup.
In terms of hematological parameters, 583 patients had

available data for baseline NLR and PLR, and 582 patients
had available data for baseline LDH. High baseline NLR
(>4.6), PLR (>338.3), and LDH (defined as greater than
the upper limit of normal) were associated with less favor-
able PFS andOS in both treatment groups (Supplementary
Figure S7; Supplementary Table S16). Multivariate Cox
regression further revealed that baseline NLR and LDH
levels were independent prognostic biomarkers in this
study (P = 0.002 and P < 0.001, respectively; Supplemen-
tary Table S17).

3.6 Adverse events

The median duration of treatment was 22.0 weeks (range,
0.1-139.0 weeks) for the serplulimab group and 16.4 weeks
(range, 0.1-139.0 weeks) for the placebo group. Themedian
number of cycles was 8 (range, 1-42) for serplulimab and 6
(range, 1-46) for the placebo group (Supplementary Table
S18).
TEAEs occurred in 373 (95.9%) patients in the ser-

plulimab group and 191 (97.4%) in the placebo group,

aHazard ratios were stratified for the overall population. bSelf-reported by the patients by selecting 1 or more racial designations (American
Indian or Alaska Native, Asian, Black or African American, Native Hawaiian or Pacific Islander, White, or Other) or based on identity
information provided by the patients. All non-Asian patients were White. cECOG performance status scores for patients in this study ranged
from 0 to 1. A score of 0 indicates fully active; a score of 1 is restricted in physically strenuous activity but ambulatory. Abbreviations: CI,
confidence interval; CPS, combined positive score. ECOG, Eastern Cooperative Oncology Group; ES-SCLC, extensive-stage small-cell lung
cancer; HR, hazard ratio; MSI, microsatellite instability; MSI-H, MSI-high; MSI-L, MSI-low; MSS, microsatellite stable; No., number; OS,
overall survival; PD-L1, programmed death-ligand 1; TPS, tumor proportion score.
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F IGURE 4 Survival outcomes of ES-SCLC patients treated with serplulimab or placebo plus chemotherapy, stratified by the 15-protein
signature score. (A) Progression-free survival assessed by IRRC according to RECIST v1.1. (B) Overall survival assessed by IRRC assessments
according to RECIST v1.1. The tick marks indicate censored data. P values were for descriptive analysis and were not adjusted for multiplicity.
Abbreviations: CI, confidence interval; ES-SCLC, extensive-stage small-cell lung cancer; HR, hazard ratio; IRRC, independent radiology
review committee; NE, not evaluable; RECIST, Response Evaluation Criteria in Solid Tumors.
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TABLE 1 The summary of serplulimab- and placebo-related treatment-emergent adverse events

Adverse event

Serplulimab group (n= 389, %) Placebo group (n = 196, %)
Any grade Grade ≥3a Any grade Grade ≥3a

Any serplulimab- or placebo-related adverse eventsb 273 (70.2) 133 (34.2) 113 (57.7) 57 (29.1)
Anemia 85 (21.9) 21 (5.4) 37 (18.9) 11 (5.6)
White blood cell count decreased 79 (20.3) 33 (8.5) 33 (16.8) 17 (8.7)
Neutrophil count decreased 76 (19.5) 55 (14.1) 35 (17.9) 27 (13.8)
Platelet count decreased 61 (15.7) 24 (6.2) 36 (18.4) 16 (8.2)
Nausea 51 (13.1) 1 (0.3) 28 (14.3) 0 (0.0)
Alanine aminotransferase increased 48 (12.3) 4 (1.0) 19 (9.7) 1 (0.5)
Hypothyroidism 60 (15.4) 1 (0.3) 5 (2.6) 0 (0.0)
Aspartate aminotransferase increased 38 (9.8) 2 (0.5) 21 (10.7) 2 (1.0)
Decreased appetite 39 (10.0) 2 (0.5) 19 (9.7) 0 (0.0)
Hyperthyroidism 45 (11.6) 0 (0.0) 6 (3.1) 0 (0.0)
Neutropenia 26 (6.7) 17 (4.4) 10 (5.1) 9 (4.6)
Lymphocyte count decreased 27 (6.9) 8 (2.1) 8 (4.1) 2 (1.0)
Leukopenia 22 (5.7) 10 (2.6) 10 (5.1) 4 (2.0)
Hyperglycemia 25 (6.4) 8 (2.1) 6 (3.1) 0 (0.0)
Hyponatremia 18 (4.6) 10 (2.6) 5 (2.6) 2 (1.0)

aAdverse events were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events version 5.0.
bGrade ≥3 events that occurred in ≥2% of patients in any group, and events of any grade that occurred in ≥10% of patients in any group.

and grade ≥3 TEAEs occurred in 324 (83.3%) and 160
(81.6%) patients, respectively. Common TEAEs are shown
in Supplementary Table S19. Serplulimab- or placebo-
related TEAEs were reported in 273 (70.2%) patients in
the serplulimab group and 113 (57.7%) in the placebo
group (Table 1). Grade ≥3 serplulimab- or placebo-related
TEAEswere reported in 133 (34.2%) and 57 (29.1%) patients,
respectively; in both groups, these events were predomi-
nantly hematological toxicities such as neutrophil count
decreased, white blood cell count decreased, platelet count
decreased, anemia, and neutropenia.
Serious TEAEs occurred in 146 (37.5%) patients in the

serplulimab group and 71 (36.2%) in the placebo group,
and those that were serplulimab- or placebo-related
occurred in 71 (18.3%) and 28 (14.3%) patients, respectively
(Supplementary Table S20). A total of 38 (9.8%) patients
in the serplulimab group and 18 (9.2%) in the placebo
group discontinued treatment due to TEAEs; among
these patients, 23 (5.9%) and 10 (5.1%), respectively, had
serplulimab- or placebo-related TEAEs that led to treat-
ment discontinuation. Deaths due to TEAEs occurred
in 35 (9.0%) patients in the serplulimab group and 22
(11.2%) in the placebo group (Supplementary Table S20);
among these patients, 5 (1.3%) were considered to be
serplulimab-related (acute coronary syndrome, pyrexia,
platelet count decreased, immune-mediated encephalitis,
and immune-mediated lung disease each in 1 patient),
while 1 (0.5%) was considered to be placebo-related
(thrombocytopenia; Supplementary Table S21). Upon the

exclusion of deaths resulting from disease progression,
the incidence of TEAEs leading to death reduced to 6.2%
in the serplulimab group and 7.7% in the placebo group.
Furthermore, upon the exclusion of deaths resulting
from disease progression or COVID-19, the incidence of
TEAEs leading to death in our study further reduced to
5.4% and 6.6% in the respective groups (Supplementary
Table S20).
Adverse events of special interest included infusion-

related reactions and immune-related AEs (Supplemen-
tary Table S22). Infusion-related reactions remained infre-
quent (1.8% in the serplulimab group versus 0.5% in
the placebo group). Immune-related AEs (irAEs) were
reported in 147 (37.8%) patients in the serplulimab group
and 38 (19.4%) in the placebo group, andmost of these AEs,
with the exception of hypothyroidism (11.8% versus 1.5%)
and hyperthyroidism (9.3% versus 3.1%), occurred in less
than 5% of patients in either group. Grade ≥3 irAEs were
reported in 40 (10.3%) patients in the serplulimab group
and 13 (6.6%) in the placebo group.

4 DISCUSSION

ASTRUM-005 was the first study to show a significant OS
improvement with a PD-1 inhibitor added to chemother-
apy in patients with ES-SCLC. In this updated analysis,
first-line treatment with serplulimab plus chemother-
apy showed sustained clinical benefit over placebo plus
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chemotherapy, supporting serplulimab plus chemother-
apy as a first-line treatment in ES-SCLC.
The OS and PFS benefits in this updated analysis were

consistent with those in the interim analysis [8]. A greater
percentage of patients in the serplulimab group was esti-
mated to be free from disease progression or death at 1 and
2 years compared to those of the placebo group. The PFS
benefit has also been observed in the chemotherapy com-
bined with atezolizumab [29] or pembrolizumab [30] but
not with durvalumab [31]. The PFS improvement in this
study was confirmed in accordance with RECIST v1.1 and
iRECIST; therefore, pseudoprogression, a common phe-
nomenon under the treatment of immunotherapy [32],
could be excluded.
The present study included a larger proportion of Asian

patients compared to previous international trials, such
as the IMpower133 [33] and CASPIAN [34]. The Asian
and non-Asian patients in this study benefited to a sim-
ilar extent, suggesting that the OS improvement with
serplulimab plus chemotherapy is generalizable to either
population. Compared with data on smoking history in
Asian and non-Asian patients from the IMpower133 [29]
and CASPIAN trials [34], never-smokers were more com-
mon among Asian than non-Asian patients (24.9% versus
8.7%) in this study, possibly owing to the high preva-
lence of second-hand smoke exposure in P.R. China
(adults exposed to second-hand smoke at workplace,
50.9%; adults exposed at home, 44.9%) [35]. Other major
Chinese-only phase III studies in SCLC patients, including
CAPSTONE-1 (percentage of never-smokers: 22.3%) [36],
RATIONALE-312 (percentage of never-smokers: 24.5%)
[37], and EXTENTORCH (percentage of never-smokers:
21.9%) [38] have also noted a greater proportion of never-
smokers compared with reports from non-Asian patients
[36, 39]. However, in this study, there was no notable effect
of smoking status on the clinical benefit of serplulimab
plus chemotherapy. Additionally, a previous study has
shown poor prognosis associated with liver metastasis
in SCLC [40]. Subgroup analyses in CASPIAN [34] and
CAPSTONE-1 [36] both showed trends of less OS benefit in
patients with liver metastasis compared to those without.
In the present study, the HR for death was similar between
patientswith livermetastasis and thosewithout.Moreover,
OS and PFS benefits of patients with liver metastasis in
this study were markedly greater than those observed in
IMpower133 [29], CASPIAN [34], CAPSTONE-1 [36], and
RATIONALE-312 studies [37]. These findings suggested
that serplulimab plus chemotherapy may be an effective
treatment for SCLC patients with liver metastasis; how-
ever, the results should be interpreted with caution due to
the limited subgroup sample sizes.
CPS was widely used for calculating tumor tissue

PD-L1 expression in previous trials conducted in ES-SCLC

for immunotherapy, including CheckMate 331 [41] and
KEYNOTE-604 [30]. No data on PD-L1 testing based on
TPS in ES-SCLC was reported at the commencement of
the ASTRUM-005 study except for CASPIAN [42], and
this approach was later only adopted in the CAPSTONE-1
trial [36] as a stratification factor based on its performance
as a biomarker for immunotherapy in non-small-cell lung
cancer (NSCLC) [43, 44]. Both CPS and TPS were included
in the subgroup analysis of this study for a comprehensive
interpretation of our results. The improvement in OS was
consistent for the PD-L1 expression subgroups defined
by either TPS or CPS. In contrast to PD-L1 expression,
patients with MSI-H tumors showed a trend of greater
OS benefit than those with MSS/MSI-L tumors, although
a definitive conclusion cannot be drawn because of the
limited sample size.
As previously reported by Lekic, M. et al., brain metas-

tasis is common in SCLC, presenting in ∼20% of patients
at the time of diagnosis [45]. In our study, only patients
with asymptomatic brain metastases or those whose brain
lesions had been stable for at least 2monthswere recruited,
rather than all SCLC patients with brain metastases. The
rate of patients with brainmetastases in this study was 13%
(78/585). Nonetheless, this rate is slightly higher than those
reported in several phase III clinical trials evaluating first-
line immunotherapies in ES-SCLC, including IMpower133
(8.7%) [29], CASPIAN (10.2%) [34], and CAPSTONE-1
(2.2%) [36].
We have conducted preclinical research on the patho-

genesis and tumormicroenvironment (TME) of SCLC. The
phosphoinositide 3-kinase (PI3K)/Ak strain transforming
(AKT) pathway is a major downstream pathway through
which proteins such as TSPAN1 and PLCB1 exert their
biological functions [46, 47]. Our research in SCLC cell
models confirmed that the signal transducer and activa-
tor of the transcription 3 (STAT3) pathway was regulated
by PI3K/AKT and modulated SCLC phenotypic conver-
sion [48], suggesting that proteins such as TSPAN1 and
PLCB1 may as treatment efficacy factors in SCLC. Our
research also revealed that fibroblasts and macrophages
in the SCLC TME promoted differentiation into immuno-
suppressive SCLC phenotypes through the interleukin
6/Janus kinase 2/STAT3 axis and hypersialylation, respec-
tively [49]. Both fibroblasts and macrophages are under
regulation by matrilysin (MMP7), which, therefore, may
promote SCLC metastasis and invasion. Another preclin-
ical study showed that epigenetic regulation inhibited
natural killer cell ligand natural-killer group 2, member
D ligand and promoted an immunosuppressive microenvi-
ronment in SCLC [50], implicating epigeneticmechanisms
in the formation of an immunosuppressive TME and
epigenetic regulatory factors, such as protein regulator
of cytokinesis 1 (PRC1) and structural maintenance of
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chromosomes protein 3 (SMC3), as factors of response
to immunotherapy plus chemotherapy. Based on the
mechanistic insights from these studies, we conducted
quantitative proteomic profiling on serum samples.
Using the Olink R© Explore 3072 technology, we identi-

fied 15 serum protein biomarkers that are associated with
eight hallmarks of cancer, including unlocking phenotypic
plasticity (MMP7), deregulating cellular metabolism (5’-
AMP-activated protein kinase subunit gamma-3), senes-
cent cells (pappalysin-1), inducing or accessing vascula-
ture (ectonucleotide pyrophosphatase/phosphodiesterase
family member 2 [ENPP2]), evading growth suppres-
sors (SH3 domain-binding glutamic acid-rich-like protein
2 [SH3BGRL2]), non-mutational epigenetic reprogram-
ming (PRC1 and SMC3), avoiding immune destruction
(galanin peptides), and activating invasion and metas-
tasis (PLCB1, alpha-actinin-2, carcinoembryonic antigen-
related cell adhesion molecule 20, coiled-coil domain-
containing protein 50, Wiskott-Aldrich syndrome protein
family member 3, versican core protein, and TSPAN1).
Moreover, our study identified and validated the 15-protein
signature as a predictive biomarker for clinical response to
serplulimab and chemotherapy with better performance
than PD-L1 (AUC = 0.743) based on area under the
receiver-operating characteristic curve [51, 52]. Accord-
ingly, patients with higher signature scores were more
likely to benefit from the combination treatment than
those with low scores. Our study validated the association
between clinical efficacy and serum levels of the aforemen-
tioned hallmark-related proteins. Importantly, although
MMP7 [53], ENPP2 [54], SH3BGRL2 [55], PRC1 [56],
PLCB1 [57], and TSPAN1 [46] were previously suggested as
prognosticators in tumor types such as hepatocellular car-
cinoma, clear cell renal cell carcinoma and glioblastoma,
this study identified them as factors of OS or PFS outcomes
in SCLC.
In addition to proteomics, genomic profiling is valuable

in facilitating deeper insights into the genetic underpin-
nings of therapeutic response and resistance [58]. Consis-
tent with previous studies [59, 60], our study found that
TP53 and RB1 were the most frequently mutated genes in
SCLC. RB1 has dual biological effects in cell cycle regula-
tion and immune function [61]. SCLC-bearing wild-type
RB1 is more frequently chemo-refractory; one previous
study showed that mutated RB1 was associated with more
favorable OS and PFS in patients treated with first-line
chemotherapy [62]. However, the effect of mutated RB1
on immunotherapy sensitivity is controversial. Our study
showed an association, albeit not statistically significant,
between mutated RB1 and better outcomes in patients
treated with serplulimab plus chemotherapy, warranting
further investigations.

Additionally, we found that patients harboring muta-
tions in genes encoding for members of Notch signaling,
including NOTCH1, NOTCH2, NOTCH3, and NOTCH4,
tended to achieve greater response rate to serplulimab
plus chemotherapy treatment, although no obvious OS
or PFS benefit was observed. Notch signaling activation
has been implicated in cell proliferation, neuroendocrine
differentiation, chemoresistance, and modulation of the
immune microenvironment [63]. Therapeutic agents tar-
geting delta-like ligand 3, a Notch ligand, have been
approved for the treatment of SCLC or are under active
clinical development [64]. Moreover, there is evidence that
the activation of Notch signaling boosted the intrinsic
tumor immunity by suppressing neuroendocrine differ-
entiation in a human SCLC cell line, suggesting Notch
signaling is a potential determinant of response to PD-
1/PD-L1 blockade [65]. However, it remains unclear as to
whether and how genetic mutations in Notch signaling
members regulate downstream biological processes and
clinical therapeutic response. Further investigations on the
characterization of the roles of Notch pathway mutations
in immunotherapy sensitivity are needed.
In terms of hematological parameters, previous studies

have shown that elevated NLR and PLR were associ-
ated with inferior outcomes in NSCLC cases treated with
immunotherapy [66], and they predicted poor prognosis of
limited-stage SCLC patients who underwent surgery [67].
The findings from this present study further support NLR
as potential prognostic biomarkers in lung cancer.
In this updated analysis, no new safety signals were

observed; the AE profile was consistent with that at the
interim analysis [8] and that for each drug class [30].
The incidences of TEAEs of any grade or of grade ≥3
was largely comparable between groups. Immune-related
hepatitis and immune-related pneumonitis were safety
concerns with PD-1 or PD-L1 inhibitors when added to
chemotherapy in patients with ES-SCLC [29, 34, 36–38,
68, 69]; these AEs occurred in a small number of patients
in this study (2 and 1 patient, respectively; both in the
serplulimab group). Compared with the data at interim
analysis [8], there were an additional 5 and 2 deaths in
the serplulimab and placebo groups, respectively, in this
updated analysis; two of which were considered to be
serplulimab-related (immune-mediated encephalitis and
immune-mediated lung disease). Most TEAEs were tran-
sient as they were resolved, and patients had recovered
without sequelae by data cutoff.
Compared with historical data [33, 34], the incidence

of TEAEs leading to death appeared higher (9.0% versus
11.2%). In our study, deaths due to disease progression
or COVID-19 were recorded as serious AEs and counted
towards the TEAEs leading to death. Upon exclusion of
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death caused by disease progression or COVID-19, the
incidences of TEAEs leading to death (5.4% in the ser-
plulimab group versus 6.6% in the placebo group) were
similar to those reported in IMpower133 (2.0% in the ate-
zolizumab plus chemotherapy arm versus 5.6% in the
placebo plus chemotherapy arm) [29] andCASPIAN (5% in
the durvalumab plus chemotherapy arm versus 6% in the
chemotherapy alone arm) [34]. In terms of irAEs, nearly
13,000 cases of irAEs were reported up to 2018, among
which more than two-thirds were related to immune
checkpoint inhibitors [70]. In this study, higher rates of
irAEs related to the immunological mechanism of action
were observed in the serplulimab group (37.8%) than in
the placebo group (19.4%). This observation was consis-
tent with reports from other major phase III studies,
including IMpower133 (atezolizumab plus chemotherapy,
39.9%; placebo plus chemotherapy, 24.5%) [29], CASPIAN
(durvalumab plus chemotherapy, 20%; chemotherapy, 3%)
[34], CAPSTONE-1 (adebrelimab plus chemotherapy, 28%;
placebo plus chemotherapy, 17%) [36]. Taken together, the
safety profile of serplulimab was comparable to that of the
other anti-PD-1/L1 antibodies.
The limitations of the study have been reported previ-

ously and included a lack of head-to-head comparisons
with approved PD-L1 inhibitors and the exclusion of cis-
platin in the chemotherapy regimen [8]. Furthermore, the
sample size was limited for the exploratory biomarker
analyses on proteomic profiling and genomics. A phase
III trial (NCT05468489) that evaluates serplulimab plus
chemotherapy versus atezolizumab plus chemotherapy as
first-line treatment for patients with ES-SCLC is ongoing
andwill no doubt provide new insights on the comparative
advantage of serplulimab plus chemotherapy compared
with a current standard of care [71].

5 CONCLUSIONS

This updated analysis showed that serplulimab plus
chemotherapy continued to confer OS and PFS benefits
over placebo plus chemotherapy in patientswithES-SCLC,
supporting this combination therapy as a first-line treat-
ment option for ES-SCLC. Exploratory biomarker analyses
revealed the predictive potential of a 15-protein signature
for the efficacy of serplulimab plus chemotherapy, and
baseline NLR and LDH level as poor prognostic factors for
ES-SCLC, thereby warranting further investigations.
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