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Delta-like protein (DLL3) is a novel therapeutic target. DLL3 expression in gastroenteropancreatic 
neuroendocrine tumors (GEP-NECs) is poorly understood, complicating the distinction between 
well-differentiated neuroendocrine tumors G3 (NET G3) and poorly differentiated NEC. DLL3 
immunohistochemistry (IHC) was performed on 248 primary GEP-NECs, correlating with 
clinicopathological parameters, NE markers, PD-L1, Ki67 index, and prognosis. Achaete-scute 
complex-like 1 (ASCL1) IHC was performed on some GEP-NECs. DLL3 IHC was conducted on 36 
GEP-NETs, 29 gastric adenocarcinomas (GACs), and metastatic tumors (9 lymph node metastases 
and 19 distant metastases). DLL3 expression rates were 54.8% in GEP-NECs at the primary site, 
associated with small cell neuroendocrine carcinoma (SCNEC) (p < 0.001), chemotherapy before 
baseline (p = 0.015), and at least two NE markers (p = 0.048). DLL3 expression in metastatic GEP-NECs 
was similar to that of primary tumors. Expression rates in NET G1, NET G2, NET G3, and GACs were 
0%, 0%, 15.8%, and 0%, respectively, highlighting DLL3 as a powerful tool for identifying poorly 
differentiated NEC. DLL3 expression was related to ASCL1 in GEP-NECs, especially in SCNEC. It was 
not correlated with progression-free survival (PFS) or overall survival(OS), regardless of cutoff value 
(1%, 50%, 75%). In conclusion, DLL3 targeted therapy may offer potential for the treatment of poorly 
differentiated NEC of the digestive system, although further studies are needed to validate its efficacy.
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Gastroenteropancreatic neuroendocrine neoplasms (GEP-NENs) are highly heterogeneous tumors that 
constituting approximately 65% of all neuroendocrine neoplasms and rank as the second most common 
gastrointestinal cancer1,2. Improved imaging techniques and enhanced awareness have contributed to an 
increased incidence from 1.1/100,000 in 1973 to 6.9/100,000 in 20123. According to the 2019 WHO grading 
system, GEP-NENs are categorized as neuroendocrine tumors (NETs), neuroendocrine carcinomas (NECs), 
or mixed neuroendocrine-non-neuroendocrine neoplasms (MiNENs) based on histological differentiation, 
mitotic count, and the Ki-67 proliferation index. Well-differentiated NETs are further stratified into Grade1 
(G1), Grade2 (G2), and Grade3 (G3) subtypes, whereas NECs with poorly differentiated NECs are classified as 
small cell NEC (SCNEC) and large cell NEC (LCNEC)4. NECs are often non-functional, highly aggressive, and 
frequently diagnosed late with distant metastasis, resulting in dismal 5-year survival rates below 5%5.
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Owing to the advanced stage and poor prognosis of GEP-NECs, treatments primarily aim to extend survival 
and enhance quality of life. Within the neuroendocrine spectrum, GEP-NECs share similar molecular and 
transcriptional profiles with small cell lung carcinoma (SCLC). Therefore, GEP-NECs treatment was similar 
to that for SCLC. Systemic chemotherapy, typically platinum-based regimens such as etoposide plus cisplatin 
(EC) and irinotecan plus cisplatin (IC), is the first-line of treatment for metastatic GEP-NECs. Notably, a Ki-
67 index > 55% reliably predicts the reactivity of platinum-based chemotherapy6. Although some studies have 
suggested efficacy for agents such as 5-fluorouracil, irinotecan, and oxaliplatin, there are still no standardized 
second-line regimens. Ongoing trials, such as the one using 5-fluorouracil + leucovorin + irinotecan offer promise 
(NCT03387592)7–9. Advances in molecular detection technology and basic experiments have led researchers to 
investigate the molecular pathways and interactions in neuroendocrine neoplasms, offering potential targets 
for GEP-NECs. For instance, sunitinib, a multitarget tyrosine kinase inhibitor primarily inhibiting vascular 
endothelial growth factor receptor and platelet-derived growth factor receptor, elicited positive responses in 
11 of 20 patients with GEP-NECs in a phase II trial encompassing 6 NET G3 and 20 NEC cases10. Phase II 
and III clinical trials testing single- or multi-drug combinations targeting various pathways, including XPO1 
(NCT02250885), PARP (NCT04209595), and HDAC (NCT05076786), are currently ongoing for GEP-NECs. 
Among them, the negative regulator of the Notch pathway, DLL3, has drawn significant attention as a potential 
therapeutic target for neuroendocrine neoplasms10,11.

The Notch pathway, known for its highly conserved signaling cascade, is a critical factor in cellular 
transformation, including cell proliferation, epithelial-mesenchymal transition, neuroendocrine cell 
differentiation, chemoresistance, and immune microenvironment modulation12. As an inhibitory ligand of the 
Notch pathway13, DLL3 interacts with various Notch receptors (Notch1-4) to facilitate malignant transformation. 
DLL3 expression is absent or minimal in normal cells and is predominantly localized within the Golgi apparatus 
and cytoplasmic vesicles. Conversely, in malignant NENs, DLL3 translocates to the cell membrane surface, 
inhibiting the CIS notch pathway14,15. ASCL1, an intrinsic transcription factor in normal cells, regulates DLL3 
expression, guiding neuroendocrine cell differentiation and initiating SCLC16. ASCL1 activation increases DLL3 
expression, enhancing the inhibition of Notch1 signaling17. Both the inhibition of Notch1 and the upregulation 
of ASCL1 contribute to NEN development18,19. The efficacy of DLL3-targeted therapy has been confirmed in 
SCLC. Rova-T, a classic antibody-drug conjugate (ADC) in a phase I clinical trial (NCT01901653), has shown 
efficacy against recurrent or refractory SCLC20. However, severe adverse reactions have halted further clinical 
investigations of Rova-T. Next-generation ADCs aim to enhance tumor cell uptake by refining drug linkers 
to mitigate toxicity and optimize pharmacokinetics for improved clinical utility21,22. Tarlatamab, a bispecific T 
cell engager (TCE) targeting DLL3 on tumor cells and CD3 on T cells, has demonstrated promising results in a 
phase I trial, with a 13% objective response rate (ORR) and 71% of patients with SCLC experiencing relief for 
≥ 6 months23. Other candidate drugs, such as HPN328 and AMG 119, have also shown beneficial antitumor 
responses in clinical and preclinical stages24,25. Patients with DLL3-expressing SCLC or NEC are currently 
enrolled in the first human Phase I trial of BI 764,532 (TCE) (NCT04429087). Although DLL3-targeted therapies 
are designed for tumors expressing DLL3, the immunohistochemical positivity for DLL3 expression on tumor 
cells was not a required criterion for patient enrollment in the trials. Therefore, DLL3 immunohistochemistry 
does not have a predictive role in determining eligibility for the trials.

Although DLL3 expression was initially identified in SCLC, in vitro investigations have revealed its diverse 
oncogenic role; elevated expression promotes aggressive behavior through Snail overexpression26,27. Moreover, 
DLL3 is highly expressed not only in SCLC but also in lung LCNEC. In a retrospective study of pulmonary 
LCNEC, over 74% (70/94) of patients expressed DLL328. DLL3 expression extends beyond lung cancer to 
various invasive malignancies, including prostate cancer, bladder SCNEC, malignant melanoma, glioblastoma, 
and medullary thyroid carcinoma29–33, suggesting its potential as a biomarker for neuroendocrine-origin 
malignancies. However, DLL3 expression in GEP-NECs is poorly understood. This study aimed to investigate 
DLL3 expression in GEP-NECs and analyze its clinicopathological correlation and the relationship between 
DLL3 expression and patient prognosis.

Methods
Patient selection
All available information in this retrospective study was sourced from the Peking University Cancer Hospital. 
Basic patient information spanning 2010 to 2023, including age, sex, primary tumor site, histological classification, 
TNM stage, chemotherapy prior to baseline, and some aspects of prognosis, were primarily collected from medical 
records. Telephone follow-up was specifically used to obtain detailed prognostic information, which may not 
have been fully documented in the medical records or required updates beyond what was originally recorded. 
TNM staging refer to the American Joint Committee on Cancer (AJCC) 8th edition34.After re-examination by 
two experienced pathologists, it was ensured that each case met the WHO definition of neuroendocrine tumors: 
the shape was organ-like, trabecular and palisade-like, the mitotic count and Ki67 index strictly adhered to 
the standards of different grades, and expressed at least one neuroendocrine marker (Syn, CgA, CD56). Cases 
that did not meet these conditions were excluded from the study. Cases that lacked sufficient tissue samples for 
further staining were also excluded. The study protocol received approval from the Medical Ethics Committee of 
Peking University Cancer Hospital (approval number 2023KT29.), and all patients provided informed consent 
before tissue sample utilization.

Pathological material
The sample composition of this experiment is summarized in Supplementary Fig. 1. We obtained 248 tumor 
tissue samples from primary GEP-NECs (including surgery and biopsy samples), 19 distant metastatic GEP-
NECs samples (all were liver metastases) and 9 lymph node metastases. Additionally, 36 GEP-NETs (8 G1, 9 G2, 
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19 G3) samples and 29 GACs samples were also collected. Each sample underwent formalin fixation and paraffin 
embedding (FFPE). Some cases had immunohistochemical staining results for three neuroendocrine markers, 
Ki67, and PD-L1, when included in the study. For cases lacking any markers, additional immunohistochemical 
staining was carried out on available tumor tissues. The assessment of neuroendocrine marker results follows 
the 5th edition WHO criteria35, the Ki67 index was evaluated as a percentage, and the expression of PD-L1 
was evaluated by CPS (22C3, Agilent DaKo, Denmark, 1:50). PD-L1 expression was defined as the ratio of the 
number of immune-related cells (tumor cells, lymphocytes, macrophages) expressing PD-L1 to the number of 
all tumor cells, with CPS ≥ 1 defined as positive.

Immunohistochemical staining
FFPE specimens were sectioned into 4-µm-thick slices using a rotary microtome, followed by incubation 
in EDTA solution (pH = 8.4) at 95  °C for 36 min. A DLL3 antibody (clone SP347, Roche, ready-to-use) was 
used for staining with Ventana, whereas ASCL1 antibody (24B72D11.1, BD Biosciences, 1:100) was stained 
with Leica Bond III. The color reaction was achieved using diaminobenzidine (ZSGB-BIO, Beijing, China). 
Staining outcomes were evaluated using an optical microscope with the 20× or 40× magnification. Each slide 
was reviewed by two experienced pathologists. Only when both pathologists agree on the result was it adopted, 
in cases of disagreement, the specimens were re-evaluated and discussed to achieve a consensus. DLL3 and 
ASCL1 results were binarily categorized. For DLL3, positive staining was defined as a reaction in ≥ 1% of tumor 
cells, regardless of intensity, based on criteria established by other studies36–38. Any punctate, cytoplasmic and/
or membranous staining was considered positive, as previously described20,28. DLL3-high was characterized by 
≥ 50% positive tumor cells39 and ≥ 75% positive tumor cells40. For ASCL1, tumor cell positivity was categorized 
as 0, 1, 2, or 3 (negative, faint, moderate, or strong, respectively). We adopted semi-quantitative algorithms with 
H-score, which was calculated by multiplying the percentage of positive tumor cells (%) by the corresponding 
staining intensity. An H-score ≥ 50 is defined as positive41.

Statistical analysis
We conducted all analyses using SPSS software (IBM Corp., Armonk, NY, USA, version 25). The correlation 
between DLL3 expression and clinicopathological features was evaluated using the chi-squared test or Fisher’s 
exact test. Median progression-free survival (PFS) and overall survival (OS) were determined using Kaplan–
Meier analysis, and survival differences were assessed using log-rank tests based on DLL3 expression status. The 
statistical significance level was set at p < 0.05.

Results
Patient profile
Table 1 provides a summary of the baseline characteristics of patients diagnosed with GEP-NECs. Among the 
248 primary GEP-NECs cases, the age range was 23 to 85 years, with a median of 62 years. The study included 
182 (73.4%) males and 66 (26.6%) females. The total number of SCNEC, LCNEC, and MiNENs cases were 138 
(55.7%), 101 (40.7%), and 9 (3.6%), respectively. Gastric NECs accounted for the largest proportion (148, 59.7%) 
in this cohort, followed by the esophagus (51, 20.6%), and pancreas (24, 9.7%). T1-stage patients accounted for 
3.2% (8/248), while T2-T4-stage patients accounted for 43.1% (107/248). Patients with stage N0 and N1-N3 
accounted for 11.7% (29/248) and 33.1% (82/248), respectively; 40.7% (101/248) of patients with M stage were 
M0 stage, and 5.2% (13/248) were M1 stage. Additionally, 64 (25.8%) patients received chemotherapy before 
baseline. The rates of Ki67 proliferation index in different intervals 25–50%, 51–75%, and 76–100% were 11.7% 
(29/248), 39.5% (98/248), and 35.1% (87/248), respectively. In 75.4% (187/248) of cases, at least 2 NE markers 
were positive, while in 12.5% (31/248) of cases < 2 NE markers were positive. A positive reaction of PD-L1 was 
shown in 6.0% (15/248) of cases.

Relationship between DLL3 expression and clinicopathological features
DLL3 staining was positive in the cytomembrane, cytoplasm, and punctate, in which cytoplasmic and membranous 
staining was diffuse, whereas intermittent perinuclear staining was punctate. However, we identified four cases in 
which nuclear positivity was observed alongside cytoplasmic and membranous staining, a pattern not previously 
reported in other studies. The nuclear positivity in these cases may represent a nonspecific or incidental reaction. 
Representative images are presented in Fig.  1a. Moreover, DLL3 has a heterogeneous expression pattern in 
GEP-NECs. Correlations between DLL3 expression and clinicopathological features are presented in Table 2. 
Positive expression was observed in 68.1% of SCNEC (94/138) compared to 38.6% of LCNEC (39/101) and 
33.3% (3/9) of MiNENs (p < 0.001). Of note, in MiNENs, the neuroendocrine component exhibited positive 
DLL3 expression, while the adenocarcinoma component showed negative expression (Fig. 1b). The expression 
rate of DLL3 was highest in the esophagus (68.6%, 35/51), followed by the colorectum (53.8%, 7/13), stomach 
(52.7%, 78/148), pancreas (41.7%, 10/24), and small intestine (25.0%, 2/8). DLL3 showed significant expression 
differences among different T-stage cases (T1 100.0% vs. T2-T4 53.3%, p = 0.009). Patients who underwent 
chemotherapy prior to baseline demonstrated a higher prevalence of DLL3 expression compared to individuals 
who did not undergo previous therapy (67.2% vs. 50.5%, p = 0.015). In the group with < 2 NE positive markers, 
the expression rate of DLL3 was 38.7%, significantly lower than that in the group with ≥ 2 NE positive markers 
(56.7%, p = 0.048). No associations were observed between DLL3 expression and sex, N stage, M stage, Ki67 
index, or PD-L1 expression.

DLL3 expression in metastatic tumors
The expression of DLL3 in metastatic tumors is shown in Supplementary Fig. 2. The staining pattern of DLL3 in 
metastatic lesions was similar to that in primary tumors. In lymph node metastasis and distant metastases, the 
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positive rate of DLL3 was 44.4% and 52.6%, respectively. Chi-square analysis showed no significant difference 
in the expression of DLL3 between primary tumor, lymph node metastases, and distant metastases (p = 0.818) 
(Fig. 2a).

Baseline characteristics N (%)

Total 248

Age (median, range) (62, 23–85)

Gender

 Male 182 (73.4)

 Female 66 (26.6)

Histological classification

 SCNEC 138 (55.7)

 LCNEC 101 (40.7)

 MiNENs 9 (3.6)

Primary site

 Esophagus 51 (20.6)

 Stomach 148 (59.7)

 Small intestine 8 (3.2)

 Colorectum 13 (5.2)

 Pancreas 24 (9.7)

 Other* 4 (1.6)

T stage

 T1 8 (3.2)

 T2-T4 107 (43.1)

 NA 133 (53.7)

N stage

 N0 29 (11.7)

 N1-N3 82 (33.1)

 NA 137 (55.2)

M stage

 M0 101 (40.7)

 M1 13 (5.2)

 NA 134 (54.1)

Chemotherapy before baseline

 Yes 64 (25.8)

 No 184 (74.2)

Ki67 index (%)

 20–50 29 (11.7)

 51–75 98 (39.5)

 76–100 87 (35.1)

 NA 34 (13.7)

NE markes

  < 2 NE markers positeve 31 (12.5)

  ≥ 2 NE markers positeve 187 (75.4)

 NA 30 (12.1)

PD-L1

 Positive 15 (6.0)

 Negative 25 (10.1)

 NA 208 (83.9)

Table 1.  Baseline characteristics of patients with GEP-NECs. GEP-NECs gastroenteropancreatic-
neuroendocrine carcinomas, SCNEC small cell neuroendocrine carcinoma, LCNEC large cell neuroendocrine 
carcinoma, MiNENs mixed neuroendocrine neoplasms. Others* include three cases originating from the 
gallbladder and one case originating from the appendix.NE markers include Syn, CgA, CD56. NA* not 
applicable.
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Explore the differential diagnosis value of DLL3
To explore the expression of DLL3 in well-differentiated GEP-NETs, we stained 36 cases of GEP-NETs. Among 
the GEP-NETs cases, none of the eight cases of NET G1 and nine cases of NET G2 exhibited positive DLL3 
staining, while 3 out of 19 (15.8%) cases of NET G3 were positive for DLL3 staining. The DLL3 expression 
was also heterogeneous, and all of them were positive in the cytoplasm and membrane (Fig.  1c). Since the 
morphological overlap between NET G3 and NECs or poorly differentiated adenocarcinoma and NECs often 
puts pathologists in a dilemma with respect to differential diagnosis, we further assessed the value of DLL3 in 
differential diagnosis. Therefore, we performed DLL3 staining on additional GACs with different degrees of 
differentiation. The results show that no positive DLL3 staining was detected in 29 GACs cases, regardless of 
the degree of differentiation (Fig. 1c). DLL3 may serve as a useful differential diagnostic tool with a sensitivity 
of 54.8% and a specificity of 84.2% when differentiating NECs from NET G3, and a sensitivity of 54.8% and 
a specificity of 100.0% when differentiating NECs from GACs, with a cutoff value of 1% positive tumor cells. 
However, with the threshold raised to 50% positive tumor cells, the sensitivity declined to 31.9%, while the 
specificity increased to 94.7% when identifying NECs and NET G3 and to 100.0% when identifying NECs and 
GACs, reflecting the stricter standard (Table 3).

ASCL1 expression
Almost all positive reactions for ASCL1 were located to the nucleus, with only one case showing an unusual 
punctate positivity around the nucleus (Fig.  3a). The expression status of 111 samples of ASCL1 and DLL3 
is shown in Fig.  3b. In addition, it was observed that in samples with co-expression of DLL3 and ASCL1, 
tumor cells expressing ASCL1 also exhibited DLL3 expression, demonstrating a spatial consistency. (Fig. 3c). 
Similarly, its expression was also heterogeneous inside the tumor. Overall, ASCL1 expression was detected in 
14.4% (16/111) of GEP-NECs cases. Interestingly, DLL3 expression rate differed between the ASCL1 positive 
and ASCL1 negative groups (p = 0.002) (Fig. 2b). In the ASCL1 positive group, the DLL3 positive rate was 87.5% 
(14/16), whereas 47.4% (45/95) showed positive DLL3 staining in the ASCL1 negative group. Similarly, DLL3 
expression was higher in the ASCL1 positive group among GEP-SCNECs (100.0% vs. 56.8%, p = 0.02) (Fig. 2c). 
However, the differential expression of DLL3 was not significant in GEP-LCNECs (33.3% vs. 37.8%, p = 0.687) 
(Fig. 2d).

Follow-up and prognosis
The prognosis information of 199 patients was obtained. The median follow-up time was 19.7 months (range: 
0.8–140.4 months). Survival analysis was conducted for different cutoff values of DLL3 expression (N = 199) 
(Fig.  4). In the DLL3 positive group (with the 1% cutoff value), the median PFS and median OS were 12.3 
months (95% CI: 7.9–16.6) and 24.4 months (95% CI: 20.2–28.6), respectively, while in the DLL3 negative group, 
the median PFS and median OS were 13.4 months (95% CI: 10.5–16.3) and 25.9 months (95% CI: 18.9–32.9), 
respectively. The log-rank test showed that there was no significant difference in the prognosis between the 
DLL3 negative group and the DLL3 positive group (Fig. 4a). Moreover, no significant difference in survival was 
observed between high and low DLL3 expression groups, regardless of whether the cutoff value defined by high 
DLL3 expression was 50% or 75% (Fig. 4b and c).

Discussion
High levels of DLL3 expression are found in carcinoid subtypes of pulmonary NETs that exhibit significant 
dendritic cell infiltration, suggesting its potential as a viable target for focused intervention. Previous studies 
have reported a 65% DLL3 expression rate in 37 patients with LCNEC17. Analysis of clinical trial groups revealed 
DLL3 expression in over 70% of SCLC cases40,42. A high expression rate of DLL3 was also observed in patients 
with castration-resistant neuroendocrine prostate cancer29. A previous study reported a DLL3 expression rate 
of 76.9% in 13 cases of gastrointestinal-pancreatic NECs43. We first assessed DLL3 positivity in a large sample 
of GEP-NECs (n = 248) and found a positivity rate of 54.8%. Our study revealed different DLL3 expression rates 
between SCNEC and LCNEC, with SCNEC exhibiting a higher positivity rate than LCNEC. Regarding primary 
site distribution, the esophagus exhibited a high DLL3 expression rate, which was largely attributed to the high 
proportion of SCNEC in esophageal NECs. Similarly, this cohort showed a high expression rate of DLL3 in T1 
stage patients, partly because SCNEC had an absolute advantage in the number of T1-stage patients (7/8). A 
single-cell transcriptome sequencing study of SCLC tumor cells demonstrated that chemotherapy resulted in 
decreased expression of therapeutic target genes, including DLL344. However, our results showed that DLL3 has 
a higher expression rate in patients receiving chemotherapy before baseline treatment, which prompts future 
research to focus on whether chemotherapy affects the expression of the DLL3 gene.

Several studies have adopted various definitions for DLL3-high expression. When defined as staining in ≥ 50% 
of tumor cells, the DLL3-high expression rates in SCLC range from 32% to 79.5%11,17,39. With a cutoff value of 
75%, the positive rate of high expression was 70% in another study on SCLC40. Conversely, high expression rates 
of DLL3 in lung LCNEC are relatively low at 54%28. In this study, we applied 50% and 75% cutoff values to define 
DLL3-high expression in GEP-NECs, exploring the DLL3-high expression rate for the first time. Although these 
cutoff values have been frequently used in small cell lung cancer (SCLC), their application to GEP-NECs has 
not been previously reported. Our results showed a 31.8% expression rate of DLL3 with a cutoff value of 50% 
and a 25.4% expression rate of DLL3 with a cutoff value of 75%. Since GEP-NECs contains SCNEC and LCNEC, 
we analyzed the high expression rates in different subtypes (Supplementary Table 1). Irrespective of the cutoff 
value, the expression rate of DLL3 in SCNEC is always higher than that in LCNEC. Furthermore, the expression 
rate of DLL3 in the digestive system was lower than that in high-grade neuroendocrine tumors of the lung, 
regardless of the cutoff value. Recent studies in SCLC indicate significant improvements in ORR and PFS in 
patients with high expression of DLL3 (defined as positive staining in ≥ 50% of tumor cells); the high expression 
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Fig. 1.  (a) DLL3 staining was positive in the cytomembrane, cytoplasm, and nucleus, in which cytoplasmic 
and membranous staining was diffuse, whereas intermittent perinuclear staining was punctate. The second 
picture also showed the heterogeneity of DLL3 staining. (b) In MiNENs, the neuroendocrine component 
exhibited positive DLL3 expression, whereas the adenocarcinoma component showed negative. (c) The staining 
of DLL3 was positive in NET G3, while negative in NET G1, NET G2, and GACs. NEC Neuroendocrine 
carcinoma. NET Neuroendocrine tumor. GAC Gastric adenocarcinoma.
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group demonstrated significant benefits in confirmed objective response (35% versus 0%) and disease control 
(90% versus 60%) compared to the low expression group of DLL317. Additionally, in another phase II clinical 
trial, the ORR was 14.3% in the DLL3 high-expression group, with high expression defined as positive staining 
in ≥ 75% of tumor cells40. In phase I/II studies of multiple cancer types, a higher remission rate was observed 
with high DLL3 expression45. However, some patients with DLL3 expression in < 50% of tumor cells also exhibit 
stable disease for a prolonged duration20,45. Hence, in the following clinical phases, the assessment should focus 
on evaluating the efficacy in patients exhibiting any measurable DLL3 levels.

The field of immuno-oncology (IO) has revolutionized the landscape of cancer therapy, actively influencing 
patient outcomes46. PD-L1 has been identified as the first biomarker for anti-PD-1 therapy and is included in the 
prescribing information for pembrolizumab. Currently, other immune therapy efficacy-related markers include 
tumor mutational burden (TMB), mismatch repair system deficiency (dMMR), high microsatellite instability 
(MSI-H), neoantigens, mutations in antigen presentation pathways, and circulating tumor DNA (ctDNA) 
as indicators for selecting patients who may benefit from immunotherapy47. In a study on pancreatic ductal 
adenocarcinoma, high DLL3 expression was positively correlated with PD-L1/2 expression48. Another study 
in SCLC also observed cases with high DLL3 expression and negative NOTCH1 expression to have a higher 
PD-L1 expression rate, revealing a favorable prognosis in such SCLC patients49. However, our study did not 
find any correlation between DLL3 and PD-L1 expression in GEP-NECs. Although no significant correlation 
was observed, in our study cohort, 9 out of 40 (22.5%) patients co-expressed DLL3 and PD-L1, suggesting the 
feasibility of combined DLL3-targeted therapy and immunotherapy in some patients and providing a theoretical 
basis for developing new treatment strategies for patients with GEP-NEC, which requires further clinical 
validation.

In recent studies, four subtypes of SCLC have been identified based on the unique expression patterns of 
four key transcripts: SCLC-A, SCLC-N, SCLC-P, and SCLC-Y50. Baine et al. confirmed higher DLL3 expression 
in ASCL1-high SCLC compared to other groups51. Wang et al. classified NECs into five subtypes (ASCL1, 
NEUROD1, HNF4A, POU2F3, and YAP1) across various tumor sites (including GEP)52. Although our study did 

Fig. 2.  (a) The expression rate of DLL3 in primary tumors and metastatic tumors. The expression rate 
of DLL3 between ASCL1 negative proup and ASCL1 positive group in GEP-NECs (b), GEP-SCNEC (c), 
and GEP-LCNEC (d). GEP-NECs Gastroenteropancreatic neuroendocrine carcinomas. GEP-SCNEC 
Gastroenteropancreatic small cell neuroendocrine carcinoma, GEP-LCNEC Gastroenteropancreatic large cell 
neuroendocrine carcinoma.
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not further classify subtypes, we first verified the expression of ASCL1 and DLL3 in 111 available tumor tissues, 
showing a significantly higher DLL3 expression rate in the ASCL1-positive group (likely corresponding to the 
A subtype) compared to the ASCL1-negative group (likely corresponding to non-A subtypes) at the protein 
level, confirming a significant correlation. However, this correlation was only evident in small cell GEP-NECs 
and was not seen in large cell or mixed types, which was quite different from that observed with pulmonary 
neuroendocrine tumors. The correlation of DLL3 and ASCL1 expression was observed in both SCLC and 
LCNEC of the lung28,51,53. Nonetheless, these results suggest that patients with the ASCL1 subtype may benefit 
from DLL3-targeted therapy. Furthermore, the study by Wang et al. revealed that A and N types of GEP-NEC 
are classified as NE-high types52. Similarly, in our cohort, we found that among the 13 ASCL1-positive cases that 
underwent NE staining in available tissues, 10 cases were positive for ≥ 2 NE markers. Additionally, in tumors 
positive for ≥ 2 NE markers, the expression rate of DLL3 was higher than that of the subgroup of < 2 NE markers, 
which is consistent with the results observed in pulmonary neuroendocrine carcinomas28.

It has been found that a classic pathway in the development of SCLC involves tumor initiation under the 
premise of bi-allelic mutations in RB1 and TP53, driven by NOTCH signaling inactivation54. While the roles 
of the DLL3/Notch pathway and the loss of RB1 and TP53 mutations in the development of GEP-NECs have 

Fig. 3.  (a) The positive reactions for ASCL1 were located in the nucleus, with only one case showing an 
unusual dot-like positivity around the nucleus. (b) The expression of ASCL1 and DLL3 in 111 cases. (c) In the 
samples with co-expression of DLL3 and ASCL1, the spatial distribution of tumor cells expressed by DLL3 and 
ASCL1 was consistent.

 

NECs NET G3 Sensitivity Specificity P

NECs vs. NET G3
DLL3 positive 136 3 54.8% 84.2%

0.003
DLL3 negative 112 16

NECs vs. NET G3
DLL3 high 79 1 31.9% 94.7%

<0.001
DLL3 low 169 18

NECs GACs

NECs vs. GACs
DLL3 positive 136 0 54.8% 100.0%

<0.001
DLL3 negative 112 29

NECs vs. GACs
DLL3 high 79 0 31.9% 100.0%

<0.001
DLL3 low 169 29

Table 3.  Evaluation of DLL3 as a diagnostic marker for GEP-NECs. DLL3-high means positive tumor 
cells ≥ 50%. DLL3-low means positive tumor cells <50% or no positive tumor cells. NECs neuroendocrine 
carcinomas, NET neuroendocrine tumors, GACs gastric adenocarcinomas. P value<0.05 was considered 
statistically significant.
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not been extensively studied, in high-grade neuroendocrine tumors of the digestive system, TP53 and RB 
mutations are the most common genetic alterations, differing from the frequently occurring MEN1, ATRX/
DAXX, and mTOR pathway activation in NET55. This may explain why DLL3 is negative in well-differentiated 
neuroendocrine tumors, but shows positive reactions in some high-grade neuroendocrine tumors, suggesting 
that part of digestive neuroendocrine tumors may share a similar carcinogenic pathway with SCLC. However, 
this speculation needs further confirmation in future studies.

DLL3 staining in all GACs cases showed negative results regardless of the degree of differentiation. Among 
the nine cases of MiNENs comprising a mixture of adenocarcinoma and NECs, no positive signal was detected 
in the adenocarcinoma component. Hence, DLL3 staining may serve as a tool to differentiate gastric NECs 
from GACs with 100% specificity, particularly in biopsy samples where limited tissue samples may hinder a 
definitive diagnosis. Based on the classification established by the 2010 World Health Organization, NENs 
were divided into highly differentiated NETs (NET G1 and NET G2) and poorly differentiated NECs56. Despite 
being highly proliferative, certain tumors progress slowly and have a favorable prognosis, while others follow an 
aggressive course. To address this heterogeneity, a subgroup termed NET G3 was introduced into the GEP-NENs 
classification system, representing an intermediate prognosis between NET G1/G2 and NEC57. Nevertheless, 
distinguishing NET G3 with a relatively favorable prognosis from poorly differentiated NECs remains challenging 
for pathologists. Currently, a comprehensive diagnostic approach combining clinical performance, morphology, 
immunohistochemistry, and molecular biomarkers is preferred. These biomarkers include RB, DAXX/ATRX, 
SSTR2, CgA, and p5358. No large-sample studies have confirmed the value of DLL3 in distinguishing NET G3 
from NEC. A small-sample study on GEP-NENs found no DLL3 expression in NET G3 (0/5)43. Chen et al. 
utilized various methods, including WES, FISH, qPCR, and IHC, to identify DLL3 expression in three out of 
eight GEP-NET G3 cases, with no abnormal DLL3 expression in NET G259. Our study marks the first discovery 
of DLL3 protein expression in GEP-NET G3 with a relatively large sample size, suggesting the differential 
diagnostic value of DLL3,and calling for further research on DLL3-targeting agents in NET G3.

Additionally, there was no significant difference in DLL3 expression among primary tumors, lymph node 
metastases, and distant metastases. Therefore, DLL3 staining in metastases appears to reflect the condition of 
primary tumors, suggesting the feasibility of applying DLL3-targeted therapy in advanced patients with distant 
organ metastases.

In a study on DLL3 expression in SCLC without targeted therapy, patient prognosis was found to be unrelated 
to DLL3 expression status, with high or low expression (≥ 50% cutoff) showing no impact on survival11. Similar 
findings were observed in the GEP-NECs cohort in our study. However, another study encompassing SCLC, 
carcinoid, and atypical carcinoid cases noted that DLL3-high expression (≥ 50% positive tumor cells) correlated 
with improved OS in SCLC (p = 0.049), without adjusting for age, tumor dimension, and stage39. Conversely, a 
small-sample cohort study of GEP-NENs (n = 46) observed significantly better PFS and OS in the DLL3-negative 
group, largely because of the predominance of NET G1/G2/G3 cases in their study cohort43. This study was the 

Fig. 4.  Kaplan-Meier survival curves for progression-free survival (PFS) and overall survival (OS) of GEP-
NECs patients (n = 199) according to DLL3 status with the cut-off value 1%(a), 50%(b), and 75%(c).
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largest GEP-NECs cohort to date and found that the expression of DLL3 has no relationship with the prognosis 
of patients with GEP-NECs.

This study had some limitations. Being a single-center study with a modest sample size, future research should 
involve larger cohorts to validate the differences in DLL3 expression across primary tumor sites and further 
assess the diagnostic performance between NET G3 and NECs in the digestive system. Although cytoplasmic 
and/or membranous staining was considered positive, as reported by other studies20,28, the presence of nuclear 
positivity remains poorly understood. This discrepancy highlights a limitation in our study, as the relationship 
between DLL3 staining type (cytoplasmic, membranous, punctata and nuclear) and therapeutic response to 
DLL3-targeted therapy remains unclear. Further investigation is required to elucidate whether different DLL3 
staining patterns are associated with varying clinical outcomes. Moreover, the study’s retrospective nature leads 
to potential biases stemming from progression in clinical practices over time. This highlights the necessity for 
prospective studies to more effectively clarify the influence of DLL3 expression on patient prognosis.

Conclusion
Our study confirmed DLL3 expression in GEP-NECs and found that DLL3 expression was related to the SCNEC 
subtype and chemotherapy. The DLL3 expression rate in NET G3 supports the application of DLL3-targeted 
therapy in high-grade NETs of the digestive system. DLL3 IHC was conducive for distinguishing between NET 
G3 and NECs, as well as GACs and NECs. Finally, we confirmed the correlation between DLL3 and ASCL1 
protein expression in GEP-NECs. Our study suggests that DLL3 expression is not a prognostic factor in patients 
with GEP-NECs.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due patient privacy 
but are available from the corresponding author on reasonable request.

Received: 22 July 2024; Accepted: 9 January 2025

References
	 1.	 Klöppel, G. Neuroendocrine neoplasms: dichotomy, origin and classifications. Visc. Med. 33, 324–330 (2017).
	 2.	 Oberg, K. Neuroendocrine tumors of the digestive tract: impact of new classifications and new agents on therapeutic approaches. 

Curr. Opin. Oncol. 24, 433–440 (2012).
	 3.	 Cives, M. & Strosberg, J. R. Gastroenteropancreatic neuroendocrine tumors. CA Cancer J. Clin. 68, 471–487 (2018).
	 4.	 Assarzadegan, N. & Montgomery, E. What is new in the 2019 World Health Organization (WHO) classification of tumors of the 

digestive system: review of selected updates on neuroendocrine neoplasms, appendiceal tumors, and molecular testing. Arch. 
Pathol. Lab. Med. 145, 664–677 (2021).

	 5.	 Dasari, A. et al. Comparative study of lung and extrapulmonary poorly differentiated neuroendocrine carcinomas: a SEER database 
analysis of 162,983 cases. Cancer 124, 807–815 (2018).

	 6.	 Hijioka, S. et al. Rb loss and KRAS mutation are predictors of the response to platinum-based chemotherapy in pancreatic 
neuroendocrine neoplasm with grade 3: a Japanese multicenter pancreatic NEN-G3 study. Clin. Cancer Res. 23, 4625–4632 (2017).

	 7.	 Hadoux, J. et al. Post-first-line FOLFOX chemotherapy for grade 3 neuroendocrine carcinoma. Endocr. Relat. Cancer. 22, 289–298 
(2015).

	 8.	 Sugiyama, K. et al. Salvage chemotherapy by FOLFIRI regimen for poorly differentiated gastrointestinal neuroendocrine 
carcinoma. J. Gastrointest. Cancer. 52, 947–951 (2021).

	 9.	 Walter, T. et al. Poorly differentiated gastro-entero-pancreatic neuroendocrine carcinomas: are they really heterogeneous? Eur. J. 
Cancer. 79, 158–165 (2017).

	10.	 Pellat, A. et al. Clinical and biomarker evaluations of sunitinib in patients with grade 3 digestive neuroendocrine neoplasms. 
Neuroendocrinology 107, 24–31 (2018).

	11.	 Tanaka, K. et al. Prevalence of Delta-like protein 3 expression in patients with small cell lung cancer. Lung Cancer. 115, 116–120 
(2018).

	12.	 Leonetti, A. et al. Notch pathway in small-cell lung cancer: from preclinical evidence to therapeutic challenges. Cell. Oncol. 42(3), 
261–273 (2019).

	13.	 Crabtree, J. S., Singleton, C. S. & Miele, L. Notch signaling in neuroendocrine tumors. Front. Oncol. 6, 94 (2016).
	14.	 Geffers, I. et al. Divergent functions and distinct localization of the notch ligands DLL1 and DLL3 in vivo. J. Cell. Biol. 178(3), 

465–476 (2007).
	15.	 Lim, J. S. et al. Intratumoural heterogeneity generated by notch signalling promotes small-cell lung cancer. Nature 545, 360–364 

(2017).
	16.	 Borromeo, M. D. et al. ASCL1 and NEUROD1 reveal heterogeneity in pulmonary neuroendocrine tumors and regulate distinct 

genetic programs. Cell. Rep. 16, 1259–1272 (2016).
	17.	 Saunders, L. R. et al. A DLL3-targeted antibody-drug conjugate eradicates high-grade pulmonary neuroendocrine tumor-initiating 

cells in vivo. Sci. Transl Med. 7, 302ra136 (2015).
	18.	 Jiang, T. et al. Achaete-Scute complex homologue 1 regulates tumor-initiating capacity in human small cell lung cancer. Cancer Res. 

69, 845–854 (2009).
	19.	 Kunnimalaiyaan, M. & Chen, H. Tumor suppressor role of Notch-1 signaling in neuroendocrine tumors. Oncologist 12, 535–542 

(2007).
	20.	 Rudin, C. M. et al. Rovalpituzumab tesirine, a DLL3-targeted antibody-drug conjugate, in recurrent small-cell lung cancer: a first-

in-human, first-in-class, open-label, phase 1 study. Lancet Oncol. 18, 42–51 (2017).
	21.	 Gerber, H. P. et al. Combining antibody-drug conjugates and immune-mediated cancer therapy: what to expect? Biochem. 

Pharmacol. 102, 1–6 (2016).
	22.	 Drago, J. Z., Modi, S. & Chandarlapaty, S. Unlocking the potential of antibody-drug conjugates for cancer therapy. Nat. Rev. Clin. 

Oncol. 18, 327–344 (2021).
	23.	 Owonikoko, T. K. et al. Updated results from a phase 1 study of AMG 757, a half-life extended bispecific T-cell engager (BiTE) 

immuno-oncology therapy against delta-like ligand 3 (DLL3), in small cell lung cancer (SCLC). Preprint at Wolters Kluwer Health 
(2021).

Scientific Reports |         2025 15:3287 11| https://doi.org/10.1038/s41598-025-86237-y

www.nature.com/scientificreports/

Content courtesy of Springer Nature, terms of use apply. Rights reserved



	24.	 Byers, L. et al. A phase 1 study of AMG 119, a DLL3-targeting, chimeric antigen receptor (CAR) T cell therapy, in relapsed/
refractory small cell lung cancer (SCLC). J. Immunother Cancer. 10, e0697. https://doi.org/10.1136/jitc-2022-SITC2022.0697 
(2022).

	25.	 Johnson, M. L. & Sanborn, R. E. J. H. Interim results of an ongoing phase 1/2a study of HPN328, a tri-specific, half-life extended, 
DLL3-targeting, T-cell engager, in patients with small cell lung cancer and other neuroendocrine cancers. Cancer Chemother. 
Pharmacol. 3, 17 (2022).

	26.	 Furuta, M. et al. DLL3 regulates the migration and invasion of small cell lung cancer by modulating Snail. Cancer Sci. 110, 1599–
1608 (2019).

	27.	 Deng, S. M. et al. The notch ligand delta-like 3 promotes tumor growth and inhibits notch signaling in lung cancer cells in mice. 
Biochem. Biophys. Res. Commun. 483, 488–494 (2017).

	28.	 Hermans, B. C. M. et al. DLL3 expression in large cell neuroendocrine carcinoma (LCNEC) and association with molecular 
subtypes and neuroendocrine profile. Lung Cancer. 138, 102–108 (2019).

	29.	 Puca, L. et al. Delta-like protein 3 expression and therapeutic targeting in neuroendocrine prostate cancer. Sci. Transl Med. 11, 484 
(2019).

	30.	 Koshkin, V. S. et al. Transcriptomic and protein analysis of small-cell bladder cancer (SCBC) identifies prognostic biomarkers and 
DLL3 as a relevant therapeutic target. Clin. Cancer Res. 25, 210–221 (2019).

	31.	 Konstantakou, E. G. et al. Deep-proteome mapping of WM-266-4 human metastatic melanoma cells: from oncogenic addiction to 
druggable targets. PLoS One. 12, e0171512 (2017).

	32.	 Spino, M. et al. Cell surface notch ligand DLL3 is a therapeutic target in isocitrate dehydrogenase-mutant glioma. Clin. Cancer Res. 
25, 1261–1271 (2019).

	33.	 Ingenwerth, M. et al. DLL3 (delta-like protein 3) expression correlates with stromal desmoplasia and lymph node metastases in 
medullary thyroid carcinomas. Endocr. Conn. 10, 283–289 (2021).

	34.	 Edition, S., Edge, S. & Byrd, D. J. A. C. S. M. AJCC cancer staging manual. (2017).
	35.	 Nagtegaal, I. D. et al. The 2019 WHO classification of tumours of the digestive system. Histopathology 76, 182–188 (2020).
	36.	 Kuempers, C. et al. Delta-like protein 3 expression in paired chemonaive and chemorelapsed small cell lung cancer samples. Front. 

Med. 8, 734901 (2021).
	37.	 Furuta, M. et al. Analysis of DLL3 and ASCL1 in surgically resected small cell lung cancer (HOT1702). Oncologist 24, e1172–e1179 

(2019).
	38.	 Tendler, S. et al. The prognostic implications of Notch1, Hes1, Ascl1, and DLL3 protein expression in SCLC patients receiving 

platinum-based chemotherapy. PLoS One. 15, e0240973 (2020).
	39.	 Xie, H. et al. Expression of delta-like protein 3 is reproducibly present in a subset of small cell lung carcinomas and pulmonary 

carcinoid tumors. Lung Cancer. 135, 73–79 (2019).
	40.	 Morgensztern, D. et al. Efficacy and safety of rovalpituzumab tesirine in third-line and beyond patients with DLL3-expressing, 

relapsed/refractory small-cell lung cancer: results from the phase II TRINITY study. Clin. Cancer Res. 25, 6958–6966 (2019).
	41.	 Hwang, S. et al. Whole-section landscape analysis of molecular subtypes in curatively resected small cell lung cancer: 

clinicopathologic features and prognostic significance. Mod. Pathol. 36, 100184 (2023).
	42.	 Udagawa, H. et al. Phase I safety and pharmacokinetics study of rovalpituzumab tesirine in Japanese patients with advanced, 

recurrent small cell lung cancer. Lung Cancer. 135, 145–150 (2019).
	43.	 Liverani, C. et al. Diagnostic and predictive role of DLL3 expression in gastroenteropancreatic neuroendocrine neoplasms. Endocr. 

Pathol. 32, 309–317 (2021).
	44.	 Cheng, C. et al. Single-cell transcriptome analysis reveals cellular and molecular alterations in small cell lung cancer tumors 

following chemotherapy. Int. J. Cancer. 153, 1273–1286 (2023).
	45.	 Mansfield, A. S. et al. A phase I/II study of rovalpituzumab tesirine in delta-like 3-expressing advanced solid tumors. NPJ Precis 

Oncol. 5, 74 (2021).
	46.	 Tang, J., Shalabi, A. & Hubbard-Lucey, V. M. Comprehensive analysis of the clinical immuno-oncology landscape. Ann. Oncol. 29, 

84–91 (2018).
	47.	 Wang, D. R., Wu, X. L. & Sun, Y. L. Therapeutic targets and biomarkers of tumor immunotherapy: response versus non-response. 

Signal. Transduct. Target. Ther. 7, 331 (2022).
	48.	 Lacalle-Gonzalez, C. et al. DLL3 is a prognostic and potentially predictive biomarker for immunotherapy linked to PD/PD-L axis 

and NOTCH1 in pancreatic cancer. Biomedicines 11, (2023).
	49.	 Li, W. et al. Characteristics of notch signaling pathway and its correlation with immune microenvironment in SCLC. Lung Cancer. 

167, 25–33 (2022).
	50.	 Rudin, C. M. et al. Molecular subtypes of small cell lung cancer: a synthesis of human and mouse model data. Nat. Rev. Cancer. 19, 

289–297 (2019).
	51.	 Baine, M. K. et al. SCLC subtypes defined by ASCL1, NEUROD1, POU2F3, and YAP1: a comprehensive immunohistochemical 

and histopathologic characterization. J. Thorac. Oncol. 15, 1823–1835 (2020).
	52.	 Wang, Z. et al. Molecular subtypes of neuroendocrine carcinomas: a cross-tissue classification framework based on five 

transcriptional regulators. Cancer Cell. 42, 1106–1125e8. https://doi.org/10.1016/j.ccell.2024.05.002 (2024).
	53.	 Zhang, W. et al. Small cell lung cancer tumors and preclinical models display heterogeneity of neuroendocrine phenotypes. Transl 

Lung Cancer Res. 7, 32–49 (2018).
	54.	 Meder, L. et al. ASCL1, p53 and RB alterations define an alternative pathway driving neuroendocrine and small cell lung 

carcinomas. Int. J. Cancer. 138, 927–938 (2016).
	55.	 Uccella, S. Molecular classification of gastrointestinal and pancreatic neuroendocrine neoplasms: are we ready for that? Endocr. 

Pathol. 35(2) (2024).
	56.	 Rindi, G. J. W. C. o. t. o. t. D. S. Nomenclature and classification of neuroendocrine neoplasms of the digestive system. 13–14 

(2010).
	57.	 Perren, A. et al. ENETS consensus guidelines for the standards of care in neuroendocrine tumors: pathology-diagnosis and 

prognostic stratification. Neuroendocrinology 105, 196–200 (2017).
	58.	 Yachida, S. et al. Small cell and large cell neuroendocrine carcinomas of the pancreas are genetically similar and distinct from well-

differentiated pancreatic neuroendocrine tumors. Am. J. Surg. Pathol. 36, 173–184 (2012).
	59.	 Chen, S. et al. Clinicopathological and genetic characteristics of gastric neuroendocrine tumour (NET) G3 and comparisons with 

neuroendocrine carcinoma and NET G2. Histopathology 83, 700–711 (2023).

Acknowledgements
I would like to express my sincere gratitude to my supervisor, Dr. Y. Sun, for her guidance and support through-
out my research journey. I am also deeply grateful to my colleagues, who have provided assistance in data col-
lection and proofreading of manuscript. Finally, thanks to the Neukio Biotherapeutics for providing the DLL3 
antibody.

Scientific Reports |         2025 15:3287 12| https://doi.org/10.1038/s41598-025-86237-y

www.nature.com/scientificreports/

Content courtesy of Springer Nature, terms of use apply. Rights reserved



Author contributions
M.L, J.L and Y.S privided the ideas. L.Y and R.W collected the date and followed up patients. X.M carried out 
immunohistochemical staining on the tissues. L.Z, Z.W, and T.L provided the DLL3 antibody. L.Y analyzed the 
data, made all the figures and tables, and wrote the manuscript. K.J, Y.H, X.Z and Y.S revised the manuscript and 
all the figures and tables. Y.S completed the submission. Y.S provided funding acquisition. All authors read and 
approved the manuscript.

Funding
This work was supported by Capital’s Funds for Health Improvement and Research (2024-2-1024), Beijing Nat-
ural Science Foundation (7232018), National Natural Foundation of China (92259302), Beijing Natural Science 
Foundation (Z200015),  and horizontal scientific research project (NEUK300-03).

Declarations

Ethics declarations
Human samples and clinical data were collected and used in accordance with the principles of the Declaration 
of Helsinki and approved by the Ethics committee of Peking University Cancer Hospital. All participants 
provided written informed consent, approval number 2023KT29.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​8​6​2​3​7​-​y​​​​​.​​

Correspondence and requests for materials should be addressed to J.L. or Y.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         2025 15:3287 13| https://doi.org/10.1038/s41598-025-86237-y

www.nature.com/scientificreports/

Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

