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Abstract
Background  Delta-like ligand 3 (DLL3) is highly expressed on the cell surface of small cell lung cancer (SCLC), 
one of the most lethal malignancies, but minimally or not in normal tissues, making it an attractive target for SCLC. 
However, none of the DLL3-targeting antibody-drug conjugates (ADCs) have been approved for SCLC therapy yet. 
We developed DB-1314, the new anti-DLL3 ADC composed of a novel humanized anti-DLL3 monoclonal antibody 
(DB131401) conjugated with eight molecules of P1021 (topoisomerase I inhibitor), and described its preclinical 
profiles.

Methods  The binding epitope for DB131401 and Rovalpituzumab was tested by biolayer interferometry. The binding 
affinity and specificity of DB-1314 to DLL3 and other homologous proteins were respectively measured by surface 
plasmon resonance and enzyme-linked immunosorbent assay. Internalization, bystander effects, and antibody-
dependent cell-mediated cytotoxicity (ADCC) were assessed by respective assay. DLL3 was quantified by antibodies 
bound per cell assay and immunohistochemistry. In vitro and in vivo growth inhibition studies were evaluated in SCLC 
cell lines, and cell line/patient-derived xenograft models. The safety profile was measured in cynomolgus monkeys.

Results  DB-1314 induces potent, durable, and dose-dependent antitumor effects in cells in vitro and in cell/patient-
derived xenograft models in vivo. The killing activity of DB-1314 mechanically arises from P1021-induced DNA 
damage, whereby P1021 is delivered and released within tumor cells through DLL3-specific binding and efficient 
internalization. Bystander effects and ADCC also contribute to the antitumor activity of DB-1314. DB-1314 displays 
favorable pharmacokinetic and toxicokinetic profiles in rats and cynomolgus monkeys; besides, DB-1314 is well-
tolerated at a dose of up to 60 mg/kg in monkeys.
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Background
Small cell lung cancer (SCLC) is a most aggressive lung 
neuroendocrine tumor with a propensity to early metas-
tasis, accounting for approximately 15% of all lung can-
cers [1]. SCLC patients commonly developed disease 
relapse and resistance following transient initial response 
to first-line standard-of-care (SoC) platinum-based che-
motherapy with or without radiotherapy, leading to a 
poor 5-year overall survival (OS) of below 7% [2, 3]. 
Despite about 2–3 month OS improvement with the 
introduction of immune checkpoint inhibitors in the 
first-line setting, CASPIAN and IMpower133 trials dem-
onstrated that most SCLC patients progressed while on 
maintenance immunotherapy [4, 5]. The downregulation 
of major histocompatibility complex molecules, failure of 
antigen presentation, and high intratumoral heterogene-
ity may contribute to the resistance to immunotherapy 
in SCLC [6–9]. Targeting an alternative cancer cell sur-
face protein presents a promising strategy, potentially 
improving the prognosis of SCLC patients.

Delta-like ligand 3 (DLL3), an inhibitory ligand of the 
NOTCH pathway, is recognized as a key role in neuro-
endocrine differentiation and SCLC tumorigenesis driver 
[10, 11]. Despite low cytoplasmic expression in normal 
tissues, DLL3 is highly expressed in approximately 85% 
of SCLC cells and trafficked to the cell surface [12, 13]. 
Overexpressing DLL3 has been preclinically implicated 
in promoting SCLC growth, migration, and invasion and 
developing resistance to chemotherapy, thus diminishing 
survival outcomes [14, 15]. The differential expression 
profiles between normal and tumor tissues and function 
characteristics underscore DLL3 an appealing, tumor-
selective therapeutic target. Several approaches targeting 
DLL3, such as Chimeric Antigen Receptor (CAR)-T-cell 
therapies (i.e. AMG 119) and bispecific T-cell engager 
(BiTE; i.e. tarlatamab), have shown therapeutic benefits 
(objective response rate [ORR], 25-40%; progression-free 
survival [PFS], 3.7–4.9 months) in SCLC [16–19]. Not-
withstanding, there is a caveat of secondary T-cell lym-
phomas for CAR-T-cell therapies and cytokine release 
syndrome/immune effector cell-associated neurotoxicity 
syndrome for BiTE [18, 20–22]. Overall, there remains an 
urgent need for anti-DLL3 therapeutic agents with differ-
ent mechanisms of action for SCLC patients.

Antibody-drug conjugates (ADCs) could deliver cyto-
toxic payload inside tumor cells through the specific 
binding to the cell surface and efficient internalization, 
thereby reducing the off-target systemic toxicity and 
enhancing therapeutic index (TI) [23]. Additionally, given 

that ADCs could induce immunogenic cell death and thus 
enhance antitumor immune responses, ADCs could also 
potentially serve as a therapeutic companion for strategi-
cally combining with classical immunotherapies [24, 25]. 
Rovalpituzumab tesirine (Rova-T), a first-in-class DLL3-
targeted ADC for SCLC, has demonstrated early efficacy 
signs in the later-line settings; however, toxicity related to 
payload pyrrolobenzodiazepine (PBD; DNA cross-link-
ing agent) limited the dosage required to achieve maxi-
mal efficacy [26, 27]. Considering dose-limiting toxicity 
independent of DLL3 and the unique pattern of DLL3 in 
SCLC, anti-DLL3 ADC remains a promising therapeutic 
approach for SCLC [12, 13, 27]. 

DB-1314 is a novel anti-DLL3 ADC, comprising 
DB131401 (a fully humanized anti-DLL3 hIgG1 anti-
body), conjugated with P1021 (topoisomerase I inhibitor 
[TOPIi]) via a peptidyl linker. As conjugated in approved 
Fam-trastuzumab deruxtecan-nxki (ENHERTU), payload 
deruxtecan (DXd) functions through topoisomerase inhi-
bition and achieves a high drug antibody ratio (DAR) [23, 
28]. We thus reasoned that the utilization of cytotoxic 
warhead P1021, differing in mechanism from PBD, may 
enable DB-1314 to succeed where Rova-T did not. Here, 
this study described the preclinical profiles of DB-1314 
and demonstrated the mechanism for the potent anti-
tumor activity of DB-1314.

B7H3 is also overexpressed in SCLC tumor tissues but 
rarely observed in normal tissues, becoming an attractiv 
target for ADC development [29]. DS-7300 is a ADC tar-
geting B7H3, conjugated with Dxd payload, and has pre-
liminarily demonstrated objective response rate of about 
52% and duration of response of 5.9 months in patients 
with previously treated SCLC [30]. As such, we also focus 
on the comparison of preclinical activity of DB-1314 with 
B7H3-targeting ADC DS-7300.

Methods
Antibodies and ADCs
Rovalpituzumab was produced with the published amino 
acid sequence. DB-1314 was composed of DB131401, a 
maleimide glycyn-glycyn-phenylalanyn-glycyn (GGFG) 
peptide linker, and P1021 with the DAR value of 8. 
Rovalpituzumab-P1021 or isotype (iso)-ADC was com-
posed of Rovalpituzumab or isotype control IgG1 (iso-
IgG1), GGFG linker, and P1021 with DAR of 8. DS-7300 
(ifinatamab deruxtecan) was synthesized according to 
the published amino acid sequence and DXd structure. 
The four inter-strand disulfide bonds of antibodies were 
reduced to eight cysteine residues by tris(2-carboxyethyl) 

Conclusions  These results suggest that DB-1314 may be a candidate ADC targeting DLL3 for the treatment of DLL3-
positive SCLC, supporting further evaluation in the clinical setting.
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phosphine. The linker and payload were connected as 
described previously [31]. Linker-payload was conjugated 
to the cysteine residues using a conventional strategy 
[32]. 

Hydrophobic interaction chromatography (HIC) for DAR 
measurement
DAR was measured using a butyl HIC column (TSK-gel 
Butyl-NPR 4.6 × 35 mm 2.5 μm; Tosoh Bioscience, Japan) 
on an Agilent 1260 Infinity II HPLC system equipped 
with ultraviolet detection at 280  nm. Mobile phase A 
consisted of 1.5  M (NH4)2SO4 and 50 mmol/L K2HPO4 
at pH 7.0, while mobile phase B contained 21.3 mmol/L 
KH2PO4, 28.6 mmol/L K2HPO4, and 25% (v/v) isopropa-
nol at pH 7.0. The gradient program was as follows: B %: 
0-25% (0–1  min, flow rate 0.8 mL/min), 25% (1–3  min, 
flow rate 0.6 mL/min), 25-80% (3–13  min, flow rate 
0.6 mL/min), 80% (13–17  min, flow rate 0.6 mL/min), 
80%-0% (17–17.1 min, flow rate 0.5 mL/min), 0% (17.1–
25 min, flow rate 0.7 mL/min).

Cell lines
Tumor cell lines, including SHP-77 (ATCC, Cat# CRL-
2195), DMS53 (ATCC, Cat# CRL-2062), NCI-H82 
(ATCC, Cat# HTB-175) and Raji (ATCC, Cat# CCL-
86) were purchased from the ATCC and cultured in the 
corresponding media (SHP-77, NCI-H82 and Raji cells 
in RPMI-1640 medium [Gibco, USA]; DMS53 in Way-
mouth’s MB 752/1 medium [Sigma, USA] with a 10% 
fetal bovine serum (FBS; Hyclone, USA) at 37 ºC in a 5% 
CO2. HEK293-DLL3 (Genomeditech, Cat# GM-C12896) 
was purchased from Genomeditech (Shanghai, China) 
and cultured in the DMEM medium [Gibco, USA] with 
a 10% FBS. All cell lines tested negative for mycoplasma 
contamination.

Immunohistochemistry (IHC)
IHC staining for DLL3 and B7H3 was performed 
using the rabbit antibody clone (Cell Signaling, USA; 
Cat#71804 for DLL3 and Cat#14058 for B7H3) on for-
malin-fixed, paraffin-embedded sections from patient-
derived xenograft (PDX) models and 33 human cancer 
tissue microarrays (TMAs) (Wanke, China). All sam-
ples were processed on the BOND RX Fully Automated 
Research Stainer (Leica Microsystems, USA) as per the 
manufacturer’s instructions. All images were acquired 
using NanoZoomer-HT 2.0 Image system (Hamamatsu, 
Japan) at 40 times magnification (40×). The expression 
intensities of membranous DLL3 and B7H3 were pre-
sented with a histochemical scoring system (H-score) as 
follows: 0 (H-score 0–9; negative), 1+ (H-score 10–99; 
weak), 2+ (H-score 100–199; moderate), and 3+ (H-score 
200–300; strong).

Biolayer interferometry (BLI) for epitope binning
Two antibodies were detected for competitiveness with 
each other based on the Gator BLI system (ProbeLife, 
China). Epitope binning was performed in a tandem 
setup with His-tagged human DLL3 (60 nM) immobi-
lized on biosensors. Rovalpituzumab at a saturating con-
centration of 100 nM was applied for 300 s, followed by 
either Rovalpituzumab or DB131401 at the same concen-
tration and time. The increment of layer thickness in the 
last step was an indicator of non-overlapping epitopes. 
The running buffer was a mixture of 10 mM phosphate-
buffered saline (PBS; pH 7.4), 0.02% Tween 20, and 0.2% 
bovine serum albumin.

Surface plasmon resonance (SPR) for binding affinity
The binding affinity of DB131401 to human DLL3 was 
assessed using Biacore T200 (Cytiva, USA) as per the 
manufacturer’s protocol. Briefly, DB131401 was diluted 
to 60 nM and immobilized on Series S Protein A Sensor 
Chip (Cat# 29127556; Cytiva, USA), followed by loading 
a two-fold serial dilution (starting at 300 nM) of recom-
binant human His-tagged DLL3 protein (Sanyoubio, 
China) in HBS-EP + buffer (Cytiva, USA) at a flow rate 
of 30 µL/min with 180 s of association and 300 s of dis-
sociation. Washing was required to remove excess pro-
teins from biosensors before immersing different sets of 
antibodies. The association of antibodies was monitored 
on the sensorgram for epitope binning. Data for binding 
affinity, including the association rate (Ka), the dissocia-
tion rate (Kd), and the dissociation equilibrium constant 
(KD) values were calculated using the BIAevaluation 
software (Cytiva, USA) by fitting the global analysis of 
the association/dissociation curves to bivalent binding 
model.

Enzyme-linked immunosorbent assay (ELISA) for binding 
specificity
The immunoplates were respectively coated 2  µg/mL 
human DLL1 (ACRO, Cat# DL1-H52H8) or human 
DLL4 (ACRO, Cat# DL4-H5227) or Cynomolgus DLL3 
(ACRO, Cat# DL3-C52H3) recombinant proteins over-
night at 4  °C, washed, blocked with 5% PBSM at room 
temperature for 2 h, and then incubated with serial dilu-
tions of DB131401, Rovalpituzumab, or human IgG1 iso-
type control for an hour. After washing, goat anti-human 
IgG Fc-horseradish peroxidase (1:4000; Sigma-Millipore, 
USA) was added to the plate for another hour followed by 
the visualization with 3,3’,5,5′-tetramethylbenzidine sub-
strate. The absorbance at 450 nm was measured using a 
microplate reader (SpectraMax Mini; Molecular Devices, 
China).
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Internalization assay
HEK293 cells stably and highly expressing human HER3 
(H_DLL3 HEK293) were established by lentivirus trans-
duction encoding human DLL3 (genomeditech, Cat# 
GM-C12896). Following the resuspension in the cor-
responding complete medium, SHP-77 and H_DLL3 
HEK293 cells were seeded at 1 × 104 cells/well in a 96-well 
plate and then incubated overnight at 37  °C under 5% 
CO2. Antibodies including DB131401, Rovalpituzumab, 
and human IgG1 isotype control were labeled with 
Incucyte® Human Fabfluor-pH Red Antibody Label-
ing Reagent (Sartorius, Germany) at 1:3 molar ratio for 
15  min and subsequently added to cells. Imaging was 
captured at the indicated time points by the Incucyte® 
Live-Cell Analysis System (Sartorius, Germany) and 
internalization intensity was assessed using the IncuCyte® 
software (Sartorius, Germany).

Bystander killing effect assay
Firefly luciferase-transfected Raji (Raji-Luc) cells (2000 
cells/well) were seeded alone or mixed with an equal 
number of DLL3-positive NCI-H82 cells into a 96-well 
plate, followed by treatment with DB-1314 or iso-P1021. 
After 5-day incubation, the viability of Raji-Luc cells 
was measured with SteadyGlo® Luciferase Assay System 
(Promega) according to the manufacturer’s instructions. 
Bystander activity elicited by DLL3-targeting ADC was 
demonstrated by the reduced viability of Raji-Luc cells.

Antibody-dependent cell-mediated cytotoxicity (ADCC)
ADCC was evaluated using the lactate dehydroge-
nase (LDH) Cytotoxicity Assay Kit (Beyotime; China). 
Briefly, human peripheral blood mononuclear cells 
(PBMCs, effector cells; 4 × 106 cells/mL) and NCI-H82 
(target cells; 2 × 105 cells/mL) cells were mixed at an 
effector-to-target (E: T) ratio of 5:1 and incubated with 
1 or 10 nM DB-1314 or iso-P1021 at 37  °C for approxi-
mately 4  h. Then, LDH release was detected 30  min 
after target cell lysis and quantified by measuring the 
absorbance at 490  nm using the microplate reader 
(SpectraMax Mini; Molecular Devices, China). Cyto-
toxicity was calculated using the following formulas: 
% cytotoxicity = (optical density [OD]experimental release 
− ODspontaneous effector cell release + spontaneous target cell release)/
(ODmaximum release − ODspontaneous release) × 100%.

In vitro cell viability assay
Cells were seeded into 96-well plates at 3000 cells/well 
for NCI-H82, 6000 cells/well for SHP-77, 5000 cells/
well for DMS53, and 2000 cells/well for LU2514 PDC 
(patient-derived cell, provided by CrownBio). After over-
night incubation, a serially diluted solution of ADCs was 
added. Cell viability was evaluated after 5 days using the 
CellTiter-Glo® Luminescent Cell Viability kit (Promega; 

USA) according to the manufacturer’s instructions. 
Luminescence was measured by EnVison Multi-Mode 
Microplate Reader (PerkinElmer, USA). Concentration-
response curves and half-maximal inhibitory concentra-
tion (IC50) values were generated by nonlinear regression 
using a sigmoidal curve fit with variable slope in Graph 
Pad Prism. Assays were performed in triplicate for each 
data point. GraphPad Prism software was used for curve 
fitting. Differences between the two groups were ana-
lyzed by a standard Student t-test. P < 0.05 was consid-
ered statistically significant.

DLL3 quantification by antibodies bound per cell (ABC) 
assay
The assay aimed to evaluate the expression level of DLL3 
on selected cell lines. In principle, DLL3 density in cells 
was measured by the relative number of anti-human 
DLL3 antibodies bound on each cell surface. ABC was 
measured using the Quantibrite™ PE Quantitation Kit 
(BD Biosciences; Cat# 340495). The protocol was fol-
lowed according to the manufacturer’s instructions 
(https://www.bdbiosciences.com/content/bdb/paths/
generate-tds-document.us.340495.pdf). Briefly, excess 
PE-conjugated anti-human DLL3 antibodies (Biotechne 
Cat# FAB4315P) were mixed and bound to the cells and 
analyzed on flow cytometry (BD Accuri C6). Median 
fluorescence intensity was measured and translated into 
the number of ABC calibrated with BD Quantibrite™ PE 
beads.

In vivo efficiency studies
All animal studies were approved by the Institutional 
Animal Care and Use Committee guidelines of Gemphar-
matech Co., Ltd. (China) or Crownbio Co., Ltd. (China).

Cell line-derived xenograft (CDX) study
Female NCG or BALA/c-nude mice (18–25  g body 
weight, provided by GemPharmatech Co. Ltd.) were 
implanted subcutaneously in the right upper flank 
region with approximately 5-7.5 × 106 DMS53, SHP-77, 
or NCI-H82 tumor cells. When the average tumor vol-
umes reached about 100–150 mm3, mice were random-
ized by tumor sizes into treatment and control groups (5 
mice/group) and then intravenously given vehicle con-
trol (PBS), non-binding control ADC (isotype-P1021), 
DB-1314, or Rovalpituzumab-P1021 at the stated doses 
(day 0).

PDX study
LU2514, LU5188, LU5215, and LU5266 PDX models were 
acquired from HuPrime® (CrownBio; USA). Tumor frag-
ments (diameter, 2–3 mm) harvested from these models 
were subcutaneously implanted in female NOD/SCID 
or BALA/c-nude mice (20–25  g body weight, provided 

https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.340495.pdf
https://www.bdbiosciences.com/content/bdb/paths/generate-tds-document.us.340495.pdf


Page 5 of 13Lin et al. Journal of Translational Medicine          (2024) 22:766 

by Crownbio Co., Ltd.). Once the tumor grew to the 
desired volumes of approximately 140–160 mm3, mice 
were grouped as described above and intravenously or 
intraperitoneally injected with vehicle control, DB-1314, 
or Rovalpituzumab-P1021, DS-7300, or topotecan (Med-
ChemExpress, Cat# HY-13768 A) as indicated (day 0).

Specific pathogen-free mice (6–8 weeks old) were 
housed in the pathogen-free conditions. Body weight 
and tumor size were measured twice weekly and tumor 
volumes were calculated with (length × width2)/2. The 
antitumor activity was evaluated by tumor growth inhi-
bition (TGI, %). TGI% was calculated as TGI% = [1-(Ti-
T0)/(Ci-C0)] x100%, where C0 and T0 are the mean tumor 
volume of vehicle and treatment groups at study start, Ci 
and Ti stand for the mean tumor volume of vehicle and 
treatment groups on a given day. Statistical analyses were 
performed using two-way ANOVA for multigroup com-
parisons. A P-value ≤ 0.05 was considered statistically 
significant. Animals were euthanized if they displayed 
weight loss > 20%, tumor volume exceeding 3 cm3, or 
indicated adverse symptoms.

Toxicokinetics in cynomolgus monkeys
Cynomolgus monkeys (age, 3.5-4 years; weight, 2.7–
4.9  kg) were obtained from SuZhou XiShan Laboratory 
Animal Co., Ltd. (China) and used for repeated-dose 
toxicokinetic study. Two monkeys per sex per group were 
intravenously administered with 60  mg/kg DB-1314 at 
3-week intervals for two doses. Clinical signs, general 

conditions, body weight, food consumption, electrocar-
diography examinations, and clinical pathology parame-
ters were monitored at indicated time points throughout 
the study. Monkeys were sacrificed on day 7 following 
the second administration for gross necropsy and histo-
pathologic examinations. Blood samples for toxicokinet-
ics were obtained from each group before the first dosing 
and at 0, 0.667, 2.5, 6.5, 24.5, 48.5, 72.5, 120.5, 168.5, 
336.5, and 504.5  h after administration. The concentra-
tions of total antibody and ADC (DB-1314) in serum 
were determined by ELISA, while the small molecule 
(P1021) was quantified by liquid chromatography-mass 
spectrometry/mass spectrometry. Concentration-time 
profiles were performed to determine the toxicokinetic 
parameters using a non-compartmental method in the 
Phoenix software version 6.3 (Pharsight, USA).

Results
DLL3 is a promising ADC molecule target in SCLC
To characterize the expression patterns of DLL3 on 
SCLC, IHC staining for DLL3 was conducted on TMA 
from SCLC patients. Given that DS-7300, a novel B7H3-
directed DXd ADC, demonstrated a manageable safety 
profile and robust and durable efficacy in patients with 
heavily pretreated SCLC [12, 33], we also detected the 
expression patterns of B7H3 on SCLC TMA. Among 33 
SCLC tumors, 27 (81.8%) samples showed staining posi-
tive for DLL3 and 30 (90.9%) demonstrated B7H3 expres-
sion (Fig. 1A and Supplementary Figure S1). Besides, the 

Fig. 1  DLL3 is a promising target for ADC development in SCLC. (A-B) DLL3 and B7H3 expressions in a tissue microarray of 33 human SCLC samples were 
measured by immunohistochemistry. Staining intensity: 1+, weak; 2+, moderate; 3+, strong. Data were representative of three different experiments and 
expressed as the mean ± SEM. (C) Tumor volume was measured twice weekly after dosing with anti-DLL3 ADC (proof of concept) Rovalpituzumab-P1021 
or vehicle control in the female BALB/c-Nude mice bearing SHP-77 cancer cells
Abbreviations: IHC, immunohistochemistry; i.v., intravenous injection; ADC, antibody-drug conjugate; SCLC, small cell lung cancer; DLL3, Delta-like ligand 
3; CDX, Cell line-derived xenograft; SEM, standard error of the mean
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similar staining pattern of DLL3 and B7H3 (weak stain-
ing 1+, 70.4% vs. 90%; moderate staining 2+, 18.5% vs. 
6.7%; strong staining 3+, 11.1% vs. 3.3%) in these DLL3/
B7H3-positive tumors (Fig.  1B) suggested the low/
medium prevalence of these two proteins in SCLC. Our 
comparative expression profile of the DLL3 and B7H3 
supported the development of DLL3 as a target for a 
therapeutic ADC. Furthermore, while DLL3 and B7H3 
overlapped with respect to tissue localization, they also 
showed exclusivity, suggesting the opportunity for DLL3-
ADC in patients insensitive to B7H3-ADC.

Then, we generated a DLL3-ADC Rovalpituzumab-
P1021 (DAR, 8) for the proof of concept. This ADC com-
prised humanized IgG1 mAb Rovalpituzumab (Heavy 
Chain S220C back mutation) linked to P1021 (TOPIi of 
DualityBio’s proprietary) via a maleimide tetrapeptide-
based cleavable linker. Given that PBD-related toxicities 
led to the clinical failure of Rova-T, we replaced PBD with 
TOPIi with different mechanisms as the potential pay-
load for this proof-of-concept ADC. The DLL3-positive 
SHP-77 CDX model was used to evaluate the antitumor 
activity in vivo of single-dose Rovalpituzumab-P1021 and 
the tested animals showed complete tumor regression 
(Fig.  1C). Together, these results further validated the 
feasibility of DLL3-TOPIi ADC in SCLC.

Generation and characterization of DLL3-TOPIi ADC 
DB-1314
The aforementioned findings prompted the development 
of DB-1314, a new targeting-DLL3 therapeutic ADC. It 
was engineered by conjugating anti-DLL3 IgG1 mono-
clonal antibody (mAb) DB131401 to TOPIi P1021 via a 
peptidyl linker. HIC showed a homogeneous drug dis-
tribution, with a DAR of approximately eight (Fig.  2A). 
DB131401 is a fully humanized mAb with a binding 
epitope differentiating from Rovalpituzumab. Epitope 
binning by BLI detection revealed that DB131401 did 
not compete with Rovalpituzumab for a similar epit-
ope (Fig. 2B). The binding affinity (KD) of DB131401 for 
human DLL3 was 2.17 nM as assessed by SPR (Fig. 2C). 
Similarly to Rovalpituzumab, DB131401 did not bind 
rodent DLL3 (data not shown). Furthermore, the results 
from ELISA demonstrated no cross-reactivity with DLL1 
or DLL4 (Supplementary Figures S2A and S2B), suggest-
ing the binding specificity of DB131401 for DLL3. As 
intracellular delivery of cytotoxic agents is the rationale 
for ADC activity, [23] we first confirmed the internaliza-
tion of DB-1314 into DLL3-positive SCLC cells. Inter-
nalization kinetics of DB131401 and Rovalpituzumab 
tagged with Incucyte® Fabfluor-pH sensitive dye was 
assessed in SHP-77 cells and human DLL3 high express-
ing HEK293 (H_DLL3 HEK293) cells using Incucyte. 
Compared with the isotype IgG1 control, DB131401 and 

Fig. 2  In vitro property characterization of anti-DLL3 ADC DB-1314. (A) Conjugated drug distribution was measured by hydrophobic interaction chro-
matography. (B) Epitope binning of DB131401 and Rovalpituzumab by BLI. His-tagged human DLL3 (60 nM) was loaded onto biosensor, followed by 
binding of the first antibody Rovalpituzumab at saturating concentration of 100 nM. Subsequently, either the saturation antibody Rovalpituzumab or the 
completion antibody DB131401 was applied. CH5 represented 100 nM DB131401. CH8 represented 100 nM Rovalpituzumab. Increment of layer thickness 
in the last step suggested that the epitopes of the two antibodies did not overlap. (C) Affinity of DB131401 and Rovalpituzumab binding to human DLL3 
was characterized using SPR. Internalization of DB131401 and Rovalpituzumab tagged with Incucyte® Fabfluor-pH sensitive dye in SHP-77 cancer cells (D) 
and highly expressing human HER3 HEK293 (H_DLL3 HEK293) cells (E) was analyzed by Incucyte® Live-Cell Analysis System and quantified using the In-
cuCyte® software. (F)In vitro bystander killing effect of DB-1314. DLL3-positove NCI-H82 cells and DLL3-negative Raji-Luc cells were cocultured for 5 days 
and incubated with DB-1314, followed by the measurement of viable Raji-Luc cell numbers by detecting the luciferase activity using the luminometer. 
(G) ADCC activity of DB-1314 was measured using isolated PBMCs cocultured with NCI-H82 cells
Abbreviations: BLI, biolayer interferometry; PBMC, peripheral blood mononuclear cell; ADCC, antibody-dependent cell-mediated cytotoxicity; LDH, lactate 
dehydrogenase; ADC, antibody-drug conjugate; DLL3, Delta-like ligand 3; SPR, surface plasmon resonance; iso-IgG1, isotype IgG1; conc., concentration
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Rovalpituzumab were efficiently internalized into cells, 
with a higher internalization rate of DB131401 (Fig.  2D 
and E). Bystander killing is important in tumors with het-
erogeneous target expression [34]. To test the bystander 
activity of DB-1314, co-cultures of DLL3-positive NCI-
H82 and DLL3-negative Raji-luciferase (Raji-Luc) cells 
were treated with DB-1314; and the viability of Raji-luc 
cells was assessed by measuring the luciferase activity 
using the luminometer. As expected, DB-1314 elicited 
bystander activity, as demonstrated by the reduction 
of Raji-Luc cells (Fig.  2F). The lack of direct activity of 
DB-1314 on DLL3-negative Raji-luc cells was confirmed 
by treatment in the absence of NCI-H82 cells (Fig.  2F). 
These data validated that the cell permeability of P1021 
enabled DB-1314 to induce bystander activity. ADCC is 
one of the mechanisms of tumor cell killing for therapeu-
tic antibodies with wild-type Fc [35]. DB131401 medi-
ated ADCC in NCI-H82 cells in the presence of PBMC 
(Fig. 2G).

Taken together, these results demonstrated that 
DB-1314 exerted a high affinity and specificity to DLL3, 
high internalization, and could induce bystander killing 
effects and ADCC, potentially representing a new prom-
ising anti-DLL3 ADC therapy for SCLC following the 
failure of Rova-T.

DB-1314 exhibits potent cytotoxic activity in vitro
We then investigated the effect of DB-1314 on the pro-
liferation inhibition of DLL3-positive cancer cells in 
vitro, and compared it with Rovalpituzumab-P1021. 
DLL3 expression levels on the membrane of the DMS53, 
NCI-N82, and SHP-77 cell lines and LU2514 PDC were 
assessed using QuantiBRITE™ PE beads by flow cytom-
etry. The ABC of DMS53 (Fig.  3A), NCI-N82 (Fig.  3B), 
and SHP-77 (Fig.  3C) cells were respectively 323, 608, 
and 444, indicating the positive but low expression of 
DLL3 on the cell surface; whereas the ABC was 2967.64 
for LU2514 (Fig. 3D). Of note, DB-1314 exhibited potent 
growth-suppressive activity against all tested DLL3-
positive cells, independent of the specific DLL3 expres-
sion magnitude; the IC50 values for DMS53, NCI-N82, 
and SHP-77cell lines and LU2514 PDC were calculated 
as 45, 37, 538, and 147.82 nM, respectively (Fig. 3A and 
D). Besides, there was a comparable inhibitory effect of 
Rovalpituzumab-P1021 on these tested cells to that of 
DB-1314 (Fig.  3A and D). Together, these results sug-
gested the remarkable cytotoxic killing of DB-1314 
against DLL3-positive SCLC cells, even those with low 
surface DLL3 expressions (< 1000 molecules per cell was 
defined as low expression of DLL3 [36]).

DB-1314 exhibits significant antitumor effects in vivo
We further examined the antitumor activity in CDX 
models with low DLL3 expression. Tumor-bearing mice 

Fig. 3  In vitro cytotoxicity of DB-1314. In vitro cytotoxicity of DB-1314 and Rovalpituzumab-P1021 was measured 6 days after treatment in (A) DMS53, 
(B) NCI-H82, (C) SHP-77cancer cell lines, and (D) LU2514 patient-derived cells. Data were representative of three different experiments and expressed as 
the mean ± SEM
Abbreviations: ABC, antibodies bound per cell; DLL3, Delta-like ligand 3; SEM, standard error of the mean; IC50, half-maximal inhibitory concentration
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were intravenously injected with vehicle control, isotype-
P1021, Rovalpituzumab-P1021, or DB-1314 at indicated 
concentrations once a week for one or two doses. Com-
pared with vehicle control and isotype-P1021, DB-1314 
and Rovalpituzumab-P1021 exerted significant dose-
dependent tumor growth inhibition in mice bearing with 
NCI-H82 cells (Fig. 4A). In either mice bearing DMS53 
cells or mice bearing SHP-77 cells, these two ADCs 
induced complete tumor regression and sustained antitu-
mor activity over 28 days (Fig. 4B and C).

Generally, PDX models were more clinically relevant 
because they preserved clinical characteristics, includ-
ing heterogeneity, molecular diversity, and histological 
resemblance, of original tumors [37]. We further evalu-
ated the therapeutic effects of DB-1314 in PDX models 
and additionally focused on the efficacy comparisons 
with DS-7300, a candidate anti-B7H3 ADC against SCLC 
[33]. IHC showed positive but heterogeneous expression 
of DLL3 and B7H3 in SCLC PDX models (Fig. 5). Regard-
less of the relative expression level of DLL3 and B7H3, 
DB-1314 exhibited comparable or superior antitumor 
response than DS-7300 administered at the same doses 
in LU2514 (H score, 153.68 vs. 96.26; both complete 
tumor regression; Fig. 5A), LU5188 (H score, 179.78 vs. 
102.23; complete tumor regression vs. tumor regrowth; 
Fig. 5B), LU5215 (H score, 175.11 vs. 240.74; TGI, 83.53% 
vs. 106.96%; Fig.  5C), and LU5266 (H score, 267.35 vs. 
207.36; TGI, 91.44% vs. 70.01%; Fig. 5D) models. Besides, 
DB-1314 showed comparable activity with Rovalpitu-
zumab-P1021 in LU5215 (Fig. 5C) and LU5266 (Fig. 5D) 
PDX. Further, to elucidate the therapeutic advantage 
of ADC over TopIi-based chemotherapy monotherapy, 
DB-1314 was compared with topotecan (FDA-approved 
SoC in second-line SCLC treatment) and demonstrated 
greater reductions in tumor burden in LU5188 PDX 
(Fig.  5B). DB-1314 was well-tolerated in tumor-bearing 
mice, with no obvious body weight loss observed in all 
PDX models (Fig. 5). Together, DB-1314 could effectively 

inhibit the growth of SCLC tumors in vivo, suggesting 
the treatment potential of DB-1314 in the clinical setting.

Safety studies in nonhuman primates
Cynomolgus monkey is an appropriate model for the 
safety assessment of target-dependent toxicities of 
DB-1314 because DB131401 mAb binds to cynomolgus 
monkey DLL3 with similar affinity as humans (Supple-
mentary Fig.  3). Preliminary safety studies investigated 
DB-1314 every 3 weeks (Q3W×2) at 60 mg/kg dose. After 
administration of DB-1314 at 60  mg/kg, the animals 
showed minimal and reversible changes in the hema-
tological system (granulocyte, erythroid) and hepatic 
function indicators (alanine aminotransferase, aspartate 
aminotransferase) and slight thymic atrophy (Tables  1 
and Supplementary Table 1). With this dosing regimen, 
the maximum tolerated dose was determined to be 
greater than 60 mg/kg.

Toxicokinetic profiles of DB-1314 also demonstrated 
high serum stability in cynomolgus monkeys follow-
ing intravenous administration at 60  mg/kg (Fig.  6), 
with similar serum concentration and pharmacoki-
netic parameters (T1/2, 10.58 vs. 9.75 days) of ADC to 
total Ab throughout the course. A low level of payload 
P1021 was detected and the serum area under the curve 
(AUC)0−168.5 for total Ab is 72,014 µg*h/mL and for ADC 
is 72,226  µg*h/mL, suggesting that most Ab remaining 
in circulation still retained conjugated payload P1021. 
Together, these data suggested that DB-1314 may achieve 
high exposure for clinically required therapeutic efficacy 
in a context of acceptable safety.

Discussion
Compared with conventional cytotoxic chemotherapy, 
targeted therapy (either small molecule drugs or biologi-
cal therapeutics) often exhibits improved tumor response 
and reduced toxicity. SCLC is a highly lethal tumor with 
a high degree of intratumoral heterogeneity [38]. Despite 
the identification of various oncogenic drivers (PARP1, 

Fig. 4  Antitumor effects in cell-derived xenograft (CDX). Tumor volume was measured twice weekly after treatment with vehicle control, control ADC 
(isotype-P1021), Rovalpituzumab-P1021, or DB-1314 at indicated doses in 3 CDX models: (A) female BALB/c-Nude mice bearing NCI-H82 cancer cells, (B) 
NCG mice bearing DMS53 cancer cells, and (C) BALB/c-Nude mice bearing SHP-77 cancer cells. The results were representative of three different experi-
ments and expressed as the mean ± SEM
Abbreviations: SEM, standard error of the mean; ADC, antibody-drug conjugate; QW, once a week; i.v., intravenous injection
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CHK1, LSD1, EZH2, etc.) in SCLC over the last few 
decades, there unfortunately were no survival benefits 
of targeted therapies for these drivers [39]. DLL3 has 
recently been identified as an SCLC-specific tumor anti-
gen. Consistently with previously reported wide expres-
sion, [12, 13] we also observed the detectable membrane 

DLL3 expression across 81.8% of SCLC TMAs. However, 
our IHC staining in PDX models and ABC detection in 
tumor cell lines, along with previous research, showed 
low-medium abundance in SCLC [40]. This aligns with 
concerns raised by Amgen about the potential inad-
equacy of toxic payloads delivered to cells due to low 

Fig. 5  Antitumor effects in patient-derived xenograft (PDX) models. Representative images and H-scores of DLL3 and B7H3 are shown for each xenograft 
model. Scale bar, 100 μm. Body weight and tumor volume were measured twice weekly after treatment with vehicle control, Rovalpituzumab-P1021, 
DB-1314, DS-7300, or topotecan at indicated doses in 4 PDX models: (A) female BALB/c-Nude mice bearing LU2514 tumor fragments, (B) NOD/SCID mice 
bearing LU5188 tumor fragments, (C) NOD/SCID mice bearing LU5215 tumor fragments, and (D) NOD/SCID mice bearing LU5266 tumor fragments. The 
results were representative of three different experiments and expressed as the mean ± SEM
Abbreviations: DLL3, Delta-like ligand 3; SEM, standard error of the mean; QW, once a week; i.v., intravenous injection; i.p., intraperitoneal injection

 



Page 10 of 13Lin et al. Journal of Translational Medicine          (2024) 22:766 

DLL3 expression, and thus Amgen opted to develop BiTE 
targeting DLL3 and CD3 (tarlatamab) rather than DLL3-
directed ADCs. DeLLphi-301 trial has demonstrated 
ORR of 40% and PFS of 4.9 months in patients with pre-
viously treated SCLC at 10 mg tarlatamab every 2 weeks 
[18]. 

By contrast, we established an DLL3-directed ADC 
because the approval of ADC DS-8201 in HER2 low 
breast cancer demonstrated a promising feasibility for 
ADC targeting low-expression targets [41]. DS-8201 
exemplifies an approach that less toxic DXd rather than 
MMAE and DM1 as payload enables a higher DAR and 
sufficient accumulation of therapeutic toxins, improving 
the TI of ADCs and extending their benefits to tumors 
with low/negative expressions of target proteins [42, 43]. 
Given the comparable expression level of DLL3 to B7H3 
in our IHC staining, the fact of significant clinical ben-
efits with B7H3-targeting ADC DS-7300 in heavily pre-
treated SCLC patients also supported the therapeutic 
potential of DLL3-directed ADC with the DXd payload 
in SCLC.37,38 Although Rova-T failed in clinical devel-
opment due to payload PBD-related narrow therapeutic 
window, early efficacy signs in the later-line therapy for 
SCLC were encouraging.24,25,38 As such, we reason that 
the replacement of PBD with TopIi could achieve accept-
able tolerability and maximize the therapeutic potential 

of DLL3-targeted ADC in SCLC [28, 42, 44, 45]. Con-
sistent with this hypothesis, Rovalpituzumab-P1021, an 
ADC comprising a similar antibody to Rova-T conju-
gated to TOPIi P1021, induced complete tumor regres-
sion in CDX models with low DLL3 expression. Together, 
we further generated DB-1314, a novel fully humanized 
anti-DLL3 mAb DB131401 conjugated with payload 
P1021 (DAR 8).

We found significant antiproliferative activity of 
DB-1314 in several SCLC cell lines even with low sur-
face DLL3 expressions (< 1000 molecules per cell) and 
potent, lasting, and dose-dependent growth-inhibitory 
effects in CDX models carrying these tumor cells. The 
process that DB-1314 bound to DLL3 with high affinity 
and efficiently internalized into tumors followed by the 
sufficient release of cytotoxic payload may contribute to 
the antitumor effects observed here. Besides, the high 
stability of DB-1314 in vivo may reduce degradation of 
the ADC in plasma and result in therapeutic accumula-
tion of payloads in target tumor cells, ultimately favor-
ing potent P1021-mediated cytotoxicity. Furthermore, 
similar to the remarkable efficacy of DS-8201 driven by 
payload TOPIi-mediated bystander killing effect, [42, 
46] our investigation has paralleled this mechanism with 
DB-1314, revealing that P1021 penetrates surrounding 
cells, resulting in the elimination of the target and neigh-
boring tumor cells. This is particularly advantageous for 
treating heterogeneous SCLC tumors [34]. 

Consistent with robust in vitro activity, DB-1314 also 
demonstrated potent antitumor effects in multiple more 
clinically relevant PDX models. Of note, although IHC 
showed a similar staining score of DLL3 to B7H3 in these 
heterogeneous PDX models, DB-1314 overall exhibited 
comparable or enhanced inhibitory effects on tumor 
growth compared to DS-7300. The discrepancies of DAR 

Table 1  Safety data in cynomolgus monkeys
Toxicity study of DB-1314 in cynomolgus monkeys
Dose Regimen 60 mg/kg, Q3W, 2 doses
Clinical observation Occasional soft feces
Gross necropsy observation Slight thymic atrophy
Blood biochemistry Slight decrease in neutrophil

Slight increase in AST/ALT
Abbreviations: Q3W, every 3 weeks; AST, aspartate aminotransferase; ALT, 
alanine aminotransferase

Fig. 6  Toxicokinetics of DB-1314. Blood samples from cynomolgus monkeys were collected at the indicated time after repeated drug administration for 
toxicokinetic profile analysis of total antibody, payload P1021, and ADC DB-1314
Abbreviations: ADC, antibody-drug conjugate; Ab, antibody; AUC, area under the curve
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(DB-1314, 8 vs. DS-7300, 4 [47]) and payload (DXd vs. 
P1021) potency in selected PDX models may bias the 
interpretation of efficacy comparisons. These findings 
in PDX models may position DB-1314 as a therapeutic 
alternative in SCLC tumors where DS-7300 shows poor 
tumor response. Besides, reduced off-target toxicities, 
including minimal and reversible changes in the hemato-
logical system and hepatic function indicators and slight 
thymic atrophy, were observed at up to 60 mg/kg in mon-
key study with DB-1314, suggesting the well-tolerance of 
DB-1314. Together, we reason that DB-1314 may have 
a wide therapeutic window, enabling SCLC patients to 
safely achieve a clinically relevant dose and improving the 
TI.

In addition to its potential as a single agent, DB-1314 
may appear as a promising companion for immune-
oncology (IO) therapy, synergistically improving the 
therapeutic benefits. Mechanically, tumor cells under-
going apoptosis following exposure to DB-1314 may 
emit immune-stimulatory molecules, which promote 
the recruitment and activation of both the innate and 
adaptive immune systems [48]. Besides, the Fc region 
of IgG1 mAbs interacted with the Fc gamma receptor 
(FcγR) of immune cells, which may elicit ADCC and thus 
enhance antitumor immune responses [23, 49]. Given 
the acquired resistance to first-line immunotherapies 
and the low response rates with pembrolizumab in later-
line treatment of SCLC, [50, 51] strategically combined 
DB-1314 with IO in either first-line or later-line settings 
should be the focus of future research.

Conclusion
In conclusion, significant preclinical activities may posi-
tion DB-1314, a newly developed anti-DLL3 ADC, as a 
promising candidate therapeutic option for heteroge-
neous DLL3-positive SCLC, deserving further evaluation 
from bench to bedside.
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