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Abstract
Background  Small cell lung cancer (SCLC) accounts for 
15% of lung cancers, and the primary treatment of this 
malignancy is chemotherapy and radiotherapy. Delta-like 
3 (DLL3) is an attractive target for SCLC immunotherapy 
since its expression is highly restricted to SCLC with a 
neglectable appearance on normal adult tissues. In the 
current study, we aimed to explore the efficacy of DLL3-
targeted SCLC immunotherapy via the engagement of T 
cell.
Methods  As a proof of concept, we constructed DLL3-
targeted bispecific antibody and chimeric antigen 
receptor (CAR)-modified T cells. In vitro and in vivo 
tumor-suppression activity of these treatments alone or 
in combination with a Program Death-1 (PD-1) inhibitory 
antibody was evaluated.
Results  In vitro studies showed that both DLL3 bispecific 
antibody and CAR-T efficiently killed DLL3-positive cancer 
cells, including the native SCLC cell lines H446, H196, 
H82, and the artificial A431 cells that were forcefully 
overexpressing DLL3. In vivo studies in xenograft mouse 
models demonstrated that both bispecific antibody and 
CAR-T suppressed the tumor growth, and combination 
therapy with PD-1 inhibitory antibody dramatically 
improved the efficacy of the DLL3 bispecific antibody, but 
not the CAR-T cells.
Conclusions  Our results demonstrated that DLL3-
targeted bispecific antibody plus PD-1 inhibition was 
effective in controlling SCLC growth.

Background
Small cell lung cancer (SCLC) is a subtype of 
lung cancer, which accounts for about 15% 
of all lung cancer cases.1–3 SCLC is notorious 
for its high degree of malignant attributes, 
including fast growth, early tendency to wide-
spread metastasis, and poor prognosis.1–3 
According to the staging system of the 
Veterans Administration Lung Study Group, 
SCLC can be classified as the limited disease 
(early stage) and extensive disease (late or 
advanced stage).4 Approximately 70% of 
patients are diagnosed at extensive stage, 

which is frequently accompanied with distant 
metastasis.1 2

By far, systemic chemotherapy and localized 
radiotherapy still represent the main treat-
ment modalities for SCLC. According to the 
international standard of care, patients with 
SCLC with extensive stage and widespread 
metastasis are typically treated with chemo-
therapy cisplatin or carboplatin together with 
etoposide.5 For early stage of SCLC, local 
radiotherapy combined with chemotherapy 
is recommended. Although SCLC is sensitive 
to the initial chemotherapy and radiotherapy, 
it has a very high rate of relapse and drug 
tolerance.2

In recent years, immunotherapy has 
achieved great clinical success in non-SCLC 
and other cancer types. However, the prog-
ress on SCLC immunotherapy is far from 
satisfaction, and the mainstay of clinical 
trials in SCLC immunotherapy is restricted 
to immune checkpoint inhibitors (ICIs).6 
CheckMate032 was a phase I/II clinical trial to 
evaluate the efficacy and safety of nivolumab 
(anti-PD-1) plus ipilimumab (anti-CTLA4) 
on extensive-stage SCLC.7 In this trial, a total 
of 216 patients were enrolled and treated. 
An objective response rate was 10%–33% 
depending on the drug combinations and 
dosage. However, high rate of grade 3 or 4 
treatment-related adverse events (13%–30%, 
depending on the dosage) was not satis-
factory. Other clinical trials of ICIs include 
KeyNote-158 (​ClinicalTrials.​gov identifier: 
NCT02628067, a phase II trial investigating 
pembrolizumab in relapsed or refractory 
SCLC)1 and IMpower133 that combined 
atezolizumab (anti-PD-L1) with carboplatin 
and etoposide.8 Overall, the clinical data on 
the efficacy of ICIs monotherapy in SCLC are 
not very promising.2 Therefore, seeking other 
forms of immunotherapy with more potency 
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is desperately needed, for example, bispecific antibody 
and chimeric antigen receptor (CAR)-modified T cells.

Delta-like 3 (DLL3) is a single-pass type I transmem-
brane protein. The extracellular domain of DLL3 inter-
acts with Notch receptor.9 A host of studies repeatedly 
and consistently indicated that DLL3 is an attractive 
target for cancer immunotherapy, particularly in SCLC 
and to a less extent in other cancer types.10–14 DLL3 is 
selectively expressing on the vast majority of SCLC (~70% 
in prevalence) with minimal or absent expression in 
normal adult tissues, even though the expression level 
might be magnitude lower than a typical immunotherapy 
target.10 11 15 DLL3-targeted antibody–drug conjugate 
(ADC) rovalpituzumab tesirine (Rova-T, SC16LD6.5) has 
shown durable tumor regression in vivo across multiple 
Patient-Derived Xenograft (PDX) models.16 Phase I clin-
ical trial of Rova-T on SCLC presented some promising 
results in terms of efficacy, with 18% (11 out of 60) of 
treated patients having shown objective response, and 
68% (41 out of 60) disease stabilization.17 However, 
the outcomes of the other following clinical trials were 
questionable or somewhat dampening.9 Nevertheless, 
the specificity of this target in SCLC encouraged us to 
seek the efficacy of DLL3-targeted T cell-based immuno-
therapy. As a proof of concept, we made a T cell-engaging 
bispecific antibody and CAR based on the mAb SC16.15. 
The cytotoxicity of DLL3-targeted bispecific antibody and 
CAR-T was tested in vitro and in xenograft mice.

Methods
Cell lines
Three SCLC cell lines (H446, H196, H82) and DLL3-
negative A431 cell line were maintained as adherent 
monolayer cultures in Dulbecco's Modified Eagle 
Medium (DMEM) medium (Invitrogen, Carlsbad, Cali-
fornia) supplemented with 10% fetal bovine serum 
(HyClone, Logan, Utah), 1% L-glutamine, and 1% peni-
cillin–streptomycin (Invitrogen) and incubated in 5% 
CO2 with a balance of air at 37°C. Cells were harvested 
and the media were refreshed two times a week. DLL3-
negative A431 cells (human epithelial carcinoma cell 
line) were engineered to overexpress DLL3 by transfec-
tion with a plasmid encoding the full-length DLL3 (Gene-
Bank accession number NP_058637.1). Both A431 and 
the stably transfected A431 (DLL3) cells were maintained 
in DMEM medium.

Antibodies and western blot
Antibody used in western blot for DLL3 was from 
Proteintech Group (Wuhan, China). Cells were cultured 
in T-25 or T-75 flasks for 3–5 days at a final confluence 
of 70%. Cells were collected and lysed with lysis buffer 
(50 mM Tris–HCl, pH 7.5, 50 mM NaCl, 5 mM EDTA, 1% 
Triton X-100, mixed with cocktail proteinase inhibitors 
from Roche Applied Science (Indianapolis, Indiana)). 
Protein concentration of the cell lysate was measured by 
Coomassie Plus (Bradford) Protein Assay from Thermo 

Scientific (Rockford, Illinois). Fifty micrograms of total 
protein were run on reducing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for 
western blot analysis.

Construction of DLL3 bispecific antibody
The DLL3-targeted SC16.15 scFv (sequence from patent 
US9173959B1) was fused with hFc knob mutant (N297A/
S354C/T366W). By using an EcoRV/BspEI double diges-
tion cloning method, the scFv coding sequence was cloned 
into the knob expression plasmid, placed downstream of 
a mouse IgG secretion signal peptide. The amino acid 
sequence of the knob cassette reads as: ​MEWSWVFLF-
FLSVTTGVHS​DI​QVQL​QQSG​AELA​KPGA​SVKM​SCKA​SGYT​
FTRY​WIHW​IKQR​PGQG​LEWI​GYIN​PTTV​YTEF​NQNF​KDKA​
TLTA​DKSS​TTAS​MQLS​SLTS​EDSA​VYYC​ARGG​SNFF​DYWG​
QGTT​LTVS​SGGG​GSGG​GGSG​GGGS​DIQM​TQSP​ASLA​ASVG​
ETVA​ITCR​ASEN​IYYN​LAWY​QQKQ​GKSP​QLLI​YTAN​SLED​
GVPS​RFSG​SGSG​TQYS​LKIN​SMQP​EDSA​TYFC​KQAY​DVPP​
TFGG​GTKLEIK​SG​DKTH​TCPP​CPAP​ELLG​GPSV​FLFP​
PKPK​DTLM​ISRT​PEVT​CVVV​DVSH​EDPE​VKFN​WYVD​
GVEVH​N​AKTK​PREE​QYAS​TYRV​VSVL​TVLH​QDWL​NGKE​
YKCK​VSNK​ALPA​PIEK​TISK​AKGQ​PREP​QVYT​LPPC​REEM​
TKNQ​VSLW​CLVK​GFYP​SDIA​VEWE​SNGQ​PENN​YKTT​
PPVL​DSDG​SFFL​YSKL​TVDK​SRWQ​QGNV​FSCS​VMHE​
ALHN​HYTQ​KSLS​LSPGK (EcoRV/BspEI sites under-
lined, scFv in italic, and N297A/S354C/T366W mutations 
highlighted). The CD3-targeted OKT3 scFv was fused 
with hFc hole mutant (N297A/Y349C/T366S/L368A/
Y407V). The OKT3 scFv coding sequence was cloned into 
the hole expression plasmid in a similar way. The amino 
acid sequence of the hole cassette reads as: ​MEWSWV-
FLFFLSVTTGVHS​DI​DIKL​QQSG​AELA​RPGA​SVKM​SCKT​
SGYT​FTRY​TMHW​VKQR​PGQG​LEWI​GYIN​PSRG​YTNY​NQKF​
KDKA​TLTT​DKSS​STAY​MQLS​SLTS​EDSA​VYYC​ARYY​DDHY​
CLDY​WGQG​TTLT​VSSV​EGGS​GGSG​GSGG​SGGV​DDIQ​LTQS​
PAIM​SASP​GEKV​TMTC​RASS​SVSY​MNWY​QQKS​GTSP​KRWI​
YDTS​KVAS​GVPY​RFSG​SGSG​TSYS​LTIS​SMEA​EDAA​TYYC​
QQWS​SNPL​TFGA​GTKLELK​SG​DKTH​TCPP​CPAP​ELLG​
GPSV​FLFP​PKPK​DTLM​ISRT​PEVT​CVVV​DVSH​EDPE​VKFN​
WYVD​GVEV​HNAK​TKPR​EEQY​ASTY​RVVS​VLTV​LHQD​
WLNG​KEYK​CKVS​NKAL​PAPI​EKTI​SKAK​GQPR​EPQV​
CTLP​PSRE​EMTK​NQVS​LSCA​VKGF​YPSD​IAVE​WESN​
GQPE​NNYK​TTPP​VLDS​DGSF​FLVS​KLTV​DKSR​WQQG​
NVFS​CSVM​HEAL​HNHY​TQKS​LSLSPGK (EcoRV/BspEI 
sites underlined, scFv in italic, and N297A/Y349C/T366S/
L368A/Y407V mutations highlighted). The knob and hole 
plasmids were mixed at 1:1 ratio and introduced into 293 F 
cells by polyethylenimine (PEI) transfection. The heterod-
imerized bispecific antibody was secreted into the medium 
and purified via protein A chromatography.

Production of CAR-T cells
The CAR expression cassette adopted the third gener-
ation format and was constructed by de novo gene 
synthesis, which consisted of the CD8a leader sequence 
(NP_001139345, a.a. 1–21), followed by anti-DLL3 
scFv (SC16.15, sequence from patent US9173959B1) 
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or isotype control HN3 (a human antibody that targets 
glypican-3, sequence from patent US20140044714), the 
CD8α hinge (NP_001139345, a.a. 138–182), CD8α trans-
membrane region (NP_001139345, a.a. 183–210), CD28 
intracellular domain (NP_006130.1, a.a. 180–220), 4-1BB 
intracellular domain (NP_001552.2, a.a. 214–255), CD3ζ 
intracellular domain (NP_932170, a.a. 52–164), internal 
ribosome entry site (from encephalomyocarditis virus), 
and a red fluorescent protein mScarlet-I. The amino 
acid sequence of the CAR-HN3 cassette reads as: ​MALP​
VTAL​LLPL​ALLL​HAARP ​DI​QVQL​VQSG​GGLV​QPGG​SLRL​
SCAA​SYFD​FDSY​EMSW​VRQA​PGKG​LEWI​GSIY​HSGS​TYYN​
PSLK​SRVT​ISRD​NSKN​TLYL​QMNT​LRAE​DTAT​YYCA​RVNM​
DRFD​YWGQ​GTLVTVSS​SG​TTTP​APRP​PTPA​PTIA​SQPL​
SLRP​EACR​PAAG​GAVH​TRGL​DFAC​DIYI​WAPL​AGTC​
GVLL​LSLV​ITLY​CNHR​NRSK​RSRL​LHSD​YMNM​TPRR​
PGPT​RKHY​QPYA​PPRD​FAAY​RSKR​GRKK​LLYI​FKQP​
FMRP​VQTT​QEED​GCSC​RFPE​EEEG​GCEL​RVKF​SRSA​
DAPA​YQQG​QNQL​YNEL​NLGR​REEY​DVLD​KRRG​RDPE​
MGGK​PQRR​KNPQ​EGLY​NELQ​KDKM​AEAY​SEIG​MKGE​
RRRG​KGHD​GLYQ​GLST​ATKD​TYDA​LHMQ​ALPPR 
(restriction enzyme sites underlined, HN3 in italic). CAR-
SC16.15 had the same sequence except that HN3 part was 
replaced by SC16.15 coding sequence. Human periph-
eral blood mononuclear cells (PBMC) were isolated 
from the whole blood of healthy donors (Wuhan Blood 
Center) by a Ficoll separation method (Stem Cell Tech-
nologies, Vancouver, British Columbia, Canada). PBMC 
were cultured in RPMI 1640 medium supplemented with 
200 IU/mL human recombinant interleukin (IL)-2 and 
activated by Dynabeads CD3/CD28 human T-activator 
(Cat. 11 131D, ThermoFisher, Waltham, Massachusetts) 
for 3 days according to the manufacturer’s instruction. 
The activated PBMC were transduced with lentivirus 
carrying the CAR cassette for 24 hours. After trans-
duction, refreshed medium containing 200 IU/mL of 
IL-2 was used to culture the CAR-T cells for additional 
3 days before the functional studies. The expression of 
CAR genes was indicated by the expression of mScarlet-I 
protein as detected by flow cytometry.

Flow cytometry method
Cells were harvested by detaching with trypsin–EDTA 
(ThermoFisher, Waltham, Massachusetts), washed by 
centrifugation, and resuspended in ice-cold phosphate 
buffer saline (PBS) containing 5% bovine serum albumin 
(BSA). One million of cells per mL were incubated with 
10 µg/mL of DLL3 bispecific antibody. The antibody 
binding was detected by phycoerythrin-conjugated goat 
antihuman IgG (Jackson ImmunoResearch, West Grove, 
Pennsylvania). The fluorescence associated with the live 
cells was measured using an FACS Calibur (BD Biosci-
ences, Franklin Lakes, New Jersey). For PD-L1 expression 
analysis, a rabbit monoclonal antibody (Sinobiological, 
Beijing, China) was incubated with the SCLC cells and the 
antibody binding was detected by allophycocyanin (APC)-
conjugated goat-anti-rabbit IgG (Jackson ImmunoRe-
search, West Grove, Pennsylvania). For PD-1 expression 

analysis, a PD-1 inhibitory antibody (in-house made as 
scFv-hFc format, using nivolumab VH and VL sequences) 
was incubated with CAR-T cells and the antibody binding 
was detected by APC-conjugated goat-anti-human IgG 
(Jackson ImmunoResearch, West Grove, Pennsylvania).

In vitro cytotoxicity assay
In vitro cell killing activity of the bispecific antibody and 
CAR-T cells was assessed by firefly luciferase reporter 
assay. Cancer cells were stably transduced with a lentiviral 
vector that carries a luciferase reporter gene (ffLuc2). 
Two hundred microliters of stably transduced cells were 
seeded on a 96-well plate (104 cells/well), with the addi-
tion of PBMC and bispecific antibody at the indicated 
concentrations, or addition of CAR-T cells at the indi-
cated amount. Untreated cells were used as control. 
The cell mixtures were incubated at 37°C for 48 hours 
and then collected by spinning down. Collected cells 
were then lysed by two rounds of freezing–thawing. The 
released luciferase activity was measured to represent the 
cell viability. The in vitro cytotoxicity assay was repeated 
three times and PBMC from a total of three donors was 
tested. Reported was the representative result.

In vivo efficacy study
Five million H446 and A431 (DLL3) cells were subcuta-
neously injected into NOD/SCID/IL2Rg(null) (NSG) 
mice. After the tumor formed and reached the size of 
100–200 mm3, the treatment was started by splenocyte 
depletion with 200 mg/kg cyclophosphamide (Sigma-
Aldrich, St. Louis, Missouri). One day later, mice were 
intraperitoneally injected with 10 millions of PBMC cells 
or 5 millions of CAR-T cells, and intravenously injected 
with bispecific antibody and PD-1 antibody. The bispe-
cific antibody was given two times at the indicated time 
point, and PD-1 antibody was given once every week. 
Tumor dimensions were determined every 2 or 3 days 
with a caliper. Tumor volume (mm3) was calculated by 
the formula: (a) × (b2) ×0.5, where a is tumor length and 
b is tumor width in millimeters. Five mice per group were 
assigned. The in vivo study was repeated two times with 
two different donors as the source of PBMC.

Statistical analysis
All statistical analyses were conducted using GraphPad 
Prism5 (GraphPad Software, La Jolla, California) 
and expressed as the mean±SEM. Comparison of two 
groups was performed using paired Student’s t-test (two 
tailed). Comparisons among three or more groups were 
performed using one-way analysis of variance. P<0.05 was 
considered statistically significant.

Results
Preparation of DLL3-targeted bispecific antibody
We used the classical knob-into-hole structure to make 
the bispecific antibody.18 The anti-DLL3 scFv SC16.15 
was fused with a human Fc knob and the anti-CD3 scFv 
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Figure 1  Preparation of delta-like 3 (DLL3) bispecific 
antibody. (A) Schematic diagram of the primary structure of 
the DLL3 bispecific antibody. The anti-DLL3 scFv (SC16.15) 
was fused with hFc knob, and the anti-CD3 scFv (OKT3) was 
fused with hFc hole. (B) SDS-PAGE analysis of the purified 
bispecific antibody. Two micrograms of protein were loaded 
for each lane. Non-R., non-reduced condition, showing the 
dimerized bispecific antibody; Red., 2-mercaptoethanol 
reduced condition, showing the reduced monomer of the 
bispecific antibody.

Figure 2  Binding properties of the delta-like 3 (DLL3) 
bispecific antibody. (A) Flow cytometry analysis of the 
bispecific antibody binding to different cancer cell lines. Ten 
micrograms of the bispecific antibody were coincubated 
with one million of cells. Antibody binding was detected 
by phycoerythrin-conjugated goat antihuman IgG. Shaded 
area, secondary antibody staining; dashed lines, isotype 
control (pooled human IgG) staining; red solid line, bispecific 
antibody staining. (B) T cell binding analysis of the bispecific 
antibody. Same experimental settings were used as above 
mentioned, except that the T cell line Jurkat and peripheral 
blood mononuclear cells were tested. (C) Western blot 
analysis of the DLL3 expression in different cancer cell lines. 
Fifty micrograms of total protein from each cell lysate were 
run on reduced SDS-PAGE, followed by anti-DLL3 antibody 
staining. The β-actin was used loading control. A431 (DLL3) 
was an artificial cell line that was forcefully overexpressing 
DLL3. The band intensity from each lane was quantified by 
using ImageJ software, and presented as mean±SEM.

OKT3 was fused with Fc hole (figure 1A). Both the knob 
and hole plasmid were coexpressed in 293F cells. The 
heterodimerized bispecific antibody was purified via 
protein A affinity chromatography and the purity was 
accessed by SDS-PAGE (figure 1B). As expected, the non-
reduced heterodimer migrated mainly as 120 kD and the 
reduced monomers of both knob and hole migrated as 
about 60 kD.

Cell binding specificity of the bispecific antibody
Cell binding was checked on both DLL3-negative and 
DLL3-positive cancer cell lines, T lymphoma cell line 
Jurkat, and primary human T cells (PBMC; figure  2). 
Since DLL3 are generally expressed at a very low level 
on SCLC,10 as expected, the bispecific antibody margin-
ally bound to SCLC cell line H446, H196, and H82 
(figure 2A). To confirm the cell binding activity, we made 
an artificial A431 (DLL3) cell line by overexpressing 
DLL3 on A431 cells via lentiviral transduction and cell 
sorting. A little surprised, it was difficult to get DLL3 super 
high expressers (figure 2A, A431 (DLL3)), which prob-
ably explained why DLL3 is generally low expressing in 
SCLC cell lines and tissues. The binding of the bispecific 
antibody to T cells was apparent (figure 2B), as shown in 
both the Jurkat cell line and PBMC. To further confirm 
the DLL3 expression in the tested cell lines, we also ran 
western blot (figure  2C), which was consistent with the 
cell binding data.

Cytotoxicity of DLL3 bispecific antibody
Cytotoxicity of the DLL3 bispecific antibody was tested 
in DLL3-negative A431 cells and DLL3-positive SCLC cell 
lines. All the tested cell lines were stably transduced with a 
lentiviral vector to express the firefly luciferase gene that 
was utilized to measure the cytotoxicity of the bispecific 

antibody. As shown in figure  3, the bispecific antibody 
efficiently killed the DLL3-positive H446 and H196 cells 
in a dose-dependent manner in the presence of unstimu-
lated PBMC, while had little influence on the A431 cells. 
The artificial A431 (DLL3) and H82 cells were relatively 
resistant to the bispecific antibody-mediated T cell killing.

Tumor-suppression activity of DLL3 bispecific antibody in 
xenograft mice
The efficient in vitro killing result of the bispecific anti-
body encouraged us to investigate its in vivo efficacy. 
Because the classical PD-L1/PD-1 immune checkpoint 
plays significant roles in limiting the efficacy of T cell 
immunotherapy in many cancer types, and SCLC cells 
have generally low-level expression of PD-L1,19 we decided 
to include PD-1 blockade as a combination therapy with 
the DLL3 bispecific antibody for the in vivo study. First, 
we confirmed the PD-L1 expression on H446 and A431 
(DLL3) cells by flow cytometry (figure 4A), and the PD-1 
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Figure 3  In vitro cell killing assay of the delta-like 3 (DLL3) 
bispecific antibody. All the tested cell lines were stably 
transduced to constitutively express a fire fly luciferase 
reporter gene (ffLuc2). Ten thousand cancer cells were 
coincubated with two hundred thousand unstimulated 
peripheral blood mononuclear cells (PBMC) cells for 48 hours 
in the presence of variable concentrations of the bispecific 
antibody as indicated. The cell viability was quantified by 
measuring the intracellular luciferase activity. DLL3-negative 
A431 was served as a control of the non-specific killing by 
the bispecific antibody. Statistical comparisons between the 
A431 control and other cell lines at each bispecific antibody 
concentration was calculated and labeled on the top of the 
bar. Data represent mean±SEM.

expression on the DLL3 bispecific antibody activated 
PBMC (figure 4B). Then, NSG mice were subcutaneously 
inoculated with H446 and A431 (DLL3) cells. When the 
tumor reached the size of 100–200 mm3, treatment was 
started by intraperitoneal injection of 10 million PBMC 
and tail vein injection of 1.0 or 0.5 mg/kg bispecific anti-
body. As shown in figure 4, the bispecific antibody signifi-
cantly suppressed tumor growth in both H446 and A431 
(DLL3) cells (figure  4C), with better efficacy in A431 
(DLL3) than H446, which was in contrast with the in vitro 
killing data that the bispecific antibody had better killing 
on H446 than A431 (DLL3). Addition of the PD-1 inhib-
itory antibody (in-house made as scFv-hFc format, using 
nivolumab VH and VL sequences) dramatically enhanced 
the antitumor activity of the bispecific antibody and 
prolonged the survival of both H446 and A431 (DLL3; 
figure 4E), indicating that combination therapy of DLL3 
bispecific antibody with PD-1 inhibition may potentially 
maximize the benefit of immunotherapy in SCLC. The 
loss of the body weight in the treated mice was apparent 
and associated with the dosage of the bispecific antibody 
(figure 4G).

Cytotoxicity of DLL3-targeted CAR-T cells
As we have already seen the cytotoxicity and in vivo effi-
cacy of the bispecific antibody, it would be interesting 
to see the potency of the DLL3-targeted CAR-T cells. As 
shown in figure 5, the CAR was constructed by de novo 
gene synthesis (figure 5A), packed into a lentiviral vector, 
and transduced into PBMC. The transduction efficiency 
was indicated by the parentage of the mScarlet-I posi-
tive population (figure  5B), which was about 50% in 
both DLL3 and HN3 control CAR-T group. HN3 was a 
VH-domain antibody that targets glypican-3, a cell surface 

biomarker that is mainly expressing on hepatocellular 
carcinoma.20 The in vitro killing of DLL3 CAR-T cells was 
apparent, especially on native SCLC cells H446 and H196 
(figure 5C). The maximal killing was seen at 10:1 ratio 
(CAR-T: tumor cells) for A431 (DLL3) and H446, and 5:1 
for H196. No maximal killing was achieved for H82 at up 
to 15:1 ratio.

In vivo efficacy of DLL3 CAR-T cells
The in vivo efficacy was tested on H446 model. Based on 
the same rationale as in the bispecific antibody combina-
tion treatment, we also included PD-1 blockade as a combi-
nation in the CAR-T treatment. As shown in figure 6A, 
both the DLL3 CAR-T and the HN3 control CAR-T cells 
expressed PD-1 as examined by flow cytometry. The in 
vivo study showed that the DLL3 CAR-T significantly 
slowed down the tumor growth, but surprisingly, addition 
of PD-1 inhibitory antibody did not enhance the tumor 
growth suppression (figure  6B) or prolong the survival 
of the mice (figure 6C), which was not the case for the 
bispecific antibody combination treatment (figure  4C). 
The loss of body weight in the CAR-T treatment group 
was also apparent (figure  6D). Taken together, these 
data suggested that combination of DLL3-targeted bispe-
cific antibody and PD-1 blockade was superior to CAR-T 
combination.

Discussion
SCLC is a highly aggressive disease that novel curative 
therapies are imperative, given that the overall prog-
nosis remains poor. Conventional chemotherapy plus 
radiotherapy are not very effective due to the rapid onset 
of relapse and drug resistance, and the survival rate of 
patient with SCLC has not been improved over the past 
three decades.2 21 In this disappointing scenario, there is a 
strong rationale to test immunotherapy that has changed 
the paradigm of treatment of some cancer types, espe-
cially circulating tumors. So far, ICI antibodies and DLL3-
targeted ADC are the two front-running forms of SCLC 
immunotherapy.6 15 22 In the current study, we aimed to 
explore the therapeutic potential of the third form of 
immunotherapy, bispecific antibody and CAR-T, both of 
which are based on the mobilization/reactivation of T 
cells.

We used the classical knob-into-hole structure to make 
the bispecific antibody in the heterodimerized scFv-hFc 
format. DLL3-specific and CD3-specific scFv was utilized 
as the targeting moieties. Cell binding and cytotoxicity 
assays showed that the bispecific antibody was able to 
kill DLL3-positive cancer cells efficiently in the working 
concentration of 1–1000 ng/mL (figure 3), even though 
the cell binding of the bispecific antibody was very weak 
(figure  2A). Previous studies demonstrated that DLL3 
is remarkably low-abundance protein on the surface of 
tumor cells, in the order of only 10 000 molecules per cell, 
and H82 (the same cell line used in the current study) is 
representative of median DLL3 expression, with 14 000 
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Figure 4  In vivo efficacy testing of the delta-like 3 (DLL3) bispecific antibody. (A) PD-L1 expression on H446 and A431 (DLL3) 
cells. One million of cells was stained with PD-L1 rabbit monoclonal antibody, followed by detection with APC-conjugated goat-
anti-rabbit IgG. Shaded area, secondary antibody staining; blue curve, isotype control (pooled rabbit IgG) staining; red curve, 
PD-L1 antibody staining. (B) PD-1 expression on the DLL3 bispecific antibody-stimulated peripheral blood mononuclear cells 
(PBMC) cells. H446 (red curve) and A431(DLL3) cells (blue curve) were incubated with PBMC for 48 hours in the presence of 
100 ng/mL DLL3 bispecific antibody, followed by flow cytometry to analyze PD-1 expression. Shaded area, unstimulated PBMC 
cell staining; green curve, isotype control (pooled human IgG) staining of H446-stimulated PBMC. (C) Tumor growth curve of 
native small cell lung cancer cell line NCI-H446. Five million cells were subcutaneously inoculated in each NSG mouse. After 
the tumor formed and reached a size of 100–200 mm3, treatment was started. Bispecific antibody alone (0.5 mg/kg or 1.0 mg/
kg body weight), or in combination of anti-PD-1 antibody (in-house made scFv-hFc format, 5.0 mg/kg) were tested. Ten million 
unstimulated human PBMC were intraperitoneally given immediately before the first intravenous delivery of the antibody. Arrows 
indicated the injection time point of the bispecific antibody. The PD-1 antibody was intravenously given once every week since 
the start of the treatment. Both tumor volume and body weight were measured every two or 3 days. **p<0.01, calculated using 
a Student’s paired t-test (two-tailed), ***p<0.001. (D) Tumor growth curve of A431 (DLL3), an artificial A431 cell line that was 
forcefully overexpressing DLL3. ***p<0.001, calculated using a Student’s paired t-test (two tailed). (E) The survival curves of 
the H446 mouse model treated with the bispecific antibody. (F) The survival curves of the A431 (DLL3) mouse model. (G) Body 
weight of the H446 mouse model treated with the bispecific antibody. (H) Body weight of the A431 (DLL3) mouse model.



7Chen X, et al. J Immunother Cancer 2020;8:e000785. doi:10.1136/jitc-2020-000785

Open access

Figure 5  In vitro cell killing assay of the delta-like 3 (DLL3)-targeted chimeric antigen receptor (CAR)-T. (A) Schematic 
diagram of the CAR structure. Anti-DLL3 scFv (SC16.15) or isotype control (HN3, a human antibody that targets glypican-3, 
sequence from patent US20140044714) was fused with the following domains, the CD8α hinge, CD8α transmembrane region, 
CD28 intracellular domain, 4-1BB intracellular domain, CD3ζ intracellular domain, internal ribosome entry site (IRES, from 
encephalomyocarditis virus), and a red fluorescent protein mScarlet-I. (B) Transduction efficiency analysis of the CAR-T cells, 
as indicated by the expression of mScarlet-I. Untransduced PBMC was used as negative control. (C) Cell killing measurement 
of the CAR-T cells. All the cancer cell lines were stably transduced to constitutively express a fire fly luciferase reporter gene 
(ffLuc2). Ten thousand cancer cells were coincubated with different amount of CAR-T cells for 48 hours. The cell viability was 
quantified by measuring the intracellular luciferase activity. HN3 was a negative control CAR that targets glypican-3. Data 
represent mean±SEM. Statistical comparisons between the DLL3 CAR-T (SC16.15) and the control (HN3) at each CAR-T: 
tumor cell ratio was calculated and labeled on the top of the bar. Comparisons between different DLL3 CAR-T ratios were also 
calculated. ns, not significant, *p＜0.05, ** p＜0.01, ***p<0.001.
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Figure 6  In vivo efficacy testing of the delta-like 3 (DLL3)-targeted chimeric antigen receptor (CAR)-T cells. (A) PD-1 
expression on CAR-T cells. DLL3 CAR-T cells (red curve) and HN3 control CAR-T cells (blue curve) were stained with the 
PD-1 inhibitory antibody (in-house made scFv-hFc format), followed by APC-conjugated goat-anti-human IgG. Shaded area, 
peripheral blood mononuclear cells cell staining; green curve, isotype control (pooled human IgG) staining of the DLL3 CAR-T 
cells. (B) Tumor growth curve of NCI-H446. Five million cells were subcutaneously inoculated in NSG mice. After the tumor 
formed and reached a size of 100–200 mm3, treatment was started by intraperitoneal delivery of five million CAR-T cells. Arrow 
indicated the time point of the CAR-T treatment. The anti-PD-1 antibody (in-house made scFv-hFc format, 5.0 mg/kg) was 
intravenously given once every week since the start of the treatment. Both tumor volume and body weight were measured every 
2 or 3 days. **p<0.01, calculated by using a paired Student’s t-test. (C) The survival curves of the treated mice. (D) The body 
weight of the treated mice.

molecules per cell.10 The low expression level of DLL3 
explains the weak binding of the bispecific antibody in 
the current study. We would optimistically postulate that 
a bispecific antibody with higher affinity for DLL3 might 
compensate for the drawback of low-level expression 
of the target and achieve better efficacy. Another study 
demonstrated that DLL3-targeted ADC rovalpituzumab 
tesirine was potent in the SCLC and large cell neuroen-
docrine carcinoma PDX models, and durable regression 
of tumor growth was achieved.16 It would be interesting 
to compare the ADC and bispecific antibody under the 

same experimental settings, for example, the same tested 
cell lines and mouse models.

CAR-T has a similar mode of action as bispecific anti-
body, both of which is able to activate T cells to kill cancer 
cells. However, the way of the T cell activation in CAR-T 
and bispecific antibody is different. The intracellular 
costimulation domains in the CAR can directly activate T 
cell without the need of tumor antigen association, while 
bispecific antibody stimulates T cells in a way more like 
how the T cells are naturally activated, for example, tumor 
antigen binding-triggered clustering of the CD3 complex 
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in the T cells, which delivers the cross-membrane activa-
tion signals in T cells. In the current study, it was found 
that the potency of the DLL3-targeted CAR-T cells was 
similar as the bispecific antibody. However, the CAR-T 
cells could not be potentiated by the inclusion of PD-1 
inhibition, which was in contrast with that of the bispe-
cific antibody combination, suggesting that the fate of T 
cells activated by bispecific antibody differs substantially 
from that by CAR. A similar observation was also found 
that the GD2-targeted bispecific antibody had superior 
activity than CAR-T in a melanoma xenograft mouse 
model, because the bispecific antibody did not induce 
T-cell death mediated by CAR.23 In the same study, the 
authors found that majority of high CAR density T cells 
were depleted on exposure to target cells while the bispe-
cific antibody redirected T cells survived, and blockade of 
PD-1 did not prevent CAR-T cell depletion. Another inter-
esting study showed that long-lasting PD-1 blockade in 
CAR-T cells by shRNA actually impaired T cell antitumor 
function, mainly because long-lasting PD-1 blockade 
inhibited T cell proliferation and prevented effector T 
cells from differentiating into effect memory T cells.24 
Clinical experience employing the combination of CAR-T 
and immune checkpoint blockade is in its early stages, 
and there are both encouraging preliminary results and 
some unsatisfactory outcomes.25 A small phase I clinical 
trial in a GD2-CAR for relapsed or refractory neuroblas-
toma did not find significant benefit of combining PD-1 
blockade.26

It should be noted that the epitopes of the bispecific 
antibody may have pivotal impacts on the activity.18 27 
Bispecific antibodies that target epitopes closer to the cell 
membrane are generally advantageous as this may facili-
tate to form a stronger immune synapse between T cells 
and cancer cells.27 It is unclear whether the epitope of 
SC16.15 is the best fit for DLL3-targeted bispecific anti-
body. Therefore, following-up studies are needed to test 
more bispecifics that target different epitopes of DLL3 to 
achieve the optimal therapeutic benefit of DLL3-targeted 
immunotherapy.

Conclusion
The current study demonstrated that both DLL3-targeted 
bispecific antibody and CAR-T cells were able to selec-
tively kill DLL3-positive cancer cells in vitro and suppress 
tumor growth in vivo. Combination of PD-1 blockade was 
capable of enhancing the activity of bispecific antibody 
but not the CAR-T cells, suggesting its superiority over 
CAR-T in terms of efficacy. Further studies to optimize 
the DLL3 bispecifics are worthwhile to fully take the 
advantage of DLL3-targeted immunotherapy.
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