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ABSTRACT
◥

Purpose: Small cell lung cancer (SCLC) is an exceptionally lethal
form of lung cancer with limited treatment options. Delta-like
ligand 3 (DLL3) is an attractive therapeutic target as surface
expression is almost exclusive to tumor cells.

Experimental Design:We radiolabeled the anti-DLL3mAb SC16
with the therapeutic radioisotope, Lutetium-177. [177Lu]Lu-DTPA-
CHX-A”-SC16 binds to DLL3 on SCLC cells and delivers targeted
radiotherapy while minimizing radiation to healthy tissue.

Results: [177Lu]Lu-DTPA-CHX-A”-SC16 demonstrated high
tumor uptake with DLL3-target specificity in tumor xenografts.
Dosimetry analyses of biodistribution studies suggested that the
blood and liver were most at risk for toxicity from treatment with
high doses of [177Lu]Lu-DTPA-CHX-A”-SC16. In the radioresis-
tant NCI-H82 model, survival studies showed that 500 mCi and
750 mCi doses of [177Lu]Lu-DTPA-CHX-A”-SC16 led to prolonged
survival over controls, and 3 of the 8 mice that received high doses

of [177Lu]Lu-DTPA-CHX-A”-SC16 had pathologically confirmed
complete responses (CR). In the patient-derived xenograft model
Lu149, all doses of [177Lu]Lu-DTPA-CHX-A”-SC16 markedly
prolonged survival. At the 250 mCi and 500 mCi doses, 5 of 10
and 7 of 9 mice demonstrated pathologically confirmed CRs,
respectively. Four of 10 mice that received 750 mCi of [177Lu]Lu-
DTPA-CHX-A”-SC16 demonstrated petechiae severe enough
to warrant euthanasia, but the remaining 6 mice demonstrated
pathologically confirmed CRs. IHC on residual tissues from partial
responses confirmed retained DLL3 expression. Hematologic toxi-
city was dose-dependent and transient, with full recovery within
4 weeks. Hepatotoxicity was not observed.

Conclusions: Together, the compelling antitumor efficacy,
pathologic CRs, and mild and transient toxicity profile demon-
strate strong potential for clinical translation of [177Lu]Lu-
DTPA-CHX-A”-SC16.

Introduction
Small cell lung cancer (SCLC) represents approximately 15%of lung

cancer diagnoses and is exceptionally lethal, accounting for over
25,000 deaths annually in the United States (1–4). Median overall
survival (OS) of patients with extensive-stage disease is approximately

1 year, and the 5-year survival rate is less than 5%. SCLC is difficult to
treat for a variety of reasons. At initial diagnosis, 75% to 80%of patients
present with extrathoracic metastases, necessitating systemic treat-
ment (5). While patients typically respond well to first-line therapy
(usually a combination of a platinum agent, etoposide, and anti-PD-L1
immune checkpoint blockade), most patients relapse within months
and responses to second- and third-line treatments are infrequent and
almost universally transient.

Delta-like ligand 3 (DLL3) is a cell surface protein that has
emerged as a promising candidate for targeted therapy in high-
grade neuroendocrine tumors, including SCLC (6). DLL3 is notable
for its tumor-selective expression profile, its high prevalence in
SCLC, and its pathobiological role in this disease. DLL3 expression
is induced by ASCL1, a critical transcription factor in SCLC, and
has been implicated in promoting clonogenic, tumorigenic, and
metastatic capacity (7–10). DLL3 expression in healthy adult tissues
is almost completely intracellular, primarily confined to the Golgi
apparatus (11, 12). However, it is markedly upregulated in SCLC
tumors and is aberrantly trafficked to the cell surface, creating an
opportunity for tumor-specific targeting (6). Approximately 72% of
treatment-na€�ve SCLC and up to 85% of treatment-refractory SCLC
stain positively for DLL3 (refs. 6, 13–15). The high prevalence of
DLL3 expression makes DLL3-targeted therapies widely applicable
to patients with SCLC.

Three DLL3-targeted therapeutic agents have been tested clinically:
(i) the antibody–drug conjugate (ADC) rovalpituzumab-tesirine
(Rova-T or SC16LD6.5), (ii) the bispecific T-cell engager (BiTE) AMG
757, and (iii) the chimeric antigen receptor T cell (CAR-T) AMG
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119 (16). Results of the initial clinical trials of AMG 757 and AMG 119
have not yet been published; however, Rova-T has completed phase II
and phase III clinical testing in patients with SCLC (17, 18). While
Rova-T initially demonstrated promising anticancer activity and
validated DLL3 as a therapeutic target in SCLC, its development was
ultimately stopped due to toxicity concerns that precluded repetitive
dosing (17–21). The anti-DLL3 mAb of Rova-T (SC16) demonstrates
high affinity and specificity but has no evident therapeutic activity
against DLL3-expressing preclinical models without the cytotoxic
warhead (6).

SCLC is an exceptionally radiosensitive disease. Approximately
25% of patients with limited-stage disease, confined to one hemi-
thorax and one radiation port, are cured with external beam g
radiation with concomitant radiosensitizing chemotherapy (22).
Limited-stage SCLC is the only solid tumor in which prophylactic
cranial irradiation is routinely deployed to treat the possibility of
microscopic and undetected disease in the brain; prophylactic
cranial radiation in this context improves survival (23, 24).

In contrast to limited-stage SCLC, extensive-stage (metastatic)
disease is essentially never cured by chemotherapy alone. The
tumor-specific expression of DLL3 provides an opportunity to
focus delivery of radiation to sites of disease in patients with SCLC,
regardless of disease stage. Instead of using SC16 to deliver the
pyrrolobenzodiazepine warhead to tumor cells, herein we explored
the potential of using 177Lu-labeled SC16 to deliver targeted
radiotherapy to SCLC tumors in vivo. This work builds on our
prior report demonstrating successful delineation of metastatic
SCLC in various murine models of the disease using 89Zr-labeled
SC16 (25). By substituting Zr-89 (a PET isotope) with a b-emitting
radionuclide, Lu-177, we aim to specifically direct therapeutic
radiation to tumor sites throughout the body while minimizing
radiation exposure to healthy tissues, something that is not feasible
with conventional external beam radiation. Lu-177 is particularly
well suited to anticancer treatment in a disease with a predilection
for widespread metastasis. Its short tissue penetration makes it an
ideal candidate for ablation of micrometastases while minimizing
off-target radiation (26, 27). Herein, we report the preclinical
efficacy and toxicity of 177Lu-labeled SC16—[177Lu]Lu-DTPA-
CHX-A”-SC16—for treatment of human SCLC in tumor-bearing
mice.

Materials and Methods
For details regarding antibody functionalization and radiolabeling,

cell-binding assays, stability studies, single-photon emission comput-
ed tomography (SPECT) imaging, biodistribution studies, and dosim-
etry calculations please refer to the Supplementary Information.

In vivo therapy in subcutaneous xenograft models
Mice were randomized into one of eight therapy groups (n ¼ 8–

10 animals per group). One day after randomization, mice were
injected with vehicle (0.9% sterile saline, 50 mL via intraperitoneal
injection), unmodified SC16 (60 mg via intraperitoneal injection), a
single dose of ADC (0.3 mg/kg SC16LD6.5 or IgGLD6.5 via
intraperitoneal injection for the H82 model, 0.4 mg/kg SC16LD6.5
via tail vein injection for the Lu149 model), or increasing doses of
the radioimmunoconjugate (approximately 250, 500, or 750 mCi
[177Lu]Lu-DTPA-CHX-A”-SC16 or [177Lu]Lu-DTPA-CHX-A”-
IgG, 150 mL) via tail vein. While the activity of the radioimmuno-
conjugate increased between groups, the antibody mass was kept at
60 mg. Tumor volumes were measured twice weekly for 100 days
posttreatment in the H82 model and 70 days posttreatment in the
Lu149 model, or until mice reached a set endpoint (severe petechiae,
more than 20% weight loss, or tumor volume > 2,000 mm3).

Pathology of residual tissues at tumor site
Any residual tissue remaining at the site of tumor implantation

was collected upon euthanasia. Tissues were fixed in 10% neutral
buffered formalin and stored in 70% ethanol at 4�C for a minimum
of 10 half-lives, 67 days postadministration. Tissues were then
paraffin embedded, sliced, and mounted on slides. Slides were
either stained with hematoxylin and eosin (H&E) or IHC was
performed. Please refer to the Supplementary Information for
further details regarding IHC. Stained tissue slides were analyzed
by a board-certified thoracic pathologist blinded to the treatment
groups (W.D. Travis).

Toxicity studies
Mice were monitored for outward signs of toxicity, including

lethargy, loss of appetite, and petechiae. Mice were weighed twice
weekly to monitor weight loss, and blood samples for hematologic
analysis were collected once weekly via retro-orbital blood draws.
White blood cells, red blood cells, and platelets were determined
using a Hemavet 950 (Drew Scientific) or an Element HT5 (Heska
Corporation) and compared with both normal range estimates for
female athymic mice in the literature and baseline values that were
measured prior to administration of the radiotherapeutic.

Hepatotoxicity was assessed by terminal serum hepatic enzyme
levels and histologic appearance. Bloodwas collected at euthanasia and
allowed to clot at room temperature for more than 30 minutes, then
centrifuged at 2,000 g for 10 minutes. The supernatant (serum) was
collected and frozen at�20�C for a minimum of 10 half-lives, 67 days.
The serum alanine transaminase (ALT), aspartate transaminase
(AST), and bilirubin levels were measured by the Memorial Sloan
Kettering Anti-Tumor Assessment Core (New York, NY) using a
Heska DC7000 Dri-chem analyzer (Heska Corporation). Livers were
collected and fixed in 10% neutral buffered formalin (Thermo Fisher
Scientific) for 48 hours and transferred to 70% ethanol for storage until
they were processed, paraffin embedded, sliced, and mounted on
slides. Sections of livers stained with H&E were analyzed for toxicity
by a board-certified veterinary pathologist blinded to the treatment
groups (A. Piersigilli).

Translational Relevance

Small cell lung cancer (SCLC) is a particularly lethal form of lung
cancer with a 5-year survival rate of less than 5%. Although SCLC is
quite radiosensitive, the majority of patients have distant metas-
tases at the time of diagnosis, making them poor candidates for
traditional external beam radiotherapy. Delta-like ligand 3 (DLL3)
is an attractive target for SCLC as its expression on the cellular
surface is almost exclusive to malignant tissue in adults. Herein, we
developed a radioimmunotherapy approach for SCLC treatment
by radiolabeling the anti-DLL3 antibody SC16 with the b particle-
emitting therapeutic radioisotope Lu-177. [177Lu]Lu-DTPA-CHX-
A”-SC16 demonstrated remarkable efficacy in subcutaneous xeno-
graft mouse models of SCLC, with mild and transient heme
toxicity. These findings support [177Lu]Lu-DTPA-CHX-A”-SC16
as a candidate for rapid clinical translation for the treatment of
SCLC.
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Statistical analyses
All data are shown as mean values � SD (unless otherwise noted)

and sample sizes are detailed in figure legends. Statistical analyses were
performed using GraphPad Prism version 8.3.1. A P value < 0.05 was
considered significant. The Bonferroni correction formultiple hypoth-
esis testing was applied where appropriate in order to minimize false-
positive reporting.

Data availability
All data generated during this study are included in this published

article and its Supplementary Information files. Original data is
available upon request from the corresponding authors.

Results
[177Lu]Lu-DTPA-CHX-A”-SC16 demonstrates favorable
biodistribution in mouse models of SCLC

To assess the potential of using SC16 as the targeting vector for
radioimmunotherapy, unmodified SC16 antibody was bioconjugated
to p-SCN-Bn-CHX-A”-DTPA and radiolabeled with Lu-177
(Fig. 1A). The chelate p-SCN-Bn-CHX-A”-DTPA was chosen instead
of a dodecane tetraacetic acid (DOTA) analogue to avoid the high
temperature otherwise required for radiolabeling, which could disrupt
antibody stability. After bioconjugation of the p-SCN-Bn-CHX-A”-
DTPA to SC16, the immunoconjugates were analyzed using matrix-
assisted laser desorption/ionization–time-of-flight (MALDI-TOF)
MS/MS. The calculated average number of DTPA chelates per SC16
antibody was 1.4 � 0.1 (Supplementary Fig. S1). Radiolabeling the
SC16-CHX-A”-DTPA conjugates yielded high radiochemical yield
(≥95%) and specific activity (13–18 mCi/mg), an outcome indicative
of favorable bioconjugation (Supplementary Fig. S2A). [177Lu]Lu-
DTPA-CHX-A”-SC16 radioimmunoconjugate was isolated with high
radiochemical purity (≥ 99%) and demonstrated ≥ 95% serum stability
when incubated in human serum at 37�C for 7 days (Supplementary
Figs. S2B and S3).

Having confirmed reproducible production of high specific activity
[177Lu]Lu-DTPA-CHX-A”-SC16, we sought to confirm the immuno-
reactivity of the radioimmunoconjugate using the same cell lines
that would be used for in vivo studies. The SCLC NCI-H82 line was
selected as a DLL3-positive line and A549 cells were used as a negative
control. Previous studies by our group have shown that H82 cells
have median DLL3 expression among a cohort of SCLC lines, and
we had successfully imaged H82 xenograft tumors in vivo using
89Zr-labeled SC16 (25). H82 was derived from the pleural fluid of a
patient with recurrent and progressive disease after prior chemo-
therapy and chest radiotherapy, a similar context in which radio-
immunotherapy might be applied clinically (28). Furthermore, H82
xenografts demonstrate rapid growth in athymic nude mice and are
notably radioresistant, setting a high bar for in vivo efficacy (29).

To confirm the immunoreactivity of the SC16 antibody for DLL3
postbioconjugation and radiolabeling, cell-binding assays were per-
formed using H82 and A549 cells. [177Lu]Lu-DTPA-CHX-A”-SC16
demonstrated approximately 40-fold differential binding favoring
H82, with some (1.2%) nonspecific uptake in A549 cells (Fig. 1B).
To assess maintenance and homogeneity of DLL3 expression, H82
and A549 cells were subcutaneously xenografted into athymic nude
mice and allowed to grow to a volume of 2,000 mm3, and sections
of formalin-fixed, paraffin-embedded (FFPE) tumors were stained
for DLL3 expression. DLL3 IHC confirmed strong staining in the
H82 tumors and minimal staining in the A549 tumors (Fig. 1C).
Notably, H82 tumors showed membrane-localized staining that

colocalized with the viable SCLC cells seen in the H&E and Ki67
IHC (Supplementary Fig. S4).

Ex vivo biodistribution profiles of the SC16 versus isotype control
radioimmunoconjugates were assessed in non–tumor-bearing mice as
well as mice bearing subcutaneous H82 and A549 xenografts by
injection of either [177Lu]Lu-DTPA-CHX-A”-SC16 or[177Lu]Lu-
DTPA-CHX-A”-IgG (10–30 mCi; 3 mg in 150 mL PBS; n ¼ 3). Organ
uptake was quantified by dividing the decay-corrected percent of the
injected dose (%ID) per tissue mass. In non–tumor-bearing mice,
organ uptake of [177Lu]Lu-DTPA-CHX-A”-SC16 decreased over time,
with the highest radioactivity concentrations in the blood and liver
(10.1 � 2.2 and 12.5 � 1.9% ID/g at 120 hours, respectively; Supple-
mentary Fig. S5A). The biodistribution of [177Lu]Lu-DTPA-CHX-A”-
IgG in non–tumor-bearing mice followed similar trends but had lower
uptake in the liver and spleen (Supplementary Fig. S5B). To evaluate
nonspecific tumor uptake, the biodistribution of [177Lu]Lu-DTPA-
CHX-A”-SC16 and [177Lu]Lu-DTPA-CHX-A”-IgG was profiled in
mice bearing DLL3-negative A549 subcutaneous xenografts. The
biodistribution profiles were consistent with those observed in
non–tumor-bearing mice, and nonspecific uptake in the tumor only
reached 4.2� 0.9 and 6.4� 1.9% ID/g for [177Lu]Lu-DTPA-CHX-A”-
SC16 and [177Lu]Lu-DTPA-CHX-A”-IgG, respectively (Supplemen-
tary Fig. S6A and S6B). Finally, the biodistribution profiles were
compared in mice bearing DLL3-positive H82 subcutaneous xeno-
grafts. [177Lu]Lu-DTPA-CHX-A”-SC16 showed high tumor uptake in
mice bearingH82 subcutaneous xenografts, with uptake reaching 95�
14% ID/g at 120 hours postinjection (p.i.; Fig. 1D; see Supplementary
Fig. S7A for full biodistribution data). Specificity of uptake was
demonstrated by codosing [177Lu]Lu-DTPA-CHX-A”-SC16 with a
100-fold excess of unlabeled SC16 antibody and euthanizing the mice
at 72 hours p.i. to evaluate blockade of DLL3-mediated accretion of
radioactivity in the tumor. Qualitative SPECT images of mice bearing
H82 tumors confirmed the ex vivo biodistribution data showing high
tumor uptake and minimal uptake in nontarget organs (Fig. 1E). The
focal enrichment of [177Lu]Lu-DTPA-CHX-A”-SC16 outside of the
tumor that is seen in the maximum intensity projection (MIP) is
nonspecific lymph node uptake; this is also seen in the MIPs when
performing immunoPET imaging using the [89Zr]Zr-DFO-SC16 con-
struct, and it is consistent across various subcutaneous xenograft
models in athymic mice. Notably, this nonspecific lymph node uptake
is not seen when using [89Zr]Zr-DFO-SC16 to image DLL3 expression
in human patients with SCLC (NCT04199741), and thus should not
pose a risk for radioimmunotherapy. The ex vivo biodistribution of
isotype control [177Lu]Lu-DTPA-CHX-A”-IgG in mice bearing H82
xenografts was also assessed, and nonspecific tumor uptake peaked at
7.5 � 1.6% ID/g at 72 hours p.i. (Supplementary Fig. S7B).

Mouse dosimetry indicates blood and liver are the highest
concerns for toxicity

Dosimetry calculations were performed prior to radiotherapy
experiments to guide dose selection and determine which organs
would bemost at risk for toxicity from radiation exposure. To generate
conservative estimates, dosimetry estimates for nontarget organs were
calculated using biodistribution data from non–tumor-bearing mice.
Because exogenousmacromolecules such as antibodies are catabolized
in vivo via the reticuloendothelial system, it was unsurprising that the
liver had the highest calculated absorbed dose among nontarget organs
(Table 1). Notably, the liver can tolerate relatively high radiation
exposure (approximately 30 Gy), so hepatotoxicity would not be
expected in animals receiving lower doses of radiolabeled antibody.
Based on dosimetry calculations and the differential radiosensitivity of
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Figure 1.

A, Representative structures of the unmodified SC16 antibody, the ADC SC16LD6.5 (Rov-T), and the radioimmunoconjugate [177Lu]Lu-DTPA-CHX-A”-SC16. The
cytotoxic moieties of each therapeutic are highlighted in blue. B, A radioligand binding assay of [177Lu]Lu-DTPA-CHX-A”-SC16 in H82 and A549 cells. Error bars
represent SD (n¼ 3). An unpaired, two-tailed t testwas performed (P¼0.001).C,DLL3 IHCon subcutaneous tumor xenografts. Scale bar: 20mm. See Supplementary
Fig. S4.Mouse 108 for the lowermagnification imageof theH82 tumorDLL3 IHCand correspondinghistology.D,Theex vivobiodistributiondataof select organs from
athymic mice bearing subcutaneous H82 xenografts after the administration of [177Lu]Lu-DTPA-CHX-A”-SC16 (10–30 mCi; 3 mg in 150 mL PBS; n ¼ 3 mice per time
point) via tail vein. The tumor uptake at 72 hours was sufficiently blocked using 100-fold excess of unlabeled SC16 (P ¼ 0.0212). See Supplementary Fig. S9 for the
uptake in all organs collected. E, Representative whole-body SPECT/CT images of athymic mice bearing subcutaneous H82 xenografts 120 hours after the
administration of [177Lu]Lu-DTPA-CHX-A”-SC16 (1,050–1,100 mCi; 60–70 mg in 150 mL PBS) via tail vein. The tumors (indicated by white arrows) can clearly be
delineated in the MIP, coronal, and sagittal images. h, hours.
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nontarget organs, we chose to dose animals with 250, 500, and 750 mCi
of radiolabeled antibody.

[177Lu]Lu-DTPA-CHX-A”-SC16 demonstrates robust efficacy in
mouse models of SCLC

To assess the therapeutic potential of 177Lu-labeled SC16, we
randomized mice bearing subcutaneous H82 xenografts into eight
groups (n ¼ 8–10 mice per group). Animals were given vehicle (0.9%
sterile saline, 50 mL via intraperitoneal injection), a single dose of ADC
(either 0.3 mg/kg SC16LD6.5 or IgGLD6.5 via intraperitoneal injec-
tion), unmodified SC16 (60 mg, 150 mL via tail vein injection), or
radioimmunoconjugate. The radioimmunoconjugate cohorts were
750 mCi of [177Lu]Lu-DTPA-CHX-A”-IgG control (60 mg, 150 mL
via tail vein) or increasing doses of the targeting SC16 radioimmu-
noconjugate (approximately 250, 500, or 750 mCi of [177Lu]Lu-DTPA-
CHX-A”-SC16; 60–70 mg, 150 mL via tail vein injection). As antici-
pated, the tumors in the saline, IgGLD6.5, and unmodified SC16
control cohorts all progressed to 2,000mm3 at similar rates, indicating
these treatments had no efficacy (Fig. 2A; Supplementary Figs. S8–
S10). All mice in the [177Lu]Lu-DTPA-CHX-A”-IgG group developed
severe petechiae within the first 10 days, and all mice had to be
euthanized by 13 days posttreatment (Fig. 2A–C; Supplementary
Fig. S11). Surprisingly, the tumors in the SC16LD6.5 cohort demon-
strated only a minor and statistically insignificant decrease in tumor
progression and no significant improvement in survival relative to the
saline control cohort (Fig. 2A–C; Supplementary Fig. S12). MALDI-
TOF MS/MS was performed to confirm that the SC16LD6.5 was pure
and intact (Supplementary Fig. S13). An in vitro cytotoxicity assay was
also performed and the EC50 of SC16LD6.5 in H82 cells was deter-
mined to be 3.7 pmol/L (Supplementary Fig. S14). The low picometer
in vitro EC50 confirmed that the SC16LD6.5 was intact and functional;
the lack of in vivo efficacy could have been a consequence of subop-
timal dosing, although this dosing regimen had demonstrated efficacy
in other preclinical models (30, 31).

The [177Lu]Lu-DTPA-CHX-A”-SC16 radiotherapy demonstrated
progressive dose-dependent efficacy. Tumors in the lowest activity
cohort (250 mCi) reached 2,000 mm3 at a rate indistinguishable from
SC16LD6.5 and did not show improved survival over saline control
(Fig. 2A–C; Supplementary Fig. S15). Tumors in animals assigned to
the medium and high activity cohorts (500 and 750 mCi, respectively)
both demonstrated tumor reduction approximately 7 to 13 days

posttreatment consistent with antitumor efficacy (Fig. 2A). Within
the 500 mCi cohort, some animals experienced deep but transient
partial responses (PR; e.g., mouse 122, Supplementary Fig. S16) while
others demonstrated responses that were sustained for the entire
100 days of the study (e.g., mouse 117; Supplementary Fig. S16). The
median survival for the 500 mCi cohort was 80 days posttreatment,
significantly higher than the saline treatment group (Fig. 2B and C;
P¼ 0.0003). At 100 days posttreatment, 2 of the 8 mice in the 500 mCi
dose cohort had not reached an endpoint.

The [177Lu]Lu-DTPA-CHX-A”-SC16 cohort that received 750 mCi
[177Lu]Lu-DTPA-CHX-A”-SC16 demonstrated deeper and more
durable antitumor responses (Fig. 2A; Supplementary Fig. S17). OS
in this cohort was significantly longer than the saline control, with the
median survival not determined as 6 of the 8 mice had not reached a
defined endpoint by 100 days posttreatment (Fig. 2B and C; Supple-
mentary Fig. S17; P < 0.0001). Of these 6 mice, 3 had evident residual
tumor at the site of implantation, while the other 3 had no palpable
residual tumor.

Because of the impressive efficacy demonstrated in the radioresis-
tant H82 model and to assess the broader applicability of the radio-
conjugate, we repeated the therapy experiments in a subcutaneous
patient-derived xenograft model to confirm our findings. The PDX
Lu149was selected for itsmediumDLL3 expression and ability to grow
in athymic nude mice (25). Biodistribution studies were performed to
confirm tumor uptake and favorable tumor-to-tissue uptake ratios.
Tumor uptake of [177Lu]Lu-DTPA-CHX-A”-SC16 was lower in the
Lu149 xenografts, but still reached 74 � 7% ID/g at 120 hours p.i.
(Supplementary Fig. S19). The blood uptake of the radioconjugate was
slightly higher in the Lu149 model than in the H82 model (Supple-
mentary Fig. S20). Cohorts of tumor-bearing mice were treated with
vehicle (0.9% sterile saline, 50 mL), a single dose of 0.4 mg/kg
SC16LD6.5, or radioimmunoconjugate via tail vein injections (n ¼
9–10 per group). The radioimmunoconjugate cohorts for the Lu149
therapy studies were the same used in the H82 studies; 750 mCi of
[177Lu]Lu-DTPA-CHX-A”-IgG control (60 mg, 150 mL via tail vein) or
increasing doses of the targeting SC16 radioimmunoconjugate
(approximately 250, 500, or 750 mCi of [177Lu]Lu-DTPA-CHX-A”-
SC16; 60–70 mg, 150 mL via tail vein injection). Prior publications and
our H82 therapy data confirmed that neither unmodified SC16 or
IgGLD6.5 demonstrated antitumor efficacy, so these two cohorts were
not included in the Lu149 therapy studies.

Tumors in the saline-treated cohort rapidly grew to 2,000 mm3,
resulting in a median survival of 23 days (Fig. 2D–F; Supplementary
Fig. S21). Consistent with a prior report (6), SC16LD6.5 demonstrated
efficacy in the Lu149 model, with slowed tumor progression and
improved survival over the saline cohort (median survival 54 days;
Fig. 2D–F; Supplementary Fig. S22; P < 0.0001). In contrast with
the H82 studies, not all mice treated with 750 mCi [177Lu]Lu-DTPA-
CHX-A”-IgG developed severe petechiae; 3 of the 9 mice developed
petechiae severe enough to warrant euthanasia, but the remaining
6 mice demonstrated no or very mild petechiae. For the mice that
did not demonstrate severe petechiae, treatment with 750 mCi
[177Lu]Lu-DTPA-CHX-A”-IgG led to delayed tumor growth curve,
and an overall improved median survival of 47 days (Fig. 2D–F;
Supplementary Fig. S23; P ¼ 0.0193).

The [177Lu]Lu-DTPA-CHX-A”-SC16 radiotherapy demonstrated
impressive antitumor efficacy in the Lu149 model, even at low and
moderate doses. Nine of the 10 tumors in the lowest activity cohort
(250 mCi) demonstrated complete responses (CR), defined as the
tumor volume remaining less than 100 mm3 (to account for residual
scar tissue at the implantation site) 70 days p.i. (Fig. 2D;

Table 1. Mouse and humandosimetry of [177Lu]Lu-DTPA-CHX-A”-
SC16.

Mouse Human

Organ

Absorbed dose
coefficient
(Gy/mCi)

Therapeutic
index

Absorbed dose
coefficient
(mGy/mCi)

Red marrow 16.7 23.0 10.5
Lungs 34.1 11.2 4.03
Liver 91.9 4.2 84.7
Spleen 51.1 7.5 27.1
Kidneys 28.2 13.6 25.7
Total body 31.0 12.4 10.7
Tumor 383.3 — —

Note: The absorbed doses for nontarget organs were calculated using the
biodistribution data in non–tumor-bearing athymic mice. The absorbed tumor
dose was calculated using the biodistribution data in athymic female mice
bearing subcutaneous H82 xenografts.
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Figure 2.

A, The average tumor volume of mice bearing H82 xenografts after treatment (error bars indicate SD; n¼ 8–10). The averages were adjusted by including the final
tumor volume of each mouse if the mouse reached its endpoint prior to 100 days posttreatment (e.g., if a mouse reached its endpoint on day 20, the volume of the
tumor on day 20 was still included in the averages after day 20 despite the mouse being euthanized). B, Percent survival as a function of time for mice bearing H82
xenografts following the administration of treatment or vehicle. Log-rank tests were performed for comparing each treatment with saline cohort [shading indicates
95% confidence interval (CI); n¼ 8–10; ��� P¼ 0.0003, ���� P < 0.0001]. C, Themedian survival of mice bearing H82 xenografts posttreatment. Log-rank tests were
performed for comparing each treatment to saline cohort (n¼ 8–10; ��� P¼0.0003, ���� P <0.0001).D, The average tumor volumeofmice bearing Lu149 xenografts
after treatment (error bars indicate SD; n¼ 9–10). The averages were adjusted by including the final tumor volume of each mouse if the mouse reached its endpoint
prior to 100 days posttreatment (e.g., if a mouse reached its endpoint on day 20, the volume of the tumor on day 20 was still included in the averages after day 20
despite themouse being euthanized). E, Percent survival as a function of time formice bearing Lu149 xenografts following the administration of treatment or vehicle.
Log-rank tests were performed for comparing each treatment with saline cohort (shading indicates 95% CI; n¼ 9–10; � P¼ 0.0108 and 0.0193 for 750 mCi [177Lu]Lu-
DTPA-CHX-A”-SC16 and [177Lu]Lu-DTPA-CHX-A”-IgG, respectively; ���� P < 0.0001). F, The median survival of mice bearing Lu149 xenografts posttreatment.
Log-rank tests were performed for comparing each treatment with saline cohort (n ¼ 9–10; � P ¼ 0.0108 and 0.0193 for 750 mCi [177Lu]Lu-DTPA-CHX-A”-SC16
and [177Lu]Lu-DTPA-CHX-A”-IgG, respectively; ���� P < 0.0001). und, undefined.
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Supplementary Fig. S24). One mouse had a deep and sustained PR,
with the tumor only beginning to grow back 50 days p.i. (mouse 406,
Supplementary Fig. S24). Allmicewere still alive at 70 days p.i.; median
survival was not defined but was significantly longer than the saline
control cohort (Fig. 2E and F; P < 0.0001). The tumors in the 500 mCi
cohort demonstrated similar results, with all 10 mice having CRs for
the duration of the study and a significantly improved survival with an
undefined median (Fig. 2D–F; Supplementary Fig. S25; P < 0.0001).

The [177Lu]Lu-DTPA-CHX-A”-SC16 cohort that received 750 mCi
[177Lu]Lu-DTPA-CHX-A”-SC16 also demonstrated deep and
durable antitumor responses (Fig. 2D; Supplementary Fig. S26).
However, 4 of the 10 mice developed severe petechiae around days
10 to 13 p.i. and were therefore euthanized. Of the 6 mice that did
not develop severe enough petechiae to warrant euthanasia, all
demonstrated CRs for the duration of the study. The OS again was
significantly longer than the saline control, with median survival not
determined as 6 of the 10 mice had not reached a defined endpoint by
70 days p.i. (Fig. 2E and F; P ¼ 0.01).

Histology on residual tissue at tumor implantation site confirms
CRs and demonstrates DLL3 expression in PRs

At necropsy, tumor beds from all mice were sectioned for H&E
staining and Ki67 IHC was performed to assess for residual micro-
scopic tumor (Fig. 3A). In the H82-bearing mice treated with 750 mCi
[177Lu]Lu-DTPA-CHX-A”-SC16, 3 of the 6 mice still alive at 100 days
did not have palpable tumors. No viable tumor was observed in any
of these three animals; the sites of prior tumor growth revealed a
combination of fibrosis, necrosis, calcification, and infiltrating histio-
cytes. In the Lu149 group, 9 of the 10 mice that were treated with
250 mCi [177Lu]Lu-DTPA-CHX-A”-SC16 had tumors that were
either not palpable or remained less than 100 mm3 for over 2 months
posttreatment. Of these nine tumors, five were pathologically con-
firmed CRs with no residual viable tumor tissue. In the Lu149-bearing
mice treated with 500 mCi [177Lu]Lu-DTPA-CHX-A”-SC16, the
pathologist determined that seven of the nine tumor beds had no
viable tumor, confirming CRs. Finally, in the Lu149-bearing mice
that received 750 mCi [177Lu]Lu-DTPA-CHX-A”-SC16 and did not
require euthanasia for heme toxicity, all of the 6 mice had tumors
that were pathologically confirmed CRs.

While the efficacy experiments were designed to assess the relative
benefit of a single dose of therapeutic radioconjugate, repeated dosing
should be beneficial in achieving further tumor reduction, and frac-
tionated dosing using lower amounts of activity could ameliorate the
toxicity associated with a maximal activity single dose. To determine
whether repeated dosing would be feasible inmice demonstrating a PR
to [177Lu]Lu-DTPA-CHX-A”-SC16, we assessed DLL3 target expres-
sion on tumors from animals that had experienced PRs. Examination
of tumors at necropsy from these animals demonstrated viable tumor
that retainedDLL3 expression which colocalized with areas of viability
as assessed by Ki67 (Fig. 3B and C). These data support the rationale
for repeat dosing of [177Lu]Lu-DTPA-CHX-A”-SC16.

[177Lu]Lu-DTPA-CHX-A”-SC16 demonstrates transient heme tox-
icity and no significant hepatotoxicity

Finally, we wanted to address the concern of the toxicity from
[177Lu]Lu-DTPA-CHX-A”-SC16 treatment, as severe toxicity would
hinder its translational potential. Mice were weighed twice weekly, and
none of the cohorts demonstrated significant weight loss (Supple-
mentary Fig. S28). From dosimetry estimates, we anticipated that
blood and liver would be primary concerns for toxicity. To assess heme
toxicity, complete blood count analyses were performed weekly for
the duration of the study. The pretreatment ranges for white blood

Figure 3.

A, Representative H&E staining and Ki67 IHC of residual tissues from tumor
beds of mice that demonstrated CRs (H82 mouse 114 and Lu149 mouse 428).
Scale bar: 500 mm. B, Representative H&E staining, Ki67 IHC, and DLL3 IHC of
the tumor from a mouse that demonstrated a sustained PR (H82 mouse 126).
Scale bar: 2,000 mm. C, Representative H&E staining, Ki67 IHC, and DLL3
IHC of the tumor from a mouse that demonstrated a transient PR (H82
mouse 122). Scale bar: 2,000 mm.
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cells (WBC), red blood cells (RBC), and platelets were calculated
as averages � one SD (Fig. 4A–F; grey box). All three of these para-
meters demonstrated dose-dependent decreases in both the H82 and
Lu149 models. In the H82-bearing mice, all cell types recovered
and were consistently within the normal ranges established for
female athymic mice (indicated by grey dotted lines, Fig. 4A–C) by
4 weeks posttreatment. Notably, none of the H82-bearing mice that
received [177Lu]Lu-DTPA-CHX-A”-SC16 exhibited petechiae, despite
a transient decrease in platelet counts (Fig. 4C). In the Lu149-bearing
mice the blood components took longer to recover, with the WBCs,
RBCs, and platelets reaching healthy ranges by 8, 7, and 4 weeks,
respectively (Fig. 4D–F). Overall, the hematologic lineages demon-
strated dose-dependent and transient decreases with a nadir of 2 to
3 weeks postdose, and full recovery to the defined normal ranges.

To evaluate for possible hepatotoxicity, serum and liver were
collected for analysis from each mouse bearing an H82 xenograft at
euthanasia. ALT, AST, and bilirubin serum levels were measured as
markers for hepatotoxicity (Fig. 4G–I). Relative to the saline cohort,
none of these biomarkers demonstrated increased levels at any of the
activity doses of [177Lu]Lu-DTPA-CHX-A”-SC16. The spectrum of
morphologic changes observed in the livers of both treated and control
animals was consistent with a minimal to mild perivascular (mostly
periportal) infiltration of lymphocytes, a common finding in non–
specific pathogen-free (SPF) mice (Supplementary Fig. S29). Hepato-
cellular vacuolation and/or hypertrophy were observed rarely (1/6 in
the 500 mCi cohort, 1/8 in the 750 mCi cohort) and were hence
considered an incidental finding.Minimal hepatocellular degeneration
was observed in 1 of the 250 mCi cohort mice, but is a frequent
incidental finding even in experimentally na€�ve mice (32–34). No
correlation was found between the AST and ALT elevation in indi-
vidualmicewith any of these liver changes, together indicating a lack of
significant hepatotoxicity at any of the [177Lu]Lu-DTPA-CHX-A”-
SC16 doses assessed in the H82-bearing mice.

Serum was also collected at euthanasia from mice bearing Lu149
xenografts, and hepatic enzyme levels were determined to confirm that
hepatotoxicity remained negligible. Relative to the saline cohort, AST
was the only biomarker that demonstrated significantly increased
levels at the 250 and 500 mCi dose cohorts, and none of the biomarkers
demonstrated significantly increased levels in the mice treated with
750 mCi [177Lu]Lu-DTPA-CHX-A”-SC16 (Fig. 4J–L; P ¼ 0.0044 and
0.0067 for 250 and 500 mCi [177Lu]Lu-DTPA-CHX-A”-SC16, respec-
tively). Because a significant increase was only observed in one of the
three biomarkers, and an increase was not observed in the highest
activity cohort, we concluded that hepatoxicity remained insignificant
in the Lu149 xenograft model.

Discussion
The paucity of clinical advances in the treatment of SCLC combined

with the exceptionally highmortality rate have led theNCI to designate
SCLC as one of only two diseases prioritized under the U.S. Recalci-
trant Cancer ResearchAct (35). Clearly, there is an unmet clinical need
to develop novel andmore durable effective therapeutic approaches for
the treatment of SCLC. The nearly universal inactivation or deletion of
genes encoding the key cell cycle regulators TP53 and RB1 promotes
the rapid and uncontrolled proliferation of this cancer. However, these
transformational changes also make it uniquely vulnerable: this tumor
is highly sensitive to single and double strand DNA breaks, such as
those induced by high energy radiation. While highly effective within
the treatment field, a substantial practical limitation of external beam
radiation is the inability to address the widespread overt and subclin-

ical metastatic deposits that characterize SCLC. Systemic radioimmu-
notherapy employing a mAb with high specificity for DLL3, a target
selectively expressed on the tumor cell surface, can overcome this
limitation by delivering targeted radiation to sites of disease. Here we
explored this strategy in a proof-of-principle study in tumor-bearing
mice, demonstrating remarkable efficacy in vivo.

[177Lu]Lu-DTPA-CHX-A”-SC16 administered at 500 or 750 mCi
doses had substantially higher and more durable antitumor efficacy
than the previously clinically active ADC SC16LD6.5 (Rova-T) in H82
xenografts, with minimal and transient hemetoxicity. Although the
SC16LD6.5 dose regimen we selected demonstrated efficacy in other
preclinical models, suboptimal dosing could have caused the lack of
efficacy shown. Another possible explanation for limited in vivo
efficacy of SC16LD6.5 in this xenograft model could be a shared
resistance mechanism between the pyrrolobenzodiazepine (PBD)
warhead and prior lines of treatment, which for the patient H82 was
derived from included high-dose cyclophosphamide, methotrexate,
and 1-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea (CCNU) followed
by vincristine, adriamycin, and procarbazine (28).

In Lu149 xenografts, [177Lu]Lu-DTPA-CHX-A”-SC16 adminis-
tered at 250, 500, or 750mCi doses demonstrated evenmore impressive
antitumor efficacy, with concerning heme toxicity only at the highest
activity dose.We believe the observed variation in toxicity between the
H82 and Lu149 xenografts is attributable to the difference in tumor
uptake. Because the average tumor uptake in the Lu149 xenografts is
almost 20% ID/g lower than uptake in theH82 tumors at 120 hours p.i.,
more radioconjugate remains in the blood in the Lu149model, and this
increase in activity in the blood may result in greater heme toxicity.
This hypothesis is also supported by the severe petechiae seen in the
mice who received the nontargeting [177Lu]Lu-DTPA-CHX-A”-IgG
as the nontargeting radioconjugate only has minimal nonspecific
intratumoral accumulation.

Despite the heme toxicity seen in some Lu149-bearing mice that
received 750 mCi [177Lu]Lu-DTPA-CHX-A”-SC16, single doses at 250
or 500 mCi still led to pathologically confirmed CRs, indicating that
higher activity doses might be unnecessary in more radiosensitive
tumors. While both tumor models display aggressive growth in vivo,
the radiotherapeutic displayed more impressive antitumor efficacy in
the Lu149 xenografts than the H82 xenografts because we specifically
chose the H82 xenografts for their radioresistance. As previously
discussed, the H82 cell line was derived from a patient that had been
heavily pretreated and was highly resistant to DNA-damaging agents,
while the Lu149 xenograft model was derived from a patient that was
treatment na€�ve. Therefore even though the Lu149 xenografts display
lower DLL3 expression than the H82 xenografts (and therefore lower
tumor uptake of the radiotherapeutic), the intrinsic sensitivity of each
tumor to DNA damage is vastly different, leading to the difference in
therapeutic response. Nevertheless, the Lu149 PDX may represent
more typical radiosensitivity of SCLC and offers strong evidence for
the clinical potential of [177Lu]Lu-DTPA-CHX-A”-SC16.

While it was particularly striking that multiple H82-bearing mice
and the majority of Lu149-bearing mice had pathologically confirmed
CRs, CR to a single dose of the radioconjugate is unlikely in patients
with bulkier disease. The initial toxicity profile of [177Lu]Lu-DTPA-
CHX-A”-SC16 and retention of DLL3 expression after initial dosing
suggests that this agent could be periodically administered in cycles
allowing for hematologic recovery. Multiple 177Lu-antibody conju-
gates have been tested in clinical trials, and their heme toxicity in
human patients is well established and manageable, in contrast to
SC16LD6.5 for which adverse effects related to the PBD warhead
precluded repetitive dosing in patients (19–21).
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Figure 4.

A–C,WBCcounts, RBC counts, and platelet counts ofmicebearingH82 xenograftswho received [177Lu]Lu-DTPA-CHX-A”-SC16. Complete blood count analyseswere
performed once a week on a subset of the animals used in the survival study (n ¼ 3–4). Twenty parameters were recorded, and three are represented. Values are
represented asmeanswith error bars indicating SD. Grey boxes indicate themean� SD of values collected from the entire cohort of H82-bearingmice 2 days prior to
therapy administration. Grey dotted lines indicate the healthy range for female athymic mice. D–F, WBC counts, RBC counts, and platelet counts of mice bearing
Lu149 xenografts who received [177Lu]Lu-DTPA-CHX-A”-SC16. Complete blood count analyses were performed once a week on a subset of the animals used in the
survival study (n¼ 3–4). Twenty parameters were recorded, and three are represented. Values are represented as means with error bars indicating SD. Grey boxes
indicate themean� SD of values collected from the entire cohort of Lu149-bearingmice 2 days prior to therapy administration. Grey dotted lines indicate the healthy
range for female athymic mice. G–I, Box plots of the terminal ALT, AST, and bilirubin serum levels from H82-bearing mice used in the survival study. Multiple t tests
were performed comparing each radiotherapy cohort with saline, and no significant differences were found (n¼ 4–7). J–L, Box plots of the terminal ALT, AST, and
bilirubin serum levels from Lu149-bearingmice used in the survival study. Multiple t tests were performed comparing each radiotherapy cohort with saline (n¼ 5–10;
�� P ¼ 0.0044 and 0.0067 for 250 and 500 mCi [177Lu]Lu-DTPA-CHX-A”-SC16, respectively).
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The demonstrated efficacy of [177Lu]Lu-DTPA-CHX-A”-SC16 can
be considered in context of our previously published studies demon-
strating that the SC16 antibody can be repurposed for robust immu-
noPET imaging of SCLC using 89Zr ([89Zr]Zr-DFO-SC16) (25). 89Zr-
immunoPET of patients with SCLC to identify those who would
benefit from targeted radioimmunotherapy with [177Lu]Lu-DTPA-
CHX-A”-SC16 would appear to be a clinically viable approach. An
analogous approach is currently being tested clinically using the 5B1
antibody in pancreatic ductal adenocarcinoma (NCT02687230 and
NCT03118349). The trace doses of [89Zr]Zr-DFO-SC16 used for PET
imaging would not preclude uptake of the therapeutic radioimmu-
noconjugate. ImmunoPET of patients with SCLCwith [89Zr]Zr-DFO-
SC16 is currently underway (NCT04199741).

The promising efficacy demonstrated here, with multiple patho-
logically confirmed CRs and minimal evident toxicity at effective
activity doses, contrasts with a recent report by Lakes and colleagues
exploring anti-DLL3 radioimmunotherapy using both Lu-177 and the
alpha emitter Ac-225 (36). The Lakes study employed NOD/SCID
mice and demonstrated dose-limiting hematologic toxicity in the
range of 21 to 64 mCi with a 177Lu-labeled antibody, which is below
the effective range defined in our analysis of H82 and Lu149 xeno-
grafts. We believe the severity of this toxicity is attributable to the
mouse background, as NOD/SCID mice harbor the mutated Prkdc
gene which makes them much more sensitive to radiation than
athymic mice or humans (37, 38). We too observed dose-
dependent hematologic toxicity in our studies, but overt and con-
cerning toxicity (i.e., petechiae) was only observed in a minority of Lu-
149 bearing mice in the cohort receiving the highest activity dose of
[177Lu]Lu-DTPA-CHX-A”-SC16, while none of theH82-bearingmice
demonstrated severe petechiae. The blood components also recovered
back to pretreatment levels, suggesting that the toxicity does not have
long-term implications.

In conclusion, the remarkable efficacy, durability of tumor
responses, and low toxicity of [177Lu]Lu-DTPA-CHX-A”-SC16 treat-
ment indicates that this is a promising candidate for clinical translation
in the treatment of SCLC.While the present work focuses on targeting
DLL3 using radioimmunotherapy for SCLC, DLL3 is expressed at
comparable levels on the cell surface of other tumor types including
neuroendocrine prostate cancer and glioma, implying that this ther-
apeutic approach could be widely applicable for malignancies with
aberrant DLL3 expression (30, 39).
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