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ABSTRACT
Introduction: SCLC is a highly aggressive tumor with a
5-year survival rate of less than 6%. A heterogeneous
disease, SCLC is classiﬁed into four subtypes that include
tumors with neuroendocrine and non-neuroendocrine features. Immune checkpoint blockade has been recently
added for the frontline treatment of SCLC; however, this
therapy has only led to modest clinical improvements. The
lack of clinical beneﬁt in a cancer type known to have a high
tumor mutational burden has been attributed to poor T-cell
inﬁltration and low expression of MHC-class I in most SCLC
tumors. In an attempt to devise a more effective immunotherapeutic regimen, this study investigated an alternate
approach on the basis of the use of the clinical-stage
interleukin-15 superagonist, N-803.
Methods: Preclinical models of SCLC spanning all molecular subtypes were used to evaluate the susceptibility of
SCLC to natural killer (NK)-mediated lysis in vitro,
including NK cells activated by N-803. Antitumor activity
of N-803 was evaluated in vivo with a xenograft model of
SCLC.
Results: In vitro and in vivo data revealed differences in
susceptibility of SCLC subtypes to lysis by NK cells and that
NK cells activated by N-803 effectively lyse SCLC tumor
cells across all variant subtypes, regardless of their
expression of MHC-class I.
Conclusions: These ﬁndings highlight the potential of a
novel immune-based intervention using a cytokine-based
therapeutic option for the treatment of SCLC. We hypothesize that N-803 may provide beneﬁt to most patients with
SCLC, including those with immunologically cold tumors
lacking MHC expression.

Published by Elsevier Inc. on behalf of International Association for the Study of Lung Cancer. This is an open access
article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
SCLC, which accounts for approximately 15% of all
lung cancers, is an aggressive cancer type with a 5-year
overall survival rate of only 6%.1 Patients generally
respond well to initial regimens of platinum-etoposide–
based chemotherapy, but most experience relapse
within the ﬁrst year. Historically, SCLC has been
considered a primarily neuroendocrine (NE) tumor,
with a subset of tumors designated as non-NE, which
lack classical NE markers such as chromogranin,
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synaptophysin, and NCAM1. More recently, these
two broad categories have been further deﬁned at
the molecular level, in which four subtypes of SCLC
have been described on the basis of the expression of
four major transcriptional regulators. Tumors expressing the transcription factors ASCL1 or NEUROD1
constitute the NE subset, which makes up approximately
80% of the tumors; the remaining minority of non-NE
SCLC tumors are those which express either the
POU2F3 or the YAP1 transcription factors.2 The molecular classiﬁcation of SCLC revealed high levels of
intratumoral heterogeneity3,4 and that subpopulations
of non-NE, YAP1POS tumor cells, which are more resistant to therapeutic intervention,5 are selected by
chemotherapy treatment.6
Immune checkpoint blockade (ICB) with monoclonal
antibodies targeting programmed cell death protein 1
(PD-1), or its ligand, programmed death-ligand 1 (PDL1), has been recently added as frontline therapy in the
treatment of SCLC; however, despite the high tumor
mutation burden, ICB has only made modest improvements in overall survival.7,8 In a retrospective analysis of
the IMpower133 trial comparing the addition of atezolizumab, a PD-L1 antibody, to frontline standard of care
chemotherapy, a trend was observed that the greatest
beneﬁt was provided to the speciﬁc subset of SCLC
lacking expression of ASCL1, NEUROD1, and POU2F3.
These tumors were described as SCLC-inﬂamed as they
exhibited the highest expression of T cell and interferong (IFN-g) response genes, most likely contributing to the
improved ICB efﬁcacy observed in these patients.6 The
study suggested that the potential beneﬁt of ICB immunotherapy may only be achieved in a few patients with
SCLC who have a relatively activated and immune “hot”
tumor microenvironment.6,9,10
Unlike T cells, natural killer (NK) cells have been less
evaluated in SCLC. The functionality of NK cells relies on
the balance of activating and inhibitory signals received
through the NK receptors, including the activating natural cytotoxicity receptors NKp30, NKp44, or NKp46,
and NKG2 family members, most notably NKG2D, and
inhibitory receptors of the KLRG family that provide
repressive signals by binding to MHC-class I molecules
or cadherins.11,12 With this knowledge, it was hypothesized that although a few (approximately 17%) tumors
that express high levels of MHC-class I would be resistant to NK therapy, NK cells may provide efﬁcacy as an
immunotherapy for the remaining 83% of SCLC tumors
of the other subtypes, which express low levels of MHCclass I and are immunologically “cold,” making them less
likely to respond to ICB therapy.
This study investigated an alternative immunotherapy approach utilizing an NK-based therapy for the
treatment of SCLC of all subtypes using several human
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SCLC tumor cell line models. On observation that only a
subset of tumors were sensitive to NK-mediated lysis,
the addition of interleukin-15 (IL-15) cytokine, which
is known to cause activation and proliferation of both
NK and CD8POS T cells and to impart improvements in
the cytotoxic capacity of these cells, was investigated.13 IL-15 was delivered by N-803 (previously
ALT-803), a clinical-stage superagonist complex of a
mutant human IL-15 (IL15N72D) combined with the
sushi domain of hIL15Ra and fused to an IgG1 Fc
domain.14–16 In vitro and in vivo data indicated that
IL-15 superagonist–activated NK cells effectively lyse
SCLC tumor cells across all variant subtypes, including
those previously refractory to traditional NK cell lysis.
These results highlight the potential of N-803 as an
alternative immune-based intervention for the treatment of SCLC.

Materials and Methods
Cell Lines and Reagents
Human cell lines DMS79, NCI-H69, NCI-H1048, NCIH526, and NCI-H841 were obtained from the American
Type Culture Collection (Manassas, VA). Human cell
lines NCI-H524, NCI-H82, and DMS114 were kindly
provided by Dr. Anish Thomas, National Cancer Institute
(NCI). All cells were cultured as recommended by the
American Type Culture Collection. N-803 was provided
by ImmunityBio Inc., under a Cooperative Research and
Development Agreement (CRADA) with the NCI/National Institutes of Health (NIH). Recombinant human
IL-15 and IL-2 were purchased from PeproTech (Cranbury, NJ).

Peripheral Blood From Healthy Donors and
Patients With SCLC
Deidentiﬁed peripheral blood mononuclear cells
(PBMC) were obtained from healthy volunteers who
provided written informed consent at the NIH Clinical
Center Blood Bank (ClinicalTrials.gov #NCT00001846).
Viably frozen PBMC were obtained from three patients
with SCLC enrolled in NCI protocol #14-C-0105;
ClinicalTrials.gov #NCT02146170. NIH Institutional Review Board, Ofﬁce of Human Subjects Research Protections at the NCI approved the studies; all patients
provided written informed consent. Patient PBMC were
cultured in Roswell Park Memorial Institute 1640 Medium with 10% human AB serum added.

Immunoﬂuorescent Staining
A SCLC tumor microarray (LC818c) was purchased
from US Biomax (Derwood, MD). Antigen retrieval was
performed by microwaving 45 seconds at 100% power
followed by 15 minutes at 20% power in pH6 buffer
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(Akoya Biosciences, Marlborough, MA). After blocking in
BLOXALL solution (Vector Laboratories, Burlingame,
CA), primary antibodies against human NCAM1 (clone
MRQ-42, 1:250, Millipore Sigma, Burlington, MA),
MHC-class I (clone EMR8-5, 1:1000, Abcam, Waltham,
MA), ASCL1 (clone D-7, 1:1000, Santa Cruz Biotechnology, Dallas, TX), NEUROD1 (clone EPR17084,
1:400, Abcam), POU2F3 (polyclonal, 1:200, Novus Biologicals, Centennial, CO), YAP1 (clone 63.7, 1:1000,
Santa Cruz Biotechnology), and B7-H6 (polyclonal,
1:100, Abcam) were diluted in Renaissance Background Reducing Buffer (BioCare Medical, Pacheco,
CA) and added overnight at 4 C (POU2F3) or for 45
minutes (NCAM1) or 60 minutes (all others) at room
temperature. ImmPress-HRP species-speciﬁc immunoglobulin (Ig)G polymer reagents (Vector Laboratories) were used as secondary antibodies; opal
ﬂuorophores (Opal-480, 520, 570, 620, and 690, Akoya
Biosciences) were used for signal detection, according
to the manufacturer’s protocol. Slides were counterstained with 40 ,6-diamidino-2-phenylindole (DAPI)
(1:1000 dilution, Invitrogen, Waltham, MA) and
mounted using ProLong Diamond mountant (Invitrogen). Slide scanning and image capturing were
performed on an Axio Scan.Z1 and Zen Blue software
(Zeiss). Expression of NCAM1, MHC-class I, and B7-H6
was each considered positive if more than 10% of the
tumor cells in an individual tumor core exhibited
membrane-localized expression of the corresponding
marker. The expression of ASCL1, NEUROD1, POU2F3,
and YAP1 was considered positive if localized to the
nucleus of tumor cells; tissues were categorized into
the SCLC molecular subtypes on the basis of which
transcription factor was expressed in the highest
percentage of tumor cells within each individual core.
Tissues were assessed by two individuals.

Fluorescent RNA In Situ Hybridization
The SCLC tumor array described previously (LC818c)
was used to evaluate inﬁltration with NK cells; RNA in
situ hybridization for human CD49b and NCR3 (NKp30)
was performed according to the manufacturer’s protocol
(Advanced Cell Diagnostics, Newark, CA). A subset of
cases were randomly chosen for quantiﬁcation analysis:
ASCL1POS MHC-class INEG, ASCL1POS MHC-class IPOS,
NEUROD1POS, POU2F3POS (n ¼ 5 tissues each), and
YAP1POS (n ¼ 2 tissues). A region of interest (ROI) was
randomly drawn within two distinct areas of the tumor,
and Zen Blue software (Zeiss) was used to count the
DAPIPOS cells within each ROI. NK cells within each ROI,
identiﬁed as CD49bPOS/NCR3POS cells, were counted
manually by two individuals, and the average of these
counts was used to calculate the number of NK cells per
1000 DAPIPOS cells.
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Real-Time Polymerase Chain Reaction
Total RNA was isolated from tumor cells using the
RNeasy Mini Kit (Qiagen, Germantown, MD). For quantitative polymerase chain reaction (PCR) analysis, RNA was
reverse transcribed using the Advantage RT-for-PCR Kit
(Takara Bio, Mountain View, CA), and complementary
DNA was puriﬁed by the QIAquick PCR puriﬁcation kit
(Qiagen). All kits were used according to the manufacturer’s instructions. Complementary DNA (20 ng) was
ampliﬁed using TaqMan Master Mix (Thermo Fisher Scientiﬁc, Waltham, MA) or FastStart Essential DNA Probes
Master Mix (Roche, Indianapolis, IN) in either an Applied
Biosystems 7500 (Thermo Fisher Scientiﬁc) or a LightCycler 96 (Roche, Basel, Switzerland) instrument. The
following TaqMan gene expression probes were used
(Thermo Fisher Scientiﬁc): ASCL1 (Hs00269932_m1),
HLA-A (Hs01058806_g1), HLA-B (Hs00818803_g1), HLAC (Hs00740298), HLA-E (Hs03045171_m1), ICAM1
(Hs00164932_m1), MICA (Hs00792195_m1), MICB
(Hs00792952_m1), NCR3LG1 (Hs02340611_m1), NEUROD1 (Hs01922995_s1), POU2F3 (Hs00205009_m1),
PVR (Hs00197846_m1), RAET1E (Hs01026642_m1),
RAET1G (Hs01584111_mH), RAET1L (Hs04194671_s1),
ULBP1 (Hs00360941_m1), ULBP2 (Hs00607609_mH),
ULBP3 (Hs00225909_m1), YAP1 (Hs00902712_g1), and
GAPDH Control Mix (4325792). Expression of each gene
of interest was normalized to that of GAPDH, as follows:
2-[Ct(GAPDH) - Ct(gene of interest)]. A heatmap of log2-transformed, normalized expression was generated using the
Partek Genomics Suite analysis software (Partek, Chesterﬁeld, MO). Data for each gene were standardized to a
mean of zero and scaled to an SD of one.

Analysis of RNAseq Data From SCLC Patient
Specimens
Normalized RNAseq data from 88 biopsies from a
range of metastatic sites obtained from 62 patients
with SCLC available from a previously published report4
were analyzed on Partek for expression of selected
genes relevant to NK activity, including ligands for NK
activating and NK inhibitory receptors (MICA, MICB,
ULBP1-3, RAET1E, RAET1G, RAET1L, NCR3LG1, PVR,
ICAM1, HLA-A, HLA-B, HLA-C, HLA-E) and a 20-gene
signature of NK inﬁltration previously reported.17 A
heatmap of expression was generated as indicated previously. Tumor tissue classiﬁcations in NE, non-NE, and
the four molecular subtypes were taken directly from
Lissa et al.4

Cytotoxicity Assays
NK cells were isolated from PBMC by using a magnetic NK Cell Isolation Kit (Miltenyi Biotech, Auburn,
CA). When indicated, the NK cells were incubated with
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50 ng/mL of N-803 or the molecular equivalent of 15
ng/mL of recombinant human cytokines IL-15 or IL-2
for 48 hours before the assay, and matched donor
unstimulated cells were isolated on the day of the
assay. At the time of the assay, target cells were harvested, washed, labeled with 10 mM calcein-AM (Invitrogen) for 20 minutes at 37 C, washed, and plated at 4
to 5  103 cells per well in 384-well ﬂat-bottom culture plates. NK effector cells from various donors were
added at effector-to-target (E:T) ratios ranging between 20:1 and 1:1 as indicated in the ﬁgure legends.
After a 6-hour or 24-hour co-culture incubation as
indicated, viable calcein-AMPOS cells were quantiﬁed
using a Celigo Image Cytometer (Nexcelom Bioscience,
Lawrence, MA). Percent lysis was calculated as follows: %
lysis ¼ [1 - (cell count in well of interest/tumor only
average cell count)]  100. In the case of antibodydependent cellular cytotoxicity (ADCC) assays, cetuximab (10 ng/mL) was incubated with target cells 30 minutes prior and throughout the duration of the
experiment. For Fc blocking assays, isolated NK cells were
incubated with functional grade, blocking anti-CD16
monoclonal antibody (Invitrogen, clone B73.1, 25 mg/
mL) for 1 hour before incubation with N-803 (50 ng/mL)
for 24 hours. At the time of the assay, N-803 was washed
out and anti-CD16 antibody (25 mg/mL) was refreshed for
the duration of the 6-hour co-culture incubation.

Tumor Inoculation and Treatment
All animal studies were approved by the NCI Intramural Animal Care and Use Committee. Mice were
maintained in accordance with federal regulatory requirements and standards provided by the Association
for Assessment and Accreditation of Laboratory Animal
Care in pathogen-free conditions. Eight-week-old female
athymic nude (NU/NU) mice were obtained from the NCI
Frederick Cancer Research Facility. Mice were injected
subcutaneously in the right ﬂank with 6  106 H841
cells mixed at a 1:1 ratio with Matrigel (Corning Life
Sciences, Corning, NY). N-803 was administered weekly
by subcutaneous injection at a dose of 1 mg beginning on
day 7. Tumors were measured with a Vernier caliper two
to three times per week in two perpendicular diameters.
Tumor volume ¼ (short diameter2  long diameter)/2.
Formalin-ﬁxed, parafﬁn-embedded tissue slides from
H841 tumor xenografts were stained with anti–MHCclass I (clone EMR8-5, 1:1000, Abcam) following
the procedure described previously. For image quantiﬁcation, four equal-sized ROIs were randomly selected
per tumor section in regions without obvious signs of
necrosis. Mean ﬂuorescence intensity (MFI) for MHCclass I expression was collected for each ROI and averaged to a single MFI per individual tumor section.
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Flow Cytometry
Cells were stained in 96-well ﬂat-bottom plates using
1X phosphate-buffered saline containing 2% fetal bovine
serum. All antibodies used were purchased from BioLegend (San Diego, CA), BD Biosciences, R&D Systems
(Minneapolis, MN), or Thermo Fisher Scientiﬁc and used
according to manufacturers’ instructions. When applicable, intracellular staining was performed using a
FoxP3/Transcription Factor Staining Buffer Set (eBioscience, San Diego, CA) according to the manufacturer’s
protocol. LIVE/DEAD Fixable Aqua Dead Cell Stain Kit
(Thermo Fisher Scientiﬁc) was used to gate on live cells.
All cytometry data were acquired using the Attune NxT
Flow Cytometer (Thermo Fisher Scientiﬁc), and data
were analyzed by FlowJo (FlowJo, Ashland, OR). For
analysis from in vivo studies, tumors were weighed,
mechanically dissociated, and incubated in Roswell Park
Memorial Institute 1640 Medium containing 5% fetal
bovine serum, 1 mg/mL collagenase types I and IV
(Gibco), and 40 U/mL DNase I at 37 C for 30 minutes
while shaking at a speed of 300 rpm. Subsequently, the
cells were passed through a 70-mm ﬁlter to generate a
single-cell suspension for staining. Spleens were crushed
through a 70-mm ﬁlter, and red cell lysis was performed
using ammonium-chloride-potassium lysis buffer
(Gibco) on ice. For these ﬂow analyses, cells were
enumerated by 123count eBeads (Thermo Fisher Scientiﬁc) according to the manufacturer’s instructions,
and NK cells were deﬁned as CD45POSCD49bPOS. Fluorescently labeled antibodies used were as follows: human CD3 (clone OKT3), CD14 (clone M5E2), CD16
(clone 3G8), CD19 (clone HIB19), CD56/NCAM1 (clone
HCD56), EGFR (clone AY13), NKp30 (clone P30-15),
NKp44 (clone P44-8), NKp46 (clone 9E2), NKG2D
(clone 1D11), perforin (clone dG9), granzyme B (clone
QA18A28), MIC-A/B (clone 6D4), CD54 (clone HCD54),
HLA-A/B/C (clone W6/32), and CD274 (clone 29E.2A3);
murine CD45 (clone 30-F11), CD49b (clone DX5),
NKG2D (clone C7), IFN-g (clone XMG1.2), KLRG1 (clone
2F1), TIM-3 (clone RMT3-23), and PD-1 (clone RMP130) from BioLegend; human ULBP-2/5/6 (clone
165903, R&D Systems); and human B7-H6 (clone
JAM1EW, Thermo Fisher Scientiﬁc). Unless indicated in
the ﬁgure legend, all ﬂow analyses were assessed by
gating on cells by a FSC  SSC plot followed by single
cells (FSC-A  FSC-H) and then by live cells (absence of
Aqua Dead Cell Stain).

Enzyme-Linked Immunosorbent Assay
For analysis from in vivo studies, blood was collected
at study end point into EDTA-K tubes and plasma
isolated by centrifugation. Plasma IFN-g was assessed
using the mouse IFN-g Quantikine Enzyme-Linked
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Immunosorbent Assay Kit (R&D Systems) according to
the manufacturer’s instructions.

B7-H6 Overexpression
DMS114 and H841 cells were transfected with either
a control pCMV6 or a human B7-H6 (NCR3LG1, MycDKK tagged)–expressing vector (Origene, Rockville,
MD) using Lipofectamine 3000 (Thermo Fisher)
following the manufacturer’s recommendations. Then,
48 hours after the transfection, the cells were collected,
assessed for B7-H6 expression by ﬂow cytometry, and
used in a ﬂow-based cytotoxic assay. Target cells were
prepared with 10 mM calcein-AM as described in earlier
methods, and 1  104 cells per well were plated in 96well round bottom plates. NK effector cells were added
at an E:T ratio of 20:1, and after a 6-hour coincubation,
samples were stained for assessment of HLA-A/B/C and
B7-H6 by ﬂow cytometry using the same antibodies
described previously; in addition, to calculate % lysis,
the cells were enumerated by 123count eBeads. Analyses were completed on the basis of gating on cells by
FSC  SSC plots and then by calcein-AMHIGH or calceinAMLOW levels followed by an assessment of surviving
(calcein-AMHIGH) cells for expression level of HLA-A/B/C
and B7-H6.

Generation of MHC-Class ILOW Tumor Cell Lines
Generation of MHCLOW tumor cells was achieved by
CRISPR knockout of beta-2-microglobulin (B2M). Brieﬂy,
tumor cells were cotransfected with a recombinant
TrueCut Cas9 Protein v2 and a TrueGuide Synthetic
guide RNA targeting human B2M (ID number,
CRISPR983706_SGM targeting the sequence GAGTAGCGCGAGCACAGCTA), by using the Lipofectamine
CRISPRMAX transfection reagent. All reagents were
purchased from Thermo Fisher Scientiﬁc, and assays
were performed by following the manufacturer’s recommended protocol. MHC-class ILOW cells were ﬂow
sorted by HLA-A/B/C staining (BD, Clone G46-2.6) and
expanded for cytotoxic assays.

Statistical Analyses
Data were analyzed using GraphPad Prism (GraphPad
Software). Statistical differences between two sets of
data were determined by a two-tailed Student’s t test;
three or more sets of data were compared by a one-way
analysis of variance (ANOVA) with Tukey’s multiple
comparison post-tests. Analysis of tumor growth curves
and killing assay assessments evaluating multiple effectors and E:T ratios simultaneously were conducted by a
two-way ANOVA. Data points in graphs represent the
mean ± SD. Violin plots reveal values for each individual
with dashed lines indicating the median and each
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quartile. Asterisks indicate statistically signiﬁcant values
as follows: *p less than or equal to 0.05; **p less than or
equal to 0.01; ***p less than or equal to 0.001, ****p less
than or equal to 0.0001.

Results
NE Subtypes of SCLC Express Fewer NK Inhibitory
Ligands
A lack of MHC-class I expression in SCLC is proposed
to be in part responsible for the lack of response to ICB
in these immunologically “cold” tumors; in contrast, it is
known that NK cell activity may be improved in the
absence of MHC-class I expression. Therefore, to investigate the level of MHC-class I expression in SCLC in
relation to the NE versus non-NE subtypes of SCLC, a
tumor tissue array consisting of 80 independent cases
was co-stained for MHC-class I and a marker of the NE
phenotype, NCAM1 (Fig. 1A and Supplementary Table 1).
Although most of the tumors, 61 (76%), displayed an NE
phenotype (NCAM1POS) with a lack of MHC-class I
expression, a small subset of 11 tumors (14%) were
positive for both markers, with heterogeneous patterns of
expression observed across cases. Non-NE (NCAM1NEG)
tumors were divided into two subsets as well; four
tumors (5%) expressed high levels of MHC-class I, and
four (5%) lacked expression of either protein (Fig. 1A
and B). Overall, 65 tumors (81%) in this array lacked
MHC-class I expression, most of which were NE tumors
(Fig. 1B). To further address whether a relationship
between the lack of MHC-class I and the molecular
subtypes of SCLC exists, a serial tissue array section
was stained for ASCL1, NEUROD1, POU2F3, YAP1, and
MHC-class I expression. Tissues were categorized into
SCLC subtypes on the basis of the predominant transcription factor observed; examples of tumors of each
subtype co-stained with MHC-class I are illustrated in
Figure 1C. In addition, 72 tumors (91%) were classiﬁed
as NE with 58 (73%) being ASCL1POS, ten (13%)
NEUROD1POS, and four (5%) exhibiting expression of
both markers (ASCL1POS NEUROD1POS, A/N Mix). The
remaining seven cases (9%) were non-NE tumors
with ﬁve (6%) being POU2F3POS and two (3%) YAP1POS
(Fig. 1D and Supplementary Table 1).
To evaluate the presence of NK tumor-inﬁltrating
lymphocytes (NK-TIL) within SCLC, a subsequent tumor array section was analyzed for NK cells by RNA in
situ hybridization (Fig. 1E). A total of 22 tissue sections
that included tumors representing each molecular subtype and MHC expression status were chosen for the
analysis. Two regions of interest within each tumor were
assessed for the quantity of inﬁltrating NK cells relative
to the number of DAPIPOS cells present within the evaluated region. The highest level of immune inﬁltration by
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Figure 1. Neuroendocrine SCLC express fewer factors that are inhibitory to NK cells. (A) Immunoﬂuorescent staining of
NCAM1 and MHC-class I proteins in SCLC tissues of a tumor microarray (NCAM1 ¼ red, MHC-class I ¼ white, DAPI ¼ blue).
Images representing tumor cases that are POS for NCAM1 and NEG for MHC-class I; double POS for NCAM1 and MHC-class I;
NEG for NCAM1 and POS for MHC-class I; and double NEG for NCAM1 and MHC-class I. (B) Quantiﬁcation of 80 SCLC tumors
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the NK cells was observed in YAP1POS tumors; importantly, NK cells were observed within every tissue
analyzed with no distinction in the quantity of NK-TIL
observed within the ASCL1, NEUROD1, or POU2F3
SCLC cases or between MHCPOS and MHCNEG tumors (Fig.
1F).
To further evaluate the presence of NK cells and the
favorability of the SCLC tumor microenvironment for
NK-based therapeutic approaches, previously published RNAseq data from 88 tumor biopsies from 62
metastatic patients with SCLC were analyzed.4 Genes
chosen for evaluation included a 20-gene signature of
NK cell inﬁltration previously published17 and additional genes known to be involved in NK activation or
inhibition. As found in Figure 1G, expression of NK
activating and NK inhibitory ligands was variable
among NE and non-NE samples, apart from MHC-class
I expression that was highly positive in most of the
YAP1POS tumors, as previously reported.10,18 YAP1POS
tumors were also enriched for the NK inﬁltration gene
signature, although expression of this signature was
also observed in some of the tumors in the NE group
(Fig. 1G).
To conduct preclinical studies, a panel of cell line
models encompassing two from each of the four molecular subtypes of SCLC was then selected on the basis of
their previously reported molecular classiﬁcation.19 Cell
lines were validated for expression of ASCL1, NEUROD1,
POU2F3, and YAP1 and evaluated for expression of
genes relevant to NK-mediated response by quantitative
reverse transcription PCR. Results further conﬁrmed
that HLA genes were increased in non-NE tumor cell
lines. Although ULBP activating genes were heterogeneous across cell lines, MIC-A/B genes were primarily
expressed by YAP1POS cells, and the activating ligand
NCR3LG1 (B7-H6) had a trend toward higher expression
in NE cell lines (Fig. 1H).
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NE SCLC Cells Are Susceptible to NK-Mediated
Lysis Whereas Non-NE SCLC Cells Remain
Refractory
To evaluate the cytotoxicity of NK cells against SCLC,
tumor cells were coincubated with effector NK cells
isolated from healthy donor PBMC at an E:T ratio of 10:1.
The ASCL1POS cell lines, DMS79 and H69, were selected
as representative of NE SCLC tumors, whereas the
YAP1POS cell lines, DMS114 and H841, were selected as
representative of non-NE SCLC tumors. Although the NE
SCLC cell lines were highly susceptible to NK-mediated
lysis, the non-NE SCLC models were refractory to lysis
by the NK cells (Fig. 1I). Addition of the IgG1 EGFRspeciﬁc antibody, cetuximab, to trigger ADCC was unable to overcome the resistance of non-NE, H841 cells to
NK killing (Supplementary Fig. 1A), regardless of the
high expression of EGFR in these cells (Supplementary
Fig. 1B).

NK Cells Pretreated With the IL-15 Superagonist
N-803 Effectively Lyse SCLC Cell Lines of All
Variant Subtypes
Cytokine-activated NK cells were then evaluated for
their lytic activity against SCLC cell lines. Recombinant
human IL-2 (rhIL-2) and IL-15 (rhIL-15) along with the
IL-15 superagonist, N-803, were used to activate the NK
cells before assessing their functional activity. Healthy
donor NK cells were incubated in culture with equimolar
concentration of each cytokine for 48 hours, washed, and
used as effector cells against SCLC cells. As illustrated in
Figure 2A, pretreatment of the NK cells with each cytokine signiﬁcantly enhanced their ability to lyse NE
(ASCL1POS) and non-NE (YAP1POS) cells. Although the
efﬁcacy of the three cytokines was similar in vitro at the
dose evaluated, N-803 was selected for further evaluation in this study owing to its suitability for clinical use.

scored based on positivity for NCAM1 and MHC-class I expression. (C) Immunoﬂuorescent staining of ASCL1, NEUROD1,
POU2F3, YAP1, and MHC-class I in SCLC tissues of a tumor microarray (ASCL1 ¼ turquoise, NEUROD1 ¼ green, POU2F3 ¼ pink,
YAP1 ¼ red, MHC-class I ¼ white, DAPI ¼ blue). Images representing a tumor classiﬁed as each of the four subtypes of SCLC.
(D) Quantiﬁcation of 79 evaluable tumors based on the predominant transcription factor expression and MHC-class I within
each case. (E) SCLC tissues of a tumor microarray were analyzed by RNA in situ hybridization for the presence of NK cells.
Representative image depicting RNA in situ hybridization staining of CD49b mRNA (pink) and NCR3 mRNA (NKp30, green). (F)
Quantiﬁcation displays the number of NK cells per 1000 DAPIPOS cells within a standardized ROI; analysis completed on
ASCL1POS MHC-class INEG, ASCL1POS MHC-class IPOS, NEUROD1POS, POU2F3POS (n ¼ 5 tissues each), and YAP1POS (n ¼ 2 tissues).
*p < 0.05 by one-way ANOVA with Tukey’s multiple comparison post-test. (G) Heatmap expression of ASCL1, NEUROD1,
POU2F3, YAP1, and genes relevant to NK activity in 88 SCLC tumor biopsies obtained from 62 patients with metastatic SCLC
previously analyzed by RNAseq analysis4 (NE ¼ grey, non-NE ¼ black, ASCL1 ¼ purple, NEUROD1 ¼ orange, POU2F3 ¼ blue,
YAP1 ¼ green). (H) Heatmap of expression of selected NK activating and NK inhibitory ligand genes as determined by
quantitative reverse transcription PCR across a panel of SCLC cell lines (NE ¼ neuroendocrine; non-NE ¼ nonneuroendocrine). Values illustrated correspond to log2-transformed gene expression relative to the control gene GAPDH in
each cell line. (I) Neuroendocrine (DMS79, H69) and non-neuroendocrine (DMS114, H841) SCLC cells were assayed for susceptibility to NK cells at an E:T ratio of 10:1 in a 24-hour assay. ****p < 0.0001 comparing NE versus non-NE by unpaired t test.
Data illustrated are representative of n ¼ 8 healthy NK donors. #, number; ANOVA, analysis of variance; DAPI, 40 ,6-diamidino2-phenylindole; E:T, effector-to-target; NE, neuroendocrine; NEG, negative; NK, natural killer; PCR, polymerase chain reaction; POS, positive; ROI, region of interest.
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While IL-2 has the disadvantage of expanding regulatory
T cells and IL-15 has a very short half-life in vivo, N-803
was found to have higher biostability with fewer doselimiting toxicities than IL-15 in vivo, making it a more
suitable choice for a clinical reagent.16,20 To evaluate the
contribution of the IgG1 Fc portion of N-803 to the
activation of the NK cells in vitro, including to rule out
any ADCC effect, NK cells from healthy donors were
incubated with N-803 in the presence of a CD16 Fc receptor blocking antibody and used in a cytotoxic assay in
the presence of CD16 Fc receptor blockade. As found in
Supplementary Figure 1C, there was only a minimal
change in tumor lysis in assays blocking the CD16 Fc
receptor, indicating that in vitro, N-803 can mediate NK
cell activation independently of its Fc component and
that the IgG1 Fc fraction does not contribute to lysis by
ADCC. In subsequent experiments, healthy donor NK cells
pretreated with N-803 were found to efﬁciently lyse SCLC
cells across the four molecular subtypes, at all E:T ratios
evaluated (Fig. 2B and C). As variation in the lytic capacity
of the NK cells isolated from different donors is known to
exist, lysis of all eight SCLC models was also assessed
using matched NK cells (untreated or pretreated with N803 for 48 h) puriﬁed from PBMC from multiple healthy
donors. In the case of all normal donor-derived NK cells,
pretreatment with N-803 signiﬁcantly and markedly
enhanced the lysis of all SCLC cell lines evaluated,
including NE and non-NE models (Fig. 2D).

N-803 Provides Antitumor Efﬁcacy In Vivo by
Improving Activation of Murine NK Cells
To evaluate the efﬁcacy of N-803 treatment in vivo, a
xenograft model of the H841 SCLC cell line was used.
This model was chosen owing to its highly NK-resistant
character to validate the ability of N-803 to improve the
lytic effect of NK cells in vivo even against the most NKresistant tumors. H841 cells were implanted (subcutaneously) in the ﬂank of athymic nude mice, which are
devoid of T and B cells but possess normal levels of NK
cells. Starting on day 7 post-tumor implantation, mice in
the treatment group received a weekly dose of 1 mg N803 (subcutaneously) for a total of four doses (Fig. 3A).
N-803–treated mice exhibited signiﬁcantly improved
tumor control compared with untreated mice, as
observed in the average tumor volume (Fig. 3B) and the
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tumor growth curves of individual mice (Fig. 3C). Similar
results were observed in an independent experiment
(Supplementary Fig. 2A and B). To evaluate the effect of
N-803 on murine NK cells, tumors and spleens were
collected 48 hours after the last dose of N-803 and
evaluated by ﬂow cytometry. Although the spleens of the
treated mice did not exhibit an overall change in the total
number of NK cells per spleen, N-803–treated mice had a
signiﬁcantly higher number of NKG2DPOS NK cells
compared with the controls, indicative of a more activated population of NK cells (Fig. 3D). In addition, there
was a signiﬁcantly higher number of multifunctional NK
cells in the spleens of N-803–treated mice, which produced IFN-g and granzyme B, indicative of a more lytic
NK phenotype (Fig. 3D). Analysis of tumor inﬁltrates
revealed signiﬁcantly higher numbers of murine NK cells
inﬁltrating the N-803–treated tumors and signiﬁcantly
higher numbers of NKG2DPOS and NK-TIL capable of
producing both IFN-g and granzyme B in the N-803–
treated tumors, compared with the controls (Fig. 3E).
Comparable numbers of NK cells expressing inhibitory
receptors were observed within the tumors of untreated
and N-803–treated mice (Supplementary Fig. 2C). A
small increase in TIM-3POS or PD-1POS but not TIM-3POS/
PD-1POS double-positive NKs was observed in the
spleens of treated mice (Supplementary Fig. 2D); further
analysis would be needed to determine if this represents
increased activation or exhaustion of these cells. To
assess the level of circulating IFN-g in animals untreated
or treated with N-803, blood was collected 48 hours
after the last treatment and plasma was isolated for
evaluation by enzyme-linked immunosorbent assay; results indicated that N-803–treated mice exhibited higher
levels of murine IFN-g in circulation than the untreated
mice (Fig. 3F). As high levels of IFN-g are known to affect
tumor expression of MHC-class I, tumors remaining at
the end of study were stained to assess any modiﬁcations in MHC-class I expression. The H841 model is
known to express basal levels of MHC-class I; however, it
was observed that the MFI of MHC-class I increased by
twofold or greater in N-803–treated mice (Fig. 3G and
H). This ﬁnding suggests that the immunogenicity of
SCLC tumors may be improved for T-cell–based therapeutics after N-803 administration; future studies should
evaluate the effectiveness of a sequential combination
therapy with N-803 followed by immunotherapeutic

unstimulated NK cells from the same donors were used as controls. Each data point represents % lysis from individual donors
(n ¼ 3). ***p < 0.001 by one-way ANOVA. (B, C) Six-hour NK lysis assay of indicated cell lines using matched donor NK cells
either freshly isolated or preincubated with 50 ng/mL N-803 for 48 hours before the cytotoxic assay, at the indicated E:T
ratios. ****p < 0.0001 by two-way ANOVA. (D) Percent lysis achieved with NK cells versus NK cells pretreated with N-803 from
multiple matched donors, across all cell lines and using an E:T ratio of 20:1. Each data point indicates % lysis from an individual donor used in experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 comparing average % lysis with NK
(circles) versus N-803 pretreated NK (squares) effectors for each target cell line in a paired t test. ANOVA, analysis of
variance; E:T, effector-to-target; NK, natural killer; rhIL, recombinant human interleukin.
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agents that rely on T-cell activity, including ICB. Taken
together, these data revealed that NK cells become more
activated in vivo by N-803, can better trafﬁc to the site of
the tumor, impart improved antitumor efﬁcacy, and
produce high levels of IFN-g, which, in turn, create an
“immune hot” tumor microenvironment.

N-803–Treated NK Cells Could Prime Tumor Cells
for Additional Immunotherapy Modalities
To further evaluate how SCLC cancer cells may be
affected by exposure to soluble factors secreted by NK
cells stimulated with N-803, a panel of key NK activating
and NK inhibitory ligands were measured by ﬂow
cytometry in tumor cells cultured in the presence of
either standard culture media or conditioned media
from NK cells treated with N-803. Among NK activating
ligands, it was observed that MIC-A/B were expressed
exclusively by YAP1POS cell lines, whereas ULBP-2/5/6
were expressed throughout most of the cell lines,
except in H82 cells. B7-H6, the cognate ligand for NKp30
activation on the NK cells, and CD54 (ICAM1) were both
found at higher levels on the NE cells. Importantly,
exposure to culture supernatant from the NK cells
treated with N-803 did not induce many changes in the
expression of NK activating ligands, apart from CD54,
which was markedly up-regulated in all but the YAP1POS
cell lines, H841 and DMS114 (Fig. 4A and B). Regarding
NK inhibitory ligands, PD-L1 expression was minimal or
negative at baseline but increased in most cell lines after
exposure to culture supernatant from N-803–activated
NK cells, with exceptions being DMS114 and H524 cells
(Fig. 4C and D). Furthermore, although all cell lines express MHC-class I (HLA-A/B/C) at the protein level,
those of the non-NE subtypes expressed logarithmically
higher levels (Fig. 4C); on the basis of this observation,
the MFI of HLA-A/B/C was quantiﬁed rather than the
percentage of tumor cells (Fig. 4D). Interestingly,
conditioned media from the NK cells treated with N-803
caused signiﬁcant increases in the expression of MHCclass I in all cell lines, regardless of their molecular
subtype. Similarly, NE and non-NE cells exposed to culture supernatants from the NK cells activated by either
N-803, rhIL-15, or rhIL-2 for 48 hours had comparable
increases in the MFI of HLA-A/B/C above that of the
untreated cell lines (Fig. 4E). Consistent with in vivo
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observations, these data indicated that soluble factors
released by NK cells after treatment with N-803 could
increase the expression of MHC-class I even in SCLC
tumor cells of the NE subtype, making them potentially
susceptible to T-cell centric therapies that require antigen presentation in the context of MHC-class I, such as
ICB, adoptive T-cell therapies, and cancer vaccines.

Impact of N-803 on NK Cells Derived From
Healthy Donors and Patients With SCLC
The effect of N-803 on NK cells was evaluated by ﬂow
cytometry analysis for expression of NK activating receptors and cytolytic molecules. As found in Figure 5A
for multiple matched healthy donor-derived NK cells, N803 treatment of the NK cells increased the surface
expression of all four NK activating receptors, NKp30,
NKp44, NKp46, and NKG2D, in most of the donors
analyzed, with the most prominent and consistent increase observed with NKp30 (Fig. 5A and Supplementary
Fig. 3A). Cytolytic perforin and granzyme B levels were
high in most of the untreated, healthy donor NK cells,
with only minor increases induced by N-803 stimulation
in some of the donors (Fig. 5A).
To investigate whether N-803 could also effectively
activate NK cells derived from patients with SCLC, PBMC
obtained from three patients with SCLC previously
treated with various lines of therapy, including chemotherapy, were exposed to N-803 for 48 hours and evaluated for NK cell markers and expression of cytolytic
molecules in the NK cells, as surrogate markers for
cytotoxicity. As a comparison, PBMC from three healthy
donors were used. Individual subsets of NK cells were
evaluated,21 including the highly cytotoxic CD56DIM
CD16POS cells, cytokine-producing CD56BRIGHT CD16NEG
cells, and more immature precursor CD56BRIGHT CD16POS
cells (Fig. 5B, left panel, and Supplementary Fig. 3B).
N-803 treatment of PBMC similarly increased the
number of CD56BRIGHT cells (both CD16NEG and CD16POS
fractions) in healthy donors and patients as found in
Figure 5B for representative samples, and for all individuals evaluated in Figure 5C. To further assess the
cytolytic potential of NK cells within each subset, perforin and granzyme B were measured. The most cytolytic
cells (CD56DIM CD16POS) had a consistent increase in the
percent of perforinPOS or granzyme BPOS cells and the

the control (n ¼ 8) versus N-803 (n ¼ 10) groups. ****p < 0.0001 by two-way ANOVA. Flow cytometry was performed on NK
cells present within the spleen (D) or tumor tissues (E) and quantiﬁed as a total number of cells within a spleen or per
milligram of tumor tissue. Graphs reveal values for each individual mouse displayed in violin plots. Number of total NK cells
(deﬁned as CD45POS CD49bPOS), NKG2DPOSNK cells, and NK cells positive for granzyme B and IFN-g in (D) the spleen or (E)
the tumor. (F) Quantiﬁcation of mouse IFN-g levels in plasma collected from mice 48 hours after the ﬁnal dose of N-803.
*p < 0.05, ***p < 0.001 by unpaired t test in D to F. (G) Representative images of tumors stained for expression of MHC-class I.
(H) Quantiﬁcation of MFI of human MHC-class I expression in tumors collected at the end of study for mice in control (n ¼ 3)
and N-803 treated (n ¼ 8) groups. ***p < 0.001 by unpaired t test. ANOVA, analysis of variance; IFN-g, interferon-g; MFI,
mean ﬂuorescence intensity; NK, natural killer; POS, positive.
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MFI for each molecule after treatment with N-803 in all
patients and healthy donors evaluated (Fig. 5D, left
panels). Increases in perforin and granzyme B were also
observed in the CD56BRIGHT NK subsets (Fig. 5D, central
and right panels), both with healthy donors and SCLC
patient-derived NK cells. Taken together, these data
revealed that N-803 treatment exerts similar effects on
NK cells derived from healthy donors and patients with
SCLC, suggesting that N-803 treatment is likely to increase the lytic potential of NK cells from patients with
SCLC.

The Role of the NKp30-B7-H6 Axis Activation in
NK-Mediated Lysis of SCLC Cells
NKp30 binds to B7-H6 (NCR3LG1) to activate NK
cells,22 and recent literature suggests a particular
importance of this interaction in the context of cancer.23
To investigate whether expression of B7-H6 could be of
relevance in the context of NK-mediated lysis of SCLC,
B7-H6 was overexpressed on the surface of the non-NE
(DMS114 and H841) cells before performing NK lysis
assays. By increasing the surface expression of B7-H6,
both non-NE SCLC lines became signiﬁcantly more susceptible to lysis by healthy donor NK cells (Fig. 6A). In
addition, tumor cells that survived the cytolytic effect of
the NK cells were further assessed by ﬂow cytometry for
their expression of B7-H6 and MHC-class I. Results
revealed that most B7-H6–expressing tumor cells were
eliminated (Fig. 6B and C and Supplementary Fig. 4A and
B) whereas all surviving cells continued to express MHCclass I (Fig. 6D). As the expression of MHC-class I
remained unchanged, beta-2-microglobulin (B2M) was
knocked out in DMS114 and H841 cells using CRISPR/
Cas9 technology in an attempt to further understand the
direct contribution of MHC-class I to their NK-resistant
phenotype. In the absence of B2M, MHC-class I molecules are no longer stably expressed on the tumor cell
surface (Supplementary Fig. 4C); however, despite the
loss of MHC-class I expression, lysis with NK or NK cells
pretreated with N-803 did not improve in the non-NE,
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DMS114, or H841 B2M KO cells (Fig. 6E). Collectively,
these data suggested that regardless of the level of
expression of inhibitory MHC-class I molecules,
improving the interaction between NKp30 and B7-H6
enables the cytotoxic activity of the NK cells leading to
lysis of the highly resistant, non-NE SCLC cells.
To evaluate the expression of B7-H6 protein in tumor
tissues, a tissue array of SCLC tumors was co-stained for
B7-H6 along with NCAM1 as a marker of NE phenotype
(Fig. 6F and Supplementary Table 1). As expected, most
cases presented as NE tumors (NCAM1POS, 69 of 79,
88%); within these tumors, 37 of 69 (54%) were also
positive for B7-H6 (Fig. 6F and G). The high percentage
of SCLC tumors which express B7-H6 and the improvements in NK-cell susceptibility observed with increased
expression of the tumor ligand suggested that the B7H6/NKp30 axis may be useful to exploit therapeutically in the context of SCLC.

Discussion
This work describes an NK-cell–based immunotherapy option for the treatment of all molecular subtypes of SCLC. The data presented reveal that NK cells
activated by the IL-15 superagonist, N-803, effectively
lyse SCLC tumor cells across all variant subtypes and
that administration of N-803 in vivo enhances tumor
inﬁltration with activated and cytotoxic NK cells, leading
to antitumor efﬁcacy against SCLC xenografts.
Despite the success of ICB therapies for the treatment
of several cancers, immunotherapy has so far provided
limited clinical beneﬁt in SCLC. The PD-L1 inhibitors,
durvalumab24 and atezolizumab,25 used in combination
with platinum-etoposide chemotherapy, are currently
approved for the ﬁrst-line treatment of extensive-stage
SCLC. In this setting, addition of anti–PD-L1 to chemotherapy in several randomized clinical studies has
resulted in an improvement in overall survival (OS) of
approximately 2 months compared with chemotherapy
alone. This modest clinical beneﬁt of ICB in SCLC has
been attributed to the presence of an unfavorable tumor

Figure 4. Expression of NK activating and NK inhibitory ligands on SCLC tumor cells. (A) Flow cytometry overlay graphs
depicting relative surface expression of NK activating ligands at baseline and postexposure for 48 hours to culture supernatants collected from NK cells activated in the presence of 50 ng/mL N-803 (NK þ N-803 CM). (B) Plots displaying the
quantiﬁcation of the percentage of live cells expressing each ligand. NE cells are plotted in the left panel and non-NE on the
right. For each cell line, the values at baseline and postexposure to CM are connected by lines representing paired samples.
**p < 0.01 by paired t test comparing untreated and CM conditions for all cell lines within each phenotype (NE or non-NE). (C)
Flow cytometry overlay graphs exhibiting expression of NK inhibitory ligands at baseline and post-CM exposure. (D) Quantiﬁcation of percentage of PD-L1 POS cells or MFI of HLA-A/B/C expression before and after exposure to CM. *p < 0.05, **p <
0.01 by paired t test as described in panel B. (E) Quantiﬁcation of MFI of HLA-A/B/C at baseline and postexposure for 48 hours
to culture supernatants collected from NK cells activated in the presence of 50 ng/mL N-803, 15 ng/mL rhIL-15, or 15 ng/mL
rhIL-2. (n ¼ 3 NK donors per CM condition, NE plot: DMS79 and H69 cells exposed to CM, non-NE plot: DMS114 and H841 cells
exposed to CM). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA. ANOVA, analysis of variance; CM,
conditioned medium from NK cells treated with N-803; MFI, mean ﬂuorescence intensity; NE, neuroendocrine; NK, natural
killer; PD-L1, programmed death-ligand 1; POS, positive; rhIL, recombinant human interleukin.
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microenvironment mainly characterized by low T-cell
inﬁltration and low expression of MHC-class I, with
exception of a small percentage of tumors in the non-NE
molecular subtypes.6,7,26 In further efforts to identify a
predictive biomarker to delineate who will beneﬁt from
ICB, a recent study also found that tumors from patients
with relapsed SCLC who beneﬁted from ICB therapy had
increased levels of Notch pathway genes and low NE
differentiation.27 It is yet to be determined whether
clinical practice in SCLC will move toward stratifying
patients into groups on the basis of molecular subtype of
their tumor before therapy. In addition, SCLC is a heterogeneous disease where different molecular subtypes
could be found within a single tumor, particularly after
tumor relapse.5 In light of these limitations, an alternative form of immunotherapy outside of ICB was explored
here which may provide beneﬁt to most of the patients
with SCLC, including those with immunologically cold
tumors lacking MHC expression.
The loss of MHC-class I in NE SCLC has been attributed to epigenetic mechanisms involving the transcriptional repression of MHC-class I promoters by the
polycomb repressive complex 2 (PRC2), an effect that
can be reversed by pharmacologic inhibition of EZH2.28
In agreement with previous studies,29 this study reveals the lack of MHC-class I protein expression in 81%
of SCLC in a tumor tissue microarray, most (76%) corresponding to NE tumors. Subtype analysis also reveals
that, although a small sample size, YAP1POS tumors
exhibit high MHC expression whereas most of the tumors within the ASCL1, NEUROD1, and POU2F3 subtypes lack MHC-class I protein expression. The
remarkable lack of expression of MHC-class I in SCLC
suggests that NK-therapeutic approaches may be more
suited for this disease. In this study, the presence of NKTIL was observed in tumor tissues from patients
encompassing each molecular subtype of SCLC. RNAseq
analysis in a cohort of metastatic SCLC tumors from 62
individual patients similarly indicated that both MHC
expression and genes indicative of an NK signature are
highest in the non-NE YAP1POS tumors, although tumors
in the NE subtypes also present with variable levels of
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MHC-class I and NK gene-associated signatures.
Although the literature supports that YAP1POS SCLC tumors are the most immune inﬁltrated overall, our results
differ from a previous report that described the highest
NK score within POU2F3POS SCLC tumors.30 These differences may be attributable to differences in the patient
populations as the prior study evaluated primary SCLC
samples and this study metastatic samples. Future
studies should be conducted to evaluate samples from
individuals taken at multiple time points from the primary versus metastatic sites to address these distinctions observed.
A few studies have interrogated the potential role for
NK cells in SCLC tumor control. For example, a study
using a genetic engineered mouse model of SCLC
revealed that although the depletion of CD8POS T cells
had no effect on metastatic dissemination of SCLC,
depletion of the NK cells resulted in increased metastatic
spread to various organs, suggesting that NK cells play a
critical role in SCLC immunosurveillance and tumor
dissemination control.30 Another study, however, proposed that despite the lack of MHC-class I expression,
SCLC tumors also may evade NK cell surveillance by
down-regulating the expression of NK activating ligands,
speciﬁcally MIC-A/B, which were found to be expressed
at lower levels in NE versus non-NE tumors.31 Using the
NK cells isolated from multiple healthy donors, this
study describes that NK cells can lyse SCLC tumor cells
of the NE, ASCL1 and NEUROD1 subtypes; however, the
lytic effect was markedly and signiﬁcantly enhanced by
pretreatment of the NK cells with N-803, an effect that
was extended to all SCLC models, including those of the
non-NE, POU2F3 and YAP1 subtypes, which were also
efﬁciently lysed by the N-803–treated NK cells. The utilization of chemotherapy as standard of care in all
treatment regimens for SCLC implies that the quality of
patient NK cells may be inferior to that of healthy donors. To address this concern, PBMC from three patients
with SCLC previously treated with various chemotherapies were evaluated for their response to N-803. Paralleling results observed in healthy donor PBMC, the
composition of the NK cells from the patients with SCLC

Figure 5. Effect of N-803 on NK cells from healthy donors and patients with SCLC. (A) Quantiﬁcation of % of live cells
expressing each indicated marker, assessed by ﬂow cytometry in NK cells isolated from multiple matched healthy donors with
or without N-803 exposure (50 ng/mL for 48 h). Each dot represents a different healthy donor. *p < 0.05, **p < 0.01, ***p <
0.001 by paired t test for the comparison of matched NK cells versus NK cells treated with N-803. (B–D) PBMC from healthy
donors (DN, n ¼ 3) and patients with SCLC (PT, n ¼ 3) were treated with or without N-803 (50 ng/mL for 48 h) before
evaluation by ﬂow cytometry. (B) Representative ﬂow cytometry plots depicting gating strategy for NK subsets (left panel)
and illustrating a shift in the population of CD56POS NK cells after treatment with N-803 in representative healthy donor
(middle panels) and patient samples (right panels). (C) Quantiﬁcation of % NK cells consisting of CD56BRIGHT CD16NEG (green)
and CD56BRIGHT CD16POS (purple) subpopulations in indicated samples. (D) Quantiﬁcation of % of cells and MFI for intracellular
perforin and granzyme B within identiﬁed NK subsets. *p < 0.05, **p < 0.01 by paired t test for the comparison of matched NK
cells versus NK cells treated with N-803. MFI, mean ﬂuorescence intensity; NEG, negative; NK, natural killer; PBMC, peripheral blood mononuclear cell; POS, positive.
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shifted such that CD56BRIGHT NK cells expanded. The
literature suggests that the CD56BRIGHT NK cells are
capable of producing high levels of IFN-g21,32; therefore,
these changes in subsets imply that NK cells from patients with SCLC or healthy donors may have improved
antitumor activity by IFN-g–mediated mechanisms.
Furthermore, all subsets of the NK cells had increased
levels of cytolytic proteins, perforin and granzyme B, in
response to N-803. These ﬁndings suggest that as found
with the healthy donors, NK cells from the patients with
SCLC would exhibit elevated lytic capacity toward tumor
cells.
N-803 is a clinical-stage, IL-15 superagonist that enhances the biological activity of IL-15 in vivo and was
found in multiple preclinical studies to promote the
activation of antigen-speciﬁc T cells and NK cells above
the level observed with recombinant IL-15, resulting in
improved antitumor effects in murine models of cancer.16,20 N-803 was found to have promising clinical
activity with an acceptable safety proﬁle; a randomized
phase 1b study of N-803 in combination with nivolumab
in previously treated patients with stage IIIB or IV
NSCLC revealed objective responses in six of 21 (29% )
patients, including in patients with ICB refractory disease.14 Multiple clinical studies are currently ongoing to
evaluate N-803 in combination with ICB or other
immune-based therapies in patients with various types
of carcinomas. In vitro data with multiple healthy donor
NK cells presented here revealed that N-803 consistently
increases the expression of the NK activating receptors,
NKp30, NKp44, NKp46, and NKG2D on the surface of the
NK cells, with the most prominent increase observed in
NKp30. In vivo, analysis of tumor inﬁltrates in a murine
model of SCLC revealed signiﬁcantly higher numbers of
multifunctional, activated NK cells, as denoted by higher
number of NKG2D-positive NK cells that were also positive for IFN-g and granzyme B, in spleens and tumors of
mice treated with N-803. Furthermore, the data revealed
that N-803 primes a tumor microenvironment higher in
IFN-g; residual tumors exhibited a signiﬁcant increase in
MHC-class I expression in response to the changing
microenvironment. Congruously, conditioned media

IL-15 Superagonist in SCLC

17

from N-803–stimulated NK cells caused up-regulation of
the expression of immune molecules such as MHC-class
I, the adhesion molecule CD54, and PD-L1 in vitro as
well. In the future, it will be of interest to further evaluate combination or sequential therapeutic regimens in
which N-803 therapy is used as a primary treatment
in vivo or ex vivo, providing antitumor efﬁcacy while
also priming any remaining tumor cells for subsequent
T-cell centric therapy such as ICB.
In an effort to understand the innate differences in the
susceptibility of NE versus non-NE SCLC, speciﬁcally to
NK-mediated lysis, this study found that the expression of
B7-H6, the ligand for NKp30, and not the lack of MHCclass I is a major requirement for adequate NKmediated lysis of SCLC cells. This conclusion derived
from data from B7-H6 overexpression experiments
where increasing B7-H6 expression in MHC-class I–high,
non-NE cells resulted in markedly and signiﬁcantly
enhanced lysis by normal NK cells. In addition, downregulating the expression of MHC-class I by ablation of
B2M in MHC-class I–high tumor cells was unable to
overcome the resistance to NK-mediated lysis, thus supporting the idea that the NKp30/B7-H6 interaction is at
the center of the mechanism of lysis of SCLC tumor cells
by innate NK effector cells. Although surely not the only
required interaction for efﬁcacy of the NK cells, these data
support the idea that tumor expression of B7-H6 may be a
useful tool to evaluate which patients may beneﬁt from
NK-centric therapeutics. Finally, an inverse relationship
between the NE tumor phenotype and high levels of MHC
expression was consistently observed. It would be prudent to evaluate whether this relationship exists in other
tumors of NE origin and whether an initial NK-based
therapy could be beneﬁcial in this context as well.
Novel and more effective therapeutic approaches for
the treatment of SCLC are urgently needed. This study
highlights the potential of a novel immune-based intervention using an NK- and cytokine-based therapeutic
option for the treatment of SCLC. Although the IL-15
superagonist, N-803, could be administered systemically to enable the activation of endogenous NK cells, N803 could also be used to activate NK cells ex vivo before

Quantiﬁcation of the % of surviving cells expressing B7-H6 at the conclusion of a 6-hour killing assay using DMS114 or H841
cells transfected to overexpress B7-H6 as targets, and NK cells untreated or treated with N-803 as effectors from two healthy
donors at an E:T ratio of 20:1. ****p < 0.0001 by one-way ANOVA compared with the tumor only control. Representative ﬂow
cytometry plots depicting the surface expression of (C) B7-H6 and (D) MHC-class I on H841 cells transfected with a control
pCMV6 vector or a plasmid encoding human B7-H6 protein alone or in the presence of NK effector cells. (E) Lysis assays
evaluating susceptibility of DMS114 and H841 cells modiﬁed with CRISPR/Cas9 to knock out B2M and ultimately MHC-class I
surface expression, at 6 hours using healthy donor NK cells with or without pretreatment with N-803 (50 ng/mL for 48 h) at an
E:T ratio of 20:1. *p < 0.05 by unpaired t test comparing parental versus knockout cells for each cell line and each NK
condition. Data illustrated are representative of n ¼ 2 healthy NK donors. (F) Immunoﬂuorescent staining of NCAM1 and B7H6 proteins in SCLC tissues of a tumor microarray (NCAM1 ¼ red, B7-H6 ¼ white, DAPI ¼ blue). (G) Quantiﬁcation of SCLC
tumors scored based on positivity for NCAM1 and B7-H6 expression. ANOVA, analysis of variance; DAPI, 40 ,6-diamidino-2phenylindole; E:T, effector-to-target; NE, neuroendocrine; NK, natural killer.
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being infused back to patients in an autologous, adoptive
NK cell transfer setting. More importantly, the ﬁndings
presented here suggest that N-803 may provide clinical
beneﬁt to most patients with SCLC across all molecular
variants, including those with immunologically cold tumors lacking MHC-class I expression.
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