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ABSTRACT

Introduction: SCLC is the most aggressive subtype of lung
cancer, and though most patients initially respond to
platinum-based chemotherapy, resistance develops
rapidly. Immunotherapy holds promise in the treatment
of lung cancer; however, patients with SCLC exhibit poor
overall responses highlighting the necessity for alterna-
tive approaches. Natural killer (NK) cells are an alterna-
tive to T cell-based immunotherapies that do not require
sensitization to antigens presented on the surface of tu-
mor cells.

Methods: We investigated the immunophenotype of human
SCLC tumors by both flow cytometry on fresh samples and
bioinformatic analysis. Cell lines generated from murine
SCLC were transplanted into mice lacking key cytotoxic
immune cells. Subcutaneous tumor growth, metastatic
dissemination, and activation of CD8þ T and NK cells were
evaluated by histology and flow cytometry.

Results: Transcriptomic analysis of human SCLC tumors
revealed heterogeneous immune checkpoint and cytotoxic
signature profiles. Using sophisticated, genetically engi-
neered mouse models, we reported that the absence of NK
cells, but not CD8þ T cells, substantially enhanced meta-
static dissemination of SCLC tumor cells in vivo. Moreover,
hyperactivation of NK cell activity through augmentation of
interleukin-15 or transforming growth factor-b signaling
pathways ameliorated SCLC metastases, an effect that was
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enhanced when combined with antiprogrammed cell death-
1 therapy.

Conclusions: These proof-of-principle findings provide a
rationale for exploiting the antitumor functions of NK
cells in the treatment of patients with SCLC. Moreover,
the distinct immune profiles of SCLC subtypes reveal an
unappreciated level of heterogeneity that warrants
further investigation in the stratification of patients for
immunotherapy.

Keywords: SCLC; Small cell lung cancer; Metastasis; NK;
Natural killer cells; GEMMs; Genetically engineered mouse
models; PD-1; Programmed cell death-protein 1
Introduction
SCLC is a highly malignant neuroendocrine tumor

that represents approximately 13% of lung cancer di-
agnoses annually in the United States.1 The ability of
SCLC tumor cells to disseminate early and establish
metastases is a major cause of death.2 It has recently
been appreciated that SCLC is a heterogenous disease, in
which four key transcriptional regulators define the
emerging subtypes of SCLC, likely effecting clinical out-
comes.3 Although most patients with SCLC initially
respond to platinum-based chemotherapeutic agents,
resistance develops rapidly in 95% of patients resulting
in an overall 5-year survival rate of less than 7%.4

Coupled with a lack of major treatment advances for
patients with SCLC in more than 30 years,5 in 2012, the
National Cancer Institute declared SCLC a recalcitrant
cancer. Together, this highlights the urgent need for new
therapeutic approaches that target primary and meta-
static disease.

Immune checkpoint blockade (ICB), such as mono-
clonal antibodies targeting T cell checkpoint (pro-
grammed cell death-protein 1 [PD-1], programmed
death-ligand 1 [PD-L1]) and inhibition (CTLA-4) path-
ways, unleash the T cell response to eliminate tumor
cells. T cells identify tumor cells with human leukocyte
antigen (HLA) presenting altered or unique peptides.
Therefore, tumors with a high mutational burden are
thought to be predictive of response to ICB.6,7 Never-
theless, despite having one of the highest mutational
burdens,8 patients with SCLC exhibit a remarkably poor
overall response rate to ICB, likely owing to low HLA
expression.9 Atezolizumab (anti–PD-L1) in combination
with first-line chemotherapy (carboplatin and etopo-
side) in extensive-stage SCLC has recently been
approved by the Food and Drug Administration
(IMpower133); however, it provides a mere 2-month
survival benefit to patients.10 Although encouraging
and providing evidence of immune surveillance, most
patients with SCLC fail to respond to conventional T cell-
based immunotherapies.

In addition to identifying approaches to enhance
penetrance, durability, and response rates of ICB, there
is an intense emerging interest in targeting additional
cytotoxic effector populations, including natural killer
(NK) cells.11 NK cells are an attractive alternative target
in cancer immunotherapy as they preferentially target
altered or stressed ligands often up-regulated on tumor
cells without dependency on neo-antigen and HLA
expression. Notably, in murine models, NK cells are
effective at resisting pervasive spread of experimental
and spontaneous tumor metastases.12 Indeed, NK cells
can eliminate melanoma and breast cancer cells directly,
and this activity is governed to a large extent by in-
flammatory cytokines, such as interleukin (IL)-15, and
inhibitory signals, such as members of the transforming
growth factor (TGF)-b superfamily.12-15 Clinically, NK
activity has been inversely correlated with cancer inci-
dence, and NK cell infiltration in human tumors is
associated with better prognosis in NSCLC, melanoma,
gastric, and colorectal carcinomas.16,17

Here, we profiled the immune microenvironment of
human and murine SCLC by interrogating gene expres-
sion signatures. Furthermore, by harnessing the power
of in vivo genetic model systems, we have systematically
evaluated the function of critical cytotoxic immune cell
populations responsible for controlling SCLC progres-
sion. Together, these studies highlight adjunct ap-
proaches to redirect the immune system in the treatment
of SCLC.

Materials and Methods
Patient Samples

We received all patient materials according to pro-
tocols approved by the Human Research Ethics Com-
mittee of the Walter and Eliza Hall Institute of Medical
Research (approval #10/04). SCLC samples were ob-
tained by endobronchial ultrasound-guided trans-
bronchial needle aspirate (EBUS-TBNA), in which the
Victorian Cancer Bank deidentified and consented pa-
tients to participate in this study. EBUS-TBNA biopsy and
blood samples (ethylenediaminetetraacetic acid [EDTA]
K2E collection tubes) were maintained at 4�C before
processing.
Mice
All animal experiments were conducted in accor-

dance with the regulatory standards approved by the
Animal Ethics Committee of the Walter and Eliza Hall
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Institute of Medical Research (AEC 2016.024). Rb1fl/fl/
p53fl/fl,18 Mcl1NKp46D/D,14 Cish�/�,12 TGFbRIINKp46D/D,19

Prf1�/�,20 and IFN-g�/�21 mice have been previously
described. All mice were maintained on a pure C67BL/6
background. For spontaneous SCLC development, 6- to
8-week-old Rb1fl/fl/p53fl/fl mice were intranasally
administered 20 mL 1 � 1010 pfu/mL Ad5-CMV-Cre
(University of Iowa Gene Transfer Core Facility) as
described previously.22
Cell Culture and Transplantation
The RP-nontransduced (RP-NT) cell line was estab-

lished from a female C57BL/6 Rb1D/D/p53D/D sponta-
neous primary lung SCLC lesion and maintained in
culture as spheroids in 10% fetal bovine serum (FBS)
(Sigma-Aldrich), 100 U/mL penicillin (Gibco), 100 mg/
mL streptomycin (Gibco), 0.04mg/mL hydrocortisone
(Sigma-Aldrich), 1� Insulin-Transferrin-Selenium-
Ethanolamine (Gibco), and 5 ng/mL murine epidermal
growth factor (Thermo Fisher) in DMEM-
F12 plus GlutaMAX (Gibco). The reporter RP-transduced
(RP-T) cells were generated by transduction of pMSCV-
Luc2-IRES-mCherry retroviral vector23 by spin infection
on six-well plates coated with 100 mg/mL retronectin
(Takara Bio) and blocked in 2% bovine serum albumin
(Sigma-Aldrich). The RP-T cells were then expanded and
selected by flow cytometry based on mCherry expres-
sion. For subcutaneous (SQ) route, 1 � 106 RP-NT cells
were resuspended in 50% growth factor–reduced
Matrigel (Thermo #356231) and injected at a final vol-
ume of 100 mL. The tumors were caliper-measured three
times per week, and volume was calculated using the
following formula: (width � height2) / 2. For intrave-
nous injection (IV), 5 � 105 RP-NT or RP-T cells were
resuspended in 200 mL phosphate buffered saline (PBS)
and injected into the tail vein. Mice were collected at a
single time point or aged for survival analysis. Biolumi-
nescence signal was measured using the IVIS Spectrum
(Perkin Elmer) within 15 minutes of a 3 mg intraperi-
toneal (IP) injection of luciferin (Thermo 122799).
Immune Cell Treatment
CD8þ T cells were depleted using 100 mg anti-CD8

antibody (53.5.8 BioXCell BE0223) or isotype (2A3
BioXCell BE0089) injected 3 days before, on the day of,
and weekly after RP cell injection. For ICB treatment,
200 mg anti–PD-1 (RMP 1-14 BioXCell BE0146) or
isotype was administered IP on days 0, 3, and 6 after RP
cell injection and repeated in 20-day cycles. For activa-
tion of IL-15 receptor complex, super IL-2 (sIL-2) was
generated by incubating 150 mg/mL S4B6 antibody
(BioXCell BE0043) with 15 mg/mL rmIL-2 (Miltenyi
Biotech 130-096-707) at 37�C for 30 minutes, and then,
150 mL was injected IP per mouse once weekly from 3
days after IV injection of the RP cells. Vehicle control
mice received 150 mL PBS IP.

Flow Cytometry
The EBUS-TBNA samples were digested in 20 mg/mL

collagenase I (Worthington LS004200) in 0.2 g/liter
glucose (Sigma-Aldrich 50-99-7) supplemented with
0.03 mg/mL DNase (Worthington LS002140) at 160 rpm
for 45 minutes at 37�C. After filtering through a 100 mm-
mesh sieve, the sample was resuspended in 0.1 mg/mL
DNase/155 mM NH4Cl, 10 mM KHCO3, and 1 mM
Na2EDTA for 3 minutes at 4�C. Peripheral blood mono-
nuclear cells (PBMCs) were isolated using Ficoll (GE
Healthcare 17-1440-03) gradient in 50 mL Leucosep
tubes (Greiner Bio-One 227 290). The PBMCs were
washed twice in 2% FBS/PBS and stored on ice. Mouse
peripheral blood was obtained by mandible bleed into
EDTA tubes (Sarstedt #20.1341.102). Red blood cells
were lysed in 156 mM NH4Cl/11.9 mM NaHCO3/0.097
mM EDTA at a 100:1 ratio. The cells were washed in 2%
FBS/PBS and resuspended in 200 mL 2% FBS/PBS
before antibody staining. Tumor-bearing livers were
dissociated in 20 mg/mL collagenase I with 0.2 g/liter
glucose supplemented with 0.03 mg/mL DNase at 160
rpm for 45 minutes at 37�C and passed through 18G and
21G needles. Red blood cells were lysed in 0.8% NH4Cl
and resuspended in 200 mL 2% FBS/PBS before anti-
body staining. For flow cytometry, the cell pellets
were resuspended at 1 � 106 per 40 mL in 2% FBS/PBS
and blocked in 1:40 FcR and 1:80 Rat IgG for 30 minutes
on ice as described previously24 and stained with
primary antibodies (Supplementary Table 1). After
washing, the cells were resuspended in 0.1 mg/mL
propidium iodide (Sigma-Aldrich 25535-16-4). Immune
flow cytometry definitions are as follows: CD8þ T cells
(human: CD45þCD3þCD8þ; mouse: CD45þCD3þCD8þ);
NK cells (human: CD45þCD3�CD56þNKp46þ; mouse:
CD45þCD3�DX5þNKp46þ); tumor cells (human:
CD45�CD31�CD140b�CD235a�EpCAMþCD56þ; mouse:
CD45�CD31�EpCAMþNCAMþ), and DC1 dendritic cells
(CD45þCD11b�CD103þ). For Granzyme B, IFN-g, and
Ki67, intracellular stains were performed using the
eBioscience Transcription Factor Staining Buffer Set
(Thermo Scientific 00-5523-00). Flow cytometry was
performed using the ARIA III (BD Biosciences), and
data were analyzed using FlowJo software version 10
(FlowJo LLC).
Immunohistochemistry
Tissues were fixed for 24 hours in 4% para-

formaldehyde, and paraffin blocks were sectioned at 4
mm for immunohistochemistry or 2 mm for hematoxylin



Table 1. Patient With SCLC and EBUS Characteristics

Patient Information Clinical Sample

ID Age, y Sex
Smoking
Status Stage EBUS Locationa Cytology SYP CD56 CgA TTF1

17MH0072 67 M Current NA Subcarina LN SCLC � þ NA þ
17MH0091 57 F Current IV Subcarina SCLC þ þ þ þ
18MH0130 65 F Former Recurrent Mediastinal LN 8 SCLC þ þ � þ
18MH0157 65 M Current NA 7 SCLC þ þ � þ
18MH0166 63 F Current NA 4LN SCLC NA NA NA NA
18MH0170a 64 F NA Recurrent 4RLN SCLC þ þ � þ
18MH0170b 12RLN
aLN stations are indicated according to the classification of Mountain and Dressler.43
EBUS, endobronchial ultrasound; F, female; LN, lymph node; M, male; NA; not available; RLN, recurrent laryngeal nerve.
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and eosin stain. Antigen retrieval was performed on
dewaxed slides followed by 3% hydrogen peroxide
(Thermo FSBBP2633-500) in methanol. Ascl1 and Neu-
roD1 were probed in 10% milk with 0.5% PBS-Tween20,
and Granzyme B was probed using the Mouse on Mouse
Detection Kit (Vector Laboratories BMK-2202), with in-
cubation in primary antibody (Supplementary Table 1)
at 4�C overnight. Biotinylated secondary antibodies,
Vectastain Elite ABC horseradish peroxidase reagent
(Vector Laboratories PK-7100), and ImmPACT 3,3-
diaminobenzidine peroxidase substrate (Vector Labora-
tories SK-4105) were performed according to standard
procedures. The slides were counterstained in hema-
toxylin and coverslipped. Liver tumor burden was
quantified on hematoxylin and eosin slides using the
measure tool on ImageJ software (Softonic), and Gran-
zymeB quantification was performed by manually
counting the positive cells in four �40 magnification
images per liver section.

Quantitative Reverse Transcriptase Polymerase
Chain Reaction

RNA was extracted from snap-frozen tumor tissue or
cell pellets using the RNeasy mini kit (Qiagen #74104)
and then converted to cDNA using the SuperScript III kit
(Thermo 18080044). Quantitative reverse transcriptase
polymerase chain reaction was performed on cDNA in 20
mL reactions using SyberGreen (Bioline QT615-05) with
10 mM primers (Supplementary Table 2) and run on the
ViiA 7 real-time polymerase chain reaction system
(Thermo Scientific) using standard conditions. The
DDCT statistical method was used to calculate abun-
dance of transcript relative to housekeeper control.

Software
Computational analyses were performed using Py-

thon (v 3.66) with the matplotlib,25 numpy,26 pandas,27

scikit-learn,28 and scipy29 packages. The script used for
data processing (described subsequently) and figure
generation is available from https://github.com/
DavisLaboratory/SCLC-NK-scoring.
Data
Human SCLC Data. Processed fragments per kilobase of
transcript per million mapped reads (FPKM) RNA-
sequencing (RNA-seq)/transcriptomic data and clinical
annotation data (including stage) were taken directly
from George et al.,30 to allow gene set scoring with
singscore, and the established gene sets at the transcript
level data were collapsed to gene-level data using the
median value. Where available, patient classifications
were taken directly from Rudin et al.3 For remaining
patient samples, classifications were obtained by
defining thresholds (log2jFPKMþ1j) for the marker
transcription factors YAP1 (2.5) and POU2F3 (2.5).
Remaining samples were classified as ASCL1 or
NEUROD1 subtype dependent on the relative expression
of these transcription factors (Supplementary Fig. 1C)
with a required difference of at least 1; 5 samples
remained unclassified and were not included in further
analyses.

Genetically Engineered Mouse Model Data. Processed
FPKM RNA-seq data for mouse models of SCLC from
Mollaoglu et al.31 and corresponding sample annotation
data were obtained from Gene Expression Omnibus
(accession number GSE89660). Further microarray data
from Schaffer et al.32 were obtained from Gene Expres-
sion Omnibus (accession number GSE18534) and pro-
cessed using the affy R/Bioconductor package33–35 to
compute robust multi-array analysis36 normalized
expression measures. Probes were annotated using the
mouse4302.db37 annotation package and mapped to
human homologs through the MGI Vertebrate Homology
resource (http://www.informatics.jax.org/homology.
shtml) available from Mouse Genome Database.38 To

https://github.com/DavisLaboratory/SCLC-NK-scoring
https://github.com/DavisLaboratory/SCLC-NK-scoring
http://www.informatics.jax.org/homology.shtml
http://www.informatics.jax.org/homology.shtml


Figure 1. SCLC subsets have unique immune infiltration properties. (A) Flow cytometry quantification of HLA-A/B/C and PD-
L1 cell surface expression on SCLC biopsies (n ¼ 4 patients; Table 1). (B) Quantification of CD8þ T cells and NK cells as a
proportion of CD45þ cells in PBMC and matched SCLC sample (n ¼ 6 patients). Wilcoxon paired t test **p ¼ 0.0062. (C) RNA
transcript abundance for CD274, TAP1, and TAP2 from George et al.30 (D) SCLC subtype, clinical stage, and z-score normalized
RNA transcript abundance for annotated selections of genes. Subtypes: ASCL1 (A), NEUROD1 (N), POU2F3 (P), and YAP1 (Y).
(E) NK cell and (F) T cell scores for bulk RNA-sequencing samples grouped by SCLC subtype. FPKM, fragments per kilobase of
transcript per million mapped reads; HLA, human leukocyte antigen; MHC, major histocompatibility complex; NA, not
available; NK, natural killer; PBMC, peripheral blood mononuclear cell; PD-L1, programmed death-ligand 1; TF, transcription
factor.
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Figure 2. Mouse models of SCLC subsets display immune characteristics of human SCLC subsets. (A) SCLC mouse models
and z-score percentile normalized transcript abundance data for annotated selections of genes. (B) NK cell and (C) T cell
scores for bulk RNA-sequencing samples grouped by SCLC mouse model. (D) Immunostaining of NeuroD1 and Ascl1 on RP

1512 Best et al Journal of Thoracic Oncology Vol. 15 No. 9
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make these data more comparable, genes were restricted
to those present across both data sources and percentile
normalized.

Gene Set Scoring. Gene set scoring was performed us-
ing the singscore method.39 Briefly, the mean rank of a
given gene set is calculated and normalized by the size of
the gene set (and the corresponding theoretical mini-
mum/maximum scores). Scores were generated using a
NK cell gene set,16 and a T cell gene set was obtained
from the union of CIBERSORT/LM2240 T cell gene sig-
natures. For scoring of mouse data, set genes were
converted to the closest known mouse-human paralog as
defined by the Human Genome Organisation Gene
Nomenclature Committee Comparison of Orthology
Predictions.
Results
SCLC Subtypes Exhibit Unique Immune
Microenvironments

To evaluate the immune infiltration of SCLC, we ob-
tained EBUS-TBNA tumor material41,42 and matched
PBMCs from a cohort of patients with SCLC (Table 1).43

Flow cytometric analysis of fresh samples identified a
large variation in the expression of immune-active cell
surface markers HLA-A/B/C and PD-L1 within the
cohort (Fig. 1A). To better understand the functional
effect of HLA and PD-L1 cell surface expression on the
cytotoxic effector cells of the innate and adaptive im-
mune systems, we quantified the proportion of CD8þ T
and NK cells within the SCLC sample relative to the
circulating PBMCs in each patient. Although the differ-
ential expression of HLA-A/B/C and PD-L1 seemed to
have less impact on CD8þ T cell infiltration, NK cell tu-
mor infiltration was significantly reduced in SCLC tu-
mors relative to PBMCs across the patients (Fig. 1B and
Supplementary Fig. 1A). The degree of reduction seemed
to be concordant with the expression level of PD-L1, in
which patients 18-0166 and 18-0157 had the highest
expression of PD-L1 and the lowest infiltration of NK
cells to the SCLC tumor, irrespective of the high levels of
NK cells detected in the peripheral blood. To investigate
these findings in a large cohort of patients, we used
publicly available transcriptome data of 76 patients with
stages I to IV SCLC.30 Consistent with our patient cohort,
transcriptome analysis identified a broad spectrum of
(Rb1D/D/p53D/D) spontaneous primary tumor (RP lung), RP-T
Scale, 100 mm; inset, 25 mm. (E) Quantitative RT-PCR of cytok
TAP1, B2M, MHC-II), and immune ligand (Rae1a, CD86, CD155
(n ¼ 3), RP-T liver metastasis (n ¼ 3), and RP-NT cell line (n ¼
and CD3 on RP primary lung tumor and RP-T liver metastasis.
MHC, major histocompatibility complex; NK, natural killer;
RP-transduced; RT-PCR, reverse transcriptase polymerase chain
expression of CD274 (PD-L1), TAP1, TAP2 (HLA compo-
nents) (Fig. 1C) and transcripts of other immune acti-
vation factors (Supplementary Fig. 1B).

In the clinic, patients with SCLC achieve limited
benefit from T cell-based checkpoint inhibition.10 With
the recent classification of SCLC into defined subtypes,3

we hypothesized that immunogenicity is an inherent
characteristic of each subtype. SCLC transcriptomic
data30 were stratified on the basis of the expression of
ASCL1, NEUROD1, POU2F3, and YAP1 (Supplementary
Fig. 1C). Next, we investigated the immune regulatory
capacity of each of the four subsets (Fig. 1D). Strikingly,
the NEUROD1 subset exhibited the lowest expression of
immune-related genes, whereas the POU2F3 subset
consistently had the highest. Interestingly, the ASCL1
subset displayed a broad spectrum of immunogenicity,
irrespective of patient stage (Fig. 1D). To interrogate the
relationship of the SCLC subtypes on NK and CD8þ T
cells, we used a gene signature derived to predict infil-
tration in solid tumors.16 Consistent with the transcrip-
tional immune regulatory analysis, both NK (Fig. 1E) and
T (Fig. 1F) cell scores were highest in the POU2F3 sub-
set, suggesting this subtype of SCLC is the most immu-
nogenic, whereas the ASCL1 subset displays a greater
level of heterogeneity.

To model SCLC immune infiltration and activity, we
used genetically engineered mouse models (GEMMs)
generated reflecting the near-universal loss of TP53 and
RB1 in SCLC.30 We obtained sequencing data from the
three most frequently used SCLC GEMMs, Rb1D/D/p53D/D

(RP),18,44 RP/p130D/D (TKO),32 and RP/MycT58A (RPM),31

and stratified on the basis of expression of Ascl1,NeuroD1,
and Myc (Fig. 2A). Consistent with previous studies, RPM
was classified in the NeuroD1 subset,31 whereas both RP
and TKO mouse models displayed increased relative
expression of both Ascl1. To date, no murine model exists
that reflects the Pou2f3 or Yap1 SCLC subtype. Similar to
the human immunoreactive ASCL1 subset, RP and TKO
SCLC tumors expressed increased levels of major histo-
compatibility complex and antigen presentation genes
relative to the NeuroD1þ RPMmodel (Fig. 2A). Consistent
with this broad analysis, application of the murine NK and
T cell scores identified increased immune infiltration in
RP and TKO tumors, with reduced scores in the NeuroD1þ

RPM subset (Fig. 2B and C). Therefore, the three often
used SCLC mouse models largely represent the hetero-
geneity of patient samples.
liver metastasis (RP liver), and in vitro cell line (RP-NT).
ine (IL-15, TGFb1, TGFb2, A2A), MHC ligand (H2-Kb, H2-Db,
, PD-L1) expression in cells isolated from RP primary tumor
1). Mean ± SEM. (F) Representative immunostaining of CD45
Scale, 100 mm. GEMM, genetically engineered mouse model;
RNA-Seq, RNA-sequencing; RP-NT, RP-nontransduced; RP-T,
reaction; TF, transcription factor.



Figure 3. Cytotoxic immune cells control SCLC metastatic spread. (A) Schematic of tumor transplantation models. To
monitor “primary” tumor growth, 1 � 106 RP cells were injected SQ into the flanks of C57BL/6 or immune-modified recipient
mice. To monitor metastatic dissemination, 0.5 � 106 RP cells were injected IV into C57BL/6 or immune-modified recipient
mice. Metastatic tumor burden (primary site: liver; secondary sites: ovary, kidney, lung) was evaluated by histology and
imaging. (B) Primary growth model of RP-NTcells in WT (C57BL/6; n ¼ 6) and Prf1�/� (n ¼ 6) recipient mice. (C) H&E-stained
livers 30 days after IV injection of RP-T cells into C57BL/6 (n ¼ 6), and Prf1�/� (n ¼ 7) recipient mice. Scale, 1 mm. (D)
Quantification of tumor burden as percentage of liver area containing metastatic nodules. Mean ± SEM. Ordinary one-way
ANOVA/Dunnett’s multiple comparisons test **p ¼ 0.0042. (E) Quantification of mCherry signal in distant metastases to
the kidney in C57BL/6 (n ¼ 6) and Prf1�/� (n ¼ 7) recipient mice. Mean ± SEM. Unpaired Student’s t test *p ¼ 0.0199. H&E,
hematoxylin and eosin; IV, intravenous; RP-NT, RP-nontransduced; RP-T, RP-transduced; SQ, subcutaneous; WT, wild type.
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To model the progression of SCLC in the immunore-
active RP GEMM, we generated a primary mouse tumor
cell line from an Ad5-CMV-Cre-infected RP SCLC lung
nodule (RP-NT). RP-NT grows as nonadherent spheres
in tissue culture, and when injected IV into syngeneic
C57BL/6 mice, gives rise to metastatic tumor nodules
primarily in the liver, consistent with previous in-
vestigations.45 Critically, RP-NT represents the ASCL1þ

subtype, consistent with the high Ascl1 expression seen in
primary and metastatic lesions in RP mice (Fig. 2D).
Although the expression of immune ligands is down-
regulated in RP-NT in vitro, metastatic nodules derived
from IV injection of RP-NT display similar expression
patterns compared with spontaneous RP primary tumors
dissected from the lung (Fig. 2E and Supplementary Fig. 2).
In line with these findings, CD45þ CD3þ T cells seem to be
excluded from SCLC lung tumors, whereas variegated
infiltration was seen in liver SCLC nodules (Fig. 2F).

Cytotoxic Mediators Control SCLC Tumor
Dissemination

To investigate cytotoxic immune cell control in the
development and progression of SCLC, we performed
transplantation studies in immune-modified recipient
mice. We modeled primary tumor growth through SQ
injection and metastatic dissemination to the liver
through IV injection (Fig. 3A). To reveal the requirement
of cytotoxic immune cell-mediated control, RP-NT were
SQ transplanted into Perforin-knockout (Prf1�/�)20

recipient mice. Consistent with previous studies,46 loss
of activity in cytotoxic mediators did not alter SQ tumor
growth (Fig. 3B). Next, to monitor metastatic dissemi-
nation, we engineered the RP-NT cell line to express an
mCherry-luciferase reporter construct (RP-T). Strikingly,
loss of perforin-mediated immune cell killing unleashed
the metastatic potential of the SCLC RP-T cells, with a
significant increase in liver metastatic nodules (Fig. 3C
and D) and tumor burden in secondary sites (Fig. 3E)
observed 30 days after IV injection. To confirm the
magnitude of response to loss of cytotoxic-mediated cell
death, we modeled metastasis in IFN-g knockout mice
(IFN-g�/�),21 which lack the key effector molecule of
both NK and CD8þ T cells. Consistent with deficiency in
perforin-mediated cell killing, IFN-g�/� recipient mice
displayed significantly increased tumor burden in the
liver and secondary metastatic sites (Supplementary
Fig. 3). Taken together, we find that cytotoxic immune
cells are crucial for the control of SCLC metastasis.



Figure 4. NK cells control the metastatic spread of SCLC. (A) Quantification of CD8þ Tcells in the peripheral blood of C57BL/6
mice treated with isotype (n ¼ 6) or anti-CD8 (n ¼ 6) antibody. Mean ± SEM. Unpaired student’s t test ****p < 0.0001. (B)
Representative H&E-stained livers 30 days after IV injection of RP-T cells into C57BL/6 mice treated with isotype or anti-CD8
antibody. Scale, 5 mm. (C) Quantification of liver tumor burden of C57BL/6 mice treated with isotype (n ¼ 6) or anti-CD8 (n ¼
6) antibody. Mean ± SEM. (D) Quantification of luciferase signal in the lungs of C57BL/6 mice treated with isotype (n ¼ 6) or
anti-CD8 (n ¼ 6) antibody. Mean ± SEM. (E) Quantification of NK cells in the peripheral blood of Mcl1NKp46þ/þ (n ¼ 6) and
Mcl1NKp46D/D (n ¼ 6) mice. Mean ± SEM. Unpaired student’s t test ****p < 0.0001. (F) Representative H&E-stained livers 30
days after IV injection of RP-T cells into Mcl1NKp46D/D and Mcl1NKp46þ/þ controls. Scale, 5 mm. (G) Quantification of tumor
burden in Mcl1NKp46þ/þ (n ¼ 6) and Mcl1NKp46D/D (n ¼ 6) mice. Mean ± SEM. (H) Quantification of luciferase signal in the lungs
of Mcl1NKp46þ/þ (n ¼ 6) and Mcl1NKp46D/D (n ¼ 6) recipient mice. H&E, hematoxylin and eosin; IV, intravenous; NK, natural
killer; RP-T, RP-transduced.
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NK Cells Control SCLC Dissemination
To investigate which cytotoxic immune cells are

critical for immunosurveillance of SCLC, we interrogated
the action of CD8þ T cells and NK cells in the metastatic
setting. Depletion of CD8þ T cells was achieved using an
anti–CD8 antibody, which efficiently depleted CD8þ T
cells, as measured in the peripheral blood (Fig. 4A).
Remarkably, the depletion of CD8þ T cells had no effect
on liver tumor burden (Fig. 4B and C) or distant
metastasis (Fig. 4D and Supplementary Fig. 4A–C), sug-
gesting these immune cells play a minimal role in con-
trolling metastatic dissemination. Next, we used a
genetic model of NK cell depletion, whereby the pro-
survival gene Mcl1 is conditionally deleted in NKp46-
expressing cells (Mcl1NKp46D/D)14 resulting in a lack of
NK cells (Fig. 4E). In contrast to CD8þ T cell depletion,
the absence of NK cells resulted in increased metastatic
spread to the liver (Fig. 4F and G) and enhanced meta-
static spread to lung (Fig. 4H) and kidney
(Supplementary Fig. 4D–F). Notably, the rate of SQ
primary tumor growth was unchanged in the absence of
NK cells (Supplementary Fig. 4G), suggesting NK cells
play a critical role in immunosurveillance of SCLC
dissemination.



Figure 5. Activated NK cells are superior in the control of SCLC metastatic spread. (A) Schematic of NK cell activation
pathways. Briefly, activation can be achieved through the delivery of sIL-2, which activates the IL-15R leading to NK cell
activation. The gene Cish, transcribed into the protein CIS, is activated as a negative feedback mechanism to down-regulate
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Given that the absence of NK cells resulted in an in-
crease in metastatic burden, we set out to establish
whether the activation of NK cells may be a viable
therapeutic approach to control metastatic dissemina-
tion of SCLC. Although the activation and control of NK
cells occurs through a vast number of mechanisms
(reviewed in Souza-Fonseca-Guimaraes et al.11), we
investigated three major pathways in the activation of
NK cells (Fig. 5A). IL-15 is a critical mediator of NK cell
biology and is up-regulated in inflamed tissue and can-
cers to prime NK cell activity. The suppressor of cytokine
signaling protein CIS (encoded by Cish; cytokine-induced
SH2 domain) is induced by IL-15 and was recently
revealed to act as a potent intracellular NK checkpoint
through negative feedback to IL-15 receptor signaling.12

As a result, Cish�/� mice exhibit hyperactive NK cells
enabling them to control tumor cell dissemination when
challenged with metastatic melanoma and breast cancer
transplantation models.12 IL-15 signaling is modeled
using sIL-2, a modified antibody and recombinant IL-2
complex (IL-2/S4B6 complex) that forces signaling
through the IL-2Rb/g components of the IL-15 receptor
complex in NK and CD8þ T cells.47 Initially, we modeled
activation of NK cells through the IL-15 signaling
pathway using either C57BL/6 mice injected with sIL-2
or Cish�/� recipient mice (Supplementary Fig. 5A–D).
Strikingly, the metastatic burden of RP-T cells was
markedly reduced in the livers of both sIL-2 and Cish�/�

models (Fig. 5B) and at distant metastatic sites (Fig. 5C
and Supplementary Fig. 5E–G). Together, these data
confirm that NK cells with an uninhibited IL-15 pathway
are superior in controlling the metastatic dissemination
of SCLC tumor cells.

To confirm that the effects of IL-15 pathway activa-
tion were specific to NK cells themselves, we took an
unambiguous genetic approach to NK cell activation.
TGF-b is a direct inhibitor of IL-15–induced activation of
the activity of NK cells. The ligand TGFb binds its receptor
Quantification of liver metastatic burden 30 days after IV inj
treated with sIL-2 (n ¼ 6) and Cish�/� (n ¼ 6) recipient mice. (C
kidney in C57BL/6 control (n ¼ 6), sIL-2 treated C57BL/6 (n ¼
Wallis test/Dunn’s multiple comparisons test **p ¼ 0.0045. (D) S
NTcells were injected IV into Cishþ/þ or Cish�/� mice (day 0) a
0, 3, 6). Short-term analysis cohort mice were collected at day
and tumor burden was measured by liver histology. (E) Surviv
treated with anti–PD-1 (n ¼ 8), Cish�/� treated with isotype (n
test Cish�/� isotype versus anti–PD-1, *p ¼ 0.0416; Cishþ/þ vers
þ versus Cish�/� treated with anti–PD-1, ***p ¼ 0.0008. Cishþ/þ

PD-1, ***p ¼ 0.0002. Flow cytometry analysis of tumor-bearing
anti–PD-1 treatment (n ¼ 6 mice/genotype/treatment arm) of
(H) DC1 dendritic cells (CD11b�CD103þ), and (I) the ratio of
comparisons test Cishþ/þ versus Cish�/� isotype-treated *p ¼ 0.
collected 25 days after IV injection of RP-NTcells and anti–PD-1
interleukin-15 receptor; IV, intravenous; NK, natural killer; R
nificant; PD-1, programmed cell death-protein 1; sIL-2, super
factor-b; WT, wild type.
the mTOR in NK cells (Fig. 5A), resulting in a metabolic
blockade and a loss of antitumor effector function.13 To
remove the inhibitory “brake” function of TGF-b specif-
ically in NK cells, we deleted TGF-b receptor II (TGFbRII)
only in NKp46–expressing cells (TGFbRIINKp46D/D).19

Strikingly, SCLC metastatic burden was markedly
depleted in the livers of TGFbRIINKp46D/D recipient mice
(Supplementary Fig. 5H and I), as was metastasis to
additional organs, such as the kidney (Supplementary
Fig. 5J and K). Together, these data provide over-
whelming evidence that NK cells are mediators of SCLC
immunosurveillance, and their enhanced activity results
in superior metastatic control.
Immunotherapy Provides Combined Benefit to
SCLC Metastatic Dissemination

Having identified a critical role of NK cells in SCLC
metastatic surveillance, we next investigated whether
immunotherapy could enhance this effect. Recent evi-
dence in metastatic melanoma models revealed a syn-
ergistic benefit of Cish�/� with ICB.12 Therefore, we
reasoned that there could be additional benefit of NK cell
activation in trials such as the IMpower133.10 To
establish a synergistic response of combined NK and T
cell immunotherapy in metastatic SCLC, we IV injected
RP-NT cells into Cish�/� or Cishþ/þ recipient mice. After
one cycle (days 0, 3, and 6) of anti–PD-1 or isotype
treatment, the cohorts of mice were collected for im-
mune activation analysis (days 9 and 25) or monitored
for survival analysis (Fig. 5D). Critically, we identified
that, in addition to enhanced CD8þ T cell activation, NK
cells were activated in response to anti–PD-1 treatment
in the peripheral blood (Supplementary Fig. 6A–D).
Moreover, anti–PD-1–treated Cish�/� mice displayed
substantially greater tumor control compared with
Cishþ/þ isotype-treated controls (30.5–38 d; p ¼ 0.0002)
(TGFbRII) leading to reduced functionality of NK cells. (B)
ection of RP-T cells into C57BL/6 controls (n ¼ 6), C57BL/6
) Quantification of mCherry signal in distant metastases to the
6), and Cish�/� (n ¼ 6) recipient mice. Mean ± SEM. Kruskal-
chematic of anti–PD-1 treatment study. Briefly, 0.5 � 106 RP-
nd treated with one cycle anti–PD-1 or isotype treatment (day
9, and survival analysis mice were collected when moribund
al analysis of Cishþ/þ treated with isotype (n ¼ 8), Cishþ/þ

¼ 8) and Cish�/� treated with anti–PD-1 (n ¼ 7). Mantel-Cox
us Cish�/� treated with isotype control, ***p ¼ 0.0008; Cishþ/

treated with isotype control versus Cish�/� treated with anti–
livers collected 25 days after IV injection of RP-NT cells and
(F) tumor cells (EpCAMþNCAMþ); (G) immune cells (CD45þ);
tumor cells to NK cells. One-way ANOVA/Tukey’s multiple
0461. (J) Representative H&E-stained livers from cohort mice
treatment. Scale, 5 mm. H&E, hematoxylin and eosin; IL-15R,
P-NT, RP-nontransduced; RP-T, RP-transduced; n.s., not sig-
IL-2; TGFbRII, TGFb receptor II; TGFb, transforming growth
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(Fig. 5E). Next, we collected a cohort of mice 25 days
after IV injection to analyze the tumor burden and im-
mune infiltration in the liver. Strikingly, anti–PD-1–
treated Cishþ/þ mice and all Cish�/� mice had a reduced
proportion of tumor cells in the liver (Fig. 5F), which was
accompanied by an increase in immune cells in Cish�/�

mice (Fig. 5G). As an indicator of ICB activity, we iden-
tified increased abundance of DC1 dendritic cells in the
livers of anti–PD-1–treated mice (Fig. 5H). Interestingly,
NK cell infiltration into tumor-bearing livers was
enhanced in Cish�/� mice, in which the number of NK
cells was similar to the number of tumor cells (Fig. 5I),
suggesting that in addition to enhanced NK cell activity
(Supplementary Fig. 6A), Cish�/� NK cells are effective at
targeting disseminated SCLC tumor cells. Consistent with
these findings, histologically liver tumor burden was
substantially controlled in Cish�/� recipient mice, with
increased immunosurveillance detected after the addi-
tion of anti–PD-1 (Supplementary Fig. 6E). Taken
together, our findings highlight the critical role of NK cell
activation in SCLC metastatic dissemination and suggest
that activated T and NK cells may synergistically act to
exert an antitumor effect.

Discussion
In this study, we have reported that the heterogeneity

of SCLC may be key to differential response to immu-
notherapy. Importantly, subsets characterized by
POU2F3þ and an immunoreactive fraction of ASCL1þ

SCLC displayed a marked increase in infiltration of NK
and T cells in patient samples. Critically, the activation of
NK cells is efficacious in the control of SCLC metastatic
spread in a murine Ascl1þ chemotherapy–naïve SCLC
model.

Our bioinformatic studies revealed a significant cor-
relation between NK score and the POU2F3þ subset of
SCLC. Interestingly, a group of the ASCL1þ SCLC tumors
exhibited a similar expression profile to that seen in
POU2F3þ tumors, highlighting an unappreciated further
level of heterogeneity within this subset of SCLC.
POU2F3 is a marker of tuft cells, a chemosensory cell
type that responds to external stimuli through the
release of bioactive substances to regulate local epithe-
lial and immune cell functions, akin to neuroendocrine
cells.48 Though their abundance in human lung tissue
remains unclear,49 single-cell RNA-seq studies per-
formed on murine lung identified a distinct population of
cells marked by differential expression of tuft cell genes,
Dclk1, Ascl2, and Foxn1.50,51 Although this subset repre-
sents approximately 16% of patients with SCLC,3 it will
be critical to patients with subtype SCLC who have
responded to ICB therapies. While the bioinformatic
causal link between SCLC subtypes and their immuno-
genicity does not directly address the response to
immunotherapy, it is tantalizing to speculate that patients
who exhibit increased immune infiltrate, such as
POU2F3þ SCLC, display more durable responses. This
could be addressed through generating sophisticated
humanized mouse models and immune-competent mu-
rine SCLC models that mimic the heterogeneity of SCLC;
as to date, there is no GEMM SCLC model described in the
literature that represents POU2F3þ SCLC. In contrast, the
RPM GEMM exhibits a low NK score, which we speculate
would have a poor response to NK cell control; however,
it was not included in our study. Together, these models
would provide powerful tools to uncover potential
differing immune-evasive mechanisms employed by SCLC
cells, which will guide the development of alternative
therapeutic approaches to treat this recalcitrant disease.

Although classical ICB approaches harness the activ-
ity of the adaptive immune system to elicit an antitumor
response, the “next wave” of immunotherapeutic ap-
proaches is focused on exploiting facets of the innate
immune system, of which NK cells are emerging as an
attractive target (reviewed in Demaria et al.52). This is
likely to be pertinent in tumors that have down-regulated
HLA expression. Indeed, we recently reported that neuro-
endocrine tumors, including SCLC, exhibit transcriptional
silencing of the HLA antigen processing pathway.9 Our
analyses also reveal differential expression levels of HLA
and antigen presentation genes between SCLC subtypes.
Although these findings may assist in explaining the suc-
cess of ICB in only a minority of patients with SCLC,10

paradoxically, it also strengthens the rationale on deploy-
ing NK cell activity to potentiate SCLC killing. Indeed, we
reported that harnessing the cytotoxic capacity of NK cells
through modulating IL-15 and TGF-b signaling was effec-
tive in restricting the dissemination of SCLC. There is
growing evidence to support the efficacy of therapies that
enhance tumor immunity through promoting cytotoxic
function of NK cells. Small molecule inhibitors targeting
TGFbR, such as galunisertib (LY2157299),53 and neutral-
izing anti–TGF-b�1, -2, and -3 antibodies, have been
reported to enhance NK cell activity in preclinical
studies.13,15 Interestingly, suppressing TGF-b activity
within the tumor microenvironment and inhibiting the
PD-1/PD-L1 pathway may provide a novel therapeutic
approach to enhance antitumor response. This approach
has led to the development of M7824 (MSB0011359C),
a bifunctional fusion protein comprised of a monoclonal
antibody targeting PD-L1 fused to the extracellular
domain of human TGFbRII.54 These approaches highlight
an emerging area of interest to dampen such inhibitory
signals.

There is emerging evidence that NK cells not only
contribute direct antitumor function but also play an
instrumental role in driving tumor inflammation
through the recruitment of cDC1 and CD8þ T cells. In
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mice and humans, responders to ICB have substantially
higher infiltration of NK cells than nonresponders, and
nonresponders can be induced to respond by targeting
NK cell activity.55,56 Thus, targeting both adaptive and
innate cytotoxic cells will likely synergize to increase
ICB response rates. The recent development of a hu-
manized monoclonal antibody that blocks NKG2A, an
inhibitory receptor expressed in the surface of both
CD8þ T and NK cells, exploits this cooperative nature of
immune cell function.57 Interestingly, anti-NKG2A
(monalizumab) treatment of patients with advanced
head and neck squamous cell carcinoma in combination
with cetuximab is reporting promising results, with
partial response observed in 31% of patients, an effect
higher than expected from single agent alone. Studies
exploring novel treatment approaches that augment the
antitumor response of ICB are urgently required,
particularly in SCLC. When combined with inhibition of
the DNA damaged response pathway, for example, with
PARP or CHK1 inhibitors, anti–PD-L1 treatment
induced a durable antitumor response in preclinical
models.46 Thus, rational targeting of the tumor, tumor
microenvironment, and multiple immune effectors
should be investigated in combination cancer therapy
trials.

Here, we find that SCLC metastasis is controlled by
the cytotoxic activity of NK cells, and that their activation
can provide superior control of tumor cell dissemination.
Critically, SCLC subtypes express differential levels of
immunoreactive transcripts, predicting infiltration of
cytotoxic mediators into tumor tissue. Moving forward,
application of T cell-mediated immunotherapy should be
stratified by SCLC subtype and NK activating immuno-
therapy implemented in the SCLC setting.
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