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ABSTRACT
◥

Purpose: Antibodies against the lymphocyte PD-1 (aPD-1)
receptor are cornerstone agents for advanced non–small cell
lung cancer (NSCLC), based on their ability to restore the
exhausted antitumor immune response. Our study reports a
novel, lymphocyte-independent, therapeutic activity of aPD-1
against NSCLC, blocking the tumor-intrinsic PD-1 receptors on
chemoresistant cells.

ExperimentalDesign:PD-1 inNSCLC cells was explored in vitro
at baseline, including stem-like pneumospheres, and following
treatment with cisplatin both at transcriptional and protein levels.
PD-1 signaling and RNA sequencing were assessed. The lympho-
cyte-independent antitumor activity of aPD-1was explored in vitro,
by PD-1 blockade and stimulation with soluble ligand (PD-L1s),
and in vivo within NSCLC xenograft models.

Results:We showed the existence of PD-1þ NSCLC cell subsets
in cell lines and large in silico datasets (Cancer Cell Line Encyclo-
pedia and The Cancer Genome Atlas). Cisplatin significantly

increased PD-1 expression on chemo-surviving NSCLC cells
(2.5-fold P ¼ 0.0014), while the sequential treatment with anti–
PD-1 Ab impaired their recovery after chemotherapy. PD-1 was
found to be associated with tumor stemness features. PD-1 expres-
sion was enhanced in NSCLC stem-like pneumospheres (P <
0.0001), significantly promoted by stimulation with soluble PD-
L1 (þ27%� 4, P < 0.0001) and inhibited by PD-1 blockade (�30%
� 3, P < 0.0001). The intravenous monotherapy with anti–PD-1
significantly inhibited tumor growth of NSCLC xenografts in
immunodeficient mice, without the contribution of the immune
system, and delayed the occurrence of chemoresistance when
combined with cisplatin.

Conclusions: We report first evidence of a novel lymphocyte-
independent activity of anti–PD-1 antibodies in NSCLC, capable of
inhibiting chemo-survivingNSCLC cells and exploitable to contrast
disease relapses following chemotherapy.

See related commentary by Augustin et al., p. 505

Introduction
In the last decade, the programmed cell death (PD-1) receptor

emerged as a key immune regulator of T-cell response, becoming a
target for cancer immunotherapy strategies with checkpoint inhibitors
dramatically impacting on the treatment and outcome of patients with
multiple types of solid tumors, including non–small cell lung cancer
(NSCLC; ref. 1). The main underlying biological rationale implies that
PD-1 is capable, upon binding its cognate ligands (PD-L1/2) on tumor
cells and tumor microenvironment (TME), to directly inhibit T
lymphocytes that may eventually be rescued into effective action by
mAbs blocking the PD-1/PD-L1 axis (2–8). Besides this fundamental
principle, it has been recently reported that PD-1 may also be
expressed directly on the membrane of a subset of tumor cells with
a supposed tumorigenic role and a consequent direct antitumor effect
by PD-1 blockade (9). The first compelling evidence was generated in
melanoma, where tumor-intrinsic PD-1 expression was found to be
associated with stemness membrane markers and tumor-initiating
features, promoted by PD-L1 binding and functionally inhibited by
PD-1 blockade (10, 11). Mechanistically, PD-1 receptor pathways in
tumor cells may promote the phosphorylation of ribosomal S6 protein
and activate downstreammTOR signaling (10). PD-1 may be engaged
by PD-L1 expressed on the surrounding tumor cells and TME ele-
ments, and/or on the same tumor cells establishing in cis bind-
ing (9, 12). Additional preclinical evidence supported the existence
of such “ectopic” and protumorigenic PD-1 expression in pancreatic
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cancer, hepatocarcinoma, and bone and soft-tissue sarcomas (13–15).
Initial evidence of PD-1þ tumor cells has also been reported for lung
cancer, but the prevalence of such cell subsets and the biological role
are still unclear with even some contrasting findings (9, 12, 16, 17). The
definition of tumor-intrinsic PD-1 in NSCLC could be of great clinical
relevance, opening new perspectives and expanding the current ther-
apeutic meaning of anti–PD-1 blocking antibodies. In advanced or
metastatic NSCLC, anti–PD-1 treatment has significantly improved
the outcome of patients and its role has been already acknowledged by
therapeutic guidelines, either as monotherapy or in association with
cytotoxic chemotherapy (18–24). However, disease relapse or refrac-
toriness to immunotherapy still represents a relevant clinical chal-
lenge (20, 23). A deeper understanding of the intrinsic PD-1 role and
the awareness of a novel direct effect of PD-1 blockade on tumor cells
could fuel new rationale and possible schemas for designing effective
therapeutic strategies.

We previously demonstrated that PD-1þ melanoma cells are sig-
nificantly enriched following treatment with BRAF/MEK inhibitors
and that combination with anti–PD-1 antibody could prolong the
antitumor response and delay disease relapse (25). Here we explore
whether a similar principle may be applied to the field of NSCLC. We
hypothesized that a tiny PD-1þ tumor cell subset exists within NSCLC
and, based on their relative chemoresistance, can be enriched to
relevant rates following conventional treatments with potentially
important implications in disease relapse. In line with this idea, we
here define the extent of PD-1þ NSCLC cells, their stemness and
chemoresistance features and a novel, lymphocyte-independent, anti-
NSCLC activity of anti–PD-1 blocking antibodies.

Materials and Methods
NSCLC cells and cultures

NSCLC cell lines were obtained from ATCC: six adenocarcino-
ma cell lines (H1975, H23, H820, HCC827, A549, H460) and three
squamous cell carcinoma (EBC-1, H520, H596). Cell lines used
were authenticated by genotype analysis with Cell_ID system
(Promega) and comparing their profile with those published on
the ATCC database and tested negative for Mycoplasma contam-
ination by the Venor GeM Advance Mycoplasma Detection Kit
(Minerva Biolabs) according to the manufacturer’s instructions.
Cell lines for experiments were obtained from the original cryo-

preserved golden stock and experiments performed immediately
after or within the following month. All cell lines were cultured in
RPMI (Sigma) supplemented with 10% FBS (EuroClone), 1%
glutamine (Q; Gibco BRL), and 1% penicillin (100 U/mL) strep-
tomycin (100 mg/mL; Sigma). Cells were maintained in a humid-
ified 5% CO2, incubator at 37�C.

Primary patient-derived NSCLC cell lines (SL-165, SL-166, LC-
1) were generated from surgical tumor biopsies. Patients release
informed consent approved by the internal review board ethics
committee. Patient-derived cell lines tested negative for Myco-
plasma contamination by the Venor GeM Advance Mycoplasma
Detection Kit (Minerva Biolabs) according to the manufacturer’s
instructions. All the experiments were performed on patient-
derived cell lines immediately after thawing or within the fol-
lowing month. Patient-derived NSCLC cell lines were maintained
in F12 Nutri Mix HAM’s (Gibco) supplemented with 10% di
FBS (EuroClone), 1% di penicillin (100 U/mL) streptomycin
(100 mg/mL; Sigma), and 5% di B-27 Supplement (GIBCO) in a
humidified 5% CO2, incubator at 37�C. Cells were harvested using
Accutase solution (Gibco BRL).

Pneumospheres were generated seeding NSCLC cells in Ultra-Low
Attachment flasks (Corning), in serum-free DMEM-F12 medium
(Sigma) containing 20 ng/mL of FGF, 20 ng/mL epithelial growth
factor, and 10% B-27 Supplement (GIBCO). Pneumospheres were
disaggregated by vigorous pipetting with ethylenediaminetetraacetic
acid 0.5 mmol/L.

PD-1 mRNA detection
Total RNA was extracted from all NSCLC cell lines cultured

both in monolayer and in pneumospheres condition. RNA was
extracted by Maxwell RSC Instrument (PR omega), according
to Maxwell RSC RNA tissue Kit manufacturer instructions (PR
omega). RNA was quantified by The Envoi DS-11 FX Series of
Spectrophotometers/Fluorimeters. RNA retrotranscription was
carried out by SuperScript II RT-PCR (Life Technologies, Inc.).
PCR was performed with the specific primers 50-ATGCATGG-
CTGGCTGCTCCT-30 (forward) and 50-TCAAAGAGGCCAAGA
ACAATGTC-30 (reverse) for PDCD1 and HotStarTaq DNA
Polymerase (QIAGEN). In selected cases, we sequenced ampli-
fied cDNA and confirmed the PD-1 identity of PCR product by
Nucleotide Basic Local Alignment Search Tool (BLASTn) algo-
rithm. Primers for detection of human PD-1 (PDCD1) by real-time
qPCR were 50-ATGCATGGCTGGCTGCTCCT-30 (forward) and
50-CCCTTAGCCAGTCTTCGATACAGC-30 (reverse); primers for
human OCT3/4 (POU5F1) were: 50-ATGTGGGTCCGGCAGGT-30

and 50-TCAAAGAGGCCAAGAACAATGTC-3. Primers for detec-
tion of human PD-L1 (CD274) and human PD-L2 (PDCD1LG2) by
real-time qPCR were, respectively, 50-TGCCGACTACAAGCGA
ATTACTG-30 (forward) and 50-CTGCTTGTCCAGATGACTTC
GG-30 (reverse) and 50-CTCGTTCCACATACCTCAAGTCC-30

(forward) and 50-CTGGAACCTTTAGGATGTGAGTG-30 (reverse).
All samples were run in triplicate and assayed using the SYBR

Green Master Mix (Applied Biosystems). The relative transcript
levels were determined by 2̂ (�ΔΔCt) method.

Cancer Cell Line Encyclopedia
PD-1 RNA-sequencing (RNA-seq) expression data were selected

and downloaded from Cancer Cell Line Encyclopedia (CCLE) dataset
(http://www.broadinstitute.org/ccle, access June 2018). The dataset
included 67 adenocarcinoma and 28 squamous cell carcinoma cell
lines. The mRNA expression of TTF1 and cytokeratins (KRT5/6A)

Translational Relevance

We investigated and reported a novel lymphocyte-independent
antitumor activity of anti–PD-1 antibodies (Ab) in non–small cell
lung cancer (NSCLC) that is capable of inhibiting chemo-
persistent PD-1þ NSCLC cells. The underlying rationale is the
inhibition of the pro-tumorigenic PD-1 receptor directly ex-
pressed by a subset of NSCLC cells that are relatively chemore-
sistant to cisplatin and supposedly endowed with stemness
features. In the clinical perspective, it would be conceivable to
explore the activity of anti–PD-1 Abs to contrast the residual
PD-1þ NSCLC cells persistent after chemotherapy, with the
intent of counteracting their promotion of disease relapse. Our
findings support a new and clinically exploitable conception for
the activity of PD-1 blocking Abs, not substitutive but integra-
tive to the mainstream action based on the rescuing of exhausted
T lymphocytes.
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were used as a positive expression control for lung adenocarcinoma
and lung squamous cell carcinoma, respectively.

The Cancer Genome Atlas
We downloaded from The Cancer Genome Atlas (TCGA) portal

the clinical data (clinical data, pathology report) and the mRNA
sequencing data (gene) of the 585 lung adenocarcinoma and 504
lung squamous cell carcinoma samples included (https://portal.gdc.
cancer.gov/, access June 2018). The mRNA sequencing data were
available for 585 adenocarcinoma and 504 squamous cell carcinoma
samples. Genes with fragments per kilobase of transcript per million
fragments mapped (FPKM) values >0.1 were considered expressed.
Among patient samples included in TCGA lung adenocarcinoma
project (LUAD), we selected the 520 primary tumors and we linked
each gene expression profile with the histologic report to exclude
tumor samples with evidence of immune infiltration (data are
available for 504 samples). Among the patient samples included in
TCGA lung squamous cell carcinoma project (LUSC), we selected
506 primary tumors and we linked each gene expression profile with
the histologic report to exclude the samples with evidence of immune
infiltration (data available for 501 samples).

Flow cytometry
Flow-cytometry acquisitions were performed using a CyanADP

cytometer (Beckman Coulter s.r.l.). NSCLC cells were stained with
APC fluorochrome-conjugated anti–PD-1 mAb (clone MIH4, BD
Biosciences). An isotype control IgG1was suitable as a negative control
to set gate of positive staining. Analyses were performed using Summit
Software.

Immunofluorescence staining
Immunofluorescence staining was performed on pneumospheres

fixed in 4% paraformaldehyde for 1 hour and applied on polylisynate
glass slides. Fixed pneumospheres were permeabilized with 0.2% PBS-
Triton. Pneumospheres were stained with primary antibodies specific
for PD-1, PD-L1, and PD-L2 (D4W2J XP PD-1 Rabbit mAb, E1L3N
XP PD-L1 Rabbit mAb, and D7U8C XP PD-L2 Rabbit mAb, Cell
Signaling Technology) overnight and subsequently incubated 1 hour
with anti-Rabbit secondary antibody conjugated with AF555 fluor-
ocrome. Nuclei were stained with DAPI. Pneumospheres were
observed using confocal laser-scanningmicroscope (Leica SPIIE, Leica
Microsystems). Image acquisition of pneumospheres was performed
maintaining the same laser power, gain, offset, and magnification
(20�) setting. Images were analyzed using ImageJ software.

Western blot analysis
Protein samples were resuspended in Laemmli buffer, boiled 15

minutes at 95�C and resolved by SDS-PAGE. Membranes probed
with the indicated antibodies were then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (anti-mouse
used 1:10,000, anti-rabbit 1:5,000, Sigma) and developed with en-
hanced chemiluminescence (Clarity Max Western ECL Substrate,
1705062, Bio-Rad). The following primary antibodies were used:
Phospho-p70 S6 Kinase (Thr389) 15 (Rabbit, #9234, Cell Signaling
Technology), p70 S6 Kinase (Rabbit, #9202, Cell Signaling Tech-
nology), Phospho-S6 Ribosomal Protein (Ser235/236; 91B2; Rabbit,
#4857, Cell Signaling Technology), S6 Ribosomal Protein (5G10;
Rabbit, #2217, Cell Signaling Technology), Phospho-Akt (Ser473;
Rabbit, 19 #9271, Cell Signaling Technology), Akt (pan; 40D4;
Mouse, #2920, Cell Signaling Technology), Vinculin (Mouse,
sc-25336), Phospho-p44/42 MAPK (Erk1/2; Thr202/Tyr204;

20G11; Rabbit, #4376, Cell Signaling Technology), p44/42 MAPK
(Erk1/2; Rabbit, 25 #9102, Cell Signaling Technology). Expression
levels of phosphorylated versus total ERK1/2, AKT, S6K, and S6
ribosomal protein were determined in sorted H1975 PD-1þ or
PD-1� cells in presence or absence of anti–PD-1 mAb (100 mg/mL)
following subsequent incubation with or without recombinant PD-L1
Ig (25 mg/mL, 0% FBS for 15 minutes).

For phosho-p38 MAPK evaluation, total protein extracts were
obtained by lysing cells using RIPA Buffer (Sigma-Aldrich). Western
blottingwas performed separating 30mg of proteins by SDS-PAGEand
electroblotting onto nitrocellulose membranes (Bio-Rad). Lumines-
cence was revealed with a chemiluminescence reagent (Euroclone).
Anti-rabbit antibodies linkedwithHRPs p38-p-MAPK (Tyr 202–204),
p38-MAPK, and Vinculin were from Cell Signaling Technology.

Pneumosphere-forming capability assays
NSCLC pneumosphere cultures were established as described

above. Cells were plated in the presence of anti-human PD-1 mAb
[100 mg/mL, inVivoMAb anti-human PD-1 (CD279, Clone: J110, Bio
X Cell) or isotype control mAb (100 mg/mL, inVivoMAb mouse IgG1
isotype control, Clone: MOPC-21, Bio X Cell) or synthetic PD-L1
soluble form (PD-L1s) (25 mg/mL, R&D Systems] in ultra-low attach-
ment plates (Corning) at a density of 1,000 viable cells per well and
cultured for 10 days at 37�C, 5% CO2. Anti–PD-1 and isotype control
mAbs or recombinant PD-L1s were restored every 3 days.

Pneumosphere-forming capability was determined by counting
the number of pneumospheres originated from the specific number
of plated cells using a light microscope (Leika) 10 days after seeding
(images taken at 40� magnification). In selected experiments, we
used an automated live-cell imaging system (Nikon’s LIPSI). To
efficiently and rapidly detect pneumospheres, we set up a simple
imaging pipeline: cells were labeled with NucBlue (NucBlue Live
Ready Probes Reagent) directly in the culture well plates and then
put under a widefield microscope and illuminated with proper
wavelengths and optical filters with a 4X objective and a motorized
stage to cover the entire well. Digital images were then processed
according to a custom-made simple image analysis algorithm
written for Fiji (ImageJ 2.0.0-rc-69/1.52p; Java1.8.0_172). Briefly,
images were binarized using Otsu method, objects touching the
borders of the image were automatically removed and the binary
components were filtered to exclude objects larger than 36 or smaller
than 65 mm2. The remaining objects were automatically counted and
the average size was computed.

Library preparation, sequencing, and data analysis
NSCLC pneumosphere cultures were established, as described

above. NSCLC pneumospheres were stimulated by synthetic PD-
L1s (25 mg/mL, R&D Systems) in 0% FBS culture medium for 15
minutes.

RNA was extracted from NSCLC pneumospheres by Maxwell RSC
Instrument, according to Maxwell RSC RNA tissue Kit manufacturer
instructions.

RNA-seq library was generated from 0.1 mg of RNA using Illumina
Total RNA Prep Stranded Ligation with Ribo-Zero according to
manufacturer’s recommendations. Libraries were sequenced on Illu-
mina NovaSeq6000 in 100-nt-long paired-end read modality.

Raw sequencing reads were aligned to the human genome re-
ference GENCODE GRCh37 version 28 (26) using STAR v.2.7.3a
(27) in basic two-pass mode using the following parameters:
–alignInsertionFlush Right –outSAMstrandField intronMotif
–outSAMattributes NH HI NM MD AS XS –peOverlapNbasesMin
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20 –peOverlapMMp 0.25 –chimSegmentMin 12 –chimJunction-
OverhangMin 8 –chimOutJunctionFormat 1 –chimMultimapScore-
Range 3 –chimScoreJunctionNonGTAG -4 –chimMultimapNmax
20 –chimNonchimScoreDropMin 10 –outFilterIntronStrands
RemoveInconsistentStrands –outFilterMultimapNmax 1 –bamRemove-
DuplicatesType UniqueIdentical. Raw read counts were estimated using
featureCounts from Subread v. 2.0.0 (28) with parameters -O –primary
-Q 1 -J -s 2 -p -B. Protein coding genes were selected (N ¼ 20,298).
A batch correction to account for genetic heterogeneity of cell lines
from distinct patient was applied using CombatSeq function from R
package “sva” (29). Differential expression analysis was performed
using the “DESeq2” R package (30) comparing the PD-L1s treated
versus untreated NSCLC pneumospheres. Genes that presented an
absolute log2(fold change)>1 and an adjusted P value ≤0.05 were
considered as differentially expressed.

PD-1 mRNA downregulation by RNAi
PD-1 downregulation was established using RNAi system.

H1975 cells were transduced with three different bicistronic
lentiviral vectors LV-pGFP-C-shRNA (OriGene), encoding for
different shRNA-PD-1 cassettes and for eGFP protein. H1975
cells were infected adding virus-conditioned medium where each
lentivirus preparation was used at the dose of 2 multiplicity of
infection. NSCLC cell lines transduced with lentivirus LV-pGFP-
C-MOCK (OriGene) were used as control. After 16 hours, cells
were washed twice and grown for 7 days. Transduction efficiency
was assessed on the basis of GFP expression by CyanADP cyt-
ometer (Dako). PD-1 mRNA downregulation was explored by
qRT-PCR as described above.

NSCLC cell proliferation rate after treatment with cisplatin
NSCLC cells were plated in standard culture condition at a

density of 1 � 105 viable cells per well. After 24 hours, cells were
treated with cisplatin (CDDP) at estimated IC50 and cultured at
37�C, 5% CO2 for 72 hours. After CDDP treatment, surviving cells
were stained with APC fluorochrome-conjugated anti–PD-1 mAb
(clone MIH4, BD Biosciences) and the percentage of PD-1þ cells
was assessed by CyanADP cytometer (Beckman Coulter s.r.l.).
In parallel, NSCLC cells surviving to CDDP treatment were
seeded both in pneumosphere-promoting conditions and in stan-
dard culture condition in the presence of blocking PD-1 mAb
[100 mg/mL, inVivoMAb anti-human PD-1(CD279), Clone: J110,
Bio X Cell] or isotype control mAb (100 mg/mL, inVivoMAb mouse
IgG1 isotype control, Clone: MOPC-21, Bio X Cell). Anti–PD-1 or
isotype control mAbs were restored every 3 days. Monolayer tumor
cell growth and number of pneumospheres were determined
by direct count with a light microscope (Leika) at 10 days after
treatment with anti–PD-1 antibody.

To perform colony-forming unit assay, NSCLC cells surviving
to CDDP treatment were treated by PD-1 mAb [100 mg/mL,
inVivoMAb anti-human PD-1(CD279), Clone: J110, Bio X Cell]
or isotype control mAb (100 mg/mL, inVivoMAb mouse IgG1
isotype control, Clone: MOPC-21, Bio X Cell). Colonies derived
from a single cell [colony-forming unit (CFU)] were obtained by
plating 500 cells per well in 24-well plates in appropriate culture
medium. After 10 days, the culture medium was removed and a
PBS wash was performed. Cells were fixed with 2.5% glutaralde-
hyde and incubated for 20 minutes. The colonies were then stained
with 0.1% crystal violet. The image of the entire plate was acquired
through Chemidoc (Bio-Rad); furthermore, CFUs into wells were
counted with the optical microscope.

In vivo anti–PD-1 antitumor effect
The antitumor activity of anti–PD-1 blocking Ab was explor-

ed within two NSCLC xenograft models in immunodeficient
mice [NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)] purchased
from Charles River Laboratories Italia s.r.l. (Calco - Lecco, Italy).
Mice were injected subcutaneously with 1 � 106 H1975 or EBC-1
NSCLC cells and assigned to treatment groups. Treatments
started either 2 days after tumor cell implantation (model 1,
EBC-1) or when palpable tumor masses became evident (model 2,
H1975).

CDDP was administered by tail vein injection once a week at a dose
of 5 mg/Kg. Anti–PD-1 Ab and the respective isotype control were
injected intraperitoneally (200 mg per injection) three times a week.
Mice were sacrificed when the main tumor diameter reached 2 cm or
ulceration occurred. All procedures were performed according to the
Institutional Review Board–approved protocols.

Statistical analysis
Data were analyzed using GraphPad Prism Version 8 (GraphPad

Software). Descriptive data are presented as mean or median
values � SEs. In the comparison of two groups, statistical signif-
icance was evaluated by nonparametric t test (Mann–Whitney
test). P < 0.05 was considered significant. For comparison of three
or more groups, the data were analyzed by two-way ANOVA with
Bonferroni multiple comparison posttests. A P value < 0.05 was
considered significant. Significance is represented on graphs as
�, P ≤ 0.05; ��, P ≤ 0.01; ���, P ≤ 0.001; and ����, P ≤ 0.0001.

Data availability
The RNA-seq data generated in this study are publicly available

in Gene Expression Omnibus at GSE210516 and in Code Ocean at
https://codeocean.com/capsule/0588225/tree/v1.

Results
PD-1 receptor is intrinsically expressed by a subset of
chemoresistant NSCLC cells enriched after CDDP

The intrinsic expression of PD-1 receptor by a subset ofNSCLC cells
was first detected by flow cytometry in 12 human NSCLC cell lines:
nine adenocarcinomas including three primary patient-derived cell
lines (H1975, H23, H820, HCC827, A549, H460, SL165, SL166, LC-1),
and three squamous cell carcinoma cell lines (EBC-1, H520, H596).
We found the presence of a small PD-1þ subset in all 12 NSCLC cell
lines (mean 4%� 0.3, n¼ 12; Fig. 1A andB). Tumor PD-1 expression
was confirmed, atmolecular level, byRT-PCR (Fig. 1C) and its identity
confirmed by sequencing the PCR product. To validate our results,
we explored the intrinsic NSCLC expression of PD-1 mRNA by
in silico analysis of data extracted from CCLE and TCGA. In CCLE
are included 136 NSCLC cell lines. Of those PD-1 was expressed
in all 67 adenocarcinomas analyzed [Affimetryx RNA value 4,348
(3,882–6,361)] and 28 squamous cell carcinomas [Affimetryx RNA
value 4,338 (3,995–5,178)]. In most of the NSCLC cell lines, the levels
of PD-1 RNA were comparable with those found for the PD-1 ligands
(PD-L1, PD-L2; Fig. 1D). In TCGA dataset are included 585 lung
adenocarcinoma and 504 lung squamous cell carcinoma samples,
we linked each gene expression profile with the histologic report
to exclude the samples with evidence of immune infiltration. PD-1
was expressed in 278 lung adenocarcinoma [median FPKM values
5.8 (1.0–8.7)] and in 401 lung squamous cell carcinoma [median
FPKM values 5.4 (0–10.0)]. In all the selected samples, we also de-
termined the expression of PDL-1 and PDL-2 in both adenocarcinoma
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Figure 1.

Baseline subsets of PD-1þ NSCLC cells and their enrichment after CDDP. We reported the existence of a PD-1þ tumor cell subset in 12 different NSCLC cell
lines. A representative flow cytometry plot (A) and mean (�SEM) values of membrane PD-1 expression (B) are reported. The finding was confirmed at the
transcriptional level; expression of PD-1 mRNA in the same NSCLC cell lines (C) is reported, with T lymphocytes used as positive control. The presence
of tumor cell intrinsic PD-1 was confirmed on large in silico datasets. Affymetrix mRNA expression values of PD-1, PD-L1, and PD-L2 in lung adenocarcinoma
(n ¼ 67) and squamous cell carcinoma (n ¼ 28) cell lines included in CCLE are reported (D); TTF1 and KRT5/5A were used as referral control. Similarly,
mRNA expression values of PD-1, PD-L1, and PD-L2 of lung adenocarcinoma (n ¼ 278) and squamous carcinoma (n ¼ 401) patient samples extracted from
TCGA, excluding those with histologic evidence of immune infiltrates, were analyzed and reported (E). The subset of PD-1þ NSCLC cells significantly
increased after treatment in vitro with CDDP (P ¼ 0.0014); representative flow cytometry histograms (F) and cumulative data (G) are reported. A parallel
increase in the expression of three main stem-related genes (ABCG2, SOX2, OCT3/4) was reported after treatment with CDDP in vitro; representative flow
cytometry histograms (H) and cumulative data (I) are reported. Results were analyzed by t test. A P value ≤ 0.05 was considered significant; statistical
significance is reported as � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; and ���� , P ≤ 0.0001.
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[median FPKM values 6.0 (2.2–10.7) and 6.5 (2.7–10.3)] and squa-
mous cell carcinomas [median FPKM values 6.2 (2.1–10.8) and 6.6
(2.3–10.6)] (Fig. 1E).

From a functional perspective we hypothesized that, similarly to
what recently reported for melanoma, the tumor expression of PD-1
might characterize a subset of NSCLC cells with reduced sensitivity
to conventional treatments. We treated NSCLC cells with CDDP for
72 hours at the IC50 dose. At the end of treatment, in all of the
NSCLC cell lines tested the rate of PD-1þ cells significantly
increased among chemo-surviving NSCLC cells as compared with
untreated control (2.5 � 0.3 fold, n ¼ 4, P ¼ 0,0014; Fig. 1F and G).
In the same experiments, along with the enrichment of PD-1þ

NSCLC cells, we demonstrated the contextual enhanced expression
of three main stem-related genes (ABCG2, SOX2, OCT3/4; Fig. 1H
and I), where ABCG2 is also associated with multidrug resistance
features. In a selected assay, we observed by flow cytometry that
OCT3/4 expression, as expected present at very low rates in the bulk
cell population (0.5%–1% of the total cells), preferentially coloca-
lized on PD-1þ NSCLC cells as compared with the PD-1� coun-
terpart (14% vs. 0.1%; Supplementary Fig. S1A).

PD-1 expression is enhanced in NSCLC stem-like cells
Inmelanoma, PD-1 has been reported to be preferentially expressed

by a small fraction of tumor cells, with stem-like features endowedwith
a higher tumorigeneicity (10). To investigate whether PD-1may have a
similar expression pattern in NSCLC, we explored the intrinsic tumor
expression of PD-1 on NSCLC cultured in stem-like pneumosphere-
promoting conditions (31, 32).We found a significant increase of PD-1
expression on stem-like pneumospheres compared with pairedmono-
layer controls cultured in standard conditions [median value
12% (4–36) vs. 2% (1–5), P < 0,0001, n ¼ 6] (Fig. 2A and B). Higher
expressions of PD-1 on stem-like pneumospheres were paralleled by
the relative mRNA enrichment of the stem gene OCT4 (Fig. 2C) as
compared with paired monolayer controls. PD-1 expression on pneu-
mospheres was also confirmed and visualized by immunofluorescence
(Fig. 2D).

Considering the potential activation of an intratumoral PD-1/PD-1
ligands (PD-L1/L2) axis in stem-like NSCLC cells, we confirmed the
expression of PD-L1/L2 on NSCLC pneumospheres by real-time
PCR. PD-L1/L2 levels resulted comparable with PD-1 expression on
NSCLC pneumospheres (Fig. 2E). PD-L1/L2 expression on NSCLC
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Figure 2.

Tumor PD-1 expression is enhanced
in stem-like NSCLC pneumospheres.
Tumor cell–intrinsic PD-1 expression
in vitro resulted in enhanced stemness
conditions. Representative flow cyto-
metry plots with the basal rate of PD-1
expression in three NSCLC cell lines
(top) and their enrichment in paired
stem-like pneumospheres (bottom;
A), as well as cumulative data (P <
0.0001, n ¼ 6; B), are reported. The
increase of PD-1 in NSCLC stem-like
pneumospheres was confirmed at the
transcriptional level, and it was paral-
leledby a comparable enhancement of
the stem-gene Oct4 mRNA (C). The
spatial distribution of PD-1 in NSCLC
cells and their corresponding stem-
like pneumospheres were visualized
by immunofluorescence (AF 555, red).
Nuclei are visualized by staining with
40 ,6-diamidino-2-phenylindole (blue;
D). Real-time PCR of expression levels
of PD-1 and its main ligands, PD-L1/L2,
on NSCLC pneumospheres (E). The
spatial distribution of PD-L1 and
PD-L2 in NSCLC stem-like pnemo-
spheres was visualized by immuno-
fluorescence (AF 555, red). Nuclei
are visualized by staining with
40 ,6-diamidino-2-phenylindole (blue;
F). Results were analyzed by t test.
A P value ≤ 0.05 was considered
significant; statistical significance is
reported as � , P ≤ 0.05; �� , P ≤ 0.01;
��� , P ≤ 0.001; and ���� , P ≤ 0.0001.
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pneumospheres was also confirmed and visualized by immunofluores-
cence (Fig. 2F).

PD-1þ NSCLC stem-like pneumospheres are enhanced by PD-L1
stimulation and impaired by PD-1 blockade

To demonstrate a functional role of tumor PD-1 on stem-like
NSCLC cells, we explored in vitro the effect of either PD-L1
binding or PD-1 blockade on NSCLC pneumospheres (Fig. 3A).
The experimental treatment with a synthetic PD-L1s significantly
promoted the stem-like pneumosphere-forming capability
compared with paired unstimulated controls (27% � 4, n ¼ 4,
P < 0.0001; Fig. 3B). Consistently, we found that PD-1 blockade,
by anti–PD-1 antibody, significantly inhibited the generation of
stem-like pneumospheres compared with paired controls (�30%
� 3, n ¼ 6, P < 0.0001; Fig. 3B). In selected experiments, results
were confirmed and visualized by automated live-cell imaging
system (Nikon LIPSI). The number of NSCLC stem-like pneumo-
spheres was significantly reduced by anti–PD-1 blocking anti-
body as compared with paired controls (�58%, P ¼ 0.02, n ¼ 4;
Fig. 3C and D). In addition, we observed that PD-1 blockade
also significantly impaired the size of pneumospheres com-
pared with paired controls (54% � 8.6 size reduction, n ¼ 3,
P ¼ 0.01; Fig. 3E).

To downregulate PD-1 expression in NSCLC cells, we transduced
the H1975 cell line with a lentiviral vector encoding for short hairpin
RNAs (shRNA) targeting PD-1 (PD-1 shRNAH1975). We obtained a
significant reduction of the PD-1mRNA expression (�70%) and PD-1
protein (�66%) compared with control (wild type H1975; Fig. 3F).
PD-1 shRNA H1975 cells showed a spontaneous reduction in the
generation of stem-like pneumospheres, comparable with what
observed with their parental counterpart when treated with anti–
PD-1 antibody (n¼ 3;P¼ 0.05;Fig. 3G). Consistently, the stimulation
with PD-L1s failed to enhance the number of stem-like pneumo-
spheres from PD-1 shRNA H1975 (Fig. 3H).

Furthermore, we found by RNA-seq that treatment of pneumo-
spheres (n ¼ 4, H23, EBC-1, H820, H1975) in vitro with PD-L1s
was associated with the significant upregulation of expression of
14 key protein coding genes, of which 11 have been reported to be
involved in processes of tumorigenesis, epithelial–mesenchymal
transition (EMT), tumor aggressiveness, and chemoresistance in
various tumor settings (RRM2, DUSP1, EGR1, HIST1H2AH, FOS,
CTGF, DHRS2, UNC5A, DUSP2, FOSB, NPTX1; refs. 33–48; Sup-
plementary Fig. S2A and B).

Treatment with anti–PD-1 blocking antibody has lymphocyte-
independent activity against NSCLC in vitro and in vivo

We hypothesized and explored the therapeutic antitumor activity
of anti–PD-1 blocking antibody in absence of any contribution
provided by the immune system. As a first step, we set an exper-
iment where NSCLC cells were first treated in vitro with CDDP
(IC50 dose), sequentially followed by anti–PD-1 Ab (100 mg/mL),
with the intent of exploiting the observed enrichment of PD-1þ

NSCLC cells after chemotherapy. The sequential treatment with
anti–PD-1 antibody significantly inhibited the proliferative re-
growth of NSCLC cells surviving to CDDP (n ¼ 4 H1975, EBC-
1, H23, H820, P ¼ 0,005) and at the same time impaired their
capability to generate stem-like pneumospheres (240 vs. 368, n ¼ 4
H1975, EBC-1, H23, H820, P ¼ 0.005; Fig. 4A and B).

The sequential treatment with anti–PD-1 antibody inhibited also
the clonogenic CFUs capability in vitro of NSCLC cells (n¼ 2; H1975
P ¼ 0.003; EBC-1 P ¼ 0.03; Fig. 4C and D).

In selected experiments (n ¼ 2), the reduced sensitivity to CDDP
was confirmed on sorted PD-1þ NSCLC cells as compared with the
PD-1� counterpart (n ¼ 2, P ¼ 0.001; Fig. 4E).

We investigated changes of phosphor(p)-ERK1/2, p-AKT, and p-S6
ribosomal protein levels in NSCLC cells (H1975) in presence or
absence of anti–PD-1 and PD-L1s, after sorting the PD-1þ and
PD-1�subsets.

We observed the reduction of phosphor(p) p-S6 ribosomal protein
levels following treatment with Ab anti–PD-1 in sorted PD-1þNSCLC
cells as compared with the PD-1� counterpart, not rescued by the
treatment with PD-L1s (Fig. 4F). We could not detect any significant
variation for pAKT or pERK, with only a modest increasing trend for
pAKT following treatment with Ab anti–PD-1.

Next, we explored in vivo the lymphocyte-independent antitumor
activity of anti–PD-1 blocking Ab within two different models of
NSCLC xenografts (EBC-1; H1975). The choice of complete immu-
nodeficient [IL2r]gnull (NSG) mice was functional to ensure that the
observed activity of PD-1 blockade could not be mediated by the
well-known effect on antitumor T lymphocytes, but instead exerted
directly on PD-1þ NSCLC cells. In the first model, we observed that
the intraperitoneal infusion of anti–PD-1 Ab as monotherapy (200 mg
per injection), started at the same time of tumor xenograft implan-
tation (EBC-1), significantly delayed tumor growth as compared with
untreated controls (n ¼ 4; P ¼ 0.0006; Fig. 5A and B).

In a second experiment, the anti-NSCLC activity of Ab anti–PD-1
resulted comparable with that observed with monotherapy CDDP
(n ¼ 4, P ¼ 0.2; Fig. 5C–E). The combination of Ab anti–PD-1 with
CDDP showed a trend toward enhanced antitumor activity and
delayed onset of chemoresistance, even if statistical significance was
not reached (n ¼ 4. 37 vs. 102 mm3, P ¼ 0.5; Fig. 5C–E).

In a second model, we confirmed the lymphocyte-independent
activity of anti–PD-1 Ab even when infused to treat established and
palpable NSCLC xenografts (H1975; n ¼ 6, P ¼ 0.003) as compared
with untreated controls (Fig. 6 A and B). We confirm that the
anti-NSCLC activity of Ab anti–PD-1 was comparable with that
observed with monotherapy CDDP (n ¼ 6, P ¼ 0.9; Fig. 6A and B)
also for established and palpable NSCLC xenografts. A trend toward
enhanced antitumor activity and delayed onset of chemoresistance
was observed with the combination of Ab anti–PD-1 with CDDP
(550 vs. 729 mm3, P ¼ 0.9; Fig. 6C), even if statistical significance
was not reached. In the same experiment, to support our hypothesis,
in selected animals (n ¼ 2) we could confirm the enrichment of
PD-1þ NSCLC following the treatment in vivo with CDDP mono-
therapy (P ¼ 0.03; Fig. 6D).

Discussion
In this study, we investigated and described a novel, lymphocyte-

independent, antitumor activity of anti–PD-1 antibody in NSCLC.
It leverages on the inhibition of the PD-1 receptor directly
expressed by a subset of NSCLC cells, relatively chemoresistant
to CDDP and supposedly endowed with stemness features. Our
findings support a new way of conceiving the activity of PD-1
checkpoint inhibitors, obviously not substitutive but integrative
to the mainstream action based on the rescuing of exhausted
T lymphocytes.

The PD-1 receptor, besides the well-known expression by T lym-
phocytes, is in fact apparently expressed by a small but constantly
present subset of NSCLC cells.

Thefirst point emerging fromour study is indeed the demonstration
of the existence of PD-1þ NSCLC cell subsets, confirmed at both
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Figure 3.

NSCLC stem-like pneumospheres are promoted by PD-L1s and inhibited by PD-1 blockade. A schematic representation of the main experimental design to
functionally investigate the effect of PD-1 stimulation or inhibition on NSCLC stem-like pneumospheres is reported (A). The capability of NSCLC cells
to generate stem-like pneumospheres was significantly promoted (P < 0.0001) upon their stimulation with PD-L1s; consistently it was instead impaired
(P < 0.0001) by PD-1 blockage (B). The reduced capability by NSCLC cells to generate pneumospheres by PD-1 blockage was confirmed and visualized
by automated live-cell imaging system (Nikon’s LIPSI). Representative images (C) and cumulative data (D) are reported (n ¼ 3; P ¼ 0.02; magnification 10�;
scale bar: 500 mm). Treatment with anti–PD-1 blocking antibody also significantly impaired the size of newly generated pneumospheres (n ¼ 3; P ¼ 0.01; E).
The genetic downregulation of PD-1, by PD-1 shRNA (F), consistently affected the generation of NSCLC stem-like pneumospheres (n ¼ 3; P ¼ 0.05; G).
The functional effects by stimulation with PD-L1s or inhibition with anti–PD-1 blocking antibody on the ability to generate stem-like pneumospheres by
(PD-1 shRNA) H1975 cell line is reported (H). Results were analyzed by t test. A P value ≤ 0.05 was considered significant; statistical significance is reported
as � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; and ���� , P ≤ 0.0001.
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transcriptional and protein level. The low rate of the PD-1þ tumor cells
likely explain why they went so far almost unnoticed or considered
negligible.

The underlying hypothesis is that this PD-1þ tumor cell subset,
supposedly associated with stemness features, is represented only by a
small number of cells in tumor steady conditions but it may increase in
specific situations becoming relevant for tumor homeostasis and
chemotherapy resistance. This is in line with what was recently
described in melanoma (10, 25). Consistently with this hypothesis,
we observed a very low rate of PD-1þ NSCLC cells when in the steady
monolayer culture conditions, raising up to more relevant levels when
cultured in stemness conditions to form pneumospheres. Further-

more, PD-1þ NSCLC cells were found significantly enriched among
tumor cells surviving chemotherapy with CDDP in vitro, paralleled by
the enhanced expression of the membrane transporter ABCG2 asso-
ciated with multidrug resistance (49–52). The presence of PD-1þ

NSCLC cells has probably to be considered as a dynamic entity that
may play relevant roles at certain times of the natural and clinical
tumor history. The PD-1 receptor may actively and timely promote
the preservation and regeneration of a stem-like subset within bulk
NSCLC cells. In line with this speculative consideration, PD-1
engagement by its cognate ligand PD-L1 was functionally capable
of enhancing the formation of stem-like pneumospheres. Converse-
ly, the protumoral activity mediated by PD-L1 was effectively
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Figure 4.

Anti–PD-1 antibody impairs the recovery of PD-1þ NSCLC cells resistant to CDDP. Treatment in vitro with anti–PD-1 antibody of chemo-surviving NSCLC cells
significantly reduced both their proliferation (n¼ 4 H1975, EBC-1, H23, H820; P ¼ 0.005; A) and capability to generate stem-like pneumospheres (n ¼ 4 H1975,
EBC-1, H23, H820; P ¼ 0.005) after 10 days. B, Quantification of number of CFUs of NSCLC cells treated by anti–PD-1 antibody compared with isotype
control (n ¼ 2; H1975 P ¼ 0.003; EBC-1; P ¼ 0.03) after 10 days (C). Representative image of CFU assay on H1975 cells (D). Viability of PD-1þ and PD-1� NSCLC
cells after CDDP treatment (n¼ 2, P¼ 0.001; E). Immunoblot analysis of phosphorylated (p) and total S6K, S6, AKT, and ERK in sorted PD-1þ and PD-1� NSCLC
cells (H1975) with or without treatment by anti–PD-1 and/or PD-L1s (n ¼ 2 independent experiments; F). Results were analyzed by t test. A P value ≤ 0.05
was considered significant; statistical significance is reported as � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; and ���� , P ≤ 0.0001.

Anti–PD-1 Lymphocyte-Independent Activity against NSCLC

AACRJournals.org Clin Cancer Res; 29(3) February 1, 2023 629



impaired by the anti–PD-1 blocking antibody or, alternatively,
downmodulating its expression by genetic interference. As for the
downstream signaling, in our study the pathway seems similar to
what described by Kleffel and colleagues in melanoma (10), with

anti–PD-1 antibody inducing the reduction of tumor pS6 in PD-1þ

tumor cells. The protumoral role of PD-1, in stem-like conditions,
is also supported by the panel of genes that we observed to be
modulated in NSCLC pneumospheres by the PD-L1 stimulation,
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Figure 5.

Anti–PD-1 blocking antibody is capable of lymphocyte-independent antitumor activity against NSCLC xenografts. The schematic experimental design of anti–
PD-1 treatment in the immunodeficient EBC-1 NSCLC xenograft model is reported (A). Monotherapy with anti–PD-1 antibody significantly delayed
tumor growth without any contribution by the immune system (P ¼ 0.0006; B). The schematic experimental design of anti–PD-1 treatment in the
immunodeficient H1975 NSCLC xenograft model is reported (C). The antitumor activity by Ab anti–PD-1 was comparable with that observed with
CDDP monotherapy (P ¼ 0.3). The combination of Ab anti–PD-1 with CDDP significantly enhanced the antitumor activity and delayed the onset of
chemoresistance compared with anti–PD-1 Ab as monotherapy (P ¼ 0.012; D). Explanted tumor at the end of the experiment (day 21; E). All results were
analyzed by two-way ANOVA and the Bonferroni posttest; statistical significance is reported as � , P ≤ 0.05; �� , P ≤ 0.01; ���, P ≤ 0.001; and ���� , P ≤ 0.0001.
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mostly functionally implicated in carcinogenesis and various cancer
aggressiveness processes. These data provide bases for dedicated
functional and targeting investigations.

The potential clinical relevance of these observations may be
envisioned in those clinical scenarios where an active role for
putative cancer stem cells (CSC) may be evoked. For instance, disease
relapse, following clinical response to chemotherapy, is a common
and relevant problem that has been related to putative chemo-
persistent CSCs. Within this hypothetical context, the central
finding and message emerging from the study is the lymphocyte-
independent antitumor activity played by anti–PD-1 blocking anti-
bodies and its possible exploitation in combinations with CDDP.
Our data, both in vitro and in vivo support the proof of concept that
PD-1 blocking antibody exerts indeed a direct antitumor activity and
may cooperate with conventional chemotherapy delaying NSCLC
recovery following therapeutic CDDP. The rational basis for such
cooperation was confirmed in vivo, by the observed relative enrich-
ment of PD-1þ NSCLC cells in tumor xenografts explanted after

CDDP, indirectly supporting the chemoresistance of PD-1þ NSCLC
cells. The potential interference of ADCC with the observed results
is negligible, as in our model the NSG mice lack functional natural
killer cells and macrophages. In clinical perspective, it will be however
important to confirm our preclinical findings with the anti–PD-1
antibodies approved for clinical use, as well as testing whether similar
results are obtained with anti-PD-L1 Abs.

In a clinical perspective, it would be conceivable to explore the
activity of anti–PD-1 therapy sequentially to chemotherapy, to con-
trast the residual and persistent PD-1þ NSCLC cells and counteract
their promotion of disease relapse. Probably, the best inhibitory effect
against tumor-intrinsic PD-1 could take place during the initial tumor
growth (or regrowth) phases, likely the time when putative CSC are
called into action.

Interesting considerations may be related to the source of PD-1
stimulation within the tumor bulk. The activating PD-1 binding by
PD-L1 may originate by the surrounding tumor cells or even by the
immune infiltrating elements.
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Figure 6.

Anti–PD-1 blocking antibody is capable of lymphocyte-independent antitumor activity against established and palpable NSCLC xenograft. The schematic
experimental design of anti–PD-1 treatment in combination with CDDP in the immunodeficient H1975 NSCLC model is reported (A). Treatment with anti–PD-1
antibody delayed tumor growth of established NSCLC xenografts (H1975; P ¼ 0.003) in a lymphocyte-independent manner. The antitumor activity by Ab
anti–PD-1 was comparable with that observed with CDDP monotherapy (P ¼ 0.9). The combination of Ab anti–PD-1 with CDDP trended toward a further
enhancement of the antitumor activity and delayed the onset of chemoresistance (B). Schematic representation of the H1975 NSCLC xenograft
model to explore the enrichment of PD-1þ NSCLC after in vivo treatment with CDDP (C). PD-1þ NSCLC cells significantly increased after in vivo treatment
with CDDP as compared with untreated control (P ¼ 0.03; D). All results were analyzed by two-way ANOVA and the Bonferroni posttest; statistical
significance is reported as � , P ≤ 0.05; �� , P ≤ 0.01; ��� , P ≤ 0.001; and ���� , P ≤ 0.0001.
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The expression of PD-L1 by tumors is known to be mainly an
inducible process, and less frequently it is constitutively regulated at
the genetic level (53, 54). The main inducers of PD-L1 transcription
and expression are IFNs that, in most of the cases, are released by the
surrounding lymphocytes as expression of an ongoing antitumor
immune response. Therefore, it is conceivable that biological events,
such as inflammation following chemotherapy or lymphocyte activa-
tion by checkpoint inhibitors, may enhance the production of IFNs at
the tumor interface promoting PD-L1/2 expression and potentially
triggering tumor-intrinsic PD-1.

This could suggest the existence of determined biological time
frames when tumor-intrinsic PD-1 plays a relevant function for the
tumor homeostasis and may consequently be a target for its thera-
peutic inhibition.

We confirmed that the tumor membrane expression of PD-L1
and PD-L2 in our NSCLC cell lines was intensely enhanced by
treatment with IFNg (Supplementary Fig. S3A), supporting the
hypothesis that PD-1 stimulation may be enhanced during inflam-
matory processes. Our data highlight how PD-L2 is intensely
expressed by NSCLC cells, suggesting the opportunity and need
for specific studies to investigate its functional immunoregulatory
role, possible targeting but even its potential tumor-intrinsic
signaling.

Overall, the role of tumor-intrinsic PD-1 in NSCLC is complex,
potentially heterogeneous and context dependent. Its comprehension
is likely at the beginning. It is functionally linked and dependent on
multiple dynamic variables that will require dedicated translational
studies. For instance, recent reports associated the tumor-intrinsic PD-
1 with tumor-suppressive functions, potentially mediating resistance
to anti–PD-1 therapy or even hyperprogression (16, 17), with data
apparently discordant with our findings. In particular, it was reported
the tumor activation of pAKT following PD-1 blockade, resulting in
the promotion of tumor growth (17). A possible speculative interpre-
tation of such differences may be related to our stem-like experimental
context. Indeed, we could observe in vitro the inhibitory activity of
anti–PD-1 Ab only in the context of stem-like pneumospheres.
Furthermore, the inhibition of pS6 that we observed in PD-1þNSCLC
cells with anti–PD-1 Ab appears to be AKT independent, as we could
not detect reductions but instead amodest increase of pAKT following
PD-1 blockade. Dedicated studies may investigate whether, in peculiar
tumorigenesis conditions where the stem-like compartment becomes
activated, there may be a leading pS6 activation by an AKT-
independent pathway.

Other emerging issues and opportunities for further studies
include the impact of different genetic backgrounds (e.g., EGFR
mutations) or the biological variables associated with specific time
frames when tumor homeostasis may be altered like we saw fol-
lowing chemotherapy.

These functional interpretative efforts may get even more complex,
though very intriguing, considering the recent descriptions of cancer
cell–intrinsic PD-L1 signaling, regulating key processes like tumor
growth, survival pathways, stemness, immune effects, DNA damage,
drug resistance (55, 56). It will be important to explore how and
whether some of these effects may be modulated by the interaction
with tumor-intrinsic PD-1 and consequently by anti–PD-1 Abs. For
instance, evidence in triple-negative breast cancer, support that tumor-
intrinsic PD-L1 regulates tumor progression and EMT by p38-MAPK
pathway and this process may be activated by PD-1 (57).

Preliminary data from our group (Supplementary Fig. S3B) also
suggest a reduction of phospho-p38 MAPK in NSCLC cells by anti–
PD-1 Abs, suggesting that such an effect may also tap into the

interactions with tumor-intrinsic PD-1, opening to speculations and
investigations to demonstrate the existence of a similar pathway also in
lung cancer.

While confirming the important role of tumor-intrinsic PD-1, all
these considerations and sometimes heterogenous reports, call for
caution in its biological interpretation and possible therapeutic
exploitation.

Overall, we reported a novel, lymphocyte-independent, antitumor
activity of PD-1 blocking antibody against NSCLC.

While the “conventional” lymphocyte centric activity of anti–PD-1
blockade remains the mainstay immunotherapy mechanism to attack
bulk tumors, our study provides translational rationale to imagine and
explore an additional and/or integrative tumor-directed effect, possi-
bly relevant to counteract challenging clinical settings sustained by
tumor cell subsets with stemness features.
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