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Abstract 

Natural killer (NK) cells are critically involved in anti-tumor immunity by targeting tumor cells. In this study, 
we show that intratumoral NK cells from NSCLC patients expressed elevated levels of the immune checkpoint receptor 
PD-1 on their cell surface. In contrast to the expression of activating receptors, PD-1+ NK cells co-expressed more 
inhibitory receptors compared to PD-1- NK cells. Intratumoral NK cells were less functional compared to peripheral NK 
cells and this dysfunction correlated with PD-1 expression. Tumor cells expressing PD-L1 inhibited the functionality of 
PD-1+ NK cells in ex vivo models and induced PD-1 clustering at the immunological synapse between NK cells and tumor 
cells. Notably, treatment with PD-1 blockade was able to reverse PD-L1 mediated inhibition of PD-1+ NK cells. Our 
findings highlight the therapeutic potential of PD-1+ NK cells in immune checkpoint blockade and could guide the 
development of NK cell-stimulating agents in combination with PD-1 blockade. 
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Précis  

We demonstrate that intratumoral natural killer (NK) cells in lung cancer frequently overexpress the inhibitory receptor 
PD-1 on their cell surface. Blocking the PD-1/PD-L1 axis enhances NK cell functions required for tumor cell killing. 

 

Abbreviations 

ATCC  American Type Culture Collection 

DBM  Department of Biomedicine 

HD  Healthy donor 

KIR  Killer immunoglobulin-like receptor 

LAG-3  Lymphocyte-activation gene-3 

NSCLC Non-small cell lung cancer 

NK  Natural killer cell 

ORF  Open Reading Frame 

PD-1  Programmed cell death protein-1  

PD-L1  Programmed cell death-1 ligand-1 

TIGIT  T-cell immunoreceptor with Ig and ITIM domains 

TIL  Tumor-infiltrating lymphocyte 

TIM-3  T-cell immunoglobulin and mucin-3  
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Introduction 

Cancer immunotherapy targeting the PD-1/PD-L1 inhibitory axis is nowadays considered to be one of the treatment pillars 
of non-small cell lung cancer (NSCLC) [1–8]. Despite significant improvements in survival and durability of responses, 
the majority of patients are still resistant to PD-1/PD-L1 blockade [9]. Several markers and mechanisms of resistance to 
ICB have been described, but the determinants of responses and/or failures are still poorly defined. There is increasing 
evidence that a lower burden of nonsynonymous somatic mutations or genomic alterations in individual genes correlates 
with a lack of clinical benefit and immune resistance [10–12]. Recent data on patients with melanoma indicate that 
attenuation of MHC class I protein expression does not predict responsiveness to PD-1 blockade. This finding suggests 
that immune recognition beyond MHC restriction may be necessary for successful responses and other cell types than T 
cells might be involved in mediating anti-tumor immunity upon PD-1 blockade [13]. 

Natural killer cells, a subset of innate lymphoid cells, constitute a first line of defense against microbial infections 
and cancer development [14,15]. They can control cancers directly by rapid killing of tumor cells through perforin and 
granzymes [16] and/or the ligation of death receptor-mediated pathways [17]. Moreover, NK cells secrete a wide array 
of cytokines and chemokines to regulate the activities of other immune cells in the tumor microenvironment [18]. While 
their role in cancer immunosurveillance has been demonstrated in models of primary and metastatic tumors [19], NK cell 
density in human tumors and their prognostic impact is largely dependent on the histological origin of the malignant cell 
[20–22]. In lung cancer, NK cells accumulate mainly in the tumor stroma without direct contact with tumor cells and 
appear not to impact the clinical outcome of chemo- or radiotherapy [23,24]. Nevertheless, their involvement in the 
response to immunotherapy remains to be determined. 

NK cell effector functions are tightly controlled by a balance of signals from both activating and inhibitory 
receptors [24]. Inhibitory killer immunoglobulin-like receptor family (KIRs), Ly49 and CD94/NKG2A receptors function 
to detect MHC class I self-ligands and inhibit NK cell activation to prevent the destruction of non-transformed cells [25]. 
In turn, activating receptors including NKG2D, the natural cytotoxicity receptors NKp46, NKp30, NKp44, as well as 
DNAM-1 and CD16 may induce an immune response [26]. We recently found that allelic variants of KIR3DS1/L1 
correlate with resistance to PD-1/PD-L1 blockade in lung cancer which indicates that NK cells may be implicated in the 
generation of anti-tumor immune responses during checkpoint inhibitor therapy [27]. There is indeed evidence that NK 
cells upregulate inhibitory receptors such as PD-1, T-cell immunoreceptor with Ig and ITIM domains (TIGIT), and T-
cell immunoglobulin and mucin-3 (TIM-3) during cancer progression [28–30]. A comprehensive characterization of the 
abundance, phenotype and functional significance of tumor-infiltrating NK cells expressing those inhibitory receptors, 
particularly in NSCLC, is still missing. 

The tumor environment can suppress NK cell functionality through different mechanisms [31]. Like T cells, 
intratumoral NK cells may become dysfunctional, which prevents them from displaying optimal anti-tumor responses, 
while their counterparts in the peripheral circulation maintain full or only slightly reduced effector functions [23,32]. 
Dysfunctional NK cells in cancer are characterized by a high expression of NK cell-associated inhibitory receptors, 
reduced expression of activating receptors, as well as a decreased expression of the transcription factors TBET and 
EOMES [28,32,33]. The higher levels of inhibitory receptors expressed on NK cells have been associated with more 
aggressive and invasive tumors [32]. 

In this study, we show that tumor-infiltrating NK cells from NSCLC patients expressed the immune checkpoint 
receptor PD-1 on their surface. Moreover, we investigated the expression of other inhibitory and activating receptors on 
PD-1+ and PD-1- NK cell subsets and found that PD-1+ NK cells co-expressed more inhibitory receptors compared to PD-
1- NK cells. We also provide evidence that the dysfunction of intratumoral NK cells correlates with increasing levels of 
PD-1 surface expression. Notably, treatment with PD-1 blocking antibodies was able to reverse PD-L1 mediated 
inhibition of NK cells, highlighting the therapeutic potential of PD-1+ NK cells in immune checkpoint blockade. 
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Material and methods 

Cell lines 
K562 cells and HEK293T cells were cultured in IMDM and DMEM, respectively, and supplemented with 10% heat-
inactivated FBS (PAN Biotech), 100 ng/ml penicillin/streptomycin (Sigma), 2 mM L-Glutamine (Sigma), 1 mM Sodium 
Pyruvate (Sigma) and 1% MEM non-essential amino acids (Sigma). The melanoma cell line NA8-Mel was cultured in 
RPMI-1640 (Sigma) supplemented as described above for IMDM and DMEM. NK92 cells were cultured in αMEM (w/o 
ribo/deoxyribonucleosides, with 2 mM L-glutamine and 1.5 g/l sodium bicarbonate) (Thermo Fisher) supplemented with 
0.2 mM inositol, 0.1 mM 2-mercaptoethanol, 0.02 mM folic acid, 300 U/ml recombinant human IL-2 (Peprotech), 12.5% 
horse serum (Thermo Fisher), 12.5% heat-inactivated FBS and 100 ng/ml penicillin/streptomycin. Cells were confirmed 
to be negative for mycoplasma by PCR as described after every freeze-thaw cycle and then passaged every 2-3 days for 
a maximum of 10 passages [34]. 
 
Cloning of PD-1 and PD-L1 expression vectors 
The human PD-1/PD-L1 open reading frames (ORFs) were amplified by PCR from a pCMV6 human cDNA clone 
(RC210364, Origene) and a pCMV-XL4 human cDNA clone (SC115168, Origene), respectively. The ORFs were 
extended with overlapping ends (both sides) complementary to the pRRL.PPT.SFFV.EGFP.pre expression vector (kindly 
provided by Drs. Baum and Schambach at Hannover Medical School, Germany [35]) together with an XbaI cut site and 
a Kozak sequence element. The amplified fragments were fused into the pRRL.PPT.SFFV.EGFP.pre expression vector 
between the sFFV promotor and the IRES-EGFP fragment using the InFusionHD kit (Clonetech Takara Bio). Both 
plasmids were amplified in Stbl3 E. coli (in-house) and purified using NucleoBond Xtra Midi Plus kits (Machery Nagel). 
Inserts were sequenced by Sanger sequencing (Microsynth AG) to confirm correct integration. Empty IRES-GFP vectors 
were used as controls. 
 
Production of lentivirus 
Low passage HEK293T cells were cultured in DMEM medium and transfected with the packaging plasmid pCMV-
delta8.9, the envelope plasmid VSV-G and either PD-1-GFP, PD-L1-GFP or empty GFP sFFV transfer plasmids, 
respectively, in combination with PEI 25K (Polysciences Inc.) at a ratio of 1:3. After two days, supernatants were 
collected and filtered through a 0.45 µm PES filter. Supernatant containing lentiviral PD-L1 particles were stored at -
80°C until usage. Supernatant containing lentiviral PD-1 particles were concentrated by ultra-centrifugation at 40’000 x 
g for 2 h at 4°C, resuspended in complete αMEM medium and immediately used for transduction. 
 
Generation of PD-1+GFP+-NK92 cell line 
One day prior to transduction, NK92 cells were expanded in fresh complete αMEM medium containing 300 U/ml IL-2. 
The following day, cells were re-stimulated with 100 U/ml IL-2 and 100 ng/ml IL-12 (Peprotech) for 2 h without medium 
exchange. Cells were then collected by centrifugation and resuspended in freshly concentrated supernatant containing 
lentiviral PD-1 particles or the vector control particles. Cells were seeded in 96-well flat bottom plates coated with 5 
µg/cm2 Retronectin (Takara Bio). Afterwards, cells were expanded in complete αMEM medium containing 300 U/ml IL-
2 for 2 weeks. GFP+/PD-1+GFP+ NK92 cells were then sorted by flow cytometry and the pool of sorted cells was used in 
all subsequent experiments. 
 
Generation of PD-L1+ GFP+ K562 and PD-L1+ GFP+NA8-Mel cell lines 
K562 cells were collected by centrifugation and resuspended in supernatant containing either lentiviral particles coding 
for sFFV-PD-L1-IRES-GFP or sFFV-IRES-GFP control as well as 8 µg/ml polybrene. Nine days post transduction, 
several clones of GFP+/PD-L1+GFP+ K562 cells were sorted by flow cytometry. Cell lines from these single cell clones 
were validated for expression of GFP and GFP+PD-L1. NA8-Mel cells were transduced by replacing media with lentiviral 
supernatants and polybrene as described above followed by medium replacement one day after transduction. Seven days 
post transduction, pools of GFP+/PD-L1+GFP+ NA8-Mel cells were sorted and cultured for 1 week. The expression of 
PD-L1 and GFP was validated by flow cytometry. 
 
Isolation of healthy human blood cells and tumor-infiltrating lymphocytes 
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Human peripheral blood mononuclear cells (PBMCs) were isolated by density gradient centrifugation using Histopaque-
1077 (Sigma) from buffy coats obtained from 23 healthy blood donors (HD) (Blood Bank, University Hospital Basel) 
and from 19 NSCLC patients. Fresh tumor tissues were collected from 16 patients with NSCLC undergoing surgery at 
the University Hospital Basel, Switzerland. Detailed HD/patient characteristics are provided in Table 1. Staging was 
based upon the 7th edition of the AJCC/UICC tumor–node–metastasis (TNM) staging system. Tumor lesions were 
mechanically dissociated and digested using accutase (PAA), collagenase IV (Worthington), type V hyaluronidase from 
bovine testes (Sigma), and DNAse type IV (Sigma), directly after excision. Single-cell suspensions were prepared. All 
samples were stored in 10% DMSO/90% FCS in liquid nitrogen until further usage. 
 
Antibodies and flow cytometry 
Cryopreserved tumor digests or PBMCs were thawed, washed, resuspended in PBS, and blocked with human Fc-receptor-
inhibitor (eBioscience). Dead cells were stained with Fixable Viability Dyes (Biolegend or eBioscience). For surface 
staining, cells were washed, resuspended in FACS buffer (PBS supplemented with 2 mM EDTA, 0.1% Na-Azide, 2% 
FCS), and stained with appropriate antibodies for 30 min at 4°C. All antibodies used in this study are listed in 
Supplementary Table S1. For intracellular (cytoplasmic) staining, cells were fixed and permeabilized using IC Fixation 
Buffer and Permeabilization Buffer (eBioscience). For staining of the nuclear proteins, the Fixation/Permeabilization kit 
(eBioscience) was used. After staining, cells were analyzed on a BD LSR Fortessa Cell analyzer (BD Bioscience). Data 
were collected using the BD FACS Diva Software version 7 and further analyzed with FlowJo v10.1.6 (Tree Star Inc.) 
and GraphPad Prism v7.0a (GraphPad Software Inc.). An example gating strategy can be found in Supplementary Fig. 
S1a. All results show integrated fluorescence area on a biexponential scale. 
 
Baseline characterization of NK cells 
Patient samples (PBMCs and TILs) and PBMCs from HDs were comprehensively characterized by multicolor flow 
cytometry. NK cells were identified by gating for live CD45+, CD3-, CD56+, and then divided into subpopulations based 
on the expression of the described markers. 
 
FACS-based cell sorting 
For functional assays, NK cells from PBMCs and TILS were isolated by flow cytometry-based sorting. In brief, cells 
were thawed, washed and stained with appropriate antibodies for 30 min at 4°C. Following incubation, cells were washed, 
resuspended in FACS buffer and filtered. Sorting of cells was performed using a FACSAria III (BD) and the purity of 
sorted populations was routinely tested. 
 
FACS-based NK cell killing assay 
One day prior to the experiment, 20’000 sorted NK cells from TILs or PBMCs were seeded into 96-well U bottom plates 
and cultured in complete RPMI-1640 in the presence or absence of 20 ng/ml IL-15 (Peprotech). The next day, K562 cells 
were stained with Vybrant DiO Dye (Molecular Probes) according to the manufacturer’s instructions for 25 min at 37°C, 
then washed in complete medium. NK cells from HDs/patients and K562 cells were then co-cultured at an E:T ratio of 
2:1 for 6 h at 37° C (duplicates). NK cells cultured without target cells were used as spontaneous cell death control. 
Following incubation, cells were washed and resuspended in FACS buffer. Shortly before sample acquisition Propidium 
Iodide (PI; BD) was added to each sample to stain for dead cells and samples were acquired using a Beckmann Cytoflex 
flow-cytometer. Cells were gated as shown in Supplementary Fig. S4a. Specific NK cell killing was determined by the 
following equation:  

%	𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑙𝑦𝑠𝑖𝑠 = ,
%	𝑃𝐼/(𝑑𝑒𝑎𝑑)	𝑡𝑎𝑟𝑔𝑒𝑡𝑠 −%	𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑃𝐼/	𝑡𝑎𝑟𝑔𝑒𝑡𝑠

100−%	𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑃𝐼/𝑡𝑎𝑟𝑔𝑒𝑡𝑠 = × 100% 

 
Calcein release-based NK cell killing assay 
GFP+/PD-1+GFP+ NK92 cells were cultured as described above. Cells were stimulated with 20 ng/ml IL-15 overnight 
and the next day they were washed in serum-free RPMI-1640 and stained with Calcein-AM Viability Dye (eBioscience) 
for 30 min 37°C. Stained cells were resuspended in assay medium (RPMI-1640 with 10% FBS and 5 mM HEPES) and 
seeded into a 96-well V-bottom plate. Next, 10 µg/ml nivolumab (Opdivo, Bristol-Meyer-Squib) or  IgG4 isotype control 
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(Ultra-LEAF purified, Biolegend) was added to the wells and incubated for 15 min at 37°C. Pre-stimulated GFP+/PD-
1+GFP+ NK92 cells were washed, resuspended in assay medium and added to the wells at an E:T ratio of 2:1. Maximum 
lysis was induced with assay medium containing 2% Triton-X100 (Sigma). Cells were co-cultured for 4 h. Following 
incubation, Calcein was measured from supernatants using a Biotek Plate Reader at 490 nm ex / 520 nm em. Specific NK 
cell killing was determined by the following equation: 

%	𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐	𝑙𝑦𝑠𝑖𝑠 = ?
𝐶𝑎𝑙𝑐𝑒𝑖𝑛	𝑟𝑒𝑙𝑒𝑎𝑠𝑒	𝑠𝑎𝑚𝑝𝑙𝑒𝑠 − 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑟𝑒𝑙𝑒𝑎𝑠𝑒

𝑚𝑎𝑥𝑖𝑚𝑢𝑚	𝑟𝑒𝑙𝑒𝑎𝑠𝑒 − 𝑠𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠	𝑟𝑒𝑙𝑒𝑎𝑠𝑒 C× 100% 

 
NK cell degranulation 
Sorted NK cells from TILs or PBMCs were co-cultured with K562 cells for 6 h at 37°C as described in the FACS-based 
NK cell killing assay. In addition, 20 ng/ml anti-CD107a antibody was added. After 1 h of incubation, degranulation was 
blocked using 1X Monensin (Biolegend) and 1X Brefeldin A (eBioscience). Following incubation, the accumulation of 
IFNγ and TNFα within NK cells was investigated by flow cytometry. Cells were gated as shown in Supplementary Fig. 
S4b. 
 
Cytokine-mediated PD-1 upregulation on peripheral NK cells 
Frozen PBMCs from HDs were thawed, washed, and resuspended in complete RPMI-1640 medium. Cells were seeded 
into 96-well round bottom plates and rested for 2h at 37°C. Afterwards, various combinations of recombinant human IL-
15 (25 ng/µl), IL-18 (20 ng/µl) and IL-12 (25ng/µl) were added to the cells and incubated for 48h at 37°C. PD-1 
upregulation was investigated by flow cytometry (Cytoflex, Beckmann Coulter). 
 
Immune synapse analysis 
Two days prior to the experiment, GFP+/PD-1+GFP+ NK92 cells were cultured at 0.5*10^6 cells/ml in complete αMEM 
medium containing 300 U/ml IL-2. One day prior, GFP+/PD-L1+GFP+ K562 cells were stained with 1 µM Cell Trace 
Violet (Thermo Fisher Scientific) according to the manufacturers’ instructions for 15 min at 37°C. Stained cells were 
resuspended in serum-free RPMI-1640, and incubated with 20 µg/ml of atezolizumab (Tecentriq, Roche) for 15 min at 
37°C. GFP+/PD-1+GFP+ NK92 cells were washed, resuspended in serum-free RPMI-1640, and co-cultured with K562 at 
an E:T of 2:1 at 37°C. After 15 min, cells were immediately fixed for 20 min at RT using 4 % PFA. Cell clusters were 
washed with permeabilization buffer (eBioscience) and subsequently stained with anti-PD-1-AlexaFluor647 antibody 
(clone EH12.1, BD Phosphoflow) for 30 min at RT. Cells were analyzed using an MKII Imagestream Analyzer (EMD 
Milipore). One to one cell ratio clusters were gated as shown in Supplementary Fig. S5a using the IDEAS software 
(EMD Milipore). An interface mask between Cell Trace Violet+/PD-1+ cells (synapse between PD-1+ GFP+ NK92 cells 
and PD-L1+GFP+ K562 target cells) of width 6 was created. Next, an intensity concentration ratio feature for the PD-1 
signal was calculated for this interface and compared to the total PD-1 mask (immune synapse versus total cell). The 
geometric mean of the intensity concentration ratio distribution of one to one cell clusters was used for further analysis. 
 
Statistical analysis 
The statistical analysis and graph preparation were performed using the software package Prism version 8.0 a (GraphPad 
Software, La Jolla, CA). Functional data are representative of at least three experiments. Data were considered statistically 
significant with p values < 0.05. Normality tests were used to choose parametric or non-parametric tests. Data are shown 
as mean ± standard deviation with symbols representing individual patients or donors where applicable. The individually 
applied statistical tests are described in the figure legends of each figure. For Fig. 2 Boolean-gating was performed to 
identify differences in the expression of activating and inhibitory receptors as well as transcription factors on PD-1+ and 
PD-1-intratumoral NK cells from NSCLC TILs. The obtained differences were statistically analyzed using a 2-Way 
ANOVA with Sidak’s multiple comparison test. Patients were paired (“Subjects”) and the variance was analyzed for two 
factors (1) “Co-Expression” (in categories 0, 1, 2, 3 and 4 other receptors) and (2) cell type (”PD-1+ NK” and “PD-1- 
NK”). 
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Results 

NK cells of NSCLC patients express the immune checkpoint PD-1 
We previously showed that a variant of a killer immunoglobulin receptor expressed on NK cells may mediate resistance 
to PD-1 blockade in NSCLC [27]. Here, we aimed to obtain a broader overview of the expression of activating and 
inhibitory receptors including immune checkpoints PD-1, TIM-3, TIGIT on NK cells from NSCLC patients. We 
characterized NK cells from PBMCs and tumors of 16 patients by flow cytometry for the expression of PD-1, TIM-3, 
TIGIT, as well as NK cell inhibitory/activating receptors KIR3DL1, KIR2DL3, CD16, NKG2D, NKp30, NKp46, and 
transcription factors TBET and EOMES (Supplementary Fig. S1). PBMCs from healthy donors (HD) served as controls 
(Table 1). Detection of these proteins was not affected by cryopreservation (Supplementary Fig. S2a-b). There was a 
minor reduction in staining intensities by the enzymatic digestion used for tumor samples. However, this did not interfere 
with identification of positive and negative cells (Supplementary Fig. S2a).   NK cells comprised 0.56 ± 0.58 % (mean 
± standard deviation, range 0.31 – 4.16 %) of all CD45+ lymphocytes in the tumor (Fig. 1a). Cell surface PD-1 expression 
was observed on 11.2 ± 6 % (1.59 – 21.4 %) of intratumoral NK cells. In contrast, only 2.5 ± 2.5 % (0.39 – 7.8 %) of NK 
cells in PBMCs from NSCLC patients expressed PD-1, while PD-1 was absent on NK cells from HDs (Fig. 1b and c). 
PD-1 expression on NK cells also did not correlate with PD-1 expression on CD8 T cells (Supplementary Fig. S3a). 
The expression of TIM-3 was similar on NK cells in NSCLC TILs compared to NSCLC PBMCs (Fig. 1c), while fewer 
intratumoral NK cells expressed TIGIT compared to peripheral blood NK cells of NSCLC patients. NK cells from 
patients’ PBMCs expressed higher levels of KIR3DL1 compared to both intratumoral NK cells and healthy donor NK 
cells, while higher levels of KIR2DL3 were observed on intratumoral NK cells only (Fig. 1c). We detected significantly 
lower expression of the activating receptor CD16 on intratumoral NK cells (Fig. 1d), while the expression of NKG2D 
and NKp30 was similar on intratumoral NK cells compared to peripheral NK cells from NSCLC patients. The expression 
of NKp46 was lower in peripheral NK cells from patients compared to both intratumoral and healthy donor NK cells. The 
transcription factor TBET was significantly reduced in intratumoral NK cells compared to peripheral NK cells of NSCLC 
patients, whereas EOMES was unchanged (Fig. 1e). It should be mentioned that healthy donors were significantly 
younger than patients in the NSCLC PBMCs and TIL cohorts (Supplementary Fig. S3b). Nevertheless, we observed no 
correlation between the expression of PD-1 on NK cells with age in healthy donors or NSCLC TILs. Only a weak negative 
correlation with age in NSCLC PBMCs was observed (Supplementary Fig. S3c), while there was no correlation between 
age and any of the other measured proteins (Supplementary Fig. S3c-m). 
 
PD-1+ NK cells co-express more inhibitory receptors than PD-1- NK cells in NSCLC patients 
PD-1 expressed on NK cells could be a direct target of therapeutic PD-1 blocking antibodies which supports a potential 
role for NK cells in immunotherapy. We hypothesized that the expression of PD-1 on NK cells may correlate with the 
expression pattern of other receptors and therefore influence functionality as observed with tumor-infiltrating T cells in 
NCSLC [36]. Therefore, we investigated the co-expression of TIM-3, TIGIT, KIR3DL1, KIR2DL3, the activating 
receptors CD16, NKG2D, and NKp30as well as the transcription factors TBET and EOMES on intratumoral PD-1+ or 
PD-1- NK cell subsets. As seen in Fig. 2a, PD-1+ NK cells more frequently co-expressed other inhibitory receptors (TIM-
3, TIGIT, KIR2DL3 and KIR3DL1) compared to PD-1- NK cells (p = 0.018 for interaction between cell-type and co-
expression, Supplementary Table S2). NK cells that co-expressed none of the four inhibitory receptors (“+ 0 Co-
Expression”, light shading) show a trend towards being more frequent in the PD-1- NK cell subset (p = 0.1, 
Supplementary Table S2 and S3). Notably, the co-expression of activating receptors (Fig. 2b and Supplementary 
Table S2 and S4) and of the two transcription factors (Supplementary Fig. S3n) did not differ significantly between 
PD-1+ and PD-1- NK cells.  
 
Tumor-infiltrating NK cells display impaired functionality compared to NK cells from healthy donors 
We next explored how the difference in the receptor repertoire between tumor-infiltrating and peripheral NK cells impacts 
NK cell functionality. We noted a trend for lower cytotoxic activity of intratumoral NK cells (p = 0.12) against the MHC-
I deficient tumor cell line K562 compared to peripheral patient NK cells (Fig. 3a). In addition, degranulation measured 
by CD107a accumulation on the cell surface upon co-culture with K562 cells was decreased on intratumoral NK cells 
from NSCLC patients compared to peripheral NK cells from healthy donors (Fig. 3b). Notably, also the degranulation 
capacity did not correlate with the age of the patients and donors (Supplementary Fig. S4c). Similarly, intratumoral NK 
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cells produced less IFN-γ (Fig. 3b, Supplementary Fig. S4d). We detected no significant difference in TNF-α production 
(Fig. 3b). Notably, polyfunctionality, defined as the combined capacity for cytotoxicity, IFN-γ, and TNF-α release, was 
reduced in intratumoral NK cells (Fig. 3c, Supplementary Fig. S4e) and correlated with PD-1 expression (Fig. 3d). In 
the absence of PD-L1 on K562 target cells, no functional difference between intratumoral PD-1+ and PD-1- NK cells 
could be detected (Supplementary Fig. S4f).  
 
PD-1 blockade can rescue PD-L1-mediated inhibition of PD-1+ NK cells 
To assess whether PD-1+ NK cells can be inhibited by PD-L1 on tumor cells, we established an NK92 cell line model 
with overexpression of PD-1. In addition, we generated PD-L1-IRES-GFP or GFP-only overexpressing tumor cell lines 
from MHC-I deficient K562 cells and MHC-I proficient NA8-Mel cells (Fig. 4a, hereafter called K562-PD-L1/GFP cells 
or NA8-Mel-PD-L1/GFP cells, respectively). When NK92-PD-1 cells were exposed to PD-L1 overexpressing K562 and 
NA8-Mel, the cytotoxic capacity was profoundly decreased (Fig. 4b). This effect could be relieved with increasing 
concentrations of nivolumab (Fig. 4b). We observed no difference in cytotoxicity between NK92-PD-1 and NK92-GFP 
cells against K562-GFP cells, while cytotoxicity was slightly decreased against NA8-Mel-GFP cells, which was 
antagonized by nivolumab treatment. This is likely explained by the endogenous expression of PD-L1 on NA8-Mel cells 
(Fig. 4a and b).  

To study how PD-1 on NK cells interacts with PD-L1 on tumor cells, we next analyzed the clustering of PD-1 
at the NK92 cell/tumor cell immunological synapse. Doublets of single NK92 and K562 cells were readily identified by 
imaging flow cytometry (Supplementary Fig. S5). The clustering of PD-1 at the cell-cell interface increased when NK92-
PD-1 cells were co-cultured with K562-PD-L1 cells compared to K562-GFP cells. Moreover, the clustering of PD-1 was 
abrogated when the PD-L1 blocking antibody atezolizumab was present during the co-culture Fig. 4c and d). 

To investigate the reinvigoration of freshly obtained PD-1+ NK cells after PD-(L)1 blockade, we exposed NK 
cells from healthy donors to cytokines previously associated with PD-1 upregulation [37,38]. Of note, the combination 
of IL-15 and IL-12 led to a robust PD-1 upregulation on NK cells (Fig. 4e). Whereas IL-15 only led to a minimal change 
in PD-1 expression, treatment with IL-18 had no effect on PD-1 expression. Upon co-incubation with PD-L1+ tumor cells, 
atezolizumab specifically enhanced the degranulation of ex vivo generated PD-1+ NK cells (Fig. 4f). This data further 
indicates that PD-1/PD-L1-targeting immunotherapies can target and impact the functionality of primary human PD-1+ 
NK cells.  
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Discussion 

NK cells are key mediators of anti-tumor immunity and express a variety of activating and inhibitory receptors, 
which are critical for their effector functions [39]. Although NK cell infiltration in NSCLC has been investigated [23], 
little is known about the expression of immune checkpoint receptors on intratumoral NK cells. In this study, we found 
that a significant fraction of NK cells infiltrated in NSCLC expressed PD-1 and co-expressed other inhibitory receptors 
such as TIM-3 or TIGIT. In addition, we provide evidence that PD-L1 mediated inhibition of PD-1+ NK cells can be 
reversed by clinically used PD-1/PD-L1 blocking antibodies.  

PD-1+ NK cells were previously identified in patients with multiple myeloma [40], lymphoproliferative disorders 
[41], renal cell carcinoma [42], Kaposi sarcoma [43], digestive cancers [37], and in pleural effusions of ovarian cancer 
patients [29]. In contrast to a recent work that identifies a rare subset of peripheral PD-1 expressing NK cells in healthy 
individuals [29], we were only able to detect some expression of PD-1 in circulating NK cells from NSCLC patients. In 
contrast, though with substantial inter-patient variability, up to 21% of intratumoral NK cells of NSCLC patients 
expressed PD-1, which is comparable to findings in other cancer types [29,37,42]. Interestingly, PD-1 expression on NK 
cells and CD8 T cells appears to be independently regulated in the tumor as the expression of PD-1 on both subsets did 
not correlate. Furthermore, we observed increased expression of TIM-3 both in peripheral and intratumoral NK cells of 
NSCLC patients. TIM-3+ NK cells were previously identified in the peripheral blood of advanced melanoma patients and 
TIM-3 blockade was reported to rescue dysfunctional NK cells [28]. 

NK cells are known to stochastically vary the expression of activating and inhibitory receptors. The integration 
of negative and positive stimuli together with cell-intrinsic fine-tuning determines whether NK cells are activated and 
mediate their effector functions [39]. The observation that PD-1+ NK cells more frequently expressed other inhibitor 
receptors may have implications for their response when exposed to tumor cells expressing inhibitory ligands. The 
increase of certain KIRs such as KIR2DL3 on intratumoral NK cells is particularly interesting as KIR-targeting agents 
such as lirilumab (KIR2DL1/2/3 targeting mAb) are tested in multiple clinical trials for different cancer types, often 
together with PD-(L)1 inhibitors [44]. In agreement with observations in patients with Kaposi sarcoma [43], we found 
substantial expression of the investigated activating receptors CD16, NKG2D and NKp30 on PD-1+ and PD-1- NK cell 
subsets. Therefore, we believe that these findings further support the clinical development of novel NK cell engagers 
which have demonstrated activation of NK cells when co-targeting activating NK cell receptors [45].  

The mechanisms which drive the upregulation of PD-1 on NK cells in cancer patients are unclear. PD-1 
expression correlated with human cytomegalovirus seropositivity, which suggests a link between PD-1 upregulation and 
NK cell-mediated anti-viral activity [29]. In agreement with previous work [37,38], combined treatment with IL-15 and 
IL-12 caused a significant upregulation of PD-1 on human NK cells. The synergistic effect of these cytokines is intriguing 
because IL-12 is typically produced by dendritic cells and was recently found to be essential for a successful response to 
PD-1 blocking agents [46]. We speculate that PD-1+ NK cells may be involved in interactions between NK cells and 
stimulatory DCs in the tumor microenvironment as recently observed for human cancer, particularly for patients 
responding to immunotherapy [47].  

NK cell hyporesponsiveness has previously been described for a fraction of NK cells that did not express ligands 
for MHC-I molecules or in humans that lack MHC-I presentation [48,49]. We found that NK cells from NSCLC patients 
were mostly limited in their degranulation capacity and polyfunctionality, whereas cytokine secretion and cytotoxicity 
were less affected. Moreover, our findings indicate that the expression of PD-1 on NK cells might correlate with NK 
hyporesponsiveness. However, in the absence of PD-L1 expression on target cells, we detected no functional differences 
between PD-1+ or PD-1- NK cells in response to MHC-I deficient K562 cells. Interestingly, in a recent study, PD-1+ NK 
cells in murine tumor models were even more functional than PD-1- NK cells in the absence of PD-L1 [50]. Our 
experiments showed that PD-L1 expressing tumor cells substantially inhibited cytotoxic killing by PD-1+ NK cells. This 
inhibition could be reversed by a PD-L1 blocking antibody. We additionally observed PD-1 clustering at the NK-tumor 
cell-cell interface, which indicates that modulation of the activating and inhibitory signals at the immunological synapse 
is likely involved in PD-1 signaling in NK cells. 

Our findings highlight the importance of PD-1 expression on NK cells and show that PD-1 blockade in patients 
may directly result in NK cell re-activation. In agreement with our data, Hsu and colleagues recently showed that PD-1+ 
NK cells in murine tumor models are necessary to mediate the full therapeutic benefit of PD-1 blocking antibodies [50]. 
Intriguingly, we recently reported on the KIR3DS1 gene variant, which is expressed mainly in NK cells and correlates 
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with resistance to PD-1 blockade in NSCLC patients [27]. Laugney et al revealed that lung cancers of different lineages 
display variable susceptibility towards NK cell-mediated immune surveillance [51]. Our findings highlight the need to 
better understand the contribution of PD-1+ NK cells to cancer immunotherapy responses. A limitation of our study is 
that the functional assays were performed either in a model system or with healthy donor human NK cells due to the low 
abundance of NK cells in patient tumors. Further investigations should aim at analyzing intratumoral NK cells from 
patients undergoing immunotherapy and increasing the resolution to a single-cell level. These investigations will shed 
further light on the exact role of PD-1+ NK cells upon immune checkpoint blockade with PD-1/PD-L1 targeting agents. 
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Figure and Figure legends 

 

Fig. 1: Characterization of NK cell infiltration and immune checkpoint expression in NSCLC patients. (a) 
Frequency of NK cells in HD PBMCs, NSCLC PBMCs and NSCLC TILs relative to CD45+ cells. (b) Contour plot for 
PD-1 flow cytometry staining from one representative HD PBMC, NSCLC PBMC, and NSCLC TIL sample. (c) 
Expression of inhibitory receptors, (d) Expression of activating receptors and (e) Expression of transcription factors by 
NK cells from HD PBMCs, NSCLC PBMCs and NSCLC TILs measured by flow cytometry. One-Way ANOVA with 
Tukey’s multiple comparison test was performed on all data.  p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 
 

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

200

400

600

800

ge
om

et
ric

 M
FI

TIM-3

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100

120

%
 p

os
iti

ve
 c

el
ls

CD16

ns

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100
%

 p
os

iti
ve

 c
el

ls
TIGIT

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

5

10

15

20

25

%
 p

os
iti

ve
 c

el
ls

PD-1

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100

120

%
 p

os
iti

ve
 c

el
ls

EOMES

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

%
 p

os
iti

ve
 c

el
ls

KIR3DL1

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100

120

%
 p

os
iti

ve
 c

el
ls

KIR2DL3

***ns ****

a

d

c

e

********
****ns ***

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100

120

%
 p

os
iti

ve
 c

el
ls

TBET

*ns ****
ns ns *

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

100

200

300

400

ge
om

et
ric

 M
FI

NKp30

ns

b HD PBMCs (HD73) NSCLC PBMCs (BS-674) NSCLC TILs (BS-626)

PD-1+

17.1 %

PD-1-

77.2 %

PD-1+

2.4 %
PD-1+

0.67 %

CD56dim

PD
-1

****
ns ****

ns
****

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

20

40

60

80

100

%
 p

os
iti

ve
 c

el
ls

NKp46
ns

*****

*ns *

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0

200

400

600

800

ge
om

et
ric

 M
FI

NKG2D

nsns
***

HD P
BMCs

NSCLC
 P

BMCs

NSCLC
 TILs

0.0
0.5
1.0
1.5
2.0

5

10

15

20

%
 C

D
3-

C
D

56
+

of
 C

D
45

+ 
ly

m
ph

oc
yt

es



 
 
 

	 13	

 
Fig. 2: Co-expression of inhibitory and activating receptors in PD-1+/PD-1- NK cell subpopulations in NSCLC 
patients. Co-expression of inhibitory (a) and activating (b) receptors in PD-1+/PD-1- NK cell subpopulations in NSCLC 
TILs. The number of receptors co-expressed on either population is indicated by color opacity within the pie chart. The 
individual subpopulations described in Supplementary Tables S3 and S4 are delimited by grey lines. Statistics are 
described in Supplementary Table S2. 
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Fig. 3: Cytotoxicity, degranulation and cytokine production by NK cells in response to K562 cells. (a) Cytotoxicity 
analyzed using a flow cytometry-based killing assay with sorted NK cells from HD PBMCs, NSCLC PBMCs and NSCLC 
TILs co-cultured with K562 wildtype cells for 4 h at an E:T ratio of 1:2. (b) Sorted NK cells from HD PBMCs, NSCLC 
PBMCs and NSCLC TILs co-cultured with K562 wildtype cells for 6 h at an E:T ratio of 2:1. NK cell degranulation 
(CD107a exposure), secretion of IFN-γ and TNF-α was measured by flow cytometry. (c) Polyfunctionality (CD107a+ 
IFN-γ+ and TNF-α+ NK cells) from the same data as in B. (d) Polyfunctionality of NK cells correlated with cell-surface 
expression of PD-1 on CD56+ NK cells. Linear correlation was performed on logarithmically transformed data. A 
normality test (Anderson-Darling test) was performed on the data in graphs (a) and (b). For data that passed the test 
(cytotoxicity, CD107a and TNF-α) an unpaired 1-way ANOVAs with Tukey’s multiple comparison test was performed. 
When the normality test failed (p < 0.05) a non-parametric Kruskal-Wallis test was performed with Dunn’s multiple 
comparison correction (IFN-γ+, polyfunctionality). * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 
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Fig. 4: PD-1 blockade restores NK cell functionality. (a) Histogram of PD-1 and PD-L1 measured by antibody-based 
staining and flow cytometry. Left panel: PD-1 on NK92 cells transduced with a lentiviral vector encoding for PD-1 GFP 
or GFP alone. Middle and right panel: PD-L1 expression of the different K562 and NA8-Mel cell lines transduced with 
PD-L1 GFP or GFP lentiviral vectors. (b) Effects of nivolumab on specific target cell lysis measured by Calcein-AM 
release after 2 h of coculture of NK92-PD-1/GFP effector cells with K562 (left) or NA8-Mel (right) target cells expressing 
either PD-L1 GFP or GFP only. Paired 2-way ANOVA with Tukey’s multiple comparison test. (c) PD-1 clustering 
measured by ImageStream at the cell-cell synapse between NK92-PD-1 cells and K562-PD-L1/GFP cells. Quantified 
geometric mean of the intensity concentration ratio between the cell-cell interface and the total cell area (see methods for 
details). 2-way ANOVA with Tukey’s multiple comparison test. (d) Representative images from the ImageStream 
analysis quantified in (c) showing NK92-K562 interactions with a high intensity concentration ratio (top panel, PD-1 
clustered at synapse) or low ratio (bottom, no clustering). (e) Upregulation of PD-1 on peripheral NK cells from healthy 
donors after in vitro stimulation with the indicated combinations of recombinant human IL-15 (25 ng/µl), IL-18 (20 ng/µl) 
and IL-12 (25ng/µl). Unpaired 1-way ANOVAs with Tukey’s multiple comparison test (f) Change in degranulation 
between atezolizumab (20 µg/ml) and untreated PD-1+ and PD-1- NK cells pre-cultured for 2 days with recombinant 
human IL-15 (25 ng/µl) and IL-12 (25 ng/µl), which were then co-cultured with NA8-Mel-PD-L1/GFP. Paired 2-way 
ANOVA with Tukey’s multiple comparison test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 

 

Table 1: Cohort of healthy donors and NSCLC patients. 

  

Table 1: Cohort of healthy donors and NSCLC patients

Healthy Donors 
PBMCs

NSCLC 
PBMCs

NSCLC TILs

Characteristic N=23 N=19 N=16
Age, median years 
(range)

48 (19-72) 67.6 (42-80) 68.2 (54-83)

Sex
-male (%)
-female (%)

12 (52.2%)
11 (47.8%)

11 (58%)
8 (42%)

9 (56%)
7 (44%)

Stage
-I (%)
-II (%)
-III (%)
-IV (%)

NA
8 (42.1%)
6 (31.6%)
4 (21%)
1 (5.3%)

4 (25%)
7 (43.8%)
4 (25%)
1 (6.3%)
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Supplementary Fig. S1: (a) Gating strategy to define CD56+ NK cells in PBMCs (HD/NSCLC) and TILs (NSCLC). 

Cells were analyzed on a LSR-20 Fortessa (BD) and analyzed using FlowJo. First lymphocytes were gated based on SSC-

A and FSC-A. Then single cells were discriminated from doublets by FSC-A vs FSC-H. Live cells were selected based 
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Supplementary Fig. S1: (a) Gating strategy to define CD56+ NK cells in PBMCs (HD/NSCLC) and TILs (NSCLC). Cells were

analyzed on a LSR-20 Fortessa (BD) and analyzed using FlowJo. First lymphocytes were gated based on SSC-A and FSC-A.

Then single cells were discriminated from doublets by FSC-A vs FSC-H. Live cells were selected based on the absence of

Zombie UV dye. Further, NK cells were gated by CD45+ CD3-, then CD56+ signal (but not CD56 high to exclude immature NK

cells). The gating is shown for PBMCs (top) and TILs (bottom). (b) Fluorescence minus one (FMO) controls for baseline

characterization, activation receptors and inhibitory receptors. The fluorescence signal for each cell of the antibody-based

staining is shown for each marker investigated. (c) same as in (b) but FMO controls for second panel of the data presented in

Figure 1.
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on the absence of Zombie UV dye. Further, NK cells were gated by CD45+ CD3-, then CD56+ signal (but not CD56 high 

to exclude immature NK cells). The gating is shown for PBMCs (top) and TILs (bottom). (b) Fluorescence minus one 

(FMO) controls for baseline characterization, activation receptors and inhibitory receptors. The fluorescence signal for 

each cell of the antibody-based staining is shown for each marker investigated. (c) same as in (b) but FMO controls for 

second panel of the data presented in Figure 1. 

 

 

Supplementary Fig. S2: (a) Flow cytometry histograms of antibody-based staining of NK cells from the same NSCLC 
PBMCs with different isolation procedures. The three categories are shown in staggered histograms with the x-axis 
describing the different proteins analyzed and the used fluorophore. We compared freshly isolated PBMCs from lung 
cancer patients (blood drawn on the same day) and the same PBMCs after one freeze-thaw cycle (in 10% DMSO, 90% 
FCS at -1°C per minute, then stored for 1 day in -80°C, then thawed at 37°C). Additionally, we compared whether the 
digestion mix that was used only on the tumor tissue has an effect on the detection of the investigated surface markers 
(1h at 37°C, ingredients as described in our methods section). Cells were stained with antibodies after the appropriate 
isolation, then fixed and analyzed on an LSR-20 Fortessa all on the same day. (b) Quantification of  protein measurements 
by antibody staining and flow cytometry on the same NSCLC PBMCs processed with different isolation and storage. 
Cells were processed as described above. The geometric mean fluorescence intensity of NK cells (CD3- CD56+) for 
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Supplementary Fig. S2: (a) Flow cytometry histograms of antibody-based staining of NK cells from the same NSCLC PBMCs

with different isolation procedures. The three categories are shown in staggered histograms with the x-axis describing the

different proteins analyzed and the used fluorophore. We compared freshly isolated PBMCs from lung cancer patients (blood

drawn on the same day) and the same PBMCs after one freeze-thaw cycle (in 10% DMSO, 90% FCS at -1°C per minute, then

stored for 1 day in -80°C, then thawed at 37°C). Additionally, we compared whether the digestion mix that was used only on

the tumor tissue has an effect on the detection of the investigated surface markers (1h at 37°C, ingredients as described in our

methods section). Cells were stained with antibodies after the appropriate isolation, then fixed and analyzed on an LSR-20

Fortessa all on the same day. (b) Quantification of protein measurements by antibody staining and flow cytometry on the

same NSCLC PBMCs processed with different isolation and storage. Cells were processed as described above. The

geometric mean fluorescence intensity of NK cells (CD3- CD56+) for different protein stains is shown on a logarithmic scale.

The experiment was performed twice with different NSCLC patients on different days (indicated by the two dots per condition).
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different protein stains is shown on a logarithmic scale. The experiment was performed twice with different NSCLC 
patients on different days (indicated by the two dots per condition).  

 

 

Supplementary Fig. S3: (a) Correlation of PD-1 expression on intratumoral CD8 T cells on y-axis and PD-1 Expression 
on intratumoral NK cells on x-axis. A Pearson correlation analysis was performed and R2 and the p-value are indicated. 
(b) Age of patients and healthy donors shown as a dotplot. The mean is indicated with a black line. Statistics were 
performed using 1-Way ANOVA and Tukey’s multiple comparison test. 
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Supplementary Fig. S3: (a) Correlation of PD-1 expression on intratumoral CD8 T cells on y-axis and PD-1 Expression on

intratumoral NK cells on x-axis. A Pearson correlation analysis was performed and R2 and the p-value are indicated. (b) Age of

patients and healthy donors shown as a dotplot. The mean is indicated with a black line. Statistics were performed using 1-

Way ANOVA and Tukey’s multiple comparison test.

(c-m) Expression of PD-1, KIR2DL3, TIGIT, KIR3DL1, KIR2DL3, CD16, NKG2D, NKp30, NKp46, EOMES and TBET

measured by antibody staining and flow cytometry shown on the y-axis, plotted against age of patient/donor on the x-axis. A

Pearson correlation was performed on each subgroup (HD PBMCs, NSCLC PBMCs or NSCLC TILs). The p-value is shown

next to the category if it was <=0.05 (n) Co-expression of transcription factors EOMES and TBET determined by antibody

staining and flow cytometry in PD-1+ (left) and PD-1- (right) NK cell subsets from NSCLC TILs. Pieces of the pie indicate

different categories of co-expression shown with different color transparencies.
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(c-m) Expression of PD-1, KIR2DL3, TIGIT, KIR3DL1, KIR2DL3, CD16, NKG2D, NKp30, NKp46, EOMES and 
TBET measured by antibody staining and flow cytometry shown on the y-axis, plotted against age of patient/donor on 
the x-axis. A Pearson correlation was performed on each subgroup (HD PBMCs, NSCLC PBMCs or NSCLC TILs). The 
p-value is shown next to the category if it was <=0.05 (n) Co-expression of transcription factors EOMES and TBET 
determined by antibody staining and flow cytometry in PD-1+ (left) and PD-1- (right) NK cell subsets from NSCLC TILs. 
Pieces of the pie indicate different categories of co-expression shown with different color transparencies. 
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Supplementary Fig. S4: (a) Gating strategy applied for FACS-based killing assay. Cell events are gated by FSC-SSC, 
then single cells based on FSC-H and FSC-W and SSC-H, SSC-A. These events are gated for positivity of the K562 
DioDye signal and then for dead cells based on DAPI positivity. (b) Gating strategy applied for degranulation assay. Cell 
events are gated by FSC-SSC, then single cells based on FSC-H and FSC-W and SSC-H, SSC-W.  Then live NK cells 
are selected by negativity for Zombie UV dye, then CD45+ CD3- (cells were sorted based on CD56 the day before, thus 
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Supplementary Fig. S4: (a) Gating strategy applied for FACS-based killing assay. Cell events are gated by FSC-SSC, then single cells based

on FSC-H and FSC-W and SSC-H, SSC-A. These events are gated for positivity of the K562 DioDye signal and then for dead cells based on

DAPI positivity. (b) Gating strategy applied for degranulation assay. Cell events are gated by FSC-SSC, then single cells based on FSC-H and

FSC-W and SSC-H, SSC-W. Then live NK cells are selected by negativity for Zombie UV dye, then CD45+ CD3- (cells were sorted based on

CD56 the day before, thus could not be used again). Within NK cells, their signal for TNF-! and IFN-" was measured. (c) Correlation of
degranulation capactiy with the age of donors and patients. (d) Sorted NK cells from HD PBMCs, NSCLC PBMCs and NSCLC TILs were

stimulated over night with IL-15 (data without IL-15 prestimulation is shown in Figure 3b-c) and co-cultured with K562 wt cells for 6h at an E:T

ratio of 2:1. NK cell degranulation (CD107a), secretion of IFN-γ and TNF-α was assed by FACS as described above. (e) Polyfunctionality of NK

cells stimulated with IL-15 over night defined as CD107a+ (degranulation), TNF-!+ and IFN-"+. (f) Same data as in b gated on PD-1+ and PD-
1- NK cells for the three NSCLC tumor samples, in which more than 100 evens were recorded for PD-1+ NK cells. Statistics in all graphs are

unpaired 1-way ANOVAs with Tukey’s multiple comparison test.
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could not be used again). Within NK cells, their signal for TNF-𝛼 and IFN-𝛾 was measured. (c) Correlation of 
degranulation capactiy with the age of donors and patients. (d) Sorted NK cells from HD PBMCs, NSCLC PBMCs and 
NSCLC TILs were stimulated over night with IL-15 (data without IL-15 prestimulation is shown in Figure 3b-c) and co-
cultured with K562 wt cells for 6h at an E:T ratio of 2:1. NK cell degranulation (CD107a), secretion of IFN-γ and TNF-
α was assed by FACS as described above. (e) Polyfunctionality of NK cells stimulated with IL-15 over night defined as 
CD107a+ (degranulation), TNF-𝛼+ and IFN-𝛾+. (f) Same data as in b gated on PD-1+ and PD-1- NK cells for the three 
NSCLC tumor samples, in which more than 100 evens were recorded for PD-1+ NK cells. Statistics in all graphs are 
unpaired 1-way ANOVAs with Tukey’s multiple comparison test.  

 

 

 

Supplementary Fig. S5: (a) PD1/PD-L1 clustering at immunological synapse – gating strategy. The software IMARIS 
was used to analyze the Imagestream II data shown in Figure 4c-d. First multiples (multiple cells) were gated by a low 
aspect ratio of < 0.7 and a diameter between 22-45. Within these multiples, events with the presence of both cells (Channel 
07 for Cell Trace Violet and Channel 11 foranti-PD-1-AlexaFluor 647) were selected. Further only events with one K562 
and one NK92 cell were selected in two consecutive gates on Aspect Ratio and Area of these two channels (excluding 
events with multiple K562 for example). Finally, The intensity concentration ratio between the PD-1 signal within the 
cell-cell-interface mask and the total NK92 cell mask is shown as a histogram. 
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Supplementary Fig. S5: (a) PD1/PD-L1 clustering at immunological synapse – gating strategy. The software IMARIS was used to analyze 

the Imagestream II data shown in Figure 4c-d. First multiples (multiple cells) were gated by a low aspect ratio of < 0.7 and a diameter 

between 22-45. Within these multiples, events with the presence of both cells (Channel 07 for Cell Trace Violet and Channel 11 foranti-PD-1-

AlexaFluor 647) were selected. Further only events with one K562 and one NK92 cell were selected in two consecutive gates on Aspect 

Ratio and Area of these two channels (excluding events with multiple K562 for example). Finally, The intensity concentration ratio between 

the PD-1 signal within the cell-cell-interface mask and the total NK92 cell mask is shown as a histogram.

all events multiplets double positive one K562 only

one NK-92 only



 
 
 

	 26	

 

Source Antibody Clone
BD Biosciences Anti-CD3-PE-CF594 UCHT1
BD Biosciences anti-CD45-APC-H7 2D1
BD Biosciences anti NKG2D-BV605 1D11
BD Biosciences anti-PD-1-PE-Cy7 EH12.1
BD Biosciences anti-PD-1-AlexaFluor647 EH12.1
BD Biosciences anti-IFNgamma-BV421 4S.B3
BD Biosciences anti-CD107a-PE H4A3
BD Biosciences anti-CD4-BV711 SK3
BD Biosciences anti-CD56-BV786 5.1H11
Biolegend anti-KIR2DL3-APC DX279
Biolegend anti-KIR3DL1-Alexa700 DX9
Biolegend anti-NKp46-BV421 9E2
Biolegend anti-TIM3-BV605 F38-2E2
Biolegend anti-TIM3-BV421 F38-2E2
Biolegend anti-Tbet-BV421 4B10
Biolegend anti-CD19-PerCP-eFluor710 SJ25C1
Biolegend anti-CD14-PerCP-eFluor710 61D3
Biolegend anti-CD3-FITC HIT3a
Biolegend anti-CD8-BV605 RPA-T8
eBioscience anti-CD16-FITC eBioCB16
eBioscience anti-TIGIT-PE MBSA43
eBioscience anti-TNFalpha-APC Mab11
eBioscience anti-EOMES-eFluor660 WD1928
eBioscience anti-CD274-APC (PD-L1) MIH1
eBioscience anti-CD11c-PerCP-Cy5.5 3.9
eBioscience anti-CD3-PE SK7
Miltenyi Biotech anti-CD8-FITC SK1
Miltenyi Biotech anti-CD56-APC AF12-7H3

Supplementary Table S1
List of antibodies used throughout this publication. All antibodies are monoclonal mouse antibodies.

Supplementary Table S2
A paired 2-Way ANOVA with Sidak’s correction for multiple comparison was performed on the co-expression analysis displayed in Figure 2 
using Graphpad Prism. Top half shows the results for the inhibitory receptors and the bottom part for activating receptors. Patients were 
paired (“Subjects”) and variance analyzed for the two dimensions co-expression categories (e.g. 0, 1, 2, etc.) and cell type (”PD-1+ NK” 
and “PD-1- NK”). A significant ”Subject” term shows that pairing was effective. The significant “Co-Expression” term indicates that, for 
example, there are significantly more cells that co-express zero compared to four inhibitory receptors. The interaction term “Co-Expression 
x Cell Type” shows that there is a significant difference in co-expression of other inhibitory receptors in PD-1+ versus PD-1- NK cells.

Inhibitory Receptors
Source of Variation % of total variation P value Summary
CoExpression x Cell Type 6.102 0.0188 *
CoExpression 69.4 <0.0001 ****
Cell Type 3.035E-08 0.9998 ns
Subject 18.96 0.0114 *

Sidak's multiple comparisons 
test

PD1+ NK cells - PD1- NK cells Mean Diff.
95.00% CI of 
diff. Adjusted P Value

0 Co-Expressed -12.09 -25.83 to 1.659 0.0999
1 Co-Expressed -6.943 -20.69 to 6.801 0.5785
2 Co-Expressed 8.45 -5.294 to 22.19 0.3798
3 Co-Expressed 9.778 -3.966 to 23.52 0.243
4 Co-Expressed 0.7975 -12.95 to 14.54 >0.9999

Activating Receptors
Source of Variation % of total variation P value Summary
Co-Expression x Cell Type 0.5868 0.1915 ns
Co-Expression 86.11 <0.0001 ****
Cell Type 4.268E-07 0.9984 ns
Subject 12.03 0.0002 ***

Sidak's multiple comparisons 
test

PD1+ NK cells - PD1- NK cells Mean Diff.
95.00% CI of 
diff. Adjusted P Value

0 Co-Expressed -5.198 -13.93 to 3.530 0.3646
1 Co-Expressed 0.3205 -8.407 to 9.048 >0.9999
2 Co-Expressed 4.728 -4.000 to 13.46 0.4508
3 Co-Expressed 0.1608 -8.567 to 8.889 >0.9999
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Supplementary Table S3
Average co-expression of inhibitor receptors on intratumoral PD-1+ versus PD-1- NK cells (n = 4). 
For each possible subset the percentage of NK cells within the PD-1+ and PD-1- population is 
shown. Co-Expression of none of the four inhibitory receptors is highlighted in bold letters.

Supplementary Table S4
Average co-expression of activating receptors on intratumoral PD-1+ versus PD-1- NK cells (n = 4). 
For each possible subset the percentage of NK cells within the PD-1+ and PD-1- population is shown. 

Subset PD-1+ NK cells PD-1- NK cells
KIR2DL3+KIR3DL1+TIGIT+TIM-3+ 0.90% 0.10%
KIR2DL3+KIR3DL1+TIGIT+TIM-3- 2.15% 0.65%
KIR2DL3+KIR3DL1+TIGIT-TIM-3+ 0.41% 0.50%
KIR2DL3+KIR3DL1-TIGIT+TIM-3+ 12.72% 3.81%
KIR2DL3-KIR3DL1+TIGIT+TIM-3+ 0.10% 0.54%
KIR2DL3+KIR3DL1-TIGIT+TIM-3- 18.30% 13.99%
KIR2DL3+KIR3DL1+TIGIT-TIM-3- 1.85% 1.43%
KIR2DL3+KIR3DL1-TIGIT-TIM-3+ 4.74% 5.79%
KIR2DL3-KIR3DL1+TIGIT+TIM-3- 0.10% 0.39%
KIR2DL3-KIR3DL1+TIGIT-TIM-3+ 0.55% 0.42%
KIR2DL3-KIR3DL1-TIGIT+TIM-3+ 12.29% 7.28%
KIR2DL3+KIR3DL1-TIGIT-TIM-3- 14.30% 18.85%
KIR2DL3-KIR3DL1+TIGIT-TIM-3- 0.25% 0.56%
KIR2DL3-KIR3DL1-TIGIT+TIM-3- 15.39% 15.28%
KIR2DL3-KIR3DL1-TIGIT-TIM-3+ 5.63% 7.81%
KIR2DL3-KIR3DL1-TIGIT-TIM-3- 10.54% 22.62%
KIR2DL3+ 55.36% 45.11%
KIR3DL1+ 6.10% 4.58%
TIGIT+ 61.74% 42.02%
TIM-3+ 37.24% 26.25%

Subset PD-1+ NK cells PD-1- NK cells
CD16+NKG2D+NKp30+ 0.67% 0.51%
CD16+NKG2D+NKp30- 11.00% 7.36%
CD16+NKG2D-NKp30+ 2.38% 2.05%
CD16+NKG2D-NKp30- 46.51% 46.78%
CD16-NKG2D+NKp30+ 1.65% 0.89%
CD16-NKG2D+NKp30- 9.05% 9.46%
CD16-NKG2D-NKp30+ 1.99% 1.00%
CD16-NKG2D-NKp30- 26.74% 31.94%
CD16 60.57% 56.69%
NKG2D 22.37% 18.22%
NKp30 6.69% 4.45%
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