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Introduction
ROS are a diverse class of radical species that have different roles 
depending on their concentration. Considering their immune- 
suppressive effects, ROS have been proposed as a metabolic 
immune checkpoint within the tumor microenvironment (TME) 
(1–3). ROS are produced not only by stressed and highly metabol-
ic tumor cells but also by activated immune cells such as granu-
locytes, macrophages, and myeloid-derived suppressor cells. 
Although oxidative stress is a double-edged sword in cancer biolo-
gy, targeting the antioxidant pathway may represent a good strat-
egy in combination with immunotherapy (4). Antioxidants such 
as reducing enzymes provide tumor cells with resistance against 
high oxidative stress, but on the contrary, the TME may potentially 
be reshaped with increasing immune infiltration and persistence 
of cytotoxic lymphocytes (5, 6). Thioredoxin is one of the main 
antioxidants in the cellular redox system that functions as a scav-
enger for ROS, with its primary function being to reduce oxidized 
cysteine residues and cleave disulfide bonds (7, 8). Elevated levels 
of thioredoxin often correlate with immune activation, regulating 
the survival of immune cells (9–11).

Since tobacco smoking is one of the major causes of lung can-
cer and contributes to the accumulation of oxidative stress in the 
lung TME (12, 13), lung cancer represents one of the more relevant 
cancer types in which to study the impact of ROS on immunity (4). 

Tobacco smoking by itself not only contains high concentrations 
of ROS but also triggers inflammation, activating immune cells 
to upregulate ROS production (14). However, tobacco smoking 
may negatively affect the survival of lymphocytes residing in the 
lungs and hence modulate the tissue’s immune landscape. A hall-
mark study also highlighted that the smoking signature influences 
tumor mutational burden and sensitivity to PD-1 blockade in non–
small-cell lung cancer (NSCLC) (15). Smoking history may indeed 
influence a patient’s clinical response to immune therapy, even 
though the dogma still remains that tobacco smoking promotes 
lung cancer progression.

NK cells are cytotoxic lymphocytes that contribute to immune 
surveillance against viral infections and cancer. Unlike conven-
tional CD8+ T cells, the cytotoxicity functions of NK cells are 
robustly regulated by a repertoire of activating and inhibitory 
receptors. One of the key inhibitory ligands to provide a “don’t 
kill” signal is MHC class I, which is often downregulated, resulting 
in increased sensitivity to NK cell–mediated cytotoxicity within 
the tumor (16–18). Existing therapeutic approaches to harness NK 
cells for cancer immunotherapy include adoptive cell therapy and 
use of inhibitors against NK cell checkpoints. However, adoptive 
NK cell therapy has so far only proven beneficial against hemato-
logical cancers, given its poor penetrance into solid tumors and 
inadequate cytotoxicity to tumor cells (19). Moreover, the function 
and fate of these NK cells are prone to be strongly influenced by 
the highly dynamic TME, considering that tissue-infiltrating NK 
cells may not be merely “killers” but can undergo a phenotypic 
switch to acquire other noncanonical functions (20–22).

Our previous study demonstrated that modulation of NK 
cells with IL-15 for adoptive cell therapy enhances effector func-
tions regulated by STAT5 signaling and mTOR activation (23). 
Given that oxidative stress has profound immune-suppressive 
effects on NK cells (1–3), we sought to determine whether IL-15 
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scriptomic analysis of publicly available sequencing data (23). 
Through gene enrichment analysis, among the top enriched gene 
ontologies (GOs) (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI137585DS1) were genes related to oxidoreductase activity 
(Supplemental Figure 1B). In analyzing genes related to respons-
es to ROS, we identified elevated gene expression of thioredox-
ins (TXN and TXN2) and reduced expression of their inhibitory 
counterparts (TXNIP and TXNRD1) (Figure 2A and Supplemental 
Figure 1, C–F). At the protein level, IL-15–primed cells expressed 
higher levels of thioredoxin-1 (Figure 2B). However, we performed 
flow cytometric analysis and found no significant differences in 
the levels of TXNIP protein expression between IL-2– and IL-15–
primed NK cells (data not shown). In contrast, we observed dif-
ferences in subcellular localization of TXNIP. Exposure to H2O2 
induced the release of TXNIP from the nucleus (Figure 2C), 
and the expression of TXNIP was significantly higher within the 
nucleus of IL-15–primed NK cells compared with expression in the 
nucleus of IL-2–primed NK cells (Figure 2D). Furthermore, when 
exposed to H2O2, IL-2–primed NK cells, but not IL-15–primed NK 
cells, resulted in shuttling of TXNIP into the mitochondria, where 
thioredoxin-2 is expressed (Figure 2E). The beneficial roles of 
IL-15 in the current context could be explained by the downregula-
tion of CD25 (IL-2 receptor α) and the upregulation of CD215 (IL-
15 receptor α) upon exposure to H2O2 (Supplemental Figure 1, G 
and H). Expression of CD122 (IL-2 receptor β), the common recep-
tor subunit for both IL-2 and IL-15 signaling, remained unchanged 
under oxidative stress (Supplemental Figure 1I). These changes in 
subcellular localization and expression profiles demonstrate how 
thioredoxin activity is regulated in NK cells to reduce intracellular 
ROS for improved immune functions of IL-15–primed NK cells.

NK cells have a high surface thiol density that serves as a reduc-
ing shield against ROS and sustains cytotoxicity function. In addi-
tion to the thioredoxin system that reduces intracellular ROS, 
cell-surface thiols can act as a protective shield as they are oxi-
dized by external free radicals. We used maleimide, which binds 
to protein thiols without interfering with their function, and found 
that IL-15–primed NK cells had significantly higher levels of cell- 
surface thiols compared with levels on IL-2–primed NK cells (Fig-
ure 3A). Following exposure to H2O2, both IL-2– and IL-15–primed 
NK cells showed reduced cell-surface thiol density (Figure 3B). 
Moreover, only NK cells with low thiol density (low maleimide 
fluorescence intensity) showed an accumulation of intracellular 
ROS after H2O2 treatment (Figure 3C). Regardless of stimulation 
with IL-2 or IL-15, NK cells with high surface thiol density (FACS- 
sorted on the basis of maleimide fluorescence intensity) showed 
superior killing of K562 target cells in the presence of H2O2 (Fig-
ure 3D). In analyzing the regulation of thioredoxin and the NK cell 
phenotype, we found that NK cells with high surface thiol den-
sity also expressed higher levels of CD56, CD16, and thioredox-
in. These NK cells also displayed increased mTOR activation as 
measured by the phosphorylation of S6 kinase (S6K) (Figure 3E). 
In terms of subcellular location, TXNIP was enriched in the cyto-
plasm in NK cells with lower surface densities of thiol (Figure 3F). 
These results indicated that the density of surface thiols on NK 
cells is associated with favorable antitumor functions and resis-
tance against ROS-mediated immune suppression.

and mTOR activation of NK cells would confer resistance against 
oxidative stress. Here, we show for the first time to our knowledge 
how thioredoxin activity regulates thiol density expressed on the 
membrane surface of NK cells, acting as a reducing shield that 
also protects neighboring T cells against oxidative stress. With 
a particular interest in studying NSCLC, we found that NK cells 
within the tumor core showed higher surface thiol densities than 
did NK cells found in the tumor periphery and adjacent normal 
lung tissues. We also found the accumulation of intracellular ROS 
in NK cells to be higher in the tumor periphery and normal tis-
sues of patients with NSCLC who had a history of tobacco smok-
ing. The Cancer Genome Atlas (TCGA) public database showed 
that the prognostic value of the NK cell gene signature and IL15 
gene expression in the tumor could be influenced by the patient’s 
tobacco smoking history.

Results
IL-15–primed NK cells mount a superior immune response under oxi-
dative stress. To test whether IL-2 and IL-15 differ in their ability to 
render NK cells less susceptible to oxidative stress, we analyzed 
the activity of cytokine-primed NK cells following exposure to 
H2O2. At a lower effector-to-target (E/T) ratio, IL-15–primed NK 
cells showed a greater ability to kill K562 target cells compared 
with IL-2–primed NK cells (Figure 1A). With exposure to H2O2 at 
a dose of 5 μM and at an E/T ratio of 9:1, we observed that the 
ability of both IL-2– and IL-15–primed NK cells to kill K562 target 
cells was not reduced compared with control cells that were not 
exposed to H2O2. However, at a lower E/T ratio of 3:1, the cytotox-
icity of IL-2–primed NK cells was significantly reduced compared 
with that of IL-15–primed NK cells. Regardless of E/T ratios, the 
cytotoxicity of both IL-2– and IL-15–primed NK cells was signifi-
cantly reduced when exposed to a higher H2O2 dose of 10 μM. Still, 
the ability of IL-15–primed NK cells to kill K562 target cells was 
significantly higher compared with IL-2–primed NK cells (Figure 
1B). Similarly, in response to K562 cell stimulation, IL-15–primed 
NK cells showed significantly higher degranulation and produc-
tion of IFN-γ compared with IL-2–primed NK cells. In the pres-
ence of a high 10 μM dose of H2O2, IL-15–primed NK cells showed 
significantly higher degranulation and production of IFN-γ than 
did IL-2–primed NK cells (Figure 1, C and D). While intracellular 
ROS are known to suppress the immune effects of NK cells, we 
measured the levels of intracellular ROS in cytokine-primed NK 
cells. These experiments revealed that IL-15–primed NK cells 
had a reduced accumulation of intracellular ROS compared with 
IL-2–primed NK cells at the same doses of H2O2 (Figure 1, E and 
F). Neither dose of H2O2 treatment significantly affected the via-
bility of IL-2– or IL-15–primed NK cells. In terms of cell prolifera-
tion, IL-15– and IL-2–primed NK cells were equally susceptible to 
H2O2-mediated suppression (data not shown). From these obser-
vations, we hypothesized that IL-15–primed cells could intrinsical-
ly acquire functions to eradicate ROS from an H2O2-rich environ-
ment and hence maintain their functional activity of killing target 
cells and producing IFN-γ.

IL-15 upregulates thioredoxin activity in NK cells by both gene 
expression and reduced shuttling of mitochondrial TXNIP. To inves-
tigate the underlying mechanisms for the increased resistance 
to oxidative stress by IL-15–primed NK cells, we performed tran-
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PX-12 treatment, we detected similar levels of accumulated ROS 
in both IL-2– and IL-15–primed NK cells (Figure 4B). In addition, 
the presence of PX-12 abrogated the ability of IL-15–primed NK 
cells to kill K562 cells upon exposure to H2O2 (Supplemental Fig-
ure 2B). Using a physiological model of oxidative stress, we cul-
tured NK cells with autologous activated neutrophils. In these 
experiments, PX-12 treatment resulted in higher intracellular ROS 
levels in the IL-15–treated cells (Figure 4C). Moreover, ROS pro-
duced by the activated neutrophils suppressed the proliferation 
of NK cells, and treatment with PX-12 reduced the proliferation of 
IL-15–primed NK cells to the same levels of untreated IL-2–primed 
NK cells (Figure 4D).

Inhibition of thioredoxin-1 reduces NK cell-surface thiol density 
and reverses IL-15–mediated resistance against oxidative stress. Since 
thioredoxins and surface thiols are expressed at higher levels in 
IL-15–primed NK cells, we sought to investigate whether the thi-
oredoxin system plays a role in the regulation of surface thiols and 
to validate that thioredoxin-1 has an important role in conferring 
resistance to ROS-mediated immune suppression. In the presence 
of the selective thioredoxin-1 inhibitor PX-12, surface thiols were 
significantly reduced on both IL-2– and IL-15–primed NK cells 
(Figure 4A). Additionally, under PX-12 inhibition, surface thiols 
on both IL-2– or IL-15–primed NK cells were reduced to a lesser 
extent in the presence of H2O2 (Supplemental Figure 2A). Upon 

Figure 1. IL-15–primed NK cells mount a superior immune response under oxidative stress. (A) Percentage of specific killing of K562 target cells by NK 
cells primed with either IL-2 or IL-15 and cocultured at 2 different E/T ratios (n = 5). (B) Relative killing efficiency at two E/T ratios of NK cells primed with 
either IL-2 or IL-15, normalized to the control without H2O2 treatment (n = 4). (C) Percentage of CD107a+ NK cells primed with either IL-2 or IL-15, in the 
absence or presence of H2O2 treatment. (D) Percentage of IFN-γ+ NK cells primed with either IL-2 or IL-15, in the absence or presence of H2O2 treatment. (E) 
Representative FACS plots showing the gating strategy for NK cells with high intracellular ROS (n = 5). (F) Percentage of IL-15– and IL-2–primed NK cells 
with high intracellular ROS after H2O2 treatment (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by mixed-model analysis with Holm-
Šidák’s multiple-comparisons test (A–F). All individual data points are connected for matching replicates.
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thiols by N-ethylmaleimide in IL-15–primed NK cells also resulted 
in reduced infiltration into tumor spheres (Supplemental Figure 
2, E and 2F). In contrast, the addition of exogenous thioredoxin-1 
instead promoted the infiltration of IL-2–primed NK cells into 
the tumor spheres (Supplemental Figure 2G). Taken together, we 
found a causal relationship between NK cell thioredoxin-1 expres-
sion and surface thiol density. In 2 separate physiological models 
of ROS, IL-15–primed NK cells showed an increased ability to 
resist ROS-meditated immune suppression.

To determine whether NK cells could be affected by ROS 
produced by tumor cells, we used a lung adenocarcinoma 3D 
sphere model (Supplemental Figure 2C). NK cells that infiltrated 
and localized inside the sphere were found to accumulate more 
intracellular ROS (Supplemental Figure 2D). Inhibition of thiore-
doxin-1 resulted in a significant reduction of infiltration by IL-15–
primed NK cells (Figure 4, E and F). Furthermore, purified NK 
cells with high surface thiol density showed a superior ability to 
infiltrate lung tumor spheres (Figure 4G). The removal of surface 

Figure 2. IL-15 upregulates thioredoxin activity in NK cells and reduces shuttling of TXNIP into mitochondria. (A) Heatmap of differential gene expres-
sion in GO (GO:000302) based on comparisons of IL-15– and IL-2–primed NK cells. (B) Representative histogram and relative MFI of thioredoxin (Trx1)  in 
NK cells, normalized to the isotype control. (C) Maximum-intensity projections of confocal images (×63 objective) for NK cells treated with 10 μM H2O2 and 
primed with either IL-15 or IL-2. Blue (DAPI) shows staining of nuclei, green shows staining for TXNIP, and red shows staining of mitochondria. Scale bar: 
10 μm. (D) Image quantification of TXNIP counts (green objects) per cell nucleus in NK cells with or without 10 mM H2O2 treatment. (E) Image quantifica-
tion of TXNIP MFI (green fluorescence intensity) overlapping with mitochondria (red objects) in NK cells with or without 10 μM H2O2 treatment. *P < 0.05, 
**P < 0.01, and ****P < 0.0001, by Wilcoxon signed-rank test (B) and Kruskal-Wallis test (D and E). Data were pooled from 3 biological replicates and are 
represented as Tukey’s box plots.
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TXNIP in IL-15–primed NK cells (Figure 5A). Upon Torin-1 treat-
ment, we observed a reduction in thioredoxin activity (Figure 
5B). Notably, the difference in thioredoxin expression between 
IL-2– and IL-15–primed NK cells diminished upon treatment 
with Torin-1 (Figure 5C). Similarly, we also found no signifi-
cant differences in cell-surface thiol density or accumulation 
of intracellular ROS between IL-2– and IL-15–primed NK cells 
upon treatment with Torin-1 (Figure 5, D and E). Addition of the 
mTOR agonist MHY1485 also increased cell-surface thiol den-

mTOR activation suppresses the expression of TXNIP to sustain 
thioredoxin activity and cell surface thiol density. We previously 
identified mTOR activation as an important difference for the 
discrimination of functional outcomes between IL-15– and IL-2–
primed NK cells (23). To determine whether mTOR activation 
is linked to the expression of thioredoxin, thioredoxin-interact-
ing protein (TXNIP), and cell-surface thiol density, the selec-
tive mTOR inhibitor Torin-1 was added to cytokine-primed NK 
cells. Indeed, the presence of Torin-1 resulted in upregulation of 

Figure 3. NK cells express surface thiol groups to overcome oxidative stress and sustained cytotoxicity function. (A) Representative histogram and 
relative MFI of maleimide staining comparing IL-2– and IL-15–primed NK cell cultures (n = 6). (B) Relative MFI of maleimide staining comparing cells with 
1 hour of H2O2 treatment in both IL-2– and IL-15–primed NK cell cultures (n = 5). (C) Relative MFI of intracellular ROS based on CellROX staining normal-
ized to maleimidelo NK cells (n = 4). (D) Percentage of specific killing of K562 target cells at a 5:1 E/T ratio, with effector NK cells presorted on the basis of 
maleimide staining (n = 4). (E) t-SNE analysis of NK cells based on surface thiol density (maleimidehi vs. maleimidelo) and its phenotypes acquired by flow 
cytometry. (F) Representative ×63 maximum-intensity projections of TXNIP localization within NK cells sorted by surface density and relative quantifi-
cation of TXNIP in cytoplasm versus the nucleus. Green shows TXNIP staining and blue shows DAPI staining of the nucleus. Scale bars: 10 μm. Data were 
pooled from 3 biological replicates and are represented as Tukey’s box plots. All Individual data points are presented as the mean ± SD. *P < 0.05, **P < 
0.01, and ***P < 0.001, by Mann-Whitney U test (A and F), repeated-measures 2-way ANOVA with Holm-Šidák’s multiple-comparisons test (B and D), and 
ordinary 2-way ANOVA with Tukey’s test for multiple-comparisons (C).
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sity and reduced the accumulation of intracellular ROS in NK 
cells (data not shown). Treatment with Torin-1 also resulted in 
the shuttling of TXNIP out of the nucleus in IL-15–primed NK 
cells (Figure 5, F–H). These findings demonstrated that mTOR 
is a key regulator of the thioredoxin system and, hence, of the 
IL-15–mediated resistance against oxidative stress.

NK cell infiltration is influenced by the accumulation of oxidative 
stress in NSCLC tumors. From a cohort of patients with NSCLC (see 
Supplemental Table 1 for the patients’ clinical characteristics), we 
detected a higher frequency of CD56+ lymphocytes within tissue 
sections obtained from the tumor periphery as compared with the 
tumor core (Figure 6A). In a more detailed analysis in which sam-

Figure 4. Inhibition of thioredoxin-1 reduces NK cell surface thiol groups and reverses IL-15–mediated resistance to oxidative stress. (A) MFI of maleim-
ide staining on NK cells treated with PX-12 within IL-2– and IL-15–primed NK cell cultures (n = 6). (B) Percentage of increased ROShi NK cells after 10 μM H2O2 
treatment compared with untreated NK cells in the presence or absence of PX-12 in IL-2 and IL-15 cultures (n = 6). (C) Relative increase in CellROX MFI in NK 
cell cocultures with or without PX-12 treatment, normalized to the control group without neutrophils (n = 6). (D) Relative fold-change of Ki-67 expression 
in NK cell cocultures with or without PX-12 treatment (n = 7). (E) Bright-field images of H1299 tumor spheres with green fluorescence–labeled NK cells. 
Images were acquired under a ×10 objective at 3 different time points. Scale bars: 400 mm. Vertical labels describe the pretreatment conditions of NK cells 
before coculture. (F) Percentage of infiltrating NK cells in tumor spheres with different NK cell pretreatments (n = 5). (G) Percentage of infiltrating NK cells 
in tumor spheres in FACS-sorted NK cells, based on maleimide staining (n = 4). All individual data points are connected for matching replicates. *P < 0.05, 
**P < 0.01, and ***P < 0.001, by repeated-measures 2-way ANOVA with Holm-Šidák’s multiple-comparisons test (A and B), Wilcoxon signed-rank test (for 
significance within IL-2 cultures) and Friedman’s test (for significance within IL-15 cultures) (C), Friedman’s test (D and F), and paired t test (G).
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ples were segregated into the different tissue locations — tumor 
core, tumor periphery, and adjacent normal lung tissue (Supple-
mental Figure 3A) — we observed significantly higher frequencies 
of NK cells in the peripheral tumor region and normal adjacent tis-
sue compared with the tumor core (Figure 6B). NK cells within the 
tumor core showed significantly higher intracellular ROS levels 
compared with levels in NK cells residing in the tumor periphery 
and adjacent normal tissues (Figure 6C). In addition, we observed 
a significant negative correlation between the levels of intracellu-
lar ROS and the frequency of tissue-infiltrating NK cells (Figure 

6D). When we segregated the data obtained from different tissue 
regions, we found a significant and strong negative correlation in 
normal tissue and the tumor periphery but not in the tumor core 
(Figure 6, E–G). Given that these tissues in general displayed high 
positivity for 8-OHdG expression (Supplemental Figure 3B), oxi-
dative stress had significant effects on NK cell infiltration and the 
accumulation of intracellular ROS within NSCLC tumors.

The NK cell signature and IL15 gene expression predict a better 
prognosis in patients with NSCLC who have a smoking history. Our 
analysis of TCGA data revealed that expression of the IL15 gene 

Figure 5. mTOR suppresses TXNIP expression to sustain thioredoxin activity and surface thiol density. (A) Western blots of TXNIP protein expression in 
NK cells treated with Torin-1 (n = 3). (B) Concentration of active thioredoxin protein in NK cells primed with either IL-2 or IL-15 or with IL-15 plus Torin-1 treat-
ment (n = 5). (C) MFI of thioredoxin-1 expressed in IL-12– or IL-15–primed NK cells with and without Torin-1 treatment (n = 5). (D) MFI of maleimide staining of 
IL-12– or IL-15–primed NK cells with and without Torin-1 treatment (n = 5). (E) Relative increased percentage of ROShi NK cells primed with either IL-2 or IL-15 
and treated with Torin-1 after exposure to 10 μM H2O2 , compared with NK cells without H2O2 exposure (n = 6). (F) Representative maximum-intensity projec-
tions of confocal images (×63 objective) of NK cells treated with 1 mM Torin-1. Blue represents DAPI staining of the nucleus, green represents TXNIP staining, 
and magenta represents mitochondria staining. Scale bar: 10 μm. (G) MFI of TXNIP (green fluorescence intensity) within the nuclei of NK cells under H2O2 
oxidative stress. (H) Image quantification of the cytoplasm/nucleus ratio of TXNIP MFI of NK cells under H2O2 oxidative stress. All individual data points are 
connected for matching replicates. Data were pooled from 3 biological replicates and are represented as Tukey’s box plots. *P < 0.05, **P < 0.01, and ***P < 
0.001, by Friedman’s test (B), repeated-measures 2-way ANOVA with Holm-Šidák’s multiple-comparisons test (C–E), and Kruskal-Wallis test (G and H).
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expression alone correlated with a better prognosis in the NSCLC 
cohort (data not shown), the prognostic values of the NK cell sig-
nature and IL15 gene expression were influenced by the patients’ 
smoking history. Remarkably, an NK cell gene signature predicted 
overall survival (OS) and a progression-free interval (PFI) only in 
the smoker cohort (Figure 7, A and B), but no significant predictive 
correlation was found in the nonsmoker group (Supplemental Fig-
ure 3, F and G). Similarly, IL15 gene expression was only predictive 
for PFI in the smoker cohort (Figure 7C and Supplemental Figure 
3H). From our NSCLC patient cohort in which FACS phenotyping 
was performed, we observed a significantly higher level of intra-
cellular ROS in NK cells residing in the tumor periphery and adja-

in bulk tumor sequencing was positively correlated with several 
NK cell gene signature scores within the NSCLC cohort (Supple-
mental Figure 3C). To confirm our results of the association of 
NK cell infiltration and oxidative stress, we performed analysis 
of TCGA data. Since tobacco smoking is known to induce tissue 
ROS production, we segregated data from the TCGA–Lung Ade-
nocarcinoma (TCGA-LUAD) data set into smoker and nonsmok-
er cohorts (Supplemental Figure 3D). When we analyzed a set of 
oxidative stress–related genes that were found to correlate with 
worse prognosis in lung cancer (24), we found that smokers had a 
higher score for an oxidative stress gene signature (Supplemental 
Figure 3E). Although neither the NK cell signature nor IL15 gene 

Figure 6. NK cell infiltration is influenced by the accumulation of oxidative stress in NSCLC tumors. (A) Representative images of immunohistochem-
ical staining for CD56 within immune infiltrates found in NSCLC tumor core and tumor periphery. Triangles indicate CD56+ lymphocytes. Scale bars: 50 
μm (original magnification, ×40). n = 4. (B) Percentage of infiltrating NK cells in the different patient tissues collected (n = 16). (C) Percentage of ROShi NK 
cells in the different patient tissues collected (n = 16). (D–G) Correlation of ROShi NK cells with the percentage of infiltrating NK cells isolated in (D) pooled 
tissue samples (n = 48), (E) adjacent normal lung tissue (n = 16), (F) tumor periphery  (n = 16), and (G) central tumor (n = 16). (B and C) All matching data 
points for autologous samples are connected with lines. **P < 0.01, ***P < 0.001, ****P < 0.0001, by Friedman’s test. (D–G) Spearman’s rank correlation 
coefficient test was used to determine significant correlations.
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spheres, we observed improved autologous TIL infiltration upon 
addition of NK cells sorted for high thiol density compared with 
addition of NK cells sorted for low thiol density (Figure 8, D and 
E). Through the expansion of TILs from patients with NSCLC and 
sarcoma (see Supplemental Table 2 for the patients’ clinical char-
acteristics), IL-15 expanded a higher frequency of TIL-NK cells 
with higher surface thiol density (Figure 8F). In these TIL cultures, 
we observed a significant increase in the frequency of NK cells and 
dividing NK cells only in IL-2 cultures treated with the ROS scav-
enger catalase (Supplemental Figure 4, E and F).

Discussion
ROS can be produced by several cell types within the tumor micro-
environment and accumulate along with tumor progression. It is 
well established that NK cells are susceptible to ROS-mediated 
immune suppression. Often, myeloid cells within the TME pro-
duce high levels of ROS to inhibit the antitumor functions of NK 
cells, which has implications for tumor progression and the for-
mation of distant metastasis (1–3). In addition, clinically approved 
antibodies such as rituximab can trigger ROS production by 
myeloid cells, suggesting oxidative stress as a means of resistance 
against NK cell–dependent therapies (25). Here, we compared the 
ability of the 2 types of cytokines, IL-2 and IL-15, to modulate the 
response of NK cells to ROS and found that IL-15 rendered NK 
cells less susceptible to oxidative stress through the increased thi-
oredoxin system within the TME.

The expression of thioredoxin is commonly associated with 
TCR signaling and immune activation (10, 26–28). Early stud-

cent normal lung tissue of smokers (Figure 7D). Notably, this trend 
in ROS accumulation was not observed in the context of tissue- 
infiltrating T cells (Figure 7E).

High surface thiol density on tumor-infiltrating NK cells improves 
immune infiltration into tumors. To validate that high surface thi-
ol density on NK cells would improve infiltration into tumors, we 
analyzed the expression of surface thiols on NK cells residing in 
the tumor core, periphery, and adjacent normal tissues surgical-
ly resected from patients with NSCLC. NK cells within the tumor 
core expressed the highest surface thiol densities as compared 
with those in the tumor periphery and normal tissue (Figure 8, 
A and B). In a previously published data set for NSCLC tumors 
and peripheral blood, we found that larger proportions of CD45+ 
tumor-infiltrating lymphocytes (TILs) including CD8+ T cells and 
NK cells had a higher enrichment for pathways related to oxidore-
ductase and thioredoxin disulfide reductase activities compared 
with cells from peripheral blood (Figure 8C). Focusing on the NK 
cell population, the normalized enrichment scores (NESs) for 
these 2 GO pathways were higher in tumor-infiltrating NK cells 
than in peripheral blood NK cells (Supplemental Figure 4, A and 
B). We pooled NK cell data from both blood and tumor samples 
and found that cells enriched for either of these 2 GO pathways 
also had higher cytotoxicity gene set scores (Supplemental Figure 
4, C and D). Although high thioredoxin activity was associated 
with enhanced cytotoxicity functions, purified NK cells with high 
and low surface thiol density were tested for their ability to pro-
tect neighboring TILs from ROS-mediated immune suppression 
in a bystander fashion. Using autologous patient-derived tumor 

Figure 7. NK cell signature and IL15 gene expression predict a better prognosis in patients with NSCLC who have a smoking history. (A) OS of TCGA- 
NSCLC smoker cohort based on the median NK gene signature score. (B) PFI of TCGA-NSCLC smoker cohort based on the median NK gene signature score. 
(C) PFI of TCGA-NSCLC smoker cohort based on median IL15 gene expression. (A–C) A log-rank test was used to determine significance in differences in 
survival distribution (n = 316). (D) Percentage of ROShi NK cells in different patient tissues classified by the patients’ smoking history. (E) Percentage of 
ROShi T cells in different patient tissues classified by the patients’ smoking history. (D and E) Individual data points indicate the mean ± SD (n = 9 smokers; 
n = 14 nonsmokers). *P < 0.05 and **P < 0.01, by ordinary 2-way ANOVA with Holm-Šidák’s multiple-comparisons test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/10
https://www.jci.org/articles/view/137585#sd
https://www.jci.org/articles/view/137585#sd
https://www.jci.org/articles/view/137585#sd
https://www.jci.org/articles/view/137585#sd
https://www.jci.org/articles/view/137585#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

5 5 1 7jci.org   Volume 130   Number 10   October 2020

showed that the expansion of NK cells with K562 cells express-
ing 4-1BBL and membrane IL-15 upregulates the expression of 
thioredoxin and peroxiredoxin, which act as antioxidants that 
confer NK cell resistance to H2O2-mediated oxidative stress (31). 
Apart from the expression levels of thioredoxin and its inhibitory 
counterpart, TXNIP, we showed in NK cells that subcellular local-
ization and shuttling of TXNIP has a crucial role in the regulation 
of thioredoxin activity. As also shown previously in pancreatic β 
cells, the shuttling of TXNIP from the nucleus to the mitochon-

ies showed that thioredoxin activation is a sign of inflammation 
and is chemotactic to multiple immune cells (29). Yet, the cur-
rent understanding of the thioredoxin pathway in immune cells, 
particularly NK cells, is not fully understood. We observed that 
the CD56bright subset of NK cells expressed higher levels of thiore-
doxin and persisted in lung tumors (data not shown). This could 
further explain how IL-15 agonist (ALT-803) priming enhances 
antitumor responses by the CD56bright subset of NK cells isolated 
from patients  with multiple myeloma (30). Another recent study 

Figure 8. High surface thiol densities on tumor-infiltrating NK cells improve immune infiltration into tumors. (A) One of 10 representative histograms of 
maleimide staining on gated NK cells in different types of tissue samples isolated from patients with NSCLC. (B) MFI of maleimide staining comparing NK 
cells residing in different types of tissue samples from patients with NSCLC. Matched individual data points are connected with lines (n = 10). (C) Images 
showing t-SNE projections of single-cell RNA analysis from pooled NSCLC tumors (n = 7) and patients’ peripheral blood (n = 6). Heatmap scale represents 
the NES for GO:0051353 and GO:0004791. (D) Representative FACS plots showing the gating strategy for analysis of autologous TIL infiltration into tumor 
spheres (n = 5). (E) Relative ratio of the percentage autologous infiltration normalized to the control (without NK) (n = 5). All data points are presented 
as the mean ± SD. Kruskal-Wallis with Dunn’s multiple-comparisons test was used to determine significance. (F) MFI of maleimide staining of NK cells 
in expanded TILs, comparing IL-2–primed and IL-15–primed cultures after 7 days (n = 5 sarcoma samples; n = 13 NSCLC samples). Matched individual data 
points are connected with lines; all matching replicates are connected by lines. *P < 0.05 and **P < 0.01, by Friedman’s test (B) and mixed-model analysis 
with Holm-Šidák’s multiple-comparisons test.
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strated that cigarette smoking can stimulate NK cells to produce 
more IFN-γ and activate other immune effector functions (45, 
46). Though the underlying mechanism is not well understood, 
alveolar macrophages have been proposed to produce ROS to sup-
presses lung NK cell activity (47). In relation to IL-15, smoking was 
found to downregulate serum levels of IL-15 and its production by 
activated PBMCs (48, 49). In both our NSCLC cohort and TCGA 
public database, we found that tobacco smoking influences the 
amount of oxidative stress in tumor-infiltrating NK cells and that 
the expression of intratumoral IL-15 could improve the prognosis 
of patients who are either current smokers or had ceased smoking 
for less than 15 years. Also, when we excluded TCGA patients with 
NSCLC who did not have a cigarette pack-year history of smoking, 
IL-15 and the NK signature score also predicted favorable survival 
outcomes (data not shown). Although we observed no differences 
in NK cell gene signatures expressed by smokers versus nonsmok-
ers (data not shown), it is nonetheless notable that the NK cell gene 
signature score predicted OS and PFI only in the smoker group.

In conclusion, our study exemplifies how environmental 
stress could influence the dynamic TME in cancer. We highlighted 
the crucial role of antioxidants in NK cells and how antioxidants 
can be modulated to improve NK cell–mediated therapies for sol-
id tumors. Although IL-15 is already a clinically approved agent, 
future studies should also explore the incorporation of IL-15 into 
novel cell therapy products for better resistance against oxidative 
stress. Beyond the application of conventional immune check-
point inhibitors, the understanding of cellular responses to oxida-
tive stress is no doubt required to boost the efficacies of existing 
immunotherapeutic treatment regimes.

Methods
Cell culture. The NSCLC cell line H1299 and the chronic myelogenous 
leukemia cell line K562 (American Type Culture Collection [ATCC]) 
were maintained in RPMI medium (Life Technologies, Thermo Fisher 
Scientific) supplemented with 10% heat-inactivated FBS (Life Tech-
nologies, Thermo Fisher Scientific) and 1% antibiotics (penicillin/
streptomycin). Patient-derived sarcoma primary cell lines (cases 1, 2, 
and 3 in Supplemental Table 2) were established from surgical resec-
tions and propagated with DMEM medium supplemented with Gluta-
MAX (Life Technologies, Thermo Fisher Scientific), 10% heat-inacti-
vated FBS, and 1% antibiotics (penicillin, streptomycin).

Tumor tissue processing. Tumor resections were processed using a 
Tumor Dissociation Kit (Miltenyi Biotec), and tumor cells were isolat-
ed with a negative selection–based Tumor Cell Isolation Kit (Miltenyi 
Biotec) according to the manufacturer’s protocol. For FACS pheno-
typing, cell suspensions were washed with FACS buffer (PBS with 5% 
FBS) and stained for flow cytometry after RBC lysis. For TIL prolifer-
ation assays, cells were labeled with CFSE (BioLegend) and then cul-
tured for 7 days in DMEM/F12 medium supplemented with 10% FBS 
and 2000 IU/mL IL-2 or IL-15 (PeproTech), in the presence or absence 
of catalase (200 IU/mL, MilliporeSigma).

Isolation of PBMCs, neutrophils, and NK cells. Human PBMCs were 
collected through Ficoll density gradient centrifugation (GE Health-
care). Primary NK cells were isolated by negative selection following 
the manufacture’s protocol (Human NK Cell Isolation Kit, Miltenyi 
Biotec). Neutrophils from peripheral blood of healthy donors were 
enriched by the natural erythrocyte sedimentation method using dex-

dria within the cell is a response to oxidative stress. This in turn 
leads to ASK1 phosphorylation and cell death (32). In the immu-
nology context, the thioredoxin/ASK1 axis was also found to reg-
ulate the selection and survival of double-positive thymocytes 
during T cell development (9). Although our previous study on the 
effects of IL-15 on NK cells revealed that mTOR activation acts as 
a main driver for enhanced immune functions, it is plausible that 
mTOR activation could be a regulator for the thioredoxin system 
(23). In fact, there was an evident link established between mTOR 
and the thioredoxin system. The inhibition of mTOR was found 
to induce cell death due to the inhibitory effect of TXNIP on the 
antioxidant pathway (33). By inhibiting mTOR with Torin-1, we 
observed both a reduction in thioredoxin activity and surface thi-
ol density on the NK cells.

Another emphasis in the present study would be the impor-
tance of antioxidants in relation to immune infiltration and per-
sistence. The thioredoxin system was previously found to explain 
the persistence of regulatory T cells in the microenvironment with 
high oxidative stress, which could be the link to the cell’s surface 
thiol density (5). Similarly, thioredoxin is found to be upregulated 
in lamina propria T cells as compared with peripheral blood T cells 
(6). The present study indicates that antioxidants may not just 
contribute to sustain the killing capacity of NK cells but also equip 
these NK cells with a bystander role to protect other immune cells 
within proximity from ROS-mediated suppression. Given that NK 
cells residing in the tumor core express higher levels of surface 
thiol density, these NK cells not only have a reducing barrier that 
minimizes the accumulation of intracellular ROS but also possibly 
protects other TILs from ROS within the same microenvironment. 
Moreover, it was demonstrated that the induced production and 
secretion of thioredoxin in DCs could play a role in T cell activa-
tion (26). Even though it was not tested whether thioredoxin could 
be secreted by NK cells, we demonstrated that NK cells with high 
thiol density could promote the infiltration of T cells into autolo-
gous tumor spheres. Several studies also demonstrated how “help-
er” NK cells secrete an array of inflammatory cytokines that prime 
other immune cells to home to the tumor (34–36). Collectively, 
substantial evidence has elucidated how NK cells could turn a 
“cold,” poorly infiltrated tumor into a “hot,” inflammatory pheno-
type that is more compatible for immunotherapy.

Although the current mainstay of adoptive NK cell therapy 
involves the use IL-2 in expansion protocols, a number of clinical 
studies of solid tumors had reported no clinical benefits and low 
reactivity of these infused NK cells in the tumor (19, 37, 38). The use 
of IL-15 in adoptive NK cell therapies should be further explored, 
as it was observed that endogenous IL-15 production was associat-
ed with the persistence of infused NK cells (39). In addition, IL-15 
is currently incorporated into multispecific recombinant protein 
modalities as next-generation antibody–based therapies for can-
cers (40, 41). In the case of T cell expansion, IL-15–expanded T 
cells not only had more antioxidant effector molecules but also 
cytolytic molecules such as granzyme A and granzyme B (42).

The study of ROS and its effects on NK cells should also con-
sider the involvement of tobacco smoking — a potent carcinogen 
with high ROS content (14). Early studies more than 2 decades ago 
found that cigarette smoking decreases NK cell frequency and 
activity (43, 44). On the other hand, conflicting reports demon-
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Western blotting. NK cells were harvested and lysed in RIPA lysis 
buffer (Cell Signaling Technology), supplemented with a protease and 
phosphatase inhibitor cocktail (Thermo Fisher Scientific). Cell lysates 
were centrifuged at maximum speed for 15 minutes and the superna-
tants collected. Lysates were boiled for 5 minutes at 96 °C after addition 
of LDS Sample Buffer and Sample Reducing Agent (NuPAGE, Invitro-
gen, Thermo Fisher Scientific). Proteins were migrated onto 4%–12% 
Bis-Tris gradient gels (NuPAGE) and then transferred onto PVDF mem-
branes. The membranes were blocked with 5% w/v skim milk before 
overnight incubation with anti-TXNIP Rabbit mAb (1:1000, ab188885, 
Abcam) at 4 °C, followed by incubation with anti–rabbit HRP (ab6721, 
Abcam) for 1 hour at room temperature. β-Actin (C4) HRP (47778, San-
ta Cruz Biotechnology) was used after washing the membrane with 
Restore Western Blot Stripping Buffer (Thermo Fisher Scientific) as an 
internal control. Protein bands were developed with Pierce ECL West-
ern Blotting Substrate (32109, Thermo Fisher Scientific).

Thioredoxin activity assay. The thioredoxin activity of cyto-
kine-primed NK cells was measured according to the manufacturer’s 
instructions for the Fluorescent Thioredoxin Assay Kit (FkTRX-02-V2, 
IMCO). Briefly, 1 × 106 NK cells were lysed in 200 μL assay buffer by 
sonication. Cell lysates were incubated with thioredoxin reductase 
and NADPH in a 96-well black micro titer plate at 37°C for 30 minutes. 
Following incubation, fluorescent substrate was added to each sample. 
The plate was immediately placed in a plate reader (Enspire, Perkin-
Elmer), and fluorescence was recorded at 545 nm emission after 520 
nm excitation for 60 minutes. Results were calculated and compared 
in accordance with the kit’s instructions.

Sphere formation and infiltration. 3D sphere cultures were done 
with H1299 and 3 patient-derived sarcoma cell lines. For the H1299 
cell line, 104 cells were seeded in a Nunclon Sphera 96-well round-bot-
tomed plate (Thermo Fisher Scientific) with complete RPMI medium, 
single spheres were formed after overnight culture. For the sarcoma 
cell lines, 105 cells were seeded in low-attachment 12-well plates with 
DMEM/F12 medium supplemented with 10% FBS and 2.5% Matri-
gel. Spheres were formed within 3–5 days. Single cells in suspension 
and cells from loose clusters were removed before the addition of  
3 × 105 fluorescence-labeled (either CFSE or CellTrace Violet) autolo-
gous TILs or sorted NK cells. Cocultures of spheres with immune cells 
were incubated for 48 hours before manual separation and washing of 
spheres from single-cell suspensions. Images of the sphere cocultures 
were acquired on an IncuCyte S3 System (Essen Bioscience, Sartori-
us). Isolated spheres were then digested with a Tumor Dissociation Kit 
(Miltenyi Biotec) to preserve surface markers for FACS analysis. Sin-
gle-cell suspensions of isolated sphere and cells that were outside the 
spheres were collected separately for flow cytometry, and anti-CD45 
antibody was added to identify immune cells and tumor cells.

Confocal imaging. For mitochondrial mass staining, NK cells 
were incubated with MitoTracker Deep Red FM (50 nM, Invitrogen, 
Thermo Fisher Scientific) in FBS-free RPMI medium for 30 min-
utes at 37°C. The Foxp3/Transcription Factor Staining Buffer Set 
(eBioscience) was used to fix and permeabilize cells after staining of 
mitochondria. Cells were then stained with anti-TXNIP Rabbit mAb 
(ab188885, Abcam) followed by FITC-conjugated donkey anti–rabbit 
IgG antibody (406403, BioLegend). Stained cells were spun onto the 
slides using the Cytospin 2 (Shandon). Coverslips were mounted onto 
a Fluoroshield with DAPI Histology Mounting Medium (Millipore-
Sigma). Slide images were acquired with confocal LSM 700 (Zeiss). 

tran (MilliporeSigma). Isolated NK cells were cultured in X-VIVO 20 
Medium (Lonza) supplemented with 10% heat-inactivated human AB 
serum for 48 hours, together with 300 IU/mL IL-2 or IL-15 for cyto-
kine activation. Drugs or vehicle (DMSO) was added the day after 
NK cells were seeded in the plate overnight. Inhibitors used in this 
study included PX-12 (5 or 10 μM, SelleckChem), Torin-1 (1 μM, Sell-
eckChem), N-ethylmaleimide (2.5 mM, MilliporeSigma), and recom-
binant thioredoxin-1 (5 mg/mL, Thermo Fisher Scientific). For H2O2 
treatment, activated NK cells were harvested and washed twice with 
PBS and then incubated for 1 hour in complete NK medium containing 
5 μM or 10 μM hydrogen peroxide (MilliporeSigma).

For coculture experiments, autologous neutrophils and NK cells 
were obtained from fresh peripheral blood of a healthy donor and then 
seeded into 96-well plates at a 6:1 ratio with cytokine support and inhib-
itor treatment. LPS (1 μg/mL) was added to active neutrophils. Cells 
were thereafter cultured for 4 days before analysis by flow cytometry.

Expansion of TILs. After tumor dissociation, cell suspensions were 
cultured in AIM V Medium (Thermo Fisher Scientific) containing 
l-glutamine, streptomycin sulfate at 50 μg/mL, and gentamicin sulfate 
at 10 μg/mL, supplemented with 2.5% human AB serum and 3000 IU/
mL IL-15. After 7 days, irradiated PBMCs were added at a ratio of 200:1 
as feeder cells. Cultures were maintained with 500 IU/mL IL-15 and 
a functional grade antibody against CD3 (Thermo Fisher Scientific). 
TILs were harvested 10 days later for subsequent experiments.

Cytotoxicity assay. A chromium (51Cr) release assay was used to 
measure the cytolytic activity of activated NK cells. Briefly, K562 cells 
were harvested and labeled with 51Cr (PerkinElmer) as target cells, 
cytokine-activated or sorted NK cells were used as effector cells. Cells 
were seeded in a 96-well V-bottom plate at the indicated E/T ratio. 
The supernatants were carefully collected onto LUMA plates (Perkin-
Elmer) after 6 and 16 hours of coculture. MicroBeta2 (PerkinElmer) 
was used to detected the radioactivity of the LUMA plate.

Flow cytometry and cell sorting. For surface marker staining, cells 
were incubated with fluorescence-conjugated antibodies for 20 min-
utes at 4°C. For intracellular cytokine staining, NK cells were first 
stimulated with PMA and ionomycin or cocultured with K562 in the 
presence of BD GolgiStop and GolgiPlug for 4 hours, and then subject-
ed to intracellular staining using a Cytofix/Cytoperm Kit (BD Biosci-
ences). Ki-67 staining was performed with a Foxp3/Transcription Fac-
tor Staining Buffer Set (eBioscience). Cytofix/Phosflow Buffer (BD/
Biosciences) was used for phosphorylated S6 (p-S6)(Ser235/Ser236) 
staining. For Intracellular ROS, cells were stained using CellROX 
Deep Red Reagent and measured by flow cytometry following incu-
bation for 30 minutes at 37°C (C10422, Invitrogen, Thermo Fisher 
Scientific). Cell viability was analyzed by double staining with annex-
in V and 7-aminoactomycin D (7-AAD). Cell-surface thiol groups 
were measured by staining with 5 μM Alexa Fluor 488 C5 Maleimide 
(A10254, Thermo Fisher Scientific) for 15 minutes on ice. Stained cells 
were washed twice with FACS buffer and then acquired using Novo-
Cyte (ACEA Biosciences). FlowJo (version 10) software (BD) was used 
to analyze flow cytometric data. The antibodies used for flow cytom-
etry staining are listed in Supplemental Table 3. NK cells were sorted 
after 2 days of cytokine stimulation before harvesting and then stained 
with maleimide and Live/Dead cell marker (Thermo Fisher Scientif-
ic). Using BD FACSAria Fusion, NK cells with high and low thiol den-
sities were sorted on the basis of gating of the top and bottom quintiles 
on maleimide histogram.
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were compared and tested for significance using GraphPad Prism 8 
(GraphPad Software).

Processing of TCGA public data sets and gene signature application. 
Together with normalized gene expression data, raw data for OS and 
PFI, together with tobacco smoking history were exported from TCGA 
public database, accessed from the UCSC Xena browser (http://xena.
ucsc.edu). Application of the NK cell gene signature for survival analy-
sis (CD160, PRF1, KLRB1, NCR1, and NCR3) was previously done (22, 
36). Correlation between 2 other published NK signatures and IL15 
was done with custom R scripts and the corrplot package (54, 55). The 
oxidative stress gene signature was based on the sum of 42 genes cor-
related with prognosis in the NSCLC previously reported data set (24). 
The NSCLC TCGA cohort was then split into 2 groups on the basis of 
the patients’ tobacco smoking history before downstream analysis.

Statistics. Using “survival” and survplot R packages, we performed 
Kaplan-Meier analysis, with the NK cell signature score or IL15 gene 
expression split into a binary (low/high) variable on the basis of the 
median value. Both OS and PFI were used as survival endpoints. All sta-
tistical tests in this study (Wilcoxon, Kruskal-Wallis, Mann-Whitney U, 
ANOVA, Friedman’s, Spearman’s rank correlation coefficient, and log-
rank) were performed using GraphPad Prism 8 (GraphPad Software). A 
P value of less than 0.05 was considered statistically significant.

Study approval. This study was approved by the ethics com-
mittee of the Second Affiliated Hospital of Zhejiang University 
(IR2019001101) and the ethics review board of Karolinska Institutet 
(DNR:2013 1979-31). NSCLC surgical resections were collected at the 
Second Affiliated Hospital of Zhejiang University from 29 patients 
with a primary diagnosis of NSCLC. Sarcoma specimens and matched 
peripheral blood were obtained at Karolinska University Hospital from 
15 patients with sarcoma. Written informed consent was provided by 
all patients before sample acquisition, in accordance with Declaration 
of Helsinki principles.
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Images acquired with a ×40 objective were processed and analyzed 
with CellProfiler for TXNIP object counts and fluorescence intensity. 
Images acquired using a ×63 objective are presented as representative 
maximum-intensity projections.

RNA isolation and quantitative PCR. RNA was extracted from 5 
× 105 cytokine-primed NK cells following the manufacturer’s guide-
lines for the RNeasy Micro Kit (QIAGEN). Complementary DNA was 
synthesized using a QuantiTect Reverse Transcription Kit (QIAGEN). 
Quantitative PCR was performed using Power SYBR Green PCR Mas-
ter Mix (Thermo Fisher Scientific). The CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad) was used to detect SYBR Green incorpo-
ration. Relative expression levels of target genes were calculated using 
the comparative Ct method, and TBP was used as an endogenous con-
trol. Primer sequences are shown in Supplemental Table 4.

Immunohistochemistry. Fresh tissues were fixed with neutral 
buffered formalin and embedded in paraffin and then cut into sec-
tions following regular histological procedures. After deparaffiniza-
tion and rehydration, the sections were immersed in 10 mM sodium 
citrate buffer (pH 6.0) for heat-mediated antigen retrieval. Hydro-
gen peroxide solution and 4% normal goat serum was used to block 
endogenous peroxidase and nonspecific binding, respectively. The 
following primary antibodies were used: anti-NCAM1/CD56 (1:300, 
14255-1-AP, Proteintech) and anti–8-OHdG (1:100, ab48508, 
Abcam). After overnight incubation with a primary antibody at 4°C, 
an HRP-conjugated secondary antibody was used for 1 hour at room 
temperature. DAB was used as chromogen followed by counterstain-
ing with hematoxylin. Sections were scanned and analyzed with 
CaseViewer software (3DHISTECH).

Gene expression analysis. Gene expression data analyzing poly-
some-associated mRNA in IL-2– and IL-15–activated NK cells by 
anota (analysis of translational activity) (50) were download from the 
NCBI’s Gene Expression Omnibus (GEO) database (GEO GSE77808) 
(23). Generally applicable gene set enrichment analysis (GSEA) was 
used to identify enrichment of genes with functions annotated by 
the Gene Ontology Consortium using data for all genes as input. The 
GSEA analyses were performed using GSEA software (version 4.0.3). 
The predefined gene sets, which represent comprehensive biological 
processes, were obtained from the Molecular Signatures Database 
(MSigDB), version 7.0. We used the C5 GO set for GSEA analysis with 
the cutoff at a nominal value of P < 0.01, and the maximum and min-
imum sizes for selection were 500 and 15 genes, respectively. The list 
of genes shows their ranking on the basis of their NES, which reflects 
the extent of statistically overrepresented gene sets in our data set of 
differentially expressed genes. Furthermore, to focus on the response 
to ROS, the GO term GO:0000302 was used to identify ROS-related 
genes. TBtools was used for heatmap visualization (51).

We assessed processed single-cell RNA-Seq data obtained from 
the NCBI’s GEO database (GEO GSE127465) (52). Using SeqGeq 
(BD), we first normalized gene expression for dimension reduction 
using principal component analysis (PCA) followed by t-distributed 
stochastic neighbor embedding (t-SNE) analysis. The NK cytotoxic-
ity gene set (GZMA, GZMB, GZMH, GZMM, GZMK, PRF1, NKG7, 
GNLY) was previously defined and used in another study (53). GO 
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