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NK cells and NK cells expanded by K562-mb15-41BBL 
were significantly more resistant to H2O2-induced cell 
death than resting NK. Thioredoxin-1 (TXN1) and per-
oxiredoxin-1 (PRDX1) were also up-regulated in acti-
vated NK cells. Moreover, H2O2-induced cell death after 
IL-2 activation was significantly induced in the pres-
ence of an anti-TXN1-neutralising antibody. Collectively, 
these data document that activated NK cells can resist to 
H2O2-induced cell death by up-regulation of TXN1.
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Abbreviations
7-AAD	� 7-Aminoactinomycin D
Akt	� Protein kinase B
ECL	� Enhanced chemiluminescence
Erk	� Extracellular signal–regulated 

kinase
Expanded NK	� NK cells expanded with K562 leu-

kemia cell line genetically modified 
to express membrane-bound IL-15 
and 4-1BB ligand for 7 days

IL-2 NK	� NK cells activated by several doses 
of IL-2 for 7 days

K562-mb15-41BBL	� K562 leukemia cell line genetically 
modified to express membrane-
bound IL-15 and 4-1BB ligand

PRDX1	� Peroxiredoxin-1
Resting NK	� Resting NK cells
ROS	� Reactive oxygen species
SOD	� Superoxide dismutase
TXN1	� Thioredoxin-1

Abstract  Adoptive transfer of immune cells, such as T 
lymphocytes and NK cells, has potential to control can-
cer growth. However, this can be counteracted by immune 
escape mechanisms within the tumor microenvironment, 
including those mediated by reactive oxygen species 
(ROS). Here, we determined the levels of anti-oxidant mol-
ecules in NK cells and their capacity to overcome ROS-
induced immune suppression. We investigated the effect 
of H2O2 on resting NK cells, IL-2-activated NK cells and 
NK cells expanded by coculture with the K562 leukemia 
cell line genetically modified to express membrane-bound 
IL-15 and 4-1BB ligand (K562-mb15-41BBL). Expression 
of anti-oxidant and anti-apoptotic genes was evaluated by 
expression array, and protein levels of anti-oxidant mole-
cules by Western blot. Activated NK cells, IL-2-activated 
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Introduction

We are now entering a new era of immunotherapy for treat-
ing cancer [1–3]. It has been shown that adoptive transfer of 
T lymphocytes and NK cells with anti-tumor capacity has 
the potential to control cancer growth and improve patient 
survival [4, 5]. We have recently shown that NK cells 
expanded with K562-mb15-41BBL are highly cytotoxic 
against gastric cancer [6]. On the other hand, a number of 
immune escape mechanisms within the tumor microenvi-
ronment may block anti-cancer effects. We and others pre-
viously reported that ROS such as H2O2 produced within a 
tumor can shut off T cell and NK cell function, which even-
tually leads to the immune suppression that is frequently 
observed in the tumor microenvironment [7–9]. Therefore, 
to overcome immune escape mechanisms including ROS, 
it would be desirable to render transferred NK cells more 
resistant to oxidative stress.

There are several reports which explain the mechanisms 
behind T cell apoptosis when exposed to oxidative stress 
[10, 11]; however, to date, there is very limited related 
information on NK cells except for a study which com-
pared CD56bright and CD56dim NK cells and showed that 
CD56bright NK cells expressed higher levels of cell-surface 
thiols, and were able to neutralize H2O2 more efficiently 
than CD56dim NK cells [12]. The clinical utility of IL-2 is 
well known as its role in the activation of NK cells [13, 14]; 
hence it is important to evaluate its influence on the intra-
cellular anti-oxidant capacity of NK cells. In this study, we 
investigated the sensitivity to H2O2 of resting NK, IL-2-ac-
tivated NK cells, and NK cells expanded with K562-mb15-
41BBL, with a particular focus on thioredoxin levels.

Materials and methods

NK cell preparation, culture and treatment

PBMC were isolated from buffy coats from anonymous 
healthy donors (National University Hospital, Singapore) 
by density gradient separation through Ficoll-Paque (GE 
healthcare, Uppsala, Sweden). For resting NK, NK cells 
were purified from PBMC by negative selection using 
Dynabeads Untouched Human NK cells (Invitrogen, Carls-
bad, CA), according to the manufacturer’s protocol. IL-
2-activated NK cells were generated by culturing the iso-
lated resting NK cells in RPMI-1640 medium (Invitrogen) 
containing 10% FCS and 1-1000 IU/mL of IL-2 (Novartis 
Pharmaceuticals Corporation, Basel, Switzerland) for 7 
days (IL-2 NK). Newly prepared IL-2 medium was replen-
ished every 2 days. Whereas for expanded NK cells, 3 × 106 
of PBMCs and 2 × 106 genetically modified, irradiated 
(100  Gy) K562-mb15-41BBL cell line (provided by Dr. 

D. Campana, National University of Singapore, Singapore) 
were cocultured in a 6-well plate with RPMI-1640 medium 
containing 10% FCS and 10 IU/mL human IL-2 (expanded 
NK) [15]. Newly prepared IL-2 medium was replenished 
every 2 days. After 7 days of coculturing, the residual T 
cells were depleted using Dynabeads CD3 (Invitrogen). 
After CD3 depletion, NK cells were cultured in 100 IU/mL 
of IL-2 [6].

Western blot

NK cells were lysed in CellLytic lysis buffer 
(Sigma–Aldrich, St. Louis, MO) with a protease inhibi-
tor cocktail (Sigma–Aldrich) and a phosphatase inhibitor 
cocktail (Sigma–Aldrich), and the protein concentrations 
were measured using a Bicinchoninic Acid protein assay 
(Thermo Scientific, Rockford, IL). Proteins (5 µg/well) 
were resolved using a 4–15% gradient SDS–polyacrylamide 
gel electrophoresis (Invitrogen) followed by transfer to a 
polyvinylidene fluoride microporous membrane blocked in 
PBS with 5% milk. The membrane was then probed using a 
rabbit anti-human primary antibody. The following primary 
antibodies (from Cell Signaling Technology, Danvers, MA) 
were used: p44/42 MAPK (extracellular signal–regulated 
kinases (Erk)1/2), phospho-p44/42 MAPK (Erk1/2), pro-
tein kinase B (Akt), phospho-Akt, superoxide dismutase 
(SOD)1, SOD2, TXN1, PRDX1, and β-actin. After wash-
ing, the membranes were incubated with HRP-linked anti-
rabbit IgG (Cell Signaling Technology). Blots were imaged 
by enhanced chemiluminescence (ECL) reagents (ECL 
Prime; Amersham Pharmacia Biotech AB, Uppsala, Swe-
den) and by a film processor (Konica SRX 101).

Cell treatment with inhibitor and oxidant

For blocking experiments, 0.2 × 106 of NK cells, which 
were stimulated with 500 IU/mL of IL-2 for 7 days, were 
cocultured with catalase (1000 U/mL; Sigma Aldrich) or 
neutralising anti-TXN1 antibody (1 mg/mL; IMCO Corpo-
ration, Stockholm, Sweden) and several concentrations of 
hydrogen peroxide (H2O2 30% w/w in H2O; Sigma Aldrich) 
in 200 µL of X-vivo medium (Invitrogen) on 96-well plate 
for 24 h at 37 °C and 5% CO2. H2O2 was diluted in X-vivo 
medium and used within 5 min of preparation. Flow cyto-
metric analysis for cell viability was then performed after a 
24-h incubation.

Microarray

RNA in NK cells was isolated by phenol–chloroform. 
cDNA preparation and microarray hybridization were 
performed according to the Affymetrix protocols (Affy-
metrix, Santa Clara, CA). Gene expression was analyzed 
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using GeneChip Human Genome U133 Plus 2.0 arrays 
(Affymetrix). The arrays were read with a laser confocal 
scanner (Agilent). Probe intensities were measured using 
the MicroArray Suite 5.0 algorithm and log-transformed. 
Unsupervised hierarchical clustering analysis of resting 
NK, IL-2 NK (200 or 6000 IU/mL of IL-2), and expanded 
NK was performed using Cluster 3.0 software. Visualiza-
tion and generation of a heat map were performed using 
Java TreeView software.

Flow cytometry

NK cells were stained using anti-CD56-FITC (NCAM 
16.2) at a saturating concentration for 30 min at 4  °C. In 
addition, dead cells were labeled with 7-aminoactinomycin 
D (7-AAD) according to the manufacturer’s protocol. Both 
antibodies were obtained from BD Biosciences (San Jose, 
CA). The percentage of living cells at 0 µM of H2O2 was 
used as a control.

Cytotoxic assay

The cytotoxic activity of expanded NK and resting NK 
treated with 0 and 80 µM of H2O2 was measured using a 
calcein-release assay, as previously described [3, 16]. 
Briefly, K562 cells were stained with 5 µM of calcein-
acetoxymethyl (DOJINDO LABORATORIES, Kumamoto, 
Japan) for 30 min at 37 °C and 5% CO2. After staining, the 
stained K562 cells and treated NK cells were counted for 
cytotoxic assay and trypan blue negative cells were used as 
living cells. Stained targets (5 × 103 / well) were cocultured 
with various ratios of H2O2-treated NK cells in 200 µL of 
culture medium for 4 h. Assays were performed in triplicate 
in a 96-well U-bottomed plate. After incubation, 100 µL of 
the supernatant was collected and transferred to a 96-well 
flat-bottomed plate. Fluorescence of each supernatant was 
measured at 485 nm excitation and 528 nm emission using 
Infinite 200 (Tecan Group Ltd., Männedorf, Switzerland). 
Spontaneous release was obtained from K562 cells incu-
bated without effector cells, and maximum release was 
obtained from detergent-released K562 cells. The percent-
age of specific lysis was calculated according to the follow-
ing formula: % specific lysis = 100 × (experimental release 
− spontaneous release)/(maximum release − spontaneous 
release).

Statistics

The statistical analysis was performed using a two-tailed 
paired t test. The brackets in the figures indicate which 
groups were compared and *, **, and *** indicate values 
of p < 0.05, <0.01, and <0.001, respectively.

Results

IL‑2 NK and expanded NK are more resistant to H2O2 
than resting NK

We prepared resting NK, IL-2 NK (500  IU/mL of IL-2), 
and expanded NK from the same healthy donor [15], and 
compared their sensitivity to H2O2 by 7-AAD staining 
of CD56 (+) NK cells. Ando et  al. showed that activated 
granulocytes release H2O2 in concentrations that would be 
sufficient to induce NK cell death (100–200 µM/1 × 106 
cells/100µL) [17], an observation that has also been con-
firmed by other groups [7, 18–20]. Based on these stud-
ies, we believe that the concentrations of H2O2 used in this 
study are similar to levels observed at inflammatory sites. 
As shown in a representative 7-AAD staining (Fig.  1a), 
numbers of apoptotic cells in IL-2 NK or expanded NK 
were markedly lower than in resting NK, where the frac-
tion of apoptotic cells present was dependent on the con-
centration of H2O2. Data summarized from several differ-
ent donors (n = 8) indicate that expanded NK possessed 
the greatest resistance towards H2O2 treatment among the 
three groups of NK cells. There were significant differences 
in sensitivity to H2O2 at 80 and 160 µM between the three 
groups of NK cells (Fig. 1b). To confirm whether the cell 
death observed was H2O2-dependent, the IL-2 NK were 
treated in the same way but in the presence of catalase, a 
scavenger of H2O2 [8, 17, 21]. The H2O2-induced cell death 
was significantly inhibited with catalase treatment, also in 
resting NK and expanded NK (data not shown).

Gene expression array of IL‑2 NK, expanded NK 
and resting NK

To evaluate the factors responsible for H2O2-resistance in 
activated NK cells, gene expression was assessed in resting 
NK, IL-2 NK, and expanded NK. As shown in the heat map 
of gene expression data specific for anti-oxidant and anti-
apoptotic genes (Fig.  2a), unsupervised hierarchical clus-
tering analysis accurately clustered the three distinct groups 
of resting NK, IL-2 NK, and expanded NK. The cluster of 
IL-2 NK samples comprised two IL-2 concentrations (dark 
blue, 200 IU/mL; light blue, 6000 IU/mL). Although IL-2 
NK and expanded NK showed a similar pattern of anti-
oxidant and anti-apoptotic gene expression, this was com-
pletely different in resting NK and expanded NK, which 
exhibited marked up-regulation of these genes (Fig.  2a). 
Amongst the different gene expression patterns, we focused 
on TXN1, PRDX1, and SOD-1 and −2, since it has pre-
viously been reported that TXN1, PRDX1, and SODs are 
closely related to anti-oxidant activity [22–24]. We found 
that the expression of TXN1, PRDX1, and SOD1 was sig-
nificantly up-regulated in both IL-2 NK and expanded NK 
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relative to resting NK; the greatest degree of up-regulation 
was observed in expanded NK (Fig.  2b). In contrast, the 
expression of SOD2 was down-regulated in IL-2 NK and 
expanded NK compared to in resting NK (Fig. 2b).

Up‑regulation of PRDX1 and TXN1 protein in activated 
NK cells

Next, we examined the protein levels of anti-oxidant mol-
ecules including SOD1, SOD2, TXN1, and PRDX1 in 
resting NK, IL-2 NK, and expanded NK. The results 
were shown to be in line with the gene expression levels 
(Fig. 2a), as the protein levels of TXN1 and PRDX1 were 
also up-regulated in IL-2 NK and expanded NK compared 
to those in resting NK. There was no significant alteration 
of SOD1 and SOD2 protein seen in NK cells (Fig. 3a).

The up-regulation of TXN1 and PRDX1 by IL-2 NK 
was dependent on the dose of IL-2 (Fig. 3b, on the right), 
demonstrating that IL-2 plays an important role in the regu-
lation of TXN1 and PRDX1. On the other hand, up-regula-
tion of TXN1 and PRDX1 was also observed in expanded 
NK without IL-2 (Fig. 3b, on the left), indicating that other 
stimulating signals such as IL-15 or 41BBL may also cause 
up-regulation of TXN1 and PRDX1 levels. However, since 

the addition of IL-2 together with the K562-mb15-41BBL 
cell line induces higher expression of TXN1 and PRDX1 
(Fig.  3b), it is likely that IL-2 is a main inducer of up-
regulation of TXN1 and PRDX1 molecules. We further 
evaluated SOD1, SOD2, TXN1, and PRDX1 expression 
in expanded NK from four different donors. The same ten-
dency was observed in all donors (Fig. 3c).

Erk 1/2 and PI3K‑Akt expression in activated NK cells

Because IL-2 and IL-15 activate multiple signaling path-
ways in NK cells, including the Ras-MAP kinase [25, 
26] and PI3K-Akt-p70 S6 kinase [26], we evaluated the 
expressions of Erk1/2 for the MAPK pathway and Akt for 
the PI3K-Akt pathway by Western blot. However, no sig-
nificant changes to phosphorylated or total Erk 1/2 and 
Akt expression were seen in the three types of NK cells 
(Fig. 3a).

Effect of anti‑TXN1‑neutralising Ab on H2O2‑induced 
cell death in NK cells

It has been reported that T cell resistance to 
H2O2-induced cell death could be antagonized by 

Fig. 1   Apoptosis of NK cells after treatment with H2O2. a Puri-
fied NK cells were incubated with H2O2 for 24 h at indicated doses 
within physiological levels, and then subjected to apoptosis analysis 
with 7-AAD staining in combination with CD56 mAb. We prepared 
resting NK, IL-2 NK (500  IU/mL of IL-2), and expanded NK from 

the same healthy donor. Representative flow cytometric data from 
the same healthy donor are shown. b Summarized data of the apop-
tosis analysis with 7-AAD staining in NK cells from different donors 
(n = 8) are shown. ***p < 0.001, **p < 0.01, *p < 0.05
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anti-TXN1-neutralising antibodies [27]. To confirm 
that resistance to H2O2-induced cell death in activated 
NK cells is dependent on up-regulation of TXN1, IL-2 
NK were subjected to an apoptosis assay in the pres-
ence of anti-TXN1-neutralising Ab. As shown in Fig. 4a, 
H2O2-induced cell death in IL-2 NK was significantly 
increased with anti-TXN1-neutralising Ab, suggesting 
that up-regulation of TXN1 plays an important role in 
conferring resistance against ROS in activated NK cells.

We also determined the effect of anti-TXN1-neutral-
ising Ab on TXN1 expression in the IL-2 NK. TXN1 
expression was evaluated by Western blot in NK cells 
treated with IL-2 at 10 and 1000 IU/mL in the presence 
of anti-TXN1-neutralising Ab. As shown in Fig.  4b, 
TXN1 expression showed no difference between those 
with or without anti-TXN1-neutralising Ab, a finding in 
line with previous studies [27].

Fig. 2   Gene expression array of resting NK, IL-2 NK and expanded 
NK. a Resting NK (n = 5) were evaluated immediately after immu-
nomagnetic separation of CD56 + CD3-cells. IL-2 NK (n = 6) and 
expanded NK (n = 5) were evaluated after 7 days of coculture. For the 
IL-2 NK, two concentrations of IL-2 were used: 200  IU/mL (n = 3) 
and 6000  IU/mL (n = 3). A representative heat map showed three 
major clusters derived from the unsupervised hierarchical clustering 
analysis, namely resting NK, IL-2 NK, and expanded NK samples. 
IL-2 NK samples were in one cluster comprising of two IL-2 concen-

trations used (dark blue, 200  IU/mL; light blue, 6000  IU/mL). b A 
representative bar graph shows the gene expression of four anti-oxi-
dant genes, namely TXN1, PRDX1, SOD1, and SOD2, selected from 
the microarray data. Comparisons were made for TXN1, PRDX1, 
SOD1 between each group of NK cells with expanded NK versus 
IL-2 NK; expanded NK versus resting NK; IL-2 NK versus resting 
NK. No comparison was made for SOD2 since the expression showed 
opposite pattern. ***p < 0.001, **p < 0.01, *p < 0.05
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NK cell cytotoxicity is inhibited by H2O2 exposure

To evaluate the functional consequence of H2O2-exposed 
NK cells, we treated expanded NK (n = 5) and resting 
NK (n = 5) with 0 and 80 µM of H2O2 for 24 h and then 

assessed their cytotoxicity. NK cell cytotoxicity was 
significantly reduced after H2O2 exposure, although the 
expanded NK treated with H2O2 were relatively more 
cytotoxic against K562 compared to resting NK (Fig. 5).

Fig. 3   Expression of anti-
oxidant molecules in activated 
NK cells. a Erk, Akt and 
anti-oxidant molecules were 
evaluated in three populations 
of NK cells: resting NK, IL-2 
NK stimulated at 100 IU/mL 
of IL-2 and expanded NK. 
b Evaluation of PRDX1 and 
TXN1 protein expressions were 
carried out in resting NK with 
two populations of expanded 
NK stimulated with or without 
500 IU/mL of IL-2, respectively 
(left); and with four populations 
of IL-2 NK stimulated with 
1, 10, 100, and 1000 IU/mL 
of IL-2, respectively (right). c 
The SOD1, SOD2, TXN1, and 
PRDX1 protein expressions 
were evaluated in IL-2 NK and 
expanded NK from four dif-
ferent donors. These observa-
tions were obtained from three 
independent experiments

Fig. 4   TXN1 is responsible for NK cell resistance to H2O2-induced 
cell death. a IL-2 NK stimulated at 100 IU/mL of IL-2 were treated 
with H2O2 for 24 h with anti-TXN1-neutralising antibody (1 mg/mL) 
or without (Control). Representative viability data of IL-2 NK from 
four independent experiments is shown. *p < 0.05. b TXN1 protein 

expression was evaluated in five populations of NK cells: resting NK; 
IL-2 NK stimulated at 10 or 1000 IU/mL of IL-2 with or without anti-
TXN1-neutralising Ab antibody. These observations were obtained 
from three independent experiments
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Discussion

This study has shown that IL-2 NK and expanded NK were 
more resistant to H2O2-induced cell death than resting NK, 
and that IL-2 confers protection on NK cells against oxida-
tive stress mainly by up-regulation of TXN1, amongst sev-
eral other anti-oxidant molecules.

We have previously shown that resting NK are sensi-
tive to apoptosis in the presence of physiological levels of 
H2O2 [7, 17, 19], which is produced abundantly within the 
tumor microenvironment of gastric and esophageal cancer 
[7, 28]. It is possible that the H2O2 produced within tumor 
cells has the capability to switch off NK function, leading 
to NK cell dysfunction which is frequently observed in the 
tumor microenvironment [7, 17]. We have also reported 
that expanded NK were significantly more cytotoxic to gas-
tric cancer than resting NK [6]. Hence, we wanted to evalu-
ate the resistance of expanded NK to ROS when transferred 
into cancer patients. This study has clearly demonstrated 
that the expanded NK are able to resist the effects of ROS 
better than resting NK, suggesting that expanded NK trans-
ferred into patients can exert cytotoxic function despite the 
presence of ROS within the tumor microenvironment.

With regard to the candidate molecules that mediate 
the increased tolerance to oxidative stress in activated NK 
cells, and based on the function of SODs [29], PRDX1 and 
catalase [30], it is plausible that anti-oxidant molecules or 
anti-apoptotic molecules are involved in this mechanism. 
Additionally, it has also been recently reported that PRDX1 
are responsible for redox balance in the NK cell system 
[31], and thiols such as glutathione and TXN1 have been 
documented as being important in the anti-oxidative sys-
tems [12, 24].

Our data suggest a novel mechanism by which IL-2 con-
fers protection on activated NK cells against oxidative stress 
by up-regulation of TXN1. Furthermore, we found that 
other signals such as IL-15 and, to a lesser extent, 4-1BBL 
also contributed to the up-regulation of TXN1. While there 
are reports that describe the relationship between IL-2 and 
TXN1 in T cells and NKT cells, very little was previously 

known about the role of IL-2 and TXN1 in NK cells. IL-2 
may contribute to the effect of the TXN1 binding protein 
on NKT cell populations [32], and overexpression of TXN1 
suppresses oxidative stress damage [33]. As IL-2R and IL-
15R share the same β- and γ-subunits, they both activate 
downstream signaling pathways including the PI3K and the 
MAPK pathway, and finally the nuclear factor-κB (NF-κB) 
pathway [34–36]. In the present study, there was no signifi-
cant difference in the expression of the PI3K and MAPK 
pathway molecules between resting NK and activated NK 
cells stimulated either with IL-2 or K562-mb15-41BBL. 
Taken together, these data show that activated NK cells 
are resistant to H2O2-induced cell death, while IL-2 mainly 
conferred protection on NK cells by up-regulation of TXN1 
without the involvement of the MAPK or PI3K pathway. Of 
note, it has been shown that the thioredoxin pathways have 
the greatest selectivity for NF-κB relative to the other path-
ways [37].

This study revealed that IL-2 NK and expanded NK 
were resistant to H2O2-induced cell death by up-regulation 
of TXN1. Extracellular TXN1 is responsible for suppress-
ing endothelial cell damage induced by H2O2 [38], while 
secreted TXN1 also exhibits potential anti-apoptotic and 
oncogenic effects beyond its antioxidative function [27, 
39, 40]. This study showed that H2O2-induced cell death in 
IL-2 NK was significantly increased with anti-TXN1-neu-
tralising Ab, which has no effect on TXN1 expression in 
IL-2 NK, indicating that extracellular TXN1 on IL-2 NK 
and/or secreted TXN1 from IL-2 NK plays an important 
role in conferring resistance to ROS. We intend to investi-
gate this further in future studies.

Much effort has been focused on the characterization 
and functional significance of NK cell dysfunction in the 
tumor microenvironment [41]. Our findings provide a novel 
explanation suggesting that an existing redox balance sys-
tem in NK cells may account for how activated NK cells 
can survive in such hostile microenvironments. Therefore, 
a better understanding of how NK cells overcome oxidative 
stress within the tumor microenvironment will improve the 
clinical efficacy of NK cell therapy for solid tumors. This 

Fig. 5   Cytotoxic assay in NK 
cells treated with H2O2. Rest-
ing NK (n = 5) and expanded 
NK (n = 5) were treated with 
H2O2 (0 and 80 µM) for 24 h, 
and then subjected to cytotoxic 
assay against K562 cells in 
a calcein-release assay. E:T 
ratio, effector:K562 ratio. 
***p < 0.001, **p < 0.01, 
*p < 0.05
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study also shows that we can generate the expanded NK 
with 10 IU/mL of IL-2, but to overcome oxidative stress in 
the tumor microenvironment the use of 100 IU/mL of IL-2 
would be of greater benefit.
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