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Adenanthin, a new inhibitor of thiol-dependent antioxidant
enzymes, impairs the effector functions of human natural killer
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Introduction

Natural killer (NK) cells constitute 10-15% of all periph-
eral blood lymphocytes. This fairly high frequency impli-
cates an important role for NK cells in a variety of

Summary

Natural killer (NK) cells are considered critical components of the innate
and adaptive immune responses. Deficiencies in NK cell activity are com-
mon, such as those that occur in cancer patients, and they can be respon-
sible for dysfunctional immune surveillance. Persistent oxidative stress is
intrinsic to many malignant tumours, and numerous studies have focused
on the effects of reactive oxygen species on the anti-tumour activity of
NK cells. Indeed, investigations in animal models have suggested that one
of the most important thiol-dependent antioxidant enzymes, peroxiredox-
in 1 (PRDXI1), is essential for NK cell function. In this work, our analysis
of the transcriptomic expression pattern of antioxidant enzymes in human
NK cells has identified PRDX1 as the most prominently induced tran-
script out of the 18 transcripts evaluated in activated NK cells. The
change in PRDX1 expression was followed by increased expression of two
other enzymes from the PRDX-related antioxidant chain: thioredoxin and
thioredoxin reductase. To study the role of thiol-dependent antioxidants
in more detail, we applied a novel compound, adenanthin, to induce an
abrupt dysfunction of the PRDX-related antioxidant chain in NK cells. In
human primary NK cells, we observed profound alterations in spontane-
ous and antibody-dependent NK cell cytotoxicity against cancer cells,
impaired degranulation, and a decreased expression of activation markers
under these conditions. Collectively, our study pinpoints the unique role
for the antioxidant activity of the PRDX-related enzymatic chain in
human NK cell functions. Further understanding this phenomenon will
prospectively lead to fine-tuning of the novel NK-targeted therapeutic
approaches to human disease.

Keywords: degranulation; natural killer cells; oxidative stress; peroxiredoxin;
tumour surveillance.

immune processes. Indeed, NK cells are considered to be
essential components of innate antimicrobial and antican-
cer responses. The effector functions of NK cells include
cytotoxicity, and cytokine and chemokine production.'
Upon interaction with target cells (i.e. altered, virus-

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; ADNT, adenanthin; CAT, catalase; CSFE, carboxyfluores-
cein succinimidyl ester; FC, fold change; GLRX, glutaredoxin; GPX, glutathione peroxidase; GSH, glutathione; GSR, glutathione
reductase; GSSG, glutathione disulphide; IL, interleukin; NAC, N-acetylcysteine; NKEF, natural killer enhancing factor; NK, natu-
ral killer; PBMC, peripheral blood mononuclear cells; PRDX, peroxiredoxin; PS, phosphatidylserine; ROS, reactive oxygen spe-
cies; SOD, superoxide peroxidase; TLR, toll-like receptor; TXNRD, thioredoxin reductase; TXN, thioredoxin
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infected or tumour-transformed cells), NK cells exert
potent cytotoxicity via perforin/granzyme release or via
the tumour necrosis factor-related apoptosis-inducing
ligand or Fas ligand pathway. Additionally, the produc-
tion of pro-inflammatory and regulatory cytokines and of
chemokines allows NK cells to communicate with other
immune cells.>’ The triggering of effector functions is
mediated via a large array of activating receptors, includ-
ing NKp30, NKp44, NKp46, DNAM-1, NKG2D and
FcyRIII (CD16). With the expression of the FcyRIII, NK
cells act as potent effectors notably via antibody-depen-
dent cell-mediated cytotoxicity (ADCC).*

To date, the impact of oxidative stress on NK cell func-
tion is not well understood. Some observations indicate
that NK cell blood counts and activity are positively cor-
related with oxidative stress indicators.” Moreover, intra-
tumoral oxidative stress can change the immune
recognition of cancer cells by up-regulating NKG2D
ligand expression in primary human carcinoma.® Never-
theless, oxidative stress is often exploited by tumour cells
to impair immune responses. Hence, the conditions of
local, though persistent, oxidative stress are often exagger-
ated at sites of tumour formation.” Reactive oxygen spe-
cies (ROS)-induced NK cell dysfunction is considered
one of the mechanisms of ‘immune escape’ at sites of
solid tumour progression.® Furthermore, tumour-associ-
ated monocytes/macrophages’ or myeloid cells'® suppress
NK cells in an oxidant-dependent manner. Oxidative
stress is also responsible for the suppression of NK cell
functions in non-malignant pathological conditions, such
as uraemia'"'? or atherosclerosis.'® It is therefore impor-
tant to elucidate the natural antioxidant mechanism(s)
that can protect NK cells against these effects.

Various mechanisms are believed to protect the cells
from oxidative stress. The maintenance of redox balance
in the cell requires local and timely availability of the
scavenging enzymes. Among these, a group of thiol-
dependent enzymes, including peroxiredoxins (PRDXs)
(for a comprehensive review, see ref. 14), offers such flex-
ibility because they are not as compartmentalized in the
cell as other enzymes, such as catalases. PRDXs are the
most recently described family of antioxidant enzymes
that are capable of reducing peroxides, the most promi-
nent of which is hydrogen peroxide (H,0,). These
enzymes are distributed throughout the cellular compart-
ments and are therefore thought to be broad-range anti-
oxidant defenders. Their catalytic function is to reduce
peroxides by using the reactivity of their cysteine residues,
and their presumed primary physiological role is to pro-
tect living organisms from peroxide toxicity. Moreover,
compelling evidence suggests that typical 2-Cys PRDXs
play fundamental signal regulatory roles in the multiple
signalling networks by interacting with or residing near
specific redox-sensitive molecules.'>'® Peroxiredoxin 1
(PRDX1), which was initially referred to as natural killer
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enhancing factor-A (NKEF-A)," is a potent natural H,O,
and peroxynitrite scavenger that alleviates oxidative
stress'® and regulates a variety of processes within mam-
malian cells.'® One of the most striking features in the
Prdx1-deficient mice is a deep impairment of NK cell
function. These mice present abnormalities in the num-
ber, phenotype and function of NK cells,"” accompanied
by increased susceptibility to spontaneous'® or oncogene-
induced® tumour formation. It has also been shown that
PRDX1 strongly increases antibody-dependent NK cell-
mediated viral inhibition against simian immunodefi-
ciency virus.*' These facts, which were all gathered mostly
in animal models, suggest an important role for PRDXs,
especially PRDX1, in NK cell biology. However, more
detailed studies in the human system, particularly on the
role of intracellular PRDXs in NK cell function, have
been hampered until recently by the lack of an efficient
inhibitor suitable for studies on the consequences of
PRDX dysfunction in primary human NK cells.

Adenanthin (ADNT), a diterpenoid compound that is
extracted from the herb Isodon adenantha,® has been
shown to inhibit the antioxidant activity of PRDX1 and,
to a lesser extent, PRDX2.” Our team®* and others®
have further described that such actions are mediated by
the regulation of intramolecular or intermolecular disul-
phide bonds. The result of such actions can be detected
in non-reducing SDS-PAGE, where enzymatically inactive
PRDX monomers can be observed in lysates from ADNT-
treated cells and this phenomenon is accompanied by a
deep defect in H,0, metabolism.”® ADNT has also been
proposed to inhibit other enzymes of the PRDX-related
chain, namely thioredoxin (TXN)** and thioredoxin
reductase (TXNRD),” which can hamper the regenera-
tion rate of PRDX. Hence, the effects of ADNT on PRDX
metabolism can be in a direct or indirect manner. The
effects of ADNT on glutathione (GSH) -related antioxi-
dant defences have also been described, but only at high
concentrations of ADNT.? Hence, ADNT has arisen as a
fairly potent research tool for interfering with thiol-
dependent peroxidases. Because ADNT has been proposed
to be a potential immunomodulatory®” or anti-tumour
compound,””?® it becomes important to identify the full
spectrum of pharmacological actions of ADNT in biologi-
cal systems, particularly those related to tumour surveil-
lance. In this study, we assessed the effects of ADNT on
the functions of primary human NK cells.

Materials and methods

Cells

K562 and Raji cell lines were obtained from ATCC
(American Type Culture Collection, Manassas, VA). Cells
were cultured in RPMI-1640 medium (Sigma Aldrich, St
Louis, MO) supplemented with 10% heat inactivated fetal
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bovine serum, 2 mM L-glutamine and 1% antibiotic an-
timycotic solution (Sigma Aldrich). Peripheral blood
mononuclear cells (PBMC) were obtained by Histopaque-
1077 separation from buffy coats from healthy volunteers,
commercially obtained from the Regional Blood Centre
in Warsaw. Ethics approval was not needed because the
buffy coats were provided anonymously and could not be
traced back to a specific individual. This is in line with
Polish legislation section code §13 Dz.U.1997.106.681.

Reagents

Adenanthin was purchased from Faces Biochemical Com.,
Ltd (Wuhan, Hubei, China; catalogue no. CFN99215)
and dissolved in DMSO. Rituximab was obtained from
Roche (Basel, Switzerland). Propidium iodide (Sigma
Aldrich) was dissolved in water and diluted in PBS. Carb-
oxyfluorescein succinimidyl ester (CFSE) (Invitrogen,
Carlsbad, CA) was dissolved in DMSO. N-acetyl 1-cyste-
ine (NAC) (Sigma Aldrich) was dissolved in sterile dis-
tilled water (stock solution) and diluted directly before
use in experiments. The pH was adjusted to 7-4 by the
addition of NaHCOj. Subsequently, 25 mm N-ethylmalei-
mide stock solution was obtained as a component of a
GSH/GSSG (glutathione disulphide)-Glo™ Assay from
Promega (Madison, WI).

Evaluation of ROS

Natural killer cells isolated from healthy donors were
stimulated with 100 U interleukin-2 (IL-2) and 100 U
interferon-o (IFN-o)/ml overnight and then loaded with
CM-H,-DCFDA (Molecular Probes) according to the
manufacturer’s protocol, using 1 um dye concentration
for 30 min at 37°. Next, labelled cells were incubated with
200 pm H,0, or 4 um ADNT in a culture medium at
37°, harvested and diluted in PBS, and the intensity of
green fluorescence was analysed by flow cytometry using
Accuri C6 (Becton Dickinson, Franklin Lakes, NJ).

Determination of glutathione levels

To measure total GSH and GSSG, we used a GSH/GSSG-
Glo™ Assay (Promega). The experiment was performed as
described in ref. 24. Briefly, NK cells that had been isolated
from two different donors were seeded at 2 x 10%/well in a
96-well plate and incubated with ADNT or DMSO (control
group) in the cell culture medium for 2 hr at 37° in two
independent experiments. The GSH-depleting agent N-eth-
ylmaleimide (10 pm) was used as a control.

NK cell cytotoxicity assay
Human NK cells freshly isolated using Human CD56 Posi-

tive Selection Kit (Stemcell Technologies, Vancouver, BC)
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were stimulated overnight with human recombinant IL-2
(100 U/ml) (Proleukin; Novartis, Basel, Switzerland) and
IL-15 (10 ng/ml; R&D Systems, Minneapolis, MN) or IFN-
o (100 U/ml) (Roferon; Roche). K562 and Raji cells (target
cells) were labelled with CFSE at a final concentration of
1-25 pum for 10 min at 37° 1 day before the cytotoxicity
assay. Experiments were performed either in a pre-incuba-
tion or co-incubation model. In the pre-incubation model,
NK cells were seeded into a 12-well plate at 4 x 10° cells/
well in RPMI-1640 medium and were pretreated with 4 pm
ADNT for 4 hr, washed three times and subsequently used
in cytotoxicity assays. In the co-incubation, model target
cells and previously untreated NK cells were incubated in
ADNT (4 pm) for a 4-hr cytotoxicity assay. To study natu-
ral cytotoxicity, K562 cells were incubated in 96-well U-
bottom plate with NK effector cells (at E : T ratio 6 : 1)
for 4 hr at 37°. For the ADCC assay, Raji cells were incu-
bated with anti-CD20 mAD rituximab (100 pg/ml) and NK
cells for 4 hr (E : T 6 : 1). Upon incubation, ice-cold pro-
pidium iodide (final concentration 4 pg/ml) was added to
all samples, and the cells were analysed using flow cytome-
try (FACScan; Becton Dickinson, San Jose, CA). NK cell
cytotoxicity was calculated as a percentage of CFSE and
propidium iodide-positive target cells.

Degranulation assay and cytokine secretion

For the degranulation and cytokine secretion assays, NK
cells were isolated from PBMC using the EasySep"™ Human
NK cell Enrichment Kit (Stemcell Technologies) and stim-
ulated overnight as described above. NK cells were incu-
bated with K562 target cells (natural cytotoxicity) or
rituximab-coated Raji cells (ADCC) in the presence of Gol-
giStop (BD Biosciences, San Jose, CA), anti-CD107a-FITC
antibody (BD Biosciences) and ADNT (4 pum) (co-incuba-
tion model) for 4 hr at an E: T ratio of 1 : 1. Subse-
quently, NK cells were stained with phycoerythrin
(PE)-Vio770-conjugated anti-CD56 (MACS; Miltenyi,
Bergisch Gladbach, Germany), Peridinin chlorophyll pro-
tein-Cy5.5-conjugated anti-CD3 (BD Biosciences) and Fix-
able Viability Dye (eBioscience, San Diego, CA). NK cell
degranulation was determined as a percentage of CD107a-
positive cells within a CD56-positive and CD3-negative NK
cell population using flow cytometry. To determine cyto-
kine production after 4 hr of incubation with targets and
monoclonal antibodies, NK cells were fixed and permeabi-
lized with Cytoperm/Cytofix (BD Biosciences) and stained
with Alexa Fluor®700-conjugated anti-IFN-y antibody (BD
Biosciences) and eFluor®450-conjugated —anti-tumour
necrosis factor-o (TNF-ot) (eBioscience).

NAC treatment

The drug was dissolved as stock solution and diluted
directly before experimentation. The pH was adjusted
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to 7-4 by the addition of NaHCO;. NAC toxicity on
NK cells was evaluated upon overnight incubation with
increasing concentrations of NAC wusing propidium
iodide staining and flow cytometry analysis. Non-toxic
concentrations of NAC were used for other purposes.
NK cells that had been stimulated overnight as
described previously were pretreated with NAC for
4 hr, washed and used for the degranulation assay. The
degranulation assay was performed in the presence of
NAC.

Flow cytometry annexin-V binding assay

NK cells alone or co-cultured with K562 cells (at E: T
ratio 6:1) in a 96-well plate were incubated with
increasing concentrations of ADNT (1, 2, 4 um) for
4 hr. Upon incubation, cells were washed, stained with
anti-CD56-PE-Vio770 antibody (MACS; Miltenyi), and
then washed and stained with FITC-conjugated annexin-
V (BD Biosciences). All staining procedures were per-
formed on ice. Cells were analysed by flow cytometry
(Aria III; Becton Dickinson). Annexin-V positive NK
cells were calculated from the CD56-positive NK cell
population.

Evaluation of NK cell activation markers by flow cytom-
etry

To evaluate the expression of surface activation markers,
NK cells were isolated from PBMC using an EasySep™
Human NK cell Enrichment Kit (Stemcell Technologies)
and stimulated overnight as described above. After 24 hr
of incubation with increasing doses of ADNT, NK cells
were washed and incubated for 20 min with the following
antibodies: PE-Vio770 conjugated anti-CD56 (clone
AF12-7H3; Miltenyi Biotec), allophycocyanin-Cy7 conju-
gated anti-CD16 (clone 3G8; BD Biosciences), PE-conju-
gated anti-CD25 (clone M-A251; BD Biosciences), PE-
conjugated anti-CD69 (clone TP1.55.3; Beckman Coulter,
Brea, CA), PE-conjugated anti-NKp30 (clone AF29-4D12;
Miltenyi Biotec), PE-conjugated anti-NKp44 (clone Z231;
Beckman Coulter), allophycocyanin-conjugated anti-
NKG2D (clone BAT221; Miltenyi), PE-conjugated anti-
DNAMI (clone DX11; BD Biosciences) and Fixable Via-
bility Dye eFluor 506 (eBioscience). After washing with
PBS, cells were analysed using flow cytometry (FACSCan-
to; Becton Dickinson).

Western blotting

Natural killer cells were seeded onto a 12-well plate at
4 x 10° cells/well in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 2 mm L-glutamine, and 1%
Antibiotic Antimycotic Solution. After 24 hr, cells were
incubated with increasing concentrations of ADNT (0, 2,
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4 nm) for either 4 or 8 hr. Cells were pelleted, washed
twice in PBS and lysed using RIPA buffer with protease
and phosphatase inhibitor cocktail followed by centrifuga-
tion at 20 817 g (14 000 rpm) at 4°. The supernatants
were collected, and the protein concentrations were deter-
mined using the Bradford method. Then, 30 pg of total
protein was loaded per lane and separated on an SDS—
PAGE in non-reducing conditions and transferred to a
nitrocellulose membrane. Membrane was then incubated
for 1 hr at 25° in 10% low-fat dry milk in TBS-Tween 20
(TBST). After a 4° overnight incubation in the primary
antibody [1 : 1000 anti-PRDX1 (Atlas Antibodies, Stock-
holm, Sweden) or 1 :50 000 anti-f-actin (Sigma)], the
membrane was washed thrice for 10 min in TBST, incu-
bated for 1 hr at 25° with a horseradish peroxidase-con-
jugated secondary antibody, and again washed thrice in
TBST. The proteins were detected using SuperSignal West
Femto Chemiluminescent Substrate (Thermo Scientific,
Waltham, MA). Chemiluminescence was detected using
the Stella Imaging System (Raytest Isotopenmessgeraete
GmbH, Straubenhardt, Germany).

Results

PRDXI1, TXN and TXNRDI1 transcripts are highly up-
regulated in activated NK cells

Given pre-existing information on the role of oxidative
stress in NK function, we decided to investigate whether
the activation of NK cells is related to detectable changes
in the expression of antioxidant enzymes. To this end, we
reanalysed the publically available transcriptomic data
derived from the gene expression profiling in NK cells by
Hanna et al.”® We focused on the expression of 18 tran-
scripts that encode natural antioxidant-related proteins in
three subsets of purified peripheral-blood-derived NK
cells: CD56"™ CD16" NK, CD56™¢" CD16  NK and
in vitro stimulated CD56" CD16" NK (Fig. 1). Our analy-
sis revealed a drastic change in the expression of several
enzymes upon long-term NK cell stimulation with IL-2
and phytohaemagglutinin.?® In particular, in activated
CD56%™ CD16" NK cells, the PRDXI1 transcripts
increased 18-4-fold compared with the unstimulated NK
subset. This phenomenon was accompanied by a stark
increase in the transcripts of two other PRDX-related
antioxidant enzymes, TXN [fold change (FC) = 14-4] and
TXNRDI1 (FC = 11). Altogether, this microarray analysis
reveals the specific up-regulation of the elements of the
PRDX1-related enzymatic chain in the process of NK cell
activation. Increases (FC > 2) in the PRDX2-5, GPX4,
GLRX, GSR, CAT and SODI transcripts could also be
observed between unstimulated and stimulated NK cells.
Taken together, these results indicate a potent mobiliza-
tion of the antioxidant defence systems in activated NK
cells.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 173-183
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Figure 1. Peroxiredoxin 1 (PRDX1)-encoding transcript is markedly
up-regulated in activated natural killer (NK) cells. Reanalysis of
changes in antioxidant gene expression pattern in transcriptomic
profiling in the pooled purified peripheral blood-derived
CD56%™ CD16" NK, CD56"8" CD16~ NK and in-vitro activated
(interleukin-2 + phytohaemagglutinin) CD56" CD16" NK subsets
obtained from nine healthy donors® (GEO accession number:
GSE1511). The expression level for each gene in CD56"™CD16" sub-
set was set as 1, and the levels in the remaining two subsets are pre-
sented as the relative fold change. PRDXI, thioredoxin (TXN) and
thioredoxin reductase (TXNRDI) relative expression bars in the acti-
vated NK cells are indicated with arrows. Data are presented as the
averages £ SD for two technical replicates.

Adenanthin dysregulates redox homeostasis in NK
cells

To study the role of PRDX-related antioxidants in human
NK cell function, we chose to chemically inhibit PRDX.
First, we evaluated the effects of ADNT on the accumula-
tion of ROS in NK cells. As presented in Fig. 2(a), the
incubation of primary NK cells with 4 pm ADNT for 4 hr

© 2015 John Wiley & Sons Ltd, Immunology, 146, 173-183
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resulted in a significant increase in intracellular ROS,
which indicates that ADNT treatment induces exaggerated
oxidative stress in these cells. Indeed, ADNT has been
reported to interfere with PRDX1 dimer formation in
human cells, which correlates with the impairment of
H,0, metabolism.*® Accordingly, in this study, we
observed that 4 M ADNT produced a detectable decrease
in PRDX1 dimer content that was accompanied by the
appearance of PRDX1-monomers in primary human NK
cells (Fig. 2b), which corresponds to our previous obser-
vations®® and suggests the suitability of ADNT as a tool
for the rapid impairment of PRDX-related antioxidant
defences in NK cells.

Because the shift from the dimeric to monomeric form
of PRDX1 can be caused by a decrease in the PRDX
reduction rate due to the inhibition of the TXN-TXNRD
enzymatic system, we evaluated the effects of ADNT on
TXN-TXNRD activity using an insulin reduction assay, as
previously described.”* As shown in the Supplementary
material (Fig. S1), incubating the NK cells with ADNT
resulted in a statistically significant, though very modest
decrease in TXN-TXNRD activity. Therefore, although
the indirect component of ADNT actions towards PRDX1
cannot be excluded, it is unlikely that this is the only
considerable route for ADNT-induced effects.

Given the previous report suggesting that high concen-
trations of ADNT are capable of depleting GSH levels in
biological systems,””> we assessed this phenomenon using
the ADNT concentrations applied in this work. As shown
in Fig. 2(c), 2 and 4 pm ADNT only slightly reduced the
total glutathione in NK cells compared with the GSH-
depleting agent, N-ethylmaleimide. In general, our data
confirm the applicability of ADNT as a tool for inducing
intracellular oxidative stress in human NK cells, with
greater effects towards PRDX-related antioxidants rather
than GSH-related defences.

Adenanthin impairs the natural cytotoxicity and
degranulation of NK cells in a pre-incubation model

We next assessed the impact of ADNT on NK cell natural
cytotoxicity against the NK-sensitive target cell line K562
(Fig. 3a, left-hand panel). Overnight-activated NK cells
were first pre-treated with ADNT for 4 hr and were then
subsequently co-incubated with K562 cells. Treating NK
cells by ADNT impaired cytotoxicity compared with the
cytotoxicity mediated by untreated NK cells (8-:35% ver-
sus 54-48%, respectively, P < 0-01). Of note, the killing
process of NK cells relies primarily on the release of per-
forin and granzyme B granules towards the target cell, a
process that is called degranulation,” followed by
CD107a expression at the NK cell surface.”’ Consistent
with cytotoxicity, degranulation against K562 was signifi-
cantly decreased after pre-treating NK cells with ADNT
(Fig. 3a, right-hand panel).
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Adenanthin impairs ADCC in a pre-incubation model

Natural killer cells are important mediators of anti-
tumour activity mediated by therapeutic monoclonal anti-
bodies, for example, rituximab, which binds the CD20
surface antigen.”” Therefore, we next assessed whether
ADNT would affect rituximab-dependent cell-mediated
(R-ADCC) NK cell cytotoxicity and degranulation. CD20-
expressing Raji cells incubated with rituximab were used
as targets for the R-ADCC assays. ADNT pre-treatment
significantly impaired R-ADCC, NK cell cytotoxicity and
degranulation (Fig. 3b, left- and right-hand panels,
respectively). Notably, ADNT was not toxic to NK cells
within the range of tested concentrations because the via-
bility of NK cells was not affected upon 16 hr of incuba-
tion with ADNT (see Supplementary material, Fig. S2).
Collectively, our results indicate that pre-treatment with
ADNT significantly suppresses the cytotoxic functions of
NK cells.

Adenanthin impairs the functions of NK cells in a co-
incubation model

In the following studies, we used a co-incubation model*

that reflected more physiological conditions where both
target and effector cells were co-incubated for 4 hr in the
presence of ADNT. In the co-incubation model, ADNT
potently inhibited NK cell degranulation in spontaneous
NK cell cytotoxicity and R-ADCC assays (Fig. 4a, left-
and right-hand panels, respectively), as determined by
anti-CD107a staining.

Interestingly, in this model, natural NK cell cytotoxicity
remained roughly unchanged (see Supplementary mate-
rial, Fig. S3, left-hand panel), and only a modest decrease
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donors £ SEM. **P < 0.-01.

in R-ADCC-mediated NK cell cytotoxicity was observed
(see Supplementary material, Fig. S3, right-hand panel).
The difference between the pre-incubation and co-incuba-
tion results can be explained by either the shorter time
course between the start of ADNT treatment and the
read-out of the assay or the sensitization of target cells to
the cytotoxic effects, which can compensate for NK cell
dysfunction. Therefore, we assessed the effects of pre-
incubation of the target cells with ADNT before the NK
cytotoxicity assay. As shown in the Supplementary mate-
rial (Fig. S4), ADNT-pretreated K562 or Raji cells were
similarly or even less susceptible to the cytotoxic effects
of NK cells compared with the control. Hence, we con-
clude that the difference in cytotoxicity between the pre-
incubation model and the co-incubation model is most
likely associated with the differences in time course
between these models.

To assess whether the effects of ADNT on degranula-
tion of NK cells depend on the induction of oxidative
stress conditions, we performed a degranulation assay in
the presence of non-toxic concentrations (see Supplemen-
tary material, Fig. S2b) of a potent antioxidant, NAC.
Indeed, as presented in Fig. 4(b), 0-1 mm NAC was capa-
ble of almost completely alleviating the effects of ADNT,
which confirms the role of oxidative stress in our experi-
mental model.

To confirm our finding on the impact of ADNT on
NK cell degranulation, we adapted an assay based on the
binding of exogenously added annexin-V to cell surface
secretory granules in proportion to the degree of degran-
ulation.* Specifically, the externalization of phosphatidyl-
serine (PS) has already been proven to be a marker of
degranulation of mast cells.”® We assumed that in NK

© 2015 John Wiley & Sons Ltd, Immunology, 146, 173-183
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Figure 3. Adenanthin (ADNT) affects natural killer (NK) cell cytotoxicity and degranulation in the pre-incubation model. To study cytotoxicity
and degranulation, NK cells (isolated from three healthy donors) were stimulated overnight with cytokines, then pretreated with ADNT for 4 hr,
washed three times and used as effector cells in the assays. (a) To determine the influence of ADNT on natural cytotoxicity of NK cells, CFSE-
labelled K562 target cells were incubated with NK effector cells (pre-treated with ADNT) for 4 hr at an effector : target ratio of 6 : 1. Upon incu-
bation, cells were stained with propidium iodide (PI) and analysed using flow cytometry. NK cell cytotoxicity was determined as the percentage
of CFSE and PI double-positive target cells. Data are presented as the averages £+ SD from three donors (left-hand graph). For the degranulation
assay (right-hand graph), unstained targets were incubated for 4 hr with NK cells (pretreated with ADNT), anti-CD107a antibody and GolgiStop
(at E : T ratio 1 : 1). Cells were washed, stained with anti-CD56, anti-CD3 antibodies and Flexible Viability Dye and analysed by flow cytometry.
For every donor, CD107a expression in ADNT-treated groups was calculated as a percentage of CD107a-positive NK cells in the control sample
of every donor. The results represent the averages of normalized results = SD. (b) In experiments determining the influence of ADNT on NK cell
cytotoxicity and degranulation in antibody-dependent cell-mediated cytotoxicity (ADCC), NK cells were incubated with Raji cells and rituximab
(100 pg/ml) as described in (a). Statistical analysis was performed using the paired Student’s t-test. *P < 0-05; **P < 0-01.

cells, the release of cytolytic granules upon interaction cytokines, including IFN-y and TNF-o.>®> Using intracellu-
with target cells is accompanied by the flip-flop and lar staining, we then determined the effects of ADNT on
expression of PS on the surface of NK cells. Hence, using the production of IFN-y and TNF-a by NK cells (see
annexin-V staining (see Supplementary material, Fig. S5, Supplementary material, Fig. S6, for gating strategy). The
for gating strategy), we observed significantly higher ann- incubation of NK cells with target cells (K562 and ritux-
exin-V binding following interaction between NK cells imab-coated Raji cells, Fig. 4d,e) in the presence of
and K562 cells (P < 0-001, compared with NK cells ADNT resulted in a severe reduction in cytokine produc-
alone), which strongly suggests the applicability of the tion compared with the controls.

annexin-V-based assay as an indicator of the NK cell Collectively, our results demonstrate that interfering
degranulation process (Fig. 4c, left-hand panel). Consis- with redox-dependent systems by treating the NK cells
tent with these results, increasing concentrations of with ADNT significantly affects the cytotoxic and cyto-
ADNT resulted in a dose-dependent reduction of PS kine production capabilities of NK cells.

externalization (Fig. 4c, right-hand panel, grey bars).
Importantly, ADNT had no significant effects on the basal

phosphatidylserine levels (Fig. 4c, right-hand panel, black Adenanthin affects the immunophenotype of NK cells

bars). The triggering of NK cell function is mediated by a wide
In addition to cell cytotoxicity, upon target cell stimu- range of surface activating receptors, including CDI6,
lation, NK cells are potent producers of pro-inflammatory NKp30, NKp44, NKp46, DNAM-1 and NKG2D. Moreover,
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Figure 4. Adenanthin (ADNT) decreases natural killer (NK) cell degranulation, annexin-V binding and cytokine secretion in the co-incubation
model. (a) NK cell degranulation is inhibited in the presence of ADNT in natural cytotoxicity and antibody-dependent cell-mediated cytotoxicity
(ADCC) assays. NK cells stimulated with cytokines were seeded with target cells and ADNT and incubated for 4 hr in the presence of anti-
CD107a antibody and GolgiStop (at an effector : target ratio of 1 : 1). Upon incubation, cells were washed and stained as described previously.
The results represent the averages of normalized results &= SD. (b) Effect of ADNT on NK cell degranulation is reversed by N-acetylcysteine
(NAC) supplementation. Freshly isolated NK cells were stimulated overnight with cytokines. The next day, cells were pre-treated with NAC for
4 hr, washed and used for the degranulation assay in the presence of ADNT (4 um) and NAC. The results represent averages of normalized
results from two donors &= SD (c) In the annexin-V binding assay, NK cells isolated from the peripheral blood mononuclear cells of seven differ-
ent donors were incubated alone (con) or in the presence of K562 cells for 4 hr and subsequently stained with anti-CD56 antibody and annexin-
V (left graph). At right, ADNT modulates annexin-V binding to NK cells stimulated with K562 targets. NK cells were incubated alone or with
K562 cells in the presence of ADNT (0, 1, 2, 4 pum) for 4 hr. Then, cells were washed and stained as described above with anti-CD56 antibody
and annexin-V. The results are shown for one representative donor. Bars represent percentage of annexin-V-positive NK cells + SD for two tech-
nical replicates. (d) Target K562 (natural cytotoxicity) or Raji cells with rituximab (100 pg/ml) (ADCC), were seeded with stimulated NK cells
and ADNT for 4 hr as described in the Materials and methods section. Upon incubation, cells stained with anti-CD56, anti-CD3 and Flexible
Viability Dye, were subsequently fixed, permeabilized and stained with anti-tumour necrosis factor-o. (TNF-o) and anti-interferon-y (IFN-y) anti-
bodies. Data are presented as a percentage of TNF-o or IFN-y positive cells within the whole NK cell population. The experiment was performed
using NK cells isolated from three different donors. Statistical analysis was performed using the paired Student’s t-test. *P < 0-05; **P < 0-01.

activation of NK cells is followed by the up-regulation of
surface markers such as CD25 and CD69 (widely known as
activation markers).'>®%” We therefore studied the effects
of ADNT on the expression of activating receptors and
activation markers on the NK cell surface. A 24-hr incuba-
tion with ADNT induced profound changes in the expres-
sion of most of these molecules on NK cells and had the
most distinct effect on CD25, CD69 and NKG2D expres-
sion (Fig. 5).

Discussion

In the last decade, significant efforts have been made to
improve our understanding of NK cell function and to
propose therapeutic strategies based on NK cell proper-
ties, especially in oncology (reviewed in ref. 38). Never-
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Figure 5. Adenanthin (ADNT) down-regulates expression of natural
killer (NK) cell surface molecules. NK cells isolated from three
healthy donors, stimulated and incubated with ADNT for 24 hr were
subsequently stained with fluorochrome-conjugated antibodies and
analysed using flow cytometry. The expression of each antigen was
calculated as a ratio of mean fluorescence intensity (MFI) to isotype
control MFI. Data are presented as the percentage of control cells.
Bars indicate the averages of normalized results = SD. Statistical
analysis was performed using a paired Student’s t-test. *P < 0-05;
*¥*p < 0-01.

© 2015 John Wiley & Sons Ltd, Immunology, 146, 173-183

theless, many aspects of human NK cell biology still
remain obscure. One of the outstanding issues is to fully
understand the role and mechanism(s) of actions of the
antioxidant defence system in NK cell function. Hence,
there is a constant need for developing the proper tools
for studies of redox-related changes in NK cells.

Many studies have shown that tumour-associated NK
cells display alterations of activating NK cell receptor
expression, which may be deleterious for immune surveil-
lance (reviewed in ref. 39). Similar observations have been
made in peripheral blood NK cells in cancer patients,
where NK cells presented decreased activity and IFN-y
production.*®*" It is most probable that cancers have
developed numerous pathways to suppress NK cells.***’
For instance, multiple pro-oncogenic signalling pathways
result in an increase in ROS production, including
H,0,.** Hence, persistent oxidative stress conditions are
characteristic for many malignant tumours, and immune
cells infiltrating the tumour must cope with this adverse
environment.

Mammalian cells possess several metabolic systems to
alleviate the effects of high levels of H,O,, including the
PRDX-related system that has been directly linked to
NK cell function.*’ Indeed, our analysis of transcriptom-
ic data showed that transcripts encoding components of
the PRDX1—-TXN—TXNRD enzymatic chain are promi-
nently up-regulated in activated, compared with resting,
human NK cells. It remains unclear, however, how
exactly PRDXs contribute to NK cell function. It was
shown that the genetic loss of this H,O, scavenger in
mice leads to an elevation of ROS levels*® and tumori-
genesis'® in various tissues, which is accompanied by
abnormalities in number, phenotype and function of NK
cells.” Studies by Riddell et al.’” have suggested that
extracellular PRDX1 might act in the immune system
via binding to and stimulating Toll-like receptor 4
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(TLR4), although this remains to be confirmed in NK
cells.”! Notably, however, the role of TLR4-mediated sig-
nalling in human NK cells is considered minor; the
recent study by Kanevskiy et al*® found that approxi-
mately 0-2% of the NK cells were shown to be positive
for surface TLR4 and that intracellular staining revealed
only modest amounts of TLR4 inside the NK cell popu-
lation. Similar results were obtained in the study by
Souza-Fonseca-Guimaraes et al.?® Therefore, although
paracrine or intracrine PRDX1-TLR4 interactions cannot
be excluded, it seems reasonable to expect that PRDXI
also plays TLR4-independent roles in NK cells. To
address that assumption, we used the chemical inhibi-
tion of an enzymatic activity of PRDX1 with a novel
thiol-targeted compound, ADNT. To our knowledge,
our study is the first to assess how inhibiting the intra-
cellular PRDX-related antioxidant system influences
human NK cell function and the first to study the appli-
cability of ADNT as a pro-oxidant research tool in NK
cells. Despite obvious considerations about the complete
specificity of ADNT towards PRDX1 (indeed, ADNT
also inhibits the functions of PRDX2, TXN and
TXNRD, to some extent),”***> we find this approach
favourable over the virus-mediated genetic knockdown
of PRDX1, a technique that requires a long-term culture
of the primary NK cells in vitro or the use of NK cell
lines.”® Importantly, previous data from our group have
shown that the application of ADNT mimics the impair-
ment in H,0, catabolism achieved by PRDX1-knock-
down.?® Under such conditions, we observed that ADNT
induces deep alterations in degranulation and cytokine
production by human primary NK cells upon interacting
with cancer cells and that it reduces the expression of
several NK cell activating receptors and activation mark-
ers. Hence, we provide evidence that dysfunction of the
PRDX-related system in human cells is sufficient to
potently inhibit the effector functions of NK cells. This
study substantiates previous findings from animal mod-
els, as studies performed with Prdx1-deficient mice indi-
cated that this molecule is critically important for the
biology of NK cells.”” We further conclude that the
H,0,-degrading capability of the PRDX-related enzy-
matic system is crucial for NK cell effector activities.
Because PRDX activity has been shown to undergo
multilevel regulation in mammalian cells,”" > our results
indicate that PRDX-related enzymes may serve as one of
the mechanisms regulating NK cell function and can
potentially be explored therapeutically. Indeed, our study
raises hope that targeting the thiol-dependent antioxi-
dants can be one of the modalities to regulate the effector
functions of NK cells. This is of special importance in
light of novel strategies using ex vivo expanded, activated
and/or genetically manipulated NK cells for adoptive anti-
cancer therapies (reviewed in refs 54, 55). Collectively,
our study provides new information that opens new
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avenues for studies on NK cells in healthy or pathological
conditions.
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