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Abstract

Background: Natural killer cells (NK cells) are cytotoxic lymphocytes of innate immunity that reveal some
immunoregulatory properties, however, their role in the process of ageing is not completely understood. The
study aimed to analyze the expression of proteins involved in cellular stress response: sirtuin 1 (SIRT1), heat shock
protein 70 (HSP70) and manganese superoxide dismutase (SOD2) in human NK cells with reference to the process of
ageing. Non-stimulated and stimulated with IL-2, LPS or PMA with ionomycin cells originated from peripheral blood
samples of: seniors aged over 85 (‘the oldest’; n = 25; 885 + 0.5 years, mean + SEM), seniors aged under 85 (the old’,
n=30; 75.6 + 0.9 years) and the young (n=31; 20.9 + 0.3 years). The relationships between the levels of expression of
cellular protective proteins in the studied population were also analyzed. The concentrations of carbonyl groups and
8-isoprostanes, markers of oxidative stress, in both stimulated and non-stimulated cultured NK cells were measured to
assess the level of the oxidative stress in the cells.

Results: The oldest seniors varied from the other age groups by significantly higher expression of SIRT1 and HSP70
both in non-stimulated and stimulated NK cells. These cells also appeared to be resistant to further stimulations with
IL-2, LPS or PMA with ionomycin. Highly positive correlations between SIRT1 and intracellular HSP70 in both stimulated
and non-stimulated NK cells were observed. SOD2 presented low expression in non-stimulated cells, whereas its
sensitivity to stimulation increased with age of donors. High positive correlations between SOD2 and surface HSP70
were observed. We found that the markers of oxidative stress in NK cells did not change with ageing.

Conclusions: The oldest seniors revealed well developed adaptive stress response in NK cells with increased, constant

levels of SIRTT and intracellular HSP70. They presented also very high positive correlations between expression of these
cellular protective proteins both in stimulated and non-stimulated cells. These phenomena may contribute to the long

lifespan of this group of elderly. Interestingly, in NK cells SOD2 revealed a distinct role in cellular stress response since it
showed sensitivity to stimulation increasing with age of participants. These observations provide novel data concerning
the role of NK cells in the process of ageing.
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Background

Natural killer cells (NK cells) are cytotoxic lymphocytes
of innate immune system. They are cytotoxic ILCsl (in-
nate lymphoid cells type 1) crucial for immune response
against viral infection and tumor cells [1, 2] but demon-
strate also some immunoregulatory activities by secre-
tion of cytokines and chemokines [3, 4]. They may
adjust to the alterations of the cellular environment and
develop a type of antigen-specific immunological mem-
ory exposing characteristics of both innate and adaptive
immunity [5, 6]. After activation by cytokines such as
IL-2, IL-12, IL-15 and IL-18 in different combinations or
target cell challenge they secrete a range of cytokines,
e.g. TNE, IEN-y, IL-5, IL-10, IL-13, GM-CSF and chemo-
kines IL-8, MIP-1a, MIP-1p and RANTES [7-9].

Interleukin 2 is one of the key NK cell cytokines re-
quired for the survival, proliferation and activation of
MKK/ERK pathway, which was shown to be necessary
for the activation of NK cells, IFN-y secretion, CD25
and CD69 expression and enhanced cytotoxic func-
tion [10].

NK cells can be also activated by lipopolysaccharide
(LPS), a component of the outer membrane of Gram-
negative bacteria [11, 12]. LPS is recognized by Toll-like
receptors 4 (TLR4) which play a crucial role in innate
immunity and are expressed also on the surface of NK
cells [13, 14]. TLR4 interacts by binding lipid A, a part of
LPS molecule what results in activation of NF-kB pathway
and expression of genes coding for proinflammatory
cytokines, e.g. TNE, IL-1, IL-6, GM-CSF and chemokines,
e.g. IL-8, RANTES, MIP-1a, MCP-1 [15, 16].

Phorbol 12-myristate 13-acetate (PMA) is a protein
kinase C (PKC) activator used for a strong and unspe-
cific stimulation of NK cells. Ionomycin (Ca®* ionophore
A23187) is a calcium ion channel opening antibiotic that
mimicks the action of inositol triphosphate (IP3) and in-
creases intracellular cytoplasmic free Ca>* concentration
by causing an influx of calcium ions from the extracellu-
lar space into cell cytoplasm [17]. Ca®>*-PKC pathway is
involved in the phosphorylation of STAT4 which binds
to numerous sequences in the genome including pro-
moters of proinflammatory cytokine genes such as IFN-
y and TNF [18]. PMA with ionomycin are used for short
(1-6 h) cell stimulation to induce the expression of cyto-
kines, e.g. IFN-y [19-21] and for both short [19] and
longer (up to 48 h) cell stimulations to analyze profiles
of gene and protein expression [22, 23].

Ageing is associated with the progressive increase in
the proinflammatory status caused by the general de-
crease in the capacity to cope with a variety of stress
factors and impairment of regulatory mechanisms con-
cerning cytokine secretion. In ageing increased serum
level of IL-6 and TNF, elevated level of C reactive pro-
tein and decreased concentration of anti-inflammatory
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cytokine IL-10 have been often reported [24]. These
phenomena have been described as “inflamm-aging”
[25]. However, ageing is also characterized by the in-
crease of oxidative stress due to the redox imbalance
caused by discrepancy between the amount of reactive
oxygen species (ROS) generation and the activity of
anti-oxidative mechanisms [26]. Thus, the theory of
oxidation-inflammation was proposed as the main
cause of ageing and the new term “oxi-inflamm-aging”
was introduced to accentuate the relation between the
redox state and functional capacity of the ageing im-
mune system [27].

Adaptive stress response of cells and organisms to an
intracellular or extracellular moderate stress is referred
to the term hormesis used in toxicology to reflect a
dose response to drugs, toxins or some natural sub-
stances. Low doses of these substances may elicit a
positive response regarding adaptation to or protection
from the stress agents, whereas at higher concentra-
tions the same substances reveal toxic effects [28, 29].
The cellular adaptive response usually contributes to
the synthesis of various stress resistance proteins, such
as heat shock proteins, sirtuins, heme oxygenase and
thioredoxin system [29].

SIRT1 is a redox sensitive protein that protects cells
against cellular senescence caused by oxidative stress
[30]. It is a (NAD") - dependent deacetylase that targets
a variety of transcription factors, including FOXO1, 3
and 4, p53, NF-kB, PGC-1 and HSF-1. These factors
control cellular stress adaptive responses which can then
modulate the lifespan [31]. Expression of chaperons that
protect cells against cellular stress is under control of
heat shock factor-1 (HSF1), which is activated within mi-
nutes after appearing of the stress agent [32—34]. The
presence of HSF-1 in the stress regulatory network indi-
cates the central role of protein homeostasis in SIRT1-
mediated cellular protection [35]. Manganese superoxide
dismutase (SOD2) is a major mitochondrial enzymatic
antioxidant which is under control of FOXO1, FOXO3a,
FOXO4 and NF-«B transcription factors activated in cel-
lular stress adaptive responses [36, 37].

The changes in the expression of SIRT1 in PBMCs
[38] or HSP70 in granulocytes [39] or monocytes and
lymphocytes [40, 41] have been described in the process
of ageing. However, there are no studies regarding this
phenomenon in NK cells, lymphocytes associated with
healthy ageing and longevity [42, 43]. Therefore, the
aim of our study was to analyze the expression of the
proteins involved in cellular stress response: sirtuin 1,
heat shock protein 70 and manganese superoxide dis-
mutase in both non-stimulated and stimulated with IL-
2, LPS and PMA with ionomycin human NK cells of
the young, seniors under 85 and the oldest seniors aged
over 85. We studied both the influence of the process
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of stimulation on the level of cellular protective pro-
teins and the potential relationships between these pro-
teins in the process of ageing. The levels of oxidative
stress markers were also measured both in stimulated
and control (non-stimulated) NK cells.

Methods

Participants

Eighty six volunteers aged between 19 and 94 years (62
women and 24 men) participated in this study. The exclu-
sion criteria included: CRP > 5 mg/L, cancer, autoimmune
disease, diabetes, infection, use of immunosuppressive
drugs, glucocorticoids or non-steroid anti-inflammatory
drugs (NSAID). Absence of dementia was assessed using
the “Mini Mental State Examination” and only seniors
with the score above 23 points were qualified to the study
[44]. All senior volunteers underwent a geriatric assess-
ment. The Katz’s index of independence in “Activities of
Daily Living” (ADL) was used and only seniors with 5-6
points were enrolled to the study [45]. Senior volunteers
were recruited among inhabitants of local retirement
homes whereas young volunteers were students of Med-
ical University of Gdansk, Poland. The participants were
subdivided into 3 age groups: young (range 19-24 years),
old (seniors aged under 85; range 65-84 years) and the
oldest (seniors at the age over 85; range 85-94 years). The
characteristics of the study population are shown in
Table 1. All volunteers signed informed consent and the
study received approval from Ethical Committee of Med-
ical University of Gdansk, Poland (No 225/2010). An im-
munological characteristics of the study population was
described earlier [46].

Preparation of peripheral blood mononuclear cell cultures
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from venous blood samples collected in tubes with
EDTA by conventional ficoll-uropoline density gradient
centrifugation. PBMCs were then washed and resus-
pended in RPMI1640 medium supplemented with 5%
FBS, penicillin (100 U/ml) — streptomycin (100 pg/ml)
and 2-mercaptoethanol (5 x 107° M) (all purchased from
Sigma - Aldrich, Saint Louis, MO, USA). Cells (5 x 10° /
0.5 ml) were cultured for 48 h in the absence (control)
or presence of IL-2 (100 U/ml) (BD Biosciences, San
Jose, CA, USA), LPS (1 pg/ml) or PMA (50 ng/ml) and
ionomycin (500 ng/ml, all purchased from Sigma-
Aldrich). PBMCs treated in this way were studied for the
expression of SIRT1, SOD2 and HSP70 (surface and
intracellular). The intracellular expression of TNF and
IFN-y, was studied in PBMCs (5 x 10° / 0.5 ml) cultured
in the absence (control) or presence of IL-2 (100 U/ml)
(BD Biosciences, San Jose, CA, USA), LPS (1 pg/ml)
(Sigma-Aldrich, Saint Louis, MO, USA) or PMA (50 ng/
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Table 1 Characteristics of the study population
Parameter Young Old Oldest
Number 31 30 25
Age (yr) 209+03  756+09 885+05
Sex (F/M) 22/9 20/10 20/5
Smoking status

Current smoker 6 3 1

Ex-smoker 3 3 0

Nonsmoker 22 24 24
Weight (kg) 508 +17*° 687+20°  684+23°
BMI (Body Mass Index) 204+04%°  256+06°  265+09°
Total cholesterol (mg/dL) 1705+56% 1936+83° 184.1 +94
HDL - cholesterol (mg/dL) 587 +26™ 473+23% 437 +22°
LDL - cholesterol (mg/dL) ~ 96.1 +4.3° 1233+73*  1137+69
Triglyceride (mg/dL) 7834827 1148+1127 1330+148°
Glucose (mg/dL) 8935+133 944433 9136+34
Creatinine (mg/dL) 086+003° 087+004° 1.05+005"°¢
Uric acid (mg/dL) 495+021° 5374028  622+036"

All data are presented as means + SEM. Statistically significant differences
between age groups are marked with:

®young vs old

Pyoung vs oldest

old vs oldest

ml) and ionomycin (500 ng/ml) (Sigma - Aldrich, Saint
Louis, MO, USA) for 5 h. Simultaneously, Golgi Stop re-
agent (0.5 pl / well in 0.5 ml of medium, BD Biosciences,
San Jose, CA, USA) was added to PBMC cultures (5 x
10° / 0.5 ml) to stop extracellular export of cytokines.
Then PBMCs were collected and washed with 1 ml of
BD Staining Buffer.

Staining of surface and intracellular antigens for flow
cytometry

PBMCs (2.5 x 10° cells) were aliquoted into flow cytom-
etry tubes and CD3-FITC-conjugated (0.125 pg/ml;
clone UCHT1) (BD Biosciences, San Jose, CA, USA) or
CD3-PE-Cy7-conjugated (0.125 pg/ml; clone SK7) (BD
Biosciences, San Jose, CA, USA), CD56-APC-conjugated
(0.6 pg/ml; clone NCAM16.2) (BD Biosciences, San Jose,
CA, USA) and Hsp70-PE-conjugated (1 pg/ml; clone
N27F34) (Abcam, Cambridge, England) monoclonal
antibodies were added for cell surface antigen staining.
After 30 min of incubation in the dark at room
temperature 2 ml of BD FACS Lysing Solution was
added and samples were incubated for subsequent
10 min in the same conditions. Then cells were washed
twice with 1 ml of BD Staining Buffer (PBS without Ca**
and Mg>*, 1% FBS, 0.09% sodium azide) and resus-
pended in 0.25 ml of Fixation/Permeabilization Solution
for 20 min at 4 °C following manufacturer’s protocol
(BD Cytofix/Cytoperm Fixation/Permeabilization Kit).
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Cells were washed twice with 1 ml of BD Perm/Wash
buffer and relevant volumes of MnSOD-FITC-conjugated
(1 pg/ml; clone MnS-1) (eBioscience, San Diego, CA,
USA), Hsp70-PE-conjugated (1 pg/ml; clone N27F34)
(Abcam, Cambridge, England), SIRT1-Alexa Fluor 488 —
conjugated (1 pg/ml; clone 19A7AB4) (Abcam, Cambridge,
England), TNF-PE-Cy7- conjugated (0.125 pg/ml; clone
MADbI11) (BD Biosciences, San Jose, CA, USA) or IFN-
y-PE-conjugated (0.125 pg/ml; clone 4S.B3) (BD Biosci-
ences, San Jose, CA, USA) monoclonal antibodies were
added for staining of intracellular antigens following
the manufacturer’s instructions. After 30 min of incu-
bation in the dark at room temperature cells were
washed twice with 1 ml of BD Perm/Wash buffer and
resuspeded in Staining Buffer prior to flow cytometric
analysis. Samples were run on a BD FACSCalibur flow
cytometer equipped with argon-ion laser (488 nm) and
data were evaluated with BD CellQuest Pro software
(BD Biosciences, San Jose, CA, USA) after collecting
10,000 gated events (lymphocytes). Peripheral blood
lymphocytes were gated using forward (FSC) and side
scatter (SSC) parameters. NK cells were identified in
the CD3-negative region based on the expression of
CD56 surface marker and defined as CD3-CD56+ cells.
NK cell subset, gated on CD3-CD56+ cells, was further
analyzed for the frequency of cells expressing the par-
ticular cellular protective protein (SIRT1, HSP70,
SOD2) or cytokine (TNF and IFN-y). Relevant isotype
controls for both surface and intracellular staining were
also used.

Separation of NK cells for measurement of protein
carbonyl groups and 8-isoprostane concentrations in cell
lysates

NK cells (CD3"CD56") were isolated from PBMCs by
negative selection with the use of Human NK Cell En-
richment Kit and EasySep Magnet (Stemcell Technolo-
gies, Vancouver, Canada). PBMCs were incubated with
EasySep Human NK Cell Enrichment Cocktail (a sus-
pension of monoclonal antibodies bound in bispecific
Tetrameric Antibody Complexes (TAC) directed against
cell surface antigens on human blood cells: CD3, CD4,
CD14, CD19, CD20, CD36, CD66b, CD123, HLA-DR,
glycophorin A and dextran for 10 min, then vortexed for
30 s and incubated with EasySep D Magnetic Particles (a
suspension of magnetic dextran iron particles) for subse-
quent 5 min. Then cells were resuspended in 2.5 ml of
recommended medium (PBS with 2% FBS and 1 mM
EDTA, Ca®" and Mg*" free), mixed gently and placed
into the magnet. After 2.5 min the desired fraction was
poured off into a new tube. Aliquots of the cell fractions
were stained with relevant volumes of CD56-PE- and
CD3-PerCP-conjugated monoclonal antibodies (BD Bio-
sciences, San Jose, CA, USA). After 30 min of incubation
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in the dark at room temperature cells were washed with
2 ml of BD CellWASH solution and finally 0.5 ml of BD
CellFIX solution was added. Samples were stored at 4 °C
up to 24 h until analyzed by flow cytometry to check the
purity of the enriched NK cell fractions and all showed
almost 95% purity.

Then, NK cell extracts were prepared with the use of
Mammalian Cell & Tissue Extraction Kit (BioVision
Research Products, Mountain View, CA, USA) following
the manufacturer’s protocol. The total protein concentra-
tion of samples was estimated with Bradford assay (Sigma
- Aldrich, Saint Louis, MO, USA). Cell lysates were stored
at — 70 °C for further analysis. The content of protein car-
bonyl groups in NK cell extracts was determined with the
BioCell PC Test Kit, an enzyme-linked immunosorbent
assay (BioCell, Auckland, New Zealand). Samples were
provided for ELISA procedure following the manu-
facturer’s instructions. Absorbances were measured at
450 nm with Bio-Rad plate reader. A standard curve
reflecting absorbances of the increasing concentrations of
protein carbonyls in the supplied oxidized protein stan-
dards was made and used to determine the concentration
of carbonyl groups in the analyzed samples. Data in the
study are expressed as nanomoles of carbonyl groups per
mg of cellular extract protein (nmol/mg).

The concentration of 8-isoprostanes in NK cell ex-
tracts was determined with the 8-Isoprostane ELISA Kit
(Cayman Chemical, Ann Arbor, MI, USA). Samples were
provided for ELISA procedure following manufacturer’s
instructions. Cell lysates were supplied in the presence
of 0.005% BHT. Absorbances were measured at 405 nm
with Bio-Rad plate reader. A standard curve was made
with the use of 8-Isoprostane ELISA Standard provided
with the kit and the concentrations of 8-isoprostanes in
the analyzed samples were evaluated. Data in the study
present the total 8-isoprostane content in NK cell lysates
expressed as pg/ml.

Statistics

All data are expressed as means + SEM. Normality of
data distribution was analyzed by Shapiro-Wilk test.
ANOVA test for normal distribution and Kruskal-Wallis
test for non-parametric distribution were used to com-
pare experimental data. The multiple comparisons were
performed with Tukey’s post-hoc test for normal distri-
bution and Dunn’s post-hoc test for non —parametric
distribution. Paired Student’s t-test for normal distribu-
tion and Wilcoxon signed-rank test for non-parametric
distribution were used to compare two related samples.
Student’s t test for normal distribution and Mann-
Whitney U test for non-parametric distribution were
used to compare two independent samples. The Spear-
man correlation coefficient (R) was applied to present
the strength of the relationship between variables
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(Statistica, version 12; Statsoft, Tulsa, OK, USA). Differ-
ences and correlations with p <0.05 were considered as
statistically significant.

Results

Expression of SIRT1 and HSP70"™™<""a" i, non- stimulated
and stimulated NK cells of the seniors and the young

The gating strategy performed for flow cytometric ana-
lysis of NK cells is demonstrated in Fig. 1. Flow cytome-
try data were analyzed and presented in two ways, i.e. as
the percentage of NK cells showing the expression of the
studied protein (% of positive cells) and mean fluores-
cence intensity (MFI) measured in the samples.

In the group of the oldest seniors 20% of NK cells in-
dependently on the presence or absence of stimulation
revealed increased intracellular expression of SIRT1
(range 19.98 +5.77% — 21.82+5.56%). It was signifi-
cantly lower in the group of seniors under 85 (range
1.37£0.77% — 2.22£1.33%) and in the young (range
0.64+0.24% — 2.64+0.8%) in all studied conditions
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(Fig. 2a). In contrast to NK cells of the younger subjects,
NK cells of the oldest seniors were not sensitive to any
type of the applied method of stimulation (Fig. 2a, b). In
the young, NK cells were sensitive to stimulation with
IL-2 and PMA with ionomycin (Fig. 2a, b). In the elderly
under 85, NK lymphocytes were sensitive to IL-2 (Fig. 2a)
or IL-2 and LPS (Fig. 2b), although in general the incu-
bation with LPS revealed rather a limited influence on
the expression level of SIRT1 in the cells (Fig. 2a, b).

It was also noteworthy that nearly 40% of NK cells of
the oldest seniors showed increased expression of
HSp70™racelular i a]] studied samples (range 35.6 + 6.8% -
41.7 £ 6.28%) on the contrary to NK cells of the old (range
6.87 +2.37 — 13.61 + 2.76%) and the young (range 3.28 +
0.77% - 12.32 + 1.34%) (Fig. 2¢). Out of the studied stimu-
lating agents only PMA with ionomycin increased
HSP70™racelMar oy pression in NK cells of the oldest sub-
jects (Fig. 2d). Similarly to SIRT1, the expression of
HSp7o™mtracellular i NK cells of the young and the old was
sensitive to stimulation with IL-2 and PMA with ionomy-
cin, whereas the effect of LPS was very limited (Fig. 2¢, d).
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\

Expression of SOD2 and HSP70°"™® in non-stimulated cells of the oldest seniors appeared to be the most sensi-

and stimulated NK cells of the seniors and the young

The intracellular expression of the other cytoprotective
protein SOD2 revealed a different pattern compared to
the expression of SIRT1 and HSP70™™<e!"a The NK

tive to the stimulation. We observed a significant in-
crease in SOD2 expression after stimulation with IL-2
(twofold) and PMA with ionomycin (nearly fourfold)
compared to non-stimulated cells (13.8 + 2.69%) (Fig. 3a).
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In the elderly below 85 years NK cells were sensitive to  expression after stimulation (Fig. 3a). These results were
the stimulation with PMA with ionomycin and revealed also confirmed by the measurements of the mean fluor-
twofold increase in SOD2 expression compared to non-  escence intensity (MFI) (Fig. 3b). The only differences
stimulated cells (14.0 £ 3.54%). In NK cells of the young, between these two analyses concerned the young sub-
however, we did not observe any alterations in SOD2 jects as NK cells of the young stimulated with PMA and
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ionomycin showed a significant increase in the expres-
sion level of SOD2 in the analysis of MFI (Fig. 3b).

The extracellular HSP70 (HSP70°"<¢) was expressed
in NK cells of all age groups after stimulation at a very
low level, comparable to resting NK cells, except for NK
cells stimulated with PMA and ionomycin (Fig. 3c). The
combination of these two agents increased the expres-
sion of HSP70°™ in all studied age groups: in the
young fourfold, in the old sixfold and in the oldest
nearly sixteen-fold compared to the level in non-
stimulated cells; i.e. 0.66 +£0.27% in the young, 1.65 +
0.76% in the old and 1.07 £ 0.21% in the oldest (Fig. 3c).
Similar results were obtained after the analysis of MFI
parameter specific for the studied groups. This method
revealed additionally the susceptibility of NK cells of the
oldest seniors to the stimulation with IL-2 (Fig. 3d). LPS
did not influence significantly the expression level of
SOD2 and HSP70°""™ (Fig. 3a-d).

Expression of TNF and IFN-y in non-stimulated and
stimulated NK cells of the seniors and the young

The expression of TNF in NK cells of all studied age
groups increased significantly after stimulation with
PMA and ionomycin; i.e. in the young nearly elevenfold
and in the old and the oldest fourfold in relation to the
level of non-stimulated cells (respectively 0.19 + 0.04%,
0.24 + 0.05% and 0.37 + 0.06%,) (Fig. 4a). The similar re-
sults for all age groups were obtained after analysis of
MEFI in the studied samples (Fig. 4b).

The expression of IFN-y in NK cells of all age groups
increased after their stimulation with IL-2 and PMA
with ionomycin compared to the low level detectable in
non-stimulated cells, i.e. 1.47 + 0.13% in the young, 2.74
+0.7% in the old and 4.5+ 0.95% in the oldest. In the
young the expression of IFN-y increased sixfold after
stimulation with PMA and ionomycin, in the old 1.5-
fold after stimulation with IL-2 and twelvefold after
stimulation with PMA and ionomycin, in the oldest
1.33-fold after stimulation with IL-2 and nearly fivefold
after stimulation with PMA and ionomycin (Fig. 4c).
The results of MFI analysis were comparable to data
presenting the percentages of cells with the expression
of the studied protein in all age groups. In the young,
however, a significant increase in the expression of IFN-y
was observed additionally after stimulation with IL-2
(Fig. 4d). Similarly to the other studied proteins, LPS did
not affect the expression level of TNF or IFN-y (Fig. 4a-d).

Concentration of protein carbonyl groups and 8-
isoprostanes in NK cell extracts from non-stimulated and
stimulated NK cells of the seniors and the young

The highest concentration of carbonyl groups in the cul-
tured NK cells was observed in the young (range 0.49 +
0.03 — 0.53 +0.04). It was significantly higher compared
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to the old (range 0.33+0.04 — 0.34+0.03, except for
non-stimulated cells) and the oldest (range 0.28 + 0.04 —
0.33+£0.06). Analysis of the related samples, i.e. non-
stimulated vs stimulated showed that the process of NK
cell stimulation did not influence the level of oxidative
stress in these cells, as there were no significant changes
in the concentration of carbonyl groups after applied
treatments in the studied age groups (Fig. 5a).

Similar results were obtained after the analysis of the
concentrations of 8-isoprostanes in NK cell extracts. The
highest concentration of 8-isoprostanes was observed in
the young in most of the analyzed samples (range 70.00 +
5.77 — 83.85 £ 6.86). It was significantly higher compared
to the oldest (range 48.48 + 3.86 — 54.36 + 3.5), except for
samples treated with LPS. However, there were no signifi-
cant differences between concentration of 8-isoprostanes
in NK cell extracts of the young and the old or old and
the oldest, except for senior cells treated with combination
of PMA and ionomycin (old vs oldest) (Fig. 5b). The ana-
lysis of the related samples, i.e. non-stimulated vs stimu-
lated showed that process of NK cell stimulation did not
influence the level of oxidative stress in these cells, as
there were no significant changes in the concentration of
8-isoprostanes after applied treatments in the studied age
groups. The only significant difference was observed be-
tween non-stimulated and LPS-stimulated NK cells of the
young (Fig. 5b).

Relationships between the analyzed parameters of NK
cells stimulated in the same conditions within the studied
age groups
Some relationships between expression levels of the ana-
lyzed cellular protective proteins, cytokines and concen-
trations of carbonyl groups and 8-isoprostanes in NK
cells of the studied population were observed. Interest-
ingly, very high positive correlations between SIRT1 and
Hsp7o™mtracelular iy ]l NK cell samples, ie. non-
stimulated or treated with IL-2, LPS or PMA with iono-
mycin were noted. Low positive correlations were found
also between the expression of SIRT1 and: (i) TNF (in
all applied conditions), (ii) IFN-y (in all conditions ex-
cept for PMA + ionomycin), (iii) SOD2 (in samples stim-
ulated with IL-2 and PMA with ionomycin) and
HSP70°"< (in cells stimulated with IL-2) (Table 2).
The expression of HSP70™"™r revealed relation-
ships similar to these of SIRT1. Low positive correlations
were found between the expression of this protein and:
(i) TNF (in all applied conditions), (ii) IFN-y (in all con-
ditions except for PMA + ionomycin), (iii) SOD2 in sam-
ples stimulated with IL-2 and PMA + ionomycin and (iv)
HSP70°"< (in cells stimulated with IL-2) (Table 2).
HSP70 rface expression correlated with: (i) SOD2
(moderate to high correlation in all applied conditions),
(i) TNF (in all applied conditions except for non-
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Fig. 4 Expression of TNF and IFN-y in non-stimulated and stimulated NK cells of the young, the old aged under 85 and the oldest seniors (aged
over 85). Data are presented as means + SEM and concern expression of the studied proteins in NK cells demonstrated as percentages of cells
with expression of a particular protein (%) or mean fluorescence intensity (MFI). The same symbols over bars *, <, 7,©, A, 4 * * # Y denote statistically
significant differences between similarly treated NK cells of different age groups (i.e. young vs old; young vs oldest or old vs oldest). Horizontal
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observed also between IFN-y and SOD2 in cells stimu-
lated with LPS (Table 2).

stimulated NK cells) and (iii) IFN-y (in cells stimulated
with LPS). The expression of TNF correlated with: (i)

SOD2 (in cells stimulated with PMA and ionomycin)
and (ii) IFN-y (in non-stimulated cells and cells treated
with IL-2 and LPS). Low positive correlation was

Some relationships were also observed between con-
centration of carbonyl groups or 8-isoprostanes and the
other studied parameters. Carbonyl groups revealed
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weak, negative correlations with: (i) SOD2 (in cells stim-
ulated with PMA and ionomycin), (ii) HSP7(™racellular
(in non-stimulated and stimulated with PMA and iono-
mycin cells) and IFN-y (in cells stimulated with LPS).
Similarly, 8-isoprostanes showed weak, negative correla-
tions with: (i) SIRT1 (in cells stimulated with LPS), (ii)
HSP7o™ntracellular i non-stimulated cells), TNF (in non-
stimulated and stimulated with IL-2 cells) (Table 2).

Relationships observed between the age and the analyzed
parameters studied in non-stimulated and stimulated NK
cells

Remarkably, the expression of SIRT1 and HSP7(™racellular-
showed similar positive correlations with age in all
studied variants, except for the NK cells stimulated
with IL-2. The expression of TNF revealed rather low
to moderate positive correlations with age in all applied
experimental conditions. Interestingly, the levels of
both carbonyl groups and 8-isoprostanes in NK cells
correlated negatively with age in non-stimulated cells
and in all variants of stimulation except for LPS in tests
concerning 8-isoprostanes (Table 3).

Discussion

The main finding of this study is that NK cells of the
oldest seniors cultured for 2 days reveal high, constant
level of stress response proteins expression, i.e. SIRT1

and HSP70 compared to seniors aged under 85 and the
young people. Interestingly, the level of expression of
SIRT1 and HSP70 in the oldest seniors did not change
after stimulation of NK cells with various types of stim-
uli such as IL-2, LPS or PMA with ionomycin. On the
contrary, the process of NK cell stimulation influenced
significantly the expression level of SOD2 in the elderly,
increasing with age of donors. The study shows also nu-
merous correlations between the expression of cellular
protective proteins in both stimulated and non-
stimulated (control) NK cells and age of the study par-
ticipants. Then, we provide some novel data concerning
the influence of NK cell stimulation on the level of oxi-
dative stress in these cells.

The study population was characterized by a slight in-
crease in BMI observed in seniors, but the statistically sig-
nificant differences were observed only between the young
and both groups of seniors. The old and oldest partici-
pants did not differ significantly. These observations cor-
responded to the findings of the other authors who found
that an increase in BMI was associated with ageing [47].
Then, the biochemical parameters of blood samples re-
vealed some differences between age groups but they still
remained within normal ranges [48]. These data support
clinically reported good health of participants.

The results presented in the study correspond to our
earlier observations concerning expression of cellular
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Table 2 Correlation analysis of the study population
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Compared parameter (after stimulation in the same conditions)

Parameter Stimulation type SOD2 SIRT1 HSP70™ Hsp70™" TNF IFN-y Carbony!l groups
SIRT1 none ns
IL-2 0.222
LPS ns
PMA/ion 0.231
HSP70™ none ns 0967
IL-2 0.235 0.957
LPS ns 0.975
PMA/ion 0.315 0.926
Hsp70°u none 0.694 ns ns
IL-2 0.825 0.232 0.287
LPS 0.747 ns ns
PMA/ion 0.652 ns ns
TNF none ns 0406 0.445 ns
IL-2 ns 0313 0.354 0.375
LPS ns 0.390 0403 0276
PMA/ion 0461 0435 0421 0446
IFN-y none ns 0415 0464 ns 0.361
IL-2 ns 0424 0451 ns 0301
LPS 0257 0371 0421 0369 0.368
PMA/ion ns ns ns ns ns
Carbony! groups none ns ns -0.315 ns ns ns
IL-2 ns ns ns ns ns ns
LPS ns ns ns ns ns —0.346
PMA/ion -0.313 ns -033 ns ns ns
8-Isoprostanes none ns ns -0407 ns —-0416 ns ns
IL-2 ns ns ns ns -0437 ns ns
LPS ns —0438 ns ns ns ns ns
PMA/ion ns ns ns ns ns ns ns

All values are presented as statistically significant (p < 0.05) Spearman’s correlation coefficients (R). ‘ns’ denotes statistically not significant. ‘HSP70"™" intracellular
HSP70, ‘HSP70°“" surface HSP70, PMA/ion’ PMA + ionomycin

Table 3 Correlation analysis of the study population: age vs the analyzed parameters

Compared parameter

Stimulation type SOD2 SIRT1 HSp7o™ HsP70* TNF IFN-y Carbony! groups 8-isoprostanes
Age none -0.225 0.301 0.300 ns 044 ns -0423 -0.584

IL-2 ns ns ns ns 0478 0.242 -0.385 —-0.685

LPS ns 0417 0409 ns 0.53 ns -0491 ns

PMA/ion ns 0.273 0219 0.409 0.379 ns -0.44 —0.555

All values are presented as statistically significant (p < 0.05) Spearman’s correlation coefficients (R). ‘ns’ denotes statistically not significant. ‘HSP70™" - intracellular
HSP70; ‘HSP70°“" - surface HSP70; ‘PMA/ion’ - PMA + ionomycin
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protective proteins in NK cells analyzed shortly after
blood sample collection [46]. It is noteworthy that non-
stimulated NK cells of the oldest seniors both briefly
after isolation and after culturing for 48 h presented sig-
nificantly higher expression levels of both SIRT1 and
HSp70™2cevlar compared to seniors under 85 and the
young. Interestingly, in NK cells cultured for 48 h the
expression of SIRT1 was even higher compared to freshly
analyzed cells [46]. This might have been caused by the
cell culture-induced state of oxidative stress [49, 50].
Our data concerning SIRT1 expression corresponded
to the level of oxidative stress we found in cells cul-
tured in vitro and freshly isolated ones [46].

On the contrary to SIRT1, the increased expression of
HSp70™"acelular yas higher in freshly isolated NK cells
in contrast to the cultured ones [46]. This phenomenon
may result from different characteristics of transcription
patterns of both SIRTI and HSP72 genes resulting from
particular signaling pathways being under control of dis-
tinct transcription factors [30, 32, 33, 51]. Expression of
chaperons that protect cells against cellular stress is
under control of heat shock factor-1 (HSF1), which is
activated within minutes after appearance of the stress
factor, e.g. increase in temperature. The following in-
crease in mRNA expression was observed within 6 h
after triggering of cellular stress signaling pathway
[32-34]. Kinetics of SIRT1 gene expression is different
as SIRT1 was detected within 24 h [52, 53] or 48-96 h
after exposure to a stress factor [54, 55].

Interestingly, the expression of both SIRT1 and
HSP70 in NK cells of the oldest did not change inde-
pendently on the type of a stimulatory agent. On the
contrary, in the young and elderly under 85, NK cells
were sensitive to stimulation with IL-2 and PMA with
ionomycin. These observations may suggest the role of
hormesis in the process of ageing. Increasing levels of
markers of oxidative stress and proinflammatory state
are characteristics of the process of immunosenescence
and can activate an adaptive stress response that may
positively affect the lifespan [56]. Heat shock proteins
and sirtuins are both involved in cellular adaptive re-
sponse [29]. E.g. Wang et al. showed in endothelial pro-
genitor cells that SIRT1 protein level increased in
response to oxidative stress [53].

Intriguingly, the expression level of SOD2 in cultured,
non-stimulated NK cells was quite low and comparable
for all age groups. NK cells of the oldest seniors re-
vealed, however, the highest sensitivity to stimulation
compared to the other age groups. We observed higher
expression of SOD2 in freshly isolated cells [46] and
lower in cultured ones and this increase in SOD2 ex-
pression might have been caused by the change of cellu-
lar environment during process of NK cell isolation.
This characteristic pattern of SOD2 expression can
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result from specific kinetics of SOD2 gene transcription.
The increase in mRNA synthesis is observed within 1-
2 h after stimulation, the peak of synthesis occurs 4 -
6 h after stimulation and then SOD2 gene expression
decreases [57, 58].

The pattern of surface HSP70 expression resembled
to some extent that of SOD2. It was quite low in non-
stimulated NK cells and differed only slightly between
age groups presenting higher expression in seniors. NK
cells of the oldest revealed the highest sensitivity to
stimulation compared to the other age groups. Accord-
ing to Multhoff and colleagues, the commercially avail-
able antibodies are not able to distinguish integrated in
the cell membrane HSP70 proteins but they rather de-
tect HSP70 bound to TLR receptors on the cell surface
[59]. Interestingly, in our studies lower and higher
levels of HSP70°*" seemed to correspond to lower
(in cultured) and higher (in freshly isolated) levels of
HSPp7(ntracellular expression [46]. However, the accurate
analysis of the origin of the extracellular HSP70 was
out of scope of the presented study.

NK cells cultured for 48 h without stimulation
showed very low level of TNF expression, comparable
between the young and the old and slightly higher in
the oldest. In all age groups NK cells were sensitive to
stimulation with PMA and ionomycin. Increased pro-
duction of proinflammatory cytokines in the process of
ageing in mononuclear cells was observed earlier [60].
It was related to the proinflammatory state that accom-
panies the process of ageing, illustrated by the CRP
values increasing with age [41]. This increase was also
noted in the studied population but it did not exceed
the normal range [46].

Similarly, cultured NK cells showed low, comparable
levels of IFN-y in the young and the old and higher ex-
pression in the oldest. This expression increased then
significantly after activation; i.e. stimulation with PMA
and ionomycin in all age groups. The weaker increase,
but also significant in comparison to the young was ob-
served after stimulation with IL-2 in the old and espe-
cially in the oldest seniors. These results are in line
with observations described by Hayhoe et al. who
showed significantly raised level of IFN-y expression in
NK cells of individuals aged more than 60 years compared
to younger counterparts [61]. However, Krishnaraj re-
ported diminished in the elderly secretion of IFN-y
after stimulation of NK cells with IL-2 for 18 h in com-
parison to the young but this deficiency appeared to be
overcome by prolonged stimulation with IL-2 (7-day
culture) [62]. Le Garff-Tavernier and colleagues noticed
impaired production of IFN-y in non-stimulated NK
cells of the older subjects, but activated with IL-2 NK
cells of the oldest seniors showed recovering of NK-cell
function [43].
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The process of ageing is accompanied by the increased
levels of oxidative stress [63]. In this context, we ob-
tained interesting results concerning the level of oxida-
tive stress in NK cells which corresponded to our
previous results regarding freshly isolated cells [46]. The
highest concentrations of both carbonyl groups and 8-
isoprostanes in NK cells were observed in the young and
they differed significantly from the oldest. In spite of sig-
nificant differences between the concentrations of car-
bonyl groups, their levels did not exceed normal ranges
found in cell lysates, ie. 1.3 nmol/mg in MRC-5-
fibroblasts [64], and human plasma, i.e. 1.83 + 0.4 nmol/
mg [65], although they were definitely higher than in
freshly isolated cells. Given the background from the
meta-analysis of data concerning the measurement of 8-
isoprostanes in different tissues and with the use of vari-
ous methods, we found that results we obtained in both
the young and the oldest were still within the normal
range as depending on the tissue they might differ enor-
mously. Erve and coworkers estimated that on average,
the concentration of 8-isoprostanes detected in the
plasma was 39.5 + 36.2 pg/mL [66]. Thus, we could con-
clude that in spite of some differences between age
groups in the level of markers of oxidative stress, i.e. car-
bonyl groups or 8-isoprostanes, they were still within
the normal range. The most intriguing in this study was
the lower level of markers of oxidative stress in the
group of seniors, especially in the oldest, in the context
of “Oxidative Stress Theory of Aging” [67]. However,
Ristow and Zarse noted that ROS production within the
mitochondria could cause an adaptive response and gen-
erate increased stress resistance which could result in a
long-term reduction of oxidative stress. This type of
retrograde response was named mitohormesis [68].
Then, Ristow and Schmeisser found that ROS can act as
essential signaling molecules to promote metabolic
health and longevity [69].

As we found no differences between the non-
stimulated and stimulated samples (except NK cells
treated with LPS in the young), we could draw the con-
clusion that different methods of NK cell activation did
not influence the level of oxidative stress in the cells.
When we compared our results from the present study
with data obtained in freshly isolated cells, we also
noted, that the levels of oxidative stress in NK cells culti-
vated 48 h in vitro were higher compared to the levels
detected in freshly isolated cells [46]. These data might
suggest that cell culture increased the level of oxidative
stress in cultivated cells and this phenomenon was dis-
cussed by Professor Barry Halliwell [50]. However, the
increased concentrations of carbonyl groups or isopros-
tanes remained within the normal range [64—66]. In this
context, results concerning the elevated expression levels
of cellular protective proteins, i.e. SIRT1 and HSP70, in
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the oldest, but not in the old or the young seemed to be
even more interesting, because all the cells were cul-
tured in the same conditions.

The present data related to the analysis of the relation-
ships between the compared parameters corresponded
to the results of our earlier study performed on freshly
isolated NK cells [46]. Interestingly, positive correlations
between two cellular protective proteins, i.e. SIRT1 and
HSP70™2<elular \were very high in cultured, both stimu-
lated and non-stimulated NK cells. These relationships
may corroborate the specific role of cellular protective
proteins, involved in hormetic adaptive response [29].
Then, they correspond to results demonstrated by Wes-
terheide et al., showing that SIRT1 directly deacetylates
HSF1 (heat shock factor 1) and activates the cellular
stress response [35]. The relationships between other
protective proteins, i.e. SIRT1 and SOD2 showed rather
low correlations in cells stimulated with IL-2 and PMA
with ionomycin. Expression of SOD2 is under control of
transcription factors of the FOXO family that promote
the expression of stress response genes. SIRT1 activates
several transcription factors of this family and some rela-
tionships between these two proteins have been reported
[36, 56, 70].

We found rather low correlation coefficients between
the expression of cellular protective proteins and cyto-
kines in NK cells. The correlations were observed be-
tween SIRT1 and TNF (in all applied conditions) and
between SIRT1 and IFN-y (in all applied conditions ex-
cept for PMA + ionomycin). NF-«B is a transcription fac-
tor responsible for the inflammatory response, which
regulates expression of proinflammatory cytokines, e.g.
IL-1, IL-6, TNF [15]. There is a regulatory loop between
the expression of a cellular protective protein SIRT1 and
the activity of transcription factor NF-«B, so that some
relationships between SIRT1 and TNF have been re-
ported [71, 72]. Of note, the synthesis of IFN-y is under
control of different transcription factors than TNF and
subjected to the other mechanisms of regulation [73].

Interestingly, HSP70°"**° revealed moderate to high
positive correlation with SOD2. The expression of both
proteins is controlled indirectly by SIRT1 so some posi-
tive feedback loops may also exist [35, 36, 56, 70]. Rather
low positive correlations were observed also between
HSP70°*"°® and TNF in all stimulated samples. These
relationships may illustrate the proinflammatory state in
activated NK cells characterized by increased level of
TNF in response to increased level of surface HSP70.

Most of the analyzed parameters correlated with age,
i.e. cellular protective proteins (SIRT1 and HSP70) and
cytokines (TNF and IFN-y) positively indicating their in-
crease with age and markers of oxidative stress (carbonyl
groups and 8-isoprostanes) negatively, showing their de-
crease with age. Our results correspond to data of the
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other groups concerning the increase in expression of
SIRT1 in serum samples [74] and HSP70 in PBMCs [40]
in the process of healthy ageing. They are also comparable
with our previous results regarding the raise of concentra-
tion of proinflammatory cytokines; i.e. TNF and IL-6 in
sera of the elderly [75]. The negative correlation between
the level of oxidative stress and age seems to be surprising
but it corresponds to conclusions presented by Ristow and
Zarse concerning decrease in the level of oxidative stress
resulting from cellular stress adaptive response to in-
creased ROS formation in the process of ageing [68].

The advantage of our study is that although some rela-
tionships were already described earlier, i.e. between
SIRT1 and HSP70, they concerned cell lines or animal
models [35, 76]. We showed these relationships in cells
isolated directly from human blood samples of partici-
pants recruited from different age groups. Moreover, we
have demonstrated age-related changes in a specific
population of lymphocytes, NK cells, which have yet not
been studied regarding involvement of cellular protective
proteins in the process of ageing.

Conclusions

Our study provides new data concerning ageing of the
human immune system and the role of NK cells in this
process. We analyzed NK cells isolated from peripheral
blood samples of different age groups. The cells were
subjected to various types of stimulation to compare
their influence on the expression of both cellular pro-
tective proteins involved in the adaptive stress response
and cytokines, secreted by NK cells after activation. It
was found that NK cells of the oldest seniors, aged over
85, presented constant, resistant to further stimulation,
increased level of cellular protective proteins involved in
stress response, i.e. SIRT1 and HSP70. We also observed
very high positive correlations between SIRT1 and
HSp7o™acevlar 1y cyltured, both stimulated and non-
stimulated NK cells, suggestive of a specific role of these
proteins in cellular adaptive response. On the contrary,
SOD2 did not present the high, constant expression level
in NK cells but revealed susceptibility to stimulation in-
creasing with the age of participants. High positive cor-
relations between SOD2 and HSP70°" expression
indicated a distinct role of SOD2 in cellular stress re-
sponse in ageing process. Moreover, NK cells, of seniors
did not show an increased level of oxidative stress
markers such as isoprostanes and carbonyl groups.

In summary, our novel data show that NK cells of the
oldest seniors reveal increased adaptation to stress re-
sponse, a phenomenon that may contribute to the long
lifespan of this group of the elderly.
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