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Impaired natural killer cell subset phenotypes in human obesity
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Abstract
Obesity is associated with alterations in functionality of immune cells, like macrophages and natural killer (NK) cells,
leading to an increased risk for severe infections and several cancer types. This study aimed to examine immune cell
populations and functional NK cell parameters focusing on NK cell subset phenotypes in normal-weight and obese humans.
Therefore, peripheral blood mononuclear cells (PBMCs) were isolated from normal-weight and obese individuals and
analyzed by flow cytometry. Results show no significant changes in the frequency of monocytes, B lymphocytes, or
NKT cells but a significantly increased frequency of T lymphocytes in obesity. The frequency of total NK cells was
unaltered, whereas the number of low cytotoxic CD56bright NK cell subset was increased, and the number of high cytotoxic
CD56dim NK cell subset was decreased in obese subjects. In addition, the frequency of CD56bright NK cells expressing the
activating NK cell receptor NKG2D as well as intracellular interferon (IFN)-γ was elevated in the obese study group. In
contrast, the frequency of NKG2D- and IFN-γ-positive CD56dim NK cells was lower in obesity compared to normal-weight
individuals. Moreover, the expression of the activation marker CD69 was decreased in NK cells, which can be attributed to
a reduction of CD69-positive CD56dim NK cells in obese subjects. In conclusion, data reveal an impaired NK cell pheno-
type and NK cell subset alterations in obese individuals. This NK cell dysfunction might be one link to the higher cancer
risk and the elevated susceptibility for viral infections in obesity.

Keywords Human natural killer cells . Immune cell functions . Adipocytokines . Obesity

Introduction

The rising prevalence of overweight and obesity has become a
major global health challenge as excess body weight is asso-
ciated with nearly 4 million deaths and 120 million disability-
adjusted life-years [1]. Obesity is a major risk factor for sev-
eral non-communicable chronic diseases, like type 2 diabetes
mellitus [2], cardiovascular diseases [3], and musculoskeletal
[4] and kidney disorders [5], as well as several cancer types
[6]. In addition, the susceptibility to infections as well as the
infection-associatedmortality is increased in obese individuals

[7–9]. Obesity is associated with metaflammation, a state
of a systemic chronic low-grade inflammation, associated
with dysfunctions of several immune cells, like B lym-
phocytes, T lymphocytes, and macrophages [10–12].
Moreover, previous studies demonstrated an impaired
functionality of natural killer (NK) cells in the state of
obesity [13–17].

NK cells are effector lymphocytes of the innate immune
system rapidly killing virus-infected and tumor cells without
prior sensitization while remaining tolerant of normal cells.
Natural killer cells express both activating and inhibitory recep-
tors that are involved in regulating NK cell effector functions.
NK cell-mediated target cell lysis is induced via exocytosis of
granzymes and perforin. Besides direct cytotoxic effects, NK
cells secrete several cytokines, like tumor necrosis factor
(TNF)-α and interferon (IFN)-γ, in order to regulate the adap-
tive immune response [18].

Human NK cells are usually defined as CD3−/CD56+ large
granular lymphocytes that can be subcategorized based on
their CD56 (neural cell adhesion molecule; NCAM) expres-
sion level. The low-density (CD56dim) NK cell subset is the
numerically major NK cell subpopulation in peripheral blood
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and has been described as the more cytotoxic subset with a
high potential to produce granzymes and perforin. In contrast,
high-density (CD56bright) NK cells are less cytotoxic but me-
diate immunoregulatory effects by secreting large amounts of
cytokines [19, 20].

Several studies investigated NK cell functionality in obesi-
ty. In vitro analyses revealed evidence for an altered cytotox-
icity, cytokine secretion, and phenotype of primary NK cells
and NK cell lines after incubation with the adipocytokines
leptin or adiponectin as well as adipocytokine containing su-
pernatants derived from cultured adipocytes [21–27].

Results of animal studies demonstrated inhibitory effects of
high-fat feeding on NK cell-mediated target cell lysis [9,
28–31]. Interestingly, the obesity-associated NK cell dysfunc-
tion could be ameliorated by transfer of NK cells from obese
rats in normal-weight rats, indicating that NK cell functionality
depends on the surrounding metabolic environment [32]. In
humans, data on functionality and phenotype of peripheral
NK cells in obesity are limited and partially conflicting. For
instance, inconsistent data exist about the effect of obesity on
peripheral NK cell number [13, 15, 33–37]. Moreover, results
of previous studies demonstrated heterogeneous effects of obe-
sity on receptor expression or IFN-γ secretion of NK cells [13,
33–35]. In contrast, degranulation capacity and cytotoxicity
against tumor cells were consistently found to be decreased in
obese subjects compared to normal-weight individuals [13, 15].
Until now, no investigations exits investigating NK cell param-
eters specifically in the cytotoxic CD56dim and the immuno-
modulatory CD56bright NK cell subpopulations. Therefore, the
aim of this study was to analyze immune cell populations and
functional NK cell parameters with the focus onNK cell subset-
specific differences in normal-weight and obese humans.

Material and methods

Study population

The study was approved by the ethics committee of the
Faculty of Medicine, Martin Luther University Halle-
Wittenberg, Halle/Saale, Germany. Each subject signed an
informed declaration of consent. Exclusion criteria were
chronic infections, acute diseases, severe endocrine disorders
(e.g., severe hypo- or hyperthyroidism), immunosuppressive
therapy, and known malignant tumors. In addition, woman
and male subjects of an age less than 50 years or aged over
70 years were excluded. Based on their body mass index
(BMI), subjects were classified in a normal-weight study
group with BMI < 25 kg/m2 (n = 6) and an obese study group
with BMI > 30 kg/m2 (n = 8). All subjects were patients of the
Clinic for Internal Medicine I, University Hospital of Martin
Luther University Halle-Wittenberg, Halle/Saale, Germany,
treated in an outpatient setting.

Blood collection and analyses of plasma
adipocytokines

Blood samples from all subjects were collected in monovettes
prepared with the anticoagulant ethylene-diamine-tetra-acetic
acid (EDTA). Plasma samples were obtained by centrifugation
and stored at − 80 °C until analyzed.

Measurements of concentrations of the adipocytokines
resistin, adiponectin, leptin, interleukin (IL)-6, IL-1β, and
TNF-α in plasma samples were performed using a multiplex
immunoassay (Merck Millipore, Darmstadt, Germany) fol-
lowing the manufacturer’s protocol. In brief, standards and
samples were diluted in an equal volume of assay puffer and
incubated with antibody-immobilized beads at 4 °C for 16 h.
After washing, a biotinylated detection antibody was added for
1 h followed by incubation with streptavidin-phycoerythrin for
30 min at room temperature. Adipocytokine levels were deter-
mined using the LiquiChip luminex 200 system (Qiagen,
Hilden, Germany).

Isolation of PBMCs

Isolation of peripheral blood mononuclear cells (PBMCs) was
performed immediately after blood sampling. Blood was di-
luted with phosphate-buffered saline (PBS), and PBMCs were
separated by density gradient centrifugation using biocoll sep-
aration solution (Biochrom AG, Berlin, Germany). After col-
lection of PBMCs from the interphase and washing with PBS,
cell number was determined.

Flow cytometric analyses

For flow cytometric analyses, PBMCs were stained with the
following antibodies (all from BD Biosciences, San Diego,
USA, unless otherwise indicated): CD3 conjugated with phy-
coerythrin (PE)-Cy 7, CD4 conjugated with allophycocyanin
(APC), CD 8 conjugated with PE, CD14 conjugated with fluo-
rescein isothiocyanate (FITC), CD20 conjugated with APC-
H7, CD56 conjugated with APC, CD253 (TRAIL; tumor ne-
crosis factor-related apoptosis-inducing ligand) conjugated
with PE, Ob-R (leptin receptor) conjugated with fluorescein
(R&D Systems, Minneapolis, MN, USA), CD314 (NKG2D)
conjugated with PE-CF594, CD25 conjugated with PE CF594,
CD69 conjugated with FITC, and CD107a conjugated with PE.
In addition, matched isotype control antibodies were used for
TRAIL and Ob-R. PBMCs were incubated with the antibodies
for 30 min at 4 °C protected from light.

For intracellular staining, cell surface staining was per-
formed by incubation with the CD56 APC antibody and the
CD3 PE-Cy7 antibody for 30 min at 4 °C. Subsequently,
PBMCs were fixed in 4% paraformaldehyde for 10 min at
4 °C. After washing, cells were incubated with the IFN-γ an-
tibody conjugated with PE-C7 and the granzyme A antibody
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conjugated with FITC (both from BD Biosciences) or matched
isotype control antibodies, diluted in saponin buffer (0.1% sa-
ponin and 0.01M hydroxyethyl piperazineethanesulfonic acid;
HEPES) for 30 min at 4 °C. After washing and suspending in
measuring puffer (PBS supplemented with 0.1% bovine serum
albumin and 0.1% sodium azide), all samples were analyzed
by flow cytometry using the LSR Fortessa (BD Biosciences)
and the FACSDiva software version 6.2 (BD Biosciences).

Statistical analyses

Statistical analyses were performed using an unpaired t test to
compare results between the two study groups. Pearson’s cor-
relation test was used to investigate the association between
different parameters related to the BMI of all subjects of the
study. All data analyses were performed using the GraphPad
Prism 7 software (GraphPad Software, La Jolla, USA).
Differences were considered significant if P values were less
than 0.05. Data are represented as means ± standard error of
the mean (SEM).

Results

Study population

The study subjects were aged between 51 and 68 years. No
significant differences in age and height were observed be-
tween the normal-weight and obese study group (Table 1).
Obese individuals showed a significantly higher body weight
and BMI compared to the normal-weight study group (Table 1).

Plasma adipocytokine concentrations

A multiplex immunoassay was performed to analyze plasma
concentrations of obesity-related parameters. Results showed
significantly higher plasma leptin concentrations in obese in-
dividuals compared to normal-weight subjects (Table 2). No
significant differences were detected in plasma concentrations
of the adipocytokines adiponectin, IL-1β, IL-6, resistin, and
TNF-α (Table 2).

Analyses of blood leucocyte subsets

To investigate blood leucocyte subsets in normal-weight and
obese individuals, FACS analyses were performed with iso-
lated PBMCs. The frequency of monocytes, B lymphocytes,
and NKT cells did not differ between the two study groups
(Table 3). In contrast, the frequency of total T lymphocytes
was significantly decreased in obese individuals compared to
the normal-weight study group. Analyses of T cell subsets
showed that the frequency of T helper cells (CD4+) was not
altered in obesity, and the frequency of cytotoxic T cells
(CD8+) was slightly, but not significantly, reduced in the
obese study group (Table 3).

Investigations on NK cells and NK cell subsets

As demonstrated in Fig. 1, FACS analyses showed no signif-
icant differences in the overall frequency of NK cells compar-
ing normal-weight and obese individuals (Fig. 1a–c). NK cells
were subsequently separated into CD56bright or CD56dim sub-
set based on the expression level of CD56. Interestingly, the
percentage of CD56bright NK cells was significantly increased
and the percentage of CD56dim NK cells was significantly
decreased in obesity (Fig. 1d, e). No significant effect was
observed correlating the NK cell frequency with the individual
BMI of each subject (data not shown). The correlation of the
BMI with the expression of CD56bright or CD56dim NK cells
of all normal-weight and obese individuals resulted in a sig-
nificant positive correlation between CD56bright NK cells and
BMI as well as a tendentially negative correlation between
CD56dim NK cells and BMI (Fig. 1f, g).

Analyses of NKG2D receptor expression on NK cells

Analyses of activating NK cell receptor expression revealed
no changes in NKG2D receptor expression in total NK cells
(Fig. 2c) and no correlation between NKG2D receptor expres-
sion in total NK cells and BMI of all subjects (data not
shown). In contrast, NKG2D expression was significantly

Table 1 Study population

Normal weight (n = 6) Obese (n = 8) P value

Age (years) 59.2 ± 2.8 59.5 ± 2.0 0.921

Height (m) 1.8 ± 0.03 1.8 ± 0.02 0.389

Weight (kg) 73.8 ± 3.7 104.4 ± 3.3 < 0.0001***

BMI (kg/m2) 22.5 ± 0.8 33.0 ± 0.8 < 0.0001***

Data are expressed as mean ± standard error of the mean (SEM)

BMI body mass index

***Significant differences (P < 0.0001)

Table 2 Plasma adipocytokine concentrations

Normal weight (n = 6) Obese (n = 8) P value

Adiponectin (μg/ml) 12.4 ± 0.4 11.1 ± 0.9 0.2385

IL-1β (pg/ml) 21.2 ± 1.1 22.1 ± 1.2 0.6095

IL-6 (pg/ml) 23.1 ± 3.5 25.5 ± 2.8 0.6084

Leptin (ng/ml) 3.3 ± 1.0 16.5 ± 4.8 0.0478*

Resistin (ng/ml) 12.5 ± 1.1 17.7 ± 0.6 0.8925

TNF-α (pg/ml) 51.4 ± 4.7 48.3 ± 1.8 0.5251

Data are expressed as mean ± standard error of the mean (SEM)

IL interleukin, TNF-α tumor necrosis factor α

*Significant differences (P < 0.05)
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Table 3 Immune cell populations
Normal weight (n = 6) Obese(n = 8) P value

Monocytes (CD14+; % of PBMCs) 13.8 ± 1.0 18.0 ± 2.5 0.2175

B lymphocytes (CD20+; % of PBMCs) 7.5 ± 1.2 9.4 ± 1.7 0.4367

T lymphocytes (CD3+; % of PBMCs) 68.3 ± 3.6 54.4 ± 3.4 0.0145*

T helper cells (CD3+, CD4+; % of T lymphocytes) 65.1 ± 4.8 68.9 ± 2.5 0.4786

Cytotoxic T cells (CD3+, CD8+; % of T lymphocytes) 24.5 ± 3.8 17.4 ± 3.1 0.1748

Natural killer T cells (CD3+, CD56+; % of PBMCs) 3.9 ± 0.9 3.8 ± 1.1 0.9769

Data are expressed as mean ± standard error of the mean (SEM)

PBMCs peripheral blood mononuclear cells

*Significant differences (P < 0.05)

f g

n w o b
0

2

4

6

8

C
D
5
6

b
ri
g
h
t
ce

lls
[%

o
f
N
K

c
e
ll
s
] *

n w o b
0

9 0
9 0

9 5

1 0 0

C
D
5
6

d
im

ce
lls

[%
o
f
N
K

c
e
ll
s
]

*

1 5 2 0 2 5 3 0 3 5 4 0
0

2

4

6

8

1 0

B M I [k g /m 2 ]

C
D
5
6

b
ri
g
h
t
c
e
ll
s

[%
o
f
N
K

c
e
lls

]

r = 0 .5 5 5 4

p = 0 .0 4 8 8

1 5 2 0 2 5 3 0 3 5 4 0
8 5

9 0

9 5

1 0 0

1 0 5

B M I [k g /m 2 ]

C
D
5
6

d
im

c
e
ll
s

[%
o
f
N
K

c
e
lls

]

r = - 0 .5 4 8 9

p = 0 .0 5 2 0

d

nw ba

c

n w o b
0

5

1 0

1 5

2 0

N
K

c
e
ll
s

[%
o
f
P
B
M

C
]

e

ob

*

Fig. 1 Flow cytometric analyses of NK cells and NK cell subsets in
PBMCs (peripheral blood mononuclear cells) isolated from normal-
weight (nw) and obese (ob) individuals. a, b Exemplary FACS plots of
CD56bright and CD56dim NK cells of a normal-weight and an obese
subject. c Frequency of NK cells in PBMCs. d, e Expression of

CD56bright (d) and CD56dim (e) NK cells. Data are expressed as mean ±
SEM. *P < 0.05 compared to the normal-weight study group. f, g
Correlation of the percentage of CD56bright (f) and CD56dim (g) NK cells
with the individual BMI (body mass index) of each subject
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increased in CD56bright NK cells and significantly decreased
in CD56dim NK cells in obese subjects (Fig. 2d, e). Correlating
the BMI with the NKG2D receptor expression on CD56bright

or CD56dim NK cells of all normal-weight and obese individ-
uals showed a significant positive correlation between
NKG2D-expressing CD56bright NK cells and BMI and a sig-
nificantly negative correlation between NKG2D-expressing
CD56dim NK cells and BMI (Fig. 2f, g).

Analyses of CD69 receptor expression on NK cells

Expression of the activating NK cell receptor CD69 in total
NK cells as well as in CD56dim NK cells was significantly
lower in obese subjects compared to normal-weight subjects

(Fig. 3c, e). The frequency of CD69-expressing CD56bright

NK cells showed no differences between normal=weight
and obese individuals (Fig. 3d). Moreover, the CD69 expres-
sion in total NK cells and CD56dim NK cells was negatively
correlated with the BMI of all study subjects (Fig. 3f, g),
whereas no correlation between CD69 expression between
CD56bright NK cells and BMI was observed (data not
shown).

Expression of other NK cell surface receptors

No significant differences in the expression levels of TRAIL,
CD25, and CD107a in total NK cells as well as in CD56bright

or CD56dim NK cells were observed comparing the two study
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Fig. 2 Flow cytometric analyses of NKG2D receptor expression on NK
cells and NK cell subsets in PBMCs isolated from normal-weight (nw)
and obese (ob) individuals. a, b Exemplary FACS plots of NKG2D
expression in CD56bright and CD56dim NK cells of a normal-weight and
an obese subject. c Frequency of NKG2D-positive NK cells in PBMCs.

d, e Expression of NKG2D in CD56bright (d) and CD56dim (e) NK cells.
Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01 compared to
the normal-weight study group. f, g Correlation of the percentage of
NKG2D expressing CD56bright (f) and CD56dim (g) NK cells with the
individual BMI of each subject
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groups (data not shown). Expression of the leptin receptor was
increased, without reaching the significance level in total NK
cells as well as in CD56dim NK cells, whereas no difference in
leptin receptor expression was observed in CD56bright NK
cells (Fig. 4a–c).

Analyses of intracellular NK cell markers

FACS analyses of the serine protease granzyme A revealed no
significant differences in the frequency of total NK cells as
well as in CD56bright or CD56dim NK cell subsets (data not
shown). Moreover, the frequency of IFN-γ expressing total

NK cells was not altered in obesity (Fig. 5c). In contrast, the
percentage of IFN-γ-expressing CD56bright NK cells was sig-
nificantly increased and the percentage of CD56dim NK cells
was significantly decreased in the obese study group (Fig. 5d,
e). Correlation analyses of BMI and the frequency of total NK
cells showed no significant effects (data not shown).
Correlating the BMI with the IFN-γ expression in CD56bright

or CD56dim NK cells of all normal-weight and obese individ-
uals showed a tendentially positive correlation between
IFN-γ-expressing CD56bright NK cells and BMI and a signif-
icant negative correlation between IFN-γ-expressing CD56dim

NK cells and BMI (Fig. 5f, g).
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Fig. 3 Flow cytometric analyses of CD69 expression on NK cells and
NK cell subsets in PBMCs isolated from normal-weight (nw) and obese
(ob) individuals. a, b Exemplary FACS plots of CD69 expression in
CD56bright and CD56dim NK cells of a normal-weight and an obese
subject. c Frequency of CD69-positive NK cells in PBMCs. d, e

Expression of CD69 in CD56bright (d) and CD56dim (e) NK cells. Data
are expressed as mean ± SEM. *P < 0.05 compared to the normal-weight
study group. f, g Correlation of the percentage of CD69-expressing total
NK cells (f) and CD56dim NK cells (g) with the individual BMI of each
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Discussion

Numerous investigations exist analyzing the influence of obe-
sity on NK cells in animals showing an altered phenotype and
functionality of NK cell in obese rats and mice [9, 14, 28–32].
In contrast, studies analyzing NK cell characteristics in human
individuals, especially focusing on NK cell subsets in over-
weight and obesity, are rare.

Results of this study investigating normal-weight compared
to obese individuals demonstrate that obesity has no influence
on the frequency of total NK cells, whereas the CD56dim/
CD56bright ratio was decreased in obese subjects. Previous in-
vestigations provided conflicting results about the number of
total NK cells comparing normal-weight and obese individuals
but did not differentiate between CD56bright and CD56dim NK
cells subsets [13, 15, 33, 35, 37]. The lower CD56dim/CD56bright

ratio in obese subjects may be one cause for the impaired lytic
activity of NK cells against virus-infected and tumor cells ob-
served by several studies [9, 15] and therefore contribute to the
higher cancer risk and susceptibility for infections under obese
conditions. In addition, an increase of the immunoregulatory
CD56bright NK cell number may lead to an enhanced secretion
of cytokines, like TNF-α and IFN-γ, and therefore potentially
contribute to the obesity-induced low-grade inflammation state.

Explanations for the shift of the CD56dim/CD56bright ratio in
obesity remain unclear. Two models of NK cell subset devel-
opment have been proposed. On the one hand, convincing data
exist demonstrating that both NK cell subsets develop from a
common NK cell precursor and subsets differentiate into
CD56bright or CD56dim cells in dependence of the microenvi-
ronment [38]. On the other hand, data indicate that CD56bright

cells are immature precursors of the finally differentiated
CD56dim NK cells [39]. Interestingly, studies observed that
CD56dim NK cells can also convert to a CD56bright NK cell
phenotype under the influence of specific receptor ligands and
cytokines [40, 41]. In addition, sex steroid hormones were
shown to reduce the CD56dim/CD56bright ratio in endometrial
tissue [42]. Therefore, it can be assumed that the observed shift
of the CD56dim/CD56bright ratio in obese humans may be

caused by a conversion of CD56dim in CD56bright NK cells,
possibly induced by obesity-related metabolites. Previous
in vitro investigations of Huebner et al. could not find any
effects of an incubation of human NK cells with an
adipocyte-conditioned medium on the NK cell subset distribu-
tion [23]. Thus, further studies investigating the influence of
different single adipocytokines on interconversions of NK cell
subpopulations are required to specify the influence of obesity-
associatedmetabolites onNK cell phenotype and functionality.

The NKG2D receptor is an activating receptor triggering
the cytotoxic activity and the cytokine secretion of NK cells
[38, 39]. Previous studies on human NK cells demonstrated
that NKG2D receptor expression can be decreased by leptin
incubation [23]. In addition, diet-induced obesity in rats led to
a decreased NKG2D mRNA expression in splenic tissue ac-
companied with higher metastasis and tumor development
[23, 40]. In contrast, in humans, the frequency of NKG2D-
expressing NK cells in blood as well as the number of
NKG2D-positive NK cells in adipose tissue was higher in
obese subjects compared to normal-weight subjects [16, 41].
In the present study, the frequency of total NK cells expressing
the NKG2D receptor did not differ between normal-weight
and obese subjects. Interestingly, the results show an increase
in NKG2D-expressing CD56bright NK cells and a decrease in
NKG2D-positive CD56dim NK cells.

In addition to the activating NK cell receptor NKG2D, we
investigated the CD69 expression in peripheral NK cells of
normal-weight and obese subjects. CD69 was described as an
early activation marker of NK cells. An increase of CD69
expression leads to a higher cytotoxic capacity of NK cells
[43, 44]. Previous investigations demonstrated an increased
CD69 expression in NK cells in obesity [13, 33, 37]. In con-
trast, a significantly decreased CD69 expression in NK cells of
obese subjects was determined in the present study which
could primarily be attributed to a reduced CD69 expression
in the cytotoxic CD56dim NK cell subset.

These data lead to the assumption that the impaired cyto-
toxicity of NK cells against target cells in obesity may be
caused by a lower expression of NKG2D and CD69 in the
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Fig. 4 Flow cytometric analyses of leptin receptor (Ob-R) expression in
NK cells and NK cell subsets in PBMCs isolated from normal-weight
(nw) and obese (ob) individuals. a Frequency of Ob-R expressing NK

cells in PBMCs. b, c Expression of Ob-R in CD56bright (b) and CD56dim

(c) NK cells. Data are expressed as mean ± SEM
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cytotoxic CD56dim NK cell subset. As previous investigations
demonstrated reduced expression levels of activating NK cell
receptors in obese rats, the present study could confirm these
results in NK cells of normal-weight and obese humans [25,
45]. CD56dim NK cells represent at least 90% of all peripheral
blood NK cells [19]. Therefore, it can be assumed that a de-
creased expression level of activating NK cell receptors on the
CD56dim NK cell subset may lead to a substantial reduction of
NK cell functionality. In the future, cytotoxicity assays with
NK cells isolated from normal-weight and obese individuals
could be performed and correlated with expression levels of
CD56dim and CD56bright NK cells to concretize the functional
importance of a shift of NK cell subpopulations.

Similarly to NKG2D expression, obese individuals of the
present study revealed an increased frequency of IFN-γ-
expressing CD56bright NK cells and a decrease in IFN-γ-
positive CD56dim NK cells, whereas no differences in IFN-γ
expressing total NK cells were observed comparing normal-
weight to obese subjects. These results indicate that the
cytokine-mediated immunoregulatory effect on CD56bright

NK cell subset is upregulated in obesity. This might contribute
to functional disturbances of other immune cells like the well-
described activation and polarization of monocytes towards
the proinflammatory M1 type macrophages in obesity [46].
Interestingly, in line with other studies on human NK cells, we
observed a higher amount of IFN-γ expressing CD56dim NK
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Fig. 5 Flow cytometric analyses of interferon gamma (IFN-γ) expression
on NK cells and NK cell subsets in PBMCs isolated from normal-weight
(nw) and obese (ob) individuals. a, b Exemplary FACS plots of IFN-γ
expression in CD56bright and CD56dim NK cells of a normal-weight and
an obese individual. c Frequency of IFN-γ-expressing NK cells in

PBMCs. d, e IFN-γ expression in CD56bright (d) and CD56dim (e) NK
cells. Data are expressed as mean ± SEM. *P < 0.05; ***P < 0.001
compared to the normal-weight study group. f, g Correlation of the
percentage of IFN-γ-expressing CD56bright NK cells (f) and CD56dim

(g) NK cells with the individual BMI of each subject
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cells compared to IFN-γ expression in CD56bright NK cells
[47]. These results are at variance with the general consider-
ation that CD56bright NK cells are the major source of cyto-
kines [19, 20]. Previous investigations on cytokine secretion
of NK cell subsets demonstrated a rapid and abundant IFN-γ
production of CD56dim NK cells upon target cell recognition,
whereas CD56bright NK cells were described to guarantee a
later but more prolonged cytokine production [48, 49]. As
these data indicate a prominent role of CD56dim NK cells for
cytokine secretion, future studies are required to revise and
specify the functional capacities of the CD56dim and
CD56bright NK cell subsets [50].

In contrast to other studies, we observed no differences in
granzyme A or CD107a expression on NK cells comparing
normal-weight and obese subjects [13]. These discrepancies
may occur since we analyzed basal expression levels of
unstimulated NK cells. Further investigations analyzing de-
granulation and granzyme or perforin secretion after prior
NK cell stimulation with interleukins or tumor cells could be
helpful to detect possible obesity-associated effects on these
functional NK cell parameters.

Obesity is associated with chronically increased plasma
leptin concentrations [51, 52]. Leptin is known to mediate
several regulatory effects on the adaptive and innate immune
system [53]. Recent investigations revealed evidence that ro-
dent and human NK cells express leptin receptors [14, 24, 35,
54]. In line with data of previous analyses in rats and humans,
results of this study demonstrate that the leptin receptor ex-
pression on peripheral NK cells is tendentially increased in
obese subjects [14, 35]. Former in vitro and in vivo studies
showed that leptin has a diminishing effect on cytotoxicity and
cytokine secretion of NK cells and modulates NK cell surface
receptor expression [14, 24, 25, 35]. The discrepancy between
the increased leptin receptor expression in obesity and the
altered functionality in NK cells after leptin incubation could
be explained by an impaired post-receptor leptin signaling
cascade in NK cells [14, 24, 27, 35]. Besides leptin, other
obesity-related metabolites, like adiponectin or IL-6, are
shown to influence NK cell functionality [15, 21, 22, 27,
55]. In the present study, only plasma leptin levels were en-
hanced in the obese study group, whereas concentrations of
other plasma adipocytokines did not differ between normal-
weight and obese subjects. These results does not point to a
proinflammatory state in the obese subjects but indicate that
high leptin concentrations may lead to the altered NK cell
phenotype observed in obese subjects.

Obesity is accompanied with dysfunctions and altered fre-
quencies of different immune cells [10–12, 25]. Results of the
present study demonstrate a significant decrease of the frequen-
cy of T lymphocytes in obese subjects compared to normal-
weight subjects. In accordance, previous data had already
shown a decreased number of total T lymphocytes in periph-
eral blood of obese individuals [56]. Interestingly, body weight

reduction by restriction of energy intake or physical activity
resulted in an increase of T cell number in obese humans [47,
56]. Beside the impact of obesity on alterations of NK cell
phenotype and functionality, obesity-induced changes of T cell
number and function may be one cause for the higher suscep-
tibility for viral infections and cancer diseases in obesity.

It has been demonstrated that a reduction of body weight
and fat mass after exercise and dietary intervention or bariatric
surgery lead to an improved NK cell functionality in obese
individuals [47, 57–59]. In addition, animal experiments re-
vealed evidence for an increased NK cell infiltration and an
upregulation of NK cell-relevant immune cell markers in tu-
mor tissue associated with a reduced tumor growth after vol-
untary exercise training [60]. These data underline the highly
preventive effect of physical exercise as well as body weight
and fat mass reduction in obesity. Until now, data about the
influence of weight reduction or regular physical activity on
the distribution of NK cell subsets are limited. In a lifestyle
intervention study of our working group with obese volun-
teers, body weight reduction had no effect on the distribution
of CD56bright and CD56dim NK cells. Interestingly, results of
this study showed a significantly increased frequency of
IFN-γ-positive CD56dim NK cells after body weight reduc-
tion, whereas IFN-γ-positive CD56bright NK cells were un-
changed [47]. In accordance with the results of this study,
these data indicate that NK cell subsets were differentially
regulated in dependence of body mass index in humans.
Previous investigations already demonstrated that the im-
paired NK cell function in obesity is associated with an in-
creased tumor development in rats and mice [25, 45, 59].
Therefore, future investigations about the influence of body
weight loss on the functionality and phenotype of NK cell
subsets could concretize the tumor-preventative effect of fat
mass reduction in obese individuals.

In conclusion, results of this study demonstrated for the
first time an altered NK cell phenotype and a shift in NK cell
subpopulations in obese individuals. These impaired NK cell
characteristics may contribute to the higher susceptibility for
viral infections and the increased cancer risk in obesity.

Acknowledgments The authors are grateful to S. Möschter for the tech-
nical assistance. This work was supported by grants from the Dr. Werner
Jackstädt Foundation.

Compliance with ethical standards

All procedures performed in this study involving human participants were
in accordance with the ethics committee of the Faculty of Medicine,
Martin Luther University Halle-Wittenberg, Halle/Saale, Germany.
Informed consent was obtained from all individual participants included
in the study.

Conflict of interest The authors declare that they have no conflict of
interest.

242 Immunol Res (2018) 66:234–244



Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Afshin A, Forouzanfar MH, Reitsma MB, Sur P, Estep K, Lee A,
et al. Health effects of overweight and obesity in 195 countries over
25 years. N Engl J Med. 2017;377:13–27. https://doi.org/10.1056/
NEJMoa1614362.

2. Mitsuhashi K, Hashimoto Y, Tanaka M, Toda H, Matsumoto S,
Ushigome E, et al. Combined effect of body mass index and
waist-height ratio on incident diabetes; a population based cohort
study. J Clin Biochem Nutr. 2017;61:118–22. https://doi.org/10.
3164/jcbn.16-116.

3. Wormser D, Kaptoge S, Di Angelantonio E,Wood AM, Pennells L,
Thompson A, et al. Separate and combined associations of body-
mass index and abdominal adiposity with cardiovascular disease:
collaborative analysis of 58 prospective studies. Lancet. 2011;377:
1085–95. https://doi.org/10.1016/S0140-6736(11)60105-0.

4. Reyes C, Leyland KM, Peat G, Cooper C, Arden NK, Prieto-
Alhambra D. Association between overweight and obesity and risk
of clinically diagnosed knee, hip, and hand osteoarthritis: a
population-based cohort study. Arthritis Rheumatol (Hoboken,
N.J.). 2016;68:1869–75. https://doi.org/10.1002/art.39707.

5. Elsayed EF, Sarnak MJ, Tighiouart H, Griffith JL, Kurth T, Salem
DN, et al. Waist-to-hip ratio, body mass index, and subsequent
kidney disease and death. Am J Kidney Dis. 2008;52:29–38.
https://doi.org/10.1053/j.ajkd.2008.02.363.

6. Lauby-Secretan B, Scoccianti C, Loomis D, Grosse Y, Bianchini F,
Straif K. Body fatness and Cancer–viewpoint of the IARC working
group. N Engl J Med. 2016;375:794–8. https://doi.org/10.1056/
NEJMsr1606602.

7. Jubber AS. Respiratory complications of obesity. Int J Clin Pract.
2004;58:573–80.

8. Louie JK, Acosta M, Samuel MC, Schechter R, Vugia DJ,
Harriman K, et al. A novel risk factor for a novel virus: obesity
and 2009 pandemic influenza a (H1N1). Clin Infect Dis. 2011;52:
301–12. https://doi.org/10.1093/cid/ciq152.

9. Smith AG, Sheridan PA, Harp JB, Beck MA. Diet-induced obese
mice have increased mortality and altered immune responses when
infected with influenza virus. J Nutr. 2007;137:1236–43.

10. Kosaraju R, Guesdon W, Crouch MJ, Teague HL, Sullivan EM,
Karlsson EA, et al. B cell activity is impaired in human and mouse
obesity and is responsive to an essential fatty acid upon murine
influenza infection. J Immunol. 2017;198:4738–52. https://doi.
org/10.4049/jimmunol.1601031.

11. Gerriets VA, MacIver NJ. Role of T cells in malnutrition and obe-
sity. Front Immunol. 2014;5:379. https://doi.org/10.3389/fimmu.
2014.00379.

12. Castoldi A. Naffah de Souza C, Câmara NOS, Moraes-Vieira PM
The macrophage switch in obesity development. Front Immunol.
2015;6:637. https://doi.org/10.3389/fimmu.2015.00637.

13. Viel S, Besson L, Charrier E, Marcais A, Disse E, Bienvenu J, et al.
Alteration of natural killer cell phenotype and function in obese
individuals. Clin Immunol. 2016:pii: S1521–6616(16)30006–7.

14. Nave H, Mueller G, Siegmund B, Jacobs R, Stroh T, Schueler U,
et al. Resistance of Janus kinase-2 dependent leptin signaling in
natural killer (NK) cells: a novel mechanism of NK cell dysfunction

in diet-induced obesity. Endocrinology. 2008;149:3370–8. https://
doi.org/10.1210/en.2007-1516.

15. O'Shea D, Cawood TJ, O'Farrelly C, Lynch L. Natural killer cells in
obesity: impaired function and increased susceptibility to the effects
of cigarette smoke. PLoS One. 2010;5:e8660. https://doi.org/10.
1371/journal.pone.0008660.

16. O'Rourke RW, Gaston GD, Meyer KA, White AE, Marks DL.
Adipose tissue NK cells manifest an activated phenotype in human
obesity. Metab Clin Exp. 2013;62:1557–61. https://doi.org/10.
1016/j.metabol.2013.07.011.

17. Kobayashi T, Mattarollo SR. Natural killer cell metabolism. Mol
Immunol. 2017; https://doi.org/10.1016/j.molimm.2017.11.021.

18. Stewart CA, Vivier E, Colonna M. Strategies of natural killer cell
recognition and signaling. Curr TopMicrobiol Immunol. 2006;298:
1–21.

19. Cooper MA, Fehniger TA, Caligiuri MA. The biology of human
natural killer-cell subsets. Trends Immunol. 2001;22:633–40.

20. Michel T, Poli A, Cuapio A, Briquemont B, Iserentant G, Ollert M,
et al. Human CD56bright NK cells: an update. J Immunol.
2016;196:2923–31. https://doi.org/10.4049/jimmunol.1502570.

21. Wilk S, Jenke A, Stehr J, Yang C-A, Bauer S, Goldner K, et al.
Adiponectin modulates NK-cell function. Eur J Immunol. 2013;43:
1024–33. https://doi.org/10.1002/eji.201242382.

22. Kim K-Y, Kim JK, Han SH, Lim J-S, Kim KI, Cho DH, et al.
Adiponectin is a negative regulator of NK cell cytotoxicity. J
Immunol. 2006;176:5958–64.

23. Huebner L, Engeli S, Wrann CD, Goudeva L, Laue T, Kielstein H.
Human NK cell subset functions are differentially affected by
adipokines. PLoS One. 2013;8:e75703. https://doi.org/10.1371/
journal.pone.0075703.

24. Wrann CD, Laue T, Hübner L, Kuhlmann S, Jacobs R, Goudeva L,
et al. Short-term and long-term leptin exposure differentially affect
human natural killer cell immune functions. Am J Physiol
Endocrinol Metab. 2012;302:E108–16. https://doi.org/10.1152/
ajpendo.00057.2011.

25. Bähr I, Goritz V, Doberstein H, Hiller GGR, Rosenstock P, Jahn J,
et al. Diet-induced obesity is associated with an impaired NK cell
function and an increased colon cancer incidence. J Nutr Metab.
2017;2017:4297025–14. https://doi.org/10.1155/2017/4297025.

26. Lamas B, Goncalves-Mendes N, Nachat-Kappes R, Rossary A,
Caldefie-Chezet F, Vasson M-P, et al. Leptin modulates dose-
dependently the metabolic and cytolytic activities of NK-92 cells.
J Cell Physiol. 2013;228:1202–9. https://doi.org/10.1002/jcp.
24273.

27. Xu L, ShenM, Chen X, Zhu R, Yang D-R, Tsai Y, et al. Adipocytes
affect castration-resistant prostate cancer cells to develop the resis-
tance to cytotoxic action of NK cells with alterations of PD-L1/
NKG2D ligand levels in tumor cells. Prostate. 2018;78:353–64.
https://doi.org/10.1002/pros.23479.

28. Zhao Y, Sun R, You L, Gao C, Tian Z. Expression of leptin recep-
tors and response to leptin stimulation of human natural killer cell
lines. Biochem Biophys Res Commun. 2003;300:247–52.

29. Yaqoob P, Newsholme EA, Calder PC. Inhibition of natural killer
cell activity by dietary lipids. Immunol Lett. 1994;41:241–7.

30. Jeffery NM, Sanderson P, Newsholme EA, Calder PC. Effects of
varying the type of saturated fatty acid in the rat diet upon serum
lipid levels and spleen lymphocyte functions. Biochim Biophys
Acta. 1997;1345:223–36.

31. Theurich S, Tsaousidou E, Hanssen R, Lempradl AM, Mauer J,
Timper K, et al. IL-6/Stat3-dependent induction of a distinct,
obesity-associated nk cell subpopulation deteriorates energy and
glucose homeostasis. Cell Metab. 2017;26:171–184.e6. https://
doi.org/10.1016/j.cmet.2017.05.018.

32. Lautenbach A,Wrann CD, Jacobs R,Müller G, Brabant G, Nave H.
Altered phenotype of NK cells from obese rats can be normalized

Immunol Res (2018) 66:234–244 243

https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.1056/NEJMoa1614362
https://doi.org/10.3164/jcbn.16-116
https://doi.org/10.3164/jcbn.16-116
https://doi.org/10.1016/S0140-6736(11)60105-0
https://doi.org/10.1002/art.39707
https://doi.org/10.1053/j.ajkd.2008.02.363
https://doi.org/10.1056/NEJMsr1606602
https://doi.org/10.1056/NEJMsr1606602
https://doi.org/10.1093/cid/ciq152
https://doi.org/10.4049/jimmunol.1601031
https://doi.org/10.4049/jimmunol.1601031
https://doi.org/10.3389/fimmu.2014.00379
https://doi.org/10.3389/fimmu.2014.00379
https://doi.org/10.3389/fimmu.2015.00637
https://doi.org/10.1210/en.2007-1516
https://doi.org/10.1210/en.2007-1516
https://doi.org/10.1371/journal.pone.0008660
https://doi.org/10.1371/journal.pone.0008660
https://doi.org/10.1016/j.metabol.2013.07.011
https://doi.org/10.1016/j.metabol.2013.07.011
https://doi.org/10.1016/j.molimm.2017.11.021
https://doi.org/10.4049/jimmunol.1502570
https://doi.org/10.1002/eji.201242382
https://doi.org/10.1371/journal.pone.0075703
https://doi.org/10.1371/journal.pone.0075703
https://doi.org/10.1152/ajpendo.00057.2011
https://doi.org/10.1152/ajpendo.00057.2011
https://doi.org/10.1155/2017/4297025
https://doi.org/10.1002/jcp.24273
https://doi.org/10.1002/jcp.24273
https://doi.org/10.1002/pros.23479
https://doi.org/10.1016/j.cmet.2017.05.018
https://doi.org/10.1016/j.cmet.2017.05.018


by transfer into lean animals. Obesity (Silver Spring). 2009;17:
1848–55. https://doi.org/10.1038/oby.2009.140.

33. Lynch LA, O'Connell JM, Kwasnik AK, Cawood TJ, O'Farrelly C,
O'Shea DB. Are natural killer cells protecting the metabolically
healthy obese patient? Obesity (Silver Spring). 2009;17:601–5.
https://doi.org/10.1038/oby.2008.565.

34. Rosenstock P, Horstkorte R, Gnanapragassam VS, Harth J,
Kielstein H. Siglec-7 expression is reduced on a natural killer
(NK) cell subset of obese humans. Immunol Res. 2017;65:1017–
24. https://doi.org/10.1007/s12026-017-8942-y.

35. Laue T, Wrann CD, Hoffmann-Castendiek B, Pietsch D, Hubner L,
Kielstein H. Altered NK cell function in obese healthy humans.
BMC Obes. 2015;2:1. https://doi.org/10.1186/s40608-014-0033-1.

36. Keustermans G, van der Heijden LB, Boer B, Scholman R, Nuboer
R, Pasterkamp G, et al. Differential adipokine receptor expression
on circulating leukocyte subsets in lean and obese children. PLoS
One. 2017;12:e0187068. https://doi.org/10.1371/journal.pone.
0187068.

37. Tobin LM,MavinkurveM, Carolan E, Kinlen D, O'Brien EC, Little
MA, et al. NK cells in childhood obesity are activated, metabolical-
ly stressed, and functionally deficient. JCI Insight. 2017;2 https://
doi.org/10.1172/jci.insight.94939.

38. Farag SS, Caligiuri MA. Human natural killer cell development and
biology. Blood Rev. 2006;20:123–37. https://doi.org/10.1016/j.
blre.2005.10.001.

39. ChanA, HongD-L, Atzberger A, Kollnberger S, Filer AD, Buckley
CD, et al. CD56bright human NK cells differentiate into CD56dim
cells: role of contact with peripheral fibroblasts. J Immunol.
2007;179:89–94.

40. Dowell AC, Oldham KA, Bhatt RI, Lee SP, Searle PF. Long-term
proliferation of functional human NK cells, with conversion of
CD56(dim) NK cells to a CD56 (bright) phenotype, induced by
carcinoma cells co-expressing 4-1BBL and IL-12. Cancer
Immunol Immunother. 2012;61:615–28. https://doi.org/10.1007/
s00262-011-1122-3.

41. Meier U-C, Owen RE, Taylor E,WorthA, NaoumovN,Willberg C,
et al. Shared alterations in NK cell frequency, phenotype, and func-
tion in chronic human immunodeficiency virus and hepatitis C vi-
rus infections. J Virol. 2005;79:12365–74. https://doi.org/10.1128/
JVI.79.19.12365-12374.2005.

42. Lukassen HGM, Joosten I, van Cranenbroek B, van Lierop MJC,
Bulten J, Braat DDM, et al. Hormonal stimulation for IVF treatment
positively affects the CD56bright/CD56dim NK cell ratio of the
endometrium during the window of implantation. Mol Hum
Reprod. 2004;10:513–20. https://doi.org/10.1093/molehr/gah067.

43. Craston R, Koh M, Mc Dermott A, Ray N, Prentice HG, Lowdell
MW. Temporal dynamics of CD69 expression on lymphoid cells. J
Immunol Methods. 1997;209:37–45.

44. Zingoni A, Palmieri G, Morrone S, Carretero M, Lopez-Botel M,
Piccoli M, et al. CD69-triggered ERK activation and functions are
negatively regulated by CD94 / NKG2-a inhibitory receptor. Eur J
Immunol. 2000;30:644–51. https://doi.org/10.1002/1521-
4141(200002)30:2<644::AID-IMMU644>3.0.CO;2-H.

45. Spielmann J, Hanke J, Knauf D, Ben-Eliyahu S, Jacobs R, Stangl
GI, et al. Significantly enhanced lung metastasis and reduced organ
NK cell functions in diet-induced obese rats. BMC Obes. 2017;4:
24. https://doi.org/10.1186/s40608-017-0161-5.

46. Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic
switch in adipose tissue macrophage polarization. J Clin Invest.
2007;117:175–84. https://doi.org/10.1172/JCI29881.

47. Jahn J, SpielauM, Brandsch C, Stangl GI, Delank K-S, Bähr I, et al.
Decreased NK cell functions in obesity can be reactivated by fat
mass reduction. Obesity (Silver Spring). 2015;23:2233–41. https://
doi.org/10.1002/oby.21229.

48. Fauriat C, Long EO, Ljunggren H-G, Bryceson YT. Regulation of
human NK-cell cytokine and chemokine production by target cell
recognition. Blood. 2010;115:2167–76. https://doi.org/10.1182/
blood-2009-08-238469.

49. de Maria A, Bozzano F, Cantoni C, Moretta L. Revisiting human
natural kil ler cell subset function revealed cytolytic
CD56(dim)CD16+ NK cells as rapid producers of abundant IFN-
gamma on activation. Proc Natl Acad Sci U S A. 2011;108:728–32.
https://doi.org/10.1073/pnas.1012356108.

50. de Maria A, Moretta L. Revisited function of human NK cell sub-
sets. Cell Cycle. 2011;10:1178–9. https://doi.org/10.4161/cc.10.8.
15227.

51. Shah NR, Braverman ER. Measuring adiposity in patients: the util-
ity of body mass index (BMI), percent body fat, and leptin. PLoS
One. 2012;7:e33308. https://doi.org/10.1371/journal.pone.
0033308.

52. Considine RV, Caro JF. Leptin in humans: current progress and
future directions. Clin Chem. 1996;42:843–4.

53. Pérez-Pérez A, Vilariño-García T, Fernández-Riejos P, Martín-
González J, Segura-Egea JJ, Sánchez-Margalet V. Role of leptin
as a link between metabolism and the immune system. Cytokine
Growth Factor Rev. 2017;35:71–84. https://doi.org/10.1016/j.
cytogfr.2017.03.001.

54. Lautenbach A, Breitmeier D, Kuhlmann S, Nave H. Human obesity
reduces the number of hepatic leptin receptor (ob-R) expressing NK
cells. Endocr Res. 2011;36:158–66. https://doi.org/10.3109/
07435800.2011.580442.

55. Cifaldi L, Prencipe G, Caiello I, Bracaglia C, Locatelli F, de
Benedetti F, et al. Inhibition of natural killer cell cytotoxicity by
interleukin-6: implications for the pathogenesis of macrophage ac-
tivation syndrome. Arthritis Rheumatol (Hoboken, N.J.). 2015;67:
3037–46. https://doi.org/10.1002/art.39295.

56. Tanaka S, Isoda F, Ishihara Y, Kimura M, Yamakawa T. T
lymphopaenia in relation to body mass index and TNF-alpha in
human obesity: adequate weight reduction can be corrective. Clin
Endocrinol. 2001;54:347–54.

57. Moulin CM, Marguti I, Peron JPS, Halpern A, Rizzo LV. Bariatric
surgery reverses natural killer (NK) cell activity and NK-related
cytokine synthesis impairment induced by morbid obesity. Obes
Surg. 2011;21:112–8. https://doi.org/10.1007/s11695-010-0250-8.

58. Lamas O, Martínez JA, Marti A. Energy restriction restores the
impaired immune response in overweight (cafeteria) rats. J Nutr
Biochem. 2004;15:418–25. https://doi.org/10.1016/j.jnutbio.2004.
02.003.

59. Barra NG, Fan IY, Gillen JB, ChewM, Marcinko K, Steinberg GR,
et al. High intensity interval training increases natural killer cell
number and function in obese breast cancer-challenged mice and
obese women. J Cancer Prev. 2017;22:260–6. https://doi.org/10.
15430/JCP.2017.22.4.260.

60. Pedersen L, Idorn M, Olofsson GH, Lauenborg B, Nookaew I,
Hansen RH, et al. Voluntary running suppresses tumor growth
through epinephrine- and IL-6-dependent NK cell mobilization
and redistribution. Cell Metab. 2016;23:554–62. https://doi.org/
10.1016/j.cmet.2016.01.011.

244 Immunol Res (2018) 66:234–244

https://doi.org/10.1038/oby.2009.140
https://doi.org/10.1038/oby.2008.565
https://doi.org/10.1007/s12026-017-8942-y
https://doi.org/10.1186/s40608-014-0033-1
https://doi.org/10.1371/journal.pone.0187068
https://doi.org/10.1371/journal.pone.0187068
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1172/jci.insight.94939
https://doi.org/10.1016/j.blre.2005.10.001
https://doi.org/10.1016/j.blre.2005.10.001
https://doi.org/10.1007/s00262-011-1122-3
https://doi.org/10.1007/s00262-011-1122-3
https://doi.org/10.1128/JVI.79.19.12365-12374.2005
https://doi.org/10.1128/JVI.79.19.12365-12374.2005
https://doi.org/10.1093/molehr/gah067
https://doi.org/10.1002/1521-4141(200002)30:2<644::AID-IMMU644>3.0.CO;2-H
https://doi.org/10.1002/1521-4141(200002)30:2<644::AID-IMMU644>3.0.CO;2-H
https://doi.org/10.1186/s40608-017-0161-5
https://doi.org/10.1172/JCI29881
https://doi.org/10.1002/oby.21229
https://doi.org/10.1002/oby.21229
https://doi.org/10.1182/blood-2009-08-238469
https://doi.org/10.1182/blood-2009-08-238469
https://doi.org/10.1073/pnas.1012356108
https://doi.org/10.4161/cc.10.8.15227
https://doi.org/10.4161/cc.10.8.15227
https://doi.org/10.1371/journal.pone.0033308
https://doi.org/10.1371/journal.pone.0033308
https://doi.org/10.1016/j.cytogfr.2017.03.001
https://doi.org/10.1016/j.cytogfr.2017.03.001
https://doi.org/10.3109/07435800.2011.580442
https://doi.org/10.3109/07435800.2011.580442
https://doi.org/10.1002/art.39295
https://doi.org/10.1007/s11695-010-0250-8
https://doi.org/10.1016/j.jnutbio.2004.02.003
https://doi.org/10.1016/j.jnutbio.2004.02.003
https://doi.org/10.15430/JCP.2017.22.4.260
https://doi.org/10.15430/JCP.2017.22.4.260
https://doi.org/10.1016/j.cmet.2016.01.011
https://doi.org/10.1016/j.cmet.2016.01.011

	Impaired natural killer cell subset phenotypes in human obesity
	Abstract
	Introduction
	Material and methods
	Study population
	Blood collection and analyses of plasma adipocytokines
	Isolation of PBMCs
	Flow cytometric analyses
	Statistical analyses

	Results
	Study population
	Plasma adipocytokine concentrations
	Analyses of blood leucocyte subsets
	Investigations on NK cells and NK cell subsets
	Analyses of NKG2D receptor expression on NK cells
	Analyses of CD69 receptor expression on NK cells
	Expression of other NK cell surface receptors
	Analyses of intracellular NK cell markers

	Discussion
	References


