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 II Abstract 

Abstract 

Obesity is associated with an increased risk for several cancer types and an impairment of the 

functionality of natural killer (NK) cells. This study aimed to investigate the impact of the body 

weight on NK cell receptor profiles and on NK cell cytotoxicity against colorectal and breast cancer 

cells in mice and humans by conducting two studies. Therefore, C57BL/6 mice received a high-fat 

diet (35% fat) to induce obesity or a normal-fat diet (4% fat) under restrictive and ad libitum feeding 

regimes. In the human study, peripheral blood mononuclear cells were isolated from normal 

weight, overweight and obese healthy blood donors. 

Flow cytometric analysis revealed alterations in obese mice and humans, including the frequency 

of immune cell populations, the expression of activating and inhibitory NK cell receptors, and 

other NK cell-related markers on total NK cells and NK cell subsets compared to normal weight 

controls. Furthermore, the cytolytic NK cell activity against colorectal cancer cells was reduced in 

obese and overweight subjects as well as in obese mice. 

The present study gives new insights into the influence of high-fat feeding on NK cell 

characteristics in mice. Furthermore, data revealed an altered NK cell phenotype, an impaired NK 

cell effector function against colon cancer cells, and NK cell subset alterations in obese and 

overweight individuals. These NK cell alterations and dysfunction might be an explanation for the 

higher colorectal cancer risk in obesity. 
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 III Kurzfassung 

Kurzfassung 

Adipositas ist mit einem erhöhten Risiko für mehrere Krebsarten verbunden. Darüber hinaus 

wurde beschrieben, dass die Funktionalität von Natürlichen Killerzellen (NK- Zellen) unter 

Adipositas beeinträchtigt ist. Ziel dieser Arbeit war es, den Einfluss des Körpergewichts auf die 

NK-Zellrezeptorausstattung und auf die NK-Zellzytotoxizität gegenüber Darm- und 

Brustkrebszellen bei Mäusen und Menschen zu untersuchen. Dazu wurden C57BL/6-Mäuse zur 

Induktion einer Adipositas mit einer fettreichen Diät (35% Fett) gefüttert oder sie erhielten eine 

fettarme Diät (4% Fett) unter restriktiven und ad libitum Ernährungsregimen. Im Rahmen der 

Humanstudie wurden mononukleäre Zellen des peripheren Blutes aus gesunden 

normalgewichtigen, übergewichtigen und adipösen Blutspendern isoliert. 

Die durchflusszytometrische Analyse der Blutzellen der adipösen Individuen im Vergleich zu 

den normalgewichtigen Individuen, zeigte Veränderungen bezüglich der Zellzahl verschiedener 

Immunzellpopulationen, der Expression von aktivierenden und hemmenden NK-Zellrezeptoren 

und anderen NK-Zell-bezogenen Markern auf den NK-Zellen und NK-Zell-Subpopulationen. 

Darüber hinaus war die zytolytische NK-Zellaktivität gegen Darmkrebszellen bei adipösen und 

übergewichtigen Spendern sowie bei adipösen Mäusen reduziert. 

Die vorliegende Arbeit liefert zum einen neue Erkenntnisse zum Einfluss einer fettreichen 

Ernährung auf die Eigenschaften der NK-Zellen bei Mäusen. Darüber hinaus geben die Daten 

Hinweise auf eine Beeinträchtigung des NK-Zellphänotyps und der NK-Zell-Effektorfunktion 

gegen Darmkrebszellen bei adipösen und übergewichtigen Personen. Diese beobachteten 

Veränderungen und Dysfunktionen von NK-Zellen können zur Aufklärung des höheren 

Darmkrebsrisikos bei Adipositas beitragen. 
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1 
Introduction 

1 Introduction 

1.1. Obesity prevalence and health consequences 

Obesity and overweight represent an immensely growing health problem worldwide. The 

prevalence of overweight and obesity nearly tripled between 1975 and 2016 [1], with the result that 

almost one third of the world’s population is considered to be overweight or obese [2]. As a global 

pandemic, obesity caused four million deaths and 120 million disability-adjusted life-years 

in 2015 [3]. In Germany, two-third of man (67%) and half of women (53%) are overweight. 

Moreover, a quarter of men and women (23% and 24%, respectively) are even obese [4]. The World 

Health Organization (WHO) predicts a continued rising of the global obesity prevalence within 

the upcoming years with great negative impact on health and social welfare systems. Kelly and 

colleagues have estimated that by 2030 up to 57.8% of the world’s adult population (3.3 billion 

people) will be either overweight or obese, if the current trends continue [5]. 

The WHO defines overweight and obesity as an abnormal or excessive fat accumulation. In 

most cases, it is a preventable result of chronic positive energy balance, as dietary intake exceeds 

energy expenditure. Overweight and obesity are most often classified by the body mass 

index (BMI). The BMI is the quotient of body weight (kg) through the square of height (m²). 

According to the WHO definitions, a BMI of 25 – 29.9 kg/m2 is considered overweight, or also 

called pre-obese, and a BMI of ≥ 30 kg/m2 is considered obese. Normal weight is defined as 

a BMI of 18.5 – 24.9 kg/m2. 

What makes obesity and overweight so negative? In addition to consequences in social life, 

mobility and quality of life, obesity and overweight are associated with an increased morbidity and 

mortality [6, 7]. The higher the BMI, the higher the risk for related chronic noncommunicable 

diseases (NCDs), such as type 2 diabetes mellitus [8], cardiovascular [9] and neurodegenerative 

diseases [10], non-alcoholic fatty liver disease [11], as well as musculoskeletal [12] and kidney 

disorders [13]. In addition, the susceptibility to infections is increased in obese individuals [14]. 

Moreover, overweight and obesity are major risk factors for the development of several cancer 

types [15]. Worldwide, up to 20% of all cancer cases are attributable to an excess body weight [16]. 

For 2018, about 440,373 new cancer cases in Germany have been estimated by the German Cancer 

Research Center (DKFZ). Of these, 30,567 cases (6.9%) have been predicted to be attributable to 

overweight [15], including the most common cancers among men and women – colorectal 

cancer (CRC) and postmenopausal breast cancer, respectively [17]. It has been estimated that 

in 2018 about 7,080 (23.2%) new cases of colorectal cancer and 4,958 (16.2%) new cases of 

postmenopausal breast cancer will be attributable to overweight. [15]. 
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The risk of CRC among obese individuals is 1.33 times as high as among normal weight 

individuals [18]. Obese postmenopausal women have a 1.39 times higher risk of developing breast 

cancer compared to normal weight postmenopausal women [19]. In addition, obesity is also 

associated with a higher risk for men to develop breast cancer [20]. 

The underlying biological mechanisms that link obesity and cancer still remain unclear. In recent 

years, several studies have focused on the obesity-cancer connection. Besides genetic factors [21], 

effects of nutritional components [22], reduced physical activity [23], obesity-related insulin 

resistance [24], increased secretion of sex hormones and cytokines by adipose tissue [25], also the 

chronic low-grade inflammation [26] and obesity-associated alterations of immune cell 

function [27] are discussed as possible mechanisms underlying the increased risk for several cancer 

types under obesity. 

1.2. Adipose tissue and metaflammation 

As indicated above, in obesity and overweight, the excess of adipose tissue (AT) plays a crucial 

role. In mammals, there are mainly two types of AT: the brown AT and the white AT [28]. 

Brown AT (BAT) engages thermogenesis to maintain body temperature and is particularly 

abundant in newborns, but in adults it is present only in small amounts [28]. White AT (WAT), the 

major fat depot, stores energy in form of triglycerides and is subdivided into two main types: the 

subcutaneous AT (SAT) and the visceral AT (VAT) [29]. Apart from its function as an energy 

storage, WAT is a large metabolically and immunologically active endocrine organ composed of 

adipocytes, as well as fibroblasts, endothelial cells and a wide range of immune cells and it is capable 

to synthesize AT-derived factors, called adipocytokines, such as leptin, adiponectin, resistin and 

visfatin [30]. In normal weight subjects, adipocytokines act as hormones or soluble mediators 

maintaining metabolic homeostasis [25]. Excess fat accumulation especially in VAT in overweight 

and obese subjects results in hypoxia, apoptosis and cell stress leading to an altered AT 

environment and metabolic disturbances. Hence, the dysregulated secretion of adipocytokines, i.e. 

leptin and adiponectin, as well as the increased secretion of proinflammatory cytokines, i.e. 

interferon-γ (IFN-γ), interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α), leads to an 

infiltration in AT by inflammatory immune cells [31]. These obesity-induced metabolic 

inflammatory processes of AT are termed as ‘metaflammation’, with local and systemic effects. 

Therefore it is further defined as a systemic chronic low-grade inflammatory state [32, 33]. This 

generally accepted obesity-induced state is associated with dysfunctions of several immune cells, 

like macrophages [34], T lymphocytes [35] and B lymphocytes [36]. Furthermore, various studies 

have shown an impaired functionality of natural killer (NK) cells in obese subjects [37–40]. 
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1.3. The immune system 

The immune system is a complex, dynamic defense system and commonly classified into two 

categories of immune responses – the innate immunity and the adaptive immunity – each consisting 

of different immune cell types. The specific adaptive immune response is mainly composed of 

T lymphocytes and B lymphocytes, conducting cell-mediated and humoral responses, respectively. 

The major cellular components of the nonspecific or less specific innate immune response are 

granulocytes (neutrophils, eosinophils, basophils), macrophages (and their precursors monocytes), 

NKT (natural killer T) cells and NK cells. 

Over the last decades, a new and growing family of immune cells has been discovered and is 

still being characterized – the innate lymphoid cells (ILCs). All members of this family lack adaptive 

antigen receptors. However, they mirror the functions of T lymphocytes and therefore break up 

the classical view of immune responses with its two categories. Especially NK cells, as a member 

of this family, are considered as innate counterparts of CD8+ cytotoxic T cells [41, 42]. In the ILC 

nomenclature, NK cells are currently classified as a distinct subgroup next to four other subgroups 

of ILCs [43]. All ILC subgroups share a common lymphoid progenitor and are present in both 

humans and mice [44]. 

1.4. Natural killer cells in mice and man 

As mentioned above, NK cells are an integral component of the innate immune system. 

However, they also display characteristics of the adaptive immune system by acquiring 

immunological memory [45]. Additionally, it is well accepted that NK cells play roles bridging both 

innate and adaptive immune responses [46–48]. NK cells are large granular effector lymphocytes 

and poised for rapid killing of virus-infected and malignant transformed cells without prior 

sensitization while remaining tolerant of normal cells [49]. Human and murine NK cells 

constitute 5 - 15% of peripheral blood mononuclear cells (PBMCs). They are also distributed in 

various lymphoid organs and nonlymphoid peripheral tissues as tissue-resident NK cells [50]. 

1.4.1. Cytotoxic and regulatory phenotypes of NK cell subsets 

1.4.1.1. Human NK cell subsets 

Human NK cells are characterized phenotypically by the presence of the surface markers CD56 

and CD16 (CD: cluster of differentiation), while the T cell receptor CD3 is absent [51]. CD56, 

which is an immunoglobulin (Ig) superfamily glycoprotein, is an isoform of the human neural cell 

adhesion molecule (NCAM). The functional importance of different expression levels of CD56 on 

human NK cells is largely unknown [51], although CD56 is thought to mediate interactions 

between NK cells and target cells [52]. CD16, which is a transmembrane glycoprotein of the Ig 

superfamily, acts as a Fc (fragment crystallizable)-γ receptor on the NK cell surface, 



 4 Introduction 

namely FcγRIII. The activating receptor CD16 binds with low-affinity to the Fc region of the IgG 

antibody and therefore facilitates the antibody-dependent cellular cytotoxicity (ADCC) by binding 

on IgG-opsonized target cells through CD16 [53]. 

Based on the expression density of CD56 and CD16 on the NK cell surface, several 

subpopulations can be distinguished: CD56brightCD16-, CD56brightCD16dim, CD56dimCD16-, 

CD56dimCD16bright and CD56-CD16bright NK cells [54–56]. In this study, the focus of human 

peripheral NK cells was on the two following subsets: The CD56dimCD16bright NK cells subset, with 

low density of CD56 and high density of CD16, that represents the majority of NK cells in the 

peripheral blood (~90%). Furthermore, the CD56brightCD16dim NK cell subset, with high density 

of CD56 and low density of CD16, that represents about 10% of peripheral NK cells was 

investigated. Besides the different levels of CD56 and CD16 expression, the two subsets differ in 

their immunological functionality. The major CD56dimCD16bright NK cell subset display high 

cytotoxicity through abundant perforin and granzyme granules in their cytoplasm, whereas the 

minor CD56brightCD16dim NK cell subset has more immunoregulatory function through their ability 

to produce abundant cytokines, including IFN-γ, TNF-α, IL-10, IL-13 and granulocyte-

macrophage colony-stimulating factor (GM-CSF) [55, 57]. 

1.4.1.2. Murine NK cell subsets 

In contrast to human NK cells, murine NK cells do not express CD56, whereas CD16 is also 

expressed on murine NK cells. Due to the lack of CD56 expression other concepts to discriminate 

murine NK cell subsets have been established. Therefore, and in contrast to human NK cells, 

murine NK cells and NK cell subsets are identified according to the level of expression of the 

integrin family member CD11b and of the TNF receptor superfamily member CD27. On this basis 

four murine NK cell subsets are distinguishable: CD11bdimCD27dim, CD11blowCD27bright, 

CD11bbrightCD27bright and CD11bbrightCD27dim [58, 59]. The previous stated order of the four 

different subsets corresponds to the stages of their maturation. The four murine NK cell subsets 

differ in their cytotoxic capacity. As maturation progresses, NK cells produce less cytokines, but 

become more cytotoxic against target cells [58, 60, 61]. 

1.4.2. NK cell regulation 

NK cells express a variety of receptors which allow them to distinguish healthy cells from virus-

infected, stressed or malignant transformed cells and to eliminate the latter ones. The NK cell 

effector function is orchestrated by a family of inhibitory and activating surface receptors as well 

as by adhesion molecules and other functional markers [62]. Figure 1 illustrates the recognition of 

target cells by NK cells and the NK cell responses based on missing-self and induced-self theories, 

which are explained in the following. 
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The activating and inhibitory receptors recognize cell-surface and extracellular-secreted 

ligands, e.g. major histocompatibility complex class-I (MHC-I) and MHC-I-related molecules and 

some non-MHC molecules [63]. Inhibitory receptors identify MHC-I molecules (human leukocyte 

antigens [HLAs] in humans and H-2 in mice), which are constitutively expressed by nucleated 

healthy cells and get lost upon infection or malignant transformation. The loss of MHC-I leads to 

a predominance of activating signals and therefore to NK cell activation and target cell lysis. This 

mode of effector activation corresponds to the ‘missing-self recognition’ hypothesis, initially 

postulated by Ljunggren and Kärre [64]. Therefore, MHC-I expression leads to self-tolerance of 

healthy cells. The ‘missing-self’ hypothesis was later complemented by the ‘induced-self 

recognition’ hypothesis. In addition to the missing inhibitory signals due to the lack of MHC-I 

expression, the concurrent expression of activating ligands is necessary for target cell killing and 

cytokine production by NK cells. Activating ligands are expressed by stressed cells upon infection 

or cellular transformation [62, 65]. Thus, the balance and imbalance between activating and 

inhibitory signals dynamically regulate the effector function of the NK cell [49, 66]. 

 

 

Figure 1: Recognition of target cells by NK cells: ‘missing-self’ and ‘induced-self’ theories. (A) NK cells 
do not respond if neither major histocompatibility complex class I (MHC-I) molecules nor activating 
ligands are expressed on target cells. This case usually applies for red blood cells. (B) NK cells do not 
respond if inhibitory receptors engage MHC-I molecules in the absence of ligands for activating 
receptors. This case usually applies for healthy cells. (C) Downregulation or loss of MHC-I and 
expression of activating ligands leads to potent NK cell activation resulting in target cell elimination either 
by direct killing through NK cell mediated cytotoxicity or indirectly through the secretion of pro-
inflammatory cytokines, i.e. interferon-γ. This case usually applies to virus-infected or malignant 
transformed cells, known as ‘missing-self’ theory. (D) The outcome of NK cell responses depends on 
the balance of activating and inhibitory signaling. For example, ‘stressed’ cells can trigger NK cell 
activation by upregulation of ligands for activating receptors. Modified from [66]. 
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1.4.3. NK cell receptors 

Human and murine NK cells express a repertoire of various receptors. The majority is shared 

by human and mouse and some are expressed by only one species. However, the NK cell receptor 

repertoire essentially comprises three major receptor families: human killer immunoglobulin-like 

receptors (KIRs) and their murine counterparts, the lectin-like Ly49 receptors, as well as natural 

cytotoxicity receptors (NCRs) and C-type lectin-like receptors, which are described below. 

Killer immunoglobulin-like receptors (KIRs) 

Human KIRs belong to the Ig superfamily and bind MHC-I molecules. KIRs are highly 

polymorphic and encoded by the leukocyte receptor complex (LCR) on chromosome 19q13.4 [67]. 

The KIR family represents the leading group of negative regulators within the signaling pathways 

controlling NK cell lytic capacity [68]. It consists of twelve members and some allelic variants. The 

KIRs are type I transmembrane glycoproteins with two (KIR2D) or three (KIR3D) Ig-like 

extracellular domains with either a short (S) or long (L) cytoplasmic domain [69]. The length of the 

cytoplasmic domain determines the functional property of the KIRs. A long cytoplasmic domain 

mediates an inhibitory signal by the presence of one or two immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs). In contrast, a short cytoplasmic domain mediates an activating signal 

through the receptor association with adaptor proteins bearing immunoreceptor tyrosine-based 

activating motifs (ITAMs) [69]. KIRs with two and three Ig domains bind to HLA-C/-G and 

HLA-A/-B molecules, respectively [63]. The most prominent inhibitory KIRs are 

KIR2DL1 (CD158a), KIR2DL2/DL3 (CD158b1/b2) and KIR3DL1/DL2 (CD158e/k), whereas 

KIR2DS4 is the most prominent activating KIR [70]. All four KIRs were analyzed in this study. 

Ly49 receptors 

Mice lack KIRs, but express structural divergent Ly49 receptors, which are functional homologs 

to human KIRs [63]. Ly49 receptors are type II transmembrane glycoproteins of the C-type lectin-

like superfamily, the second major subfamily of NK cell receptors. They are encoded by a cluster 

of highly polymorphic and polygenic genes within the NK gene complex on mouse 

chromosome 6 [71]. The Ly49 gene family consists of two nomenclature systems, Ly49 and killer 

cell lectin-like receptor subfamily A (klra) [72]. Similarly to KIRs, Ly49 receptors also recognize 

MHC-I molecules, e.g. H2-D/ -K/ -L, and their inhibitory and activating function is characterized 

by the presence or absence of ITIM domains in their cytoplasmic tail. The Ly49 family comprises 

approximately 20 to 30 members, including several pseudogenes [72]. The type and level of Ly49 

molecules are heterogeneously expressed in different mouse strains, such as C57BL/6 and 

BALB/c. The inhibitory Ly49 receptors, Ly49-C and Ly49-I as well as Ly49-F (expressed only by 
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C57BL/6) and the activating Ly49-H (expressed only by C57BL/6) were analyzed in the present 

study. 

Natural cytotoxicity receptors (NCRs) 

NCRs, including NKp30, NKp44, and NKp46 in humans and NKp46 in mice, are type I 

transmembrane glycoproteins of the Ig superfamily. All NCRs are activating and therefore they 

play a crucial role in the recognition and elimination of tumor cells by human and murine NK cells. 

NKp30 and NKp46 are constitutively expressed on all resting and activated NK cells, whereas 

NKp44 is only expressed on IL-2-activated NK cells [73, 74]. Although some interactions of 

the NCR with viral proteins have been described (e.g. NKp44 and NKp46 with influenza virus 

hemagglutinin), little is known about the NCR ligand specificities [75]. Among all receptors 

expressed by NK cells in mammals, NKp46 has been stated to be the best suitable and most 

specific NK cell marker [76, 77]. However, it is also expressed by a very small T cell subset [76]. 

NKp46 receptor has one Ig-like extracellular domain, while NKp30 and NKp44 have two Ig-like 

domains. All three NCRs contain positively charged amino acids in their transmembrane domain, 

which allow interaction with the ITAM-containing adapter molecules and thus deliver the 

activating signal [78]. 

C-type lectin-like receptors 

The family of C-type lectin-like receptors comprises the subfamily of NK group 2 (NKG2) 

calcium-dependent lectin-like receptors, including CD94/NKG2 heterodimeric and NKG2D 

homodimeric receptors present on NK cells. They are type II transmembrane glycoproteins. The 

CD94 and NKG2, also named Klr (killer cell lectin-like), genes are located on chromosome 12 in 

humans and chromosome 6 in mice and have, in contrast to KIR and Ly49 genes, limited 

polymorphism [79]. The ligands of the NKG2 receptor family are non-classical MHC-I 

molecules (human HLA-E and murine Qa-1) [80, 81].  

The heterodimeric C-type lectin-like receptors consist of a common subunit, CD94, which is 

disulfide-linked with either NKG2A, NKG2C, NKG2E (in humans and mice) or NKG2F 

(in humans) [79]. The inhibitory receptor CD94/NKG2A contains an ITIM in its cytoplasmic tail 

that mediates the inhibitory signal. Conversely, CD94/NKG2-C/-E/-F are activating members of 

this family with short cytoplasmic domains associated with adapter molecules bearing ITAM [82]. 

Another important member of the C-type lectin family is the homodimeric activating NK cell 

receptor NKG2D. Unlike the other NKG2 receptors, the NKG2D does not heterodimerize 

with CD94. NKG2D receptors, encoded by Klrk1, are known to recognize ligands with structural 

homology to MHC-1 molecules, e.g. human stress-induced ligands MHC-I chain-related (MIC)-A, 

MIC-B, and mouse ligands retinoic acid early inducible (REA)-1 and minor histocompatibility 
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complex H60 [79, 83, 84]. NKG2D is expressed on the surface of all mouse and human NK cells 

as well as on subsets of T and NKT cells [85]. In contrast to humans, in mice there are two isoforms 

of NKG2D – a short (NKG2D-S) and a long (NKG2D-L) form [86].  

Other NK cell receptors and accessory molecules 

In addition to the mentioned activating and inhibitory receptors of the Ig superfamily and 

the C-type lectin-like family, there are other receptors, such as co-receptors and adhesion 

molecules, which perform various functional tasks in the effector functions of the NK cell. 

The surface markers CD2 (LFA-2: lymphocyte function-associated antigen 2), CD62L and 

CD226 (DNAM-1: DNAX accessory molecule 1) act as adhesion molecules and 

co-stimulators (CD2, CD226) on human and murine NK cells [87–89]. As a homing 

marker, CD62L (also known as L-selectin) plays an important role in the initial contact 

between NK cells in the bloodstream and the vascular endothelial cells during the migration and 

infiltration processes to lymph nodes as well as to normal and inflamed tissues [90, 91]. 

Further known co-stimulatory receptors are 2B4 (CD244) and NKp80, which are co-activating, 

as well as TIGIT (T-cell immunoreceptor with Ig and ITIM domains) and PD-1(programmed cell 

death receptor-1), which are co-inhibitory [92–96]. These co-stimulatory receptors are all expressed 

in humans and mice, except for NKp80, which is absent in mice [93]. 

CD161 (also called NKRP1, NK1.1, KLRB1) is another C-type lectin-like receptor expressed 

by the majority of human and murine NK cells [63, 97]. In mice, five NKRP1 receptors have been 

described: NKRP1-A, -B, -C, -F, -G with either activating (-A, -C, -F) or inhibitory 

function (-B, -G) [63]. To date, only one NKRP1 receptor (NKRP1A) has been found in humans 

that inhibits NK cell-mediated cytotoxicity and cytokine secretion when bound to its 

ligand LLT-1 (lectin-like transcript-1) [98]. 

Markers for NK cell functionality are inhibitory receptor Siglec-7, which is absent in mice, and 

the activation-associated markers CD25, CD122, CD69 and CD107a, which are all expressed in 

humans and mice. 

Siglec-7 engages sialic acid-containing ligands, which are often abundantly expressed on tumor 

cells protecting them from NK cell lysis [99]. CD25 and CD122 compose two of three subunits of 

the IL-2 receptor, namely the IL-2Rα and IL-2Rβ chain, respectively. CD122 is constitutively 

expressed by NK cells to form the low-affinity IL-2 receptor composed of CD122 and 

CD132 (IL-2Rγ chain), whereas CD25 expression is induced upon activation enabling the 

formation of the high-affinity IL-2 receptor, a trimeric receptor composed of CD25, CD122 and 

CD132 [100]. Binding of IL-2 stimulates NK cell proliferation and enhances NK cell 

cytotoxicity [101]. Therefore, CD25 expression was found to be positively correlated with 

NK cell cytotoxicity [102]. CD69 is an early activation marker in NK cells due to its rapid surface 



 9 Introduction 

expression after stimulation [103]. This stimulatory receptor triggers NK cell mediated cytolytic 

activity. Thus, it is used to identify functionally active NK cells [104]. Another important functional 

marker to identify NK cell activity is CD107a (LAMP-1: lysosomal-associated membrane 

protein-1). CD107a has found to be a marker of degranulation on NK cells. It is barely expressed 

on unstimulated NK cells, but it is highly upregulated upon stimulation of NK cells with MHC 

devoid cells, e.g. K562 leukemia cells, or with phorbol-12-myristate-13-acetate plus ionomycin. 

Furthermore, it has been demonstrated that both NK cell cytolytic activity and cytokine secretion 

correlate with CD107a surface expression [105, 106]. 

A number of NK cell markers, extra- and intracellular, are used to define the maturation and 

differentiation status by means of the different level of expression on or in the NK cell. Besides 

CD56 (only humans) and CD16 these include the surface receptors CD57 (only humans) and CD27 

as well as the intracellular markers and transcription factors EOMES (eomesodermin), T-bet (T-

cell associated transcription factor) and Blimp-1 (B lymphocyte-induced maturation protein-1). In 

mice, also the surface receptors CD11b, CD49b, and KLRG1 (killer cell lectin-like receptor G1) 

serve as maturation markers. Several studies have described five stages of NK cell maturation and 

differentiation in mice and humans, each characterized by a different composition and expression 

of the markers mentioned above [107–109]. A widely admitted hypothesis is that NK cell 

differentiation occurs as a linear multi-stage process, developing from NK cell precursors through 

immature CD56brightCD16dim to the mature CD56dimCD16bright NK cell subset [44, 54, 110]. 

CD56dimCD16bright NK cells with high expression of CD57 are considered as terminally 

differentiated NK cells with high cytotoxic potential [111, 112]. In mice, immature NK cells express 

high levels of CD27 and lack KLRG1 and maturate further in terminally differentiated 

CD11b+CD27-KLRG1+ NK cells [113]. Recently, a sixth stage has been added defining the level 

of memory-like NK cells [44]. 

1.4.4. NK cell effector responses 

As mentioned above, NK cells are essential for the elimination of carcinogenic and virus-

infected cells. To perform this task, they secrete proinflammatory cytokines, i.e. IFN-γ and TNF-α, 

and they kill target cells upon activation. These two major functions are commonly attributed to 

distinct NK cell subsets – human CD56brightCD16dim and CD56dimCD16bright NK cell subsets and 

murine CD11bdimCD27high and CD11bbrightCD27dim NK cell subsets, respectively. 

Furthermore, NK cells are equipped with two direct killing mechanisms (Figure 2) [114]. Upon 

target cell recognition, NK cells form an immunological synapse – a extracellular space 

between NK and target cell – necessary to perform their cytolytic functions [115].  



 10 Introduction 

On the one hand, NK cells secrete their cytotoxic granules, stored in the cytoplasm, by 

exocytosis into the immunological synapse. These granules contain mainly pore-forming perforin 

and apoptosis-inducing granzyme B, but also granzyme A. The release of these cytolytic proteins 

subsequently induces target cell apoptosis by activating cell-death mechanisms. These include the 

activation of apoptotic cysteine proteases (caspases), but also caspase-independent apoptotic 

pathways. This granule-exocytosis pathway is mediated by the engagement of Fcγ CD16 receptor 

on an antibody-coated target cell or by the engagement of activating receptors on their cognate 

ligands on the target cell (Figure 2 A, B) [114, 116, 117]. 

On the other hand, direct target cell killing by NK cells is mediated by the stimulation of death 

receptors, e.g. Fas, on target cells by their corresponding ligands, e.g. Fas ligand (FasL), TNF-

related apoptosis-inducing ligand (TRAIL), expressed on NK cells. This death receptor pathway 

potently induces caspase-dependent apoptosis of the target cell (Figure 2 C-E) [114, 116, 118]. 

 

Figure 2: Two main direct killing mechanisms used by NK cells. The first cytotoxic mechanism is granule-
dependent. Upon triggering of activation receptors by cognate ligands (A) or CD16 receptor engagement 
on antibody-coated target cell (B), the secretion of cytoplasmic granule toxins (perforin, granzymes) is 
induced by exocytosis. The second mechanism is mediated by binding of NK cell derived death-inducing 
ligands TRAIL (C) or FasL (D) or death-inducing cytokine TNF-α (E) on death receptors expressed on 
target cells. Both mechanisms potently activate apoptosis pathways in target cells. Modified from [114]. 
TRAIL: Tumor necrosis factor–related apoptosis-inducing ligand. FasL: Fas ligand TNF-α: Tumor 
necrosis factor-alpha. 

1.5. Obesity, NK cells and cancer 

Many studies have shown that the incidence of obesity and overweight is associated with 

elevated susceptibilities for certain cancers, including endometrial cancer, esophageal 

adenocarcinoma, liver, prostate and kidney cancer as well as colorectal and post-menopausal breast 

cancer [15, 18, 19, 119–121]. The mechanisms underlying the increased tumor risk among obese 
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and overweight individuals are still poorly understood. Discussed causes are genetic predisposition, 

obesity-associated insulin resistance, elevated levels of AT-secreted hormones and cytokines, a low-

grade inflammatory state and alterations in immune factors [122, 123]. Moreover, several 

studies have demonstrated that obesity is associated with an impaired NK cell 

functionality [37, 39, 40, 124–126]. 

In animal studies with diet-induced obese (DIO) and normal weight rats, alterations in the 

phenotype and tissue distribution pattern of NK cells in obese rats were observed. Interestingly, 

these obese-related alterations could be normalized by NK cell transfer into normal weight rats, 

indicating that the NK cell phenotype is strongly influenced by the metabolic environment [127]. 

A number of studies pointed out that the adipocytokine leptin plays a modulatory role on the innate 

and adaptive immune system [31, 38, 128, 129]. Obesity is associated with elevated plasma leptin 

levels [130]. In NK cells, leptin has both activation and regulatory functions [131]. Ex vivo studies 

on human and murine NK cells demonstrated that short-term stimulation with leptin enhances 

cytotoxicity and IFN-γ secretion of NK cells [37, 132]. In contrast, long-term stimulation with high 

leptin levels (comparable to obese conditions) reduced NK cell proliferation and 

functionality [132]. Further animal studies revealed negative impacts of a high-fat diet feeding on 

NK cell mediated target cell lysis [133–138]. For example, DIO rats with chemical induced colon 

cancer developed a higher tumor burden compared to normal weight rats, presumably mediated 

by the decreased expression of activating NKp46 and NKG2D receptors on splenic NK cells [137]. 

In addition, Spielmann et al. reported that DIO rats treated with breast cancer cells displayed a 

significantly reduced NK cell number and NK cell-tumor contacts in the lungs compared to the 

normal weight counterparts. Subsequently, decreased expression of the NKG2D on splenic NK 

cells was also determined and after three weeks significantly more lung metastasis were 

observed [138]. It could be shown that in obese rats, the reduced NK cell activity was associated 

with an impaired leptin-dependent signal transduction in NK cells [38]. Interestingly, the reduced 

cytotoxic NK cell activity in obese rats could be restored by energy restriction [139]. Analogous to 

animal experiments, human data similarly showed disturbed NK cell functionality in obese 

individuals. It has been demonstrated that AT NK cells as well as peripheral blood NK cells from 

obese subjects display an activated NK cell phenotype [39, 140]. However, despite the activated 

phenotype, NK cells showed less cytokine production and a reduced cytolytic activity against 

human myeloid leukemia cell line K562 and B cell lymphoma cell line Granta-519 ex vivo [39, 40]. 

In addition, reduced TRAIL expression as well as reduced degranulation activity in obese 

individuals have been demonstrated [37]. Moreover, an 11-year-follow-up study by Imai et al. 

indicated that a disturbed NK cell functionality is associated with an increased susceptibility for 

cancer in obese individuals [141]. However, the NK cell dysfunction in obesity seems to be partly 
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reversible after weight loss and fat mass reduction through a combined dietary and exercise 

program or after bariatric surgery [142, 143]. Furthermore, Barra and colleagues have shown that 

high intensity interval training (HIIT) can increase NK cell frequencies and restore NK cell 

functions in post-menopausal women and obese mice. Moreover, HIIT obese mice additionally 

challenged with breast cancer cells showed less metastatic tumor burden in their lungs [144]. 

In summary, both obese humans and animals display numerical and functional deficiencies in 

NK cells and exhibit an elevated risk of certain cancers. Since NK cells play an essential role in 

detection and elimination of cancerous cells, the altered function of NK cells may be a possible 

reason of the increased risk of cancer in obesity. 

Until now, most of the few studies investigating the impact of obesity on NK cells have focused 

mainly on the total NK cell population in human and mice. Little research has been done on 

obesity-related impacts on the two main important human NK cell subpopulations 

CD56brightCD16dim and CD56dimCD16bright [125, 145]. Moreover, to date, scant has been paid to 

explore the impact of a pre-obese body weight on NK cell receptor expression and NK cell 

functionality. Furthermore, only a limited number of studies have addressed the link of obesity, 

NK cells and the elevated cancer risk [137, 138, 146]. Especially the elevated risk for the most 

frequent cancer among men and women - colorectal and postmenopausal breast cancer, 

respectively - in overweight and obese individuals has been largely overlooked. Previous research 

in examining the cytotoxicity of primary NK cells from obese individuals against human cancer 

cells has been mainly restricted to the myeloid leukemia cell line K562 [39, 40, 124, 126]. To date 

and to the author’s knowledge, no study has investigated specifically the NK cell functionality of 

primary NK cells from overweight and obese subjects against human colon and breast 

cancer cell lines. 
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1.6. Aims and objectives 

Obesity and overweight are global epidemics accompanied with life-threatening comorbidities. 

Actually, up to 49% of certain cancer types are associated with obesity and overweight [147], 

including colorectal cancer and postmenopausal breast cancer as the most common cancers among 

men and women, respectively [17]. However, the underlying pathophysiological mechanisms 

between overweight or obesity and the increased cancer risk remain unclear. NK cells display the 

first-line defense against virus-infected and malignant transformed cells. As mentioned above, 

several studies have explored the impact of obesity on NK cell functionality. Nevertheless, there is 

only limited research investigating the link of obesity, NK cells and cancer. To better understand 

the effect of elevated body weights on NK cells, murine and human models were used in this study. 

The basic aims of this thesis were: 

1. To explore the influence of ad libitum and restrictive feeding regimes of high-fat and 

normal-fat diets on phenotypes of C57BL/6 mice, with particular focus on possible 

differences in plasma cytokine levels, immune cell populations and receptor expression 

profiles of peripheral blood NK cells. 

 

2. To investigate the impact of the human body weight on immune cell populations, NK cell 

receptor expression profiles and NK cell functionality of healthy blood donors with 

different body mass indexes (normal weight, overweight and obese). 

In particular, the aim was to analyze the expression of relevant activating and inhibitory 

receptors and functional markers on the NK cells of the different diet/BMI groups in both models 

by multi-color flow cytometry. Moreover, the human study focused to analyze the expression of 

intra- and extracellular receptors, functional markers and accessory molecules on the 

CD56brightCD16dim and CD56dirmCD16bright NK cell subsets. Additionally, the cytolytic activity of the 

isolated primary NK cells against colon and breast cancer cells should be investigated by real-time 

cell analysis systems. 
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2 Materials 

2.1. Equipment and supplies 

Table 1: Equipment and supplies. 

Equipment Company 

Air flow cabinet, type: ‘uniprotect’ EHRET Labor- und Pharmatechnik GmbH & Co. 
KG, Emmendingen, Germany 

Anesthesia machine UniVet porta, Groppler Medizintechnik Deggendorf, 
Germany 

Bedding material (environmental enrichment) LINOCREL FS 14, Altromin, Lage, Germany 
Cell culture flasks CELLSTAR® (75 cm2) Greiner Bio-One GmbH, Frickenhausen, Germany 
Cell strainer (70 µm) Corning Science Mexico S.A. de C.V., Reynosa, Mexico 
Centrifuge Heraeus Multifuge 4KR Thermo Fisher Scientific Inc., Waltham, USA 
Centrifuge Sigma 2-5 Sigma Laborzentrifugen GmbH, Osterode am Harz, 

Germany 
CO2 incubator BINDER CB 210 BINDER GmbH, Tuttlingen, Germany 
Flow cytometer LSR Fortessa™ Becton Dickinson GmbH, Heidelberg, Germany 
Forma™ Series II water-jacketed CO2 
Incubators 

Thermo Fisher Scientific Inc., Marietta, USA 

Inverted microscope Nikon 
Eclipse TS100 

Nikon Instruments Inc., Melville, USA 

Isoflurane induction chamber UniVet porta, Groppler Medizintechnik Deggendorf, 
Germany 

Isoflurane vaporizer UniVet porta, Groppler Medizintechnik Deggendorf, 
Germany 

Laminar flow cabinet Herasafe KS Thermo Electron LED GmbH, Langenselbold, 
Germany 

Leukosep® tubes Greiner Bio-One GmbH, Frickenhausen, Germany 
Luminex instrument LiquiChip luminex 200 system (Qiagen, Hilden, 

Germany) 
LUNA-fl™ Dual Fluorescence Cell Counter Logos Biosystem, Annandale, USA 
LUNA™ Cell Counting Slides Logos Biosystem, Annandale, USA 
MACS LS Column Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Polycarbonate microisolator cage type 2, 
transparent 

Zoonlab, Castrop-Rauxel, Germany 

Polycarbonate-based igloo for mice 
(environmental enrichment) 

Zoonlab, Castrop-Rauxel, Germany 

QuadroMACS™ Separator Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Round-bottom tubes (5 ml) Corning Science Mexico S.A. de C.V., Reynosa, Mexico 
RTCA iCELLigence™ 8-well E-Plate L8 ACEA Biosciences Inc., San Diego, USA 
RTCA iCELLigence™ control unit (iPad 
with pre-installed analysis software) 

ACEA Biosciences Inc., San Diego, & Apple Inc., 
Cupertino, USA 

RTCA iCELLigence™ station ACEA Biosciences Inc., San Diego, USA 
RTCA xCELLigence™ control unit (laptop 
with pre-installed analysis software) 

ACEA Biosciences Inc., San Diego, USA 

RTCA xCELLigence™ station ACEA Biosciences Inc., San Diego, USA 
Trucount tubes Trucount™ TubesBDBiosciences Inc., Sa Jose, USA 
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2.2. Chemicals and biological reagents 

Table 2: Chemicals and biological reagents. 

Name Company 

2-Mercaptoethanol (2-ME) Merck KGaA, Darmstadt, Germany 
7-AAD Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Acridine orange (AO)/ Propidium iodide 
(PI) staining 

Logos Biosystem, Annandale, USA 

Ampuwa® (sterile injection-grade H2O) Fresenius Kabi Deutschland GmbH, Bad Homburg, 
Germany 

Biocoll (Density: 1.077 g/ml) Merck KGaA, Darmstadt, Germany 
Dimethyl sulfoxide (DMSO ) Sigma-Aldrich Inc., St. Louis, USA 
Dulbecco’s Phosphate Buffered Saline 
(DPBS); w/o Ca2+, w/o Mg2+ 

Merck KGaA, Darmstadt, Germany 

eBioscience™ Brefeldin A solution (1000X) Life Technologies GmbH, Darmstadt, Germany 
Ethylenediaminetetraacetic acid tetrasodium 
salt (EDTA-Na4) 

Carl Roth GmbH & Co.KG, Karlsruhe, Germany 

FcR blocking reagent Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Fetal bovine serum (FBS) Merck KGaA, Darmstadt, Germany 
IL-12, human recombinant STEMCELL Technologies, Grenoble, France 
IL-18, human recombinant InvivoGen, Toulouse, France 
IL-2, human recombinant Novartis Pharma GmbH, Nuremberg, Germany 
IL-2, mouse recombinant reprokine Ltd., Rehovot, Israel 
Ionomycin Merck KGaA, Darmstadt, Germany 
Isoflurane Forene® 100% Abbott GmbH & Co. KG Wiesbaden, 

Germany 
MACS BSA stock solution Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
MACS rinsing solution Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Monensin Solution (1000X) BioLegend, Coblenz, Germany 
Penicillin-Streptomycin (10,000 U penicillin 
and 10 mg/ml streptomycin in 0.9% NaCl) 

Sigma-Aldrich Inc., St. Louis, USA 

Phorbol-12-myristate 13-acetate (PMA) InvivoGen, Toulouse, France 
Red blood cell (RBC) lysis buffer c.c. pro GmbH, Oberdorla, Germany 
RPMI medium 1640 L-glutamin Corning Inc., Corning, USA 
Sodium azide (NaN3) Carl Roth GmbH & Co.KG, Karlsruhe, Germany 
Sodium pyruvate Merck KGaA, Darmstadt, Germany 
Trypsin-EDTA Sigma-Aldrich Inc., St. Louis, USA 

 

2.3. Buffers, media and solutions 

MACS buffer: 1450 ml MACS rinsing solution  
75 ml MACS BSA stock solution  

> sonicated for 15 min to degas buffer 
 

Splenocyte culture medium: 500 ml RPMI-1640  

10% (v/v) FBS  
1% (v/v) Penicillin-Streptomycin  
50 µM 2-Mercaptoethanol 

 

FACS-buffer: 1x DPBS  
1% (v/v) heat-inactivated FBS  

2 mM EDTA  

0.05% Sodium azide 
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2.4. Antibodies 

Table 3: Fluorochrome-conjugated mononuclear antibodies for surface staining of murine peripheral 
blood immune cells for flow cytometric analysis. 

Antigen Fluorochrome Isotype Clone Concentration 
[µg/ml] 

Company 

CD3e PerCP Hamster 
IgG1, κ 

145-2C11 100.00 BD Biosciences Inc. 

Ly-6G BV510 Rat 
IgG2a, κ 

1A8 50.00 BD Biosciences Inc. 

Ly-6C BV605 Rat IgM, κ AL-21 200 BD Biosciences Inc. 
KLRG1 BV421 Hamster 

IgG2, κ 
2F1 50.00 BD Biosciences Inc. 

CD8a Alexa Fluor 
700 

Rat 
IgG2a, κ 

53-6.7 100.00 BD Biosciences Inc. 

CD4 PE-Cy Rat 
IgG2a, κ 

RM4-5 100.00 BD Biosciences Inc. 

CD45 FITC Rat 
IgG2b, κ 

30F11 150.00 Miltenyi Biotec 
GmbH 

CD27 PE Hamster 
IgG 

LG.3A10 30.00 Miltenyi Biotec 
GmbH 

CD127 PE-Vio770 Rat 
IgG2aκ 

A7R 34 30.00 Miltenyi Biotec 
GmbH 

CD335 
(NKp46) 

APC Rat 
IgG2aκ 

29A1.4.9 150.00 Miltenyi Biotec 
GmbH 

CD161 
(NK1.1) 

PE-Vio770 Mouse 
IgG2aκ 

PK136 150.00 Miltenyi Biotec 
GmbH 

CD122 
(IL-2Rβ) 

PE-Vio770 Rat 
IgG2bκ 

TM-β1 30.00 Miltenyi Biotec 
GmbH 

CD94 APC-Vio770 Rat 
IgG2aκ 

18d3 30.00 Miltenyi Biotec 
GmbH 

CD69 PE Hamster 
IgG1 

H1.2F3 30.00 Miltenyi Biotec 
GmbH 

CD314 
(NKG2D) 

PE-Vio770 Rat IgG1κ CX5 30.00 Miltenyi Biotec 
GmbH 

CD62L PE Rat 
IgG2aκ 

MEL14-
H2.100 

30.00 Miltenyi Biotec 
GmbH 

Ly-49C/F/I/H APC-Vio770 Hamster 
IgG 

14B11 30.00 Miltenyi Biotec 
GmbH 

CD244.2 (2B4 
C57BL/6 
alloantigen) 

PE-Vio770 Recombin
ant human 
IgG1 

REA388 30.00 Miltenyi Biotec 
GmbH 

CD19 APC-Vio770 Rat 
IgG2aκ 

6D5 30.00 Miltenyi Biotec 
GmbH 

CD11b VioBlue Recombin
ant human 
IgG1 

M1/70.15.1
1.5 

33.00 Miltenyi Biotec 
GmbH 

CD49b PE Rat IgM κ DX5 30.00 Miltenyi Biotec 
GmbH 
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Table 4: Fluorochrome-conjugated mononuclear antibodies for surface staining of human peripheral 
blood mononuclear cells for flow cytometric analysis. 

Antigen Fluoro-
chrome 

Isotype Clone Concentration 
[µg/ml] 

Company 

CD2 APC-H7 Mouse 
IgG1, κ 

RPA-2.10 25.00 BD Biosciences Inc. 

CD3 VioGreen Mouse 
IgG2a, κ 

BW264/56 44.00 Miltenyi Biotec 
GmbH 

CD4 BV605 Mouse 
IgG1, κ 

RPA-T4 50.00 BD Biosciences Inc. 

CD8 PE Mouse 
IgG1, κ 

RPA-T8 6.25 BD Biosciences Inc. 

CD14 FITC Mouse 
IgG2b, κ 

MϕP9 25.00 BD Biosciences Inc. 

CD16 VioBlue Human 
IgG1 

REA423 55.00 Miltenyi Biotec 
GmbH 

CD19 PE-Vio770 Mouse 
IgG1, κ 

LT19 50.00 Miltenyi Biotec 
GmbH 

CD25 PE-CF594 Mouse 
IgG1, κ 

M-A251 50.00 BD Biosciences Inc. 

CD27 PE Hamster 
IgG, κ 

LG.3A10 22.00 Miltenyi Biotec 
GmbH 

CD56 APC Human 
IgG1, κ 

REA196 2.20 Miltenyi Biotec 
GmbH 

CD57 BV 605 Mouse 
IgM, κ 

NK-1 100.00 BD Biosciences Inc. 

CD62L PE-CF594 Mouse 
IgG1, κ 

DREG-56 50.00 BD Biosciences Inc. 

CD69 BV605 Mouse 
IgG1, κ 

FN50 100.00 BioLegend Inc. 

CD107a PE Mouse 
IgG1, κ 

H4A3 3.00 BD Biosciences Inc. 

CD158a 
(KIR2DL1) 

PE-Vio770 Human 
IgG1, κ 

REA284 88.00 Miltenyi Biotec 
GmbH 

CD158b1/b2 
(KIR2DL2/DL3) 

PE Mouse 
IgG2a, κ 

DX27 27.50 Miltenyi Biotec 
GmbH 

CD158e/k 
(KIR3DL1/DL2) 

PE Mouse 
IgG1, κ 

5.133 77.00 Miltenyi Biotec 
GmbH 

CD158i 
(KIR2DS4) 

PE-Vio770 Mouse 
IgG1, κ 

JJC11.6 88.00 Miltenyi Biotec 
GmbH 

CD159a 
(NKG2A) 

PE-Vio770 Human 
IgG1, κ 

REA110 44.00 Miltenyi Biotec 
GmbH 

CD159c 
(NKG2C) 

PE Human 
IgG1, κ 

REA205 55.00 Miltenyi Biotec 
GmbH 

CD161 (NK1.1) BV605 Mouse 
IgG1, κ 

HP-3G10 100.00 BioLegend Inc. 

CD226 
(DNAM-1) 

BV605 Mouse 
IgG1, κ 

DX11 200.00 BD Biosciences Inc. 

CD244 (2B4) PE-Cy7 Mouse 
IgG1, κ 

C1.7 200.00 BioLegend Inc. 

CD279 (PD-1) BV605 Mouse 
IgG1, κ 

EH12.2H7 100.00 BioLegend Inc. 

CD314 (NKG2D) PE-Vio615 Human 
IgG1, κ 

REA797 100.00 Miltenyi Biotec 
GmbH 
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Antigen Fluoro-
chrome 

Isotype Clone Concentration 
[µg/ml] 

Company 

CD328 
(Siglec-7) 

PE Mouse 
IgG1, κ 

6-434 50.00 BioLegend Inc. 

CD335 (NKp46) PE-Vio615 Human 
IgG1, κ 

REA808 16.50 Miltenyi Biotec 
GmbH 

CD336 (NKp44) PE-Vio770 Mouse 
IgG1, κ 

2.29 16.50 Miltenyi Biotec 
GmbH 

CD337 (NKp30) PE-Vio615 Human 
IgG1, κ 

REA823 5.00 Miltenyi Biotec 
GmbH 

NKp80 (KLRF1) PE-Vio615 Human 
IgG1, κ 

REA845 37.50 Miltenyi Biotec 
GmbH 

TIGIT (VSTM3) BV605 Mouse 
IgG2a, κ 

A15153G 200.00 BioLegend Inc. 

 

Table 5: Fluorochrome-conjugated monoclonal antibodies for intracellular staining of human peripheral 
blood mononuclear cells for flow cytometric analysis. 

Antigen Fluorochrome Isotype Clone Concentration 
[µg/ml] 

Company 

TRAIL 
(CD253) 

PE mouse 
IgG1κ 

RIK-2.1 55.00 Miltenyi Biotec GmbH 

IFN-γ PE-Cy7 Mouse 
IgG1, κ 

4S.B3 200.00 BD Biosciences Inc. 

Granzyme B Alexa Fluor 700 Mouse 
IgG1, κ 

 GB11  200.00 BD Biosciences Inc. 

Granzyme A FITC Mouse 
IgG1, κ 

CB9 25.00 BD Biosciences Inc. 

EOMES PE Mouse 
IgG1, κ 

WD1928 50.00 Thermo Fisher 
Scientific Inc. 

T-bet PE-Cy7 Mouse 
IgG1, κ 

4B10 200.00 BioLegend Inc. 

Perforin PE-CF594 Mouse 
IgG2b, κ 

 δG9 50.00 BD Biosciences Inc. 

Blimp-1 DyLight 488 Mouse 
IgG1 

3H2-E8 600.00 Invitrogen, Thermo 
Fisher Scientific Inc. 

 

2.5. Kits 

Table 6: Kits. 

Kit Company 
Inside Stain Kit Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
Multiplex Immunoassay Kit (High Sensitivity 
5-Plex Mouse ProcartaPlex™ Panel) 

Thermo Fisher Scientific Inc., Darmstadt, Germany 

NK Cell Isolation Kit, human/mouse Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
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2.6. Cell lines 

Table 7: Cell lines. 

Name Species Type Culture Supplier 
CT26.WT Mouse Colorectal 

adenocarcinoma 
cells 

Adherent ATCC, LGC Standards GmbH, Wesel, 
Germany 

DLD-1 Human Colorectal 
adenocarcinoma 
cells 

Adherent Sigma-Aldrich Inc., St. Louis, USA 

K562 Human Myelogenous 
leukemia cells 

Suspension Kindly provided by Prof. Roland Jacobs, 
Department of Clinical Immunology and 
Rheumatology, Hannover Medical School, 
Hannover, Germany 

MCF-7 Human Mammary 
adenocarcinoma 
cells 

Adherent Kindly provided by Dr. Matthias Bache, 
Department of Radiation Oncology, University 
Hospital Halle (Saale), Halle (Saale), Germany 

NK-92 Human Natural killer 
lymphoma cells 
(Interleukin-2-
dependent) 

Suspension Kindly provided by Prof. Roland Jacobs, 
Department of Clinical Immunology and 
Rheumatology, Hannover Medical School, 
Hannover, Germany 

 

2.7. Mouse strain 

Strain Nomenclature Haplotype Company 
C57BL/6 C57BL/6NCrl H-2b Charles River Laboratories Inc., Wilmington, USA 

 

2.8. Animal diets 

Table 8: Animal diets. 

Diet Company 
Rodent diet with 10 kcal% fat (D12450J): 3.85 kcal/g 
4.3 g fat/100 g (10 kcal% fat) 
19.2 g protein/100g (20 kcal% protein) 
67.3 g carbohydrate/100g (70 kcal% carbohydrate) 

Research Diets Inc., New Brunswick, USA 

Rodent diet with 60 kcal% fat (D12492): 5.24 kcal/g 
34.9 g fat/100 g (60 kcal% fat) 
26.2 g protein/100g (20 kcal% protein) 
26.3 g carbohydrate/100g (20 kcal% carbohydrate) 

Research Diets Inc., New Brunswick, USA 

Standard-chow 1324 Altromin Spezialfutter GmbH & Co. KG, 
Lage, Germany 

2.9. Software 

Table 9: Software. 

Software Company 
FACS Diva Version 7.0 Becton Dickinson GmbH, Heidelberg, Germany 
Flowlogic Version 700.2A Miltenyi Biotec GmbH, Bergisch Gladbach, Germany 
FlowJo Version 8.7 FlowJo LLC,Ashland, USA 
Graphpad Prism Version 6.07 GraphPad Software Inc., La Jolla, USA 
Procartaplex-analyst 1.0 software Affymetrix, eBioscience, San Diego, USA 
RTCA Data Analysis Software Version 1.0 ACEA Biosciences Inc., San Diego, USA 
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3 Methods 

3.1. Cell lines and cell culture 

The human breast adenocarcinoma cell line MCF-7 was originally isolated from a 69-year-old 

woman with metastatic breast adenocarcinoma [148]. MCF-7 cells express low amounts of MHC 

class I molecules on their surface [149]. The human DLD-1 colorectal adenocarcinoma cell line 

was originally derived from a 45-year-old man with adenocarcinoma of the sigmoid colon [150]. 

DLD-1 cells lack MHC class I expression [151]. The K562 cell line was originally isolated from 53-

year-old women with chronic myeloid leukemia in blast crisis [152]. This cell line is devoid of MHC 

class I molecules [105]. The NK-92 cells were originally isolated from a 50-year-old man with non-

Hodgkin’s lymphoma [153] and are characterized by a CD56brightCD16- phenotype, similar to the 

minor human NK cell subset in peripheral blood [154]. The CT26.WT murine colon carcinoma 

cell line was originally derived from BALB/c mice with chemically induced colon carcinoma [155]. 

CT26.WT cells express MHC class I molecules (H-2d) [156]. 

The adherent target cell lines MCF-7, DLD-1 and CT26.WT were cultured in 75 cm2 cell culture 

flasks with RPMI 1640 supplemented with 10% of heat-inactivated fetal bovine serum (FBS), 

1% penicillin/streptomycin (10,000 U/ml penicillin; 10 µg/ml streptomycin) and 1% sodium-

pyruvate (100 mM), further referred to as complete RPMI (cRPMI). Equally cultured with cRPMI 

were the K562 and NK-92 suspension cell lines. NK-92 cells were additionally supplemented 

with 200 U/ml recombinant human IL-2 (hIL-2). All cell lines were maintained under standard cell 

culture conditions (37 °C, humidified atmosphere, 5% CO2) and were regularly tested for 

mycoplasma contamination. Passaging of adherent cells was performed at 80% to 90% of confluent 

monolayer using 0.05% trypsin/ethylenediaminetetraacetic acid (EDTA) solution after a washing 

step with 1x Dulbecco’s Phosphate Buffered Saline (DPBS). The reaction was stopped by adding 

fresh media. After a centrifugation step for 5 min at 300 x g, the cell pellet was resuspended in 1 ml 

media, followed by cell counting (see 3.2). The respective volumes of cell suspension were used 

both for passaging the cells in a new flask and for seeding target cells in wells of the E-plates of 

the real-time cell analysis (RTCA) system (see 3.11). Suspension cells were passaged twice a week 

by mixing the resuspended pellet after a centrifugation step (5 min, 300 x g) in a ratio of 1:4 with 

fresh medium. The fourth and fifth passages of cells after thawing were used for further 

experiments, i.e. cell proliferation assays. After exceeding a passage number of 20 after thawing, 

target cell lines were discarded and new cells were thawed and cultured. 
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3.2. Cell count and viability determination 

Cell yield and cell viability were consistently determined using an automated fluorescence cell 

counter LUNA-FL™. Cells were stained at an 1:11 ratio with acridine orange/propidium 

iodide (AO/PI) to label and distinguish live and dead cells. 

3.3. Mouse husbandry, feeding regimes and experimental setup 

Six weeks old male C57BL/6 mice (N = 34) were maintained on a 12 h light/12 h dark cycle 

with free access to pelleted food and water under controlled conditions at 23 ± 2 °C and 55 ± 5% 

relative humidity. Water was replaced twice a week and the cages were cleaned once a week. After 

one week of acclimatization under ad libitum feeding with regular rodent chow, mice were 

randomized into four groups (see Figure 3) and subsequently housed individually. Mice received 

either a normal-fat diet (NFD, 4% fat, 19% protein, 67% carbohydrate and 3.9 kcal/g 

metabolizable energy; D12450J), or to induce obesity, a high-fat diet (HFD, 35% fat, 26% protein, 

26% carbohydrate and 5.2 kcal/g metabolizable energy; D12492 – matches the sucrose calories 

in D12450J) for 18 weeks (for diet compositions: see also Materials 2.8). Additionally, mice were 

fed the particular diet either ad libitum or they received 90% of the daily food intake of the 

corresponding ad libitum group (restrictive feeding regime). The restrictive feeding occurred every 

day at the same time – at the beginning of the active phase of mice. 

 
 
 

Figure 3: Diets and feeding regimes of mice with sample sizes per group. 

Food intake was documented daily and the respective food amount for the restrictive fed groups 

was calculated. Daily intake of energy, fat, protein, and carbohydrate was calculated using the daily 

food intake and data of diet composition given by the manufacturer. Body weight was determined 

every week. All research and animal care procedures were approved by the local Animal Care 

Committee of the “Landesverwaltungsamt Halle” (reference number 42502–2-1341 MLU). 

Matthias Emde, Martin Allweyer and Wiebke Naujoks performed the animal handling and Dr. Julia 

Spielmann and Dr. Ina Bähr supervised the experiment and performed the animal killing. 
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3.4. Mouse anesthesia, sacrificing and probe sampling 

Seventeen weeks after starting the feeding with NFD or HFD, final body weight was 

determined. Animals were sacrificed under general isoflurane inhalation anesthesia (1.5-2.0% v/v 

in O2) by puncture of the cardiac ventricle and exsanguination. Blood was withdrawn, mixed 

with 10 µl EDTA anticoagulant and stored on crushed ice. A fraction of blood (~500 µl) was 

treated with red blood cell (RBC) lysis buffer (155 mM NH4Cl, 10 mM KHCO3 and 0.01% EDTA) 

to remove RBCs and to obtain leukocytes for following cytometric analysis (see 3.9.2). For plasma 

extraction, remaining fractions of blood were centrifuged for 10 min at 1200 x g and supernatant 

was stored at -80 °C for cytokine analysis (see 3.5). Visceral fat, spleen, liver, lung, heart, kidneys, 

brain, pancreas, skeletal muscle, small intestine, colon, abdominal aorta and thyroid gland were 

removed and visceral fat mass as well as organ weights were determined. Spleens of mice were kept 

in splenocyte culture medium (see 2.3) at 37 °C. Spleens were used immediately for further 

analysis (see 3.10). Tissue samples of VAT and organs including aorta, small and large intestine 

were either immediately frozen in liquid nitrogen and stored at -80 °C or preserved 

in 4% (v/v) formaldehyde (4 °C) for fixation and kept at 4 °C. 

3.5. Multiplex immunoassay of murine plasma cytokines 

Multiplex immunoassays enable the simultaneous determination of multiple protein targets, 

such as plasma cytokines in a single sample. It is based on the antibody-analyte-antibody complex 

principle of a sandwich ELISA (enzyme-linked immunosorbent assay) combined with the 

Luminex® xMAP® technology. The Luminex® xMAP® technology is based on paramagnetic 

beads that are internally dyed with two fluorophores of differing intensities. Furthermore, antigen-

specific capture antibodies are bound to the beads, which bind the analyte-antigen. The subsequent 

attachment of labeled detection antibody to another analyte-antigen generates the measurable 

signal [157]. In this thesis, a 5-plex immunoassay was used to detect and quantify IL-2, IL-4, IL-6, 

IFN-γ and TNF-α in plasma samples of C57BL/6 mice of the different experimental groups. 

Sample preparation and measurements were performed according to the manufacturer’s 

instructions. In brief: First, antigen standards were prepared by serial dilutions for each cytokine 

and a 96-well-plate was pre-loaded with the antibody magnetic beads. Next, 25 µl of the provided 

universal assay buffer was added in each well, followed by 25 µl of prepared standards or plasma 

samples into the dedicated wells. For wells designated as blanks additional 25 µl buffer was added. 

After 30 min of shaking, an overnight incubation at 4 °C in the dark and another 30 min shaking 

step, the plate was washed three times and 25 µl of detection antibody solution was added to each 

well. After 30 min of incubation on a shaker and three wash steps, 50 µl streptavidin-PE solution 

was added to each well. After the same incubation and washing steps as before, 120 µl reading 
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buffer was added. Finally, the plate was incubated for 5 min on the shaker and subsequently ran 

on a Luminex instrument. Data were analyzed using the Procartaplex-analyst 1.0 software. 

3.6. Buffy coat sample acquisition from human blood donors 

A buffy coat (BC) is a by-product of a whole blood donation. It contains most of the leukocytes 

and platelets. Leukocyte-enriched BCs of 46 male blood donors were collected and provided by 

the Department of Transfusion Medicine at the University Hospital Halle (Saale). Before blood 

donation, each donor had to sign an agreement that allowed the use of blood for research purposes. 

Subjects were divided into three groups according to their body mass index (BMI: kg/m2) – normal 

weight with BMI 18.5 – 24.9 kg/m2 (n = 14), overweight with BMI 25 – 29.9 kg/m2 (n = 16) and 

obese with BMI ≥ 30 kg/m2 (n = 16). Subjects suffering from any acute infection, immuno-

suppression or known malignant tumors were excluded by previous anamnesis. 

3.7. Separation of peripheral blood mononuclear cells (PBMCs) from 
human buffy coats 

At first, three different isolation procedures (direct overlay of BC on Biocoll separating solution, 

usage of SepMate™ tubes from StemCell Technologies and LeukoSep™ tubes from Miltenyi 

Biotec, both in combination with Biocoll solution) as well as procedure conditions were tested and 

compared to obtain the highest possible number of PBMCs from BCs equipped with high viability 

and low RBC and platelet contaminations. As a result of these experiments (data comparisons are 

not shown in this work), the PBMCs were isolated from BCs using LeukoSep™ tubes according 

to the manufacturer’s instructions. In brief, 16 ml room-temperature (RT) Biocoll separating 

solution was preloaded in a 50 ml LeukoSep™ tube by centrifugation for 30 s at 1000 x g. The BC 

samples were diluted with equal volumes of RT DPBS and 25 ml of the diluted BC was added to 

a preloaded LeukoSep™ tube. The separating tubes were centrifuged for 10 min at 1000 x g 

without braking at RT. The PBMC-containing interphase was collected and washed twice with 

cold (4 °C) DPBS supplemented with 1% heat-inactivated FBS for 10 min at 350 x g at 4 °C, 

followed by a third washing and centrifugation step at 200 x g to get rid of platelets. To remove 

erythrocytes residues, the PBMC pellets were resuspended with 5 ml RBC lysis buffer and 

incubated for 5 min on ice followed by adding 15 ml DPBS supplemented with 1% heat-inactivated 

FBS, and a centrifugation step at 300 x g for 6 min at 4 °C. Before cell counting (see 3.2), the pellets 

were resuspended in 1 ml heat-inactivated FBS. 

3.8. Cryopreservation and thawing of human PBMCs 

Both cryopreservation as well as thawing of PBMCs of all donors were carried out according to 

a self-established and further standardized protocol based on experiments conducted by 
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Duske et al. 2011 [158], which minimized and normalized impairment of cell activity and viability 

due to those processes. Aliquots of purified PBMCs were cryopreserved and stored in liquid 

nitrogen. A freezing medium containing 90% heat-inactivated FBS and 10% dimethyl 

sulfoxide (DMSO) was freshly prepared and kept at 4 °C. Following centrifugation, the PBMCs 

were gently resuspended in freezing medium and aliquoted into cryovials 

with ~5 x 107 PBMCs/vial. Cryovials were immediately transferred into a freezing container and 

stored at -80 °C for 24 h before being stored in liquid nitrogen until further analyzed. 

For further analysis, the cryopreserved PBMCs were thawed in a 37 °C water bath until the 

liquid phase of the cell suspension was almost completely melted. Each cell suspension was 

transferred into a 50 ml tube and 10 ml cold (4 °C) cRPMI medium was added drop-wise 

within 60 s under constant mixing. Afterwards, the cells were centrifuged at 250 x g for 10 min 

at 4 °C. In the next washing step, after aspiration of the supernatant, the cell pellet was gently 

resuspended in 1 ml cold cRPMI before it was filled up to a 10 ml end volume and centrifuged 

under the same conditions as before. In the final washing step, the PBMCs were resuspended 

in 10 ml cold DPBS supplemented with 1% heat-inactivated FBS and centrifuged at 300 x g 

for 10 min at 4 °C. Thereafter, the washed PBMCs were counted (see 3.2) and subsequently used 

either for flow cytometric analysis (see 3.9.3) or NK cell isolation (see 3.10). 

3.9. Flow cytometric analysis 

3.9.1. Principles of flow cytometry 

Flow cytometry provides a rapid analysis of various characteristics of individual cells in a high 

throughput rate. The information given is both quantitative and qualitative by simultaneously 

measuring and analyzing the cells optical and fluorescence properties. For this purpose, cells are 

labeled with fluorochrome-conjugated monoclonal antibodies, which bind specific proteins on cell 

membranes or inside cells. The fluorescently labeled cells are excited by a laser leading to light 

scattering and fluorescence emission. 

The recorded scattered light is subdivided into forward-scattered light (FSC) and side-scattered 

light (SSC). The FSC is proportional to the cell surface area or size, whereas the SSC is proportional 

to the internal cell complexity or cell granularity. By FSC/SSC gating it is possible to differentiate 

between different cell types in a heterogeneous cell population.  

The more fluorochrome-conjugated antibodies bind to their antigen on or in the cell, the more 

fluorescence is emitted and the higher the fluorescence intensity. By using different-colored lasers 

and the use of different fluorochromes, which differ in their wavelengths of the emitted 

fluorescence light, it is possible to detect different subpopulations as well as different surface 

markers on a specific cell population in a mixed cell suspension. In addition to the fluorochrome-
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conjugated antibodies, fluorescent chemical compounds, such as propidium iodide (PI) and 7-

aminoactinomycin-D (7-AAD), are used as fluorescence markers. Both compounds penetrate into 

dead and damaged cells and stable intercalate into the DNA. Therefore, they are used to exclude 

nonviable cells in flow cytometric analysis. 

FSC, SSC and each different fluorescence emission intensities are recorded individually for each 

event. The measured data can be visualized by using different types of representative plots. In this 

study, dot and density plots, dot-plots with pseudo color and contour plots and histograms were 

chosen for illustration. In the dot plot, a two-dimensional data visualization, two different 

parameters are plotted – one along the X-axis and the other along the Y-axis. Each cell is plotted 

as a dot based on the measured values of the two parameters. In the density plot, the frequency of 

events in the different areas of a dot plot is made visible by color coding. The dot plot with pseudo 

color and contour plot allows the visualization of the frequency of events in lines and not in 

individual points, except for events (cells) outside the frequency ranges of given regions. Events 

with the same characteristics can be enclosed to a populations or subset by setting gates and the 

percentages of the specific population can be determined. The histogram shows only one 

parameter at a time. Here, the fluorescence intensity detected in a single channel (X-axis) is plotted 

against the number of events (the cell count; Y-axis) [159, 160]. 

In this thesis, flow cytometric analysis was used for the immunophenotyping of murine and 

human NK cells. 

3.9.2. Multicolor flow cytometry of murine peripheral blood immune cells 

The flow cytometric analysis was used to determine and quantify specific cell populations in the 

collected samples of murine whole blood, in particular leukocytes, lymphocytes, monocytes, 

granulocytes, B cells, T cells and T cell subsets, NK cells and NK cell subsets and to characterize 

the phenotype of the murine NK cells. PD Dr. habil. Dagmar Quandt kindly performed the gating 

of the murine data and provided the obtained flow cytometric results for further statistical analysis. 

3.9.2.1. Surface staining and determination of extracellular markers 

Heparinized murine whole blood was stained with an appropriate combination of 

fluorochrome-conjugated monoclonal antibodies as master mixes to analyze different leukocyte 

subsets and NK cell receptor surface expression by flow cytometry. The flow cytometry panel used 

in this study is listed in Table 10. Initially, 70 µl of whole blood was mixed with 50 µl antibody 

master mix and incubated for 15 min at RT protected from light. Next, RBC lysis was conducted 

by adding 980 µl RBC lysis buffer and incubated for 10 min at RT. Samples were washed twice by 

adding 150 µl FACS (fluorescence activated cell sorting) buffer and centrifugation at 4 °C, 250 x g 

for 5 min. After a final washing step, all samples were resuspended in 300 µl FACS buffer and kept 
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at 4 °C in the dark until flow cytometric analysis. In order to clearly distinguish the different 

immune cell populations in each tube and to identify only specific surface molecules on NK cells, 

a backbone antibody staining was used in each panel. This backbone antibody staining consisted 

of specific antibodies against leukocytes (CD45), T lymphocytes (CD3) and NK cells (CD335). 

Tube 8 contained only these three antibodies and served as Fluorescence Minus One (FMO) 

control, which is essential in multicolor analysis. 

For determining absolute counts of leukocytes in murine blood, Trucount tubes with a known 

number of fluorescent beads were used, instead of normal FACS tubes, followed by identical steps 

as mentioned above. Here, after addition of 600 µl RBC lysis buffer no additional step was needed 

prior to analysis. 
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Table 10: Panel description and specification of antigens, fluorochromes and quantity of antibodies 
used for surface staining of murine whole blood in 120 µl. 

Tube/Panel Antigen Fluorochrome Antibody amount [µl] 
1 Backbone*   

CD8 Alexa Fluor 700 1.00 

Ly-6G BV510 1.00 

Ly-6C BV605 1.00 

CD19 APC-Vio770 6.66 

CD4 PE-Cy7 1.00 

CD49b PE 4.00 

CD11b VioBlue 4.00 
2 
 

Backbone*   

CD127 PE-Cy7 6.66 

CD11b VioBlue 4.00 
CD27 PE 6.66 

3 
 

Backbone*   

Ly-49C/F/I/H APC-Vio770 6.66 
CD11b VioBlue 4.00 
CD161 (NK1.1) PE-Vio770 6.66 
CD27 PE 6.66 

4 
 

Backbone*   

CD314 (NKG2D) PE-Vio770 6.66 
CD11b VioBlue 4.00 
CD27 PE 6.66 

5 
 

Backbone*   

CD11b VioBlue 4.00 

CD27 PE 6.66 
6 
 

Backbone*   

CD94 APC-Vio770 6.66 

KLRG1 BV421 1.00 
CD122 PE-Vio770 6.66 
CD69 PE 6.66 

7 
 

Backbone*   

CD244.2 PE-Vio770 6.66 
CD62.L PE 6.66 

8 
Backbone-staining*/ 
Fluorescence Minus One 
(FMO) control 

CD335 (NKp46) APC 4.00 

CD45 FITC 4.00 
CD3 PerCP 1.00 

*Backbone-staining with CD335-APC, CD45-FITC and CD3-PerCP with same antibody amounts 
present in tubes 1 to 7. Volumes of tubes less than 50 µl were adjusted to 50 µl with FACS buffer. 

3.9.3. Multicolor flow cytometric analysis of human PBMCs 

The flow cytometric analysis was used to determine and quantify specific cell populations of 

human PBMCs, in particular monocytes and lymphocytes, and to characterize the phenotype of 

NK cells, especially of the two main NK cell subsets CD56brightCD16dim and CD56dimCD16bright NK 

cells. 
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3.9.3.1. Surface staining and determination of extracellular markers 

Live, unstimulated human PBMCs of blood donors of three different BMI groups were stained 

with an appropriate combination of fluorochrome-conjugated monoclonal antibodies to analyze 

NK cell receptor surface expression by flow cytometry. Therefore, eight antibody panel tubes of 

differently fluorescently labeled monoclonal antibodies were prepared in a volume of 50 µl each 

per donor (see Table 11). Tube 1 was used to differentiate immune cell populations within PBMCs. 

For this purpose, specific antibodies against antigens of T lymphocytes (CD3), T helper 

cells (CD4), cytotoxic T cells (CD8), NKT cells (CD3 and CD16), monocytes (CD14), 

B lymphocytes (CD19) and NK cells (CD16 and CD56) were used. The tubes 2 to 8 included 

fluorochrome-conjugated antibodies to stain for specific surface NK cell markers. In order to 

clearly distinguish the different immune cell populations in each tube and to identify only specific 

surface molecules on NK cells, a backbone antibody staining was used in each panel. This backbone 

antibody staining consisted of specific antibodies against T lymphocytes (CD3), monocytes (CD14) 

and NK cells (CD16 and CD56). Tube 9 contained only these four antibodies and served as FMO 

control, which is essential in multicolor analysis. FMO control is required for accurately 

discriminating positive from negative signals [161]. For surface staining, 1 x 106 PBMCs in 50 µl 

FACS buffer per tube and donor were used. 1 x 107 PBMCs (required cell number for 9 tubes plus 

reserve) were resuspended in 80 µl FACS buffer supplemented with 20 µl FcR blocking reagent 

and incubated for 10 min on ice to block non-specific FcR-binding. Next, the samples were 

adjusted to a volume of 500 µl by adding FACS buffer. The PBMC suspension was transferred into 

nine FACS tubes and incubated with the respective antibody mix (50 µl per tube) for 15 min at 4 °C 

protected from light. After washing with 1 ml FACS puffer and a centrifugation step (300 x g, 

4 °C, 5 min), the pellets were resuspended in 250 µl FACS buffer. All samples were stained 

with 2.5 µl 7-AAD prior to analysis. Until measurement, the samples were stored at 4 °C in the 

dark. 
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Table 11: Panel description and specification of antigens, fluorochromes and quantity of antibodies 
used for surface staining of peripheral blood mononuclear cells (PBMCs) in 100 µl. 

Tube Antigen Fluorochrome Antibody amount [µl] 
1 
PBMC immunophenotyping 

Backbone*   

CD4 BV605 2.00 

CD8 PE 8.00 

CD19 PE-Vio770 2.00 
2 
NK cell immunophenotyping 

Backbone*   

CD107a PE 10.00 
CD336 (NKp44) PE-Vio770 7.00 
CD337 (NKp30) PE-Vio615 10.00 
TIGIT BV605 4.00 

3 
NK cell immunophenotyping 

Backbone*   

CD57 BV605 1.50 
CD159a (NKG2A) PE-Vio770 9.09 
CD159c (NKG2C) PE 9.09 
CD314 (NKG2D) PE-Vio615 5.00 

4 
NK cell immunophenotyping 

Backbone*   

CD2 APC-H7 2.50 

CD25 PE-CF594 5.00 

CD158a (KIR2DL1) PE-Vio770 9.09 
CD158b 
(KIR2DL2/DL3) 

PE 9.09 

CD279 (PD-1) BV605 2.00 
5 
NK cell immunophenotyping 

Backbone*   

CD69 BV605 2.00 

CD158i (KIR2DS4) PE-Vio770 7.00 
NKp80 (KLRF1) PE-Vio615 3.00 

6 
NK cell immunophenotyping 

Backbone*   

CD62L PE-CF594 2.50 
CD158e/k 
(KIR3DL1/DL2) 

PE 9.09 

CD226 (DNAM-1) BV605 2.50 
CD244 (2B4) PE-Cy7 2.50 

7 
NK cell immunophenotyping 

Backbone*   

CD27 PE 7.00 
CD161 (NK1.1) BV605 5.00 
CD295 (LEPR) PE-Vio770 9.09 

CD335 (NKp46) PE-Vio615 5.00 
8 
NK cell immunophenotyping 

Backbone*   

CD328 (Siglec-7) PE 7.50 

9 
Backbone-staining* /  
Fluorescence Minus One 
(FMO) control 

CD3 VioGreen 9.09 

CD14 FITC 5.00 
CD16 VioBlue 5.00 
CD56 APC 5.00 

*Backbone-staining with CD3-VioGreen, CD14-FITC, CD16-VioBlue and CD56-APC with same 
antibody amounts present in tubes 1 to 8. Volumes of tubes less than 50 µl were adjusted to 50 µl with 
FACS buffer. 
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3.9.3.2. Intracellular staining and IFN-γ detection 

Freshly thawed PBMCs of blood donors of three different BMI groups were resuspended in 

pre-warmed cRPMI, cell numbers and cell viability were determined by AO/PI staining. PBMCs 

were seeded with a density of 2 x 106 cells/ml per well in a 24-well plate. PBMCs were stimulated 

either with 10 ng/ml interleukin-12 (IL-12) in combination with 50 ng/ml interleukin-18 (IL-18) 

overnight at 37 °C under 5% (v/v) CO2 or with 50 ng/ml phorbol-12-myristate-13-acetate (PMA) 

and 1 µg/ml ionomycin on the next morning for 4 h. Prior to the 4 h incubation, 10 µg/ml 

brefeldin A was added to the cells to inhibit secretion of IFN-γ. Unstimulated PBMCs served as 

controls. After 4 h of stimulation, samples were washed, incubated with FcR blocking reagent and 

stained with the following extracellular staining antibodies: CD3 conjugated with VioGreen, CD16 

conjugated with VioBlue, CD56 conjugated with APC and CD14 conjugated with APC-Vio770. 

This backbone-staining served for negative (CD3 and CD14) and positive (CD16 and CD56) NK 

cell selection for later analysis. Live/Dead Fixable Yellow was added to all sample tubes to allow 

discrimination between live and dead cells. The extracellular staining was performed for 15 min 

at 4 °C in the dark. Afterwards, cells were washed, followed by fixation and staining for intracellular 

markers via the inside stain kit according to manufacturer’s instructions. Briefly, cells were fixated 

with inside fix buffer for 20 min in the dark at RT. After centrifugation (300 x g, 5 min), the 

supernatant was discarded. The cells were resuspended with inside perm buffer, followed by 

centrifugation (300 x g, 5 min). Subsequently, stimulated and unstimulated PBMCs were 

intracellularly stained for 20 min at RT protected from light with the respective fluorochrome-

conjugated antibody panel listed in Table 12. After washing with inside perm, cells were 

resuspended in 250 µl FACS buffer and kept cold and protected from light until measurement. 

Unstimulated PBMCs were also stained extra- and intracellularly and served as negative controls as 

well as for the determination of intracellular expression of EOMES, T-bet, perforin and Blimp-1. 
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Table 12: Panel description of intracellular staining of human peripheral blood mononuclear cells 
(PBMCs) in 100 µl inside perm buffer with extracellular staining for lineage differentiation. 

Tube/Panel Treatment Antigen Fluorochrome 
Antibody amount 
[µl] 

1a 
 

Unstimulated CD3 VioGreen 9.09 
 CD14 FITC 5.00 
 CD16 VioBlue 5.00 
 CD56 APC 5.00 

1b Unstimulated Backbone*   
 TRAIL (CD253) PE 9.09 
 IFN-γ PE-Cy7 0.25 
 Granzyme B AlexaFuor700 1.00 
 Granzyme A FITC 20.00 

1c Unstimulated Backbone*   
 EOMES PE 8.00 
 T-bet PE-Cy7 1.25 
 Perforin PE-CF594 5.00 
 Blimp-1 DyLight488 1.33 

2a IL-12+IL-18 Backbone*   
2b IL-12+IL-18 Backbone*   

 TRAIL (CD253) PE 9.09 
 IFN-γ PE-Cy7 0.25 
 Granzyme B AlexaFuor700 1.00 
 Granzyme A FITC 20.00 

3a PMA+inonomycin Backbone*   
3b PMA+inonomycin Backbone*   

 TRAIL (CD253) PE 9.09 
 IFN-γ PE-Cy7 0.25 
 Granzyme B AlexaFuor700 1.00 
 Granzyme A FITC 20.00 

*Backbone-staining (extracellular) with CD3-VioGreen, CD14-FITC, CD16-VioBlue and CD56-APC with 
same antibody amounts present in tubes 1a-c, 2a-b, 3a-b.  
Tubes 2a, 2b: Treatment of human PBMCs with 10 ng/ml IL-12 plus 50 ng/ml IL-18 overnight.  
Tubes 3a, 3b: Treatment of human PBMCs with 50 ng/ml Phorbol-12-myristate 13-acetate (PMA) plus 
1 µg/ml ionomycin for 4 h. 

3.9.3.3. CD107a degranulation assay 

CD107a expression on NK cells was measured to analyze NK cell degranulation. PBMCs 

stimulated overnight with 10 ng/ml IL-12 plus 50 ng/ml IL-18 were washed and treated afterwards 

either with K562 cells with an effector-to-target (E:T) ratio of 15:1 or without target cells in 500 µl 

cRPMI. The E:T ratio of 15:1 was assessed as the optimal ratio by pretests. Additionally, IL-12 

plus IL-18-untreated PBMCs were co-incubated with K562 cells with an E:T ratio of 15:1 to 

analyze the impact of pre-priming on effector cells in context with CD107a expression. 

Furthermore, PBMCs stimulated only with PMA (50 ng/ml) plus ionomycin (1 µg/ml) served as 

positive controls for CD107a expression. Prior to 4 h incubation CD107a-PE antibody and 

secretion inhibitors monensin (5 µg/ml) and brefeldin A (5 µg/ml) were added directly into the 
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medium. For every condition, CD107a-unstained controls were present as well as unstimulated 

samples to detect spontaneous degranulation. After 4 h of incubation at 37 °C and 5% CO2, 

samples were washed and extracellular backbone immunofluorescence staining was performed as 

described above (see 3.9.3.1). 

3.9.4. Flow cytometric measurements and gating strategies 

All samples (murine and human) were measured by using the flow cytometry analyzer BD 

LSRFortessa™. This device has four excitation lasers with wavelengths of 355, 405, 488, and 

640 nm, which stimulate the fluorochromes conjugated to the specific antibodies. Measured data 

were analyzed using the analyzers internal BD FACS Diva™ software version 7.0 or external 

software - Flowlogic™ version 700.2A or FlowJo version 8.7. 

Due to the fact that emission spectra of fluorochromes can overlap, compensation was 

performed prior to all measurements. This procedure allows the correction of signal 

overlaps (spillovers) of fluorochromes detected in other channels than their respective channel. 

Thus, a falsification of the measurement can be prevented. For compensation, all fluorochromes 

used in this study were tested. Since they were several antibodies conjugated to identical 

fluorochromes, one of them was representatively chosen. Therefore, a more abundant antigen was 

selected to ensure good signals for the subsequent compensation. The compensation of the 

overlapping fluorescence spectra was carried out directly in the FACS Diva 7.0 software. This 

procedure was performed for each experiment separately (murine surface stainings, human surface 

and intracellular stainings). In particular: For immunophenotyping of murine whole blood cells, 

compensation was conducted by staining 30 µl of murine whole blood with 70 µl of the respective 

fluorochrome-conjugated antibody diluted in FACS buffer according to the protocol in 

chapter 3.9.2, except that no 7-AAD was added to the probes prior to analysis. For 

immunophenotyping of human PBMCs by extra- and intracellular staining, 250,000 PBMCs 

and 500,000 PBMCs, respectively, were stained with the respective fluorochrome-conjugated 

antibody according to the protocols for surface staining (see 3.9.3.1) and intracellular 

staining (see 3.9.3.2), except that no 7-AAD or Live/Dead Fixable Yellow dyes were added prior 

to analysis. 

For the immunophenotyping of primary murine blood NK cells 50,000 – 100,000 events were 

measured per panel. The NK cell phenotyping of extracellular markers was based on the gating 

strategy illustrated in Figure 4. 

For the immunophenotyping of primary human NK cells by flow cytometric analysis 100,000 

events were measured per panel. The NK cell phenotyping of extra- and intracellular markers was 

based on the gating strategies depicted in Figure 5 and Figure 6, respectively. 
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Figure 4: Gating strategy used to identify immune cell populations, NK cell subsets and NK cell surface 
marker expression from CD57BL/6 mice. Lymphocytes were identified by their size and granularity in 
the FSC/SSC dot plot (A), followed by doublet exclusion (B), and gating of CD45+ leukocytes (C). Based 
on the single cell lymphocyte gate CD11b+Ly6Chigh monocytes and CD11b+Ly6Clow granulocytes (D) 
were classified. Based on the lymphocyte gate, CD3- and CD3+ lymphocytes (E) were classified. 
CD3+CD4+ helper T cells (F) and CD3+CD8+ cytotoxic T cells (G) were selected from the CD3+ fraction. 
CD335+ NK cells were selected from the CD3- fraction (H). On the basis of the expression of CD11b 
and CD27, the total NK cell population was further differentiated into the four murine NK cell subsets (I). 
The expression of each NK cell marker was assessed on the CD335+ NK cell fraction – here represented 
by histogram analysis of KLRG1 expression (J) and CD161 median fluorescent intensity (K). FMO 
control was used to determine positive staining (L). The above plots are representative. 
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Figure 5: Gating strategy to identify T cells, B cells, NKT cells, monocytes and NK cells isolated from 
buffy coats of human blood donors. Lymphocytes were identified by their size and granularity in the 
FSC/SSC dot plot (A), followed by doublet exclusion (B) and gating of viable cells (C). Based on the 
lymphocyte live gate, CD3+ and CD3- cells (D), T cells (CD3+CD56-) and NKT cells (CD3+CD56+) (E) as 
well as B cells (CD19+, F) were classified. Monocytes (CD14+) and NK cells (CD56+) were selected from 
the CD3- fraction (G). CD4+ T helper cells and CD8+ cytotoxic T cells were selected from the CD3+ 
fraction (H). On the basis of the expression of CD56 and CD16, the NK cell population was further 
identified and differentiated into the CD56brightCD16dim and CD56dimCD16bright NK cell subsets (I). The 
expression of each NK cell marker was assessed on both CD56dimCD16bright (J) and 
CD56brightCD16dim (K) NK cell subsets (here represented by histogram analysis of NKG2A expression 
for both subsets). FMO control was used to determine positive staining. The above plots are 
representative. 
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Figure 6: Gating strategy to identify T cells, NKT cells, and NK cells from buffy coats of human blood 
donors for the determination of intracellular markers. Lymphocytes were identified by their size and 
granularity in the FSC/SSC dot plot (A), followed by doublet exclusion (B) and gating of viable cells (C). 
Based on the lymphocyte live fraction, cells were further divided into CD3- and CD3+ cells (D), T cells 
(CD3+CD56-) and NKT cells (CD3+CD56+, E). Total NK cells were selected from the CD3- fraction (H) 
and further differentiated and identified into the CD56bright NK cell subset. Representative density plots 
to demonstrate discrimination between positive and negative population for the presence of intracellular 
IFN-γ in NKT cells (F), T cells (G), total NK cells (J) and CD56bright NK cells (L). Representative 
histograms of total NK cell (K) and CD56bright NK cell subset (M) populations to donate histogram 
analysis to determine MFI (mean fluorescence intensity) of intracellular NK cell markers (here: 
represented by granzyme B and EOMES). FMO control was used to determine positive staining. 
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3.10. Magnetic activated cell sorting (MACS) 

MACS technology is a method for separation of specific immune cell populations from a mixed 

suspension based on their surface antigens (CD molecules). In this study, primary murine splenic 

NK cells and primary human peripheral blood NK cells were purified by immunomagnetic 

depletion of other immune cells (T cells, B cells, monocytes and others) using a murine and human 

NK Cell Isolation Kit from Miltenyi Biotec GmbH, respectively. Negative selection was performed 

as instructed by the manufacturer. The purity of NK cells (85 - 90%) was checked on a sample 

basis by flow cytometric analysis. CD3+ T cell contamination in purified NK cells was <1%. 

Prior to the isolation of murine splenic NK cells, a single cell suspension of murine splenocytes 

from each mouse spleen was prepared. Therefore, spleens of mice, which were kept in splenocyte 

culture medium at 37 °C after organ dissection, were transferred in a petri dish and cut into fine 

pieces with a scalpel. MACS buffer was added to transfer the tissue into a 40 µm cell strainer placed 

in a centrifuge tube. Further homogenization of tissue was carried out by gentle mincing of tissue 

with a syringe plunger. Filter was washed several times with MACS buffer. After 

centrifugation (300 x g, 10 min, RT), pellet was washed with 5 ml MACS buffer and centrifuged 

again. The final pellet was resuspended in 1 ml MACS buffer and cell number was determined 

by A/O staining (see 3.2) and LUNAFL automated counter. 

3.11. Real-time cell analysis systems xCELLigence and iCELLigence 

3.11.1. Principles of the real-time cell analysis system 

The proliferation and cytotoxicity assays in this study were performed with the real-time cell 

analysis (RTCA) systems instruments obtained by the company ACEA Biosciences, Inc. In 

comparison to former commonly used standard end-point procedures such as radioactive chrome-

release assay, this system provides a continuous real-time monitoring of cell proliferation and 

cytolytic activity. Additionally, it works in a label-free, non-invasive and automatic manner. These 

systems use the principle of cellular impedance. Adherent cells, used as target cells, grow on gold-

microelectrode-coated E-plates and act as insulators. The adherent cells imped the flow of a non-

invasive alternating microampere electric current between electrodes (Figure 7). The changing 

electrical impedance signal is automatically measured, at a frequency defined by the user and 

displayed as a unit-less parameter called Cell Index (CI). 
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Figure 7: Composition and schematic view of the impedance-based real-time cell analysis system. 
An 8-well cell culture E-plate is shown with a closer top view on a single well with visible gold-
microelectrodes without and with adherent cells. The schematic side view of a single well before and 
after adding of adherent cells is shown below. In the absence of cells, the electric current flows 
unimpeded in the media between the electrodes (negative and positive terminal). Due to the addition of 
cells, which adhere to and proliferate on the plate, the electron flow is impeded, resulting in a measurable 
impedance-changed signal. Modified from [162]. 

The CI value is dependent on morphology, number, size, and adhesion strength of the cells. 

Every cell line has its unique CI curve and maximum. Therefore, it can also be used as a quality 

measurement as well as a visual control of a good cell status during the experiments. In contrast to 

the adherent cancer target cells, the effector cells, e.g. NK cells, do not attach to the plate and 

therefore they do not produce an impedance signal. For this reason, the system cannot only be 

used to quantify proliferation, but also for analyzing cytolytic activity of effector cells. Figure 8 

illustrates a generic real-time impedance trace. Over the course of time of an RTCA assay, changes 

in the impedance signal and therefore in the CI can vary in different degrees due to the different 

behavior of the adherent cells. Cell adhesion after addition of cells on the plate causes a rapid, 

exponential increase in CI; cell proliferation causes a slow, linear increase in CI; cell confluence 

causes stagnation of CI, and toxin addition caused a rapid decline in CI due to apoptosis and 

detachment of the cells. 
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Figure 8: Generic real-time impedance trace of an apoptosis/cytotoxicity assay. The different behavior 
of the adherent cells and their induced apoptosis during the assay results in changing impedance 
signals, which are displayed in an increasing and decreasing CI curve. Modified from [162]. 

There were two products by ACEA Biosciences using the RTCA system: the xCELLigence™ 

and iCELLigence™ instruments, which have both been used in this study. Both RTCA instruments 

consisted of two elements – the RTCA station and the RTCA control unit. The station is placed in 

a standard CO2 cell culture incubator and interfaces via WiFi® or a cable with the control 

unit (iPad® or laptop) that are housed outside the incubator. The iCELLigence product provided 

a RTCA station with two 8-well E-plates controlled via WiFi to an iPad. The xCELLigence product 

provided a RTCA station with three 16-well E-plates connected via cable with a laptop. An 

analyzing software was pre-installed on both RTCA control units. 

Both RTCA instruments were initially used to determine the optimal cell seeding number of 

adherent cancer target cells (i.e. CT.26WT, DLD-1, MCF-7) by a titration-proliferation assay. The 

optimal cell number of cancer target cells was then used to perform cytotoxicity assays with effector 

cells, i.e. NK-92 cells, primary murine splenic NK cells and primary human peripheral blood NK 

cells. To quantify the lysis at specific time points, the data were exported from the control unit to 

Microsoft Excel. The percentage cytolytic activity of the effector cells at a given time point was 

determined by using the calculated normalized CI (NCI) according to the following formulas: 

NCI in general: 
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NCI for target cell control: 
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All experiments described below were generally carried out under the following conditions: 

Before seeding of target cells, the blank value for each well was always measured with a defined 

volume of medium (iCELLigence: 200 µl, xCELLigence: 100 µl). Each probe was usually analyzed 

in double or triple determination, except for cytotoxicity assays with murine NK cells. Here, a 

single determination was made. The first well of each E-plate was constantly loaded with medium 

only and served as a medium control. The entire durations of measurements were 50 h up to 90 h. 

During this time, no media was replaced or added. All measurements were carried out under 

standard cell culture conditions and were subdivided into distinct steps (three to five steps), which 

were characterized by different durations and time intervals. The experimental procedure steps 

were set manually before starting each assay. The first three steps were always the same. The first 

step, the blank value measurement, was started manually and was pre-set with a running time and 

interval of one minute. After cell seeding, the second step followed by a manual start with a running 

time of 2 h and an interval of 1 min. Passing the 2 h, the third step started automatically with an 

interval of 1 h until the final duration time was achieved. For the cytotoxicity assays, this third step 

was stopped manually after 24 h to add the respective NK cells followed by a fourth step that 

collected data every minute. After the 2 h, an automatically started step followed with an interval 

of 10 to 15 min until the experiment was finally stopped. 

3.11.2. Cell proliferation assays 

The cell proliferation assays served as preliminary tests for the ensuing real-time cytotoxicity 

assays to determine the optimal cell seeding number of the different adherent cancer target 

cells, i.e. CT26.WT, DLD-1 and MCF-7. The aim was to determine the optimal cell seeding 

number at the pre-defined time point of effector cell addition (24 h post seeding). At this time 

point, a CI with a value of one third to two thirds of the maximum CI should be reached. For this 
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purpose, target cell suspensions with different cell numbers were prepared by using serial dilutions 

or later by preparing individual cell suspensions with a defined cell number. Target cells were 

seeded into the dedicated wells. After 30 min in which the cells were given time to settle evenly, 

the E-plates were inserted into the RTCA station and the measurement was started. After reaching 

the growth plateau the assay was stopped. 

3.11.3. Cytotoxicity assays 

The respective target cell seeding numbers of CT26.WT, DLD-1 and MCF-7 from the 

proliferation tests were used for the subsequently performed cytotoxicity assays with the different 

effector cells, i.e. primary murine splenic NK cells, NK-92 cells and primary human peripheral NK 

cells. The murine cytotoxicity assays were performed on the xCELLigence RTCA instrument, 

whereas the human cytotoxicity assays were performed on the iCELLigence RTCA instrument. In 

general, 24 h post-seeding of target cells the measurement was paused to add the respective NK 

cells at different E:T ratios. The effector cell number for each E:T ratio was calculated based on 

the initial target cell seeding number. Besides the medium control, NK cells alone served as controls 

for possible measurement interventions, target cells alone served as untreated growth controls and 

target cells with addition of NK cells served as treatment sample. 

At first, preliminary cytotoxicity tests with murine and human NK cells (splenic NK cells 

from C57BL/6 mice and NK-92 cells, respectively) were performed to verify the optimal 

E:T ratio(s), but also to optimize the experimental setup in terms of duration, handling, and optimal 

target cell conditions at specific times of use. The final experiment settings for the main cytotoxicity 

assays are described below. 

Primary splenic NK cells of C57BL/6 mice against CT26.WT colon cancer target cells 

The murine target cells CT26.WT (15,000 cells/well) were seeded in 200 µl splenocyte medium. 

The next day, single cell suspensions of spleens of C57BL/6 mice fed NFD or HFD in ad libitum 

or restrictive regimes over 18 weeks were prepared and were used to isolate the NK cells by MACS 

enrichment (see 3.10). The isolated splenic NK cells were counted and cell viability was determined. 

24 h post-CT26.WT-seeding, the CI curve was checked and if positively validated of the optimum 

CI value the freshly isolated NK cells of each mice were added to the respective wells at different 

E:T ratios (70:1 or maximum possible number) in a volume of 100 µl. In addition, 500 U/ml 

recombinant murine IL-2 (mIL-2) was added to each well to enhance and maintain NK cell 

mediated cytotoxicity. To ensure to have enough NK cells for the NK cell alone control, the 

remaining NK cells of all mice were mixed and added in the respective wells of the E-plates. No 

more than eight mice per day with similar distribution over groups were sacrificed and used for the 

cytotoxicity assay. 
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Primary human peripheral NK cells against human cancer target cells 

The human target cells DLD-1 and MCF-7 were both seeded with a cell number 

of 40,000 cells/well in a volume of 400 µl cRPMI on the E-plates. On the following day, primary 

human NK cells of one donor were isolated from PBMCs by MACS enrichment (see 3.10). Prior 

to addition of the NK cells, the CI curves of DLD-1 and MCF-7 were checked for the optimal CI 

values. After culturing target cells for 24 h, the freshly isolated NK cells were added at an E:T ratio 

of 15:1 in a volume of 100 µl cRPMI in the dedicated wells. Per well, 200 U/ml hIL-2 was added.  

3.12. Statistical analysis 

All statistical analyses were performed using the GraphPad Prism software version 6.07. All data 

were examined for outliers followed by testing for normal distribution and homogeneity of 

variances. Student’s t test was used to compare two groups (in detail overweight and obese BMI 

groups were compared to normal weight BMI control group), if data were normal distributed with 

equal variances; without equal variances the t-test with Welch’s correction was used. The 

nonparametric Mann-Whitney U test was performed to compare two groups, if data were not 

normally distributed. One-way analysis of variance (ANOVA) with post-hoc Tukey’s multiple 

comparison was used to compare the means of the normally distributed data of the human blood 

donor data (age, weight, height, BMI) of the three BMI groups. Two-way ANOVA with the main 

factors “diet” and “feeding regime” was performed to compare means of the four mouse groups 

with post-hoc Tukey’s multiple comparison test. In animal experiments results are presented in bar 

graphs as means ± standard error of the mean (SEM). Human flow cytometric data are presented 

as box and whisker plots with median ± minimum to maximum values with additional dot plot 

representing individual donors. Real-time cell analysis results are presented as mean ± SEM. 

P < 0.5 was considered to denote significance. Means with different letters (a, b, c, d) indicate 

significant differences between groups of mice according to post-hoc Tukey’s multiple comparison 

test results (P < 0.05). P values are also indicated as follows: */# P < 0.05, ** P < 0.01 and 

*** P < 0.001. 
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4 Results 

4.1. Murine study 

4.1.1. Dietary intakes 

In the used mice strain C57BL/6 both factors – the type of the diet and the feeding regime – 

had significant effects on food, energy and fat intakes as well as on carbohydrate and protein 

intakes. In both diets, the restrictive feeding regime displayed significantly lower values for all 

nutritional parameters compared to the ad libitum feeding regime (Figure 9A-E; except for the daily 

fat intake of NFD fed mice). Regardless of the feeding regime, the daily food intake of HFD fed 

mice was significantly lower compared to the corresponding NFD fed mice (Figure 9A). However, 

within the ad libitum feeding regime, the HFD fed group of C57BL/6 mice showed a significantly 

higher daily energy intake as the corresponding NFD fed group (Figure 9B). Nevertheless, mice 

with ad libitum access to the HFD displayed the significantly highest daily fat intake among all 

groups (Figure 9C). In consequence of the food compositions, all HFD fed mice had a significantly 

increased daily fat intake and a significantly decreased daily carbohydrate intake compared to 

the NFD fed mice (Figure 9C and D). 

 

Figure 9: Nutritional data of daily dietary intakes of male C57BL/6 mice fed either a normal-fat diet (NFD) 
or high-fat diet (HFD) with ad libitum (ad lib.) and restrictive (restr.) feeding regimes for 18 weeks. 
Mean ± SEM. Means with different letters are significantly different according to post-hoc Tukey’s 
multiple comparison test results (P < 0.05). 

4.1.2. Body weights, visceral fat masses and organ weights 

The average body weights of seven-week-old male C57BL/6 mice at the start of the 

experiment (week 0) were 21.3 g ± 0.2 g. All mice increased their body weight over 

time (Figure 10A), with significant effects of the diet and the feeding regime (Figure 10D). 

Ad libitum and restrictive HFD feeding significantly increased the body weight of C57BL/6 mice 

from week 3 onward compared to the respective NFD groups (Figure 10A). After 18 weeks of diet-

induced obesity (DIO) feeding, mice with ad libitum access to HFD more than doubled their initial 

body weight (+55.2%), whereas the respective NFD group increased their body weight by about a 

quarter (+24.3%; Figure 10B). In accordance with the higher terminal body weight of the 
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HFD ad libitum fed group, the visceral fat mass was also significantly higher within this group 

compared to the NFD ad libitum fed group (Figure 10C). The average mass of visceral fat in 

C57BL/6 mice fed the HFD restrictive was significantly increased compared to the NFD restrictive 

fed group. For both analyzed parameters, the comparison between the feeding regimes within HFD 

and NFD showed only significant differences within the HFD groups (Figure 10B, C). 

In summary, regardless of the feeding regime, HDF feeding of C57BL/6 mice resulted in 

significant higher terminal body weights and visceral fat mass compared to NFD feeding. The 

results of body weight and of visceral fat mass in C57BL/6 mice were additionally supported by 

the visual phenotypes of representative living and dead mice (Figure 10E, F). 

 

Figure 10: Effects of high-fat diet (HFD) and normal-fat diet (NFD) under ad libitum (ad lib.) and 
restrictive (restr.) feeding regimes on male C57BL/6 mice. Body weight gain (A) over 18 weeks, terminal 
body weight (B) with indication of initial body weight (dashed lines) at week 0, and visceral fat mass (C). 
Representative pictures of visual differences in body mass (E) and visceral fat mass (F) of C57BL/6 
mice fed NFD ad libitum (1) vs. HFD ad libitum (2) after 18 weeks. *P < 0.05, HFD ad libitum compared 
to NFD ad libitum group. #P < 0.05, HFD restrictive compared to NFD restrictive group. Means with 
different letters are significantly different according to post-hoc Tukey’s multiple comparison test results 
(P < 0.05). For two-way ANOVA P-values are shown for the main factors diet, feeding regime and the 
interaction of both main factors (D). Data are presented as mean ± SEM. 

The organ weights of C57BL/6 mice are illustrated in Figure 11. C57BL/6 mice fed the HFD 

ad libitum showed a significantly heavier spleen than NFD ad libitum fed mice, whereas no significant 

difference was observed between the restrictive groups (HFD and NFD). The liver in C57BL/6 

mice were significantly heavier in the HFD ad libitum group compared to all other groups, with 

significant diet and feeding regime effects as well as the interaction effect of both factors (test 

 C57BL/6 

Body 
weight gain 

Body weight Visceral fat 

Two-way ANOVA P-value 

Diet < 0.0001 < 0.0001 < 0.0001 

Feeding regime < 0.0001 < 0.0001 0.0124 

DietxFeeding regime < 0.0001 0.0004 0.0980 
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results not shown). However, no significant difference of liver weight was detected between both 

restrictive groups (NFD and HFD). The heart was significantly lighter in the NFD restrictive group 

compared to the HFD restrictive group. Two-way ANOVA showed significant influence of the 

diet on kidney weights of C57BL/6 mice. Independently from the regime, kidneys from HFD fed 

mice were significantly heavier compared to NFD fed mice. The significant diet factor effect also 

applied to the weight of pancreas. Here, mice of the HFD restrictive group showed a significantly 

increased weight of pancreas. Non-significant changes were observed in organ weights of lung, 

brain and thyroid gland. 

 

Figure 11: Physiological impact on organ weights by high-fat diet (HFD) and normal-fat diet (NFD) under 
ad libitum and restrictive feeding regimes in a C57BL/6 murine diet-induced obesity (DIO) model after 
18 weeks. Mean ± SEM. Means with different letters are significantly different according to post-hoc 
Tukey’s multiple comparison test results (P < 0.05). 

4.1.3. Cytokine plasma concentrations 

Plasma levels of IL-6 increased threefold in C57BL/6 mice fed the HFD ad libitum compared 

to NFD ad libitum, whereas mice received the diets restrictive showed no differences in these 

cytokine plasma concentrations (Figure 12B). Plasma levels of IL-2 and TNF-α were not altered 

between C57BL/6 groups (Figure 12A, C). Although not significant, plasma IFN-γ was increased 

in the HFD ad libitum group compared to NFD ad libitum group (Figure 12D). Interestingly, two-

way ANOVA showed a significant interaction of diet and feeding regime for TNF-α plasma levels 

in C57BL/6 mice. 
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Figure 12: Blood plasma concentrations of interleukin (IL)-2 and IL-6 and chemokines interferon (IFN) γ 
and tumor necrosis factor (TNF)-α in C57BL/6 mice fed a high-fat diet (HFD) and normal-fat diet (NFD) 
under ad libitum (ad lib.) and restrictive (restr.) feeding regimes. Samples were analyzed by Luminex 
bead-based Multiplex assay. Mean ± SEM. Means with different letters are significantly different 
according to post-hoc Tukey’s multiple comparison test results (P < 0.05). 

4.1.4. Immune cell populations in murine blood 

Figure 13 shows the determined concentrations and frequencies of immune cell populations 

in HFD and NFD fed mice that received those diets ad libitum and restrictive. Analysis of blood 

leukocytes and lymphocytes revealed almost twice as high concentrations of circulating leukocytes, 

lymphocytes, CD11b+Ly6ChighLy6Glow monocytes and CD19+ B lymphocytes of HDF fed mice 

compared to NFD fed mice regardless of the feeding regime (Figure 13A). The concentration 

of CD11b+Ly6ClowLy6G+ granulocytes was significantly increased in HFD ad libitum fed mice 

compared to NFD restrictive fed mice. In addition, the cell count of total CD3+ T lymphocytes as 

well as CD3+CD4+ helper T cells and CD3+CD8+ cytotoxic T cells were slightly increased and 

significantly increased in the case of CD4+ T cells in HFD fed mice compared to NFD fed 

mice (Figure 13A). 

Furthermore, the percentage of lymphocytes was slightly increased in HFD fed mice compared 

to NFD fed mice without being statistically significant (Figure 13B). The population of monocytes 

was significantly elevated in HFD fed mice compared to NFD fed mice with a significant difference 

between both ad libitum fed groups (Figure 13C). In contrast to the elevated cell counts of 

granulocytes in HFD fed mice, their percentages in the blood was slightly decreased in HFD fed 

mice (Figure 13D). The significantly increased cell count of B cells in HFD fed mice was also 

reflected in the percentages of B cells – HFD fed mice of both feeding regimes displayed 

significantly increased B lymphocytes compared to NFD fed mice of both feeding regime 

groups (Figure 13E). The slight increase in the T cell count of HFD fed mice compared to NFD 

fed mice was also mirrored in the population’s frequencies (Figure 13F). Contrary to this results, 

both T cell subsets (CD4+ and CD8+ T cells) showed decreased frequencies in HFD fed animals 

compared to NFD fed animals, with over 20% lower frequencies between the corresponding HFD 

and NFD groups in both subsets (Figure 13G, H). 
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Figure 13: Concentrations, expressed as absolute cell number per µl blood, (A) and frequencies (B-H) 
of immune cell populations in whole blood samples of C57BL/6 mice fed either a high-fat diet (HFD) or 
normal-fat diet (NFD) under ad libitum (ad lib.) and restrictive (restr.) feeding regimes. Mean ± SEM. 
Means with different letters are significantly different according to post-hoc Tukey’s multiple comparison 
test results (P < 0.05). *P < 0.05 and exact P-values within 0.05 < P < 0.1, two-way-ANOVA, NFD fed 
groups compared to HFD fed groups. 

In addition to the mentioned immune cell populations above, the cell counts and frequencies 

of total primary murine NK cells were determined. The cell concentration of circulating NK cells 

was slightly increased in HFD fed mice compared to NFD fed mice, whereas the frequency of NK 

cells was significantly decreased in HFD fed mice (Figure 14A, B). Moreover, this decrease was 

also present between the corresponding HFD and NFD fed groups. In addition to the total NK 

cells, the frequencies of the four murine NK cell subsets CD11b-CD27- (double negative), 

CD11b-CD27+, CD11b+CD27+ (double positive) and CD11b+CD27- were analyzed. There were 

no significant differences in the frequencies of double negative and CD11b-CD27+ NK cell subsets 

between the examined diet groups (Figure 14C, D). In contrast, HFD fed mice showed significantly 

reduced frequencies of the double positive NK cell subset with a significant difference 

between HFD ad libitum and NFD restrictive fed mice (Figure 14E). In addition, the frequency of 
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the considered most mature stage, the CD11b+CD27- NK cell subset, displayed an elevated 

frequency in HFD fed mice compared to NFD fed mice (Figure 14F). 

 

Figure 14: NK cells and NK cell subsets in whole blood samples of C57BL/6 mice fed either a high-fat 
diet (HFD) or normal-fat diet (NFD) under ad libitum (ad lib.) and restrictive (restr.) feeding regimes. 
Concentration of total NK cells (A), expressed as absolute cell number per µl, and percentages of total 
NK cells (B). Percentages of NK cell subsets with different surface expression profiles of CD11b and 
CD27 (C-F). Mean ± SEM. Exact P-values within 0.05 < P < 0.1, two-way-ANOVA, NFD fed groups 
compared to HFD fed groups. Means with different letters are significantly different according to post-
hoc Tukey’s multiple comparison test results (P < 0.05). 

4.1.5. Phenotypes of primary murine peripheral blood NK cells 

Figure 15 displays the expression of different surface markers on total primary NK cells. 

Regardless of the feeding regime, HFD fed mice showed significantly enhanced proportions of 

NK cells expressing KLRG1 on their surface compared to NK cells of NFD fed mice (Figure 15F). 

Furthermore and in regard of the feeding regime, the percentage of KLRG1+ NK cells was 

significantly higher in HFD ad libitum fed mice compared to NFD restrictive fed mice. In contrast 

and also regardless of the feeding regimes, the HFD led to significantly reduced percentages 

of CD127+ NK cells compared to the NFD (Figure 15G). No other significant changes in the 

expression patterns of examined surface receptors were found between the diet groups. 
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Figure 15: Frequencies or median fluorescent intensities (MFIs) of total NK cells of C57BL/6 mice 
expressing activating and inhibitory receptors (A-C), adhesion molecules (D), activation-associated 
markers (E), maturation markers (F, G) and co-stimulatory receptors (H, I). Mice were fed either a high-
fat diet (HFD) or normal-fat diet (NFD) under ad libitum (ad lib.) or restrictive (restr.) feeding regimes. 
Mean ± SEM. Means with different letters are significantly different according to post-hoc Tukey’s 
multiple comparison test results (P < 0.05). *P <0.05, two-way-ANOVA, NFD fed groups compared to 
HFD fed groups. 

4.1.6. Determination of the optimal cell seeding number of CT26.WT target cells 

Defining the ideal seeding density of the murine CT26.WT colon cancer target cells was essential 

to get the convenient CI (1/3 to 2/3 of CImax) at the pre-defined time point of 24 h post seeding. 

This time point was set to add the primary murine effector NK cells in the subsequent cytotoxicity 

assays. Figure 16 shows the proliferation behavior of the CT26.WT cell line after titration and 

seeding cell numbers from 40,000 cells/well to 625 cells/well over an incubation period of 50 h. 

All cell curves show a similar growth pattern with a maximum CI of ~1.8. The higher the seeding 

number, the faster the plateau phase with the CImax was reached. At the defined time point 24 h, 

none of the CI curves showed the ideal 1/3 to 2/3 CImax. The initially seeded cell numbers 

of 10,000 and 20,000 cells/well displayed either too low or too high CI values at 24 h post-seeding. 
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Therefore, the cell seeding number of CT26.WT was set to 15,000 cells/well for further 

experiments. This cell number/well was then confirmed in addition tests (data not shown). 

 

Figure 16: Representative figure of a cell proliferation assay to determine the optimal cell seeding 
number of the mouse colon cancer target cell line CT26.WT by impedance-based real-time cell analysis 
system xCELLigence. Cell numbers seeded per well are mentioned on the right side of the figure. 
Impedance was measured for 50 h. Medium only served as control (Ctrl). Analysis carried out in 
duplicates. Mean ± SEM; N = 1. 

4.1.7. Cytolytic activity of primary murine splenic NK cells against murine colon 
cancer cell line CT26.WT 

These experiments aimed to analyze the cytolytic activity of freshly isolated NK cells from 

spleens of C57BL/6 mice fed an HFD or NFD with both ad libitum and restrictive feeding regimes. 

At first and after defining the optimal cell seeding number of the CT26.WT target cells, 

preliminary cytotoxicity tests followed. The aim was on the one hand, to establish the assay 

procedure and on the other hand to explore feasible E:T ratios to receive evaluable data. 

The review of literature about murine NK cell cytotoxicity assays revealed a broad spectrum of 

the used E:T ratios, reaching from 0.25:1 to 200:1 E:T ratio [163–169]. For that reason, isolated 

NK cells from spleens of three C57BL/6 mice were used with initially E:T ratios of 1:1, 4:1, 6:1, 

12:1, 16:1, 25:1, 32:1 and 40:1 against the murine colon target cell line CT26.WT in individual 

experiments. Here, no cytolytic effect, visible in the form of no changes in cell index values after 

addition of splenic NK cells in comparison to target cells alone, was observed (data not shown). 

Therefore, a higher E:T ratio of 70:1 was applied. Due to time limitations and the fact, that isolated 

splenocytes were also used for other pretests, the isolated NK cell number of one mice spleen was 

not sufficient for the 70:1 E:T ratio. So, splenic NK cells of two C57BL/6 spleens were pooled to 

achieve the required NK cell number, followed by adding them 24 h post-target cell-seeding to 

the CT26.WT target cells. The cytolytic effect of splenic NK cells at 70:1 E:T ratio led to a decrease 

of the cell index (normalized to the time point of NK cell addition) 5 h after effector cell 

addition (Figure 17). As a result, it was decided to use 70:1 E:T ratio for the subsequent cytotoxicity 

assays with HFD and NFD fed C57BL/6 mice. 
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Figure 17: Representative figure of dynamic monitoring of cytolytic activity of pooled primary splenic NK 
cells (effector cells) isolated from two spleens of C57BL/6 mice against murine colon cancer cell line 
CT26.WT (target cells) by impedance-based real-time cell analysis system xCELLigence. Target cells 
were seeded at a density of 15,000/well. 24 h post-seeding effector cells were added at an E:T ratio of 
70:1 to target cells and supplemented with 500 U/ml recombinant murine IL-2. Impedance at well 
bottoms was measured every 15 min for 50 h. Changes in impedance normalized to the normalization 
time (black line) are given as a dimensionless normalized cell index. Mean ± SEM; N = 1. 

In the preliminary tests, an E:T ratio of 70:1 exhibited a detectable cytolytic effect of the NK 

effector cells against CT26.WT target cells. However, as already indicated, it was challenging to 

achieve the required NK cell number from each mice spleen. Thus, it was only a small number of 

mice suitable to use their isolated NK cells with the pre-defined E:T ratio of 70:1. In accordance 

not to trash already isolated NK cells, also NK cells numbers applicable only for lower E:T ratios 

were used, ranging from 15:1 to 59:1 E:T ratio. However, in those cases no cytolytic effect was 

seen (data not shown). Due to the small sample size per group at an E:T of 70:1 it was not 

applicable to perform statistics between the four groups. Therefore, Figure 18 shows the obtained 

results without intergroup statistics. It is noticeable, even without intergroup comparison, a 

reduced cytolytic activity of NK cells from HFD ad libitum fed C57BL/6 is visible compared to the 

other groups. However, the performed two-way ANOVA displayed significant effects of the factor 

diet at different time points. 

 

Figure 18: Cytolytic activity of primary splenic NK cells of C57BL/6 mice against the colon cancer target 
cell line CT26.WT at indicated time points after NK cell addition. Mice were fed a normal fat diet (NFD) 
or a high-fat diet (HFD) with both ad libitum (ad lib.) and restrictive (restr.) feeding regimes. Cytolytic 
activity was calculated from cell index data obtained by impedance-based real-time cell analysis system 
xCELLigence. Target cells were seeded at a density of 15,000 cells/well. Freshly isolated NK cells were 
added 24 h post-seeding at an E:T ratio of 70:1. *P < 0.05 and **P < 0.01 indicate results of two-way 
ANOVA for the main factor diet. Mean ± SEM; n (per group) = 2 – 4. 
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4.2. Human study 

4.2.1. Study population 

The study population was composed of 46 subjects, which were divided into three groups 

according to the calculated BMI (based on the given information of body weight and height: 

BMI = kg/m2): normal weight (BMI 18.5 – 24.9 kg/m2), overweight (BMI 25 – 29.9 kg/m2) and 

obese (BMI ≥ 30 kg/m2) with a sample size of 14, 16 and 16, respectively. The study subjects were 

aged between 19 and 66 years. No significant differences were observed in age, height and human 

cytomegalovirus (HCMV) serostatus between the three BMI groups. In result of their classification 

into the BMI groups, body weight and BMI were significantly different between normal weight, 

overweight and obese individuals (Table 13). 

Table 13: Characteristics of the human study population. 

 Normal weight 
Mean ± SEM 
(n = 14) 

Overweight 
Mean ± SEM 
(n = 16) 

Obese 
Mean ± SEM 
(n = 16) 

One-way ANOVA 
F statistic (P-value) 

Age (years) 37.7 ± 3.9 47.3 ± 3.6 49.6 ± 3.6 0.1230 
Height (cm) 182.9 ± 1.8 178.4 ± 1.1 178.8 ± 2.6 0.2301 
Weight (kg) 74.6c ± 1.9 87.5b ± 1.2 105.5a ± 4.3 < 0.0001 
BMI (kg·m-2) 22.3c ± 0.4 27.5b ± 0.3 32.8a ± 0.5 < 0.0001 
HCMV seronegative 5  4  5  

0.8018 
HCMV seropositive 9  12  11  

Means with different letters are statistically significantly different according to post-hoc Tukey’s multiple 
comparison test results. Bold P-values mark statistical significance. ANOVA: Analysis of variance. BMI: 
Body mass index. HCMV: Human cytomegalovirus. SEM: Standard error of the mean. 

 

4.2.2. Immune cell populations in peripheral blood mononuclear cells (PBMCs) 

Figure 19 shows the determined frequencies of immune cell populations in PBMCs of normal 

weight, overweight and obese individuals. No significant differences were obtained in percentages 

of CD14+ monocytes, CD19+ B lymphocytes and CD3+ T lymphocytes between overweight or 

obese in comparison to the normal weight control group (Figure 19A-C). Although not significant, 

a slight increase in percentage of CD4+ T lymphocytes and a slight decrease in CD8+ T lymphocytes 

of the overweight group compared to the normal weight control group were 

detected (Figure 19E, F). The obese group did not differ significantly to the normal weight control 

group in the percentages of CD4+ and CD8+ T lymphocytes. The percentage of the CD3+CD56+ 

NKT cell population in PBMCs was significantly increased in the obese group compared to the 

normal weight group (Figure 19D), whereas no significant difference was seen between overweight 

and normal weight groups. 
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Figure 19: Frequencies of immune cell populations in peripheral blood mononuclear cells (PBMCs) 
isolated from normal weight, overweight and obese healthy blood donors. CD14+ Monocytes (A) as 
percentage of CD3- lymphocytes. Percentage of CD19+ B lymphocytes (B), CD3+ T lymphocytes (C) 
and CD3+CD56+ natural killer T (NKT) cells (D) within viable PBMCs. CD4+ helper T lymphocytes (E) 
and CD8+ cytotoxic T lymphocytes (F) as percentage of CD3+ T lymphocytes. Graphs are box and 
whisker plots with median ± minimum to maximum value; with additional dot plot representing individual 
donors. Overweight and obese groups were compared to normal weight control group. Statistical 
significance is indicated as: *P < 0.05; exact P-values within 0.05 < P < 0.1 are indicated. 

In addition to the mentioned immune cell populations above, the frequency of the CD3-CD56+ 

NK cells were determined. The NK cell percentages did not significantly differ between BMI 

groups (Figure 20A). In accordance to the underlying objectives of this study, NK cells were further 

gated and classified in their two main subsets – the more cytokine-producing CD56brightCD16dim 

NK cells and the more cytotoxic CD56dimCD16bright NK cells, depending on their amount of CD56 

and CD16 expression (see gating strategy in 3.9.4). There was no significant difference in the 

percentage of CD56brightCD16dim NK cells in NK cells between the three BMI groups (Figure 20B). 

However, the percentage of CD56dimCD16bright NK cells in NK cells of the obese group was 

significantly increased compared to the normal weight control group (Figure 20C). Without being 

significant, a slight increase was determined in the percentage of CD56dimCD16bright NK cells of the 

overweight group in comparison with the normal weight control group (Figure 20C). 
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Figure 20: Frequencies of NK cells and NK cell subsets in peripheral blood mononuclear cells (PBMCs) 
isolated from normal weight, overweight and obese healthy blood donors. Percentage of CD56+ NK cells 
in CD3- cells (A). Percentage of CD56brightCD16dim NK cells (B) and CD56dimCD16bright NK cells (C) in NK 
cells. Graphs are box and whisker plots with median ± minimum to maximum value; with additional dot 
plot representing individual donors. Overweight and obese groups were compared to normal weight 
control group. Statistical significance is indicated as: *P < 0.05; exact P-values within 0.05 < P < 0.1 are 
indicated. 

4.2.3. Expression of killer-cell immunoglobulin-like receptors (KIRs) on NK 
cells 

Figure 21 displays the expression of inhibitory and activating KIRs on total NK cells and on 

the two NK cell subsets. In general, the proportion of KIR-expressing CD56dimCD16bright NK cells 

was 10 to 20 times higher than that of CD56brightCD16dim NK cells; however, it was independent 

from the BMI (Figure 21; comparison of medians). In the case of the activating KIR CD158i, a 

significantly reduced proportion of total NK cells and of both subsets expressing this molecule 

were detected in the obese group compared to the normal weight control group (Figure 21A-C). 

Additionally, a slight reduction of CD158a+ and CD158b1/b2+ CD56brightCD16dim NK cells was 

observed in the obese group compared to the normal weight group (Figure 21B). 
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Figure 21: Frequencies of NK cells and NK cell subsets expressing killer-cell immunoglobulin-like 
receptors (KIRs) in peripheral blood mononuclear cells (PBMCs) isolated from normal weight, 
overweight and obese healthy blood donors. Percentage of KIR+ total NK cells (A), CD56brightCD16dim 
NK cells (B) and CD56dimCD16bright NK cells (C). KIRs named on X-axes are inhibitory (CD158a, 
CD158b1/b2, CD158e/k) and activating (CD158i) receptors on NK cells. Graphs are box and whisker 
plots with median ± minimum to maximum value; with additional dot plot representing individual donors. 
Overweight and obese groups were compared to normal weight control. Statistical significance is 
indicated as: *P < 0.05; **P < 0.01; exact P-values within 0.05 < P < 0.1 are indicated. 

4.2.4. Expression of natural cytotoxicity receptors (NCRs) on NK cells 

The expression of the activating receptor NKp46 was highest among the three NCRs 

on CD56brightCD16dim, CD56dimCD16bright and total NK cells, whereas the proportion of activating 

receptor NKp44+ CD56brightCD16dim, CD56dimCD16bright and total NK cells was lowest, 

independent from the BMI group (Figure 22). No significant differences were detected between 

BMI groups and the level of NCR+ CD56brightCD16dim, CD56dimCD16bright and total NK cells. 

However, the number of NKp46-expressing CD56brightCD16dim NK cells in the obese group was 

slightly decreased compared to the normal weight control group (Figure 22A). 
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Figure 22: Frequencies of NK cells and NK cell subsets expressing natural cytotoxicity receptors (NCRs) 
in peripheral blood mononuclear cells (PBMCs) isolated from normal weight, overweight and obese 
healthy blood donors. Percentage of NCR+ total NK cells (A), CD56brightCD16dim NK cells (B) and 
CD56dimCD16bright NK cells (C). NCRs named on X-axes are activating receptors on NK cells. Graphs 
are box and whisker plots with median ± minimum to maximum value; with additional dot plot 
representing individual donors. Overweight and obese groups were compared to normal weight control. 
Precise P-value within 0.05 < P < 0.1 is indicated. 

4.2.5. Expression C-type lectin-like NKG2 receptors on NK cells 

Among all BMI groups, the proportion of total NK cells and CD56dimCD16bright NK cells 

expressing the activating NKG2D receptor was highest, while the proportion of the same 

populations expressing the inhibitory NKG2A receptor was almost 50% lower (Figure 23B). In 

contrast, the proportions of NKG2D+ and NKG2A+ CD56brightCD16dim NK cells was almost the 

same with mainly over 80% positive cells among all BMI groups (Figure 23A). Within total NK 

cells and NK cell subsets and among all BMI groups, the proportions of NKG2C+ cells were lowest 

compared to NKG2A+ and NKG2D+ cells. 

The proportion of NKG2A+ CD56brightCD16dim NK cells was significantly higher in overweight 

individuals compared to normal weight individuals (Figure 23 A). Furthermore, the level 

of CD56dimCD16bright and total NK cells expressing the activating NKG2C receptor was slightly 

decreased in the overweight group compared to the normal weight group (Figure 23B, C). 
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Figure 23: Frequencies of NK cells and NK cell subsets expressing C-type lectin receptors (CTLRs) in 
peripheral blood mononuclear cells (PBMCs) isolated from normal weight, overweight and obese 
healthy blood donors. Percentage of CLR+ total NK cells (A), CD56brightCD16dim NK cells (B) and 
CD56dimCD16bright NK cells (C). CTLRs named on X-axes are inhibitory (NKG2A) and activating 
(NKG2C, NKG2D) receptors on NK cells. Graphs are box and whisker plots with median ± minimum to 
maximum value; with additional dot plot representing individual donors. Overweight and obese groups 
were compared to normal weight control group. Statistical significance is indicated as: *P < 0.05; P 
values within 0.05 < P < 0.1 are indicated with precise P-value. 

4.2.6. Expression of other inhibitory and activating receptors and adhesion 
molecules on NK cells 

The expression analysis of the inhibitory receptor CD161 revealed similar fractions of 

CD56brightCD16dim, CD56dimCD16bright and total NK cells bearing this receptor. Furthermore, non-

significant differences were found between BMI groups within the investigated NK cell 

populations (Figure 24A-C, left). However, a slight increase was detected in CD161+ 

CD56dimCD16bright NK cells of the overweight group compared to the normal weight control 

group (Figure 24B, left). Additionally, analysis of the median fluorescent intensity (MFI) of the 

level of CD161 expression on the NK cell populations was determined due to the similar level 

of CD161+ NK cell fractions; however, with no significant differences between the BMI 

groups (Figure 24A-C, right). 
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Figure 24: Frequencies of NK cells and NK cell subsets expressing inhibitory receptor CD161 in 
peripheral blood mononuclear cells (PBMCs) isolated from normal weight, overweight and obese 
healthy blood donors. Percentage (left) and median of fluorescent intensity (MFI; right) of CD161+ total 
NK cells (A), CD56brightCD16dim NK cells (B) and CD56dimCD16bright NK cells (C). Graphs are box and 
whisker plots with median ± minimum to maximum value; with additional dot plot representing individual 
donors. Overweight and obese groups were compared to normal weight control group. Precise P values 
within 0.05 < P < 0.1 are indicated. 

The majority of NK cells in total and of both subsets expressed the inhibitory receptor 

Siglec-7 (Figure 25A-C, left). A slight increase in the proportion of Siglec-7+ CD56dimCD16bright NK 

cells of the overweight group was detected compared to the normal weight control group, without 

significant difference (Figure 25C, left). The same result applied for the total NK cell population 

of the overweight group (Figure 25A, left). Due to the high level of Siglec-7-expressing NK cells, 

the MFI of positive cells was analyzed. No BMI-related effect was found on the Siglec-7 expression 

level on the NK cell subsets. However, the MFI value of Siglec-7 molecules expressed 

on CD56brightCD16dim NK cells was half as high as the MFI value on CD56dimCD16bright NK cells 

and total NK cells (Figure 25B vs. A and C, right, respectively). 
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Figure 25: Frequencies of NK cells and NK cell subsets expressing inhibitory receptor Siglec-7 in 
peripheral blood mononuclear cells (PBMCs) isolated from normal weight, overweight and obese 
healthy blood donors. Percentage (left) and median of fluorescent intensity (MFI; right) of Siglec-7+ total 
NK cells (A), CD56brightCD16dim NK cells (B) and CD56dimCD16bright NK cells (C). Graphs are box and 
whisker plots with median ± minimum to maximum value; with additional dot plot representing individual 
donors. Overweight and obese groups were compared to normal weight control group. P values 
within 0.05 < P < 0.1 are indicated with precise P-value. 

The adhesion molecules, CD2 and CD62L, were both higher expressed by 

the CD56brightCD16dim NK cell subset (> 90% and > 50%, respectively) compared to 

the CD56dimCD16bright NK cell subset and total NK cells (Figure 26A-C, left, and D-F, respectively). 

Between the BMI groups, no significant differences have been revealed within the investigated 

CD2+ NK cell populations. However, a significantly reduced MFI of CD2+ CD56dimCD16bright NK 

cells was detected (Figure 26C, right). Interestingly, the proportion of CD56dimCD16bright NK cells 

expressing CD62L was significantly reduced in the obese and overweight groups compared to the 

normal weight control group (P < 0.05; Figure 26F). This significant difference was more 

pronounced in the proportion of CD62L+ total NK cells between obese and normal weight 

individuals (P < 0.01), whereas the reduction of CD62L-bearing NK cells of overweight individuals 

compared to normal weight individuals was not significant in the total NK cell 

population (Figure 26D). 
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Due to the highly expressed DNAM-1 (CD226) adhesion molecule on all investigated NK cell 

populations in all BMI groups (nearly 100% each, data not shown), the MFI was determined. The 

number of fluorescent-conjugated monoclonal antibody per cell for the adhesion molecule 

DNAM-1 was nearly equal on the surface of all three investigated NK cell populations of all 

BMI-groups. No significant differences were observed between the BMI-groups (Figure 26G-I). 

 

Figure 26: Frequencies and median fluorescent intensities (MFIs) of NK cells and NK cell subsets 
expressing the adhesion molecules CD2, CD62L and DNAM-1 (CD226) in peripheral blood 
mononuclear cells (PBMCs) isolated from normal weight, overweight and obese healthy blood donors. 
Percentage (left) and MFI (right) of CD2+ total NK cells (A), CD56brightCD16dim NK cells (B) and 
CD56dimCD16bright NK cells (C). Percentages of CD62L+ total NK cells (D), CD56brightCD16dim NK cells 
(E) and CD56dimCD16bright NK cells (F). MFI of DNAM-1+ total NK cells (G), CD56brightCD16dim NK cells 
(H) and CD56dimCD16bright NK cells (I). Graphs are box and whisker plots with median ± minimum to 
maximum value; with additional dot plot representing individual donors. Overweight and obese groups 
were compared to normal weight control group. Statistical significance is indicated as: *P < 0.05; 
**P < 0.01. 
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4.2.7. Expression of functional markers on NK cells 

The basal fraction levels and MFIs of the three NK cell populations expressing the activation-

associated receptors CD25 and CD69 have been determined (Figure 27). 

In general, CD56brightCD16dim NK cells expressed CD25 at a slightly higher level 

than CD56dimCD16bright and total NK cells among all BMI groups. In the obese study group 

elevated frequencies of CD56brightCD16dim NK cells were CD25+ compared to the normal weight 

control group, although the difference was not significant (Figure 27B, left). In contrast, the 

determined MFI showed a significantly higher proportion of CD25+ within the CD56brightCD16dim 

subset in the overweight group, but not in the obese group, compared to the control 

group (Figure 27B, right). The proportion of CD25+ CD56dimCD16bright and total NK cells showed 

equal levels in comparison to each other and among the BMI groups for each NK cell 

population (Figure 27A, C). 

CD69 displayed the same expression level on all investigated NK cell populations and among 

all BMI groups (Figure 27D-F). No significant differences have been observed analyzing the 

proportion or MFI of CD69 expression in total NK cells as well as the two NK cell 

subsets (Figure 27D-F). 
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Figure 27: Frequencies and median fluorescent intensities (MFIs) of NK cells and NK cell subsets 
expressing the activation-associated receptors CD25 and CD69 in peripheral blood mononuclear cells 
(PBMCs) isolated from normal weight, overweight and obese healthy blood donors. Percentage (left) 
and MFI (right) of CD25+ total NK cells (A), CD56brightCD16dim NK cells (B) and CD56dimCD16bright NK 
cells (C). Percentages and MFI of CD69+ total NK cells (D), CD56brightCD16dim NK cells (E) and 
CD56dimCD16bright NK cells (F). Graphs are box and whisker plots with median ± minimum to maximum 
value; with additional dot plot representing individual donors. Overweight and obese groups were 
compared to normal weight control group. Statistical significance is indicated as: *P < 0.05; P value 
within 0.05 < P < 0.1 is indicated with precise P-value. 

CD27 and CD57 represent markers to characterize the maturation and differentiation status of 

NK cells. 

Regardless of the BMI group, the comparison between the CD56brigthCD16dim and 

CD56dimCD16bright NK cell subsets revealed major differences in their proportion of CD27+ cells. 

The frequency of CD56brightCD16dim NK cells expressing CD27 was around ten times higher than 

the frequency of CD27+ CD56dimCD16bright NK cells (Figure 28B vs. C, left). Due to the same CD27 
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expression level on all NK cells as on CD56dimCD16bright, the previously described result also applied 

to the comparison between CD56brightCD16dim and all NK cells (Figure 28B vs. A, left). No 

significant differences were detected between BMI groups in the proportion of CD27+ 

CD56brightCD16dim NK cells. However, analyses of the MFI of this subset revealed an increased 

amount of CD27 molecules per NK cell in the overweight and obese group compared to the 

normal weight control group (P < 0.05 and P = 0.0687, respectively; Figure 28B, right). 

Slightly reduced proportions of CD27+ CD56dimCD16bright and total NK cells were observed in 

the overweight group compared to the control group, without differences in the 

MFIs (Figure 28B). Furthermore, a significantly diminished frequency of total NK cells bearing 

the CD27 surface marker was observed in the obese group compared to the normal weight group, 

without differences in the MFIs (Figure 28C).  

Similarly to CD27, the comparison between the CD56brigthCD16dim and CD56dimCD16bright NK 

cell subsets showed also major differences in their proportion of CD57+ cells. But, in contrast 

to CD27, the frequency of CD56brightCD16dim NK cells expressing CD27 was around eight times 

lower than the frequency of CD27+ CD56dimCD16bright NK cells and also than the frequency 

of CD27+ total NK cells (Figure 28B vs. C and A, left, respectively). For the proportions and MFIs 

of the investigated CD57+ NK cell populations no differences were detected between the BMI 

groups (Figure 28D-F). Additionally to the general CD57 expression on the NK cell populations, 

the proportions of CD57high CD56brightCD16dim, CD56dimCD16bright and total NK cells were 

determined. The comparison between CD56brightCD16dim and CD56dimCD16bright NK cell subsets 

showed a huge difference: the percentage of CD57high CD56brightCD16dim NK cells was > 0.6% 

while the percentage of CD57high CD56dimCD16bright was 100 times higher (about 60% positive cells; 

data not shown). However, the comparisons between BMI groups within each NK cell population 

in frequencies and MFIs revealed no differences (data not shown). 
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Figure 28: Frequencies and median fluorescent intensities (MFIs) of NK cells and NK cell subsets 
expressing the maturation and differentiation markers CD27 and CD57 in peripheral blood mononuclear 
cells (PBMCs) isolated from normal weight, overweight and obese healthy blood donors. 
Percentage (left) and MFI (right) of CD27+ total NK cells (A), CD56brightCD16dim NK cells (B) and 
CD56dimCD16bright NK cells (C). Percentages and MFI of CD57+ total NK cells (D) CD56brightCD16dim NK 
cells (E) and CD56dimCD16bright NK cells (F). Graphs are box and whisker plots with median ± minimum 
to maximum value; with additional dot plot representing individual donors. Overweight and obese groups 
were compared to normal weight control. Statistical significance is indicated as: *P < 0.05; P values 
within 0.05 < P < 0.1 are indicated with precise P-value. 

Additionally to all other already mentioned NK cell markers, the four co-signaling markers 2B4, 

NKp80, TIGIT and PD-1 (either co-stimulatory or co-inhibitory) were analyzed (Figure 29 and 

Figure 30). 

Due to the highly expressed 2B4 activating co-receptor on all investigated NK cell populations 

in all BMI groups (nearly 100% each, data not shown), the MFI was determined (Figure 29A-C). 

Highly significantly elevated fractions of 2B4+ total NK cells and CD56dimCD16bright NK cells in 

the obese compared to the normal weight control group were detected (Figure 29A, C). The MFI 
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of the 2B4+ CD56brightCD16dim NK cell subset showed no differences between the BMI 

groups (Figure 29B). 

For NKp80, the total NK cell population as well as both NK cell subsets displayed > 80% 

positive cells bearing this activating co-receptor regardless of the BMI group (Figure 29D-F), 

however, with a significantly increased fraction of NKp80+ total NK cells in the overweight group 

compared to the normal weight group (Figure 29D). The MFI levels of NKp80 exhibited no 

differences between BMI groups and within the NK cell populations (data not shown). 

 

Figure 29: Median fluorescent intensities (MFIs) or frequencies of NK cells and NK cell subsets 
expressing the co-activating markers 2B4 and NKp80 in peripheral blood mononuclear cells (PBMCs) 
isolated from normal weight, overweight and obese healthy blood donors. MFI of 2B4+ total NK cells (A) 
CD56brightCD16dim NK cells (B) and CD56dimCD16bright NK cells (C). Percentage of NKp80+ total NK 
cells (D), CD56brightCD16dim NK cells (E) and CD56dimCD16bright NK cells (F). Graphs are box and whisker 
plots with median ± minimum to maximum value; with additional dot plot representing individual donors. 
Overweight and obese groups were compared to normal weight control group. Statistical significance is 
indicated as: **P < 0.01; *P < 0.05. 

Regardless of the BMI group, about two-third of total NK cells and CD56dimCD16bright NK cells 

expressed the inhibitory co-signaling receptor TIGIT and a bit more than half 

of the CD56brightCD16dim NK cell subset was TIGIT+. The frequencies of the investigated 

NK cell populations presented no differences for the expression of TIGIT between 

the three BMI groups (Figure 30G-I, left). In addition, no significant differences have 

been observed in the determined MFIs of TIGIT+ CD56dimCD16bright and total NK 
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cells (Figure 30C, A, right, respectively). However, a slightly increased MFI of the TIGIT+ 

CD56brigthCD16dim subset of the overweight group compared to the normal weight group was 

determined (Figure 30B, right). 

The fractions of the inhibitory co-receptor PD-1+ NK cells within all investigated NK cell 

populations revealed no differences in the percentage and MFIs of positive cells for each 

population (~ 30%) as well as no differences between the three BMI groups (Figure 30D-F). 

 

Figure 30: Frequencies and/or median fluorescent intensities (MFIs) of NK cells and NK cell subsets 
expressing the co-inhibitory markers TIGIT and PD-1 in peripheral blood mononuclear cells (PBMCs) 
isolated from normal weight, overweight and obese healthy blood donors. Percentage (left) and 
MFI (right) of TIGIT+ total NK cells (A), CD56brightCD16dim NK cells (B) and CD56dimCD16bright 
NK cells (C). Percentage (left) and MFI (right) of PD-1+ total NK cells (D), CD56brightCD16dim NK cells (E) 
and CD56dimCD16bright NK cells (F). Graphs are box and whisker plots with median ± minimum to 
maximum value; with additional dot plot representing individual donors. Overweight and obese groups 
were compared to normal weight control group. P value within 0.05 < P < 0.1 is indicated with 
precise P-value. 

0

10

20

30

40

50

60

70

80

90

100

TIGIT

0

100

200

300

400

500

PD-1

0

500

1000

1500

2000

TIGIT

P = 0.0867

0

10

20

30

40

50

60

70

80

90

100

PD-1

0

100

200

300

400

500

PD-1

0

500

1000

1500

2000

TIGIT

0

100

200

300

400

500

PD-1



 66 Results 

4.2.8. Co-expression analysis of different NK surface markers 

Figure 31 displays the frequencies of total NK cells and CD56dimCD16bright NK cells co-

expressing different variations of interesting NK cell receptors. To note, the co-expression analysis 

was limited to the surface markers stained together in one flow cytometric multi-color panel and 

additionally displayed four populations in the analysis (double negative, single positives and double 

positive). Here, analysis was considered reasonable only of total NK cells and CD56dimCD16bright 

NK cell subset, because the number of events of co-expressing CD56brightCD16dim NK cell subset 

was too low for statistical evaluation. 

The proportions of double-positive CD158a+CD158b1/b2+ and double-positive 

NKG2A+NKG2C+ total and CD56dimCD16bright NK cells were not different between the BMI 

groups (Figure 31A, E). However, obese individuals showed a slight but statistically not significant 

decrease in the proportion of double-positive CD62L+CD158e/k+ total NK cells compared to the 

normal weight individuals (Figure 31B, left). Furthermore, the proportions of total NK cells and 

CD56dimCD16bright NK cells co-expressing the maturation marker CD57 and the inhibitory receptor 

NKG2A were increased in the overweight group compared to the normal weight group, without 

being statistically significant (Figure 31C). A significant increase in the frequency of total NK cells 

co-expressing CD57 and the activating receptor NKG2C was determined in the obese group 

compared to the normal weight control group (Figure 31D, left). This increase was also observed 

in the frequency of CD56dimCD16bright NK cell subset comparing the same BMI groups, but without 

statistical significance (Figure 31D, right). 
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Figure 31: Frequencies of total NK cells (left) and CD56dimCD16bright NK cells (right) co-expressing 
inhibitory KIR receptors (A), adhesion molecule CD62L and inhibitory KIR receptor CD158e/k (B), 
maturation marker CD57 and inhibitory receptor NKG2A (C), CD57 and activating receptor NKG2C (D) 
and NKG2A and NKG2C (E). Graphs are box and whisker plots with median ± minimum to maximum 
value; with additional dot plot representing individual donors. Overweight and obese groups were 
compared to normal weight control group. Statistical significance is indicated as: *P < 0.05. P values 
within 0.05 < P < 0.1 are indicated with precise P-values. 

4.2.9. Expression of intracellular NK cell markers 

In addition to the analyzed NK cell surface markers, intracellular NK cell markers were 

determined. In order to investigate the potential of NK cell populations to produce IFN-γ, PBMCs 

of donors were stimulated either with IL-12 plus IL-18 overnight or with PMA plus ionomycin 

for 4 h. Here, due to the stimulations, the usual analysis of the two NK cells subsets according to 

their CD56 and CD16 expression was not possible and was limited to the sole expression of CD56 

molecules on the NK cells. This is related to the fact that NK cells reduce their expression of CD16 
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upon stimulation with the used stimulants [170, 171]. Since the fraction of CD56bright NK cells was 

low and there were hardly any differences between CD56dim and total NK cells, only the expression 

data of the CD56bright and total NK cell populations were evaluated. 

Both stimulations successfully promoted the IFN-γ production in NK cells, detectable by the 

increased fractions of IFN-γ+ total NK cells and CD56bright NK cells among all BMI groups 

compared to basal levels (unstimulated PBMCs; Figure 32A, B). CD56bright NK cells, stimulated 

with IL-12 plus IL-18, showed a higher potential to produce INF-γ in comparison to the total NK 

cell population among all BMI groups (Figure 32B vs. A, > 80% vs. 50 – 60%, respectively). 

Furthermore, a slightly elevated level of IFN-γ+ CD56bright NK cells of the overweight group 

compared to the normal weight group was determined (Figure 32B). In contrast, the MFI 

of IFN-γ+ CD56bright NK cell subset revealed no differences between the BMI groups (Figure 32C). 

The stimulation with PMA plus ionomycin led to a slight decrease of the total NK cell fraction 

expressing IFN-γ (Figure 32A). Two-way ANOVA revealed a significant influence of the 

stimulation used on both NK cell populations, with significant differences between the two used 

stimulations and between unstimulated control and both stimulations (data not shown). 

 

Figure 32: Stimulation of IFN-γ production in NK cell populations. PBMCs of blood donors with different 
body mass indexes were either stimulated with 10 ng/ml interleukin-12 (IL-12) in combination 
with 50 ng/ml interleukin-18 (IL-18) overnight or with 50 ng/ml phorbol-12-myristate-13-acetate (PMA) 
in combination with 1 µg/ml ionomycin for 4 h. Percentage of IFN-γ+ total NK cells (A) and CD56bright 
NK cells (B). Median fluorescent intensity (MFI) of IFN-γ+ CD56bright NK cells (C). Graphs are box and 
whisker plots with median ± minimum to maximum value; with additional dot plot representing individual 
donors. Overweight and obese groups were compared to normal weight control group within each 
stimulation setting. P values within 0.05 < P < 0.1 are indicated with precise P-value. Ctrl: unstimulated 
control. 

Furthermore, the expression of the intracellular NK cell markers TRAIL, granzyme A, 

granzyme B and perforin were assessed on unstimulated as well as IL-12 plus IL-18 stimulated 

total NK and CD56bright NK cells (Figure 33A-H). 
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The MFI of TRAIL expressing CD56bright NK cells was three times higher than of total NK cells 

among all BMI groups (Figure 33B vs. A). Furthermore, the MFI of TRAIL+ unstimulated total 

NK cells of the obese group was significantly higher compared to the normal weight control 

group (Figure 33A). 

The MFIs of granzyme A and granzyme B were nearly equal between total NK cells and 

CD56bright NK cells. In addition, no differences were detected comparing the MFIs of granzyme A 

and granzyme B of the three BMI groups (Figure 33C-F). However, granzyme B+ stimulated 

CD56bright NK cells showed a slightly reduced MFI in the obese group compared to the control 

group (Figure 33F). 

The MFI value of perforin+ CD56bright NK cells was two to four times lower compared to total 

NK cells, without differences among the BMI groups (Figure 33G-H). 

 

Figure 33: Median fluorescence intensity (MFI) of intracellular tumor necrosis factor–related apoptosis-
inducing ligand (TRAIL), granzyme A, granzyme B and perforin in NK cells and CD56bright NK cell subset. 
PBMCs of blood donors with different body mass indexes were either stimulated with 10 ng/ml 
interleukin-12 (IL-12) in combination with 50 ng/ml interleukin-18 (IL-18) overnight or remained untreated 
(perforin samples). MFI of TRAIL+ total NK cells (A) and CD56bright NK cells (B). MFI of granzyme A+ 
total NK cells (C) and CD56bright NK cells (D). MFI of granzyme B+ total NK cells (E) and CD56bright NK 
cells (F). MFI of perforin+ total NK cells (G) and CD56bright NK cells (H). Graphs are box and whisker 
plots with median ± minimum to maximum value; with additional dot plot representing individual donors. 
Overweight and obese groups were compared to normal weight control group. Statistical significance is 
indicated as: *P < 0.05; P value within 0.05 < P < 0.1 is indicated with precise P-value. Ctrl: unstimulated 
control. 

The intracellular maturation and differentiation markers EOMES, T-bet and Blimp-1 revealed 

no differences, neither in total and CD56bright NK cells nor among the BMI groups (Figure 34). 

0

1000

2000

3000

4000

5000

6000

*

TRAIL

Ctrl IL-12+IL-18

0

1000

2000

3000

4000

5000

6000

TRAIL

Ctrl IL-12+IL-18

0

500

1000

1500

2000

Granzyme A

Ctrl IL-12+IL-18

0

500

1000

1500

2000

Granzyme A

Ctrl IL-12+IL-18

M
F

I 
(m

e
d

ia
n
) 

o
f 
N

K
 c

e
lls

0

10000

20000

30000

Granzyme B

Ctrl IL-12+IL-18

0

10000

20000

30000
P = 0.0668

Granzyme B

Ctrl IL-12+IL-18

A

E

B

F

C

G

D

H

ObeseOverweightNormal weight



 70 Results 

 

Figure 34: Median fluorescence intensity (MFI) of intracellular markers eomesodermin (EOMES), T-bet 
and Blimp-1 in total NK cells and CD56bright NK cell subset. Unstimulated PBMCs of blood donors with 
different body mass indexes were stained with the respective fluorescent-conjugated antibodies. MFI of 
EOMES+, T-bet+, Blimp-1+ total NK cells (A) and CD56bright NK cells (B). Graphs are box and whisker 
plots with median ± minimum to maximum value; with additional dot plot representing individual donors. 
Overweight and obese groups were compared to normal weight control group. 

4.2.10. CD107a degranulation 

Figure 35 illustrates the results of the CD107a degranulation assay, performed on unstimulated 

and differently stimulated PBMCs, followed by CD107a surface staining on NK cells. Surface 

expression of CD107a was low on unstimulated NK cells (~2%; Figure 35, Ctrl). Following 

stimulation with PMA plus ionomycin, CD107a surface expression on NK cells increased 20-fold. 

Stimulation with IL-12 plus IL-18 led to only a small increase in frequency of CD107a+ NK cells. 

Upon stimulation with K562 target cells, frequencies of CD107a+ total NK cells of all BMI groups 

were two times higher compared to IL-12 plus IL-18 stimulation. Furthermore, the proportion 

of CD107a+ total NK cells as well as the MFI was slightly reduced in the overweight group 

compared to the normal weight group after K562 stimulation (Figure 35, right). The combination 

of NK cell priming with IL-12 plus IL-18 overnight and MHC devoid K562 target cell challenge 

led to an increase in fractions of total NK cells bearing CD107a on their surface; even higher than 

the stimulation with PMA plus ionomycin alone. However, no differences between BMI groups 

were determined (Figure 35). 
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Figure 35: CD107a degranulation assay upon stimulation of PBMCs derived from blood donors with 
different body mass indexes either with 50 ng/ml phorbol-12-myristate-13-acetate (PMA) in combination 
with 1 µg/ml ionomycin for 4 h or with 10 ng/ml interleukin-12 (IL-12) in combination with 50 ng/ml 
interleukin-18 (IL-18) overnight or stimulation with K562 target cells at 15:1 effector to target ratio for 4 h 
or with the combination of IL-12 plus IL-18 overnight followed by K562 challenge for 4 h prior to 
intracellular staining. Percentage and mean fluorescent intensity (MFI) of CD107a+ total NK cells are 
given. Graphs are box and whisker plots with median ± minimum to maximum value; with additional dot 
plot representing individual donors. Overweight and obese groups were compared to normal weight 
control group within each stimulation setting. P values within 0.05 < P < 0.1 are indicated with precise 
P-value. Ctrl: unstimulated control. 

4.2.11. Determination of the optimal cell seeding number of the human cancer 
target cells DLD-1 and MCF-7 

As mentioned in the introduction, overweight and obesity are associated with a higher risk for 

men to develop colon cancer and for woman to develop post-menopausal breast cancer. In this 

context, the commonly used human cancer cell lines DLD-1 (colon) and MCF-7 (breast) were used 

as target cells in this study. The optimal cell seeding numbers of both cell lines were determined by 

proliferations assays using the impedance-based real-time cell analysis system iCELLigence. In 

accordance with the pre-defined time point for addition of NK effector cells 24 h post-seeding, 

the optimal CI value at 24 h was searched for. Figure 36 shows the proliferation curves of 

DLD-1 (Figure 36A) and MCF-7 (Figure 36B) cells seeded with different cell numbers. Both cell 

lines showed a cell line specific curve progression independent of the corresponding cell seeding 

number. The DLD-1 cell line had a higher CImax value than the MCF-7 cell line (CImax values: ~ 11 

and ~6, respectively). The required two third of the maximum CI at the time point 24 h post-

seeding was nearly hit by the DLD-1 cells initially seeded with 40,000 cells/well and exactly hit by 

the MCF-7 cells initially seeded with the same cell number. It was decided to use a cell number 
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of 50,000 cells/well of DLD-1 cells and 40,000 cells/well of MCF-7 cells for later experiments 

with NK-92 effector cells to achieve the two third of maximum CI at 24 h post-seeding.  

 

Figure 36: Cell proliferation assay of human colon cancer target cell line DLD-1 (A) and human breast 
cancer target cell line MCF-7 (B) by impedance-based real-time cell analysis system iCELLigence. 
Determination of optimal target cell seeding numbers for further cytolytic experiments. Starting with a 
stock cell suspension of 80,000 cells/200 µl medium, a serial dilution down to 1,250 cells/200 µl was 
prepared. Impedance was measured for 90 h. Impedance changes over time are given as cell index (CI) 
values. Mean ± SEM; N (DLD-1, MCF-7) = 3. 

4.2.12. Determination of the appropriate effector to target (E:T) ratio 

Initially, NK-92 cells were used as effector cells to establish the impedance-based cytotoxicity 

assay system iCELLigence for later analysis with primary human NK cells from blood donors with 

different body mass indexes. Based on the results of the proliferation assays with DLD-1 and 

MCF-7, target cells were seeded at the defined densities and NK-92 cells were added 24 h later at 

different E:T ratios (Figure 37). Due to the highly cytotoxic potential of NK-92, a relatively low 

and small range of E:T ratios with 1:1 to 16:1 were chosen after initial experiments with E:T ratios 

of 50:1, 25:1 and 12:1 (data not shown). Both, DLD-1 and MCF-7, were killed effectively by NK-92 

at all E:T ratios over time. It is notable that MCF-7 lysis induced by NK-92 was time-delayed in 

comparison to DLD-1 lysis. More than 50% of DLD-1 cells were lysed at all E:T ratios after 5 h 

post-NK-92 addition, whereas the same cytolytic effect was observed not until 10 h for 

MCF-7 (Figure 37B, D). In DLD-1 cell lysis, almost no difference was seen between 16:1, 8:1 

and 4:1 E:T ratios. At the same E:T ratios in MCF-7 cell lysis, an increase in the cell index was seen 

initially starting 8 h after NK-92 cell addition with a continued decrease 15 h later (Figure 37C, D). 

Unfortunately, the reason for this effect remains unknown. Morphological analysis showed no 

alterations of MCF-7 co-cultured with NK-92 cells at different E:T ratios. In summary, the best 
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results for both target cell lines were obtained at 16:1 E:T ratio which gave an orientation for 

further experiments with primary human NK cells.  

 

Figure 37: Real-time monitoring of NK-92-mediated target cell lysis against colon cancer cell line 
DLD 1 (A, B) and against breast cancer cell line MCF-7 (C, D) by the iCELLigence system. Human 
target cells were seeded with a density of 50,000 DLD-1/well and 40,000 MCF-7/well. (A, C) Human 
NK-92 were added at different E:T ratios (16:1 – 1:1) at normalization time point (indicated by full line). 
Impedance was measured every 15 min for 70 h. Changes in impedance normalized to the normalization 
time are given as dimensionless normalized cell index. Target cells alone served as controls. Based on 
the cell index data, percentage of cytolytic activity of NK-92 cells against DLD-1 (B) and MCF-7 (D) cells 
at different E:T ratios was calculated and displayed over time of 29 h after NK cell addition. Mean ± SEM; 
n = 2 for each condition; N = 3 for both experiments. 

Before the cytotoxicity assays with the primary human NK cells started, a new, more precise 

evaluation of an optimal target cell seeding number was performed to ensure an improved 

experimental setting (data not shown). In those tests, after 24 h post-seeding, the two third of 

maximum CI was achieved by both cell lines DLD-1 and MCF-7 with the initial cell seeding 

numbers of 40,000 cells/well. Therefore, this cell number was used for both cell lines in the 

subsequent cytotoxicity assays with primary human (phu) NK cells isolated from blood donors 

with different BMIs. 

4.2.13. Cytolytic activity of primary human NK cells against the human colon 
cancer cell line DLD-1 

To investigate a possible BMI-dependent impact on human NK cell functionality, cytotoxicity 

assays were performed. The cytolytic activity of phuNK effector cells, freshly isolated from PBMCs 

of blood donors with different BMIs, against the DLD-1 colon carcinoma target cell line was 
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analyzed at an E:T ratio of 15:1. The determination of the optimal E: T ratio of 15: 1 was based on 

the results of NK-92 cells and additional pre-tests with phuNK cells against DLD-1 and MCF-7 

target cells (data not shown). Figure 38A displays the total trend of the time-dependent cytolysis 

of DLD-1 target cells by phuNK cells of the normal weight, overweight and obese groups 

over 45 h after NK cell addition. Figure 38B illustrates the cytolytic activity of phuNK cells of the 

three BMI groups at different time points after NK cell addition. After 4 h no significant difference 

in the cytolytic NK cell activity was detected. However, 8, 12, 16, 24 and 40 h after NK cell 

addition, the cytolysis of DLD-1 cells in the obese group was significantly reduced compared to 

the normal weight control group (P < 0.05; Figure 38B). At 40 h after NK cell addition, the 

difference of cytolytic activity was 24% between the obese and normal weight group. In contrast 

to the obese group, the overweight group showed no significant differences in their cytolytic NK 

activity at 4, 8, 12, 16 h after NK cell addition compared to the control group. However, 12 

and 16 h after NK cell addition a slight reduction of cytolytic activity was detected (Figure 38B) in 

the overweight group compared to the normal weight group. At 24 h and 40 h after NK cell 

addition, this difference between the overweight group and the normal weight group was 

statistically significant with a difference of 21% between those groups after 40 h (Figure 38B). 
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Figure 38: Cytolytic activity of primary human natural killer cells, isolated from blood donors with different 
BMIs, against human colon carcinoma cell line DLD-1. Target cells were seeded with a density of 40,000 
cells/well. After 24 h freshly isolated human NK cells were added at 15:1 E:T ratio. Impedance was 
measured at well-bottoms every 15 min for 45 h. Changes in impedance were given as dimensionless 
cell index. Targets cells alone served as control. Based on CI values of target cells and target cells 
treated with NK cells, the percentage of cytolytic activity was calculated. (A) Total trend of time 
dependent cytolytic activity after NK cell addition. Mean ± SEM (B) Specific cytolytic activity of primary 
human NK cells against DLD-1 target cells at different time points after NK cell addition. Graphs are box 
and whisker plots with median ± minimum to maximum value; with additional dot plot representing 
individual donors. Overweight and obese groups were compared to normal weight control group. 
Statistical significance is indicated as: *P < 0.05; P values within 0.05 < P < 0.1 are indicated with precise 
P-value. 

4.2.14. Cytolytic activity of primary human NK cells against the human breast 
cancer cell line MCF-7 

Similar to the cytotoxicity assay of the phuNK cells of blood donors with different BMIs against 

the DLD-1 targets cell line, cytotoxicity assays with the same phuNK cells against the breast cancer 

target cell line MCF-7 were performed. Figure 39A displays the total trend of the time-dependent 

cytolysis of MCF-7 target cells by phuNK cells of the normal weight, overweight and obese groups 

over 45 h after NK cell addition. Figure 39B illustrates different time points after NK cell addition. 
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In contrast to the cytotoxicity assays with DLD-1 as target cells, no significant differences of 

cytolytic NK cell activity against the MCF-7 cells were determined between the three BMI 

groups (Figure 39B). However, at 16, 24 and 40 h post-NK-addition, a slight reduction in cytolytic 

activity of phuNK cells derived from overweight donors was determined compared to NK cells 

derived from normal weight donors (Figure 39B). At time point 40 h after NK cell addition, the 

difference in cytolytic activity of phuNK cells was 13.4% between the obese and normal 

weight groups. 

In the period from 0 h to about 8-9 h in three BMI groups, a negative cytolytic activity was 

calculated. These negative values arised due to the behavior of the MCF-7 cells after addition of 

the phuNK cells and the resulting impedance changes, which were represented as CI. An increase 

in the CI over the MCF-7 growth control (untreated cells) occurred for about 8 h after addition 

of phuNK cells. After 8 h, the CI decreased and fell below the CI of the MCF-7 growth control. 

After decreasing below the MCF-7 growth control, positive values of % cytolytic activity were 

calculated. 

As already observed with NK-92 as effector cells, the lysis of MCF-7 cells by the phuNK cells 

was time-delayed compared to the DLD-1 cytotoxicity assays. Furthermore, the cytolytic activity 

of phuNK cells was more pronounced against the colon cancer DLD-1 cells than against the breast 

cancer MCF-7 cells at all times. 
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Figure 39: Cytolytic activity of primary human natural killer cells, isolated from blood donors with different 
BMIs, against human mamma carcinoma cell line MCF-7. Target cells were seeded with a density 
of 40,000 cells/well. After 24 h freshly isolated human NK cells were added at 15:1 E:T ratio. Impedance 
was measured at well-bottoms every 15 min for 45 h. Changes in impedance were given as 
dimensionless cell index. Targets cells alone served as control. Based on CI values of target cells and 
target cells treated with NK cells, the percentage of cytolytic activity was calculated. (A) Total trend of 
time dependent cytolytic activity after NK cell addition. Mean ± SEM (B) Specific cytolytic activity of 
primary human NK cells against MCF-7 target cells at different time points after NK cell addition. Graphs 
are box and whisker plots with median ± minimum to maximum value; with additional dot plot 
representing individual donors. Overweight and obese group were compared to normal weight control 
group. P values within 0.05 < P < 0.1 are indicated with precise P-value. 
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5 Discussion 

The prevalence of obesity and overweight among adults and children is rapidly rising worldwide 

and displays a major health problem due to the adverse health effects and costs, affecting both 

industrialized and developing countries [1]. Excess body weight is associated with numerous 

chronic non-communicable diseases, including diabetes mellitus type 2, cardiovascular diseases, 

fatty liver disease and neurodegenerative disorders [8–11]. Moreover, excess body fat increases the 

susceptibility to infections and the risk to develop certain types of malignancies, including 

esophageal adenocarcinoma, kidney and liver cancer as well as postmenopausal breast cancer and 

colorectal cancer [14, 15]. Obese individuals are 40% more likely to die from cancer than non-

obese individuals [172]. All these findings led to the assumption that obesity contributes to an 

immunodeficient state. It is now generally accepted that obesity causes immune 

dysregulation [124, 173]. Nevertheless, the link between obesity and cancer susceptibility is still 

elusive. Several previous animal and human studies have demonstrated an impairment of NK cell 

functionality in obese subjects, which has been associated with an increased incidence of 

cancer [37, 39, 40, 124–126, 132, 137, 138]. However, the available data on the meaning of 

functional NK cell receptors in dependence on body weight is insufficient. There are some studies 

analyzing the impact of obesity on NK cells in animals demonstrating an altered NK cell phenotype 

and functionality in obese rats and mice. In contrast, there are only a few studies analyzing NK cell 

characteristics in human obese individuals. Especially, studies with a focus on NK cell subsets in 

overweight and obese individuals are rare. Therefore, the present study aims to fill these gaps. 

5.1. Diet-induced obesity in C57BL/6 mice 

Experimental mouse models provide a good opportunity to conquer genetic heterogeneity and 

various environmental factors that affect obesity and its associated disorders. In this study, a murine 

model was used to perform a systematic cross-sectional study of body weight gain on a high-fat 

diet (HFD) compared to the corresponding control normal-fat diet (NFD). Furthermore, the 

influence of two feeding regimes – ad libitum vs. restrictive – on the experimental outcome on this 

model was investigated. For this purpose, the widely used C57BL/6 mouse strain was applied in 

this study. Especially the used substrain C57BL/6NCrl is suggested to be highly susceptible 

to DIO [174]. Nevertheless, there are controversial studies about a partial obesity-resistance of 

C57BL/6 mice [174–176]. Therefore, a higher number of mice in both HFD fed groups were 

chosen to receive a sufficient number of obese animals in the respective groups. In addition to 

being a proper model for DIO, this strain is also commonly used as a mouse cancer model to 

address questions of cancer research. Obesity is associated with an elevated risk for men to develop 

colorectal cancer and for postmenopausal women to develop breast cancer. The C57BL/6 strain 
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is a sensitive model for the induction of colorectal cancer [177], and predicted to be used in a future 

project with a colorectal cancer model with DIO male C57BL/6 mice. Therefore, male C57BL/6 

mice were used in the present study. 

5.1.1. Dietary phenotypes 

As expected, HFD ad libitum fed C57BL/6 mice showed increased weight gain, terminal body 

weight and visceral fat mass compared to all other groups. Furthermore, despite the supposed 

occurrence of obesity-resistant mice, all HFD fed mice became obese. In contrast and as expected, 

NFD restrictive fed C57BL/6 mice displayed the lowest weight gain, terminal body and visceral 

fat mass as well as the lightest weights of most organs among all groups. Regardless of the feeding 

regime, body weight of NFD fed C57BL/6 mice increased only moderately over time with signs 

of stagnation in the last weeks of the experiment, whereas HFD fed C57BL/6 mice continuously 

gained body weight in a linear, steep mode until the end of the experiment. Furthermore, three 

weeks were required to detect significant differences in body weights between ad libitum fed HFD 

and NFD mouse groups. The same was true for the restrictively fed HFD and NFD mouse groups. 

However, already one week on HFD either ad libitum or restrictive was sufficient to increase body 

weight to a greater extent than the corresponding NFD. This is in line with other studies [178]. 

Interestingly, only the restrictive group of HFD fed mice showed a significantly reduced 

terminal body weight and visceral fat mass compared to the HFD ad libitum group, while NFD 

restrictive and NFD ad libitum groups did not differ significantly in these parameters to each other. 

Considering the nutritional parameters, the fat intake is the only parameter in which HFD and 

NFD groups differ from each other between the two feeding regimes. The fat intake is the same 

for both feeding regime groups of NFD fed mice, while all other parameters differ significantly. In 

contrast, for HFD fed mice, all parameters differ significantly between ad libitum and restrictive 

feeding regime groups. This leads to the assumption that the different dietary fat intake led to the 

significant differences between the two feeding regimes in the HFD fed mice, which was not the 

case in the NFD fed mice between the two regimes. This suggestion is supported by a recent study 

by Hu et al., which reported that dietary fat intake and not carbohydrate or protein intakes causes 

obesity in mice [179].  

As expected, HFD ad libitum and restrictive fed C57BL/6 mice consumed significantly less food 

than the NFD groups, but showed significantly higher energy intakes due to the 60% kcal fat 

content in the HFD. However, only the HFD ad libitum feeding led to severely increased liver organ 

weights compared to all other groups, whereas HFD restrictive feeding protected mice to develop 

a fatty liver as no significant difference was detected compared to the NFD groups. Development 

of increased liver weights under HFD feeding are well known, thus, the present results corresponds 
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to other studies [178, 180, 181] As already mentioned, the non-alcoholic fatty liver disease is a 

common comorbidity associated with obesity [11]. Intriguingly, a study by Hatori and colleagues 

reported that a time restricted HFD feeding of mice for 8 h during their active phase without an 

reduction in caloric intake protected mice to develop an obese phenotype with hepatic 

steatosis [180].  

Beside heavier liver weights under HFD ad libitum feeding, the spleens were also significantly 

heavier in this feeding group compared to all other groups. Furthermore, kidney weights were 

significantly elevated in both feeding regime groups of HFD fed mice compared to both NFD fed 

groups. Both latter organs are also related to an obese phenotype in mice and humans [182–185]. 

Especially, nephromegaly in obesity is related to chronic kidney disease [186]. 

5.1.2. DIO-impact on cytokine plasma levels 

IL-6, a marker of systemic inflammation, is well known to be elevated in the plasma of obese 

subjects [187, 188]. It is secreted mainly by adipocytes and AT-macrophages, but also by skeletal 

muscles [189]. IL-6 is seen as a major contributor of the obesity associated chronic state of low-

grade inflammation [187]. In accordance with the literature, HFD ad libitum feeding led to 

significantly increased IL-6 plasma levels in C57BL/6 mice in the present study. Remarkably, this 

increase was prevented by restrictive feeding. 

In this study, no significant differences were found in plasma levels of IL-2, IFN-γ and TNF-α 

when comparing the diets and feeding regimes. Although TNF-α plasma levels were not altered 

(not decreased) in the present study, the unchanged levels of IL-2 and IFN-γ as well as the 

significant increase in IL-6 levels are in agreement with findings in HFD fed C57BL/6N mice 

compared to control mice by Fenton et al. [190]. 

5.1.3. DIO-impact on immune cell populations 

Analysis of blood leukocytes and lymphocytes populations revealed significantly enhanced cell 

concentrations of each population in both HFD fed groups compared to their corresponding NFD 

fed group. Furthermore, all HFD fed mice displayed elevated or significantly increased cell counts 

in all examined cell types. Similar and even higher increases in leukocyte and lymphocyte cell counts 

in the bone marrow and consequently in the peripheral blood of HFD fed mice compared to 

control mice were described by Trottier et al. [191]. The determined increases in HFD fed mice in 

the present study are probably mainly caused by the significantly increased cell concentrations 

of B lymphocytes. Appropriately, the percentages of B cells in both groups of HFD fed mice were 

significantly elevated compared to their corresponding NFD fed group. In several studies, 

B cells – central players in humoral immunity – have been described as regulators in the 

inflammatory process of AT in obesity [192, 193]. However, Kosaraju et al. reported significantly 
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decreased cell concentrations and percentages of B cells in the bone marrow of HFD fed mice [36], 

which can probably be transferred to peripheral sites. Another animal study described no changes 

in percentages of B cells in DIO rats [137]. Therefore, more research work is needed to clarify 

these discrepancies. 

Circulating monocyte cell numbers were also significantly increased in both HFD groups 

compared to their NFD counterparts. That was also mirrored in their frequencies in HFD ad libitum 

fed mice compared to NFD ad libitum fed mice. These results are consistent with previous 

reports [191, 194, 195]. It has been demonstrated in mice and humans that large numbers of 

circulating monocytes highly infiltrate AT in obesity [196, 197], where they differentiate into 

macrophages [198]. Thereby, the obesity-related AT-microenvironment leads to a polarization of 

the differentiation to pro-inflammatory M1 macrophages instead of anti-inflammatory M2 

macrophages, causing and enhancing AT inflammation [199, 200]. A high level of M1 macrophages 

is associated with the promotion of insulin resistance in obese individuals [197]. 

Furthermore, leukocyte numbers in HFD mice maybe increased due to elevated numbers of 

granulocytes in those mice. Granulocytes are comprised of different cell types including neutrophils 

as the most abundant with more than 90% [201]. Several studies describe increased cell counts of 

neutrophils in HFD fed mice, indicating that the elevated numbers of granulocytes may be caused 

by an increased number of neutrophils in the present study [191, 201]. Interestingly, regardless of 

the feeding regime, HFD fed mice showed slightly reduced frequencies of granulocytes; probably 

attributable to a decreased percentage of circulating neutrophils. Neutrophils are considered to be 

the first type of cells rapidly recruited to sites of inflammation and they are capable to recruit 

monocytes and facilitate their infiltration into tissues [202]. A previous study reported a primary 

increased recruitment of neutrophils in AT of HFD fed mice, which preceded the infiltration by 

monocytes/macrophages [203]. 

Regardless of the feeding regime, HFD feeding caused a slightly elevated cell number and 

frequency of T cells. The subdivision in helper CD4+ T cells and cytotoxic CD8+ T cells revealed 

significantly increased and slightly increased cell numbers in HFD fed mice, respectively. 

Intriguingly, the frequencies of both T cell subsets showed significantly reduced proportions in 

HFD ad libitum fed mice compared to NFD ad libitum fed mice. In addition, the restrictive feeding 

on HFD mice led to a significant decreased proportion of both T cell subsets compared to the 

corresponding NFD restrictive group, but not compared to the NFD ad libitum group. To the 

author’s knowledge, these data are the first of its kind. This is supported by a review by Ip et al. 

describing that T cells and T cell subsets, among others, have not yet been elucidated in the systemic 

circulation of obese mice compared to lean mice [204]. One study reported significantly decreased 

frequencies of CD4+ T cells and significantly increased frequencies of CD8+ T cells in DIO 



 82 Discussion 

rats [137], which is partly consistent with the present results. However, a lot of studies reported 

enhanced recruitment and infiltration of CD4+ and CD8+ T cells into AT in DIO mice and obese 

humans [205–207]. Additionally, and similar to macrophages, CD4+ T cells can be further divided 

into pro-inflammatory T helper 1 cells (Th1) and anti-inflammatory T helper 2 cells (Th2), whereas 

both exhibit different cytokines secretion profiles [208]. In obesity, the balance of Th1/Th2 is 

shifted to Th1 cells accompanied with elevated secretion of pro-inflammatory IFN-γ [35]. It has 

been demonstrated that CD8+ T cells promote macrophage M1 polarization in AT of DIO 

mice [209]. 

In sum, the obtained results about blood cell concentrations indicate an enhanced 

hematopoiesis in HFD fed mice as declared and confirmed by Trottier et al. [191]. Furthermore, 

the altered percentages of immune cell populations in HFD fed mice are in good agreement with 

previous studies. However, in some aspects, it is shown that a restricted intake of HFD already 

protected mice from significantly adverse effects of a high-fat consumption under ad libitum regime. 

5.1.4. DIO-impact on murine NK cell population and NK cell subsets 

As in previous studies, the results of the present study confirmed that the frequency of 

circulating NK cells is significantly decreased in HFD ad libitum fed mice compared to the 

corresponding NFD group [124, 210]. Furthermore, HFD mice fed restrictively displayed also a 

significantly diminished frequency of NK cells compared to the corresponding group. Interestingly, 

the number of peripheral blood NK cells showed a slight, but not significant, increase in HFD fed 

mice compared to NFD fed mice, regardless of the feeding regime. No significant differences in 

blood NK cell numbers between HFD and NFD fed C57BL/6 mice were described 

previously [211, 212]. Further classification and analysis of the four murine NK cell subsets – based 

on their expression of the differentiation and maturation markers CD11b and CD27 – showed a 

slight increase in the proportion of the most mature NK cell subset (CD11b+CD27-) in HFD fed 

mice compared to NFD fed mice, regardless of the feeding regime. This is further supported by a 

decreased proportion of the stage before, the early mature NK cell subset (CD11b+CD27+), 

in HFD fed mice in comparison to NFD fed mice, again, regardless of the feeding regime. In 

comparison to the double-positive NK cell subset, the CD11b+CD27- NK cell subset is considered 

to be less proliferative and exhibit reduced effector function [213, 214]. In contrast, the double-

positive NK cell subset is reported to show higher levels of cytokine production and cytotoxicity. 

Furthermore, the two stages before, CD11b-CD27- and CD11b-CD27+ NK cell subsets, were 

unchanged between the diet groups. These findings suggest that HFD feeding may play a role in 

regulating peripheral NK cell differentiation and maturation. Furthermore, some studies described 

increased proportions of CD11b+CD27+ NK cell subset and contemporarily diminished 
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proportion of the terminally differentiated, or most mature, NK cell subset in restrictively fed mice 

compared to ad libitum fed mice [215, 216]. This is reflected in the present results, even if only 

partial, probably due to lower percental restriction of feeding regime referred to other studies. 

5.1.5. DIO-impact on receptor profiles of murine NK cells 

The effector function of murine NK cells is orchestrated by various activating and inhibitory 

receptors as well as by adhesion molecules. After 18 weeks of HFD feeding, C57BL/6 mice 

displayed significantly enhanced proportions of circulating KLRG1+ NK cells compared to NFD 

fed mice and regardless of the feeding regime. Thereby, HFD ad libitum fed mice showed the highest 

proportion of KLRG1+ NK cells and NFD restrictive fed mice the lowest, whereby this difference 

was significant. The expression of the inhibitory KLRG1 receptor is associated with a most 

terminal differentiated status of murine NK cells and is therefore predominantly expressed on 

the CD11b+CD27- NK cell subset [113, 213]. Thus, the higher proportion of KLRG1+ NK cells 

seem to be in accordance with the observation of the slightly increased frequency of the most 

mature CD11b+CD27- NK cell subset in HFD fed mice as discussed previously. KLRG1 

expression on NK cells is further associated with decreased cytotoxicity and IFN-γ secretion, NK 

cell senescence and increased apoptosis [113, 217, 218] Additionally, NK cells of HFD fed mice 

demonstrated significantly reduced expression of the CD127 (IL-7Rα), a marker for immature NK 

cells [219]. Interestingly, CD127+ murine NK cells are considered to have homology to the 

human CD56brightCD16-/dim NK cell subset, because of their immunoregulatory properties – due to 

high cytokine production and low cytotoxicity [51]. A study by Theurich et al. 2017 reported 

unchanged expression levels (MFI) of KLRG1 on blood NK cells of obese C57BL/6 mice 

compared to control mice [212]. This study also described no alteration in expression levels 

of Ly49C/I/H, NKG2D and NKp46 as well as the proportion of CD69+ NK cells in obese mice 

compared to control mice, which is in accordance to the present study.  

Based on the alteration of receptor expression in the present study, HFD feeding of mice 

appears to lead to NK cell proportions that are based less immunoregulatory, less cytotoxic and 

terminally differentiated, indicating an adverse impact on the NK cell functionality.  

There are only very few studies investigating the impact of DIO on murine NK cell receptor 

expression. An animal study reported significantly reduced relative splenic mRNA (messenger 

ribonucleic acid) expression of NKG2D and NKp46 and also a reduced relative mRNA expression 

of NKp30 in the liver of DIO rats compared to controls [137]. Another study by Spielmann et al. 

described also significantly lower relative splenic mRNA concentrations of NKp46 in DIO 

rats [138]. 
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5.1.6. DIO-impact on cytolytic activity of murine NK cells 

As reported by several studies, obesity is linked to a higher incidence and mortality rate for 

colorectal cancer, especially in men [18]. In the present study, immunophenotyping of primary 

murine NK cells by flow cytometric analysis revealed altered expression of several receptors and 

markers on NK cells from obese mice compared to control mice. These findings lead to the 

assumption that the NK cytolytic functionality may therefore be impaired in obese mice. Hence, 

impacts of these alterations on the NK cell activity to lyse cancer cells have been investigated. For 

the first time, the cytolytic activities of these primary murine NK cells from HFD and NFD fed 

male mice under restrictive and ad libitum feeding regimes were analyzed against the murine 

colorectal cancer cell line CT26.WT by the real-time cell analysis system xCELLigence. Despite the 

fact that the number of mice per group was too low for representative statistics, however, NK cells 

isolated from HFD fed mice revealed remarkably reduced NK cell mediated target cell lysis of 

colorectal tumor cells compared to NFD fed mice. The highest cytolytic activity was present in 

NFD ad libitum fed mice and the lowest cytolytic activity in HFD ad libitum fed mice at all time 

points. These results are in general agreement with previous findings in obese mice and obese 

rats [38, 133, 137]. However, the current findings expand and support the prior works. 

5.1.7. Summary I 

The C57BL/6NCrl strain is an appropriate model for studies on immunometabolic effects of 

diet-induced obesity. Male mice react sensitive to HF and NF diets and the ad libitum and restrictive 

feeding regimes; with different and appropriate dietary phenotypes, including increased body 

weight gain, visceral fat masses and fatty liver in HFD mice. HFD fed feeding reveals significant 

impacts on numbers and frequencies of immune cell populations in peripheral blood of mice with 

elevated cell counts of the immune cell populations (including leukocytes, lymphocytes, monocytes, 

granulocytes, B cells, T cells and NK cells). Especially frequencies of monocytes and B cells are 

elevated, whereas frequencies of CD4+ and CD8+ T cells and NK cells are reduced in HFD fed 

mice. Furthermore, NK cells of HFD fed mice display a more mature state due to reduced 

frequency of CD11b+CD27+ NK cells subset and slightly more CD11b+CD27- NK cell subset. 

Moreover, the frequency of NK cells expressing the maturation marker and inhibitory 

receptor KLRG1 is increased in HFD fed mice. In addition, the frequency of NK cells expressing 

the immature marker CD127 is reduced. This expression pattern could indicate a terminal 

differentiated status of NK cells, which is associated with less effector functionality of the NK 

cells. This assumption is partly confirmed by the reduced cytolytic activity of NK cells from HFD 

fed mice against the colorectal cancer cells CT26.WT. 
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5.2. Human study: Impact of the human body weight on NK cell receptor 
profiles and NK cell functionality 

5.2.1. Study population 

All study subjects were blood donors at the Department of Transfusion Medicine at the 

University Hospital Halle (Saale). Due to anamnesis prior to the blood donation, it can be excluded 

that subjects suffered from any acute infection, immunosuppression or known malignant tumors. 

The information about body weight, body height, age and HCMV serostatus were given by the 

University Hospital and used to calculate the individual BMI of each subject. Therefore, each 

subject was classified in either normal weight, overweight or obese. The BMI is the most commonly 

used diagnostic measure to characterize overweight and obesity in humans and the easiest to use. 

However, it has its limitations due to the lack of considering age, gender and body 

composition [220]. There are other methods to estimate excess body fat, i.e. bioelectrical 

impedance analysis (BIA) or the determination of waist and hip circumferences to calculate the 

waist-to-hip ratio [221, 222]. The advantage of these methods is the better estimation of body fat 

distribution, but the purchase of a BIA device is expensive and the accurate determination of waist 

and hip circumferences is time consuming and error-prone [223]. In addition, the WHO 

recommends the BMI as the most useful measure of overweight and obesity [1]. 

In this study, the three BMI groups differed only significantly in body weight and BMI, but not 

in body height, age and HCMV serostatus. It is known that age and CMV seropositivity may have 

impacts on immune cell populations, e.g. T cells, B cells and NK cells [224–226]. The 

seroprevalence of CMV infection increases steadily with age. The global seroprevalence in adult 

population is estimated of about 89%; 66% in WHO European regions [227]; 57% in 

Germany [228]. A one-to-one matching of all parameters of donors would have been optimal. 

However, due to the limited time period of buffy coat acquisition, a sufficient number of voluntary 

blood donors could not be obtained. Interestingly to note, it was even difficult to obtain enough 

buffy coats from normal weight donors, because of the predominance of overweight and obese 

donors. For data protection reasons, additional parameters, e.g. smoking, nutrition and fitness 

status, which also may influence the immune system and metabolism of donors, could not be 

considered in this study. The total number of 46 individuals in this study is considered to be 

sufficient to address the considered objectives and for giving initial and important insights. 

Nevertheless, for even more specific investigations and statements, larger studies with higher 

numbers of subjects and under consideration of the confounders will be necessary in the future to 

confirm the results obtained here. However, this is a common limitation of human studies. 

In this study, only buffy coats from male blood donors were used for analysis. An important 

reason is the exclusion of the possible influences of hormonal fluctuations in women during the 
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menstrual cycle on immune cells and especially the NK cells. It is known that estrogen has negative 

effects on NK cell activity [229, 230]. Various studies have shown that the incidence for breast 

cancer is elevated in postmenopausal obese women [19, 147, 231]. It is suspected that adipose 

tissue-derived endogenous estrogen, produced by the enzyme aromatase, plays an important role 

as the BMI is positively correlated with high levels of estrogen [232]. Furthermore, AT is the 

primary source of estrogen after menopause [233]. Therefore, elevated estrogen levels are 

presumable involved in the higher risk of breast cancer development in postmenopausal 

women [234]. Although the risk of breast cancer is significantly higher in women, there is also a 

risk for men to develop breast cancer [235]; which is also increased with high BMI [20]. By contrast, 

men have a higher risk of colorectal cancer than women [236], and in terms of the analysis of the 

cytolytic activity of the primary NK cells against the colorectal DLD-1 cells, this was another reason 

to involve male donors. An additional reason for the involvement of male donors was the 

simultaneous measurement of cytolytic activity of NK cells from identical donors against tumor 

cells of two different tumor entities (colorectal and mammary cancers) with regard to providing 

information about differences in cytolytic activity and its time course. 

5.2.2. Altered distribution of immune cell populations in obese subjects 

Buffy coats are leukocyte-enriched by-products of a whole blood donation in the transfusion 

medicine, which are obtained by centrifugation. Thus, it was possible to isolate PBMCs and to 

determine percentages of blood leukocyte populations from the total amount of PBMCs. An 

analysis of total cell counts in relation to total blood volume, as done in the murine study, was not 

possible due to the previous processing of blood donations. 

Results of the present study demonstrate a significant increase of NKT cells in obese subjects 

compared to subjects with normal weight. NKT (CD3+CD56+) cells are an innate-like lymphocyte 

population and exhibit phenotypic and functional characteristics of both NK cells (CD56+) and T 

lymphocytes (CD3+) [237]. The literature reports controversial results about the role of NKT cells 

in obesity as former studies showed no changes of NKT cells in obese women [238] or a decline 

in the proportion of NKT cells in obese individuals [239, 240]. In accordance with the results of 

this study, an animal study showed an increase in the proportion of NKT cells in obese rats. 

Additionally, the DIO rats displayed a higher colorectal tumor burden. These findings indicate an 

impaired NKT cell-mediated response to tumor cells in obese individuals [137]. 

Although no significant differences were obtained in the frequencies of T lymphocytes and the 

two T cell subsets between the BMI groups, a slight increase of helper T cells (CD4+) and a slight 

decrease of cytotoxic T cells (CD8+) were determined in overweight subjects compared to normal 

weight subjects, but not in obese subjects. Interestingly, previous studies report inconsistent results 
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on T lymphocyte subsets in obesity [209, 241, 242]. CD4+ T cells were reported to positively 

correlate with BMI in humans [242], but only in circulating CD4+ counts. In contrast, percentage 

of CD4+ T cells displayed similar results between obese and normal weight individuals, which is 

consistent with the present results [243, 244]. Some studies described decreased percentages 

of CD8+ T cells in obesity [242, 244], whereas others described no difference [238].  

In this study, the total NK cell population and the CD56brightCD16dim NK cell subset showed no 

significant differences in their frequencies between the BMI groups. These results confirm the 

results of earlier studies in obese humans and animals [37, 39, 137, 145]. Interestingly, obese 

subjects displayed a significantly increased frequency of their cytolytic CD56dimCD16bright NK cell 

subset. In addition, a slight increase was also observed in overweight subjects compared to normal 

weight subjects. To the knowledge of the author, these results are the first of its kind. This may be 

explained by the fact that very few of these studies have specifically distinguished the two main 

populations of NK cells for their analysis. However, a study by Bähr et al. reported increased 

proportions of CD56bright NK cells and reduced proportions of CD56dim NK cells in obese subjects 

compared to normal weight subjects [125]. This contrary result compared to the present study may 

be explained by a different number of subjects and the NK cell differentiation in CD56bright and 

CD56dim NK cell subsets, which is less specific than the here performed classification into 

the CD56brightCD16dim and CD56dimCD16bright NK cell subsets. 

5.2.3. Altered NK cells phenotypes in overweight and obese subjects 

NK cells express a variety of receptors on their surface that enables them to distinguish healthy 

cells from infected, stressed or malignant transformed cells and subsequently eliminate the latter 

ones. To perform their effector functions, NK cells are equipped with multiple inhibitory and 

activating receptors, but also adhesion molecules and functional extra- and intracellular 

markers [62]. The expression profile of these receptors is different on the two main human 

subpopulations CD56dimCD16bright and CD56brightCD16dim-NK cells, and characterizes the effector 

functional properties. For instance, the cytotoxicity of these two NK cell subpopulations is 

determined by the different level of expression of divers receptors [51, 245]. Despite this 

knowledge, only a few publications exist that deal with individual receptors or receptor subclasses, 

adhesion molecules as well as functional markers and their expression on the two mentioned NK 

cell subsets. The available data regarding altered receptor expressions in both NK cell 

subpopulations in dependence of an increased body weight are limited. 

In this study, a comprehensive screening was performed to investigate the impact of the human 

body weight on the expression of the majority of known inhibitory and activating receptors as well 

as adhesion molecules and functional markers on both NK cell subpopulations for the first time. 
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Activating and inhibitory NK cell receptors 

As described in the introduction, KIRs represent one of the important NK cell receptor families 

with mainly inhibitory function in NK cell responses. As expected and in accordance with the 

literature, all four analyzed KIRs in this study were higher expressed on the CD56dimCD16bright NK 

cell subset than on the CD56brightCD16dim NK cell subset, independent of the BMI group [246, 247]. 

Excitingly, obese individuals showed significantly reduced frequencies of the activating 

CD158i (KIR2DS4) receptor-positive cells in total NK cells and both subsets compared to 

individuals with normal weight. This indicates a less activatable state of NK cells and NK cell 

subsets in obese individuals, which may contribute to a higher susceptibility to infections and 

tumors. Additionally, CD158i KIR expression within the BMI groups was highly variable among 

all examined NK cell populations, except for the obese group, that predominantly lack CD158i 

expression. This noticeable separation within the BMI groups may be explained by different KIR 

haplotypes of the donors. Two kinds of KIR haplotype have been defined based upon gene content 

and are termed as A and B. In general, haplotype A is composed of several inhibitory KIR genes 

and one activating gene (KIR2DS4), whereas haplotype B has at least one other activating KIR 

gene in addition to KIR2DS4 [248]. Interestingly, it has been demonstrated that A haplotypes have 

null variants of KIR2DS4 resulting in no surface expression, e.g. on NK cells [248, 249]. One study 

already reported that the donor’s CMV serostatus has no influence on the KIR expression [250]. 

The present results about different CD158i expression patterns among different BMI groups are 

the first of its kind. To evaluate if the obese donors are mainly null-expressors of the A haplotype 

or the downregulation of CD158i+ NK cells is influenced by the body weight, further studies need 

to be done for elucidation. 

The expression analysis of the activating NCRs NKp46, NKp44 and NKp30 on the different 

NK cell populations revealed no significant differences among the BMI groups. However, a slightly 

reduced frequency of NKp46-expressing CD56brightCD16dim NK cells was observed in obese 

subjects compared to normal weight subjects. This corresponds roughly to results by Viel and 

colleagues, who described decreased expression of NKp46 on circulating NK cells from obese 

subjects, which additionally correlated with an increasing BMI [39]. Another study by Bähr et al. 

demonstrated in vitro significantly reduced NKp46 relative mRNA expression on human NK-92 

cells incubated with leptin compared to untreated NK-92 cells [137]. Interestingly, NK-92 cells 

feature phenotypically characteristics of the human CD56brightCD16dim NK cell subset [154], which 

displayed a tendency of NKp46 reduction in the present study. Furthermore, NK-92 cells treated 

with leptin were significantly less effective in killing colorectal cancer cells than untreated NK-92 

cells. Hence, it was concluded, that a decreased expression of the potent activating NKp46 may be 

associated with a reduction in NK cell response against tumor cells, thus increasing the risk to 
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develop cancer [137]. The same study revealed no altered relative mRNA expression of NKp30 

on NK-92 cells. This supports findings of another study that did not find altered expressions 

of NKp30 as well as of NKp44 on circulating NK cells from obese subjects compared to normal 

weight subjects [251]. These findings are consistent with the present results. Additionally, 

NKp44 is known to be expressed only on activated NK cells [74]. The present results display 

unstimulated, basal levels of NKp44, NKp46 and NKp30 receptors. 

As expected, and in line with the literature, the inhibitory receptor NKG2A was higher 

expressed on CD56brightCD16dim NK cells, whereas the activating NKG2D was stronger 

represented on CD56dimCD16bright NK cells [56]. Interestingly, overweight subjects, but not obese 

subjects, showed a significantly higher expression of NKG2A on CD56brightCD16dim NK cells in 

comparison to normal weight subjects. Aside of this, expression of the activating counterpart 

NKG2C was slightly decreased on CD56dimCD16bright and total NK cells in the overweight group 

compared to the normal weight control group. Both receptors, NKG2A and NKG2C, specifically 

recognize HLA-E, which is important in antiviral responses [252]. 

The data of this study indicate that the cytokine producing NK cell subset is more active in 

overweight subjects, whereas the cytotoxic function may be partly decreased due to the less 

activated status of CD56dimCD16bright subset. Little research has been done so far investigating the 

role of both these receptors in the context of overweight and obesity. Thus, the present results 

provide an initial insight. 

In the present study, no significant differences were found regarding NKG2D expression within 

the NK cell populations between the BMI groups. In contrast, other studies demonstrated altered 

NKG2D expression in obese individuals, although with conflicting results. In vitro studies reported 

that human NK-92 cells expressed lower NKG2D relative mRNA levels after incubation with high 

levels of leptin [137]. Furthermore, DIO rats showed significantly decreased relative mRNA 

expression of NKG2D in splenic tissues, that was accompanied with cancer development and 

metastases [137, 138]. In humans, O’Rourke et al. found significantly more NKG2D-expressing 

NK cells in VAT [140]. However, other human studies reported unaltered frequencies of NKG2D 

expression within circulating total NK cell populations of obese subjects compared to lean 

subjects [125, 251]. However, despite the unaltered frequency of NKG2D-expressing total NK 

cells, the frequency of NKG2D+ CD56bright NK cells was significantly increased, whereas the 

frequency of NKG2D+ CD56dim NK cells was decreased [125]. 

The CD161 receptor has been shown to be expressed on the majority of NK cells [97], which 

is in good agreement with the present results. Rosen et al. demonstrated that LLT-1 ligand-

expressing target cells reduced the capability of CD161+ NK cells to kill them. Furthermore, ligand 

binding of CD161 to LLT-1 led to reduced cytokine production of NK cells [253]. In the present 
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study, expression analysis of the inhibitory receptor CD161 revealed no significant differences on 

the examined NK cell populations and among BMI groups. However, the frequency 

of CD56dimCD16bright NK cell subset bearing CD161 was slightly increased in overweight subjects 

compared to normal weight subject. To date, only one other study investigated the expression 

of CD161 on NK cells in dependence on body weight, but without declaring the result [39]. 

The frequencies of inhibitory receptor Siglec-7-positive NK cells was comparable among the 

examined NK cell populations, with no distinct differences between BMI groups. This result 

confirms the results of a previous study on human blood donors with different BMIs [145]. 

Adhesion molecules 

Adhesion molecules, such as CD2, CD62L and CD226 (DNAM-1), participate in interactions 

of NK cells with other immune cells and virus-infected or malignant transformed cells and thus 

play a crucial role in generating an effective NK cell-mediated immune response [254]. 

The literature describes a higher expression of the adhesion molecules CD2 and CD62L on 

the CD56brightCD16dim NK cell subset in comparison to the CD56dimCD16bright subset, which could 

be confirmed in this study [57, 255]. Despite of no differences in the proportion of CD2+ 

CD56dimCD16bright NK cells among the BMI-groups, those NK cells showed significantly less CD2 

molecules per cell in the overweight group compared to the normal weight group. CD2 is described 

to be an important molecule for membrane nanotube forming between NK cell and target cell 

upon CD2-ligand interaction [87]. The nanotube formation is of functional importance to facilitate 

NK cell cytotoxic activity [256]. Therefore, a reduction of CD2 molecules on the NK cells may 

lead to less nanotube forming and as a consequence, the co-stimulatory signal for NK cell activation 

would be less intense, so that inhibitory signals gain the upper hand. This could lead to a reduced 

cytotoxicity and cytokine production in overweight individuals.  

In the present study, the frequencies of total NK cells and CD56dimCD16bright NK cells 

bearing CD62L on their surfaces were significantly reduced in the obese group. Moreover, 

overweight subjects displayed reduced CD62L expression on the CD56dimCD16bright NK cell subset. 

A previous study investigating CD62L reported a downregulation of this molecule on both NK 

cell subsets after in vitro stimulation with immunomodulatory cytokines, which are shown to be 

elevated in obesity [257, 258]. Furthermore, overweight and obesity are accompanied by increased 

levels of C-reactive protein (CRP) possibly as a result of stimulation by AT-derived IL-6 [259, 260]. 

CRP is an acute-phase inflammatory marker produced mainly in the liver but also in AT and CRP 

level rises with increasing BMI [261–263]. A study by Cottam et al. suggests that high CRP levels 

downregulate CD62L expression on leukocytes including NK cells and therefore disable them to 

migrate to sites of infection and inflammation [264]. As mentioned in the introduction, CD62L is 

essential for extravasation of NK cells to sites of inflammation through blood-vessel walls [91]. 
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Thus, a reduced expression of CD62L on NK cells, as in the current study, may explain the 

increased risk for infections and cancer in overweight and obese individuals. At the same time, due 

to the possible restriction to leave the blood stream through the reduced CD62L expression 

on CD56dimCD16bright NK cells subset, this could be a possible reason for the increased frequency 

of the same subset in obese subjects in the present study. 

Functional markers 

To investigate functional parameters of NK cells in dependence of body weight, the expression 

of the activation-associated markers CD25 and CD69 were investigated in this study. Significantly 

more activation-associated CD25 molecules per cell were observed on CD56brightCD16dim NK cells 

in the overweight group compared to the normal weight group. However, the same BMI group 

displayed no difference in their proportion of CD25+ CD56brightCD16dim NK cells. Although not 

significant, the obese group showed a slightly increased proportion of CD25+ CD56brightCD16dim 

NK cell subset. As initially mentioned, CD25 is a crucial compart of the high-affinity IL-2 receptor 

and constitutively expressed by CD56bright NK cells [100, 102].  

Furthermore, the early activation marker CD69 revealed no distinct differences between the 

examined NK cell populations and among the BMI groups. Previous studies provide contradictory 

results comparing CD69 expression between obese and normal weight subjects. Viel et al. described 

increased levels of CD69 on NK cells in association with high BMI [39]. They concluded that 

chronic stimulation in obesity admittedly leads to an activated NK cell status, but those persistently 

activated NK cells are incapable to kill target cells. In contrast, Bähr et al. determined decreased 

CD69 expression on total NK cells and on the CD56dim NK cell subset [125]. Moreover, 

Cottam et al. reported no changes in CD69 expression on NK cells between normal weight and 

obese subjects [264], which is identical to the present results. The different results in the mentioned 

studies may vary due to differences in the number, sex, age and BMI levels of the examined 

subjects. 

In accordance with results from other studies, present data showed lower CD27 expression of 

the CD56dimCD16bright NK cell subset than of the CD56brightCD16dim NK cell subset [265]. Within 

the scope of this study, total NK cells of obese subjects presented significantly decreased 

expression of CD27 compared to normal weight subjects. Furthermore, slightly decreased 

proportions of CD27+ CD56dimCD16bright and total NK cells were determined in the overweight 

subjects compared to subjects with normal weight. It has been observed that decreased CD27 

expression on NK cells and specifically on CD56dimCD16bright NK cells is associated with high 

cytolytic activity and decreased cytokine production. In contrast, higher CD27 expression, 

especially on CD56bright NK cells, was found to be associated with more IFN-γ secretion [266]. 

Thus, it has been suggested that CD27 can serve as an additional marker to discriminate human 
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NK cell subsets, comparably to mouse NK cell subset discriminations [265]. Interestingly, in the 

current study, CD27 expression per cell was significantly upregulated on the CD56brightCD16dim NK 

cell subset in overweight subjects, and slightly upregulated in obese subjects on the same subset, 

compared to normal weight subjects. 

The expression analysis of CD57, defined as the terminal differentiation and maturation marker 

of NK cells, showed no alterations among BMI groups of the examined NK cell populations. In 

accordance with the introduced literature about the maturation and differentiation stages of human 

NK cells, the given results show that CD56dimCD16bright NK cells were clearly more CD57+ than 

CD56brightCD16dim NK cells. Previous studies declared that CD57 expression on NK cells is 

accompanied with a higher cytolytic activity, particularly when stimulated by CD16 crosslinking, 

and reduced responsiveness to cytokines [111]. Additionally, percentage of circulating CD57+ NK 

cells has been shown to rise with CMV infection and aging [267]. To the author’s knowledge, no 

study has so far investigated the impact of human body weight on the expression of CD57 on NK 

cells and NK cell subsets. For the first time it could be shown that CD57 is apparently regulated 

independently from the human body weight. 

Previous studies demonstrated that human 2B4 can effectively co-stimulate activating NK cell 

receptors, such as NKp46, NKp30, NKG2D, CD16 and others, thus, activating non-MHC-

restricted NK cell-mediated cytotoxicity [268, 269]. 2B4 engagement with its ligand CD48, which 

is expressed on all hematopoietic cells, also induces IFN-γ and TNF-α secretion by NK cells [92]. 

Interestingly, a prolonged triggering of 2B4 results in downregulation of 2B4 mRNA expression, 

reduced 2B4 surface expression and a reduced NK cell activation and cytotoxicity [270, 271]. 

Furthermore, 2B4-mediated activating signaling in NK cells can be totally blocked by co-

engagement of inhibitory receptors, e.g. CD158a (KIR2DL1) or CD94/NKG2A, probably 

ensuring self-tolerance of NK cells [272]. In the present study, although, frequencies of 2B4-

expressing NK cells of examined NK cell populations were not altered among the BMI groups, 

significantly upregulated expression in numbers of 2B4 molecules per cell on total NK cell 

population as well as on the CD56dimCD16bright subset was detected in the obese group compared 

to the normal weight group. This indicates an improved ability of each CD56dimCD16bright NK cell 

to be activated by 2B4 engagement. As no other studies are available investigating the impact of 

body weight on the 2B4 co-activating receptor, the present results are the first of its kind. 

Similar to 2B4, NKp80 co-stimulates activation of NK cell-mediated cytotoxicity and promotes 

the release of the proinflammatory cytokines IFN-γ and TNF-α [93, 273]. Results of the present 

study showed a significantly increased proportion of total NK cells expressing NKp80 in 

overweight subject compared to normal weight subjects. Despite this significant difference, NKp80 

is expressed on almost all NK cells in high frequencies, which confirms results of previous 
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studies [93]. Freud et al. reported that NKp80 expression also marks mature NK cells and thus 

contributes to full NK cell functionality [274]. The present results show for the first time to what 

extent the human body weight impacts NKp80 expression. 

The expression of the co-inhibitory receptor TIGIT revealed similar frequencies of TIGIT+ 

NK cells among all examined NK cell populations and among the BMI groups. Wang et al. 

described a wide variation in expression levels of TIGIT on NK cells of healthy subjects [275]. 

This is not confirmed in the present study, but this is probably due to the lower number of 46 

donors in the present study compared to 199 donors in the mentioned study. Interestingly, and 

comparable to the results of 2B4 in the present study, no differences were determined in 

frequencies of TIGIT+ NK cells on examined populations, however, a slight increase in the number 

of TIGIT molecules per NK cell was detected within the CD56brightCD16dim subset in the 

overweight group compared to the normal weight group. High TIGIT expression is associated 

with a reduced ability of NK cells to release cytokines, to degranulate and to kill target cells, as 

demonstrated by Wang et al. [275]. The present work shows for the first time whether and to what 

extent overweight and obesity influence the expression of TIGIT on NK cells and the two 

main NK cell subsets. 

Analysis of the second co-inhibitory receptor PD-1 demonstrated no alterations in the examined 

NK cell populations and among the BMI groups. Functional studies demonstrated that an increase 

in PD-1 expression on NK cells is associated with a decline in NK cell-mediated tumor defense 

and with a poorer prognosis in digestive cancers [276]. Another study reported higher levels 

of PD-1 expression upon stimulation in obese children compared to normal weight counterparts. 

In addition, this was accompanied by a reduced NK cell-mediated killing of target cells [126]. The 

discrepancy to the present study may result from the difference between juvenile and adult subjects. 

Co-expression analysis 

Co-expression analysis revealed significantly increased percentages of double-positive 

CD57+NKG2C+ total NK cells in the obese group compared to the normal weight group. The 

percentage of the CD56dimCD16bright NK cell subset co-expressing CD57 and NKG2C was slightly, 

but not significantly, increased in the obese group compared to the normal weight counterpart. 

Interestingly, individual analysis of both receptors (CD57 and NKG2C) on total NK cells and 

CD56dimCD16bright NK cells showed no differences between these groups. It has been described 

that the simultaneous presence of both these receptors on NK cells is evoked by inflammatory 

processes and HCMV infection [277]. Since there is no significant difference in CMV seropositivity 

between donor groups, it can be hypothesized that the difference is due to a possible obese-

associated low grade inflammation in the obese individuals compared to normal weight individuals. 

Moreover, CD57+NKG2C+ NK cells are considered as terminally maturated [278]. Furthermore, 
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total NK cells as well as CD56dimCD16bright NK cells co-expressing CD57 and inhibitory receptor 

NKG2A showed slightly increased proportions in the overweight group compared to the normal 

weight group. This co-expression indicate an intermediate state in the differentiation process, in 

which NKG2A+CD57-KIR- NK cells represent the early stages, whereas NKG2A-CD57+KIR+ 

represent the most differentiated [112]. Thus, overweight and obese individuals seem to have a 

higher proportion of NK cells, which show advanced differentiation and maturation stages 

compared to the normal weight individuals. 

Expression of intracellular markers 

IFN-γ is one of the most important immunoregulatory cytokine predominantly produced by 

activated NK cells upon infection [279]. According to Cooper et al., CD56bright NK cells are the 

main source of IFN-γ production – in response to stimulation with monocyte-derived 

cytokines (monokines), such as IL-12 and IL-18 [51]. Analogous to the finding of Cooper et al., 

CD56bright NK cells in the present study showed higher proportions of IFN-γ+ cells after IL-12 plus 

IL-18 stimulation compared to the total NK cell population. Moreover, the comparison of the kind 

of stimulation with either IL-12 plus IL-18 or PMA plus ionomycin displayed lower percentages 

of IFN-γ+ CD56bright NK cells following stimulation with PMA plus ionomycin, which is also 

consistent with the results of Cooper et al. [51]. Comparison between obese and overweight subjects 

to normal weight subjects demonstrated no significant changes in the proportions of IFN-γ+ NK 

cells in the examined NK cell populations. However, a slight decrease was determined in the 

frequency of IFN-γ+ CD56bright NK cells in the overweight group compared to the normal weight 

group upon IL-12 plus IL-18 stimulation. In addition, PMA plus ionomycin stimulated total NK 

cells displayed slightly reduced percentages of IFN-γ+ cells in the obese group compared to the 

normal weight group. Previous NK cell studies provide heterogenous data about IFN-γ production 

and expression in obesity [37, 39, 145, 244]. The present results tend to confirm a previous study 

that reported higher amounts of IFN-γ expressing CD56bright NK cells in obese humans compared 

to normal weight counterparts [125]. In contrast, Viel et al. described less IFN-γ production in 

obese individuals, additionally accompanied with lower degranulation capacity [39]. These results 

obtained by Viel et al. could be explained by the high mean BMI of 40 of obese subjects included 

in their study. Interestingly, Wrann et al. showed that long-term exposure to leptin revealed reduced 

IFN-γ production of human NK cells from healthy donors [132]. The obesity-associated systemic 

low-grade inflammation is, among other aspects, attributed to the IFN-γ secretion by NK cells, 

which contributes to activation and polarization of monocytes towards proinflammatory M1 type 

macrophages [280]. 

Previous animal studies have demonstrated that pre-activation, also called priming, of NK cells 

with combinations of IL-12 and IL-18 enhance the expression of cytolytic molecules, such 
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as TRAIL and granzyme B, and that NK cell priming is required to exhibit full NK cell effector 

activity [281, 282]. 

Surface-bound TRAIL induces apoptosis in virus-infected and malignant cells and constitutes a 

direct-killing effector mechanism of NK cells [116]. Interestingly, a significant reduction in 

numbers of intracellular TRAIL molecules in total NK cells was determined in the obese group of 

unstimulated NK cells compared to the normal weight group. Upon stimulation, no differences 

were obtained among groups. Regardless of the BMI group, stimulation with IL-12 plus IL-18 

demonstrated elevated expression of TRAIL molecules in CD56bright NK cells. Besides the kind of 

stimulation, this phenomenon could also have been promoted by the higher proportion of IFN-γ+ 

CD56bright NK cells, because IFN-γ is found to be a potent inducer of TRAIL expression [116]. 

This result is comparable to findings of Huebner et al. showing higher expression of TRAIL 

on CD56bright NK cells compared to CD56dim NK cells [283]. Other studies demonstrated either no 

differences between obese and normal weight subjects or lower percentages of TRAIL+ total NK 

cells in obesity [37, 125]. In contrast to the present study, the latter studies investigated basal surface 

expression of TRAIL and not intracellular expression after cytokine stimulation. 

Concerning the expression quantity of granzyme A and perforin, no significant differences were 

observed between the BMI groups. These findings are in line with other studies reporting no 

alterations in the expression of granzyme A [37, 125, 132] and perforin [39, 132] in human obesity. 

However, a recent study by Michelet et al. describes reduced mRNA and protein levels of perforin 

in obese compared to lean subjects [124]. A possible reason for this discrepancy may be that the 

number of obese donors investigated by Michelet et al. was much higher (n = 45) compared to the 

other studies (n = 4 – 16). Thus, obesity-associated effects regarding the expression of perforin 

may be pronounced with higher sample size. Furthermore, the same study by Michelet et al. 

reported reduced granzyme B+ NK cells in obesity. On the contrary, another study published 

increased levels of granzyme B in obese individuals compared to normal weight individuals [39]. 

In the present study, regardless of the BMI group, both stimulated NK cell populations showed a 

significantly increased quantity of granzyme B molecules compared to unstimulated cells. 

Interestingly, the serine protease granzyme B was slightly decreased in its numbers of protein 

in CD56bright NK cells of obese subjects compared to normal weight subjects upon stimulation. 

The maturation and differentiation of NK cells are regulated by intrinsic signals of transcription 

factors, particularly EOMES, T-bet and Blimp-1 [284]. No significant differences concerning the 

quantity of expression of the above-mentioned transcription factors were observed in the present 

study. To the author’s knowledge, no other study has investigated at these transcription factors in 

regards of different BMIs. 
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CD107a degranulation assay 

CD107a, also called lysosomal-associated membrane protein-1 (LAMP-1), lines the membrane 

of cytolytic granules within NK cells and becomes accessible for detection antibodies upon NK 

cell activation followed by degranulation [285]. Although one study suggests that CD107a protects 

NK cells from degranulation-associated apoptosis [286], the role of CD107a in NK cell biology 

remains widely unknown [287]. Several studies have demonstrated that CD107a detection on NK 

cells correlated with target cell lysis and cytokine production [105, 106]. Thus, CD107a is 

considered as an appropriate candidate and functional marker to evaluate NK cell cytotoxic activity. 

In line with previous ex vivo studies, unstimulated NK cells displayed very low levels of CD107a 

expression, whereas stimulation with IL-12 plus IL-18 as well as PMA plus ionomycin significantly 

increased the percentages of CD107a+ NK cells [37, 105, 251]. As expected, the highest CD107a 

expression was determined after cytokine-priming and K562 target cell co-culture, which mirrors 

results obtained by Aktas et al. [106]. In contrast to expectations about the CD107a degranulation 

assay in the present study, no significant differences between the BMI groups were identified within 

the different stimulation types. Only slight decreases of CD107a+ NK cells and a slight down-

regulation in the number of CD107a molecules on the surface of NK cells were determined 

following co-culture with K562 cells in the overweight group compared to the normal weight 

group. Some studies investigating obesity-related impacts on NK cells obtained reduced basal levels 

of CD107a expression on NK cells of obese subjects, but without significance [37, 251]. Other 

studies did not find any difference in CD107a expression on NK cells of obese individuals 

compared to normal weight counterparts [125]. Investigations by Viel et al. reported an adverse 

correlation of the frequency of CD107a+ NK cells with increasing BMI after NK cell co-culture 

with K562 cells [39]. The inconsistent results could be explained by the different sample sizes of 

subjects and in the case of Viel et al. the inclusion of subjects with severe obesity with a BMI 

of > 40 kg/m2. 

5.2.4. Real-time cytotoxicity assays of primary human NK cells against colon 
and breast cancer cells 

NK cells play an important role in the early detection and elimination of virus-infected and 

malignant transformed cells [49]. After recognition of target cells through a large repertoire of 

receptors, NK cells are able to perform the elimination via two main cytolytic mechanisms in 

parallel – granule-dependent and death ligand-induced cytotoxicity [118]. Several studies in animals 

and humans revealed alterations in NK cell receptor expression profiles due to an increased body 

weight that was associated with elevated tumor risk and tumor burden [37, 39, 124, 137, 138, 145]. 

A previous study on primary human NK cells from normal weight blood donors have shown that 
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the NK cells specific lysis against DLD-1 colon cancer cells is significantly reduced after NK cells 

were incubated with high levels of leptin [137]. 

In the present study, immunophenotyping of primary human NK cells by flow cytometric 

analysis revealed altered expression of several receptors and markers on NK cells from overweight 

and obese subjects compared to normal weight subjects. Subsequently, impacts of these alterations 

on the NK cell activity to lyse cancer cells have been investigated. For the first time, the cytolytic 

activity of these primary human NK cells was analyzed against the commonly used human 

colorectal cancer cell line (DLD-1) and breast cancer cell line (MCF-7) in relation to the body 

weight by the real-time cell analysis system iCELLigence. 

Results of the cytotoxicity assay against the colorectal cancer cell line DLD 1 showed a 

significantly reduced cytolytic activity of phuNK cells isolated from obese donors compared to 

those isolated from normal weight donors. The first significant difference was determined at 8 h 

post NK cell addition and continued until the last time point determined. Interestingly, phuNK 

cells from overweight donors also displayed a slightly reduced cytolytic activity at the first time 

points and became as well significant at 24 h post-NK cell addition compared to the normal weight 

group until the last time point. These data provide convincing evidence of a strong correlation 

between increased body weight and reduced NK cell activity and a resulting higher risk of colorectal 

cancer. 

In contrast to the cytotoxicity assay with DLD-1 cells, phuNK cell confronted with MCF-7 cells 

showed no distinct differences between obese and overweight donors compared to normal weight 

donors. However, noticeable is a slight reduction in the cytolytic activity of phuNK cells from 

obese donors compared to normal weight donors at later time points – similar to the DLD-1 

challenge. A comparison of the cytolytic activity of phuNK cells against DLD-1 and MCF-7 cancer 

cell lines revealed a 50% reduction rate of lysis by phuNK cell of same donors against MCF-7 cells 

compared to DLD-1 cells. The reduced cytolysis was also confirmed in pre-test with the 

human NK-92 cell line, which also displayed lower cytolytic activity against MCF-7 cells compared 

to DLD-1 cells. In addition, phuNK cell cytolytic activity against MCF-7 cells was found to 

start 6 – 10 h later than against DLD-1 cells. These observations may be explained by biological 

characteristics of the MCF-7 cell line. On the one hand, MCF-7 cells express moderate levels 

of MHC-I molecules [149], which may belongs to a immune escape strategy of those cancer cells, 

whereas DLD-1 cells are devoid of MHC-I [151]. Binding of some MCF-7 expressed MHC-I 

molecules by inhibitory NK cell receptors may contribute to a lower activating signaling within 

the NK cell. On the other hand, MCF-7 cells are caspase-3 deficient [288]. Caspase-3 is an essential 

mediator of programmed cell death. It is crucial for apoptotic chromatin condensation and DNA 

fragmentation as well as for other processes associated with cell degradation and formation of 
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apoptotic bodies [289, 290]. Additionally to casapase-3, there are two other caspases, 

caspase-6 and -7, which mediate apoptosis [291]. However, NK cell mediated granule-dependent 

induction of target cell apoptosis is mainly restricted to the activation of caspase-3 by granzyme B 

in the target cell [291]. The second killing mechanism, that induces apoptosis involves binding of 

death ligands FasL and TRAIL expressed on NK cells to the corresponding death receptors 

expressed on the surface of target cells, that activates downstream caspases-3, -6 and -7 [118]. 

However, studies have shown that MCF-7 cells express low levels of Fas receptor [292] and are 

resistant to TRAIL-induced apoptosis [293]. Nevertheless, NK cells can mediate lysis by a caspase-

independent cell death pathway inducible by granzyme A [294]. Taken together, the observed 

reduced NK cell mediated lysis of MCF-7 cells compared to DLD-1 cells may have been due to a 

combination of the mentioned aspects above. This is further supported by studies describing 

that MCF-7 cells required a prolonged co-incubation time with NK cells to be lysed [295]. Other 

studies suggest that MCF-7 cells are less sensitive or even resistant to NK cell mediated lyses, but 

often they determined lysis rates already after 4 h [296, 297], which seems to be too short-timed in 

the case of MCF-7 cells. The advantage of a non-end-point cytotoxicity assay, as applied in the 

present study by the real time cell analysis system iCELLigence, is particularly evident here in order 

to determine the time-dependent NK cell activity against cancer target cells. Nevertheless, the 

present results concerning phuNK cell-mediated lysis of MCF-7 cells are encouraging and should 

be validated in a larger cohort of blood donors. Taken altogether, the presented data provide 

further evidence that the used target cell line has a considerable impact on the outcome of NK cell-

mediated cytotoxicity, as previously reported by Lamas and colleagues [298]. 

An interesting side finding was that the results obtained by the direct functional assessment of 

the cytolytic activity of phuNK cells against cancer cells did not match the results obtained by the 

indirect assessment through the CD107a degranulation assay. According to the results of the 

degranulation assay, no altered cytolytic activities should have been detected between the BMI 

groups. Nevertheless, the cytotoxicity assay revealed adverse effects of an elevated human body 

weight on the NK cell ability to lyse DLD-1 cells. Actually, determining degranulation of NK cells 

through CD107a expression is often used to analyze the functional capacity of NK cells instead of 

using direct cytotoxicity assays, due to its advantage to identify the specific effector cells with 

cytotoxic ability instead of dead or apoptotic target cells [299]. This discrepancy between 

degranulation and lytic effector function could be related to the differentially used target 

cells – K562 for degranulation and DLD-1/MCF-7 for direct cytotoxicity. In future work, it would 

be beneficial to perform both assays with the same target cells. 
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5.2.5. Summary II 

PBMCs isolated ex vivo from healthy obese and overweight blood donors exhibit alterations in 

a variety of the examined immunological parameters – including immune cell populations, 

expression profiles of NK cells, CD56brightCD16dim and CD56dimCD16bright NK cell subsets and 

functional NK cell analysis against tumor cells, compared to normal weight donors. Obese subjects 

display significantly increased percentages of NKT cells and of the cytolytic CD56dimCD16bright NK 

cell subset, whereas no changes are observed in other immune cell populations. Overweight 

subjects display a slight, but not significant, increase in CD4+ helper T cells and a slight decrease 

in CD8+ cytotoxic T cells. Additionally, obese and overweight subjects present an altered 

immunophenotype of circulating NK cells and both NK cell subsets. Furthermore, the majority of 

changes in receptor expression profiles are detected on total NK cells and CD56dimCD16bright NK 

cells in obese subjects, characterized by a significantly reduced expression of the activating 

receptor CD158i (KIR2DS4) and the adhesion molecule CD62L as well as significantly increased 

expression of co-stimulatory receptor molecules 2B4 per cell. Furthermore, the proportion of 

total NK cells expressing the maturation marker CD27 is decreased. The primarily cytokine 

producing NK cell subset CD56brightCD16dim shows only reduced expression of CD158i in obese 

subjects. In contrast, overweight subjects present increased proportions of NKp80+ total NK cells 

and decreased proportions of CD62L+ CD56dimCD16bright NK cells as well as a decline in the level 

of adhesion molecules CD2 per cell on the same subset. However, CD56brightCD16dim NK cells of 

overweight subjects show increased frequencies of the inhibitory NKG2A receptor and higher 

expression levels of the CD27 maturation marker and activation-associated marker CD25. The co-

expression analysis reveals an increase in the frequency of CD57+NKG2C+ total NK cells. 

Stimulated total NK cells isolated from obese donors show a slight, but not significant, decrease 

in IFN-γ production. Apart from an increased proportion of unstimulated total NK cells positive 

for TRAIL expression, no differences are found in the expression of other examined intracellular 

markers, such as granzyme A and B, perforin, EOMES, T-bet and Blimp-1. Degranulation 

of CD107a as a common marker for indirect assessment of NK cell functionality exhibits no 

differences among the BMI groups and examined NK cell groups. Remarkably, the direct 

assessment of the ability of the isolated primary NK cells of obese and overweight subjects reveals 

significantly reduced cytolytic NK cell activity against the colon cancer cell line DLD-1 compared 

to NK cells isolated from normal weight donors. In contrast, the cytolytic NK cell activity against 

the breast cancer cell line MCF-7 is only slightly reduced in the obese groups compared to the 

normal weight group. The present data indicate that the human body weight has a modifying impact 

on the receptor profiles of the two main NK cell subsets and on total NK cells. The reduced NK 

cell activity in obese and overweight subjects to lyse colon cancer target cells implies that the 
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detected modifications in receptor and marker expression profiles on NK cells and NK cell subsets 

in those subjects may have an impairing effect on their NK cell functionality. 

5.3. Comparison between mice and man 

Taken together, diet-induced obesity in C57BL/6 mice and overweight and obesity in male 

human blood donors suggest having a great impact on immune cell populations, especially NK 

cells and NK cell receptor expression profiles as well as on NK cell functionality to kill tumor cells. 

In more detail: In contrast to overweight and obese human subjects, the feeding of a HFD to mice 

shows a more comprehensive influence on the investigated immune cell populations, especially on 

cell numbers in the blood. In humans, only the proportion of NKT cells is significantly increased 

in obese subjects compared to normal weight subjects. Due to the focus on the main immune cell 

populations in mice and the restricted panel design, murine NKT cells (CD3+NK1.1+TCRβ+) could 

not be classified in the present study. Therefore, the murine flow cytometric panel design should 

be extended to also include murine NKT cell analysis in further studies. Moreover, the possibility 

to collect whole blood samples from the human donors would enable to determine the immune 

cell counts as done in the murine model for further comparisons. A possible reason for the 

observed variations in immune cell populations might be species-specific differences between mice 

and humans. Furthermore, individual parameters of the human blood donors, such as smoking 

and exercise habits, nutrition, ethnicity, and blood glucose and cholesterol levels can also have an 

influence on the obtained results. Those factors are widely excluded in the murine study with 

genetically identical mice under laboratory conditions. In addition, in human studies the BMI 

measurement is the most common tool to determine overweight and obesity, whereas body fat 

mass determination is commonly used in mice. There is no definition of murine obesity based 

on BMI [300]. Due to the doubled body weight of HFD ad libitum fed mice compared to the NFD 

counterparts after 18 weeks, it could be assumed that HFD ad libitum fed mice might be better 

comparable to severe obese humans than to the current ‘mild’ obese blood donors (since the 

average obese BMI here is < 35 kg/m2). The present results in obese mice display a stronger effect 

of obesity on the investigated parameters due to the direct induction of DIO, whereas the results 

obtained in the human study display weaker effects of the human body weight. However, in 

humans other factors as mentioned earlier may have also their impact. In future projects, it would 

also be interesting to study severely obese subjects, treated in obesity centers of hospitals. 

Nevertheless, analysis of the frequency of NK cell subsets in mice and humans reveal a similar 

pattern. The NK cells seem to be more mature and differentiated in both obese study subjects due 

to higher frequencies of CD11b+CD27- murine NK cells and of CD56dimCD16bright human 

NK cells. This is further supported by a lower proportion of CD27+ total NK cells in obese mice 
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and humans. Additionally, NK cells of obese mice and obese as well as overweight humans are 

impaired in their effector function to kill colon cancer cells, although the sample size in the murine 

model is low in the cytotoxicity assay. The used DIO model is a convenient model to better 

understand human obesity and to further analyze the obesity-cancer link. As performed in the 

present study, it is beneficial to investigate potential phenotypical and functional differences in NK 

cells without any intervention on the basis of the feeding diet in combination with the feeding 

regime. 

5.4. Conclusion and outlook 

In this study, a comprehensive screening has yielded into additional and some completely new 

findings. In detail, obesity and even overweight in healthy humans leads to changes in the 

expression of a large number of surface receptors and functional markers on primary human total 

NK cells as well as on CD56dimCD16bright and CD56brightCD16dim NK cells subsets. Similarly, DIO 

mice present altered receptor expression levels on their total NK cell population. Those 

phenotypical NK cell alterations were accompanied by a decreased cytolytic NK cell activity against 

colon cancer cells. As NK cells are major effector components to eliminate cancer cells, the present 

results provide further important insights to elucidate mechanisms underlying the known obesity-

associated increased cancer risk. Figure 40 illustrates and summarizes the connections between an 

impaired NK cell functionality and the obesity-cancer link. 

For future projects, the comparable data between mouse and human support that the murine 

DIO model using C57BL/6 mice is appropriate to study obesity under controlled conditions and 

to transfer the obtained results to human obesity. In future studies, this strain could be used to 

investigate in vivo the impact of a disturbed NK cell functionality on the development of colorectal 

cancer in obese mice. The obtained results in humans are encouraging and should be validated in 

a larger cohort, particularly due to the more individual variations in human materials. In order to 

additionally confirm the results of this work with other methods, gene expression analyses for the 

determination of mRNA levels using real-time qRT-PCR (quantitative reverse transcription 

polymerase chain reaction) on primary NK cells from blood donors of different BMI groups and 

on DIO mice could be performed in the future. This method could provide information about 

changes in the transcription of different NK cell-relevant genes. Further functional assays, e.g. 

receptor blockade by monoclonal antibodies (mAb), could be carried out to characterize the 

functional role of the altered NK cell receptors, especially on the NK cell subsets, in obesity with 

regard to NK cell cytotoxicity. Moreover, genetic knockout mouse models could be used to study 

the role of those receptors in obesity. Furthermore, cytolytic NK cell activity could be explored 

against cancer cells of other obesity-related tumor entities. For example, in addition to DLD 1 and 
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MCF 7 cancer target cells, other breast cancer cells like MDA-MB-231 or other colon cancer cells 

like HT 29, or the pancreatic cancer cell line Capan-1 or the cervical cancer cell line HeLa could be 

used. To study NK cell functionality under conditions of other obesity-associated cancer types in 

mice, other mouse strains could be used in future studies – such as female BALB/c mice, 

susceptible to DIO and a common mouse model for breast cancer research. 

 
 

Figure 40: Summarized illustration of the interactions in the obese organism that directly and indirectly 
affect the function of NK cells. It further demonstrates the interplay with developing and existing tumors 
(adapted from [301]). 
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vi 
Abbreviations 

Abbreviations 

7-AAD 7-amino-actinomycin D 
Ad lib. Ad libitum 
ADCC Antibody-dependent cellular cytotoxicity 
ANOVA Analysis of variance 
AO Acridine orange 
APC Allophycocyanin 
AT Adipose tissue 
ATCC American Type Culture Collection 
BAT Brown adipose tissue 
BC Buffy coat 
BIA Bioelectrical impedance analysis 
Blimp-1 B lymphocyte-induced maturation protein-1 
BMI Body mass index 
BV Brilliant Violet 
CD Cluster of differentiation 
CI Cell index 
CMV Cytomegalovirus 
CRC Colorectal cancer 
CRP C-reactive protein 
cRPMI Complete RPMI 
Ctrl Control 
DIO Diet-induced obesity 
DKFZ German Cancer Research Center 
DMSO Dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
DNAM DNAX accessory molecule 
DPBS Dulbecco’s Phosphate Buffered Saline 
e.g. exempli gratia (for example) 
E:T Effector-to-target 
EDTA Ethylenediaminetetraacetic acid 
ELISA Enzyme-linked immunosorbent assay 
EOMES Eomesodermin 
et al. et alii (and others) 
FACS Fluorescence activated cell sorting 
Fas-L Fas ligand 
FBS Fetal bovine serum 
Fc Fragment crystallizable 
FITC Fluorescein isothiocyanate 
FMO Fluorescence minus one 
FSC Forward scatter 
FSC-A Forward scatter-area 
FSC-H Forward scatter-height 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
HCMV Human cytomegalovirus 
HFD High-fat diet 
HIIT High intensity interval training 
hIL Human interleukin 
HLA Human leukocyte antigen 
i.e. id est (that is) 
IFN-γ Interferon-γ 
Ig Immunoglobulin 
IL Interleukin 
ILC Innate lymphoid cell 
ITAM Immunoreceptor tyrosine-based activation motif 
ITIM Immunoreceptor tyrosine-based inhibitory motif 



 vii Abbreviations 

kg Kilogram 
KIR Killer cell immunoglobulin-like receptor 
Klr Killer cell lectin-like 
KLRG1 Killer cell lectin-like receptor G1 
LAMP Lysosomal-associated membrane protein 
LCR Leukocyte receptor complex 
LFA Lymphocyte function-associated antigen 
LLT Lectin-like transcript 
m Meter 
M.Sc. Master of Science 
MACS Magnetic activated cell sorting 
MFI Median fluorescence intensity 
MHC Major histocompatibility complex 
MICA and MICB MHC-I chain related proteins A and B 
mIL Murine interleukin 
min Minute 
MLU Martin-Luther-University Halle-Wittenberg 
mM MilliMolar 
mRNA Messenger ribonucleic acid 
NCAM Neural cell adhesion molecule 
NCD Noncommunicable disease 
NCI Normalized cell index 
NCR Natural cytotoxicity receptor 
NFD Normal-fat diet 
NK Natural killer 
NKG2 Natural killer group two 
NKT Natural killer T 
PBMC Peripheral blood mononuclear cell 
PD-1 Programmed cell death receptor-1 
PE Phycoerythrin 
pg/ml Picogram per milliliter 
phu Primary human 
PI Propidium iodide 
PMA Phorbol-12-myristate 13-acetate 
qRT-PCR Quantitative reverse transcription polymerase chain reaction 
RBC Red blood cell 
REA Retinoic acid 
Restr. Restrictive 
RPMI Roswell Park Memorial Institute 
RT Room temperature 
RTCA Real-time cell analysis 
SAT Subcutaneous adipose tissue 
SEM Standard error of the mean 
Siglec Sialic acid binding immunoglobulin-like lectin 
SSC Side scatter 
T-bet T-cell associated transcription factor 
Th T helper 
TIGIT T-cell immunoreceptor with Ig and ITIM domains 
TNF Tumor necrosis factor 
TRAIL Tumor necrosis factor-related apoptosis-inducing ligand 
v/v Volume per volume 
VAT Visceral adipose tissue 
w/o without 
WAT White adipose tissue 
WHO World Health Organization 
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