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RESEARCH ARTICLE
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ABSTRACT
The anti-tumor capacity of natural killer (NK) cells heavily relies on their 
ability to migrate towards their target cells. This process is based on 
dynamic actinrearrangement, so-called actin treadmilling, andis tightly 
regulated by proteins such as cofilin-1. The aim of the present study was 
to identify the role of cofilin-1 (CFL-1) in the migratory behavior of NK cells 
and to investigate a possible impact of an obesity-associated micromilieu 
on these cells, as it is known that obesity correlates with various impaired 
NK cell functions. CFL-1 was knocked-down via transfection of NK-92 cells 
with respective siRNAs. Obesity associated micromilieu was mimicked by 
incubation of NK-92 cells with adipocyte-conditioned medium from 
human preadipocyte SGBS cells or leptin. Effects on CFL-1 levels, the 
degree of phosphorylation to the inactive pCFL-1 as well as NK-92 cell 
motility were analyzed. Surprisingly, siRNA-mediated CFL-1 knockdown 
led to a significant increase of migration, as determined by enhanced 
velocity and accumulated distance of migration. No effect on CFL-1 nor 
pCFL-1 expression levels, proportion of phosphorylation and cell migra-
tory behavior could be demonstrated under the influence of an obesity- 
associated microenvironment. In conclusion, the results indicate 
a significant effect of a CFL-1 knockdown on NK cell motility.
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Introduction

Natural killer (NK) cells are granular immune cells and a subgroup of innate lymphoid cells 
with features of adaptive immunity (Beaulieu, 2018). NK cells exhibit two major effector 
functions. On the one hand, they are capable of recognizing and lysing virus-infected or 
malignant transformed cells without the need for prior sensitization. On the other hand, NK 
cells may link the innate to the adaptive immune system by secreting cytokines, e.g., 
interferon-γ, which are likely to activate adaptive immune cells (Vivier et al., 2008). 
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Multiple clinical trials could prove the outstanding anti-cancer capacities of NKcells (Miller 
et al., 2005; Rosenberg et al., 1987; Ruggeri et al., 2002). Conversely, an 11-year follow-up 
study demonstrated that low NK cell activity leads to an increased cancer incidence (Imai 
et al., 2000).

In terms of their localization NK cells can be divided into a group of cells that circulate in 
the peripheral blood and a group of cells that reside in various tissues. Of course, this is only 
a very simplified subdivision, as it has been shown that there are several thousand different 
subtypes. What the vast majority of them have in common, however, is that under certain 
circumstances they can leave their habitual position and migrate through different tissues to 
a site of action (Castriconi et al., 2018).

Due to this natural NK cell behavior, there is particular clinical interest in using NK cells 
therapeutically. Chimeric antigen receptor (CAR) NK cells are currently the subject of 
intensive research in preclinical and clinical studies. It is hoped that CAR NK cells can be 
used effectively against solid tumors, an area in which CAR T cells show limited efficacy. 
However, for NK cell-based therapies to become established in cancer treatment, their 
efficiency must be further optimized, which in turn requires a broad understanding of the 
molecular basis of the various NK cell functions (Wang et al., 2024).

Cell movement is a fundamental process taking part in many physiological and patho-
physiological contexts. While lymphocyte-mediated immune functions heavily rely on 
cellular migration, as mentioned above, the relocation of cells is also the basis of metastasis 
and invasion of malignancies (DesMarais et al., 2005; Mgrditchian et al., 2021; Mondal et al.,  
2021).

The actin cytoskeleton plays an important role in cell migration: by sensing a chemotactic 
stimulus the migratory cells become polarized and form a membrane protrusion, called 
lamellipodium, which is based on the organization of a branched F-actin network beneath 
the plasma membrane. The lamellipodium is formed at the leading edge during migration and 
points in the direction of cell movement. To keep this process active, actin monomers must be 
continuously recycled from the rear end of the cell to its leading edge where they polymerize 
again (Mitchison & Cramer, 1996). At this point, cofilin-1(CFL-1), a ubiquitous 19 kDa 
protein that belongs to the family of actin-binding proteins plays a central role. CFL-1 is 
capable of severing actin filaments close to the plasma membrane, thereby initiating actin 
repolymerization (McGough et al., 1997). Even more important, it creates the basis for actin 
treadmilling by accelerating actin monomer detachment (DesMarais et al., 2005; Svitkina & 
Borisy, 1999). Consequently, CFL-1 enables the high turn-over rate of actin dynamics that is 
essential for cell movement (Bamburg, 1999). The activity of CFL-1 is regulated by its 
upstream effectors: for example, CaMKII (Ca/calmodulin-dependent protein kinase II)- 
regulated LIMK1/2 (LIM domain kinase 1/2) phosphorylates CFL-1 on its serine 3 residue 
for inactivation (Ohashi, 2015; Shi et al., 2018).

Interestingly, previous in vitro and in vivo studies showed that adipokines affect NK cell 
functionality leading to impaired NK cell activity in diet-induced-obese (DIO) rats as well as 
in obese humans (Bahr et al., 2017; Huebner et al., 2013; Jahn et al., 2015; Lautenbach et al.,  
2009; Nave et al., 2008; O’Shea et al., 2010; Viel et al., 2017; Wrann et al., 2012). Obesity, 
defined as a body mass index (BMI) ≥ 30 kg/m2, is one of the fastest spreading global health 
threats nowadays. Since 1975 its worldwide prevalence has almost tripled, leading to 13% of 
adults being obese in 2016 (Organization, W.H, 2023). Beside common secondary diseases, 
like type 2 diabetes or cardiovascular diseases, excessive body fat leads to an enhanced 
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susceptibility to infections and certain cancer types (e.g., colon- and esophagus-carcinoma, 
postmenopausal breast cancer) (Emerging Risk Factors et al., 2011; Mitsuhashi et al., 2017; 
Renehan et al., 2008). Obesity can be called a provoked state of immunodeficiency (Dixit,  
2008). Especially white adipose tissue is a highly active endocrine organ that secretes several 
adipokines. These, mainly polypeptide molecules, act on both local and systemic levels, 
therefore enabling adipose tissue to interfere with biological procedures throughout the 
body, inter alia immunological processes (Kershaw & Flier, 2004). Whereas tumor necrosis 
factor α (TNF-α), interleukin (IL-) 6, leptin, visfatin and resistin act as pro-inflammatory 
cytokines (Yudkin et al., 1999), there are also adipokines, such as adiponectin, that mediate 
anti-inflammatory processes and protect against obesity associated pathologies (Kim et al.,  
2007; Tian et al., 2012; Yamauchi et al., 2001). Adiponectin plasma levels, however, are 
inversely correlated with the BMI (Arita et al., 1999). In contrast, plasma levels of leptin 
correlate with dimensions of energy available in the body, mostly stored in fat tissue. Obese 
individuals usually display elevated plasma levels of leptin, albeit physiological effects of 
leptin such as food intake regulation are significantly reduced (Shah et al., 2012). Leptin- 
(ob/ob) and leptin-receptor- (db/db) deficient mice exhibit not only severe obesity and 
insulin resistance, but also various defects in cell-mediated and humoral immunity (Busso 
et al., 2002; Fernandez-Riejos et al., 2010; Howard et al., 1999; Mandel & Mahmoud, 1978). 
Furthermore, a dose- and time-dependent influence of leptin on the filopodia length of NK 
cells as well as on the colocalization of actin and CFL-1 have been demonstrated which 
might indicate an alteration in the migratory behavior of these cells (Oswald et al., 2018). 
Migration can be regarded as one of the main capabilities that allows NK cells to intervene 
in the very early phase of tumor development and metastasis (Langers et al., 2012). The 
objective of this investigation was to elucidate the molecular mechanisms of NK cell 
motility, a crucial prerequisite for their migratory capacity, while simultaneously identifying 
potential modulatory factors.

Materials and methods

Cell culture

The human NK cell line NK-92, that originates from a patient with a rare NK-cell- 
lymphoma, was kindly provided by Prof. Dr. Roland Jacobs (Hannover Medical School, 
Hannover, Germany). NK-92 cells were cultured in 75 cm2 cell culture flasks containing 
RPMI 1640 growth medium supplemented with 10% fetal calf serum (FCS, both from 
Biochrom AG, Berlin, Germany), 100 µg/ml streptomycin, 100 U/ml penicillin (both 
from Sigma-Aldrich), 1 mM sodium pyruvate (SoPy, Biochrom AG), hereafter called 
RPMI, and 200 U/ml human interleukin-2 (IL-2, Novartis AG, Basel, Switzerland). The 
bottles were kept at 37°C in a humidified atmosphere with 5% CO2. NK cells were 
passaged every 48 to 72 hours. Trypan blue staining was used for routine evaluation of 
cell viability.

SGBS adipocyte-conditioned medium

Human Simpson-Golabi-Behmel-syndrome (SGBS) preadipocytes originate from the sub-
cutaneous adipose tissue of an infant patient exhibiting the rare genetic condition SGBS and 
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was kindly provided by Prof. Dr. Martin Wabitsch (Ulm University Medical Center, Ulm, 
Germany). This cell strain is widely used as in vitro model for human adipocyte differentia-
tion because it displays a protein secretion pattern that is comparable to differentiating 
primary human preadipocytes (Wabitsch et al., 2001). Cells were grown to near confluence 
in DMEM/F12 medium (Biochrom AG), supplemented with 150 µM pantothenate and 300  
µM biotin (Sigma Aldrich), 100 µg/ml streptomycin, 100 U/ml penicillin (0F-Medium) and 
10% FCS (0F + 10% FCS medium).After trypsinization, the cells were washed in phosphate- 
buffered saline (PBS, Biochrom AG) and seeded into Quick-Diff medium (0F medium 
supplemented with 0.01 mg/ml transferrin, 20 nM insulin, 100 nM cortisol, 0.2 nM triio-
dothyronine (T3), 25 nM dexamethasone, 250 µM 3-isobutyl-1-methylxanthine (IBMX) (all 
from Sigma Aldrich) and 2 µM rosiglitazone (Cayman Chemicals, Michigan, USA)) to be 
incubated for 4 days in a humidified atmosphere (37°C, 5% CO2). Quick-Diff medium was 
then replaced by 3FC medium (0F + 10% FCS medium containing 0.01 mg/ml transferrin, 
20 nM insulin, 100 nM cortisol and 0.2 nM T3) and cells were kept in a humidified atmo-
sphere with 5% CO2 for another 10 days (Fischer-Posovszky et al., 2008). Supernatants were 
harvested on day 10 of adipogenesis. To obtain SGBS adipocyte-conditioned medium free 
of cellular debris, samples were centrifuged (1,500 rpm, 10 min, room temperature). 
Supernatants were then collected and pooled into a single falcon tube. The combined 
composition of the SGBS adipocyte-conditioned medium was analyzed using a multiplex 
immunoassay (HADCYMAG-61K, Merck Chemicals GmbH, Darmstadt, Germany) 
according to the manufacturers’ instructions. Adipocytokine levels were determined using 
the LiquiChipluminex 200 system (Qiagen, Hilden, Germany; Table 1). The sample was 
then mixed well and aliquoted into 250 µl portions. SGBS adipocyte-conditioned medium 
was stored at −20°C before use.

Transfection

Two different CFL-1 siRNA constructs (#1 5’GGGAUCAAGCAUGAAUUGCtt3,’ ID 
#146652; #2 5’CCAGUAAGGGACCUUCGAUtt3,’ ID #146653) and one siRNA that is 
guaranteed to not target any human gene product (Ambion Silencer Negative Control, 
catalog #AM4611) were purchased at Ambion, Inc. (Austin, Texas, USA). As widely 
described, gene transfer into NK-92 cells is inefficient when conventional transfection 
protocols are applied. However, to perform siRNA-mediated CFL-1 knockdown we suc-
cessfully used LipocalyxViromer®BLUE transfection reagent (Lipocalyx GmbH, Halle 
(Saale), Germany). In each case, 1 × 106 NK-92 cells per well were seeded into a 6-well 
plate containing 2 ml of RPMI and 200 U/ml IL-2. All required transfection reagents were 
prepared according to the manufacturer instructions. The resulting mixture was then 

Table 1. Concentrations of different adipokines measured in SGBS supernatants (IL, interleukin; TNF, 
tumor necrosis factor) used for stimulation, harvested on day 10 of adipogenesis. Analyses were 
performed using Thermo Fisher Scientific’s LPrecellys® technology.

Adiponectin  
(ng/ml)

IL-1β  
(pg/ml)

IL-6  
(pg/ml)

IL-8  
(pg/ml)

Leptin  
(ng/ml)

Resistin  
(pg/ml)

TNF-α  
(pg/ml)

SGBS supernatants at day 10 of adipogenesis 8.5 18.5 649.3 611.3 10.4 13.5 22.5
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carefully added to the particular well and incubated for 24 h at 37°C and 5% CO2. 
Transfected cells were used in the other assays as described.

Cell stimulation

NK-92 cells were stimulated with SGBS adipocyte-conditioned medium and harvested 
on day 10 of adipogenic differentiation. For short-term stimulation, 2 × 106 cells were 
seeded into 6-well plates, containing 5 ml of RPMI substituted with 250 µl of SGBS 
adipocyte-conditioned medium in various concentrations (pure; diluted 1:10, 1:100 and 
1:1000 in RPMI) and 200 U/ml IL-2, whereas two wells treated with either 5 ml of buffer 
RPMI or 5 ml of 3FC medium, each supplemented with 200 U/ml IL-2, served as controls. 
Cells were cultivated for 0.5 h in a humidified atmosphere with 5% CO2. For long-term 
stimulation, 200,000 (24 h) or 100,000 (48 h, 72 h) NK-92 cells were seeded into 6-well 
plates containing 1 ml of RPMI supplemented with 250 µl of pure SGBS ACM and 200 U/ml 
IL-2. Controls were again incubated with 5 ml of RPMI or 3FC medium only supplemented 
with 200 U/ml IL-2. Cells were cultivated for 24, 48 or 72 h in a humidified atmosphere with 
5% CO2. The supplemented medium was refreshed every 24 h to avoid medium exhaustion 
and to make sure that concentrations of SGBS adipocyte-conditioned medium components 
remained constant throughout the stimulation.Regarding leptin-stimulation, leptin (R&D 
Systems, Minneapolis, Minnesota, USA) was diluted in Tris-HCl buffer (stock concentra-
tion 10 µg/ml). 2 × 106 NK-92 cells were seeded into 6-well-plates containing 5 ml of RPMI 
and 200 U/ml IL-2 substituted with 50 µl leptin to achieve a total leptin concentration of 
100 ng/ml. Cells treated with 50 µl sterile Tris-HCl buffer served as controls. The plates were 
kept for 0.5 h in a humidified atmosphere with 5% CO2.

Western Blot

Anti-CFL-1 rabbit monoclonal antibody D3F9 (mAb), anti-pCFL-1 rabbit mAb77G2 
and anti-GAPDH rabbit mAb14C10 were all purchased from Cell Signaling Technology 
(Danvers, Massachusetts, USA)anti-beta-actin mouse mAb4C2 was purchased from 
Sigma-Aldrich (Darmstadt, Germany). After incubation, stimulated or transfected NK- 
92 cells were washed in ice-cold PBS, then resuspended in lysis buffer (10 ml 10× PBS, 1  
ml Nonidet, 100 µl sodium dodecyl sulfate, 0.5 g deoxycholic acid sodium salt, 100 ml 
sterile H2O, 143 µl protease- and 100 µl phosphatase-inhibitors (Roche Deutschland 
Holding GmbH, Mannheim, Germany) and homogenized using VWR International’s 
Precellys® (VWR International, Pennsylvania, USA). After 30 min of incubation on ice, 
samples were centrifuged (13,000 rpm, 15 min, 4°C) and protein concentration of the 
harvested supernatants was analyzed using Micro BCA™ Protein Assay (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). Portions of 15 µg of protein were mixed 6:1 
with 5× loading buffer and boiled for 10 min at 70°C before being loaded into the 
pockets of a 4–20% tris-glycine-gradient-gel (NovexWedgeWell, Thermo Fisher 
Scientific) to be divided by size in a sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) running at 100 V to 120 V for approximately 3 h. Proteins were 
then transferred onto a 0.2 µm nitrocellulose membrane (AmershamProtran, GE 
Healthcare, Little Chalfont, UK) and incubated with primary antibodies (overnight, 
4°C). Membranes were washed with Tris-buffered saline (TBS, pH 7.4) and tris-buffered 
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saline with Tween 20 (TBST; 0.1% Tween 20, Carl Roth GmbH + Co. KG, Karlsruhe, 
Germany) and incubated with a 1:12,000 dilution of HRP-conjugated secondary anti-
bodies (Santa Cruz Biotechnology Inc., Texas, USA) at room temperature for 1 h. 
Membranes were incubated for 5 min at room temperature with enhanced chemilumi-
nescence reagent (AmershamProtran, GE Healthcare). Protein bands were visualized 
using ChemiDoc™ Touch Imaging System (Bio-Rad Laboratories Inc., California, USA).

CytoSMARTTM

To evaluate migratory behavior of transfected and/or stimulated NK-92 cells the Lonza 
CytoSMARTTM live cell imaging technology (Lonza Group, Basel, Switzerland) was applied. 
NK-92 cells normally grow in suspension. However, cells need to become adherent to 
a surface before one can distinguish floating from migrating cells. To induce adherence in 
NK-92 cells, one well of a 12-well plate was coated with fibronectin (AMS Biotechnology 
Europe Ltd, Abingdon, United Kingdom) diluted 1:50 in PBS. The plate was coated in 
a humidified atmosphere (37°C, 5% CO2) for 1 h. Next, the coated well was carefully washed 
with PBS and seeded with 10,000 NK-92 cells of choice. The plate was then centrifuged 
(600 rpm, room temperature, 1 min) and kept in a humidified atmosphere (37°C, 5% CO2) 
for 3 h. Finally, CytoSMARTTM software was started to record the cells’ migratory activity 
(see video in supplemental material).

Regarding short-term stimulation 10,000 NK-92 cells were resuspended in RPMI and 
seeded into a fibronectin-coated well. The plate was centrifuged and kept in a humidified 
atmosphere for 3 h as described above. Then, the sample was carefully supplemented with 
250 µl of either pure SGBS adipocyte-conditioned medium or a 1:100 dilution with RPMI. 
The video recording was started immediately after supplementation of SGBS . Regarding 
long-term stimulation and CFL-1 knockdown 10,000 NK-92 cells, either being incubated 
for 24 h in SGBS adipocyte-conditioned medium supplemented RPMI or being transfected 
using CFL-1 siRNA construct and LipocalyxViromer®BLUE transfection reagent were 
resuspended in 1 ml RPMI and seeded into the well. The plate was then centrifuged and 
kept in a humidified atmosphere for 3 h. After this time, recording was started without any 
other treatment. NK-92 cells treated with RPMI only served as a control in all cases 
(Figure 1). Recorded data were analyzed using Gradientech’s Tracking ToolTM PRO soft-
ware (Gradientech AB, Uppsala, Sweden)to evaluate velocity, overall direction of individual 
movement and distance covered by every tracked cell.

Statistical analysis

Statistical analyses were performed using one-way ANOVA with Bonferroni-test for 
post-hoc analysis and Student’s t-test. Differences were considered significant if 
p < .05 (* = p < .05; ** = p < .01). The software used was GraphPad Prism 5 (GraphPad 
Software, Inc., La Jolla, USA).Data is presented as mean with indication of standard 
error of mean. The number of replicates is indicated under the figures.
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Results

Transfection of a CFL-1 siRNA construct into NK-92 cells led to significantly lower 
protein expression levels of CFL-1, but not pCFL-1

Transfection with siRNA construct #2 using Viromer®BLUE led to a statistically 
significant reduction of CFL-1 expression levels in transfected NK-92 cells compared 
to RPMI-incubated control NK-92 cells as is evident from Western Blotting analyses, 
whereas transfection with construct #1 did not significantly alter CFL-1 expression 
levels (Figure 2). Construct #2 was therefore chosen to be used in further experi-
ments. Levels of inactive pCFL-1 were not affected by any of the used siRNA 
constructs, implicating that only the pool of active CFL-1 was significantly reduced 
in NK-92 cells transfected with siRNA construct #2. Cells transfected with a silencer 

Figure 1. Representative snapshot of control NK-92 cells without (a) and with (b) tracking mode as seen 
via CytoSMARTTM live cell imaging technology.
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negative control siRNA (negative control) and untransfected cells (wildtype) were 
used as controls.

Migratory pattern of NK-92 changes after introducing a CFL-1 siRNA construct

siRNA-mediated CFL-1 knockdown had significant effects on the migratory behavior of 
NK-92 cells. Interestingly, both velocity and covered accumulated distance increased with 
impaired expression of CFL-1 (Figure 3).

Figure 2. a) Representative Western Blot analysis of GAPDH and CFL-1 after the transfection of CFL-1 
siRNA constructs into NK-92 cells using LipocalyxViromer®BLUE. Protein levels of CFL-1 (b), pCFL-1 (c) 
after Viromer®BLUE-mediated CFL-1 knockdown. NK-92 cells were incubated with Viromer®BLUE reagents 
and either CFL-1 siRNA construct #1, CFL-1 siRNA construct #2 or silencer negative control siRNA for 24 
hours (negative control). NK-92 cells incubated with RPMI only were considered as controls. All data 
represent means and standard error of means (±SEM). Data was pooled from four independent replicates.
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Short-term stimulation of NK-92 cells with SGBS adipocyte-conditioned medium does 
not alter the expression levels of CFL-1 and pCFL-1

SGBS adipocyte-conditioned medium harvested on day 10 of adipocyte differentiation was 
used to mimic an in vitro obese microenvironment (Table 1).

To differentiate, SGBS cells need special growth mediums supplemented with several 
hormonal additives (see method section for details), e.g., cortisol which is widely known 
for its immunosuppressive effects. To make sure that outcomes were not accidentally 
caused by supplements, an extra medium control group (3FC-medium with supple-
ments) was implemented. As no statistically significant difference between RPMI and 
3FC medium (data not shown) controls was detected, solely the RPMI control is shown 
(Figures 4–6). To investigate whether an obesity associated microenvironment would 
have any effect on CFL-1 expression levels in NK cells, NK-92 cells were cultured for 
0.5 h (short-term) with RPMI supplemented with serial dilutions of 250 µl of SGBS 
adipocyte-conditioned medium, starting with pure adipocyte-conditioned medium at 
250 µl.

No significant changes regarding the protein levels of CFL-1 or its inactive phosphory-
lated form pCFL-1 in NK-92 cells was measured in Western Blot analyses. Additionally, 

Figure 3. Accumulated distance in µm (a) and mean velocity in µm/min (b) shown by transfected NK-92 
cells that exhibited significantly reduced CFL-1 expression levels. Migration activity was recorded for 60 
minutes (1 picture per minute) via CytoSmart analyses in control cells and CFL-1 siRNA #2 transfected 
cells. All data represent means ±SEM. Data was pooled from four independent replicates.
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expression levels of beta-actin, a main component of the cytoskeleton, remained also 
unchanged (Figure 4).

NK-92 cells do not show a modified migration pattern after short-term or long-term 
stimulation with SGBS ACM

In order to study whether an obese microenvironment would have an influence on the 
migratory behavior of NK cells, NK-92 cells were stimulated with pure or 1:100 diluted 
SGBS ACM for 0.5 hours and simultaneously, cell movement was recorded for 60 minutes 
using the CytoSMARTTM live-cell-imaging system. The analysis revealed no significant 
alterations in the migratory behavior regarding both accumulated distance and velocity of 
NK-92 cells (Figure 5).In accordance with the short-term stimulation experiments, NK-92 
cells that were stimulated with RPMI supplemented with SGBS ACM for 24 hours did not 
show altered migration patterns in Tracking Tool Pro TM analyses (see supplemental 
material).

Short-term and long-term stimulated NK-92 cells do not show altered expression 
levels of CFL-1 and pCFL-1

NK-92 cells were stimulated with 250 µl of pure SGBS ACM for 0.5, 24, 48 and 72 hours to 
mimic obese conditions. Subsequently, protein expression levels of CFL-1 and pCFL-1 were 

Figure 4. Protein levels of beta-actin (a), CFL-1 (b) and inactive pCFL-1 (c) as well as ratios of pCFL-1/CFL-1 
(d) after short-term SGBS adipocyte-conditioned medium stimulation analyzed by Western Blot. NK-92 
cells were incubated for 0.5 hours with serial dilutions of SGBS adipocyte-conditioned medium (harvested 
on day 10 of adipogenesis, pure or diluted 1:10, 1:100 and 1:1000 in RPMI, each with 250 µl). NK-92 cells 
incubated with RPMI only served as controls. All data represent means ± SEM. Data was pooled from 
three independent replicates.
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determined performing Western Blot. Neither short term, nor long-term incubation did 
lead to significant changes regarding the expression levels of CFL-1 or its inactive phos-
phorylated form pCFL-1. Representative results of the 48-hour stimulation are depicted in 
Figure 6. Short-time incubation of 0.5 hours was also performed using high doses of leptin 
(100 ng/ml), without any effect on the expression levels of CFL-1 or pCFL-1 (see supple-
mental material).

Discussion

CFL-1 is a known modulator of the actin polymerization-depolymerization cycle, which in 
turn is the molecular basis for NK cell motility. The CFL-1 knockdown by siRNA performed 
in order to investigate the role of CFL-1 in NK cell motility, however, led to unexpected 
results.

Transfected cells, exhibited an increase in both velocity and accumulated distance, 
which is rather paradoxical because one would expect a slowdown in cell movement, not 
an acceleration. Introducing a CFL-1 siRNA into Jurkat T-cells led to a statistically 
significant reduction in chemotaxis as well as chemokinesis. However, Nishitaet al. 
investigated directed cell migration, while the herein used assay measured general 

Figure 5. Accumulated distance in µm (a) and mean velocity in µm/min (b) of NK-92 cells after short-term 
stimulation with SGBS ACM adipocyte-conditioned medium. Adherent NK-92 cells were incubated with 
RPMI supplemented with 250 µl of either pure or 1:100 diluted in RPMI SGBS adipocyte-conditioned 
medium (harvested on day 10 of adipogenesis). Migration activity was recorded for 60 minutes (1 frame 
per minute) via CytoSmart analyses. NK-92 cells treated with RPMI only served as controls. All data 
represent means ± SEM. Data were pooled from three independent replicates.

Figure 6. Protein levels of ß-actin (A), CFL-1 (B) and inactive pCFL-1(C) after long-term SGBS adipocyte- 
conditioned medium stimulation. NK-92 cells were incubated for 48 hours with RPMI supplemented with 
250 µl pure SGBS adipocyte-conditioned medium (harvested on day 10 of adipogenesis). NK-92 cells 
incubated with RPMI only served as controls. All data represent means ± SEM. Data was pooled from 
three independent replicates.
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motility (Nishita et al., 2005). It might therefore be interesting to perform other specific 
migration assays that would allow evaluating whether chemotaxis-induced directed 
movement of NK-92 cells is altered by CFL-1 knockdown. Nevertheless, one could 
assume that a decrease in depolymerization of actin (mediated by reducing levels of 
active CFL-1) would consequentially lead to a depletion of available G-actin-monomers 
in the cell while filamentous F-actin would accumulate. Hence, the affected cell would 
eventually become “paralyzed,” thereby being unable to perform any further movement. 
On the other hand, the CFL-1 knockdown achieved in NK-92 cells might simply not be 
strong enough to mediate the expected effects.Genetic manipulation of NK cells is 
challenging and often associated with low efficiency or significant loss of cell viability 
(Rezvani et al., 2017). Techniques other than the herein used Viromer®-based transfec-
tion, like viral transduction or electroporation are frequently used for the generation of 
CAR-NK cells. It is quite possible that the aforementioned methods could lead to 
a more pronounced CFL-1 knockdown and thus divergent effects with respect to NK 
cell motility (Glienke et al., 2015). The hypothesis of inadequate CFL-1-knockdown is 
supported by the observation that pCFL-1 protein levels did not significantly decrease 
after CFL-1 siRNA transfection, but total CFL-1 levels did, indicating a net loss of active 
CFL-1.Huet et al. have shown that in fibroblasts low levels of G-actin lead to CFL-1 
dephosphorylation via phosphatase actin regulator 4 (Phactr4) and protein phosphatase 
1, thereby preventing complete depletion of G-actin (Huet et al., 2013). It is very likely 
that a similar mechanism exists in NK cells, although experimental evidence for this is 
pending.If the siRNA-mediated loss of active CFL-1 were to happen to an extent 
relevant to the cell, one would expect a significant drop in pCFL-1 levels due to 
compensatory dephosphorylation.

However, the paradoxical increase in NK cell motility we observed after knockdown of 
CFL-1 can hardly be explained by the fact that there was too little decrease in CFL-1 levels. 
Andrianantoandro et al. challenged the idea of a linear correlation between cofilin con-
centration and the rate of G-actin-monomer cleavage. They could show that lower con-
centrations of cofilin increase the separation of actin monomers from F-actin while higher 
concentrations induce actin nucleation (Andrianantoandro & Pollard, 2006). Given the 
nonlinear dose-response relationship, it can be suggested that the siRNA-induced reduction 
in CFL-1 concentration leads to a more efficient interaction between CFL-1 and actin and 
thus to a more rapid actin treadmilling.

Alternatively, it has to be considered that other proteins mediating disassembly of 
F-actin, such as destrin, coronin 1A or any other members of the actin-depolymerizing 
factors (ADF)/cofilin family are possibly compensating for the lack of active CFL-1 
(Bamburg, 1999). A previous study of Mace and Orange for instance could show that 
coronin 1A plays a crucial role in NK cell cytotoxicity by promoting lytic granule 
secretion via remodeling F-actin that can be found at the immunological synapse 
(Mace & Orange, 2014). It is possible that coronin 1A is also required for other 
processes involving actin-depolymerization, e.g., migration. The potential influences 
that ADF apart from CFL-1 might have on cytoskeleton-related processes in NK cells 
have not been studied yet. It might therefore be interesting to investigate the changes in 
both quantity and activity of several ADF in CFL-1 knockdown NK-92 cells to find out 
what exactly induces the paradoxical rise in migration activity in these cells. 
Furthermore, it would be interesting to compare the effects of CFL-1 knockdown on 
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NK-92 cells and on primary NK cells to confirm the transferability of the presented data 
and to examine its effects on NK cell mediated cancer cell killing in co-culture or tissue 
migration assays (Spielmann et al., 2017).

The secondary aim of the present study was to examine whether an obesity-like micro-
environment (simulated by adjusting levels of adipokines) affects NK cell motility by 
altering CFL-1 expression levels or activity. In order to reach conditions as physiological 
as possible while performing stimulations, a mixture of adipokines (SGBS adipocyte-con-
ditioned medium) was used.

Our investigations show that stimulation of NK-92 cells using serial dilutions of SGBS 
adipocyte-conditioned medium does not alter CFL-1 levels or phosphorylation ratios and 
does not affect the cells’ motility. We considered that the measured concentrations of leptin 
in SGBS adipocyte-conditioned medium could be too low to promote a noticeable effect but 
the use of supraphysiological doses of leptin did not result in significant changes of CFL-1 
expression or pCFL-1/CFL-1 ratios either. In line, another study performed by our group 
could show that cells’ migratory behavior remained unchanged after short-term leptin 
treatment (unpublished data). In contrary to these findings, previous studies reported 
that leptin induces chemotaxis as well as chemokinesis in primary neutrophils and mono-
cytes (Caldefie-Chezet et al., 2003; Krinninger et al., 2014; Montecucco et al., 2006).

Although an obesity-like microenvironment as described in our study may not lead to 
reduced CFL-1 activity or impaired NK cell movement, there might be other side effects of 
overweight that could possibly affect migration activity significantly. In the study of 
Michelet et al. the effect of a high-fat diet on murine NK cells was investigated (Michelet 
et al., 2018). The NK cells of overfed mice presented with an accumulation of lipid droplets 
in their cytosol which led to a downregulation of metabolic processes such as oxidative 
phosphorylation and aerobic glycolysis. Consequently, the NK cells’ cytotoxicity was sig-
nificantly restricted. Taking this into account, one has to consider that the high turnover 
rates that are crucial for dynamic reorganization of actin monomers – thereby promoting 
the remodeling of the cytoskeleton – are substantially dependent on ATP hydrolysis 
(Marelli-Berg & Jangani, 2018). Hence, it seems quite possible that the metabolic arrest 
shown in NK cells of high-fat diet mice would not only affect cytotoxicity but also migratory 
activity. In the present study an NK cell line was used, which has only partial overlap with 
the functional behavior of primary NK cells. It would therefore be interesting to examine 
primary NK cells of obese and normal weight individuals with respect to their migratory 
behavior.

In conclusion, the results of this study indicate a significant effect of a CFL-1 knockdown 
on the general mobility of human NK cells. Furthermore, the stimulation with adipokines 
(in the applied concentrations) was ineffective concerning CFL-1 levels or the impact on 
migration parameters.
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