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Arachidonic acid impairs natural killer cell @
functions by disrupting signaling pathways

driven by activating receptors and reactive

oxygen species
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Abstract

Background High levels of the polyunsaturated fatty acid arachidonic acid (AA) within the ovarian carcinoma (OC)
microenvironment correlate with reduced relapse-free survival. Furthermore, OC progression is tied to compromised
immunosurveillance, partially attributed to the impairment of natural killer (NK) cells. However, potential connections
between AA and NK cell dysfunction in OC have not been studied.

Methods We employed a combination of phosphoproteomics, transcriptional profiling and biological assays to
investigate AA's impact on NK cell functions.

Results AA (i) disrupts interleukin-2/15-mediated expression of pro-inflammatory genes by inhibiting STAT1-
dependent signaling, (i) hampers signaling by cytotoxicity receptors through disruption of their surface expression,
(iii) diminishes phosphorylation of NKG2D-induced protein kinases, including ERK1/2, LYN, MSK1/2 and STATT, and (iv)
alters reactive oxygen species production by transcriptionally upregulating detoxification. These modifications lead to
a cessation of NK cell proliferation and a reduction in cytotoxicity.

Conclusion Our findings highlight significant AA-induced alterations in the signaling network that regulates NK
cell activity. As low expression of several NK cell receptors correlates with shorter OC patient survival, these findings
suggest a functional linkage between AA, NK cell dysfunction and OC progression.

Plain English summary

High levels of the fatty acid arachidonic acid (AA) in the ovarian cancer environment are associated with shorter
survival. Ovarian cancer progression is linked to weakened immune defenses, partly due to malfunctioning natural
killer (NK) cells. We used various scientific methods to study how AA affects NK cell function. Our results show
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that AA significantly changes the signaling processes that control NK cell activity. Specifically, AA (i) disrupts the
expression of pro-inflammatory genes, (i) impairs the function of receptors that activate killing mechanisms by
preventing them from appearing on the cell surface, (iii) reduces the activity of intracellular signaling proteins that
are activated by these receptors and (iv) changes the production of reactive oxygen species. These changes stop
NK cells from multiplying and reduce their ability to kill cancer cells, suggesting that AA contributes to NK cell

dysfunction and cancer progression.

Keywords Arachidonic acid, Cytotoxicity receptors, Interleukin 2, Natural killer (NK) cells, NKG2D, Ovarian carcinoma,

Phosphoproteomics, Reactive oxygen species, STAT 1

Introduction

NK and innate lymphocyte 1 cells [1] represent criti-
cal components of the innate immune system and
play an important role in the elimination of cancer and
infected cells through a range of mechanisms [2-4].
Using activating and inhibitory receptors, they distin-
guish healthy from tumor cells [5]. Activating NK cell
receptors, for instance, bind stress-induced ligands selec-
tively produced by cancer cells. They include (i) Natural
Killer Group 2, Member D (NKG2D), which recognizes
stress-induced ligands (MICA/B, ULBPs) on tumor
cells; (ii) Natural Cytotoxicity Receptors (NCRs), includ-
ing NKp30, NKp44, and NKp46, which also recognize
diverse ligands on tumor cells and (iii) CD16 (FcyRIII),
which triggers antibody-dependent cellular cytotoxic-
ity (ADCC) by binding to the Fc domain of opsonizing
antibodies bound to tumor cells [5]. When activated,
these receptors trigger the release of cytotoxic granules
(including perforin and granzymes) and express death
ligands such as tumor necrosis factor (TNF), TNFSF10
(TRAIL) and FASLG (FAS ligand; CD95L) to induce
apoptosis [6]. A second relevant mechanism of the NK-
cell-mediated anti-tumor response is the secretion of
cytokines and chemokines [7, 8], in particular interferon-
gamma (IFNy), which can increase antigen presentation
and activate other immune cells. NK cells also recruit
other immune cells to the tumor site by secreting che-
mokines, such as MIP-1a, MIP1-$ and RANTES, thereby
potentially amplifying the anti-tumor immune response
[9].

The tumor microenvironment (TME), however, sup-
presses NK cell activity through various mechanisms,
especially at later stages of tumor progression. These
suppressive mechanisms include inhibitory cytokines
[10] as well as the shedding of NK cell activating ligands
from the tumor cell surface, which blocks activating NK
cell receptors, such as NKG2D [11-13]. Consistent with
this inhibitory function, soluble NKG2D ligands in the
TME are associated with a poor clinical outcome [14,
15]. Moreover, mediators of the TME, such as TGFp and
macrophage migration-inhibitory factor, inhibit NKG2D
expression, thereby further suppressing NK cell activa-
tion [16—18]. In addition, extracellular vesicles released
by OC cells with high surface expression of NKG2D

ligands downregulate the expression of NKG2D recep-
tors and their cytotoxicity [19].

Other phenotypic alterations are associated with the
downregulation of cytotoxic receptors including CD16
on tumor-associated NK cells (TANK) from OC ascites,
resulting in diminished CD16-dependent tumor cell kill-
ing (Vyas et al.,, 2017). This phenotype was also observed
with tumor infiltrating NK cells in the OC TME, which
additionally exhibited an exhaustion phenotype charac-
terized by increased PD-1 expression [20].

OC cells release TGF-B, IL-10 as well as other immu-
nosuppressive cytokines and express immune checkpoint
molecules (e.g., PD-L1). These molecules directly inhibit
NK cell function, but may also affect cellular interactions
mandatory for the development of an antitumor immune
response. One example is the cross-talk between acti-
vated NK cells and dendritic cells (DCs), which results
in the recruitment of CD8" effector T cells to the TME
through upregulation of the CXCR3 and CCR5 ligands
CXCL9, CXCL10 and CCL5 on DCs [21].

Healthy cells are protected from NK cell attack by a set
of inhibitory receptors that recognize self-defining major
histocompatibility complex (MHC) class I molecules
[22]. These inhibitory receptors include (i) Killer Cell
Immunoglobulin-like Receptors (KIRs), (ii) the CD94/
NKG2A Complex and (iii) Leukocyte Immunoglobulin-
like Receptors (LIRs). In order to evade T cells, trans-
formed cells may not express these MHC molecules,
which renders them susceptible to killing by NK cells.
However, this “missing-self” mechanism frequently fails
for cancer cells due to maintenance of MHC class I mol-
ecules, expression of non-classical MHC molecules that
can engage inhibitory receptor or the suppression of acti-
vation signals, by for example, soluble NKG2D ligands or
immunosuppressive cytokines [23-25].

The balance between signals from activating and inhib-
itory receptors determines whether the cytotoxic prop-
erties of NK cells are activated [26]. In the encounter of
cancer cells, this balance is frequently skewed towards
inhibitory mechanism, which represents a major deter-
minant of inactivating the tumor-suppressive function of
NK cells. Finally, NK cells express receptors for various
cytokines produced by macrophages and other immune
cell types that regulate their proliferation, survival and
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activation [7, 27]. Functionally crucial cytokines in this
context are IL-2, IL-12, IL-15, IL-21 and IFNy, whose
synthesis is frequently suppressed in the TME, for exam-
ple in ovarian carcinoma (OC) [28].

OC, and in particular its most frequent and aggres-
sive subtype high-grade serous carcinoma, is the most
lethal of all gynecological cancers with unmet thera-
peutic needs [29]. A hallmark of OC is its TME, which
is composed of anatomically and functionally different
compartments: solid tumor masses and the peritoneal
fluid, which frequently occurs as ascites at advanced
stages [30, 31] and mediates the metastatic spread of
OC in the peritoneal cavity [28, 31-34]. Besides hetero-
geneous populations of cancer cells, immune cells rep-
resent key components of OC ascites, with T cells, NK
cells and macrophages as dominant cell types. The inter-
action between these immune cells and cancer cells plays
a critical role in immune suppression, tumor growth and
therapy resistance [28, 31-34]. Non-cellular components
playing a pivotal role in this context include a remodeled
extracellular matrix, soluble factors, including cytokines,
chemokines and growth factors, as well as extracellular
vesicles carrying proteins, lipids and nucleic acids [19,
35]. These mediators produced by, and acting on, tumor
cells, immune cells and other host cells establish an intri-
cate network of reciprocal interactions that promote
immune suppression and tumor progression. Notably,
the signaling network of tumor and immune cells from
ascites closely resembles that of metastatic lesions in the
omentum [35].

One of the mediators dysregulated in the TME and
linked to poor survival of OC is the polyunsaturated fatty
acid (PUFA) arachidonic acid (AA). AA exerts its effects
either indirectly after cyclooxygenase-catalyzed conver-
sion to prostanoids, in particular prostaglandin E, [36,
37], or by direct mechanisms, which remain only partially
understood. We have previously reported that AA inter-
feres with the function of macrophages in the TME by
two fundamentally different mechanisms: (i) induction
of Ca?*-dependent p38 pathway linked to deregulation of
RHO-GTPases, impaired actin filament organization and
augmented release of exosomes [38], and (ii) impairment
of pro-inflammatory signal transduction due to impaired
JAK/STAT signaling caused by AA-mediated perturba-
tion of lipid rafts, which are crucial for the spatial orga-
nization of cytokine receptors and associated signaling
proteins in the plasma membrane [39]. Notably, the first
mechanism is triggered by AA at concentrations as low
as 5 uM [38], whereas the disruption of lipid rafts occurs
at significantly higher AA concentrations, around 50 uM
[39]. Importantly, AA concentrations exceeding 50 pM
are observed in a subset of OC patients and correlate
with poorer clinical outcomes [40].
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AA levels in the TME [40] as well the impairment of
NK cell functions [14, 41, 42] are associated with an
adverse clinical outcome of OC. Given those observa-
tions and the pivotal role of NK cells discussed above,
we set out to investigate the impact of AA on NK cell
function.

Materials and methods

Patient samples

Ascites was collected from ovarian high-grade serous
carcinoma patients during first-line surgery at the Uni-
versity Hospital in Marburg. The acquisition and analysis
of ascites and ascites-associated NK cells were approved
by the local ethics committee (reference number 205/10).
Donors provided their written consent in accordance
with the Declaration of Helsinki.

Cell lines

NK92, NKL and K562 cell lines were obtained from
the American Type Culture Collection (Manassas, VA,
USA) and OVCAR-8 cells from the NIGMS Human
Genetic Cell Repository of the NIH (Bethesda, MD,
USA). NK92 cell cultures were maintained in RPMI
medium (#61870044, Gibco™, Thermo Fisher Scientific,
Darmstadt, Germany) supplemented with 10% horse
serum (#16050122; Gibco™), 10% fetal bovine serum
(FBS; #10270106; Gibco™), 2 mM glutamine (#35050061,
Gibco™), 1 mM sodium pyruvate (11-360-070; Gibco™),
1X nonessential amino acids (#11140050, Gibco™),
1% Penicillin-Streptomycin  (P0781, Sigma-Aldrich,
Taufkirchen, Germany), and 200 [U/mL IL-2 (#11340025;
ImmunoTools, Friesoythe, Germany). K562 cells were
cultured in DMEM (#41966052, Gibco™) medium sup-
plemented with 5% FBS and 1% Penicillin-Streptomycin.
NKO92 cells were kept in 2.5% FBS for 2 h prior to stimu-
lation with cytokines. OVCAR-8 cells were cultured in
RPMI 1640 (#61870044, Thermo Fisher Scientific) sup-
plemented with 10% FBS.

Peripheral blood mononuclear cells (PBMCs) were
enriched by Ficoll density gradient centrifugation from
Leukoreduction System (LRS) chambers from healthy
adult volunteers kindly provided by the Center for Trans-
fusion Medicine and Hemotherapy at the University
Hospital Giefen and Marburg, as approved by the local
ethics committee (205/10). NK cells were then separated
from leukocytes by negative selection (NK Cell Isolation
Kit, #130-092-657; Miltenyi Biotec, Bergisch Gladbach,
Germany) following the instruction of the manufacturer.
Isolated NK cells were cultured in RPMI medium with
10% FBS and 10 U/mL IL-2, and kept at 37 °C overnight.

Chemicals
AA was purchased from Cayman Chemicals (Hamburg,
Germany), dissolved at a concentration of 50 mM in
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ethanol (stock solution) and stored at -20 °C. A corre-
sponding volume of ethanol was added to cell cultures as
solvent control.

Sample preparation for phosphoproteomics

NK92 and NKL cells (5x10% were serum-starved for
24 h prior to treatment with 50 uM AA or solvent for
15 min. Cells were harvested by centrifugation at 300 x g
for 5 min and lysed in 4% SDS, 100 mM Tris, pH 7.6 sup-
plemented with Roche PhosSTOP (#4906845001; Sigma-
Aldrich) and complete protease inhibitor cocktail (P8340,
Sigma Aldrich). NK92 and NKL control and arachidonic
acid-induced cells were subjected to proteomic profil-
ing in quadruplicates at the Core Facility Translational
Proteomics of the Department of Medicine at Philipps
University Marburg. In brief, Na-Deoxycholate (Carl
Roth, Karlsruhe, Germany) was added to lysates to a final
concentration of 0.02%, followed by incubation at RT for
15 min. TCA was then added to 10% final concentration,
followed by a further 1 h incubation at RT. Subsequently,
samples were centrifuged at 4 °C for 10 min at 21,000 g,
and the pellet retained. The pellet was washed with 1 mL
of ice-cold acetone, followed by a further centrifugation
at 4 °C for 10 min at 21,000 g, and pellet retention. Next,
the pellet was resuspended in 250 ul of 4% N-lauroylsar-
cosine sodium salt (Sigma-Aldrich; 2% final concentra-
tion) in 50 mM TEAB buffer (Sigma-Aldrich). Following
protein content estimation using BCA (Thermo Fisher
Scientific), approximately 200 pg of protein were reduced
and alkylated by addition of DTT to a final concentration
of 10 mM and incubation at 95 °C for 10 min plus iodo-
acetamide to a final concentration of 13 mM and incu-
bation for 30 min at RT in the dark. A modified version
of the SP3 method [43] was used for further processing
on an in-house-made magnetic rack. Protein binding was
performed in a final concentration of 70% anhydrous ace-
tonitrile (ACN) at neutral pH, followed by washes with
70% ethanol and 100% anhydrous acetonitrile. After ace-
tonitrile removal, beads were resuspended in 200 pl 50
mM TEAB buffer, and 4 ug of trypsin (Promega, Madi-
son, Wisconsin, USA) was added. Protein digestion was
performed overnight, at 37 °C with shaking. Peptide con-
centration was estimated using the fluorimetric Pierce
Quantitative Peptide Assays. From each sample, 100 pg
peptides were used for TMT labeling, and volumes
adjusted to 100 pl. Labeling efficiency of individual chan-
nels was mass spectrometrically checked to exceed 98%.
As amine-directed TMT labeling interferes with precise
peptide quantitation using the fluorimetic peptide assay,
downstream sample amounts are expressed in rela-
tive sample volume of the respective preparatory step.
A reference channel sample was created by mixing six
randomly chosen samples from the set to a final peptide
amount of 200 pg and split into two aliquots.

Page 4 of 23

Two separate TMT mixes were designed according to
the following scheme: TMT-sample_1 (TMTpro-127 C
- NK92_Control repl, TMTpro-128 C - NK92 Control
rep2, TMTpro-129 C - NK92 Arachidonic acid repl,
TMTpro-130 C - NK92 Arachidonic acid rep2, TMT-
pro-131 C - NKL Control repl, TMTpro-132 C - NKL
Control rep2, TMTpro-133 C - NKL Arachidonic acid
repl, TMTpro-134 C - NKL Arachidonic acid rep2,
TMTpro-135 N - reference), TMT-sample_2 (TMT-
pro-127 C - NK92_Control rep3, TMTpro-128 C - NK92
Control rep4, TMTpro-129 C - NK92 Arachidonic acid
rep3, TMTpro-130 C - NK92 Arachidonic acid rep4,
TMTpro-131 C - NKL Control rep3, TMTpro-132 C -
NKL Control rep4, TMTpro-133 C - NKL Arachidonic
acid rep3, TMTpro-134 C - NKL Arachidonic acid rep4,
TMTpro-135 N - reference). TMT labelling was per-
formed according to the manufacturer’s instructions.

Following sample mixing, the volume was reduced by
half using evaporation to remove acetonitrile. Trifluoro-
acetic acid was added to a final concentration of 0.5%.
TMT-mixes were purified using solid-phase extraction
on C18 Sep-Pak, Vac-1 cc-100 mg columns (Waters, Ire-
land) according to the manufacturer’s instructions. The
eluate was split into approximately 10% for downstream
proteome analysis and approximately 90% for subsequent
phospho enrichment. Both aliquots were evaporated to
dryness.

Phosphorylated peptides were enriched using the
High-SelectTM Fe-NTA Phosphopeptide Enrichment
Kit (#A32992, Thermo Fisher Scientific) according to the
manufacturer’s instructions. Both phospho- and pro-
teome aliquots were subsequently fractionated using
the Pierce™ High pH Reversed-Phase Peptide Fraction-
ation Kit (#84868, Thermo Fisher Scientific). The entire
procedure resulted in the generation of 36 MS samples:
9 protein and 9 phospho fractions per TMT mix. Dried
fractionated peptides were resuspended in 0.1% formic
acid (FA) prior to LC-MS analysis. For proteome frac-
tions, 5 pl (approximately 500 ng of peptides, assum-
ing 50% sample loss a well as equal sample distribution
among fractions for reverse phase fractionation) were
injected. For phospho fractions, 10 ul were used for
injection.

Mass spectrometry

Peptides were analyzed by liquid chromatography-tan-
dem mass spectrometry (LC/MS2) on an Exploris 480
instrument connected to an Ultimate 3000 rapid separa-
tion liquid chromatography (RSLC) nano instrument and
a nanospray flex ion source (all Thermo Fisher Scientific).
Peptide separation used a reverse-phase high-perfor-
mance liquid chromatography (HPLC) column (75 pm
by 42 cm) packed in-house with C18 resin (2.4 pm; Dr.
Maisch HPLC GmbH, Ammerbuch, Germany). The
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peptides were first loaded onto a C18 precolumn (pre-
concentration set-up) and then eluted in the backflush
mode using a gradient from 98% solvent A (0.15% formic
acid) and 2% solvent B (99.85% acetonitrile and 0.15%
formic acid) to 25% solvent B over 48 min, followed by an
additional ramp to 35% of solvent B in 20 min. The flow
rate was set to 300 nL/min. Data were acquired in a data-
dependent mode (DDA) using one high-resolution MS
scan at a resolution of 60,000 (m/z 200) with a scan range
of 320-1650 m/z, followed by DDA scans limited to a2
sec cycle time, with the first mass set to 199 m/z at a res-
olution of 45,000. Detailed settings are uploaded with the
mass spectrometric raw data to the ProteomeXchange
Consortium with dataset identifier: PXD049958, via the
MassIVE partner repository (https://massive.ucsd.edu/;
MassIVE ID: MSV000094127; doi:https://doi.org/10.253
45/C50G3HS87N).

Peptide spectrum matching was performed using
MaxQuant (version 2.4.11.0) against the Human Uni-
Prot database (20429 entries, November 2023) with
TMT quantification and reporter ion distribution cor-
rection (uploaded in the repository). Output was filtered
to a 1% false discovery rate on the peptide and protein
levels, both, tryptic cleavage following K*, R* as well
as a maximum of 2 missed cleavage. Cysteine carbami-
domethylation was included as a fixed modification,
while methionine oxidation, asparagine and glutamine
deamidation, as well as serine, threonine and tyrosine
phosphorylation were set as variable modifications. The
full list of settings may be found in the “mqpar.xmL” file
uploaded to the ProteomeXchange repository.

MS / phosphoproteome data analysis

Downstream differential expression analysis was per-
formed in R using the in-house package autonomics,
included in the BioConductor collection of R packages (
https://doi.org/doi:https://doi.org/10.18129/B9.bioc.a
utonomics). Source code is available at https://gitlab.un
i-marburg.de/fb20/ag-graumann/software/autonomic
s. Autonomics provides an intuitive integrated environ-
ment for omic data analysis with an emphasis on a uni-
fied interface to linear modeling approaches including
coding systems and modeling engines. The implemented
functionality defaults to limma as the modeling engine,
which was used here. Full analysis code with package ver-
sions and settings may be found included in the upload
to ProteomeXchange. In brief, MaxQuant output tables
“proteinGroups.txt” and “Phospho (STY)Sites.txt” were
imported into the R environment. Corrected reporter
intensities were normalized by the reference channel
intensity, and intensities of phospho-peptides subse-
quently normalized to their respective protein levels
prior to statistical analysis using linear modeling. All data
analysis scripts and statistical output is uploaded to the
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repository. Functional annotation of AA-regulated phos-
phoproteins was carried out by overrepresentation analy-
sis using the ConsensusPathDB (CPDB) database [44,
45].

Immunoblots

Immunoblotting was performed according to stan-
dard protocols. Treated NK92 cells were centrifuged
at 300 g for 5 min, washed with ice-cold PBS and lysed
in RIPA lysis buffer (10 mm Tris—HCI pH 7.5, 150 mm
NaCl, 1% v/v NP40, 1% w/v sodium deoxycholate, 1
mm EDTA) plus protease inhibitor cocktail (1:1000;
Sigma-Aldrich) and phosphatase inhibitor mix (50 mm
B-glycerophosphate, 1 mm sodium orthovanadate, 10
mm sodium fluoride and 5 mm sodium pyrophosphate).
Equal amounts of proteins were loaded on SDS-poly-
acrylamide electrophoresis (PAGE) gel and then blotted
to polyvinylidine difluoride PVDF membranes (0.45 pm;
Carl Roth) by wet transfer. Blots were blocked with 3%
BSA or 5% milk in PBS with 0.1% Tween 20 for 1 h at
room temperature, incubated with primary antibodies
at 4 °C overnight, and followed by 1 h room temperature
incubation with HRP-conjugated secondary antibody.
The following antibodies were used: p-STAT1 (T701;
#612132; BD Bioscience), STAT1 (#9172, Cell Signal-
ing), pERK (T202/Y204; #4370, Cell Signaling, Frankfurt,
Germany), ERK (#9107, Cell Signaling), pVASP(Ser293;
#3114, Cell Signaling), VASP (Cell signaling, #3112S),
pGSK3a(Ser21; #9331, Cell Signaling), and GSK3a (Cell
signaling, #5676S). Chemiluminescent and quantification
were carried out using the ChemiDoc MP system and
image lab software version 5 (Bio-Rad). Phosphoform
signals were normalized against the respective protein
signals.

RNA sequencing (RNA-Seq)

RNA was isolated from primary human NK cells as
above and libraries were constructed using the ‘Lexogen
Quantseq 3' mRNA-Seq Library Prep Kit FWD for Illu-
mina’ (Lexogen, Vienna, Austria) in combination with
the ‘Lexogen UMI Second Strand Synthesis Module for
QuantSeq FWD (Illumina, Read 1), according to the
manufacturer’s instructions. Quality of libraries was con-
trolled on a Bioanalyzer 2100 using the Agilent High Sen-
sitivity DNA Kit (Agilent, Waldbronn, Germany). Pooled
sequencing libraries were quantified and sequenced on
the Illumina NextSeq550 platform (San Diego, CA, USA)
with 75 base single reads.

Data were aligned to the human genome retrieved
from Ensembl 108 using STAR (version STAR_2.7.10a).
Gene read counts were determined within merged exons
of protein-coding transcripts or within merged exons of
all transcripts (for noncoding genes) and calculated as
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CPM (counts per million). RNA-Seq data was deposited
at EBI ArrayExpress (accession number E-MTAB-13971).

Differential gene expression (RNA-Seq data) was cal-
culated with edgeR [46] and DESeq2 [47] using standard
parameters and paired analysis (on donors). Pathway
analysis of differentially expressed genes was performed
using the online tool of the Database for Annotation,
Visualization and Integrated Discovery (DAVID; https://
david.ncifcrf.gov) [48].

TANK were purified from ascites using density gradi-
ent centrifugation and NK cells were then isolated using
the NK Cell Isolation Kit 130-092-657 (Miltenyi Biotec,
Bergisch Gladbach, Germany). RNA was isolated using
the phenol-chloroform-extraction and DNA contamina-
tion was removed with the DNA-free™ DNA Removal Kit
(Invitrogen) according to the manufacturer’s instructions.
The quality of the RNA was verified using the Experion
RNA StdSens Analysis Kit or using the Qubit fluorom-
eter (Thermo Fisher Scientific). Next, RNA-libraries
were generated from total RNA by using the TruSeq
Stranded mRNA Library kit according to the manufac-
turer’s instructions. The sequencing was conducted on an
Mlumina HiSeq 1500 device. Alignment was performed
as for NK cells. Read counts were quantified in exonic
regions of protein-coding transcripts and normalized
to transcripts per million reads (TPM). TANK data was
deposited under accession number E-MTAB-14,053.

To compare NK cells from PMBCs with those from
ascites s a correction for contaminating tumor RNA was
necessary. Tumor cell data from a previously published
study [40] was retrieved from EBI ArrayExpress (identi-
fiers E-EMTAB-10611, E-MTAB-4162 and E-MTAB-5498)
and processed identically to the TANK data.

To compensate for batch effects and differences in
RNA-Seq library preparation and quantification methods
(QuantSeq and Counts Per million for NK-cell samples,
[lumina TruSeq mRNA stranded and Transcripts per
Million for Tumor/TANK samples), we applied Trimmed
Mean of M-values [49]. Genes below a minimum expres-
sion threshold (TMM_NK>0 or TMM_TANK>0) were
excluded from further analyses. Furthermore, due to the
observed contamination of TANKs with tumor cells,
we refined the gene list by filtering for genes meeting
one of the following criteria (i) a>2-fold higher expres-
sion in NK compared to TANK [median(TMM_NK) >
(median(TMM_TANK)+1], or (ii) negligible expression
in tumor cells [max(TMM_tumor)<0)] or (iii) a mark-
edly lower expression in tumor cells compered to TANK
[max(TMM_tumor) <min(TMM_TANK) -1]. Subse-
quently, we applied a gene-wise Student’s t test followed
by Benjamini Hochberg correction to evaluate signifi-
cance. For a description of significance levels, refer to the
section on statistical methods.
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Quantitative reverse transcriptase polymerase chain
rection (RT-qPCR)
2x10° primary human NK cells were incubated with
solvent, AA, IL-2 (200 IU/mL), IL-2 plus AA or asci-
tes (50%) for 3 h. Total RNA was extracted using the
NucleoSpin RNA II kit (#740955.250; Macherey-Nagel,
Diiren, Germany). cDNA was prepared from 250 ng of
total RNA with the iScript™ cDNA Synthesis Kit (BioRad,
Feldkirchen, Germany) according to the manufacturer’s
protocol. Raw data were assessed using the Cy0 method
and RPL27 for normalization. The following primer pairs
were used:

TNF-for: CAGCCTCTTCTCCTTCCTGAT;

TNF-rev: GCCAGAGGGCTGATTAGAGA;

IENG-for; GAGTGTGGAGACCATCAAGGA;

IENG-rev: TGGACATTCAAGTCAGTTACCGAA;

RPL27-for: AAAGCTGTCATCGTGAAGAAG;

RPL27-rev: GCTGTCACTTTGCGGGGGTAG.

Reactive oxygen species (ROS) assay

Primary NK or NK92 cells were seeded in 24-well plates
at 10° cells/mL. A total ROS/superoxide detection kit
(#ENZ-51010; Enzo Life Sciences, Lorrach, Germany)
was used to measure total ROS concentration according
to the manufacturer’s protocol. In brief, NK92 cells were
preincubated with the ROS scavenger N-acetylcysteine
(NAC; 5 mM) for 30 min prior to treatment with solvent
or 50 uM AA for 1 h. prior to staining with ROS detec-
tion reagents. NAC-treated samples served as negative
controls. Cells were washed once with the assay buf-
fer and ROS was measured on a Guava® easyCyte Flow
Cytometer (Cytek® Biosciences, CA, USA).

ELISA

Supernatants from 2x10° primary NK cells were treated
with solvent, AA, IL-2 (200 IU/mL) or IL-2 plus AA and
collected 48 h post-treatment. IFNy concentrations were
measured using the DuoSet™ ELISA (#DY285B-05, R&D
Systems/Biotechne, Wiesbaden, Germany) according to
the manufacturer’s instructions.

Surface receptor expression

5x10° primary human NK cells were cultured with sol-
vent, AA, IL-2 (10 ng/mL) plus IL-15 (10ng/mL) or
AA plus IL-2 and IL-15 for 24 h, washed with PBS and
stained with CD3-V500 [#561416; Becton, Dickinson
and Company (BD)], CD16-APC-Cy7 (#302018; BioLeg-
end, San Diego, CA, USA), CD56-PerCP-Cy5.5 (#362506;
BioLegend), NKG2D-FITC (#320820; BioLegend, sup-
plier Biozol, Eching, Germany), NKp44-AF647 (#325112;
BioLegend), NKp30-BV421 (#563385; BD), NKp46-PE
(#331908; BioLegend) and CD69 (clone FN50, BioLe-
gend). The following corresponding IgG controls were
used: IgG1K-V500 (#560787; BD), IgG1K-APC-Cy7
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(#400128; Biolegend), IgG1K-PerCP-Cy5.5 (#400150;
Biolegend), IgG1K-FITC (#400108; Biolegend), IgG1K-
AF647 (#400130; Biolegend), IgG1K-BV421 (#562438;
BD) and IgG1K-PE (#400114; Biolegend). Cells were
incubated at 4 °C for 15 min and washed twice with ice
cold FACS staining buffer (PBS with 1% FBS and 0.5 mM
EDTA). Surface expression of receptors was analyzed by
flow cytometry (FACS Canto II, BD Biosciences) using
FlowJo software. To determine the mean fluorescence
intensity (MFI), the background geometric mean of the
isotype was subtracted from the geometric mean of the
specific staining of each sample.

Human phosphokinase array

To determine the relative phosphorylation of 37 kinases,
a phospho-kinase array kit (#ARY003C; R&D Systems)
was used according to the manufacturer’s protocol. In
brief, 2x10° NK92 cells were stimulated with IL-2 (200
U/mL) and IL-15 (10 ng/mL) and incubated overnight.
In parallel, a 12-well plate was coated with purified anti-
human NKG2D (#320802; Biolegend) and its respective
IgG control (#400102; Biolegend) at a concentration of
10 pg/mL and kept at 4°C overnight. The next day, NK92
cells were pre-incubated with AA or with solvent for
15 min before being treated with a-NKG2D and isotype
coated well for an additional 15 min. After incubation,
cells were lysed in lysis buffer, followed by incubation on
a rocker at 4°C for 30 min and centrifuged at 14000x g
for 5 min. Afterwards, the protein concentration in the
resulting supernatants was then measured using the
BCA assay (#23227, Thermo Fischer Scientific). Mem-
branes (A and B) were blocked in array buffer 1 for an
hr at room temperature. Subsequently, 350 pg of pro-
tein in each sample was incubated overnight at 4°C, fol-
lowed by washing with wash buffer and incubation with
the appropriate detection antibody cocktail (DAC-A and
DAC-B) for 2 h at room temperature. Later, membranes
were then incubated with streptavidin-HRP for 30 min
and after thorough washing; blots were developed using
1 mL chemi-reagent mix for each pair of membrane and
chemiluminescent detection system. The pixel density of
each spot was calculated by using Image] software with
the protein array analyzer plugin.

MICA immobilization

Recombinant MICA protein (#E-PDMH100040; Bio-
mol, Hamburg, Germany; 5 pg /mL) was immobilized
on 48-well tissue culture plates for 24 h at 4 °C. Wells
were gently rinsed with phosphate-buffered saline (PBS),
blocked with 3% bovine serum albumin in PBS for 1 h
at room temperature and rinsed again with PBS. 5x10°
NK92 cells pretreated with AA or solvent for 15 min were
added to the coated or uncoated wells and incubated for
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20 min at 37 °C. Cells were collected by centrifugation
and cell extracts were analyzed by immunoblotting.

Proliferation assay

Proliferation of NK92 cells was monitored using Cell-
Trace™ CFSE Cell Proliferation Kit (#C34554; Fischer)
according to the manufacture’s protocol. Briefly, 1 mL
of cell suspension (10° cells/mL) were stained with 1 pL
of CellTrace™ for 20 min at 37 °C. Next, 5 mL of RPMI
medium containing 10% FBS were added to the cell sus-
pension. Labeled cells were harvested by centrifugation,
resuspended in RPMI medium containing 10% FBS plus
IL-2 (10 U/mL) and and seeded in a U-shaped 96-well
plate. 5x 10° cells were treated with solvent, IL-2 (200 IU/
mL) or IL-2 plus AA dissolved in 96% ethanol, and prolif-
eration of cells was assayed after 3 days by flow cytometry
(FACSCanto II, BD Biosciences, Heidelberg, Germany).
Acquired data were analyzed by FlowJo software (Becton,
Dickinson & Company, Heidelberg, Germany).

NK cells cytotoxic assay with K562 target cells

5x10° K562 cells were stained with 5 uM CellTracker™
Violet BMQC (Thermo Fischer Scientific) for 45 min at
37 °C following the instruction of the manufacturer.10°
NK92 cells were stimulated with IL-2 (200 U/mL) plus
IL-15 (10 ng/mL) overnight, then incubated with AA or
with solvent for 30 min and finally added to the stained
K562 cells at an effector: target ratio of 4:1 in a final vol-
ume of 200 pl. In parallel, 10° K562 cells were incubated
with AA or solvent to determine potential AA-induced
toxicity on K562 cells. After 3 h of incubation at 37 °C,
cells were collected by centrifugation at 300 x g for 5
min and stained with by propidium iodide (PI) staining
(Cay14289-10, Cayman Chemical, supplier Biomol) at a
final concentration of 1 pg/mL. Cell viability was mea-
sured by flow cytometry (FACSCanto II, BD Biosciences)
and analyzed by the FlowJo application.

NK cells cytotoxic assay with OVCAR-8 target cells

10° NK92 cells were stimulated with IL-2 (200 U/mL) and
IL-15 (10 ng/mL) and were incubated overnight to induce
their activation. On the next day, OVCAR-8 parental cells
were stained with 5uM CellTracker violet BMQC (Invit-
rogen) fluorescent dye in serum-free medium for 45 min
at 37°C. NK92 cells were incubated with AA or with
a solvent with 50uM for 30 min and then added to the
stained OVCAR-8 cells at the indicated effector: target
(E: T) ratio into a round bottom 96-well microplate. In
parallel, OVCAR-8 cells were incubated with AA or sol-
vent with the same concentration to determine potential
AA-induced toxicity on OVCAR-8 cells. The plate was
centrifuged at 100x g for 1 min to bring cells into prox-
imity and incubated for 3 h at 37°C. Cells were collected
and analyzed as described in the preceding paragraph.
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Other statistical analyses

Paired Student’s t-test statistical analysis (two-sided,
equal variance) was applied for analyzing compara-
tive western blot, FACS, ROS and RT-qPCR data. Lev-
els of significance are indicated as ****, ***, ** and * for
p<0.0001, p<0.001, p<0.01, and p<0.05, respectively.
Results

The AA-regulated phosphoproteome of NK cell lines:
impact on signal transduction pathways

To unravel the AA-regulated signaling pathways in NK
cells by MS-based phosphoproteomics, we employed
established cell lines. This choice was made because
primary NK cells exhibit significant donor variability,
requiring a large number of samples to detect statistically
meaningful AA-triggered phosphosite modifications
(>2-fold changes in signal intensities in most cases; see
data below). Accordingly, we analyzed NK92 cells treated
with AA or solvent for 15 min, which revealed »=2,800
phosphorylation sites detectable across all samples and
associated with known genes (see Table S1). After indi-
vidually adjusting for protein group signal, we identi-
fied n=434 upregulated phosphorylation sites (p<0.05;
n=240 of which had an FDR<0.05) and 98 downregu-
lated sites (p<0.05; n=39 with FDR<0.05) across 350
proteins (Fig. 1A, top panel; Fig. 1B and S1; Table S1).
To corroborate these findings, we examined a sec-
ond NK cell line (NKL cells) under identical conditions
(Table S2), discovering n=301 upregulated sites (p <0.05;
n=60 with FDR<0.05) and n=160 downregulated sites
(p<0.05; n=28 with FDR<0.05) across 323 proteins
(Fig. 1A, bottom panel and Fig. 1B; Table S2). There was
a significant overlap in the AA-modulated phosphopro-
teins between the two cell lines, with 188 proteins being
common, representing 53.7% and 58.2% of the regulated
phosphoproteins in NK92 and NKL cells, respectively.
Notably, a considerable portion (#=97 out of n=188 pro-
teins, or 51.6%) exhibited both upregulated and down-
regulated phosphorylation sites in NK92 cells (Fig. 1C).
These findings suggest that the majority of the identified
phosphorylation sites are broadly relevant rather than
specific to a particular cell line. Given the more extensive
dataset of AA-regulated phosphorylation sites in NK92
cells, our subsequent analyses predominantly focused on
this cell line. Immunoblotting confirmed the phospho-
proteomics data for two proteins (Table S1) for which
the corresponding phosphosite-specific antibodies were
available, i.e., $239 in VASP (Fig. 1D and E) and S21 in
GSK3a Fig. 1F and G).

CPDB overrepresentation analysis of AA-modulated
phosphoproteins in NK92 cells (n=350; depicted in
green and black in Fig. 1B) revealed key signal transduc-
tion pathways as predominant terms, including recep-
tor-mediated and RHO/RACI1 signaling (Fig. 2A). This
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finding is further supported by the categorization of
AA-affected phosphoproteins based on their molecular
function, highlighting the involvement of 13 RHO GAPs/
GEFs, 29 protein kinases and 16 transcription factors,
which also showed a strong overlap with the regulated
phosphoproteins in NKL cells (Fig. 2B). Intriguingly,
many of these proteins have been linked to NK cell acti-
vation in the GeneCards database [50, 51]. AA-mediated
regulation of phosphosites in these proteins in NK92 cells
(FDR<0.05) is illustrated in detail for 4 biological repli-
cates in Fig. 2C. These encompass multiple proteins with
reported roles in NK cell signal transduction and biologi-
cal functions, including.

(i) Regulators and targets of RHO/RAC1 pathways [52,
53], i.e. guanine exchange factors (ARHGEF and
DOCK family members), GTPase activating proteins
(ARHGAPs) and the RHO kinase target LIM kinase
1 (LIMK1),

(ii) Protein kinases glycogen synthase kinase 3 (GSK3)
[54, 55] and PKA [56, 57], as well as.

(iii) The transcription factors IKFZ1/IKAROS [58, 59],
NFAT [60, 61] and RUNX3 [58, 62—64].

Collectively, our phosphoproteomic analysis suggests a
profound impact of AA on signaling pathways crucial for
the regulation of NK cell functions.

The AA-regulated transcriptome of NK cells: impact on ROS
detoxification and receptor-mediated signaling

To explore the intricacies of the signal transduction net-
work modulated by AA in NK cells, we conducted RNA-
Seq analysis on primary NK cells from healthy donors
treated with 50 uM AA or a solvent control for 3.5 h
(Table S3). The volcano plot resulting from the differen-
tial expression analysis and presented in Fig. 3A, indi-
cates that #=1,589 genes were significantly upregulated
(p<0.05; of these, 1,193 had an FDR<0.05), while 1,695
genes were significantly downregulated (p<0.05; with
1,036 exhibiting an FDR<0.05).

Genes induced by AA by >2-fold were functionally
annotated using the DAVID Bioinformatics Resource
[48]. This analysis identified NFE2L2-mediated regula-
tion of reactive oxygen species (ROS) as the primary
mechanism affected, as shown in Fig. 3B. AA-induced
downstream targets of this pathway identified by the
PANTHER Classification System [65, 66] include GSR
(glutathione reductase), PRDXI (peroxiredoxin-1),
PRDXG6 (peroxiredoxin-6), SODI (superoxide dismutase),
TXN (thioredoxin), and TXNRDI (thioredoxin reductase
1) (expression data in Table S3).

The transcription factor NFE2L2, which is induc-
ible by reactive oxygen species (ROS), plays a pivotal
role in cellular defense mechanisms against ROS [67]. It
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Fig. 1 Effect of AA on the phosphoproteome of NK92 and NKL cells. Cells were treated with 50 uM AA or solvent for 15 min following serum starvation
for 24 h. (A) Volcano plots showing phosphosites regulated by AA in NK92 (top panel) and NKL (bottom panel) cells. Blue: downregulated sites (p < 0.05).
Red: upregulated sites (p <0.05). Grey: sites not significantly affected. Dashed lines shown the significance thresholds and to the right of them the cor-
responding numbers of downregulated (blue) and upregulated (red) genes. Bon: Bonferroni correction. The top regulated phosphosites are indicated in
both volcano plots. (B) Venn diagram showing the overlap of proteins with regulated phosphosites in NK92 and NKL cells for significantly sites (p < 0.05;
see Fig. S1 for FDR < 0.05). (C) Venn diagram depicting the overlap of common proteins with upregulated and down-regulated phosphosites in NK92 cells
(n=188in panel B). (D) Validation of phosphoproteomic data for VASP by immunoblotting (representative experiment). NK92 cells were treated with 50
pM AA or solvent for 15 min following serum starvation for 24 h. The data confirm the observed phosphorylation at serine 239 (Table S1). (E) Quantifica-
tion of n=3 independent experiments as in panel D). (F,G) Validation of phosphoproteomic data for AA-regulated phosphorylation of S21 in GSK3a.

**p<0.01, *p<0.05 by paired t test
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CPDB overrepresentation analysis of AA-regulated
phosphoproteins in NK92 cells (p <0.05)

Signaling pathway n FDR Source

T-cell receptor (TCR) 35(144%) 1.2e-16 NetPath

53 (7.7%) 4.41e-14
Signal Transduction 95 (3.9%) 2.35e-08 Reactome

B-cell receptor (BCR) 18 (14.0%) 2.78¢-08  NetPath

Reactome

Signaling by Rho GTPases

RHO GAPs/GEFs, p < 0.05
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Fig. 2 Analysis of proteins with AA-regulated phosphosites. (A) Functional annotation by CPDB overrepresentation analysis of AA-regulated phospho-
proteins in NK92 cells (p <0.05; n=162+ 188 in Fig. 1B). The table shows the top non-redundant terms. n: number of proteins associated with the respec-
tive term. (B) Functional annotation of AA-regulated phosphoproteins according to their molecular function based on the Human Protein Atlas database.
(C) AA-mediated regulation in NK92 cells of phosphosites in RHO GAPs/GEFs, protein kinases and transcription factors linked to NK cell activation in the
Genecards database. The plots show the log2 FC (AA/solvent) for n=4 replicates (green dots). Upregulated sites (log2 FC>0) and downregulated sites
(log2 FC<0) are separated by a horizontal line. Significance was tested by paired t test: ***FDR < 0.001; **FDR < 0.01

achieves this by enhancing the expression of detoxifica-
tion enzymes, such as those identified in AA-treated
cells (refer to Table S3). This pattern suggests that the
upregulation of these genes by AA is mediated through
the induction of ROS. To investigate this hypothesis,
we treated primary NK cells and NK92 cells with AA
or a solvent control for 1 h and subsequently assessed
intracellular ROS levels using flow cytometry (see Fig.
S2). The results depicted in Fig. 3C and D demonstrate
an approximately 3-fold and 10-fold increase of ROS in
primary NK and NK92 cells, respectively, following AA
treatment compared to the solvent control. Notably, this
elevation in ROS was significantly reduced by >50% upon
treatment with the ROS scavenger NAC.

The analysis of genes downregulated by AA highlighted
terms associated with cytokine signaling as the predomi-
nant findings (Fig. 3E). Among these are CX3CRI and
CXCR3 (Table S3), which play pivotal roles in the hom-
ing of NK cells to peripheral tissues, including tumor
sites [68]. Taken together, these insights underline the

multi-faceted impact of AA on NK cells, notably influ-
encing both ROS regulation and cytokine/chemo-
kine signal transmission essential for their functional
performance.

Impairment of cytokine signaling in NK cells by AA through
inhibition of STAT1 phosphorylation

Building on the observations in Fig. 3B-E, we explored
the effect of AA on the transcriptional response to IL-2,
a cytokine critically involved in promoting NK cell pro-
liferation and cytotoxicity [69]. To investigate this, we
exposed primary NK cells to IL-2 alone or in combina-
tion with AA for 3 h, followed by analysis using RNA
sequencing (RNA-Seq; Table S4). Figure 4A highlights the
impact of AA on IL-2-induced gene expression, demon-
strating repression of n=69 out of n=75 IL-2-responsive
genes by AA in the left panel (FDR<0.05), and an ampli-
fication of IL-2-induced expression for #=6 genes in the
right panel. The vast majority of AA-repressed genes (63
out of 69) were also downregulated when NK cells were
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Fig. 3 AAinduces ROS detoxification genes in primary NK cells. Primary NK cells were exposed to AA or solvent for 3.5 h and analyzed by RNA-Seq. (A)
Volcano plot showing genes regulated by AA. Blue: downregulated genes (p <0.05); red: upregulated genes (p <0.05). Grey: genes not significantly af-
fected. Dashed lines shown the significance thresholds and above the corresponding numbers of downregulated (blue) and upregulated (red) genes. (B)
Functional annotation of AA-induced genes using the DAVID online tool [48]. (C,D) Primary NK cells (C) and NK92 cells (D) were treated with AA or solvent
(CTRL) for 1 h and intracellular ROS levels were determined by flow cytometry using a total ROS detection kit (see Fig. S2 for a representative histogram).
The ROS scavenger NAC was included to verify the induction of ROS by AA (30 min pretreatment). **p <0.01; *p <0.05 by paired t test for n=7 biological
replicates in panel C and n=4 in panel D. (E) Functional annotation of AA-repressed genes using the DAVID

incubated with 50% ascites (Fig. 4A). However, the pat-
terns of AA-induced and ascites-regulated gene expres-
sion diverged, underscoring the potential significance of
AA-mediated suppression of IL-2 induced genes. The

specifics of AA-mediated suppression are depicted in
Fig. 4B for samples from n=>5 NK cell donors.

Validation of the RNA-Seq data was achieved through
RT-qPCR, confirming the suppression of IL-2-induced
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Fig.4 AAinhibits IL-2 induced genes in primary NK cells. Primary NK cells were exposed to IL-2 (200 IU/mL) or IL-2 plus AA for 3.5 h and analyzed by RNA-
Seq. (A) Genes showing reduced IL-2-mediated induction in the presence of AA. Each line represents the median of n=5 replicates expression of one
gene under different conditions (normalized to IL-2). NK cells incubated with 50% ascites for 3.5 h were included for comparison. Left panel: significant
(FDR<0.05) repression by AA; right panel: significant upregulation by AA. (B) Expression levels of the IL.-2-induced genes significantly repressed by AA
(FDR<0.05) for n=5 biological replicates (NK cell donors). The plot shows the median (line), upper and lower quartiles (box), range (whiskers) and outliers
(dots). (C) Verification of RNA-Seq data by RT-gPCR for TNF and INFG (n=4 biological replicates). Data were normalized to 1.0 for IL-2 treatment. (D) AA
inhibits the IL-2-induced secretion of IFNy by primary NK cells. IFNy levels were determined in culture supernatants 48 h post-stimulation by ELISA (n=5

biological replicates). ****p <0.0001; **p <0.001 1; *p <0.05 by paired t test

TNF and INFG expression (Fig. 4C). Consistent with
these results, functional annotation of the IL-2 target
genes repressed by AA (n=69 in Fig. 3A) pinpointed
cytokine signaling as the most affected pathways, notably
including IL-2 signaling itself (refer to Fig. S3). This con-
clusion is supported by the observation that AA inhibited
the IL-2-induced secretion of INFy by primary NK cells
(Fig. 4D).

We next investigated at which point in the signal-
ing network AA may inhibit cytokine signaling. To this
end, we analyzed the effect of AA on cytokine-induced

STAT1 phosphorylation. As shown by immunoblotting
phosphorylation STAT1 at T-701 was >10-fold induced
in NK92 cells after a 30-minute stimulation with IL-2
(Fig. 5A, C) or IL-15 (Fig. 5B, D), which was inhibited
by >80% following preincubation with AA. Very similar
results were obtained with primary NK cells. (Fig. 5E,
F). These findings clearly demonstrate that AA interferes
with a functionally pivotal signaling mechanism in NK
cells.
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Fig. 5 AAimpairs cytokine-mediated activation of STAT1 phosphorylation in NK92 and primary NK cells. (A,B) Representative immunoblots showing the
effect of AAon IL-2 and IL-15-induced STAT1 phosphorylation in NK92 cells. Cells were treated with AA 50 uM or solvent for 15 min before stimulation with
IL-2 (200 IU/mL; panel A) of IL-15 (20 ng/mL; panel B) for 30 min. Blots were probed with pSTAT1- and STAT1-specific antibodies. (C,D) Quantification of
n=4replicates of experiments analyzing the effect of AA on IL-2 and IL-15-induced STAT1 phosphorylation as in panels A and B. (E) Representative immu-
noblot showing the effect of AA on IL-2 and IL-15-induced STAT1 phosphorylation in primary NK cells (conditions as in panels A and B). (F) Quantification
of n=3 biological replicates (donors) of experiments as in panel E. ***p <0.0001; ***p <0.001; **p <0.01; *p < 0.05 by paired t test

Inhibition of activating NK cell receptors by AA

We next investigated whether AA affects signal trans-
duction by activating NK cell receptors, which are criti-
cal effectors of NK-mediated cytotoxicity [70]. Toward
this goal, we first analyzed the impact of AA on IL-2/
IL-15-induced surface expression of six receptors on
primary NK cells. The flow cytometric data depicted
in Fig. 6A and S4-S6 show a significant 1.3- to 3.0-fold
induction of NKG2D, CD69, NKp30 and NKp44 by

combined stimulation with IL-2 and IL-15, while cyto-
kine-treatment did not induce surface expression of
NKp46 and CD16. This induction was reversed by AA to
baseline levels or lower. Moreover, AA notably reduced
the surface expression of NKG2D and NKp46 even in the
absence of cytokine stimulation (Fig. 6A, S5 and S6).
Next, we assessed the impact of AA on NKG2D-depen-
dent signal transduction in NK92 cells. NK cell recep-
tors are expressed and NKG2D, NKp44 and NKp30 are
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Fig. 6 AA inhibits signaling by activating NK cell receptors. (A) Flow-cytometric analysis showing the effect of AA on the cytokine-induced surface ex-
pression of the indicated NK cell receptors on primary NK cells. Cells were treated with solvent (CTRL), AA, IL-2 plus IL-15 (10 ng/mL each) or AA plus IL-2
and IL-15 for 24 h.The plots show normalized MFI values (CTRL=1) for n=4-5 biological replicates (different donors). Absolute MFI values and percentage
of positive cells are shown in Figs. S4 and S5. (B) Effect of AA on the phosphorylation of signaling proteins induced by NKG2D engagement analyzed by
the commercial Proteome Profiler Human Phospho-Kinase Array Kit. NK92 were pre-incubated with 50 uM AA or solvent for 15 min followed by incuba-
tion with 10 pg/mL a-NKG2D or matching isotype control coated wells for an additional 15 min. Symbols show technical duplicates; bar represent the
respective mean. (C) Representative immunoblot showing the effect of AA on ERK phosphorylation triggered by immobilized recombinant MICA in NK92
cells. Cells were treated with AA or solvent for 15 min prior to MICA stimulation for 20 min. (D) Quantification of n=4 biological replicates of experiments

as in panel A. ***p <0.001; **p <0.01; *p <0.05 by paired t test

inducible by cytokines in this cell line (Fig. S7), indicat-
ing that NK92 cells are a suitable experimental model.
Accordingly, we investigated the phosphorylation of key
signaling proteins in NK92 cells upon NKG2D stimula-
tion with an activating antibody using a membrane-
based sandwich immunoassay (Proteome Profiler Human
Phospho-Kinase Array Kit). Among the 22 detectable
phosphorylation sites, we found that NKG2D engage-
ment-induced phosphorylation of four kinases was

repressed by AA. Consistent with the date described
above these kinases included STAT1 (Y701) and ERK1/2
(T202/Y204, T185/Y187), along with LYN (Y397) and
MSK1/2 (S376/S360) (Fig. 6B). Additionally, the phos-
phorylation of four kinases downregulated by NKG2D
engagement (RSK1/2, p70 S6 kinase, p53, CHK2) was
also inhibited by AA (Fig. S8A). These observations sup-
port the conclusion that AA exerts profound effects on
NKG2D-regulated signal transduction. AA upregulated
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the phosphorylation of two kinases not responsive to
NKG2D stimulation (Fig. S8B), while 12 phosphorylation
sites across 11 proteins were unaffected by either NKG2D
engagement or AA (Fig. S8C).

To validate the impact of AA on NKG2D-dependent
ERK phosphorylation in a different experimental system,
we used NK92 cells stimulated with the NKG2D ligand
MICA [71]. Figure 6C and D show that a 20-minute
exposure of NK92 cells to immobilized MICA prompted
an approximately 2.5-fold increase in ERK phosphoryla-
tion. Preincubation with AA completely abrogated this
pERK induction, which can presumably be attributed, at
least partially, to AA’s suppressive action on NKG2D sur-
face expression.

Further analysis of the RNA-Seq data (Fig. 7A; Table
S3) identified a subset of six activating NK cell recep-
tor genes, i.e,, FCGR3A (CD16), KLRC1/C2/G1, KLRK1
(NKG2D) and NCR3 (NKp30), that are repressed by
AA treatment. This suggests that besides mechanisms
directly affecting protein expression and/or function,
transcriptional repression may also be involved in the
AA-triggered inhibition of activating NK cell receptor
surface expression. Consistent with this hypothesis, AA

A

median FC FDR Effect
Gene (AA/solvent) of AA
CD69 0.66 1.9E-02 none
FCGR3A 1.18 2.5E-07 repressed
KLRB1 1.18 6.5E-05 induced
KLRC1 0.78 1.8E-07 repressed
KLRC2 0.85 4.7E-02 repressed
KLRC3 1.01 9.3E-01 none
KLRC4 0.91 7.8E-01 none
KLRD1 0.91 2.2E-03 none
KLRF1 1.06 1.6E-01 none
KLRG1 0.69 1.0E-08 repressed
KLRK1 0.86 2.3E-06 repressed
NCR1 1532 2.0E-05 induced
NCR2 0.33 1.5E-01 none
NCR3 0.68 5.5E-04 repressed
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induced NCRI (NKp46) gene expression, but reduced
NKp46 surface levels (Fig. 6A).

Potential clinical associations of activating NK cell
receptors

To assess the potential clinical relevance of these find-
ings we investigated whether the AA-induced changes in
the expression of activating NK cell receptor genes coin-
cide with the altered transcriptional profile of NK cells
in OC ascites, referred to as tumor-associated NK cells
(TANK). As shown by the comparative RNA-Seq analysis
in Fig. 7B and Table S5, primary NK cells from healthy
donors exhibited significantly higher levels of multiple
activating NK cell receptor genes compared to TANK,
including FCGR3A, KLRK1, KLRC1 and KLRCG1. For
NCRI1-3 we did not observe such alignment, which we
attribute to the influence of mediators in the TME other
than AA on the transcriptome of TANK. Notably, we
did not detect any significant changes in the expression
of inhibitory NK cell receptor genes of the KIR family
(Table S5). This observation suggests that the impact of
the TME, including AA, on activating receptors plays a
dominant role in the dysregulation of TANK.

B
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Fig. 7 Regulation of activating NK cell receptor genes by AA and the OC TME. (A) RNA-Seq data of primary NK cells treated with 50 uM AA or solvent for
3.5 hasin Fig. 3. The table shows the median FC and FDR for n=4 biological replicates, organized in alphabetical order by gene names. (B) Expression of
the same genes as in panel A in primary NK cells and tumor-associated NK cells (TANK) isolated form the ascites of OC patients. RNA-Seq was performed
with n=4 NK cell samples (black dots) and n=6 TANK samples (yellow circles). CPM values were transformed by scaling normalization (Trimmed Mean of
M-values, TMM) [49]. The numbers on the right denote the FDR values (NK versus TANK)
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Next, we examined the association between expres-
sion of activating NK cell receptor genes and the clini-
cal course of OC. The Kaplan-Meier plots depicted in
Fig. 8A reveal that low expression levels of four genes
— KLRKI, NCRI, NCR3 and KIR2DL4 (CD158D) — is
significantly correlated with reduced overall survival
in OC patients. Analysis of our previously published
RNA-Seq dataset [35], which includes various cell types

KLRK1 (205821 _at)

NCR1 (207860_at)
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found in OC ascites and omental metastases, showed
selective expression of KIR2DLI1, KIR2DL4, and NCR1
in tumor-associated NK cells (TANK), and KLRKI and
NCR3 in both TANK and tumor-associated T cells (TAT)
(Fig. 8B). These observations suggest that low expression
of activating NK cell receptors is linked to a poor clinical
outcome of OC.
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Inhibition of IL-2-dependent NK cell proliferation and proliferation and cytotoxicity. NK92 cells, when stimu-
cytotoxicity lated with IL-2, exhibited notable cell growth (Fig. 9A),
Finally, we assessed the influence of AA on biologi- equating to an approximately 3-fold increase in cell num-
cal functions of NK cells, focusing specifically on cell bers over three days, as measured by flow cytometry
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Fig. 9 AA inhibits IL-2-dependent NK cell proliferation and cytotoxicity. (A) NK92 cells were incubated with AA, IL-2 or IL-2 plus AA. Bright field micro-
scopic pictures were taken after 72 h. (B) Quantitative evaluation by flow cytometry of n=4 biological replicates treated as in panel A and stained with
CellTrace™ CFSE. Cells were analyzed after 3 days (see Fig. S9 for a representative histogram). **p<0.01; *p <0.05 by paired t test. The decreased numbers
of AA-treated cells are not due to the induction of cell death (see Fig. S10). (C) NK92 were incubated with K562 target cells (ratio 4:1) for 3 h and the
percentage of apoptotic cells was determined by Pl staining and gating for K562 cells (see Fig. S11 for representative scatter plots). (D,E) NK92 cells (D)
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of cells stained with CellTrace™ CFSE (Fig. 9B and S9).
Remarkably, AA nullified IL-2-induced cell growth,
reducing it to a level lower than that observed in control
cells not treated with IL-2 (Fig. 9A, B). Quantitative anal-
ysis revealed a difference of approximately 3 population
doublings between cell treated with IL-2 or IL-2 plus AA
(Fig. 9B). Propidium iodide staining showed no signifi-
cant effect of AA (Fig. S10), indicating that the reduced
cell numbers in the assay in Fig. 9A and B are not due to
AA-induced cell death.

To evaluate their cytotoxic capabilities, NK92 cells were
co-cultured with K562 target cells, and the proportion of
apoptotic K562 cells was determined by flow cytometry
of propidium-iodide-stained cells (Fig. S11). As depicted
in Figs. 9C and 44% of K562 cells co-cultured with NK92
cells underwent apoptosis within 3 h, marking an 11-fold
increase as compared to control K562 cells alone. This
percentage significantly dropped to 34% in the presence
of AA. Consistent with this finding, AA also reduced the
killing of the OC cell line OVCAR-8 by NK92 (Fig. 9D) as
well as primary NK cells (Fig. 9E), which was statistically
significant at effector to target cell ratios>1.25 (NK92)
and >2.5 (primary NK cells), respectively.

Taken together, these findings underscore that AA’s
modulation of signal transduction pathways in NK cells
yields a robust decrease of proliferation and also inhib-
its cytotoxicity, thereby diminishing their anti-tumor
activity.

Discussion

Ovarian cancer employs several mechanisms to evade
NK cell-mediated cytotoxicity. These include the down-
regulation of NKG2D ligands [14, 17] and the increased
expression of inhibitory ligands such as HLA-E [72, 73].
Additionally, exhaustion receptors TIM-3 and PD-1
may be upregulated on lymphocytes [74]. The secretion
of immunosuppressive factors like TGF-f also counter-
acts the activity of NK cell cytotoxicity receptors [16,
75]. However, the impact of AA on the balance of acti-
vating and inhibitory receptor expression, signaling and
function remains poorly understood. This issue has been
investigated in the present study and will be discussed in
detail in the following sections.

Production of cytotoxic ROS by NK cells

ROS play a critical role in the immune response, but they
also have the potential to damage proteins, lipids, DNA,
and disrupt signaling pathways [76, 77]. Consequently,
maintaining precise control over ROS levels is essen-
tial. This regulation is achieved through the cell’s inher-
ent detoxification systems. Central to this process are
superoxide dismutases, catalase, glutathione peroxidases
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and peroxiredoxins, which collectively neutralize ROS
and safeguard cellular integrity [76, 77]. This antioxidant
system is governed by a negative feedback loop, wherein
increased ROS levels trigger the expression of genes cod-
ing for ROS-detoxifying proteins, with the transcription
factor NRF2 playing a pivotal role [78].

A prominent aspect of the RNA-Seq data presented
above is an upregulation of genes involved in ROS detox-
ification, as revealed by DAVID-based functional annota-
tion. This includes several downstream targets the NRF2
transcription factor (NFE2L2 gene), including glutathi-
one reductase, peroxiredoxins, superoxide dismutase,
thioredoxins as well as thioredoxin reductase. The NRF2
complex, which is activated in response to ROS, serves
as a master regulator of genes encoding components of
the antioxidant defense system. The observed upregula-
tion of ROS detoxification genes in our study likely stems
from a rapid increase in ROS production upon exposure
of NK cells to AA.

The generation of ROS by AA has been described previ-
ously and involves a complex interplay of metabolic path-
ways and the activation of specific enzymes and cellular
processes [76]. This multifaceted mechanism includes (i)
AA metabolism via cyclooxygenases, lipoxygenases and
cytochrome P450 enzymes, where electron transfer can
result in the generation of ROS as byproducts [79, 80]; (ii)
the stimulation of the plasma-membrane-bound NADPH
oxidase complex by AA [81, 82]; and (iii) the disturbance
of mitochondrial electron transport chain functional-
ity by causing electron leakage [83]. The extent to which
these mechanisms contribute to ROS generation in AA-
treated NK cells remains unclear. However, our findings
indicate that, likely through an initial surge in ROS lev-
els, AA triggers the activation of the ROS detoxification
system. This, in turn, potentially compromises the ROS-
dependent cytotoxic function of NK cells.

Signaling via activating cytokine and NK cell receptors

IL-2 and IL-15 are crucial cytokines for the development,
proliferation and function of NK cells [7, 84]. Despite
their distinct roles in the immune system, they share sev-
eral signaling components, primarily due to use of com-
mon receptor subunits and signaling molecules. IL-2
and IL-15 receptors share the  and y subunits [85]. The
engagement of IL-2 or IL-15 with their receptors initi-
ates the recruitment of JAK1 and JAK3 to these common
subunits, resulting in the phosphorylation of STAT1 and
STATS5, which triggers their translocation to the nucleus
and the activation of specific target genes [86]. Our phos-
phoproteome and transcriptome analyses highlight the
suppression of cytokine signaling as a key effect of AA
on NK cells. Notably, our findings demonstrate that AA
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represses the expression of IL-2 target genes and disrupts
signal transduction pathways initiated by IL-2 and IL-15
receptors through inhibition of STAT1 phosphorylation.
The relevance of this finding is underscored by a previous
phosphoproteomic analysis of NK92 cells stimulated with
IL-2 or IL-15, which revealed STAT1-mediated activation
to p90 ribosomal S6 kinase (p90RSK) as a functionally
crucial signaling event triggered by both ligands [87].

Previous studies have shown that elevated concentra-
tions of PUFAs, such as AA, disrupt the structure of lipid
rafts in the plasma membrane [88—92]. This disruption
can impair the functionality of receptors and associated
proteins that critically rely on localization within lipid
rafts for proper function. Cytokine-signaling-related pro-
teins associated with lipid rafts [92] include, for example,
IL-2 and IL-15 receptor subunits in T cells [93-95], inter-
feron receptors and STAT1 in macrophages [39], STAT1
and STAT?3 in hepatoma cells [96]. This suggests that the
inhibitory impact of AA on IL-2 and IL-15 signaling may,
at least in part, be mediated through disruption of com-
partmentalization of the respective receptor subunits and
STAT proteins within lipid rafts.

In addition to cytokine receptors, AA also disrupted
the functionality of activating NK cell receptors. This is
evident from the decreased IL-2-induced surface expres-
sion of these receptors and the diminished phosphory-
lation of signaling proteins, such as pERK and pSTAT1,
following the engagement of NKG2D by an activat-
ing antibody or MICA. Activation of NKG2D triggers a
series of signaling pathways distinct from that triggered
by cytokine receptors [97]. However, a shared character-
istic with IL-2 and IL-15 receptors is the essential com-
partmentalization of NKG2D within lipid rafts for its
functional activity [98-100]. Therefore, it is conceivable
that the disruption of lipid rafts represents a common
mechanism undermining the functionality of both cyto-
kine and NK cell receptors. As indicated by or RNA-Seq
dataset, several activating NK cell receptor genes, includ-
ing KLRKI and NCR3, are down-regulated by AA. This
observation implies that the primary mechanism affect-
ing activating NK cell receptors involves alterations in
protein expression and/or spatial organization within
the plasma membrane, which in some cases may be
enhanced by transcriptional repression.

We have previously reported that AA interferes with
the function of macrophages in the TME by two fun-
damentally different mechanisms: (i) induction of
Ca?*-dependent p38 pathway linked to deregulation of
RHO-GTPases, impaired actin filament organization and
augmented release of exosomes [38], and (ii) impairment
of pro-inflammatory signal transduction due to impaired
JAK/STAT signaling caused by AA-mediated pertur-
bation of lipid rafts, which are crucial for the spatial

Page 19 of 23

organization of cytokine receptors and associated signal-
ing proteins in the plasma membrane [39]. Notably, the
first mechanism is triggered by AA at concentrations as
low as 5 pM [38], whereas the disruption of lipid rafts
occurs at significantly higher AA concentrations, around
50 uM [39]. Importantly, AA levels exceeding the concen-
tration used in the present study (50 uM) are observed in
a subset of OC patients and correlate with poorer clinical
outcomes [40].

Functional and potential clinical relevance

Since AA impairs the signaling by activating cytokine
and NK cell receptors crucial to NK cell proliferation
and cytotoxicity, we explored this connection through
functional assays. These studies revealed that AA blocks
both basal and IL-2-induced proliferation of NK cells
and inhibits cytotoxicity towards targets cells (K562,
OVCAR-8). K562 cells are an established standardized
target for evaluating the functional capacity of NK cells
due to their high expression of activating NK cell recep-
tor ligands, the absence of MHC class I molecules and a
high reproducibility of the assay [101]. Importantly, AA
also reduced killing activity towards OVCAR-8, suggest-
ing that the AA-mediated restriction of NK cell activities
is relevant for NK cell-dependent immunosurveillance in
OcC.

Our data suggest that the impact of AA on central sig-
nal transduction pathways has significant implications
for the biological functions of NK cells. This hypothesis
is supported by several observations: First, according
to RNA-Seq analysis several activating NK cell recep-
tor genes that are repressed by AA also exhibit a sig-
nificantly lower expression in TANK from OC ascites
compared to normal NK cells, including FCGR3 (CD16)
and KLRKI (NKG2D). Second, the expression of multi-
ple genes encoding NK cell receptors, including NKG2D
and NCR3 (NKp30), is associated with a short overall
survival of OC. This is consistent with previous stud-
ies that have identified a similar clinical correlation for
soluble NKG2D ligands [14, 15] and B7-H6, a ligand for
NKp30 [102]. Third, AA additionally inhibits the expres-
sion of genes coding for chemokine and cytokine recep-
tors essential for anti-tumor NK cell functions, notably
CX3CR1 and CXCR3, which are similarly downregulated
in TANK compared to normal NK cells (Table S5).

Clarifying which precise impacts of AA on the NK cell
signaling network are pivotal for the clinical progression
of OC remains a pivotal challenge. However, AA’s impact
on cytokine and NK cell receptor functions is likely to be
among the primary contributors. In this context, it will
be of paramount importance to elucidate the precise
mechanisms underlying this defect, serving as a founda-
tion to prevent or mitigate the adverse effects of AA.
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Fig. 10 Model summarizing the effects of AA on signal transduction pathways and their functional consequences. Our data suggest different mecha-
nisms AA utilizes to interfere with signal transduction in NK cells, thereby impairing their role in anti-tumor surveillance and resulting a poor clinical out-
come. This model encompasses multiple potential mechanisms. I: AA triggers a burst of ROS, which in turn upregulates ROS-detoxifying genes, resulting
in decreased cytotoxic ROS levels (data in Fig. 3). Il: AA inhibits signal transduction by NK-cell-activating cytokines (such as IL-2 and IL-15) through interfer-
ence with STAT1 phosphorylation (Figs. 4 and 5). lll: AA inhibits the cytokine-induced expression of surface expression of several cytotoxicity receptors,
including NKG2D, and interferes with ERK phosphorylation induced by the NKG2D-ligand MICA (Fig. 6). AA presumably also affects other receptors
(Fig. 6A) and pro-inflammatory signaling pathways (Figs. 1, 2 and 3) involved in NK cell activation and/or cytotoxicity

Conclusion

Our findings reveal that AA disrupts signal transduc-
tion through several mechanisms, impacting diverse
pathways as summarized in Fig. 10. These mechanisms
include: (i) the upregulation of ROS-detoxifying genes,
which may lead to a reduction in cytotoxic ROS levels;
(ii) the suppression of signaling by activating cytokines,
accompanied by a decrease in STAT1 phosphoryla-
tion; and (iii) the disruption of surface receptor expres-
sion including NCRs and NKG2D corresponding with
reduced phosphorylation of downstream signaling mol-
ecules. Functionally, these alterations likely cooperate to
impair proliferation, cytotoxicity and cytokine expres-
sion (including TNFa and IENY). As the expression of

NKG2D and other NK cell receptors is inversely associ-
ated with the survival of OC, these observations point to
a functional link between AA, NK cell dysfunction and
OC progression.
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