
 

 

 

 

Aus dem Zentrum für Tumor- und Immunbiologie 

des Fachbereichs Medizin der Philipps-Universität Marburg 

 
 

Geschäftsführender Direktor: Prof. Dr. Rolf Müller 

 

 
 

Titel der Dissertation: 

 

Deregulation of signal transduction pathways in macrophages by 

arachidonic acid in the ovarian cancer microenvironment 

 

 

 

 

zur Erlangung des Doktorgrades der Naturwissenschaften 

(Dr. rer. nat.) 

 

 
vorgelegt von 

 

Mohamad Khir Hammoud aus Yabroud, Syrien 

 

 

Marburg, 2022 



 

 

 

 

 

 

 

 

 

 

 

Angenommen vom Fachbereich Medizin der Philipps-Universität Marburg  

am: 01.11.2022 

 

Gedruckt mit Genehmigung des Fachbereichs Medizin 

Dekanin: Prof. Dr. Denise Hilfiker-Kleiner 

Referent: Prof. Dr. Rolf Müller 

Korreferentin: Prof. Dr. Elke Pogge von Strandmann 



 

      

 

Table of contents  

1. Abstract ............................................................................................................... 1 

1.1. English abstract .................................................................................................... 1 

1.2. German abstract ................................................................................................... 3 

2. Introduction ........................................................................................................ 1 

2.1. Ovarian cancer ..................................................................................................... 1 

2.2. Malignant ascites .................................................................................................. 2 

2.3. Arachidonic acid .................................................................................................. 3 

2.4. Tumor-associated macrophages ........................................................................... 4 

2.5. Aims of this dissertation....................................................................................... 6 

3. Publication summaries....................................................................................... 7 

3.1.  Arachidonic acid, a clinically adverse mediator in the ovarian cancer 

microenvironment, impairs JAK-STAT signalling in macrophages by perturbing 

lipid raft structures ............................................................................................... 7 

3.1.1. Results .................................................................................................................. 7 

3.1.1.1.Suppression of cytokine-induced genes in AA-treated MDMs ........................... 7 

3.1.1.2.Suppression of JAK-STAT signaling by AA and other PUFAs .......................... 8 

3.1.1.3.Inhibition of LPS-induced pathways in MDMs by AA ....................................... 8 

3.1.2. Discussion .......................................................................................................... 10 

3.1.3.  My contribution .................................................................................................. 13 

3.2.     Phosphoproteomics identify arachidonic-acid-regulated signal transduction 

pathways modulating macrophage functions with implications for ovarian cancer

 ............................................................................................................................ 14 

3.2.1. Results ................................................................................................................ 14 

3.2.2. Discussion .......................................................................................................... 16 

3.2.3. My contribution .................................................................................................. 17 



 

      

 

4.  Abbreviations ................................................................................................... 19 

5.  References......................................................................................................... 22 

6.  Appendices ....................................................................................................... 37 

6.1.  All publications of the author ............................................................................ 37 

6.2.  Curriculum vitae ................................................................................................ 38 

6.3.  Directory of academic teachers ......................................................................... 39 

6.4.  Acknowledgment ............................................................................................... 40 

7.  Manuscripts and supplementary files ............................................................ 41 

 

 



Abstract 

  1 

1. Abstract 

1.1. English abstract 

Malignant ascites contributes to all hallmarks of ovarian cancer (OC). It occurs as an 

accumulation of fluid in the peritoneal cavity at advanced stages of the disease. Ascites is 

associated with a poor prognosis along with a deteriorated quality of life due to 

abdominal distension. It is now well established that malignant ascites is implicated in 

promoting different features of OC through its cellular and soluble components. 

The cellular component of ascites comprises mainly tumor and immune cells. In the 

tumor microenvironment (TME), immune cells are reprogrammed to support the 

progression of the tumor rather than exert tumoricidal activity. Tumor-associated 

macrophages (TAMs) are the main immune cells in ascites and are involved in tumor 

growth, migration, metastasis, and angiogenesis. Furthermore, TAMs are also 

immunosuppressive, impeding the elimination of tumor cells through multiple 

mechanisms. Therefore, they are frequently linked to poor prognosis in different types 

of cancer. 

Cancer and host cells interact with each other primarily through cytokines, growth 

factors, extracellular vesicles, and bioactive lipids. Ascites is rich with bioactive lipids, 

which are utilized as an important source of energy and regulate both tumor and tumor-

related immune cells. They include lysophosphatidic acids (LPAs) and polyunsaturated 

fatty acids (PUFAs) as well as their metabolites. Arachidonic acid (AA) is a particularly 

important PUFA because it is abundant in ascites and associated with a short relapse-

free survival (RFS) of OC.  

Immune suppression in the TME is a major challenge in optimizing the clinical benefits 

of immunotherapies. Hence, a deep understanding of the dampened anti-cancer immune 

response is required. The purpose of the present thesis was to elucidate the mechanisms 

of the AA-induced dysfunction of macrophages in OC. Our findings demonstrate that 

AA interferes with fundamental functions of macrophages and impairs the macrophages-

mediated anti-tumor immune responses by perturbing lipid raft structures. 
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To delineate the signaling pathways stimulated by AA, we performed a comprehensive 

phosphoproteomic analysis of macrophages and identified multiple phosphoproteins 

modulated by AA.  We defined the Ca2+ - CAMK II - ASK1 - p38δ/α (MAPK13/14) - 

HSP27 axis as a central signaling pathway in macrophages induced by AA. Furthermore, 

our data show that many of the AA-regulated phosphoproteins are involved in 

cytoskeletal organization and GTPase signaling. Consistent with this result, AA 

perturbed actin filament formation and impaired actin-dependent macropinocytosis. 

Finally, transcriptomic profiling showed that AA suppresses the expression of genes 

induced by interferons (IFNs) or IL-6. Importantly, many of these genes were also 

repressed in TAMs from patients with a short RFS. To elucidate the underlying 

molecular mechanisms, we investigated the signaling pathways induced by IL-6, IFNβ, 

and IFNγ in more detail. We demonstrated that AA accumulates in lipid rafts and 

interferes with the JAK-STAT signaling by perturbing lipid rafts structure. Intriguingly, 

these effects could be at least partially reversed by restoring the structure of the lipid 

rafts by the addition of exogenous water-soluble cholesterol. These findings point to a 

central role of AA in impairing macrophage-dependent anti-tumor surveillance in the 

OC microenvironment.  
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1.2. Zusammenfassung 

Maligner Aszites trägt zu allen Merkmalen des Ovarialkarzinoms (OC) bei. Er tritt als 

Flüssigkeitsansammlung in der Bauchhöhle in fortgeschrittenen Krankheitsstadien auf. 

Aszites ist mit einer schlechten Prognose verbunden und führt zu einer Verringerung der 

Lebensqualität aufgrund der abdominalen Distension. Es ist gut belegt, dass maligner 

Aszites durch seine zellulären und löslichen Bestandteile verschiedene Charakteristika 

des OC fördert. 

Die zelluläre Komponente des Aszites besteht hauptsächlich aus Tumor- und 

Immunzellen. In der Mikroumgebung des Tumors (TME) sind die Immunzellen so 

umprogrammiert, dass sie das Fortschreiten des Tumors unterstützen anstatt eine 

tumorizide Wirkung zu entfalten. Tumor-assoziierte Makrophagen (TAMs) sind die 

wichtigsten Immunzellen im Aszites und sind an Tumorwachstum, Migration, 

Metastasierung und Angiogenese beteiligt. Darüber hinaus wirken TAMs auch 

immunsuppressiv und behindern die Eliminierung von Tumorzellen durch verschiedene 

Mechanismen. Daher sind sie häufig mit einer schlechten Prognose des OCs wie auch 

anderer Tumorentitäten assoziiert. 

Krebs- und Wirtszellen interagieren hauptsächlich über Zytokine, Wachstumsfaktoren, 

extrazelluläre Vesikel und bioaktive Lipide. Aszites ist reich an bioaktiven Lipiden, die 

als wichtige Energiequelle genutzt werden und sowohl Tumor- als auch tumorassoziierte 

Immunzellen regulieren. Hierzu gehören Lysophosphatidsäuren (LPAs) und mehrfach 

ungesättigte Fettsäuren (PUFAs) sowie deren Metabolite. Arachidonsäure (AA) ist eine 

besonders wichtige PUFA, da sie im Aszites des OCs abundant und mit einem verkürzten 

rezidivfreien Überleben (RFS) assoziiert ist.  

Die Immunsuppression in der TME stellt eine große Herausforderung bei der 

Optimierung von Immuntherapien dar. Daher ist ein tiefgehendes Verständnis der 

kompromittierten Immunantwort in der TME dringend notwendig. Ziel der vorliegenden 

Arbeit war die Aufklärung der Mechanismen der AA-induzierten Dysfunktion von 

Makrophagen beim OC. Unsere Ergebnisse zeigen, dass AA die grundlegenden 

Funktionen von Makrophagen behindert und die durch Makrophagen vermittelte Anti-

tumor-Immunantwort durch Störung der Lipid-Raft-Strukturen beeinträchtigt. 
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Um die durch AA stimulierten Signalwege zu definieren haben wir eine umfassende 

phosphoproteomische Analyse von Makrophagen durchgeführt und dabei zahlreiche 

Phosphoproteine, die durch AA moduliert werden, identifiziert.  Dies beinhaltet die 

Identifizierung der Ca2+ - CAMK II - ASK1 - p38δ/α (MAPK13/14) - HSP27 - Achse 

als einen zentralen, durch AA induzierten Signalweg in Makrophagen. Des Weiteren 

ergab unsere Phosphoproteom-Analyse, dass viele der AA-regulierten Phosphoproteine 

an der Organisation des Zytoskeletts und der Signalübertragung durch RHO-GTPasen 

beteiligt sind. In Übereinstimmung mit diesem Ergebnis zeigen unsere Daten, dass AA 

die Bildung von Aktinfilamenten stört und die aktinabhängige Makropinozytose 

beeinträchtigt. 

Mittels Transkriptomanalysen konnten wir darüber hinaus zeigen, dass AA die 

Expression von Genen unterdrückt, die durch Interferone (IFNs) oder IL-6 induziert 

werden. Wichtig ist, dass viele dieser Gene auch in TAMs von Patientinnen mit kurzem 

RFS reprimiert sind. Um die zugrunde liegenden molekularen Mechanismen 

aufzuklären, haben wir die durch IL-6, IFNβ und IFNγ induzierten Signalwege genauer 

analysiert. Wir konnten zeigen, dass sich AA in Lipid Rafts akkumuliert und die JAK-

STAT-Signalübertragung durch Störung der Lipid Rafts-Struktur beeinträchtigt. Dese 

Effekte konnten zumindest teilweise durch die Wiederherstellung der Lipid Raft-

Struktur durch die Zugabe von exogenem wasserlöslichem Cholesterol rückgängig 

gemacht werden. Diese Ergebnisse deuten auf eine zentrale Rolle von AA bei der 

Beeinträchtigung der Makrophagen-abhängigen Anti-Tumor-Antwort in der 

Mikroumgebung des OC hin.  
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2. Introduction 

2.1. Ovarian cancer 

OC is the most lethal of all gynecological cancers and the fifth leading cause of cancer 

death in women (PDQ Adult Treatment Editorial Board 2022). The prognosis of OC 

depends on the stage at the time of diagnosis, and it declines from a 5-year survival rate 

of 80% for patients without metastases to 20% for patients with metastases beyond the 

abdomen (Lheureux, Braunstein, and Oza 2019). The majority of OCs are diagnosed at 

advanced stages because of the lack of an effective screening test for the detection of OC 

at early stages (Lheureux, Braunstein, and Oza 2019). Serum cancer antigen 125 (CA 

125) is the only recommended tumor marker for diagnosis and monitoring of OC. 

However, it is not always detectable, especially in the early stages of OC. Furthermore, 

an abnormal value of CA 125 is not a specific sign of OC, since benign diseases such as 

endometriosis and ovarian cysts can also increase the serum concentration of CA 125 

(Whitwell et al. 2020).  

The standard therapeutic approach for advanced OC usually involves debulking surgery 

followed by chemotherapy (Stewart, Ralyea, and Lockwood 2019). Mutations in TP53, 

BRCA1/2, and overexpression of MYC are frequently observed in OC (Worzfeld et al. 

2017), providing the rationale for implementation of platinum-derived chemotherapy 

(such as paclitaxel and carboplatin) and poly (ADP-ribose) polymerase (PARP) 

inhibitors to prevent cancer cells from repairing their damaged DNA (Lheureux, 

Braunstein, and Oza 2019).  

Even though most patients with OC respond to initial chemotherapy, 25% of patients at 

early stages and 80% at advanced stages suffer from the recurrence of OC within the 

first two years of the initial treatment (Pokhriyal et al. 2019). The management of 

relapsed OC depends on the metastatic dissemination and the susceptibility of recurrent 

OC to first-line therapy (Matulonis et al. 2016). In patients with a limited number of 

isolated metastases, surgical resection of all metastatic sites followed by chemotherapy 

improved overall survival compared to chemotherapy alone (Harter et al. 2021). A recent 

study found that patients who underwent a complete resection of metastases had 34-

months increase in median overall survival when compared to those with incomplete 
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resection; however, secondary cytoreductive surgery is only recommended for patients 

with a high probability of a complete removal of metastatic regions (Slomski 2022). 

Accumulation of malignant ascites is a common feature of OC. It is defined as a 

pathological build-up of fluid in the peritoneal cavity. It is rich in tumor-promoting 

soluble factors, cancer cells, and host cells, thereby supporting tumor growth, 

angiogenesis, and immune evasion (Worzfeld et al. 2017). Furthermore, ascites is 

involved in the rapid relapse of OC by changing the metabolic properties of cancer cells 

in spheroids and increasing the resistance to chemotherapy (Liao et al. 2014).  

2.2. Malignant ascites 

Malignant ascites is associated with a poor clinical outcome and a deteriorated quality 

of life (Ayantunde and Parsons 2007). Accumulation of ascites is caused by an increase 

in the filtration of fluids from peritoneal vessels and a decrease in the drainage of fluids 

in the peritoneal cavity (Smolle, Taucher, and Haybaeck 2014). Vascular endothelial 

growth factor (VEGF) plays a crucial role in the development of ascites by increasing 

the permeability of the blood and lymphatic vessels (Masoumi Moghaddam et al. 2012). 

Over the last few years, anti-angiogenic drugs gained interest in the treatment of OC 

(Ledermann et al. 2016; Poveda et al. 2015), and in 2018, Bevacizumab, a monoclonal 

antibody against VEGF-A, was approved by the Food and Drug Administration (FDA) 

for the treatment of stage III and IV OC (Haunschild and Tewari 2020). 

Ascites serves as a transporter for tumor cells and promotes transcoelomic metastasis to 

pelvic and peritoneal organs (Smolle, Taucher, and Haybaeck 2014). Metastases are, in 

turn, implicated in the production of ascites, due to the physical lymphatic obstruction 

in the peritoneum caused by metastatic cells and high expression of VEGF (Sommerfeld 

et al. 2021; Ford et al. 2020; Tan, Agarwal, and Kaye 2006), which exlains the positive 

link between an excessive volume of ascites and a high number of metastatic sites in the 

peritoneum (Huang et al. 2013).  

Ascites is composed of cellular and acellular parts. The cellular component comprises 

tumor cells, which occur as single cells or spheroids, and host cells including, TAMs, 

tumor-associated T cells, tumor-associated natural killer cells, adipocytes, cancer-

associated fibroblasts, and mesothelial cells (Worzfeld et al. 2017). Tumor-associated 

cells are usually reprogrammed to support the survival and proliferation of cancer cells. 
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This is mostly accomplished by the acellular components including growth factors, 

cytokines, metalloproteinase, extracellular vesicles and bioactive lipids (Worzfeld et al. 

2017; Hammoud et al. 2022). 

Large-scale proteomic analysis of the ascites from OC identified 779 proteins 

(Finkernagel et al. 2019). These proteins were clustered based on their biological 

functions. Proteins that regulate angiogenesis, extracellular matrix structure and 

metastasis are elevated in patients with a short RFS. Patients with a long RFS, on the 

other hand, have high levels of proteins that upregulate the immune response and cell 

death (Finkernagel et al. 2019). 

Bioactive lipids are another class of cancer-promoting factors in ascites. They comprise 

LPAs, PUFAs, and their metabolites, which are products of the phospholipase, 

lysophospholipase D, cyclooxygenase (COX) and lipoxygenase (LOX) pathways 

(Reinartz et al. 2019). LPAs act as a growth factor by inducing six different G protein-

coupled receptors, known as LPARs, (Yung, Stoddard, and Chun 2014). These receptors 

regulate a broad range of biological functions such as proliferation and migration; 

therefor, aberrant LPA signaling is implicated in a variety of malignancies (Mills and 

Moolenaar 2003; Reinartz et al. 2019).  

PUFAs are the most abundant type of lipids in ascites. They supply tumor cells with a 

vital source of energy (Nieman et al. 2011). As a result, in malignant ascites, cancer cells 

switch their metabolism from aerobic glycolysis to β-oxidation. This abnormal 

metabolism has been recently linked to metastasis and chemoresistance (R. R. Chen et 

al. 2019). Moreover, PUFAs are implicated in inhibiting of T cell activation through 

displacement of linker of activated T cells (LAT) and phospholipase Cγ1 from lipid rafts 

(Zeyda et al. 2002).    

2.3. Arachidonic acid 

AA is one of the PUFAs found at high concentrations in ascites (Reinartz et al. 2016). it 

consists of 20 carbon atoms and 4 cis double bonds (Martin, Brash, and Murphy 2016). 

In cells, AA exists as incorporated into the phospholipids of the cellular membrane and 

the cytosol. Because of its unique chemical structure, AA regulates the permeability and 

fluidity of the cellular membrane and the molecular function of several membrane 

proteins (Pompéia et al. 2000; Brash 2001).  
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Phospholipase A2 enzymes (PLA2s) are responsible for the release of AA from 

phospholipids. They come in a variety of forms, including secreted PLA2s (sPLA2s) and 

cytoplasmic PLA2s (cPLA2s) (Dennis et al. 2011). Recently, PLA2G7, one of sPLA2s, 

gained more attraction as a biomarker candidate for prostate cancer (Alinezhad et al. 

2016) and large B-cell lymphoma (W. Zheng et al. 2021). In OC ascites, PLA2G7 is also 

present at high concentrations and associated with a short RFS (Reinartz et al. 2016).  

Free AA is metabolized by COX or LOX to various types of active metabolites. 

Numerous tumor tissues exhibit upregulation of COX-2,  which promotes immune 

escape and impairs cancer immunotherapy (B. Liu, Qu, and Yan 2015).   Moreover, 

prostaglandins, COX metabolites of AA, have shown to promote tumor progression by 

activating multiple pathways, including angiogenesis, cell proliferation and 

immunosuppression. While the role of AA metabolites was extensively explored in TME 

(Kobayashi, Omori, and Murata 2018), the role of non-metabolized AA, especially in 

the tumor immune microenvironment, is poorly addressed (Sakai and Sasaki 2016).  

2.4. Tumor-associated macrophages 

Macrophages are an essential part of the innate immune system. They play critical roles 

in repairing and remodeling tissues, secretion of cytokines, and antigen presentation. 

Furthermore, macrophages are professional phagocytes that recognize and degrade 

pathogens, cellular debris, and aberrant cells, such as tumor cells (Zhou et al. 2020). 

Macrophages are classified based on their origin as either monocyte-derived 

macrophages (MDMs) generated from precursors in the bone marrow or tissue-resident 

macrophages originating from yolk sac progenitors (C. Zhang, Yang, and Ericsson 

2021). MDMs can infiltrate tissues upon injury, and in some instances, macrophages 

from the embryonic origin are replaced by MDMs throughout life (Scott et al. 2016; 

Beattie et al. 2016). 

The remarkable plasticity of macrophages allows them to polarize into multiple 

phenotypes depending on the surrounding microenvironment. This includes classically 

activated M1 macrophage and alternatively activated M2 macrophages (Cendrowicz et 

al. 2021). 

Bacterial products like lipopolysaccharide (LPS) and interferon γ (IFNγ) induce the 

polarization to M1 macrophages. Pro-inflammatory features of M1 macrophages 
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encompass the phagocytosis and lysis of tumor cells (J. Liu et al. 2021) as well as the 

release of reactive oxygen species (ROS), interleukin-12 (IL-12), interleukin-23 (IL-23) 

and tumor necrosis factor α (TNFα) (X. Zheng et al. 2017).  

In contrast to M1 macrophages, M2 macrophages exhibit anti-inflammatory properties, 

like secreting of interleukin-10 (IL-10), VEGF, epithelial growth factor, platelet-derived 

growth factor (PDGF), transforming growth factor β1 (TGFβ1) and matrix 

metalloproteinase (MMPs) (Yin et al. 2016). Thus, M2 macrophages support 

angiogenesis and tumorigenesis (Ngambenjawong, Gustafson, and Pun 2017). The 

generation of M2 macrophages can be stimulated by interleukin-4 (IL-4), interleukin-10 

(IL-10), or TGFβ (Cendrowicz et al. 2021).  

TAMs are a class of macrophages present in the TME. Although TAMs were thought to 

be infiltrated macrophages derived from circulating monocytes, several studies suggest 

that resident macrophages represent also a potential source of TAMs (Finkernagel et al. 

2016; Lin, Xu, and Lan 2019). In many studies, TAMs are classified as M2-like 

macrophages; however, TAMs can exhibit M1 and M2 polarization. Both M1-like and 

M2-like macrophages are observed in bulk studies of the TME (Pan et al. 2020;  Reinartz 

et al. 2014); nevertheless, only TAMs exhibiting M2-like macrophages, CD163high and 

CD163highCD206high, were associated with a short RFS in OC (Reinartz et al. 2014).  

As TAMs are involved in tumor progression, migration, metastasis, chemoresistance and 

angiogenesis, they are frequently linked to poor clinical outcomes (Duan and Luo 2021). 

The effect of TAMs on the TME is mediated by numerous secreted cytokines and growth 

factors. For instance, TAM-secreted IL-6 and TGFβ promote the proliferation of cancer 

cells (Worzfeld et al. 2017), VEGF and PDGF promote angiogenesis, and MMPs 

facilitate metastasis (C. Li et al. 2021). On the other hand, several macrophage-secreted 

cytokines possess potent anti-tumor activities (House et al. 2020). Macrophages release 

IL-12, which is an essential link between the adaptive and innate immune cells. It 

activates natural killer and CD8+ T cells, potentially leading to the eradication of cancer 

cells (Lasek, Zagożdżon, and Jakobisiak 2014). CXCL9, another macrophage secreted 

cytokine, is crucial for the attraction of CD8+ T cells; thus, it is associated with a 

favorable prognosis (Lieber et al. 2018). However, the TME of OC contains extremely 

low levels of both IL-12 and CXCL9 (Lieber et al. 2018; Unger et al. 2018). 
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2.5. Aims of this dissertation 

Understanding the mechanism behind the immunosuppressive feature of TME is crucial 

in the success of immunotherapies. Since macrophages represent the most abundant 

immune cells with pro-tumorigenic properties in the TME, restoration of their 

physiological functions could contribute to anti-tumor immune responses (Zhou et al. 

2020).  

Previous studies investigating the role of AA as an immunosuppressant focused on its 

metabolites and AA-metabolizing enzymes (Wang and DuBois 2016). In contrast, the 

role of non-metabolized AA as an immunomodulator has not been systematically 

addressed to date. 

In this dissertation I: 

 investigated both stimulatory and inhibitory effects of AA on distinct signal 

transduction pathways in macrophages 

 and analyzed how these effects are functionally linked to the immunosuppression 

of macrophages, including the dampening of pro-inflammatory responses and the 

reorganization of actin filaments. 
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3. Publication summaries 

3.1. Arachidonic acid, a clinically adverse mediator in the ovarian cancer 

microenvironment, impairs JAK-STAT signalling in macrophages by 

perturbing lipid raft structures 

Mohamad K. Hammoud, Raimund Dietze, Jelena Pesek, Florian Finkernagel, Annika 

Unger, Tim Bieringer, Andrea Nist, Thorsten Stiewe, Aditya M. Bhagwat, Wolfgang 

Andreas Nockher, Silke Reinartz, Sabine Müller-Brüsselbach, Johannes Graumann, Rolf 

Müller. 

Molecular Oncology (2022). doi: 10.1002/1878-0261.13221. 

TAMs, and in particular CD163high and CD163highCD206high TAMs, are associated with 

a short RFS. These subtypes of TAMs have a high expression of tumor-promoting genes 

and a low expression of genes induced by pro-inflammatory cytokines (Reinartz et al. 

2014). AA is present in ascites at high concentrations, and it is the only PUFA in ascites 

which significantly associated with a short RFS (Reinartz et al. 2016). Thus, in current 

work we investigated whether these two observations are functionally related, and 

analyzed the mechanism of the AA-mediated suppression of pro-inflammatory cytokine 

production. 

3.1.1. Results 

3.1.1.1. Suppression of cytokine-induced genes in AA-treated MDMs 

The expression of CD163 and CD206  receptors in TAMs is a prognostic marker in 

several types of cancer (Worzfeld et al. 2018; Kovaleva et al. 2016). To explore the 

pathways associated with a high expression of CD163 and CD206, we analyzed RNAseq 

data of TAMs isolated from OC ascites. Consequently, we observed 1160 genes whose 

expression was negatively correlated with the expression of CD163 and CD206 

(Spearman < −0.5; Table S2). Reactome pathway enrichment analysis (Jassal et al. 2019) 

of these genes identified cytokines, TNF, and toll-like receptor 4 (TLR4) signaling as 

the main significantly enriched pathways (FDR < 0.05) (Table 1).  

To test the effect of AA on the cytokine-triggered genes in macrophages, we assessed 

the transcriptome of MDMs induced with IFNβ, IFNγ, or IL-6 with and without AA. AA 

exhibited strong inhibitory effects on cytokine-induced genes (Figs. 1B, 2B, and 3B) 
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with a slight donor related diversity (Figs. 1A, 2A, and 3A). These results were 

confirmed by RT-qPCR using APOBEC3A, CXCL10, IFIT2, and IRF1 as IFNβ target 

genes, CCL8, CXCL9, CXCL10, and GBP4 as IFNγ target genes and CCL2, IL-

1B, and INFKBIZ as IL-6 target genes (Figs. 1C, 2C, and 3C). 

3.1.1.2. Suppression of JAK-STAT signaling by AA and other PUFAs 

To elucidate the detailed mechanism of AA-mediated effects on cytokine-activated 

signaling pathways, we monitored the phosphorylation of key proteins in these 

pathways. This included JAK1 and STAT1 for IFNβ, JAK2 and STAT1 for IFNγ, and 

STAT3 for IL-6. Among all tested PUFAs, AA and 5,8,11,14-eicosatetraynoic acid 

(ETYA), a non-metabolizable analog of AA, showed the highest inhibitory effects on 

the phosphorylation of STAT1 triggered by IFNβ (Fig. 4A) or IFNγ (Fig. 4B) and the 

phosphorylation of STAT3 triggered by IL-6 (Fig. 4C). Consequently, AA also inhibited 

the nuclear translocation of STAT1 and STAT3 induced by IFNγ and IL-6, respectively 

(Fig. 5). Furthermore, the cytokine-triggered phosphorylation of JAK1 and JAK2 was 

diminished in the presence of AA, indicating that AA exerts the inhibitory effects at the 

receptor level (Fig. 4D and E).  

We also used MAPK14 inhibitors to exclude the role of AA-induced MAPK14 in this 

context (Dietze et al. 2021). MAPK14 inhibitors, SB203580 and BIRB796, had no 

impact on the AA-mediated inhibition of IFNγ-induced STAT1 phosphorylation or IL-

6-induced STAT3 phosphorylation (Fig. 6). This indicates that the effects of AA on 

cytokine signaling are independent of the AA-triggered Ca2+ - CAMK II - ASK1 - 

MAPK14 pathway described below in section 3.2 (Dietze et al. 2021). 

3.1.1.3. Inhibition of LPS-induced pathways in MDMs by AA 

Since JAK-STAT1 pathway can be also activated by LPS (Okugawa et al. 2003), we 

investigated whether ETYA and AA can inhibit LPS-triggered phosphorylation of 

STAT1. Both AA and ETYA repressed the LPS-triggered phosphorylation of STAT1 

(Fig. 7A). A similar effect was observed with LPS-induced expression of CXCL10 

(Fig. 7B). Ruxolitinib, a JAK1/2 inhibitor, was included to show that upregulation of 

CXCL10 by LPS is regulated via JAK-STAT1 signaling (Fig. 7B). 

LPS also activates signal transduction pathways unrelated to JAK-STAT1 (Ciesielska, 

Matyjek, and Kwiatkowska 2021). We therefor analyzed the impact of AA and ETYA 
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on LPS-induced NFkB and ERK1 pathways. Consistent with the results detected with 

JAK-STAT1 pathway, AA and ETYA significantly reversed LPS-triggered 

phosphorylation of NFkB and ERK1 (Fig. S6) and LPS-induced degradation of IκBα 

and IκBβ (Fig. S7). In line with these results, AA inhibited LPS-induced expression of 

JAK-STAT-independent IL-12B, a gene regulated mainly by NFkB and ERK1 (Fig. S5). 

Moreover, we detected a decrease in secretion of LPS-triggered IL-12B in MDMs treated 

with AA or ETYA (Fig. S4D). 

3.1.1.4. AA-mediated alterations of lipid rafts as a cause of inhibited JAK-STAT 

signalling 

Lipid rafts represent a platform where the majority of the signaling pathways are 

initiated. It has been reported that PUFAs can change the composition of the lipid rafts 

and disturb their function (Schley, Brindley, and Field 2007). Moreover, AA interfered 

with the early step of cytokine signaling in the cellular membrane (Fig. 4D and E). Thus, 

we isolated the lipid rafts of MDMs treated with AA, ETYA, or solvent. Next, we 

evaluated the purity of the lipid rafts using transferrin receptor (CD71), flotillin1 

(FLOT1), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as markers for 

non-rafts membrane, lipid rafts membrane, and cytosol, respectively (Fig. 8A). Lipid-

raft-enriched fractions were further analyzed with mass-spectrometry-based proteomics 

(MS).  

Proteomic analysis identified 43 proteins displaced from lipid rafts in MDMs treated 

with AA and/or ETYA (FDR < 0.05) (Fig. 8B; Table S6). Reactome pathway analysis of 

these proteins detected several cytokine-related signaling pathways among the top 

enriched hits (FDR < 0.05) (Fig. 8C; Table S7). Consistent with this result, displacement 

of IFN-γRα, JAK1, and JAK2 from lipid rafts was also detected in MDMs treated with 

AA by immunoblotting (Fig. 8D and E). 

The lipidomic analysis of lipid rafts from MDMs treated with AA or solvent revealed a 

significant increase of AA in lipid rafts. This increase was observed with both 

phospholipid-incorporated AA and free AA (Figs. 9E and S3). This raised the question 

as to whether the observed effects on signal transduction were caused by incorporated or 

free AA. To this end, Triacsin C, an inhibitor of long fatty acyl CoA synthesis, was 

implemented to interfere with the synthesis of AA-derived phospholipids. Triacsin C did 
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not have any significant impact on the AA-mediated inhibition of STAT1 

phosphorylation induced by INFβ (Fig. 9A and B) or IFNγ (Fig. 9C and D), suggesting 

that free AA rather than altered phospholipids is crucial for the inhibition of cytokine-

regulated signaling pathways. 

Cholesterol is an essential component of lipid rafts, and depletion of cholesterol is known 

to perturb their structure, which in turn can be functionally rescued by treatment with 

water-soluble cholesterol (Barman and Nayak 2007). Thus, cholesterol/methyl-β-

cyclodextrin (a complex of cholesterol with methyl-β-cyclodextrin) significantly 

counteracted the AA-mediated inhibition of phosphorylation of STAT1 induced by INFβ 

or IFNγ (Fig. 10).  

We were also interested to study whether AA generally dampens the activity of other 

signaling pathways in MDMs. We concentrated on TGFβ signaling because it induces 

M2 polarization (F. Zhang et al. 2016) and it is abundant in ascites (L. Yang et al. 2017). 

Interestingly, AA had no effect on TGFβ-triggered phosphorylation of SMAD2 

(Fig. S8). Furthermore, we found no discernible alterations in the expression of TGFβ-

targeted genes in the presence of AA (Fig. S9).  

3.1.2. Discussion  

In earlier literature, associations of early relapse of OC with CD163highCD206high or the 

level of AA in OC ascites were reported (Reinartz et al. 2014; Reinartz et al. 2016). In 

the current work, we found that these two observations are functionally related.  

IFNγ is a cytokine with a crucial role in the anti-tumor immune response. It is required 

for activation of various immune cells, such as T lymphocytes, dendritic cells, and 

macrophages (Jorgovanovic et al. 2020). Particularly in macrophages, IFNγ drives the 

polarization to pro-inflammatory M1-like macrophages (Sadlik et al. 1985) and increases 

the expression of numerous pro-inflammatory cytokines. Consequently, IFNγ enhances 

the ability of macrophages to eliminate cancer cells (Müller et al. 2017). Furthermore, 

IFNγ-programmed macrophages were associated with a favorable clinical outcome in 

different types of cancer (Jorgovanovic et al. 2020).  

In OC tumor tissue, the expression of IFNγ-induced genes was associated with a positive 

clinical outcome (Adhikary et al. 2017). Furthermore, IFNy inclusion in first-line 

treatment for OC led to activation of anti-tumor immune-response and prolonged the 
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RFS (Windbichler et al. 2000). In contrast, recombinant IFNβ provided no clinical 

benefit after subcutaneous administration (Markman et al. 2004). However, recent study 

showed that peritoneal injection of IFNβ-producing mesenchymal stem cells could be a 

promising therapy for patients suffering from advanced OC (Olson et al. 2018). Among 

IFNβ and IFNγ targets, CXCR3 chemokine ligands like CXCL9, CXCL10, and 

CXCL11 are of great interest. They boost the infiltration of tumor-suppressive T cells 

into tumor sites and promote the responsiveness to PD-1 inhibitors (Chow et al. 2019). 

In OC ascites, CXCL9 is associated with an increased recruitment and activation of 

CD8+ T cells (Lieber et al. 2018). Additionally, CXCL11 and CXCL10 enhance the 

killing capacity of T cells and suppress angiogenesis (W. Li et al. 2021). In the present 

work, we observed repression of most of IFNβ and IFNγ-stimulated genes in MDMs 

treated with AA, indicating that AA functions as an immunosuppressive 

immunomodulator in ascites (Figs. 1 and 2). 

Furthermore, our results show a strong AA-mediated impairment of IL-6, IFNβ, and 

IFNγ-triggered signaling pathways (Figs. 4A-C and 5). AA blocked the initiation of 

signal transduction by preventing IFN-induced phosphorylation of JAK1 and JAK2 (Fig. 

4E and D), apparently by impinging on the proper compartmentalization of receptors 

and other crucial signaling proteins in lipid rafts (Fig.11). 

Intactness of lipid rafts is a decisive factor in signal transduction induced by many 

cytokines (Simons and Toomre 2000). As a result, compounds disturbing the structure 

or changing the composition of lipid rafts block the signaling pathways mediated by 

receptors localized in lipid rafts. For example, PUFAs-induced modification of lipid rafts 

and delocalization of the rafts proteins were addressed in earlier publications (Schley, 

Brindley, and Field 2007; Zeyda et al. 2002). Our results indicate similar effects of AA 

on lipid rafts and raft-associated cytokine receptors in MDMs (Fig. 8). The lipidomic 

analysis of lipid rafts detected an enrichment of lipid rafts with incorporated and free AA 

after 1 hour of incubation with AA (Figs. S3 and 9E). Since Triacsin C did not reverse 

AA-mediated effects on IFN-induced phosphorylation of STAT1 (Fig. 9A-D), we 

concluded that free AA rather than incorporated AA is responsible for the perturbation 

of structure of lipid rafts and the inhibition of IFN-induced signaling.  
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Water-soluble cholesterol restored the signaling of IFNβ and IFNγ in MDMs treated with 

AA (Fig.10). Similar findings were reported in macrophages infected with Leishmania 

parasites. Leishmania donovani altered the physical feature of lipid rafts in infected 

macrophages, leading to a defective assembly of IFNγ receptors. The IFNγ signaling was 

rescued by replenishment of lipid rafts with exogenous cholesterol (Sen et al. 2011).  

In addition to cytokines receptors, TLRs play an important role in the anti-tumor defense. 

The ligands of TLRs were among the first agents that showed anti-tumor activity (Coley 

1910; Chakrabarty 2003). TLR4 is the most studied TLRs. It is activated by bacterial 

products, like LPS, and endogenous molecules released from dead cells and damaged 

tissues (Werling and Jungi 2003). Activation of TLR4 in macrophages induces the 

expression of a wide spectrum of cytokines required for initiation and stimulation of a 

tumoricidal immune response. For instance, IL-12 reveals potent anti-tumor properties 

(Tugues et al. 2015), because it activates the innate immune system via natural killer 

cells and the adaptive immune system via CD8+ T cells (Lu 2017).  

Activation of TLR4 begins with the formation of a multiprotein complex in lipid rafts, 

which controls several transduction pathways in macrophages (Ciesielska, Matyjek, and 

Kwiatkowska 2021), and is sensitive to PUFAs-induced alteration of lipid rafts and 

cholesterol depletion (Wong et al. 2009). In the present study, we found that AA inhibits 

different pathways induced by LPS, including STAT1 NFκB, and ERK (Figs. 7, S6, and 

S7); furthermore, AA downregulated the majority of LPS-induced genes (Fig. S4A-C). 

Taken together, our results suggest that AA inhibits TLR4-mediated signaling pathways, 

at least partially, by changing the composition of lipid rafts.  

TGFβ signaling depends on the distribution of TGFβ receptors between rafts and non-

rafts plasma membrane. Culturing the cells with a high concentration of cholesterol 

impairs TGFβ signaling (C.-L. Chen, Huang, and Huang 2008), because it raises the ratio 

of TGFβ receptors in lipid rafts and thereby accelerates their degradation (C.-L. Chen et 

al. 2007). In contrast to cytokine receptors, the accumulation of TGFβ receptors in non-

raft plasma correlates with an increase of the responsiveness of cells to TGFβ, indicating 

that the non-raft located receptors are essential for TGFβ signaling (C. L. Chen et al. 

2016). Consistent with these observations, AA did not affect the TGFβ-induced 

phosphorylation of SMAD2 and the expression of TGFβ target genes (Figs. S8 and S9).  
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3.1.3. My contribution 

 Preparing RNAseq samples, bioinformatic analyses, and visualizing of Next-

Generation Sequencing (NGS) data (Figs. 1A, 2A, 3A, 1B, 2B, 3B, S4A, and 

S4B).  

 RT-qPCR experiments (Figs. 1C, 2C, 3C, 7B, S4C, S5, and S9). 

 Immunoblotting experiments (Figs. 4C, 4D, 6B, 7A, 9A, 9B, 9C, 9D, 10, S2C, 

S6, S7, and S8) 

 Immunofluorescence staining of STAT1 and STAT3 (Fig. 5) 

 All lipid rafts samples isolation and validation (Fig. 8) 

 Analyzing and visualization of lipidomic results of lipid rafts (Fig. 9E and S3) 

 Measurement of IL-12 by Enzyme-linked Immunosorbent Assay (Fig. S4D). 
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3.2. Phosphoproteomics identify arachidonic-acid-regulated signal transduction 

pathways modulating macrophage functions with implications for ovarian 

cancer 

Raimund Dietze*, Mohamad K. Hammoud*, María Gómez-Serrano, Annika Unger, 

Tim Bieringer, Florian Finkernagel, Anna M. Sokol, Andrea Nist, Thorsten Stiewe, Silke 

Reinartz, Viviane Ponath, Christian Preußer, Elke Pogge von Strandmann, Sabine Mül-

ler-Brüsselbach, Johannes Graumann, Rolf Müller. 

Theranostics (2021) 11, 1377-1395. doi: 10.7150/thno.52442 

* Shared first authorship. 

TAMs are highly plastic; as a result, they can change their phenotype and function in 

response to the microenvironment (Worzfeld et al. 2017). AA is found in ascites at a 

high concentration and associated with an early relapse of OC (Reinartz et al. 2016). In 

this work, we identified AA-induced signaling pathway(s) and analyzed their impact on 

the functions of macrophages. 

3.2.1. Results 

3.2.1.1. Phosphoproteome analysis of AA-treated MDMs 

To identify the signaling pathway induced by AA in MDMs, we performed a 

comprehensive phosphoproteome analysis for MDMs treated with AA or solvent in 

cooperation with J. Graumann (MPI Bad Nauheim). We detected increased 

phosphorylation of 275 proteins and decreased phosphorylation of 164 proteins 

(nominal p-value < 0.05 by t test; Tables S4 and S5). Gene ontology (GO) analysis of 

proteins associated with signal-transduction (including protein kinases, phosphatases, 

and G-protein regulators) identified actin filament-based process, GTPase signaling, 

leukocyte activation, and stress response as the most significant and enriched GO terms 

for proteins with upregulated phosphosites, and cytoskeleton/actin organization, 

regulation of GTPase activity, vesicle-mediated transport, and endocytosis for proteins 

with downregulated phosphosites (Fig. 1; Tables S6-8). 

 

 

https://doi.org/10.7150/thno.52442


Publication summaries 

  15 

3.2.1.2. Identification of the ASK1- p38 axis as a central mediator of AA-induced 

signal transduction in MDMs 

Pharmacological inhibitors were employed to further characterize the AA-induced 

signaling pathway, including the MAP3K5 (ASK1) inhibitor, Selonsertib, and the 

MAPK14 (p38) inhibitors, SB203580 and BIRB796. As shown in Fig. 5, all three 

inhibitors significantly decreased the AA-induced phosphorylation of p38 and HSP27. 

As ASK1 has been identified as a p38 kinase inducer and HSP70 is a known p38 

substrate (Takeda et al. 2004; Xu, Chen, and Bergan 2006), these observations point to 

the ASK1 → p38 → HSP27 axis as an integral part of AA-induced signal transduction. 

Since ROS are a classical activator of ASK1 (Soga, Matsuzawa, and Ichijo 2012), we 

were interested in verifying whether AA-triggered induction of ASK1 is mediated by 

ROS, in particular because AA has been previously reported to increase the production 

of ROS (Matono et al. 2014). The increase in ROS by AA or ETYA treatment of MDMs 

was highly variable across donors (Fig. S4). In addition, the ROS inhibitor N-

acetylcysteine, and the NADPH oxidase inhibitor VAS3947, did not block AA-induced 

phosphorylation of p38 (Fig. S5). These findings indicate that AA activates ASK1 

independently of ROS. 

In contrast to ROS, the cytoplasmic concentration of Ca2+ was consistently elevated upon 

treatment of MDMs with AA or ETYA (Figs. 7A and S2), and AA induced the 

phosphorylation of calcium/calmodulin-dependent protein kinase II (CAMK II; 

Fig. 7B). BAPTA-AM (1,2-bis(o-aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid), a 

cell-permeant calcium chelator, inhibited the AA-induced phosphorylation of both 

CAMK II and p38 (Fig. 7B-D), confirming calcium-dependent activation of ASK1 by 

AA as a main signaling event upstream of p38 (Fig. 8).  

Other PUFAs found in ascites, like linoleic acid (LA), eicosapentaenoic acid (EPA), and 

docosahexaenoic acid (DHA) also induced the phosphorylation of p38 and HSP27, but 

to a lesser extent than AA. Importantly, ETYA showed a similar potency as AA, 

indicating that AA signaling to p38 and HSP27 does not require its metabolization 

(Fig.6A and B). 

As OC patients with elevated levels of AA in ascites suffer from a short RFS (Reinartz 

et al. 2016), we analyzed the correlation between AA concentrations and p38 



Publication summaries 

  16 

phosphorylation. The induction of p38 increased concomitantly with the concentration 

of AA, reaching its maximum at 50 µM (Fig. 4A), pointing to potential link of AA-

mediated p38 induction and the progression of OC. 

3.2.1.3. Interference of AA with actin filament-dependent processes 

To follow up on the results of the phosphoproteome analysis summarized above (Fig. 1), 

we investigated the influence of AA on the structure of the actin filaments. Fluorescently 

labeled phalloidin was used to stain the actin filaments of MDMs treated with 50 µM 

AA for 24 hours. We observed a clear rearrangement of actin structures, characterized 

by the dissociation of stress fibers and an accumulation of actin at the cell edge in 40-

65% of the treated cells. In agreement with this observation, AA strongly inhibited 

macropinocytosis, an actin filament-dependent process (Figs. 9 and S6).  

3.2.2. Discussion 

The immunosuppressive feature of ascites is well known (Fumita et al. 1984;  

Coosemans et al. 2019). In the current work, we focused on macrophages as the most 

abundant immune cells in ascites (Nowak and Klink 2020). We identified an AA-

induced signaling pathway in MDMs that contributes to the impairment of the 

physiological functions of macrophages. This may partly account for the association of 

AA with a poor clinical outcome. 

Activation of p38 represents a crucial step in initiating a stress response and is involved 

in tumor-promoting processes like metastasis and chemoresistance (Martínez-Limón et 

al. 2020). In macrophages, p38 promotes M2 polarization and angiogenesis (Suarez-

Lopez et al. 2018). Our phosphoproteomic and immunoblotting analyses of AA-treated 

MDMs detected a strong induction of p38 (Figs. 2 and 5), whereas a weaker response 

was observed with other PUFAs (Fig. 6). In line with this finding, only AA is linked 

with a rapid relapse of OC among PUFAs present in ascites (Reinartz et al. 2016).  

We used different pharmacological inhibitors to delineate the signaling events both 

upstream and downstream of p38. Selonsertib strongly blocked the AA-induced 

phosphorylation of p38, identifying ASK1 as a prominent activator of p38 (Fig. 5). 

Multiple activating mechanisms of ASK1, including stress-induced ROS (Soga, 

Matsuzawa, and Ichijo 2012) and Ca2+ influx (Takeda et al. 2004) have been reported. 

Our data show a rapid cytoplasmic influx of Ca2+ triggered by AA and ETYA (Figs. 7A 
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and S2), and BAPTA-AM, prevented AA-induced phosphorylation of CAMK II and p38 

(Fig. 7 B-D). In contrast, only a minor effect on ROS, if any, was observed, and ROS 

inhibition did not repress AA-activated p38 (Figs. S4 and S5). These results suggest a 

major role for the influx of Ca2+ in the stimulation of ASK1 by AA. 

Our phosphoproteomic analysis detected multiple phosphoproteins modulated by AA in 

MDMs. Many of these proteins are involved in actin cytoskeletal organization and 

GTPase signaling (Figs.1 and 2). Dysregulation of GTPase signaling is a characteristic 

of a wide range of human malignancies (Jung et al. 2020). A tight regulation of GTPase 

proteins is pivotal for macrophages to perform their physiological functions, for instance, 

they control the rearrangement and organization of actin filaments, cell motility (Bokoch 

2005) and phagocytosis (Castellano, Montcourrier, and Chavrier 2000). Importantly, in 

some proteins, such as LIMK1 and STK10, both upregulation and downregulation were 

observed in the same protein at different phosphosites, which may be related to opposing 

functions of these sites in the activation or inhibition of the protein (X.-J. Yang 2005; 

Holmberg et al. 2002). 

Actin filaments are crucial for many functions of macrophages including motility, 

antigen presentation, and phagocytosis (Jönsson et al. 2012). AA induced strong 

modifications in the structure of actin filaments, including the disruption of 

microfilaments (Fig. 9A and B). In agreement with this observation, macropinocytosis, 

a cytoskeletal rearrangement-dependent function, was impaired in AA-treated MDMs 

(Fig. 9C and D), consistent with the inability of TAMs to engulf tumor cells (Zhou et al. 

2020). 

Our data suggest that elevated concentrations of AA alter the phosphorylation of proteins 

that are involved in essential biological tasks of macrophages, which thereby contributes 

to the immunosuppressive environment of the TME (Fig. 8). 

3.2.3. My contribution 

 Preparation and validation of samples for phosphoproteome analysis (Figs. 1 and 

2) 

 Immunoblotting experiments (Fig. 5)  

 Measurement of intracellular free calcium (Figs. 7A and S2) 
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 ROS measurement (Fig. S5B) 

 Straining and quantification of actin filaments (Fig. 9A and 9B) 

 Macropinocytosis experiments (Figs. 9C, 9D, and S6) 
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4. Abbreviations 

AA         Arachidonic Acid  

ASK1        Apoptosis Signal-regulating Kinase 1 

BAPTA-AM     1,2-bis(o-aminophenoxy) ethane-N, N,N′,N′-

tetraacetic acid 

BRCA        Breast Cancer gene 

CA 125 Cancer Antigen 125 

CAMK II      Calcium/calmodulin-dependent protein ki-

nase II 

CD163       Cluster of Differentiation 163 

CD206                                                     Mannose receptor; C type 1 (MRC1, also 

known as Cluster of differentiation 206    

CD71       Transferrin receptor  

COX Cyclooxygenase 

CXCL10      C-X-C Motif Chemokine Ligand 10 

CXCL11      C-X-C Motif Chemokine Ligand 11 

CXCL9       C-X-C Motif Chemokine Ligand 9 

CXCR3 C-X-C Motif Chemokine Receptor 3 

DHA       Docosahexaenoic acid 

EPA        Eicosapentaenoic acid  

ERK1 Mitogen-Activated Protein Kinase 3 

ETYA       5,8,11, 14-eicosatetraynoic acid 

FACS        Fluorescence activated cell sorting 

FDA        Food and Drug Administration 

FLOT1       Flotillin 1 

GAPDH      Glyceraldehyde 3-phosphate dehydrogenase  
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GO Gene ontology 

HSP27       Heat shock protein family B (Small) Member 

1 

IκBα/β Nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor alpha/beta 

IFNβ       Interferon β 

IFNγ       Interferon γ 

IL-12       Interleukin 12 

IL-12B      Interleukin 12 subunit beta, also known as 

subunit p40 

IL-1β       Interleukin 1 β  

IL-6       Interleukin 6 

IL-10      Interleukin 10 

IL-23       Interleukin 23 

IL-4       Interleukin 4  

LA        Linoleic Acid 

LAT Linker of activated T cells 

LIMK1 LIM domain kinase 1  

LOX Lipoxygenase 

LPA       Lysophosphatidic Acid 

LPS       Lipopolysaccharid 

MAPK14 or p38  Mitogen-activated protein kinases 14 

MMP      Matrix metalloprotein  

MDM     Monocyte-derived macrophage 

mRNA     Messenger ribonucleic acid 

NF-κB     Nuclear factor κ-light-chain-enhancer of acti-

vated B cells 



Abbreviations 

 

  21 

NGS Next-Generation Sequencing 

OC      Ovarian cancer 

PARP     Poly (ADP-ribose) polymerase 

PLA2     Phospholipase A2  

PUFA     Polyunsaturated fatty acid 

qPCR     Quantitative polymerase chain reaction 

RFS      Relapse free survival 

RNA      Ribonucleic acid 

RNAseq    RNA sequencing 

ROS      Reactive oxygen species  

STAT1    Signal transducer and activator of transcrip-

tion 1 

STAT3    Signal transducer and activator of transcrip-

tion 3 

STK10    Serine/Threonine Kinase 10 

TAM    Tumor-associated macrophage 

TGFβ    Transforming growth factor beta  

TLR     Toll-like Receptor 

TNFα    Tumor necrosis factor α  

TP53    Tumor Protein 53 

VEGF    Vascular endothelial growth factor 
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Survival of ovarian carcinoma is associated with the abundance of immu-

nosuppressed CD163highCD206high tumor-associated macrophages (TAMs)

and high levels of arachidonic acid (AA) in the tumor microenvironment.

Here, we show that both associations are functionally linked. Transcrip-

tional profiling revealed that high CD163 and CD206/MRC1 expression in

TAMs is strongly associated with an inhibition of cytokine-triggered signal-

ing, mirrored by an impaired transcriptional response to interferons and

IL-6 in monocyte-derived macrophages by AA. This inhibition of pro-

inflammatory signaling is caused by dysfunctions of the cognate receptors,

indicated by the inhibition of JAK1, JAK2, STAT1, and STAT3 phosphor-

ylation, and by the displacement of the interferon receptor IFNAR1,

STAT1 and other immune-regulatory proteins from lipid rafts. AA expo-

sure led to a dramatic accumulation of free AA in lipid rafts, which

appears to be mechanistically crucial, as the inhibition of its incorporation

into phospholipids did not affect the AA-mediated interference with

STAT1 phosphorylation. Inhibition of interferon-triggered STAT1 phos-

phorylation by AA was reversed by water-soluble cholesterol, known to

prevent the perturbation of lipid raft structure by AA. These findings sug-

gest that the pharmacologic restoration of lipid raft functions in TAMs

may contribute to the development new therapeutic approaches.
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AA, arachidonic acid; Chol/MCD, cholesterol/methyl-b-cyclodextrin complex; CPM, counts per million; DAPI, 40,6-diamidin-2-phenylindol;

ETYA, inhibitor 5,8,11,14-eicosatetraynoic acid; FC, fold cahge; HGSC, high-grade serous carcinoma: inversion; IFN, interferon; LPS,

lipopolysaccharide; MDM, monocyte-derived macrophage; NGS, next-generation sequencing; OC, ovarian cancer; OS, overall survival; PUFA,

polyunsaturated fatty acid; RFS, relapse-free survival; RNA-Seq, RNA-sequencing; RT-qPCR, quantitative reverse transcriptase PCR; TAM,

tumor-associated macrophage.
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1. Introduction

Impairment of the anti-tumor immune response is a

decisive factor allowing for unrestrained cancer growth

and progression [1]. It is caused by intercellular interac-

tions in the tumor microenvironment (TME), majorly

mediated by signals provided by soluble mediators and

microvesicles [1,2]. These mediators encompass not only

cytokines and growth factors, but also bioactive lipids

[3,4], which include cleavage products of phospholipids,

such as lysophosphatidic acids, polyunsaturated fatty

acids (PUFAs) and PUFA-derived prostaglandins and

other eicosanoid metabolites of arachidonic acid (AA).

Except for some prostaglandins, in particular prosta-

glandin E2 [5,6], the relevance of lipid mediators for

immune suppression is poorly understood. This applies

especially to nonmetabolized PUFAs, even though high

levels have been found in the TME, where they were

hypothesized to exert pro-tumorigenic functions [7].

Indeed, AA levels in malignant ascites have been associ-

ated with a short relapse-free survival (RFS) of ovarian

carcinoma (OC) [8], suggesting that this PUFA deserves

particular attention in the context of the intercellular

communication network of the TME.

While the functions of AA metabolites in the TME

have been addressed in a plethora of studies [5], the role

of nonmetabolized AA in suppressing anti-tumor

immune surveillance is poorly understood. AA, like

other PUFAs, have been reported to interact with dif-

ferent cellular receptors, including the membrane-bound

G-protein-coupled free fatty acids receptors (FFAs) [9]

and the nuclear receptor PPARb/d [7,10]. It is, however,

unlikely that PPARb/d mediates the adverse effect of

AA on OC RFS, as the potent PPARb/d agonist linoleic
acid is the dominant PUFA in ascites, but appears not

associated with clinical outcome [7].

Other potential targets of nonmetabolized AA

include intracellular signal transduction proteins, such

as protein kinase C [11–15], the MAP kinases p38 and

JNK [16–18], and the NADPH oxidase NOX-2

[19,20]. We have recently identified a signaling path-

way including Ca2+ ? CAMK2 ? ASK1 ? p38d/
a ? Rho GTPases/HSP27 that is activated by nonme-

tabolized AA in macrophages, and is linked to

impaired actin filament organization, diminished actin-

driven macropinocytosis and enhanced release of

exosome-like vesicles [21], which may partly explain

the association of AA with a short RFS of OC.

Arachidonic acid has also been described to exert

direct effects by its insertion into cellular membranes,

leading to altered mechanical properties affecting the

function of membrane channels [20] and transmembrane

receptors [22]. PUFAs are also known to be

incorporated into lipid rafts, which compartmentalize

signal-transduction-mediating protein kinases [23,24],

for example members of the of the SRC family [25].

One of the most abundant cell types in the TME,

including OC ascites, is the tumor-associated macro-

phage (TAM) [26]. TAMs exert a pivotal role in the

TME, where they promote tumor progression and

immune suppression, and consequently are associated

with a poor clinical outcome in different cancer entities

[27], including ovarian carcinoma tissue [28] and asci-

tes [29]. TAMs are derived from both resident macro-

phages and blood monocytes both of which are

reeducated by the TME to adopt a spectrum of pheno-

types [29–32]. TAMs from OC ascites, for example,

consist of populations with fundamentally different

phenotypes and clinical relevance. Thus, CD163high

and CD163highCD206high TAMs express tumor-

promoting genes and are associated with a short RFS,

whereas CD163lowCD206low TAMs express immune

stimulatory genes and are linked to a favorable clinical

course [33]. Consistent with these findings, the expres-

sion of genes linked to interferon (IFN) signaling in

TAMs was associated with prolonged RFS [34]. Fur-

thermore, OC ascites inhibited NFjB activation and

induction of the NFjB target gene IL12B in macro-

phages, leading to diminished secretion of T-cell-

stimulatory IL-12 [34,35].

It remains unknown whether the observations sum-

marized above are linked to the potentially detrimental

signaling functions of PUFAs in the OC TME. In this

study, we have addressed this question in an experi-

mental model of primary monocyte-derived macro-

phages (MDMs) exposed to PUFAs found in OC

ascites with the aim to investigate the potential role of

these lipid mediators in suppressing the immune stimu-

latory function of macrophages in the TME.

2. Materials and methods

2.1. Isolation and culture of monocyte-derived

macrophages

Mononuclear cells were isolated by Ficoll density gra-

dient centrifugation from Leukoreduction System

(LRS) chambers with leucocytes from healthy adult

volunteers kindly provided by the Center for Transfu-

sion Medicine and Hemotherapy at the University

Hospital Gießen and Marburg. The collection and

analysis of human material were approved by the

ethics committee of Philipps University Marburg (ref-

erence number 205/10 Amendment 5) in accordance

with the standards of the Declaration of Helsinki and
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with the understanding and written consent of each

donor. Monocytes were seeded at approximately

2 9 107 cells per 100 mm dish, 2.5 9 106, 1 9 106 or

0.5 9 106 cells per well in 6-well, 12-well or 24-well,

respectively. The adherent cells were washed twice with

10 mL of PBS and differentiated for 6 days in

RPMI1640 (Life Technologies, Darmstadt, Germany)

supplemented with 5% human AB serum (Sigma-

Aldrich, Taufkirchen, Germany), 1 mM sodium pyru-

vate (Sigma-Aldrich, Taufkirchen, Germany). Under

these culture conditions, the macrophage-specific

markers CD206 (MRC1) and HLA-DR were > 95%

as determined by flow cytometry. Twenty-four hours

prior to any experiment, the medium was replaced

with serum-free medium for serum starvation.

2.2. Treatment of MDMs with cytokines

IFNb, IFNc, and IL-6 were obtained from Biomol

(Hamburg, Germany) and used at concentrations of

20 ng�mL�1, 40 mg�mL�1, and 20 ng�mL�1, respec-

tively, in all experiments. Ultrapure lipopolysaccaride

(LPS; from Escherichia coli) was purchased from Invi-

voGen (Toulouse, France) and used at 100 ng�mL�1.

Recombinant human TGFb1 was purchased from Bio-

Techne (Wiesbaden, Germany) and used at 35 ng�mL�1.

2.3. Small-molecule compounds

Polyunsaturated fatty acids, deuterated arachidonic

acid (AA-d8), 5,8,11,14-eicosatetraynoic acid (ETYA),

and Triacsin C were obtained from Cayman Chemicals

(Hamburg, Germany), Ruxolitinib from InvivoGen,

BIRB796 (Doramapimod) from Biomol, SB203580

from Biozol (Eching, Germany), cholesterol-methyl-b-
cyclodextrin from Sigma-Aldrich.

2.4. RT-qPCR

RNA isolation, cDNA preparation, and qPCR ana-

lyses were performed as described [8,36], using RPL27

for normalization. Raw data were evaluated by the

Cy0 method [37]. Primer sequences are listed in

Table S1.

2.5. RNA-sequencing

Total RNA was isolated from MDMs using the

NucleoSpin RNA II kit (740955.250; Macherey-Nagel,

D€uren, Germany). RNA quality was assessed using

the Experion RNA StdSens Analysis Kit (Bio-Rad,

Hercules, CA, USA). RNA-sequencing (RNA-Seq)

libraries were constructed using the ‘Lexogen Quantseq

30mRNA-seq Library Prep Kit FWD for Illumina’

(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 sequencing

libraries was controlled on a Bioanalyzer 2100 using

the Agilent High Sensitivity DNA Kit (Agilent, Wald-

bronn, Germany). Pooled sequencing libraries were

quantified and sequenced on the Illumina NextSeq550

platform with 75 base single reads.

Data were aligned to the human genome retrieved

from Ensembl 96 [38] using STAR (version

STAR_2.6.1d) [39]. Gene read counts were established

as read count within merged exons of protein-coding

transcripts (for genes with a protein gene product) or

within merged exons of all transcripts (for noncoding

genes) and CPM (counts per million). All genomic

sequence and gene annotation data were retrieved

from Ensembl release 96, genome assembly hg38.

RNA-Seq data were deposited at EBI ArrayExpress

(accession numbers E-MTAB-10866, E-MTAB-10867,

E-MTAB-10868).

RNA-Seq data for TAMs have been published in

previous studies [8,33] and were deposited at EBI

ArrayExpress (accession numbers E-MTAB-4162, E-

MTAB-5498).

2.6. IL-12 ELISA

Monocyte-derived macrophages were incubated with

100 ng�mL�1 LPS for 24 with or without preincuba-

tion with 50 µM AA or ETYA 50 µM for 30 min. IL-

12/p40 concentrations were measured in in cell-free

supernatants from cultured cells using a commercial

ELISA kit (430706; Biolegend, San Diego, CA, USA)

according to the instructions of the manufacturer.

2.7. Immunofluorescence staining of STAT1 and

STAT3

Monocyte-derived macrophages cultured on cover slips

were treated with IFNc or IL6 for 30 min after prein-

cubation with AA 50 µM for 30 min. Cells were fixed

with 3.7% paraformaldehyde for 10 min at room tem-

perature and washed three times with PBS. Fixed cells

were permeabilized with 0.2% Triton-X100 for 5 min

at room temperature and blocked with bovine serum

albumin (BSA) blocking buffer (5% BSA in PBS+
0.1% Tween 20) for 30 min at room temperature. The

cells were stained with anti-STAT1 or anti-STAT3

antibody diluted in blocking buffer overnight at 4 °C
and secondary antibody diluted in blocking buffer for

1 h at room temperature in the dark. Coverslips were

3Molecular Oncology (2022) ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies

M. K. Hammoud et al. Suppression of JAK-STAT pathways by AA



mounted on to glass slides using a drop of mounting

medium with 40,6-diamidin-2-phenylindol (DAPI;

VEC-H-1200; Vector, Burlingame, CA, USA) and

sealed with nail polish. Images were acquired by con-

focal microscopy (Leica SP8; Leica Microsystems,

Wetzlar, Germany).

2.8. Immunoblotting and quantification

Immunoblotting was performed according to standard

protocols. Shortly, MDMs were washed three times

with ice-cold PBS and lysed in RIPA (10 mM Tris–HCl

pH 7.5, 150 mM NaCl, 1% v/v NP40, 1% w/v sodium

deoxycholate, 1 mM EDTA) plus protease inhibitor mix

(1 : 1000; Sigma), and phosphatase inhibitor mix

(50 mM b-glycerophosphate, 1 mM sodium orthovana-

date, 10 mM sodium fluoride and 5 mM sodium pyro-

phosphate). Proteins were separated by sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS/PAGE)

and then transferred to polyvinylidine difluoride mem-

branes (0.45 lm; Carl Roth, Karlsruhe, Germany).

Blots were blocked with 3% BSA in PBS with 0.1%

Tween 20 for 60 min at room temperature, incubated

with primary antibodies at 4 °C overnight, washed three

times with PBS with 0.1% Tween 20 and then incubated

for 1 h with HRP-conjugated secondary antibody. After

washing, Imaging and quantification were carried out

using the ChemiDoc MP system and IMAGE LAB software

version 5 (Bio-Rad). Phosphoform signals were normal-

ized against the respective protein signals. The following

antibodies were used: p-p38 (T180/Y182; #4511; Cell

Signaling, Frankfurt, Germany); p38 (#9228; Cell Sig-

naling), p-STAT1 (T701; #612132; BD Bioscience,

Franklin Lakes, NJ, USA); Stat1 (9172, Cell Signaling);

p-STAT3 (Y705; #9145; Cell Signaling); STAT3 (#9139;

Cell Signaling); p-JAK1 (T1034/1035; #66245; Cell Sig-

naling); JAK1 (50996; Cell Signaling); p-JAK2 (Y1007/

1008; #8082S; Cell Signaling); JAK2 (#3230; Cell Sig-

naling); Flotillin-1 (#74566; Santa Cruz Technologies,

Dallas, TX, USA); CD71 (#65882; Santa Cruz); IjB-a
(#371; Santa Cruz); IjBb (#8635; Cell Signaling); b-
actin (#A5441; Sigma); Phospho-SMAD2 (Ser465/467,

#3108S; Cell Signaling); SMAD2 (#sc-393312; Santa

Cruz); GAPDH (#G9545; Sigma), a-rabbit IgG HRP-

linked AB (#27; Cell Signaling) and a-mouse IgG HRP-

linked AB (#32; Cell Signaling).

2.9. Isolation of lipid rafts

Monocyte-derived macrophages were cultured as

described previously. Isolation of lipid rafts was car-

ried out according to a previously described method

[40]. Shortly, 8 9 107 cells (four 100 mm diches) were

treated with 50 µM AA, ETYA or solvent for 1 h,

rinsed three times with ice-cold PBS and harvested by

gentle scraping in 1.4 mL ice-cold membrane raft iso-

lation buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl,

5 mM EDTA, 1 mM Na3VO4, 1% Triton X-100 and

protease inhibitor). Cells were incubated for 1 h on ice

followed by 15 strokes in a Dounce homogenizer.

Nuclei and unbroken cells were pelleted by centrifuga-

tion at 200 9 g for 8 min and 1 mL of the supernatant

was mixed with 1 mL of 85% sucrose (w/v), trans-

ferred to Ultra-Clear centrifuge tubes (#344059; Beck-

mann Coulter, Krefeld, Germany), sequentially

overlayed with 5 mL of 35% sucrose (w/v) and

3.5 mL of 5% sucrose (w/v). and centrifuged at

248 000 9 g (SW41 Ti; Beckman Coulter) for 18 h at

4 °C. Eleven 1-mL fractions from the top were col-

lected from each gradient. Thirty microliters of each

fraction were analyzed by immunoblotting. Fraction

#4 was used for proteomic analysis.

2.10. Proteomic analysis of lipid rafts

Proteomic analysis of lipid raft samples in biological

pentuplicate was performed by GeLC/MS2 (in gel

digest/liquid chromatography/tandem mass spectrome-

try) as described [33]. Peptide/spectrum matching and

label-free quantification was performed using the MAX-

QUANT suite of algorithms (v. 1,6,17,0) [41–43] against
the human uniprot database [44] (canonical and iso-

forms; 194 237 entries; downloaded 2021/02/08).

Instrument parameters were extracted and summarized

using MARMOSET [45] and along with the relevant MAX-

QUANT configuration are included in Supplemental

Methods. The data have been deposited with the Pro-

teomeXchange Consortium via the PRIDE partner

repository [46] with the dataset identifier PXD028434.

Downstream data processing was performed using the

R (http://www.r-project.org/index.html) and LIMMA [47]

based package autonomics (https://bioconductor.org/

packages/autonomics). Data were filtered for complete-

ness, logarithmized, quantile normalized and consis-

tently missing nondetects imputed. Limma-based linear

modeling for detection of differentially detected pro-

tein features used replicates as an additional covariate.

2.11. Lipid analysis of lipid rafts by LC-MS

Quantification of arachidonic acid was performed as

described previously [7] with slight modifications.

Membrane samples were spiked with 10 µL AA-d8

(10 ng�mL�1), acidified with 10 µL acidic acid (10%)

and extracted with diisopropylether. The upper phase

was evaporated and the sample resuspended in 100 µL
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solvent A [water/acetonitrile (70 : 30) with 0.02% for-

mic acid]. Analysis was done by LC-MS/MS on an

Agilent 1290 HPLC coupled to a QTrap 5500 mass

spectrometer (AB Sciex, Framingham, MA, USA).

Samples were separated on a Synergi reverse-phase

C18 column (2.1 9 100 mm; Phenomenex, Aschaffen-

burg, Germany) using a gradient of 60–100% solvent

B (acetonitrile/isopropyl alcohol, 50 : 50) over 6 min.

The column was re-equilibrated at 60% solvent B for

3 min. The flow rate was 0.3 mL�min�1. Compounds

were detected in multiple reaction monitoring mode

(transitions: AA 303->259, AA-d8 311->267). For

quantification, a 9-point calibration curve was used.

Data analysis was performed using ANALYST 1.7.2 and

MULTIQUANT 2.1.1 (AB Sciex).

For lipidomic analysis of PUFAs, a MSMSALL

workflow was applied as described elsewhere [48]. Two

hundred microlitre of membrane sample was mixed

with 1.2 mL methanol, 1 mL water, 10 µL SPLASH�

LIPIDOMIX� Mass Spec Standard (Avanti Lipids,

Alabaster, AL, USA) and extracted with 4 mL diiso-

propylether. The upper phase was evaporated and the

sample resuspended in 200 µL HPLC solvent [metha-

nol/dichlormethane (50 : 50) with 5 mM ammonium

acetate]. One hundred microlitre of the sample was

automatically infused into the ESI source, equipped

with a 65 µm electrode using an Agilent 1290 HPLC,

provided with NanoViper tubings (ID 50 µm; Thermo

Scientific, Waltham, MA, USA) with a flow rate of

7 µL�min�1. Negative ion scans were performed using

a TripleTOFTM 5600+ (AB Sciex) controlled by Ana-

lyst� TF 1.7.1 software with activated MS/MSALL

mode. The MS/MSALL workflow consisted of a TOF

MS scan from m/z 400–1000 followed by sequential

acquisition of 600 MSMS spectra with a step size of

1.001 Da, measuring across m/z 100–1000. The total

time for one MS/MSALL acquisition was around

8 min. The acquired data were processed with LIPID-

VIEW
TM 1.3 software (AB SCIEX. Foster City, CA,

USA). Mass tolerance was set to 0.05 and minimum S/

N to 5. Analyzed lipid species were as follows: phos-

phatidic acid (PS), phosphatidylcholine (PC), phospha-

tidyletanolamine (PE), phosphatidylglycerol (PG),

phosphatidylinositol (PI), and phosphatidylserine (PS).

2.12. Pathway analysis

Reactome pathway analysis [49] was performed using

the online tool of the Gene Ontology Resource website

at http://geneontology.org.

2.13. Statistical analysis

Comparative data were statistically analyzed by paired

Student’s t test (two-sided, equal variance). Significance

levels are indicated as ****, ***, ** and * for P < 0.0001,

P < 0.001, P < 0.01 and P < 0.05, respectively.

3. Results

3.1. Suppression of cytokine-induced genes in

CD163lowCD206low TAMs and AA-treated MDMs

Analysis of an RNA-Seq dataset of 29 TAMs samples

from OC ascites identified n = 1160 protein-coding

genes whose expression was inversely correlated with

the mRNA levels of CD163 and CD206/MRC1

(Spearman < �0.5; Table S2) and hence associated

with a poor clinical outcome [33]. Reactome pathways

enrichment analysis [49] of these genes (Table 1)

yielded ‘Cytokine signaling in immune system’ at the

most significant term (n = 101 gene; FDR = 4 9 10�8),

followed by specific signal transduction pathways

Table 1. Reactome pathways enrichment analysis of genes inversely correlated with CD163/CD206 expression in TAMs. Analysis of RNA-

Seq data for TAMs from 29 OC patients yielded n = 1193 genes for Spearman rho < �0.5 and nominal P < 0.05. The table shows the top

10 hits (query genes in pathway > 15; fold enrichment > 2; FDR < 0.05).

Reactome pathway Query genes in pathway (n) Fold enrichment FDR

Cytokine signaling in immune system 101 2.14 4 9 10�8

Interferon signaling 33 2.93 0.0001

Interferon gamma signaling 21 4.02 0.0002

HSP90 cycle for steroid receptors 16 5.06 0.0003

TNFR2 noncanonical NFjB pathway 18 3.17 0.0097

Ub-specific processing proteases 27 2.30 0.0210

Death receptor signaling 21 2.59 0.0290

MyD88-independent TLR4 cascade 16 2.90 0.0293

TRIF-mediated TLR4 signaling 16 2.90 0.0304

Deubiquitination 33 2.04 0.0322
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(IFN, TNF, TLR4; n = 16–33 genes; FDR < 0.03),

which are also included in the former term.

The data in Table 1 also suggest a major impact of

the OC TME on cytokine-triggered signal transduction

in macrophages. To address the question whether

PUFAs in the TME may play a role in this context, we

investigated the impact of AA on the transcriptional

responses to IFNb, IFNc and IL-6 in primary MDMs.

As illustrated by Figs 1A, 2A, and 3A, AA produced a

strong inhibitory effect on the cytokine responses (blue

lines) with minor donor-dependent differences (RNA-

Seq data in Tables S3–S5). The top 50 cytokine-induced

genes (strongest repression by AA) are depicted for

IFNb, IFNc, and IL-6 in Figs 1B, 2B, and 3B, respec-

tively. RNA-Seq results were verified by RT-qPCR, as

shown in Fig. 1C for the IFNb target genes APO-

BEC3A, CXCL10, IFIT2, and IRF1, in Fig. 2C for the

IFNc target genes CCL8, CXCL9, CXCL10, and GBP4

Fig. 1. Impact of arachidonic acid (AA) on the transcriptome of IFNb-stimulated monocyte-derived macrophages (MDMs). MDMs were pre-

treated with 50 µM AA or solvent for 30 min prior to stimulation with IFNb for 3 h followed by RNA-Seq analysis. (A) RNA-Seq results for

the top genes induced by IFNb (fold cahnge ≥ 5 for IFNb versus solvent; counts per million ≥ 5 for IFNb-stimulated cells; n = 3 donors). Data

were normalized for INFb-stimulated cells, and data points were connected by lines for improved visualization. Blue: IFNb-induced genes

repressed by AA; red: IFNb-induced genes upregulated by AA. (B) IFNb-induced genes showing the strongest repression by AA (top 50 IFNb

induced genes; FDR < 0.05 for IFNb versus IFNb plus AA). The green and orange data points show the mean (n = 3) induction values for

IFNb and IFNb plus AA, respectively. (C) Validation of RNA-Seq results by RT-qPCR for APOBEC3A, CXCL10, IFIT2 and IRF1 using RPL27

as the normalizer. Cy0 values are expressed relative to IFNb-stimulated cells for n = 4 donors (represented by different symbols). Statistical

significance was analyzed by paired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Horizontal lines indicate the median.
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and in Fig. 3C for the IL-6 target genes CCL2, IL1B,

and INFKBIZ. These results clearly indicate that AA

suppresses the target genes of pro-inflammatory cyto-

kines that are known to activate different intracellular

signal transduction pathways.

3.2. Suppression of JAK-STAT signaling by AA

and other PUFAs

To understand the regulation of cytokine signaling by

AA in more detail, we analyzed the activation of

proteins downstream of the cytokine-bound receptors,

that is, JAK1 and STAT1 for IFNb, JAK2, and

STAT1 for IFNc, and STAT3 for IL-6. All tested

PUFAs inhibited phosphorylation of STAT1 on Tyr-

701 triggered by IFNb (Fig. 4A and Fig. S1) or IFNc
(Fig. 4B) and phosphorylation of STAT3 on Tyr-705

triggered by IL-6 (Fig. 4C), albeit with differences in

the extent, significance and target selectivity of the

effects observed for different PUFAs. Consistent with

this observation, AA inhibited the cytokine-induced

nuclear translocation of STAT1 and STAT3 mediated

Fig. 2. Impact of arachidonic acid (AA) on the transcriptome of IFNc-stimulated monocyte-derived macrophages (MDMs). MDMs were treated

and analyzed as in Fig. 1 except that IFNc was used instead of INFb. (A) RNA-Seq results for the top IFNc-induced genes (fold change ≥ 5 for

IFNc versus solvent; counts per million ≥ 5 for IFNc-stimulated cells; n = 3 donors). Data were normalized for INFc-stimulated cells, and data

points were connected by lines for improved visualization. Blue: IFNc-induced genes repressed by AA; red: IFNc-induced genes upregulated by

AA. (B) IFNc-induced genes showing the strongest repression by AA (C) Validation of RNA-Seq results by RT-qPCR for CCL8, CXCL9, CXCL10

and GBP4. Cy0 values are expressed relative to IFNc-stimulated cells for n = 4 donors (represented by different symbols). Statistical significance

was analyzed by paired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Horizontal lines indicate the median.
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by IFNc (Fig. 5A) and IL-6 (Fig. 5B), respectively.

Overall, the inhibitory effect appeared strongest for

AA compared with linoleic acid (LA), eicosapentae-

noic acid (EPA), and docosahexaenoic acid (DHA)

(Fig. 4A–C), which may be relevant, as only AA is sig-

nificantly associated with a short RFS of OC [7].

Importantly, inhibition of STAT phosphorylation was

similar for both AA and the nonmetabolizable AA

analog and dual COX/LOX inhibitor ETYA [50], indi-

cating that the observed effects are not dependent on

the conversion of AA to other eicosanoids. AA also

inhibited phosphorylation of the protein kinases link-

ing IFN receptors to STAT proteins, that is, JAK1

(Fig. 4D) and JAK2 (Fig. 4E), pointing to an inhibi-

tory effect of PUFAs at the initial stages of receptor-

triggered signal transduction.

3.3. AA-mediated inhibition of STAT1 does not

involve p38

We have recently reported that AA induces signaling

pathway dependent on MAPK13/14 (p38) [21]. We

Fig. 3. Impact of arachidonic acid (AA) on the transcriptome of IL6-stimulated monocyte-derived macrophages (MDMs). MDMs were trea-

ted and analyzed as in Fig. 1 except that IL-6 was used instead of IFNb. (A) RNA-Seq results for the top IL-6-induced genes (fold change

≥ 2 for IL-6 versus solvent; counts per million ≥ 5 for IL-6 stimulated cells; n = 3 donors). Data were normalized for IL-6-stimulated cells,

and data points were connected by lines for improved visualization. Blue: IL-6-induced genes repressed by AA; red: IL-6-induced genes upre-

gulated by AA. (B) IL-6-induced genes showing the strongest repression by AA (C) Validation of RNA-Seq results by RT-qPCR for CCL2,

IL1B, and IFNKBIZ. Cy0 values are expressed relative to IL-6-stimulated cells for n = 4 (CCL2, IFNKBIZ) or n = 3 (IL1B) donors (represented

by different symbols). Statistical significance was analyzed by paired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001). Horizontal

lines indicate the median.
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therefore asked whether p38 may be involved in the

inhibition of STAT signaling observed in this study.

Two lines of evidence strongly argue against such a

link. First, maximal effects of AA on p38 phosphory-

lation were observed at concentrations around 12.5 µM

[21], whereas inhibition of STAT1 and STAT3 reaches

its maximum at ~ 50 µM (Fig. S2). Second, the p38

inhibitors SB203580 and BIRB796 had no detectable

effect on the AA-mediated inhibition of STAT1 phos-

phorylation in response to IFNc or STAT3

phosphorylation triggered by IL-6 (Fig. 6). Based on

these results, we conclude that activation of p38 and

inhibition of STAT signaling by AA are unrelated

events.

3.4. Inhibition of LPS-induced STAT1 signaling in

MDMs by AA

It has been described that LPS, among other path-

ways, also triggers tyrosine phosphorylation of JAK

Fig. 4. Inhibition of cytokine-induced STAT and JAK signaling in monocyte-derived macrophages (MDMs) by polyunsaturated fatty acids

(PUFAs). (A) Inhibition of IFNb-induced phosphorylation of STAT1 (Y701) by different PUFAs. The p-STAT1 antibody recognizes both the

STAT1a and b isoforms. (B) Inhibition of IFNc-induced phosphorylation of STAT1 by different PUFAs. (C) Inhibition of IL-6 induced phosphor-

ylation of STAT3 (Y705) by different PUFAs. AA, arachidonic acid; LA, linoleic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid;

ETYA, 5,8,11,14-eicosatetraynoic acid. (D) Inhibition of IFNb-induced phosphorylation of JAK1 (Y1034/1035) by AA. (E) Inhibition of IFNc-

induced phosphorylation of JAK2 (Y1007/Y1008) by AA. In each case, MDMs were pretreated with 50 µM of the indicated PUFA for 30 min

prior to stimulation with the IFNb, IFNc or IL-6 for 30 min. A representative immunoblot and the quantification of n = 7 (A–C) or n = 5 (D–E)

independent experiments (different donors; indicated by different symbols) are shown in each panel. Statistical significance was analyzed by

paired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant). Horizontal lines indicate the median.

9Molecular Oncology (2022) ª 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of Federation of European Biochemical Societies

M. K. Hammoud et al. Suppression of JAK-STAT pathways by AA



and STAT proteins [51,52]. We were therefore inter-

ested to investigate whether AA is able to interfere

with the phosphorylation of STAT1 in this setting.

This was indeed the case as documented by the block-

ade of the LPS-triggered phosphorylation of STAT1 at

Y701 by both AA and ETYA (Fig. 7A). An LPS tar-

get gene mainly induced via JAK-STAT signaling is

CXCL10, as shown by the complete block of its LPS-

mediated induction by the selective JAK1/JAK2 inhib-

itor Ruxolitinib [53] in Fig. 7B. AA had a similarly

Fig. 5. Inhibition of the cytokine-induced nuclear translocation of STAT1 and STAT3 by arachidonic acid (AA). (A) Monocyte-derived macro-

phages (MDMs) were pretreated with 50 µM AA or solvent for 30 min prior to stimulation with IFNc for 30 min as in Fig. 4 and the subcellu-

lar localization of STAT1 was analyzed by immunofluorescence (green). Nuclei were visualized by staining with 40,6-diamidin-2-phenylindol

(DAPI). (B) Stimulation of MDMs with IL6 and staining of STAT3 as in panel A. The figure shows representative images. The experiments

were performed with three different donors, which all showed a > 90% inhibition of the nuclear translocation of STAT1 and STAT3, respec-

tively. Scale bars indicate 50 µm.
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strong inhibitory effect as Ruxolitinib (Fig. 7B), indi-

cating the functional significance of STAT1 in the con-

text of the AA-mediated repression of LPS-triggered

signaling.

3.5. AA-mediated alterations of lipid rafts as a

cause of inhibited JAK-STAT signaling

As PUFAs can displace proteins from lipid rafts and

thereby modulate their signaling function [23,24], we

sought to investigate whether the observed interference

by AA with cytokine signaling in MDMs may involve

the lipid-raft localization of receptors and/or receptor-

associated proteins. To address this question, we iso-

lated lipid-raft-enriched fractions from MDMs after

treatment with 50 µM AA or solvent by sucrose-

gradient ultracentrifugation. Using antibodies for

FLOT1 (flotillin1) as a marker for lipid rafts, CD71

(transferrin receptor) as a marker for nonraft plasma

membrane proteins and GAPDH as a cytosolic marker

we were able to identify highly enriched lipid-raft-

containing fractions in extracts from both AA- and

solvent-treated cells suitable for proteomic analysis

(fraction 4 in Fig. 8A). MS-based proteomic analysis

of fraction-4 proteins from n = 5 different MDM sam-

ples (Fig. 8B,C; Table S6) identified n = 43 proteins

that were significantly (FDR < 0.05) decreased (log2
difference > 2) in AA and/or ETYA-treated cells

(Fig. 8B), while n = 65 proteins were increased. Reac-

tome pathway analysis [49] of the 43 proteins

decreased in lipid rafts identified ‘interferon signaling’

as the most significant hit besides ‘cytokine signaling

in immune system’ and other related terms (Table S7).

Among these proteins are IFNAR1 (the receptor for

type I IFNs including IFNb) and STAT1 (Fig. 8C). In

contrast, no significant enrichment was observed with

the group of 65 proteins increased in lipid rafts. The

AA-triggered displacement of the IFN-signaling-

Fig. 6. Inhibition of STAT phosphorylation by arachidonic acid (AA) is independent of p38 MAPK. (A) Monocyte-derived macrophages

(MDMs) were stimulated with IFNc after preincubation with solvent, AA, the p38 inhibitors SB203580 or BIRB796, or combinations of these

(details as in Fig. 4). Cell extracts were analyzed for changes in STAT1 (Y701) and p38 (T180/Y182) phosphorylation. The panel shows a rep-

resentative immunoblot and a quantification for n = 7 different donors (represented by different symbols). (B) MDMs were stimulated with

IL-6 after preincubation as in panel A (n = 6). Cell extracts were analyzed for changes in STAT3 (Y705) and p38 (T180/Y182) phosphorylation.

Statistical significance was analyzed by paired t test (**P < 0.01; ***P < 0.001; ****P < 0.0001). Horizontal lines indicate the median.
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associated proteins from lipid rafts was verified for

IFN-cRa, JAK1 and JAK2 by immunoblotting with

n = 5 different MDM samples (Fig. 8D,E).

Next, we asked whether AA incorporated into phos-

pholipids is responsible for the observed inhibition of

cytokine signaling. We addressed this question by ana-

lyzing the effect of Triacsin C, an inhibitor of long fatty

acyl CoA synthetase. As depicted in Fig. 9A–D, Triac-

sin C did not counteract the AA-mediated inhibition of

STAT1 phosphorylation induced by INFb (Fig. 9A,B)

or IFNc (Fig. 9C,D) to any detectable extent in n = 5

biological replicates, even though lipidomic analyses

showed a significant increase in AA-containing phos-

pholipids in lipid rafts after 50 µM AA treatment for 1 h

Fig. 7. Inhibition of lipopolysaccharide (LPS)-induced STAT1 signaling in monocyte-derived macrophages (MDMs) by arachidonic acid (AA).

(A) Inhibition of LPS-induced phosphorylation of STAT1 (Y701) by AA or 5,8,11,14-eicosatetraynoic acid (ETYA). MDMs were pretreated with

50 µM of AA or ETYA for 30 min prior to stimulation with 100 ng�mL�1 LPS for 60 min. A representative immunoblot and quantification of

six replicates are displayed. (B) RT-qPCR analysis showing inhibition of CXCL10 by AA and verification of CXCL10 as a STAT1 target gene

(n = 6 donor; represented by different symbols). MDMs were pretreated with 50 µM AA or the 0.5 µM of the STAT1 inhibitor Ruxolitinib for

30 min prior to stimulation with 100 ng�mL�1 LPS for 3 h. Statistical significance was analyzed by paired t test (****P < 0.0001). Horizontal

lines indicate the median.

Fig. 8. Impact of arachidonic acid (AA) on the composition of lipid rafts in monocyte-derived macrophages (MDMs). (A) Immunoblot analysis

of membrane protein fractions obtained from MDMs after treatment with solvent or 50 µM AA. Membrane components were separated by

ultracentrifugation (see Materials and methods for details) and analyzed using antibodies for CD71 (transferrin receptor) as a marker for pro-

teins not enriched in lipid rafts, FLOT1 (flotillin1) as a marker for lipid rafts and GAPDH as a cytosolic marker. The green arrow shows enrich-

ment of FLOT1 in fraction 4, which was used for further analyses. (B) Effects of AA and 5,8,11,14-eicosatetraynoic acid (ETYA) on the

presence of proteins in lipid rafts identified by MS-based proteomic analysis of fraction 4 proteins. The plot shows all proteins with a |log2|

difference > 2 (median of n = 5 samples) in samples treated with AA or ETYA. Preprocessed data and results of the differential analysis are

found in Table S6. (C) Proteins missing in lipid rafts isolated from cells treated with AA or ETYA (bottom left quadrant in panel A). Proteins

associated with ‘IFN signaling’ and ‘cytokine signaling’ by Reactome pathway analysis (Table S7) are highlighted in red. (D) Verification of

the AA-triggered displacement of the IFN-signaling-associated proteins IFN-cRa, JAK1 and JAK2 from lipid rafts by immunoblotting. (E)

Quantification of n = 5 independent experiments as in panel D (five different donors; indicated by different symbols). Statistical significance

was analyzed by paired t test (*P < 0.05; **P < 0.01). Horizontal lines indicate the median.
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(Fig. S3). However, MS-based analysis of five indepen-

dent lipid raft samples also revealed a dramatic increase

in free AA following AA exposure compared to solvent-

treated cells (Fig. 9E). Taken together, these observa-

tions suggest that free AA rather that phospholipid-

bound AA is a crucial determinant of its inhibitory

effect on IFN signaling, which is consistent with previ-

ously reported findings [23,24].

Importantly, the inhibitory effect of AA on IFNb- or
IFNc-triggered STAT1 phosphorylation was largely

abrogated by water-soluble cholesterol (complex of cho-

lesterol with methyl-b-cyclodextrin; Fig. 10). Cholesterol/

Fig. 9. Impact of arachidonic acid (AA) incorporated into phospholipids versus free AA on lipid rafts. (A–D) Analysis of the effect of Triacsin

C, an inhibitor of long fatty acyl CoA synthetase, on the AA-mediated inhibition of STAT1 phosphorylation induced by INFb (panel A, B) or

IFNc (panel C, D) in monocyte-derived macrophages (MDMs). Experimental details were as in Fig. 4. Quantifications are shown for of n = 5

independent experiments (five different donors; represented by different symbols) in panel B and n = 4 donors in panel D. (E) Mass-

spectrometry-based analysis of concentrations of free AA in n = 5 independent preparations of lipid rafts from MDMs treated with solvent

or 50 µM AA for 1 h. Statistical significance was analyzed by paired t test (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not

significant). Horizontal lines indicate the median.
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methyl-b-cyclodextrin (Chol/MCD) prevents the displace-

ment of cholesterol from lipid rafts by PUFAs, and is

thought to thereby maintain their structure and function

[23,54].

Taken together and in combination with the

observed rapid effect of AA on STAT1 phosphoryla-

tion (Fig. S1), these observations suggest that AA at

least partially exerts its inhibitory effect on cytokine-

triggered signal transduction and JAK-STAT signaling

in particular, by displacing membrane receptor and

associated signal transduction proteins from lipid rafts

(model in Fig. 11).

4. Discussion

This study provides strong evidence that AA, and to a

lesser degree other PUFAs, at concentration found in

OC ascites [7] inhibit JAK-STAT-mediated signal

transduction, and thereby diminish the response of

macrophages to IFNs and other ligands with crucial

roles in immune regulation. This observation is of

potentially high relevance, as the level of AA in ascites

is associated with a short RFS [7], while the presence

of cytotoxic T and NK cells, whose activation is

dependent on IFNc-induced cytokines from macro-

phages, is linked to a favorable clinical outcome

[55,56]. These findings suggest that an inhibitory effect

of AA on IFN-dependent, immune-stimulatory signal-

ing events may contribute to the impairment of anti-

tumor surveillance.

4.1. Role of JAK-STAT-dependent signal

transduction in anti-tumor surveillance

The clinical relevance of IFN signaling in the context

of OC has been suggested by multiple previous studies

[57]. In accordance with such a connection, IFNG

mRNA in OC tumor tissue [58], intratumoral inter-

feron regulatory factor (IRF)-1 [59] and genes linked

to IFN signaling [34] have been associated with a

favorable clinical outcome. Moreover, the addition of

IFNc in OC therapy triggered an effector immune cell

response [60] and prolonged the RFS [61,62]. In con-

trast, type I IFNs showed no clinical benefit [63],

pointing to specific clinically relevant functions of

IFNc. This observation may result from the ability of

IFNc to induce the secretion of NK- and T-cell-

stimulatory cytokines by macrophages, as tumor-

Fig. 10. Abrogation of the inhibitory effect of arachidonic acid (AA) on STAT1 phosphorylation by water-soluble cholesterol/methyl-b-

cyclodextrin (Ch/MCD). Monocyte-derived macrophages (MDMs) were pretreated with 50 µM AA for 30 min and 50 µM Ch/MCD prior to

stimulation with IFNb (A) or IFNc (B) for 30 min. Representative immunoblots and quantification for MDMs from n = 7 different

donors (represented by different symbols) are shown. Statistical significance was analyzed by paired t test (***P < 0.001; ****P < 0.0001).

Horizontal lines indicate the median.
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infiltrating CD8+ T cells are clearly linked to a long

overall survival (OS) of OC [64–66], as are effector

memory CD8+ cells and NK cells in ascites [55,56].

IL-12 may play a key role in this context, as it not

only triggers the differentiation and activation of

CD8+T cells and NK cells [67], but also appears to be

linked to a favorable OC outcome, as suggested by

both mouse models [68,69] and clinical observations

[70]. Expression of the IL-12B subunit is upregulated

by TLR ligands, which are also abundant in the TME

[71] and may potentially contribute to macrophage

activation. However, TLR-induced signal transduction

is also inhibited by AA, as shown for LPS in this

study, which appears to contribute to a compromised

anti-tumor response.

IFNs and TLR ligands also induce numerous other

immune stimulatory factors, in particular chemokines

that mediate the local attraction of other immune cells.

Among these, the CXCR4-binding chemokines

CXCR9, CXCR10, and CXCR11 are of particular

interest, as they attract effector T cells to the tumor

site, and, consistently, are associated with a favorable

RFS of OC [55]. The AA-mediated repression of their

JAK-STAT-dependent induction, as shown in the pre-

sent study (Figs 1, 2, and 7), may therefore represent

another relevant determinant of the diminished or

defective anti-tumor immune surveillance in the OC

TME.

4.2. Impact of AA on JAK-STAT-dependent

signal transduction

Previous publications have reported the insertion of

AA and other PUFAs into lipid rafts, leading to alter-

ations of their lipid and protein composition, including

membrane receptors and receptor-activated protein

kinases [23,24,72–74]. This is consistent with our own

data which revealed a dramatic increase in free AA in

lipid rafts after a 1-h exposure of MDMs (Fig. 9E).

Likewise, our observation that inhibition of phospho-

lipid synthesis by Triacsin C did not affect the inhibi-

tory effect of AA on IFN signaling (Fig. 9A–D)

supports the conclusion that free AA insertion into

lipid rafts is mechanistically crucial.

Fig. 11. Model of arachidonic acid (AA) regulated signal transduction pathways triggered by pro-inflammatory mediators. AA interferes with

the lipid-raft association of pro-inflammatory cytokine receptors, receptor-associated JAK protein kinases and STAT proteins. This mislocaliza-

tion impairs the cytokine-triggered phosphorylation and activation of JAK1/2 and STAT1/3, and thereby induction of their target genes. EX,

extracellular space; PM, plasma membrane; CYT, cytosol; NUC, nucleus.
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The relevance of lipid rafts in the context of INF

signaling has been implied by the study of Sen et al.

[75], who reported that Leishmania infection of macro-

phages causes increased membrane fluidity in conjunc-

tion with perturbed IFNc receptor subunit assembly,

which was reversible by restoration of raft structures

by exogenous liposomal cholesterol. The exclusion of

IFN receptor and STAT proteins from lipid rafts by

AA in MDMs, as suggested by the data in Fig. 8, is in

line with these previous findings. Our proteomic analy-

sis also found STAT1, an essential transducer of IFNc
signals, to be excluded from lipid rafts upon AA treat-

ment, which is consistent with its previous description

as a caveolae-localized protein [76].

We also identified IL-6-triggered signaling via STAT3

as a pathway targeted by AA, which is presumably

inhibited via an analogous mechanism as discussed for

IFNc and STAT1 above. This is supported by the essen-

tial role of caveolae in IL-6-triggered signaling in multi-

ple myeloma cells, as shown by its abrogation by

cholesterol depletion [77], and by the localization of the

IL-6 receptor and STAT3 protein to the lipid raft com-

partment in a prostate cancer cell line [78].

Previous studies have shown that PUFAs displace

cholesterol from lipid rafts, and that this structural

perturbance can be structurally and functionally

reversed by the exogenous supply of the water-soluble

Chol/MCD complex to endothelial cells and keratino-

cytes [23,54], or by the liposomal delivery of choles-

terol to macrophages [75]. We made use of these

observations to functionally link the AA-mediated

defect in JAK-STAT signaling to lipid rafts by clearly

demonstrating rescued STAT1 phosphorylation in

MDMs stimulated with IFNb or INFc in the presence

of AA (Fig. 10). Taken together with the association

of IFNc signaling and AA with immune suppression

and OS of OC, our findings are potentially relevant

with respect to understanding OC progression and the

development of improved therapeutic strategies.

4.3. Impact of AA on TLR4-initiated signal

transduction

TLR ligands represent another crucial group of pro-

inflammatory signaling molecules acting on macro-

phages, such as TLR4 receptors activated by LPS.

TLRs signal via multiple transduction pathways,

including STAT1 [79], and in agreement with this

observation, our results showed a clear inhibition by

AA of the LPS-mediated phosphorylation of STAT1

and the majorly STAT1-dependent LPS target gene

CXCL10 (Fig. 7). Previous studies have also shown

that TLR4 and lipid raft proteins cooperate in LPS-

induced pro-inflammatory signaling [80], and that

TLR4 recruitment into lipid rafts is modulated by

PUFAs [73]. Activation of TLR4 is preceded by bind-

ing of LPS to CD14 (and probably CD36) in lipid

rafts, followed by the transfers of LPS to the TLR4

receptor complex, which dimerizes and triggers multi-

ple transduction pathways, with NFjB and ERK play-

ing a predominant role [72]. The association of TLR4

with lipid rafts suggests that the majority of LPS tar-

get genes, including those that are mainly regulated by

NFjB and ERK, should be repressed by AA, if the

hypothesis that the molecule displaces crucial LPS-

signaling signaling components from lipid rafts is

valid. We were able to confirm this prediction by

RNA-Seq and phosphoprotein analyses. AA impaired

the induction of most LPS target genes (Fig. S4A–C;
Table S8), including IL12B, which is only weakly regu-

lated via STAT1, but strongly dependent on ERK

(Fig. S5). Notably, AA inhibited not only LPS-

induced IL12B RNA expression, but also IL-12B

secretion (Fig. S4D). Furthermore, our data revealed a

clear inhibition by AA of ERK phosphorylation

(Fig. S6A) and NFjB activation, the latter documen-

ted by diminished p65 (RelA) phosphorylation

(Fig. S6B) and increased IjBa and IjBb levels

(Fig. S7) upon AA treatment. These results strongly

confirm the view that AA interferes with the lipid-raft

localization of TLR4, thereby perturbing all TLR4-

riggered signal transduction events.

We were also interested to investigate whether sig-

naling pathways not involving STAT proteins might

be affected by AA. We focused on TGFb due to its

critical role in promoting alternative macrophage acti-

vation and thus in the reeducation of TAMs [81,82].

As shown in Fig. S8, phosphorylation of SMAD2, a

crucial step in TGFb signal transduction, was not

affected by AA, and consistently induction of the

TGFb target genes SMAD7, ID3, OLR1, and RGS1

remained unchanged in the presence of AA (Fig. S9).

These observations suggest that AA interferes predom-

inantly with pro-infammatory signaling in macro-

phages and thereby contributes to the

immunosuppressed phenotype of TAMs, and thus to

an inhibition of cytotoxic immune response by T and

NK cells, for instance, by blocking IL-12 secretion.

5. Conclusions

Our data suggest that AA impairs pro-inflammatory

signal transduction in macrophages triggered by diverse

mediators, including IFNs, IL-6 and TLR ligands. The

inhibitory effect of AA on IFN signaling by impairing

the receptor-JAK-STAT axis is likely to be particularly
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relevant in the context of the OC TME, as it may con-

tribute to the immunosuppressive reeducation of

TAMs. As an underlying mechanism, we propose the

AA-mediated alteration of the composition of lipid

rafts, including the exclusion of signaling molecules

transducing cytokine and TLR signals. As IFNc signal-

ing and AA levels in the TME are linked to OC pro-

gression, our findings provide the basis for novel

therapeutic approaches. These may, for example,

involve the pharmacologic restoration of lipid raft func-

tions in TAMs in combination with strategies targeting

other mediators in the TME inhibiting TAM functions.
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Figure S1: Persistence of AA-mediated inhibition of IFNg-induced STAT1 
phosphorylation.  

Immunoblot analysis of the IFNg-induced phosphorylation of STAT1 (Y701) for 30 min 
after preincubation with 50 µM AA for different time points. A representative 
immunoblot and the quantification of n=7 independent experiments (different donors; 
represented by different symbols) are shown. Statistical significance was analyzed by 
paired t test (*p<0.05; **p<0.01). 
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Figure S2: Concentration dependence of the AA-mediated inhibition of cytokine-
induced STAT phosphorylation.  

(A, B) Immunoblot analysis of IFNb-induced and IFNg-induced phosphorylation of STAT1 
(Y701) following preincubation with AA. (C) Immunoblot analysis of IL-6-induced 
phosphorylation of STAT3 (Y705) following preincubation with AA. In each experimental setup, 
MDMs were pretreated with the indicated concentration of AA for 30 min prior to stimulation 
with the IFNb, IFNg or IL-6 for 30 min. Representative immunoblots and the quantification of 
n=6 independent experiments (different donors; represented by different symbols) are shown 
in each panel. Statistical significance was analyzed by paired t test (*p<0.05; **p<0.01; 
***p<0.001; ****p<0.0001; ns, not significant). 
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Figure S3: Lipidomic analysis of lipid rafts.  

Analysis of phospholipids from lipid rafts of MDMs after treatment with 50 µM AA or solvent 
for 1 hr. The plot shows the percentage of specific fatty acids differing in length and 
saturation (indicated below x-axis) in phospholipids atty acids differing in length and 
saturation (indicated below x-axis) in phospholipids (combined; PA: phosphatidic acid, PC: 
phosphatidylcholine, PE: phosphatidylethanolamine,  PG: phosphatidylglycerol, PI: 
phosphatidylinositol and PS phosphatidylserine). Statistical significance was analyzed by 
paired t test (*p<0.05; **p<0.01; ns: not significant; n=6).  
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Figure S4: Impact of AA on the transcriptome of LPS-stimulated MDMs.  

MDMs were pretreated with 50 µM AA or solvent for 30 min prior to stimulation with 100 ng/ml 
LPS for 3 hrs followed by RNA-Seq analysis. (A) RNA-Seq results for the top LPS-induced 
genes (FC ≥5 for LPS versus solvent; CPM ≥5 for LPS-stimulated cells). Data were normalized 
for LPS-stimulated cells, and data points were connected by lines for improved visualization. 
Blue: LPS-induced genes repressed by AA; red: LPS-induced genes upregulated by AA. The 
three plots depict the data for n=3 donors. (B) LPS-induced genes showing the strongest 
repression by AA (top 50 LPS induced genes and FDR ≤0.05 for LPS versus LPS plus AA). 
The green and orange data points show the mean (n=3) induction values for LPS and LPS 
plus AA, respectively. (C) Validation of RNA-Seq results by qRT-PCR for CCL2, CCL4 and 
IL12B using RPL27 as the normalizer. Cy0 values are expressed relative to LPS-stimulated 
cells for n=4 donors (represented by different symbols). (D) Repression of the LPS-induced 
secretion of IL-12B/p40 by AA and ETYA. MDMs from n=7 donors were incubated with LPS 
(100ng/ml) for 24 hrs after preincubation with 50 µM of AA or ETYA for 30 min, and culture 
supernatants were analyzed by ELISA. Statistical significance was analyzed by paired t test 
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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Figure S5: Repression of JAK/STAT-independent LPS target gene 
IL12B  by AA.  

MDMs were pretreated with 50 µM AA, the JAK inhibitor Ruxolitinib (0.5 
µM) or the ERK inhibitor UO126 (10 µM) for 30 min prior to stimulation with 
100 ng/ml LPS for 3 hrs and analyzed by RT-qPCR. Cy0 values are 
expressed relative to LPS-stimulated cells for n=6 donors (represented by 
different symbols). Statistical significance was analyzed by paired t test 
(***p<0.001; ****p<0.0001; ns: not significant). 
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Figure S6: Inhibition of LPS-induced ERK and NFkB signaling in MDMs by AA and ETYA.  

(A) Inhibition of LPS-induced phosphorylation of ERK1/2 (Thr202/Tyr204). Only one ERK band 
is visible most likely due the low expression of ERK1 (~15% of ERK2 according to our 
proteomics data; see www.ovara.net). (B) Inhibition of LPS-induced phosphorylation of p65 by 
AA (Ser536). MDMs were pretreated with 50 µM of AA, ETYA or solvent for 30 min prior to 
stimulation with 100 ng/ml LPS for 30 min. Representative immunoblots and quantifications of 
n=5 (A) and n=6 (B) replicates, respectively, are shown (individual donors represented by 
different symbols). Statistical significance was analyzed by paired t test (*p<0.05; **p<0.01; 
****p<0.0001). 
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Figure S7: Inhibition of LPS-induced degradation of IkBa and IkBb in MDMs by AA and 
ETYA.  

(A) Inhibition of LPS-induced degradation of IkBa. (B) Inhibition of LPS-induced degradation 
of IkBb. MDMs were pretreated with 50 µM of AA, ETYA or solvent for 30 min prior to 
stimulation with 100 ng/ml LPS for 60 min. Representative immunoblots and quantifications of 
n=8 replicates are shown (individual donors represented by different symbols). Statistical 
significance was analyzed by paired t test (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). 
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Figure S8: TGFb-induced SMAD2 phosphorylation is not affected by AA. 

MDMs were pretreated with 50 µM of AA or solvent for 30 min prior to stimulation 
with 35 ng/ml TGFb for 30 min. Representative immunoblots and quantifications 
of n=5 replicates are shown (individual donors represented by different 
symbols). Statistical significance was analyzed by paired t test (***p<0.001; 
****p<0.0001). 
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Figure S9: Impact of AA on the transcriptome of TGFb-stimulated MDMs.  

MDMs were pretreated with 50 µM of AA or solvent for 30 min prior to stimulation 
with 35 ng/ml TGFb for 3 hrs followed by qRT-PCR analysis of the TGFb target 
genes SMAD7, ID3, OLR1 and RGS1 using RPL27 as the normalizer. Cy0 
values are expressed relative to TGFb-stimulated cells for n=5 donors 
(represented by different symbols). Statistical significance was analyzed by 
paired t test (**p<0.01; ***p<0.001; ns: not significant). 
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Abstract 

Arachidonic acid (AA) is a polyunsaturated fatty acid present at high concentrations in the ovarian cancer 
(OC) microenvironment and associated with a poor clinical outcome. In the present study, we have 
unraveled a potential link between AA and macrophage functions. 
Methods: AA-triggered signal transduction was studied in primary monocyte-derived macrophages 
(MDMs) by phosphoproteomics, transcriptional profiling, measurement of intracellular Ca2+ 
accumulation and reactive oxygen species production in conjunction with bioinformatic analyses. 
Functional effects were investigated by actin filament staining, quantification of macropinocytosis and 
analysis of extracellular vesicle release. 

Results: We identified the ASK1 - p38δ/α (MAPK13/14) axis as a central constituent of signal 
transduction pathways triggered by non-metabolized AA. This pathway was induced by the 
Ca2+-triggered activation of calmodulin kinase II, and to a minor extent by ROS generation in a subset of 
donors. Activated p38 in turn was linked to a transcriptional stress response associated with a poor 
relapse-free survival. Consistent with the phosphorylation of the p38 substrate HSP27 and the 
(de)phosphorylation of multiple regulators of Rho family GTPases, AA impaired actin filament 
organization and inhibited actin-driven macropinocytosis. AA also affected the phosphorylation of 
proteins regulating vesicle biogenesis, and consistently, AA enhanced the release of 
tetraspanin-containing exosome-like vesicles. Finally, we identified phospholipase A2 group 2A 
(PLA2G2A) as the clinically most relevant enzyme producing extracellular AA, providing further 
potentially theranostic options. 
Conclusion: Our results suggest that AA contributes to an unfavorable clinical outcome of OC by 
impacting the phenotype of tumor-associated macrophages. Besides critical AA-regulated signal 
transduction proteins identified in the present study, PLA2G2A might represent a potential prognostic 
tool and therapeutic target to interfere with OC progression. 

Key words: arachidonic acid, phosphoproteomics, macropinocytosis, ovarian cancer 
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Introduction 
Cancer progression, metastatic spread and 

escape of tumor cells from immune surveillance are 
crucially dependent on the signaling network of the 
tumor microenvironment (TME) [1]. In ovarian cancer 
(OC), the peritoneal fluid (or ascites at advanced 
stages) is a crucial component of the peritoneal TME 
[2, 3]. Ascites contains large numbers of tumor 
spheroids and immune cells, in particular 
tumor-associated macrophages (TAMs), T cells and 
NK cells, which produce soluble factors and 
extracellular vesicles [4-6], collectively referred to as 
the tumor secretome. In spite of its key role in OC 
progression and therapy resistance, many crucial 
components of this secretome have not been 
identified, and the cellular origins and targets of 
individual mediators as well as their biological 
functions in the crosstalk between tumor and host 
cells remain obscure. 

Cytokines and growth factors released into the 
TME are pivotal to all aspects of tumor growth, 
progression, dissemination and immune escape by 
affecting numerous biological processes, including 
cell proliferation, differentiation, survival and 
motility, immune cell attraction and activation as well 
as angiogenesis [1, 3]. Another essential class of 
soluble mediators with similar functions in the TME 
are bioactive lipids [7, 8]. These include breakdown 
products of phospholipids, i.e., lysophosphatidic 
acids (LPAs), polyunsaturated fatty acids (PUFAs) 
and their metabolites, in particular those derived from 
arachidonic acid (AA) by the cyclooxygenase and 
lipoxygenase pathways. The importance of lipid 
mediators for tumorigenesis is probably best 
understood for LPA in cancer cell invasion [9-11], and 
for prostaglandin E2 in immune suppression and 
angiogenesis [12]. Intriguingly, the ascites levels of 
several bioactive lipids, including several LPA 
species, AA and AA-derived eicosanoids (with 
median AA levels as high as 35 µM) are associated 
with a short relapse-free survival (RFS) of OC [13, 14]. 
As the ascites levels of these mediators do not 
correlate with one another, they are most likely 
independently associated with RFS. 

While the pro-tumorigenic functions of LPA and 
AA metabolites are partly understood, it is unclear 
whether, and if so how, non-metabolized AA might 
be able to exert tumorigenesis-promoting functions. 
AA can interact with cellular proteins in various 
ways, which include the membrane-bound G-protein- 
coupled receptor (GPCR) free fatty acid receptor 4 
(FFAR4) [15-17] and the nuclear receptor PPARβ/δ 
[18]. PPARβ/δ is indeed activated in TAMs by PUFAs 
present in OC ascites at high concentrations [19]. It is, 

however, unlikely that PPARβ/δ mediates the 
adverse effect of AA on RFS, because the major 
ascites-associated PUFA linoleic acid with strong 
agonistic effect on PPARβ/δ is not linked to survival 
[19]. 

AA has also been linked to the production of 
reactive oxygen species (ROS), partly via NADPH 
oxidase NOX-2 located in the plasma membrane 
[20-22], but the functional relevance of this 
mechanism remains unclear. Other targets of non- 
metabolized AA have been identified, including 
protein kinase C [23-27] and the MAP kinases p38 and 
JNK [28-30]. In monocytes and neutrophils, the 
AA-triggered induction of p38 phosphorylation was 
dependent on Ca2+, phospholipase C, and/or a 
pertussis toxin (PTX)-sensitive signaling compound, 
indicative of signaling via a GPCR [28, 29]. Whether 
FFAR4 is involved in this AA-regulated pathway is 
currently unknown. A role for GPCR(s) in 
AA-induced signaling is also suggested by the 
observation that AA-triggered superoxide generation 
[22] and extracellular signal-regulated kinase (ERK) 
activation are inhibited by PTX [31]. It remains, 
however, unclear how these events are interconnected 
and contribute to signaling transduction cascades, 
transcriptional programs and cancer-related 
biological functions. Non-metabolized AA can also 
exert direct effects on cellular membranes, leading to 
in altered mechanical properties of the bilayer, which 
can modulate the function of membrane channels [21] 
and transmembrane receptors [32]. 

TAMs represent one of the most prominent host 
cell types in ascites and promote tumor growth, 
metastasis, immunosuppression and chemoresistance. 
The pivotal role of TAMs in the TME has not only 
been shown in mouse models but is also evident in 
cancer patients, where the intratumoral macrophage 
density is associated with a poor clinical outcome [33], 
which also applies to OC [34]. These findings are 
consistent with the shortened RFS observed in OC 
patients with a high frequency of CD163high TAMs in 
ascites [35]. 

TAMs can be derived from both resident tissue 
macrophages and blood monocytes [36]. They are 
polarized by factors of the TME to adopt 
mixed-polarized phenotypes with components of 
both inflammatory and alternatively activated 
macrophages [35-39], but the underlying signaling 
mechanisms are only partly understood. In the 
present study, we have addressed the question 
whether AA modulates signal transduction pathways 
in macrophages and thereby interferes with their 
physiological functions. To this end we used 
monocyte-derived macrophages (MDMs) as an 
experimental system to mimic the infiltration of 
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monocytes/macrophages into the tumor 
microenvironment with is high levels of AA. 

Materials and Methods 
Isolation and culture of monocyte-derived 
macrophages (MDMs) from healthy donors 

Leukoreduction System (LRS) chambers with 
leucocytes from healthy adult volunteers were kindly 
provided by the Center for Transfusion Medicine and 
Hemotherapy at the University Hospital Gießen and 
Marburg. Mononuclear cells were isolated by Ficoll 
density gradient centrifugation. Subsequently, 
monocytes were purified by adherence selection and 
used for subsequent differentiation in RPMI1640 (Life 
Technologies, Darmstadt, Germany) supplemented 
with 5 % human AB serum (Sigma), 1 mM sodium 
pyruvate (Sigma Aldrich, Taufkirchen, Germany) at 
approximately 5 × 107 cells per 150 mm dish, 1.5 × 107 
cells per 100 mm dish or 2.5 × 106, 1 × 106, 0.5 × 106 or 
0.1 × 106 cells per well in 6-well, 12-well, 24-well or 
96-well plates, respectively. The adherent cells were 
allowed to differentiate for at least 7 days and used 
within 3 days thereafter. Under these culture 
conditions, the macrophage-specific markers CD206 
(MRC1) and HLA-DR were >95% as determined by 
flow cytometry. For the last 24 h prior to any 
experiment, the medium was replaced with 
serum-free medium for serum starvation. 

Small-molecule compounds 
Fatty acids, Latrunculin A, AH7614, BAPTA-AM 

and U73122 were obtained from Cayman chemicals 
(Hamburg, Germany), YM-254890 and BIRB796 
(Doramapimod) from Biomol (Hamburg, Germany), 
pertussis toxin from Merck (Darmstadt, Germany), 
and SB203580 and Selonsertib from Biozol (Eching, 
Germany). 

RNA Sequencing 
MDMs were treated with 50 µm AA or solvent 

(ethanol) for 3 h and total RNA was isolated using the 
NucleoSpin RNA II kit (740955.250, Macherey-Nagel, 
Düren, Germany). RNA-Seq was performed and data 
were processed as described previously (Reinartz et 
al., 2016; Worzfeld et al., 2018) using Ensembl 96 [40]. 
RNA-Seq data were deposited at EBI ArrayExpress 
(accession numbers E-MTAB-8833). Another RNA- 
Seq dataset for MDMs and TAM was used for Fig. 3E 
and Table S7 [19, 41] (accession numbers E-MTAB- 
3114, E-MTAB-3398 and E-MTAB-3167). These 
datasets are not directly comparable because cDNA 
libraries were constructed by different methods 
(Illumina Truseq mRNA kit v2 for E-MTAB-8833, 
Epicentre Scriptseq human/mouse/rat low input 
Gold for E-MTAB-3114, E-MTAB-3398 and E-MTAB- 

3167). RNA expression data for solid tumor tissue 
from OC patients was retrieved from The Cancer 
Genome Atlas (TCGA) (https://www.cancer.gov/ 
tcga). 

Proteomic and phosphoproteomics analyses 
Differentiation of the cells was performed as 

described above. The cells were serum starved for 40 
h and then treated with 50 µM AA or solvent for 15 
min. Proteomic and phosphoproteomic analyses were 
performed in triplicate as described [42] with 
modifications. 4% SDS, 100 mM Tris, pH 7.6 
supplemented with PhosStop and complete protease 
inhibitor cocktail (both Roche) was used as a lysis 
buffer, followed by 10 min boiling and sonication 
prior to centrifugational extract clearing performed at 
12000 rpm for 15 min at room temperature. Post- 
trypsinization, samples were acidified bringing them 
to 0.75% TFA and cleared by centrifugation. Starting 
from 400 μg protein extract per condition and 
replicate, 150 μg of peptides each were TMT labeled 
(6plex; channels 126-129) and combined by replicate 
to 600 μg samples, of which 50 μg were subjected to 
high pH reverse phase separation and 550 μg to TiSH 
[43]. Following the batch enrichment steps of TiSH, ¾ 
of the product were HILIC fractionated and ¼ 
Measured unfractionated. Documentation of liquid 
chromatography/tandem mass spectrometry (LC/ 
MS2) instrumentation and parametrization was 
extracted as well as summarized from raw data using 
MARMoSET [44] and is provided in the supplemental 
material (Table S1). The MaxQuant suite of algorithms 
[45, 46] (v. 1.6.8.0) together with the human canonical 
and isoforms UniProt database (downloaded on 
2019/08/19; 173799 entries) and parametrized as 
included in the supplemental information (Table S2) 
were used for peptide/spectrum matching and 
quantitation. Phosphosite occupancies were 
normalized by dividing phosphosite intensities by the 
median protein group intensities associated with 
them using R. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository [47] 
with the dataset identifier PXD021038 (http:// 
proteomecentral.proteomexchange.org). Reviewer 
PRIDE account details: Username ‘reviewer33406@ebi. 
ac.uk', password 'IpfMUJwR’. 

Immunoblotting and quantification 
Immunoblots were performed according to 

standard Western blotting protocols using the 
following antibodies: pp38 T180/Y182 (4511, Cell 
Signaling, Frankfurt, Germany), pHSP27 S82 
(SC-16669, Santa Cruz Biotechnology, Heidelberg, 
Germany), pCREB S133 (9198, Cell signaling), 
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pCamKII T287 (PA-537833, Life Technologies 
Carlsbad, CA) p38 (9228, Cell Signaling), HSP27 
(SC13132, Santa Cruz Biotechnology), CREB (9104, 
Cell Signaling), pan-CamKII (4436, Cell Signaling), 
β-Actin, (A5441,Sigma), α-rabbit IgG HRP-linked AB 
(27, Cell Signaling) and α-mouse IgG HRP-linked AB 
(32, Cell Signaling). Imaging and quantification were 
carried out using the ChemiDoc MP system and 
Image Lab software version 5 (Bio-Rad, Hercules, CA, 
USA). As phospho-p38 was frequently not detectable 
in solvent control samples, immunoblots were 
quantified relative to AA-treated samples for all 
immunoblots as indicated in the respective figure 
legends. In addition, the phosphoform signals were 
normalized against the respective protein signals to 
correct for unequal protein expression or loading. 

Out of the four known CamKII isoforms, MDMs 
express mRNA for CamKIIβ, -γ and -δ, with CamKIIδ 
as the main form. The phosphoforms of CamKIIγ and 
-δ were readily detectable using the polyclonal 
phospho-CamKIIβ, -γ and -δ antibody (see above). 
The monoclonal pan-CamKII antibody used for 
CamKII detection, however, was unable to detect any 
CamKII isoform besides the δ variant, presumably 
because CamKIIδ is expressed at approximately 
10-fold higher levels in MDMs compared to the other 
isoforms. For this reason, the upper pCaMKII band, 
representing pCamKIIγ, was normalized against 
β-actin. 

Reactive oxygen species (ROS) assay 
MDMs were prepared and differentiated in 

12-well plates as described above. A total 
ROS/superoxide detection kit from Enzo Life 
Sciences was used according to the manufacturer's 
protocol. In brief, macrophages were pretreated with 
the ROS scavenger N-acetylcysteine (NAC) or the 
NOX2 inhibitor VAS3947 for 60 min prior to exposure 
to AA, ETYA or solvent. Cells were treated with AA 
and stained simultaneously with ROS/superoxide 
detection reagent for 30 min. Pyocyanin-treated 
samples served as positive controls. After the 
incubation period the cells were washed once with 
assay buffer, gently scraped off the plates and ROS 
levels were analyzed by flow cytometry (FACSCanto 
II BD Biosciences). Gating strategies and 
compensations were performed according to the 
assay user manual. 

Measurement of intracellular free calcium 
Calcium assays were carried out in 96-well 

microplate using a Fura-2 Calcium Flux Assay Kit 
(ab176766; abcam, Cambridge, UK) according to the 
instructions of the manufacturer with MDMs cultured 
as described above. Shortly, the MDMs were 

incubated with Fura-2 solution for 60 and 20 min at 
37°C and room temperature, respectively. Kinetic 
measurements at 340 and 380 nm were carried out on 
a Victor Nivo Microplate Readers (PerkinElmer, 
Waltham, USA) for 0-105 sec after the addition of AA, 
ETYA or solvent to MDMs, and 340/380 nm excitation 
ratios were calculated. The 340/380 nm ratio before 
each treatment was used as reference for 
normalization. 

Staining of actin filaments 
MDMs were differentiated on glass coverslips as 

described above. For actin filament staining the cells 
were incubated with 50 µM AA for 24 h, fixed with 4 
% paraformaldehyde for 10 min at room temperature 
and permeabilized with 0.3% Triton X100 for 5 min. 
Actin filament was stained with 1:1000 diluted 
Phalloidin-California Red Conjugate (AAT Bioquest, 
Sunnyvale, USA) for 30 min at RT. Glass coverslips 
were mounted onto the microscope slides using a 
drop of mounting medium with DAPI (VEC-H-1200, 
Vector, Burlingame, USA) and sealed with nail polish. 
Images were taken at 100× magnification and 
processed on a widefield microscope (Leica DM5500, 
Leica Microsystems, Wetzlar, Germany). 

Macropinocytosis assay 
MDMs cultured as described above were treated 

with AA 50 µM for 23 h, 200 nM of Latrunculin for 30 
min A or solvent (ethanol) for 30 min. Macro-
pinocytotic activity was evaluated the following day 
60 minutes after addition of FITC-Dextran (70 kDa, 0.5 
mg/ml). After gently scraping the cells of the culture 
plates, the samples were analyzed by flow cytometry. 
Gating was performed against cells preincubated for 
60 min on ice to subtract FITC-Dextran binding from 
the uptake. Latrunculin is a powerful inhibitor of 
phagocytosis and macropinocytosis and was therefore 
used as an additional control. 

Isolation and characterization of EVs 
After 7 days of differentiation, culture medium 

was replaced by fresh serum-free RPMI1640 
supplemented with 1% sodium pyruvate, and AA at a 
final concentration of 50 µM or solvent (ethanol) 
control. Supernatants were harvested after 0 and 24 
hrs of incubation from MDMs at a maximum cell 
density of 80%. Conditioned media were sequentially 
centrifuged (at 4°C) at 300 × g for 10 min to remove 
cell debris, 2,000 × g for 15 min to remove organelles, 
and 10,000 × g for 1 hr to remove large particles. EV 
release was determined in 10,000 × g supernatants (0.5 
ml per 6-well) by high-sensitivity flow cytometry 
(HSFC). Time-point zero sample media were used as 
blanks. The presence of protein aggregates or other 
supramolecular complexes was estimated by treating 
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10,000 × g supernatants with Triton X-100 at a final 
concentration of 0.05% to disrupt EVs, as previously 
described [48]. Further isolation of EVs was 
performed from culture supernatants (12 ml per 150 
mm dish) by additional centrifugation at 100,000 × g 
for 90 min at 4°C in an OptimaTM XPN-80 
ultracentrifuge equipped with an SW 41 Ti 
Swinging-bucket rotor (Beckman Coulter; Krefeld, 
Germany). After ultracentrifugation, EV pellets were 
re-suspended in 1 ml PBS and further centrifuged at 
100,000 x g for 100 min in an OptimaTM MAX-XP 
ultracentrifuge (TLA-45 fixed-angle rotor, Beckman 
Coulter, Inc.). EV samples were re-suspended in 50 µl 
PBS and stored at -20°C until further analysis. 

As recommended by the MISEV 2018 guidelines 
[49], three tetraspanin markers were assessed by 
HSFC in order to verify the EV nature of the samples. 
Immunostaining of at least 2 × 107 particles in a final 
volume of 100 µl PBS was performed over-night at 
4°C with FITC-coupled antibodies against human 
CD9 (200 ng, Cat. 312104), CD63 (100 ng, Cat. 353006) 
and CD81 (200 ng, Cat. 349504; all from BioLegend, 
Koblenz, Germany). Isotype control antibodies were 
used as negative controls (200 ng, BioLegend). 
Removing of unlabeled antibody was performed by 
PBS washing and subsequent ultracentrifugation at 
100,000 × g for 100 min (4°C). 

Particle concentration of EV samples was 
determined by HSFC and NanoFCM Professional 
Version (V1.0) software analysis. Immunostaining 
data from HSFC (FCS 3.0 files) were analyzed using 
FlowJoTM (v10) software. Staining was considered 
positive when the percentage of positive events 
showed a minimum fold change of 3 relative to the 
matching isotype control. 

High-sensitivity flow cytometry (HSFC) 
fluorescence analysis of EVs 

A Flow NanoAnalyzer fitted with a Blue Laser 
(488 nm) (NanoFCM, Inc.) was used for the multi-
parameter analysis of EV samples, allowing for the 
quantitative analysis of single particles down to 40 nm 
with high sensitivity. All experiments were 
performed in compliance with the NanoFCM system’s 
recommendations (more information on http:// 
www.nanofcm.com/). Briefly, dilutions of all samples 
were individually tested in order to record a total 
number of 3,000-12,500 events. PBS or RPMI1640 
time-point zero samples were used for threshold 
setting and as blanks. Monodisperse silica 
nanoparticles cocktail (68-155 nm, Cat. S16M-Exo, 
NanoFCM, Inc.), and polystyrene 200 nm beads at a 
1/100 dilution (QC Beads, Cat. S08210, NanoFCM, 
Inc.), were used as size and particle concentration 
reference, respectively. Standard beads and all 

samples were collected under the same sampling 
pressure (1 kPa) for 1 min. Light scattering was used 
for the measurement of nanoparticle size and size 
distributions. The EV size range was set between 
40-300 nm. Fluorescence analyses were based on 
FITC-A. All applicable assay controls to HSFC 
described by MIFLowCyt-EV guidelines [50] (i.e. 
buffer controls, unstained samples or detergent 
treatment of stained samples) were evaluated. All 
samples were measured with at least two technical 
replicates. 

Statistical analysis 
Comparative data were statistically analyzed by 

unpaired or paired Student’s t test (two-sided, equal 
variance) as indicated. Significance levels are 
indicated as ****, ***, ** and * for p < 0.0001, p < 0.001, p 
< 0.01 and p < 0.05, respectively. Box pots in Fig. 3 and 
S1 depicting medians (line), upper and lower quartiles 
(box), range (whiskers) and outliers/fliers (diamonds) 
were constructed using the Seaborn boxplot function 
with Python. Variance of expression in Table 1 was 
determined by means of the Python function 
pandas.DataFrame.var(). Progression-free survival 
data for serous OC patients were obtained from the 
Kaplan-Meier Plotter meta-analysis database 
(https://kmplot.com; version 06/2020 with data for 
2.190 OC patients) [51]. Data associating gene 
expression with overall survival (OS) of OC were 
obtained from the PRECOG database (https:// 
precog.stanford.edu) [52]. 

Results 
Phosphoproteome analysis of AA-treated 
MDMs 

Mass-spectrometry-based phosphoproteomics 
identified 9538 phosphosites in MDMs treated with 50 
µM AA or solvent for 15 min (see schematic summary 
in Fig. 1; Table S3; values normalized for total 
proteome signals). After normalization (see Materials 
and Methods), 351 of these sites sites in 275 proteins 
were significantly upregulated by AA (nominal p 
value < 0.05 by t test; Table S4), while 205 sites in 164 
proteins were significantly downregulated (Table S5). 
These included 28 upregulated and 23 downregulated 
phosphosites, respectively, in signal-transducing 
protein kinases, phosphatases and G-protein 
regulators (Fig. 1). Gene ontology (GO) term 
enrichment analysis of upregulated phosphosites 
identified actin filament-based process, GTPase 
signaling, leukocyte activation and stress response as 
the most significant and enriched terms defining 
specific functions (Fig. 1; Table S6). The analogous 
analyses of downregulated phosphosites also yielded 
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cytoskeleton/actin organization and regulation of 
GTPase activity as clearly enriched terms but also 
identified vesicle-mediated transport and endocytosis 
as highly significant hits (Fig. 1; Table S7). The 
AA-regulated phosphoproteins associated with these 
GO terms are listed in Table S8. 

The AA-mediated phosphorylation of protein 
kinases linked to stress response (red arrows) or actin 
filament organization (black arrows) is illustrated in 
Figure 2A (upregulated phosphosites) and Fig. 2B 
(downregulated phosphosites). In line with current 
knowledge, the stress response proteins include two 
members of the p38 family, p38δ (HUGO name: 
MAPK13) and p38α (HUGO name: MAPK14) as well 
as their upstream regulator mitogen-activated protein 

kinase kinase kinase kinase 2 (MAP4K2) and 
serine/threonine kinase 24 (STK24) (Fig. 2A), 
suggesting a central role for p38 in AA-mediated 
signaling. Protein kinases of the second group (black 
arrows) mainly encompass components of Rho family 
GTPase-regulated signal transduction pathways 
regulating actin filament organization [53], i.e., LIM 
domain kinase 1 (LIMK1), serine/threonine kinase 10 
(STK10) and p21Rac1 activated kinase 2 (PAK2), 
consistent with a role for AA-signaling in actin 
reorganization. Both, LIMK1 and STK10 contain 
phosphosites that are affected by AA in opposite 
ways, which may indicate opposite regulatory effects 
of these sites (inhibitory or stimulatory). 

 

 
Figure 1. Summary of the phosphoproteome analysis of AA-treated MDMs. Blue boxes show the data for significantly upregulated phosphosites (nominal p value < 
0.05; n = 3), yellow boxes the results downregulated phosphosites. Boxes at the top and bottom show for the most significantly (FDR) enriched terms associated with specific 
functions. n: number of proteins linked to the respective GO term. Green boxes: AA regulated phosphoproteins with functions in signal transduction mediated by protein 
kinases, phosphatases, G proteins (GTPases) or heat shock protein 27 (HSP27). 
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Figure 2. Phosphosites showing a significant response to AA treatment in MDMs. (A) Protein kinases with phosphosites upregulated by AA versus solvent (p < 0.05 
by paired t test; FC > 1.1; n = 3 biological replicates) identified by phosphoproteome analysis. (B) Protein kinases with phosphosites downregulated by AA (p < 0.05; FC < 0.9; 
n = 3). Red arrows: protein kinases linked to stress response; black arrows: protein kinases associated with actin filament organization. (C) Phosphosites in proteins other than 
protein kinases strongly upregulated in response to AA treatment ( p < 0.05; FC > 1.7; n = 3). ID refers to the peptide identified by MS in Table S3. Fold change values were 
calculated by dividing normalized signals (see Materials and Methods). Data points represent individual samples. 

 
The notion that AA-signaling impacts actin 

reorganization is supported by AA-mediated effects 
on a large number of other phosphoproteins with 
known functions in actin filament organization, as 
exemplified for AA-upregulated phosphosites in Fig. 
2C. Intriguingly, these include two sites in heat shock 
protein 27 (HSP27; HUGO name: HSPB1), which is a 
direct substrate of p38 and a regulator of actin 
filaments [54], thus suggesting a potential link of 
AA-regulated signal transduction and biological 
functions. This question is addressed further below. 

Transcriptional profiling of AA-treated MDMs 
To determine the AA-regulated transcriptome of 

MDMs we performed RNA-Seq analyses of 3 
biological replicates of cells treated with 50 µM AA or 
solvent for 3 h (Table S9). As shown by the volcano 
plot in Fig. 3A, 441 genes were significantly 
upregulated and 1,778 genes significantly down-
regulated by AA compared to solvent (nominal p 
value < 0.05 by t test). The most robust group of 
AA-induced genes (n = 40; Fig. 3B), i.e., showing a 
minimum fold change (FC) of 3 and a minimum 
expression of 3 transcripts per million (TPM), were 
further analyzed by functional annotations. GO term 
enrichment analysis identified response to oxidative 
stress as the most significant and highly enriched 
specific category, followed by apoptosis-related terms 

(Table S10). Genes associated with response to stress 
comprised 45% (n = 18) of all genes analyzed (red 
arrows in Fig. 3B), supporting the relevance of these 
genes with respect to AA-induced signaling. 
Intriguingly, the expression of 9 of these 18 genes in 
serous OC is associated with a poor RFS (Fig. 3C) 
according to data in the Kaplan-Meier Plotter 
databases (https://kmplot.com) [51], pointing to a 
possible connection of the AA-induced stress 
response to tumor progression. 

Ingenuity Pathway Analysis (IPA) of 
AA-induced genes identified MAP kinase signaling 
(including p38) as the most significant upstream 
regulators (Fig. 3D). Other enriched upstream 
regulators were cAMP Responsive Element Binding 
Protein (CREB), a known p38 target [55], as well as 
protein kinase C (PKC) and AKT pathways, which are 
also linked to MAPK signaling by various 
interconnections [56, 57]. Taken together, these results 
in conjunction with the results of the phosphor-
proteome analysis clearly identify a p38-mediated 
stress response, including a specific transcriptional 
program, as a major component of AA-induced 
signaling. On the other hand, transcriptional profiling 
did not reveal any evidence for actin-mediated effects, 
suggesting that Rho-family-GTPase-related signaling 
events via actin filaments are relevant primarily with 
regard to non-transcriptional mechanisms. We also 
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identified 23 “robustly” downregulated genes (FC< 
0.33; TPM > 3; Fig. S1), but functional annotation did 
not yield any significant conclusion. 

To assess the relevance of these findings in the 
context of the OC microenvironment we compared 
the expression of the upregulated genes in MDMs and 
TAMs from OC ascites (Table S11; TPM > 1 in TAMs). 
As illustrated in Fig. 3E, the vast majority of these 
genes (30/37; 81.1%) were expressed at higher levels 
in TAMs compared to MDMs (median TPM in TAMs 
> 1), suggesting that AA affects a similar set of genes 
in TAMs in vivo and MDMs in vitro. 

Induction of ASK1-p38 signaling by non- 
metabolized AA 

To understand the regulation by AA in more 
detail we next analyzed the connection of p38 

phosphorylation to other components of the p38 
signaling cascade. To this end, we first analyzed the 
dose dependence of p38 phosphorylation (Thr-180, 
Tyr-182) on the p38 substrates HSP27 (Ser-82) and 
CREB (Ser-133) by immunoblotting. Figs. 4A and B 
show that p38 phosphorylation increased nearly 
linearly within the tested concentration range of 6.25 - 
50 µM of AA, while CREB and HSP27 
phosphorylation reached saturation below 50 µM. 
This suggests that maximum levels of activated p38 
(pp38) are not required for full phosphorylation of 
CREB and even less so for HSP27 phosphorylation. 
However, in view of maximum phosphorylation p38 
being observed at 50 µM AA, which is close to the 
median level found in OC ascites [19], we chose this 
concentration for all subsequent experiments. 

 

 
Figure 3. Transcriptional profiling of AA-treated MDMs and ex vivo TAMs. MDMs were treated with 50 µM AA or solvent for 3 h and RNA was analyzed by 
next-generation sequencing (RNA-Seq) for 3 independent donors. (A) Volcano plot depicting genes significantly (nominal p < 0.05) repressed by AA (blue), induced (red) by AA) 
or showing no significant change (grey). (B) RNA-Seq results for the top AA-induced genes (FC > 3; TPM > 3 in AA-treated cells). Red arrows: genes linked to stress response 
according to GO term enrichment analysis (GO:0006950 in Table S6; genes in Table S8). Box pots show medians (line), upper and lower quartiles (box) and range (whiskers). 
Significance was tested by paired t test: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05 for AA versus solvent; p values were adjusted for multiple hypothesis testing by 
Benjamini Hochberg correction. (C) Association of the expression of stress-response-linked genes (red arrows in panel B) with relapse-free survival of serous ovarian cancer 
according to the Kaplan-Meier Plotter database (see Materials and Methods for details; HSPA1A and HSPA1B are combined in panel C; CXCL8 is referred to as IL8 in panel C). Red 
letters: positive hazard ratio (HR); blue: negative HR; ns: not significant logrank p value (≥0.05). (D) Ingenuity Upstream Regulator Analysis of the AA-induced genes identified in 
panel A. The plot shows the regulators with the lowest false discovery rate (FDR: < 0.05) and the strongest enrichment (> 3-fold). (E) Comparison of upregulated genes in MDMs 
and TAMs (TPM > 1 in TAMs) in an independent dataset (RNA-Seq; see Table S11 for details). The Pearson correlation coefficient for the data points shown is r = 0.32 (p = 
0.052). 
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Figure 4. Signaling events induced by AA in MDMs. (A) Dose-dependent induction of p38, HSP27 and CREB phosphorylation by AA analyzed by immunoblot analysis. 
MDMs were incubated with different concentrations of AA for 30 min. Depicted are representative immunoblots. (B) Quantification of n = 5 biological replicates. Data points 
represent individual samples.The lines connect the median values depicted as horizontal lines. Statistical analysis was performed by paired t test and p values were adjusted by 
Benjamini-Hochberg correction. **** adjusted p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05 against samples treated with 50 µM AA. ns: not significant. Values represent the 
fold change relative to 50 µM. 

 
The phosphorylation of HSP27 in response to 

AA is of particular interest in view of a reported role 
for HSP27 in actin filament reorganization. To analyze 
the AA-induced pathway leading to HSP27 activation 
in more detail, we investigated the effect of 
pharmacological inhibitors. As shown in Fig. 5A and 
B, both p38 inhibitors tested, SB203580 and BIRB796 
strongly diminished AA-induced p38 auto-
phosphorylation and HSP27 phosphorylation. A well- 
known activating kinase upstream of p38 is apoptosis 
signal regulating kinase 1 (ASK1; HUGO name: 
MAP3K5). Selonsertib, a small-molecule clinically 
tested inhibitor of ASK1 [58, 59], also inhibited 
AA-induced p38 and HSP27 phosphorylation by 92% 
and 69%, respectively, thus confirming the AA- 
mediated induction of an ASK1  p38  HSP27 
signaling pathway. 

Next, we asked whether these signaling events 
are triggered by non-metabolized AA or an 
eicosanoid generated by the cyclooxygenase (COX) or 
lipoxygenase (LOX) pathways. Figs. 6A and B 
unequivocally show that the non-metabolizable AA- 
analogue and dual COX/LOX inhibitor 5,8,11,14- 

eicosatetraynoic acid (ETYA) [60] induced p38 and 
HSP27 phosphorylation to a very similar extent as 
AA, indicating that metabolizing AA is not required. 

We also tested the effect of other structurally 
related PUFAs and found that linoleic acid (LA), 
eicosapentaenoic acid (EPA) and docosahexaenoic 
acid (DHA) were also able to induce p38 
phosphorylation. While the median effect of EPA 
approached that of AA and ETYA (89% versus AA), 
LA and DHA induced p38 phosphorylation to a 
considerably weaker extent (LA: 20.5%; DHA: 47%; 
Figs. 6A and B). HSP27 phosphorylation was also 
induced by all PUFAs, closely following the pattern 
observed for pp38 (Figs. 6A and B). The observed 
phosphorylation of p38 by PUFAs other than AA is 
consistent with the conclusion that this AA-mediated 
effect is triggered by AA itself rather than its 
metabolites. 

Collectively, these observations indicate that 
induction of p38  HSP27 signaling is selective, but 
not specific for AA, and is not dependent on the 
metabolization of AA. 
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Figure 5. Effect of pharmacological inhibition of ASK1 or p38 on AA-induced HSP27 phosphorylation. (A) Immunoblot of MDMs pretreated with the selective 
ASK1 inhibitor Selonsertib (1 µM) or the p38 inhibitors BIRB796 or SB203580 (10 µM) for 1 h prior to treatment with AA for 30 min. (B) Quantification of n = 7 biological 
replicates. Data points represent individual samples, horizontal lines indicate the median. Statistical analysis was performed by paired t test. **** adjusted p < 0.0001; *** p < 0.001; 
** p < 0.01; * p < 0.05 against samples treated with AA + solvent. Detection of pp38 was not reliably possible in solvent only samples. ns: not significant. Values represent the fold 
change relative to AA + solvent. 

 
Figure 6. Signaling events induced by AA in MDMs compared to other PUFAs. (A) Immunoblot analysis of p38, HSP27 and CREB phosphorylation in response to 50 
µM AA compared to 50 µM ETYA, LA, DHA or EPA (representative example). Details as in Fig. 4. (B) Quantification of n = 8 biological replicates. Data points represent individual 
samples, horizontal lines indicate the median. Statistical analysis was performed as in Fig. 4. Values represent the fold change relative to AA. 

 
Role of Ca2+-mediated signal transduction 
pathways in the AA-induced activation of p38 

To elucidate the AA-triggered signaling event 
upstream of p38, we analyzed the role of 
Ca2+-mediated signaling previously implicated in 

conveying AA-triggered signals in rat neutrophils 
[29]. As shown in Figs. 7A and S2, both AA and ETYA 
stimulation of MDMs induced a rapid cytoplasmic 
influx of Ca2+ and phosphorylation of calcium/ 
calmodulin-dependent protein kinase II (CAMKII; 
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HUGO name: CAMK2; Fig. 7B), known as a direct 
activator of ASK1 [61, 62]. Consistent with these 
findings, sequestration of Ca2+ by the calcium chelator 
BAPTA-AM (1,2-bis(o-aminophenoxy)ethane-N,N,N′, 
N′-tetraacetic acid) [63] blocked the AA-triggered 
phosphorylation of p38 (Fig. 7B). A quantification of 
these data is shown in Fig. 7C and D. 

To elucidate the potential origin of Ca2+ 
impinging on the CAMKII – ASK – p38 axis, we tested 
the effects of the FFAR4 antagonist AH7614, the PLCγ 
inhibitor U-73122, the Gi/0 inhibitor pertussis toxin 
and the Gq/11 inhibitor YM-254890. These compounds 
partially inhibited the AA-induced phosphorylation 
of p38 in MDMs from some donors, while no effect 
was detectable in others (Fig. S3). These findings 
suggest that an AA  GPCR/FFAR4 PLCγ 
pathways triggers the release of Ca2+ from intra-
cellular stores via inositol trisphosphate in a subset of 
donors to a minor extent, suggesting that a 
GPCR-/PLCγ-independent mechanism(s) plays a 
more prominent role in transducing AA-elicited 
signal to p38. 

Based on this data AA-triggered signal 
transduction is initiated by multiple, donor- 

dependent events (including GPCR(s) and PLCγ), 
which merge on a common Ca2+-regulated pathway: 
Ca2+  CAMK II  ASK1  (MKK3/6)  p38  
HSP27/CREB (parentheses: not analyzed in the 
present study; see scheme in Fig. 8). 

Role of ROS in AA-triggered p38 
phosphorylation 

Next, we addressed the potential role of ROS in 
light of previously published findings suggesting the 
generation of intracellular ROS in response to AA [20, 
21]. Fig. S4 shows an example of AA-mediated 
induction of total ROS and superoxide generation in 
one MDM sample. However, AA-induced ROS 
production varied strongly among individual MDM 
samples and, despite a similar AA-induced p38 
phosphorylation across all samples was even 
undetectable in most cases (Fig. S5). Furthermore, 
quenching of ROS by N-acetylcysteine (NAC) or the 
NOX inhibitor VAS3947 only partially affected p38 
phosphorylation, if at all (Fig. S5). We conclude from 
these observations that ROS production, if any, plays 
a secondary role as a mediator of AA-induced p38 
activation in a subset of donors (Fig. 8). 

 
Figure 7. Effect of Ca2+-dependent signaling on AA-mediated phosphorylation of p38. (A) Increase in intracellular Ca2+ levels 0-105 sec after stimulation with 50 µM 
AA or ETYA. Kinetic measurements of Fura-2 fluorescence were carried out as described in Materials and Methods. (B) AA-mediated phosphorylation of p38 and CAMK IIγ and 
δ, and its inhibition by the Ca2+ chelator BAPTA-AM. The cells were pretreated with 50 µM BAPTA-AM for 1 h prior to treatment with 50 µM AA for 30 min. (C, D). 
Quantification of 8 biological replicates as in panels A and B. Data points represents individual samples, horizontal lines indicate the median. Statistical analysis was performed by 
paired t test: **** adjusted p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05 against AA-treated samples. 
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Figure 8. Model of AA-regulated signal transduction pathways. An AA-triggered Ca2+– ASK1 – p38 pathway induces a transcriptional stress response and mediates 
HSP27 phosphorylation, thereby contributing to actin filament reorganization in concert with AA-regulated RhoGEFs and RhoGAPs. Other protein kinases phosphorylated in 
response to AA, such MAP4K2, may also impinge on this pathway. ROS produced by different mechanisms may contribute to p38 phosphorylation to a minor extent in a subset 
of donors. Orange: phosphosites identified by MS and confirmed by immunoblotting; yellow: phosphosites identified by MS. EX: extracellular space; PM: plasma membrane; CYT: 
cytosol; NUC: nucleus. AA is most likely derived from extracellular phospholipids with PLA2G2A possibly playing a crucial role (see text and Table 1). 

 

Interference of AA with actin filament- 
dependent processes 

As shown above, AA affects the phosphorylation 
status of the pp38 substrate HSP27 as well as multiple 
regulators of the Rho family GTPases (Figs. 1 and 2), 
pointing to an impact on actin filament organization. 
To test this hypothesis we stained MDMs with 
fluorescently labeled phalloidin (California red 
conjugate) as an actin-binding probe [64]. Figs. 9A 
shows actin fibers evenly distributed in solvent- 
treated cells, which was altered in 40-65% of cells (Fig. 
9B) after a 24-hr incubation with 50 µM AA, with actin 
staining largely restricted to the cell edges and/or 
reduced to a low intensity, suggesting that AA 
prevents the assembly or promotes the disassembly of 
actin filaments. In view of these findings, we studied 
the effect of AA on macropinocytosis as an 

actin-driven process [65]. As shown in Figs. 9C and D 
AA inhibited the uptake of FITC-labelled dextran by 
MDMs by 91% after 24 hrs incubation. This inhibitory 
effect was even stronger than that of Latrunculin A, 
which sequesters monomeric G-actin and prevents 
actin filament assembly [66], thereby blocking 
endocytotic uptake by pinocytosis or phagocytosis 
[67, 68]. Taken together, these findings confirm that 
AA-induced signaling interferes with endocytotic 
uptake functions of MDMs by interfering with actin 
filament organization. 

Impact of AA on the release of EVs 
The functional annotation analysis (Fig. 1 and 

Table S7) identified a strong association of AA- 
downregulated phosphosites with vesicle-mediated 
transport. We therefore analyzed the effect of AA on 
the release of extracellular vesicles (EVs) by MDMs. 
High-sensitivity flow cytometry (HSFC) analysis of 



Theranostics 2021, Vol. 11, Issue 3 
 

 
http://www.thno.org 

1389 

conditioned medium from MDMs cultured in the 
presence of 50 µM AA under serum-free conditions 
revealed a significant approximately 2-fold increase in 
the frequency of released particles (Fig. 10A) within a 
size range characteristic of EVs [49, 69] (~90% ranging 
from 50 to 100 nm; Fig. 10B). These particles were 
highly sensitive to detergent treatment, consistent 
with their classification as EVs (Fig. 10C). We also 
quantified EVs isolated by differential ultra-
centrifugation from conditioned media, which 
confirmed a higher release from AA-treated MDMs 
(average 2.94 × 109 particles, n = 9 donors) compared 
to solvent controls (average 1.61 × 109 particles) 
(relative change illustrated in Fig. S7). To further 
characterize these samples, we applied flow 
cytometry to analyze the expression of the 
tetraspanins CD9, CD63 and CD81 as classical 
exosomal markers [70, 71]. This analysis showed 
positive events for all markers in both AA-treated and 
solvent controls with a 5- to 8-fold increase in samples 
from AA-induced MDMs (Figs. 10D and S8). In 
conjunction with the results of the size analyses (Fig. 
10B), these findings confirm the released particles as 
bona fide EVs with exosomal features. These 
observations also lend strong support to the 

hypothesis that AA-mediated signaling events affect 
proteins that regulate the biogenesis and/or release of 
tetraspanin-containing EVs as suggested by our 
phosphoproteomics results. 

Expression and survival association of AA- 
generating phospholipase A2 isoforms 

The association of both AA [13] and AA-induced 
genes (Fig. 3C) with a poor clinical outcome suggests 
that decreased AA levels could be a therapeutically 
beneficial achievement. AA is generated by the 
phospholipase A2-mediated cleavage of both extra- 
and intracellular phospholipids [72-74]. 
Phospholipase A2 enzymes are encoded by 21 
different PLA2 genes, whose contribution to OC 
progression is poorly understood. To identify 
potential therapeutic targets we analyzed the 
expression of PLA2 genes in solid tumor samples from 
OC patients (which contain both tumor and 
tumor-associated host cells as possible cellular 
sources of PLA2) and their association with the 
clinical outcome. Intriguingly, analysis of the data in 
the PRECOG database revealed that within this gene 
family, only PLA2G2A was associated with the overall 
survival (OS) of OC with near-significance (Table 1; 

 
Figure 9. Effect of AA on actin filament organization and macropinocytosis. (A) Phalloidin staining of actin filaments in MDMs treated with 50 µM AA or solvent 
(control) for 24 hrs (representative experiment). (B) Quantification of actin filament rearrangement in MDMs from n = 6 donors after treatment as in panel A (each donor is 
represented by a specific symbol). Cells were counted as positive for actin rearrangement, if the typically wavy actin fibers were undetectable and/or actin filaments were 
accumulated at the cell edges. For each sample, on average 70 cells were evaluated. (C, D) Flow cytometric analysis of FITC-Dextran pinocytosis by MDMs treated with 50 µM 
AA for 24 h. Latrunculin A was included as a known pinocytosis inhibitor [67]. Untreated MDMs incubated on ice to invoke a complete inhibition of pinocytosis were used as 
negative control. Significance was tested by paired t test: ****p < 0.0001, ***p < 0.001, * p < 0.05. The gating strategy is shown in Fig. S6. 
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z-score = 1.93). Consistently, PL2G2A was also 
associated with a shorter progression-free survival of 
high-grade serous OC bases of the data in the Kaplan 
Meier Plotter meta-analysis database (Fig. S9). In 
agreement with these findings, PLA2G2A showed the 
highest variance of expression in solid OC tumor 
samples (Table 1). Furthermore, PLA2G2A exhibited 
the highest maximum expression among all PLA2 
family members (Table 1). These findings suggest that 
the PLA2G2A (PLA2 Group 2A) isoform plays a 
crucial role in the generation of clinically relevant AA, 
and thus represents an interesting target for 
pharmacological intervention with OC progression. 

 

Table 1. Expression of phospholipase A2 genes in in solid tumor 
tissue (TCGA RNA-Seq data) and association of expression with 
overall survival (OS, PRECOG data). A positive z-score indicates a 
hazard ratio > 1, a negative z-score a hazard ratio < 1; |z| = 1.96 
corresponds to p = 0.05. The expression data show the maximum 
expression levels (TPM) and the variance of expression among 
samples (variance is the average squared deviation from the mean). 
na: not available 

 
 

 
Figure 10. Effect of AA on the release of EVs. (A) Relative number of particles released by MDMs into the culture medium after 24 h of treatment with AA (blue dots) or solvent (grey 
dots) determined by HSFC. Values were calculated per mg total cell protein and normalized to 1 for solvent-treated cells. (B) Size distribution of particles released by MDMs shown in panel 
A. Histogram of particle size with a bin width of 10 nm for AA (blue bars) and solvent control (grey bars) samples. Data were normalized to the total number of acquired events separately 
for solvent and AA-treated samples. The plot shows the mean (± SEM) of the relative frequency of total events detected by HSFC in conditioned media from n = 5 donors. (C) Relative 
decrease of particle count in conditioned media after treatment with Triton X-100 (final concentration 0.05%). Values obtained before addition of detergent were set to 100%. (D) 
Immunostaining results on EV pellets obtained by differential centrifugation. The presence of tetraspanin markers (CD9, CD63 and CD81) was evaluated on particles obtained from n = 3-5 
donors. A histogram of particle size of positive events is shown in Figure S8 for a representative sample. Bars represent mean (± SD) of total % of positive events. Symbols represent the values 
obtained with independent donors. Significance was tested by paired t test: * p < 0.05 for AA versus solvent. 
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Discussion 
The present study is based on our original 

discovery that the concentration of AA in OC ascites is 
associated with short RFS [13], for which the 
underlying molecular mechanisms remeined 
unknown. TAMs represent the major host cell 
population in ascites, and in view of their link to a 
poor prognosis are of particular interest in this 
context. In the present study, we therefore asked the 
question, which signal transduction pathways and 
biological functions are regulated by AA in 
macrophages. We addressed this problem by a 
combination of omics, biochemical and functional 
analyses, which revealed a comprehensive picture of 
AA-regulated signal transduction pathways in MDMs 
and identified AA-affected biological functions 
potentially relevant in the TME. 

The AA-triggered p38 signaling pathway 
Our phosphoproteomics, transcriptomics and 

complementary immunoblotting analyses revealed 
the stress-response-associated p38 MAP kinase 
pathway as a central target of AA signaling in MDMs 
(Figs. 1-4). Consistent with this finding we identified 
the stress-response kinase ASK1 [75-77] as the 
upstream regulator of p38 (Fig. 5), presumably via 
MKK3/6 [78]. In agreement with this finding, the 
known p38 substrates CREB and HSP27 [55] were also 
phosphorylated in response to AA in an 
ASK1-dependent manner (Fig. 5). Importantly, these 
results were confirmed with the non-metabolizable 
AA analog and COX/LOX inhibitor ETYA [60] (Fig. 
6), indicating that the observed effects were caused by 
AA itself rather than its metabolites. This is consistent 
with the observation that other PUFAs triggered the 
effects as well, albeit to a reduced extent (Fig. 6). 

Even though redox signaling has been reported 
as the main activator of ASK1 in other experimental 
systems [79-81], this was not the case in AA- 
stimulated MDMs. AA-induced ROS production was 
observed in MDMs only from a subset of donors, and 
even in positive cases its contribution to p38 
phosphorylation was low (Figs. S4 and S5). We 
therefore analyzed CAMK II as another known direct 
activator of ASK1 [61, 62]. Our data clearly show that 
CAMK II phosphorylation was induced by AA in all 
MDM samples analyzed. Consistent with this 
observation, AA induced a rapid accumulation of 
intracellular Ca2+, and the Ca2+ chelator BAPTA-AM 
[63] prevented CAMK II and p38 phosphorylation 
(Figs. 7A-C). 

Others have reported that GPCR-mediated 
signaling and PLC are instrumental in AA-triggered 
signaling in rat neutrophils, but we were unable to 

confirm this for MDMs. The pharmacological 
inhibition of PLC, FFAR4 or GPCR-associated G 
proteins reduced p38 phosphorylation only in a 
subset of samples, and if so, only to a low extent (< 
50%; Fig. S3). This suggests that GPCR-mediated PLC 
activation only plays a minor role in the intracellular 
accumulation of Ca2+ and the ensuing activation of 
CAMK II in AA-stimulated MDMs. It is possible that 
lipid membrane structures associated with Ca2+ 
channels are affected by AA in MDMs, as reported for 
other experimental systems [82-86], potentially 
resulting in increased intracellular Ca2+ levels in 
AA-treated cells. Taken together, these findings 
indicate the following pathway to play a major and 
donor-independent role in AA-stimulated MDMs: AA 
 multiple mediators  Ca2+  CAMK II  ASK1  
MKK3/6  p38  HSP27 / CREB. 

AA signaling impinges on actin-dependent 
processes 

GO term enrichment analyses of our 
phosphoproteomics data identified several potentially 
interesting functions affected by AA apart from 
“response to stress”, one of which is “actin 
cytoskeletal organization” (Fig. 1; Tables S4 and S5). 
In agreement with this finding, an enrichment was 
also found for the term “GTPase signaling”, 
representing a group of G protein regulators [guanine 
nucleotide exchange factors (GEFs) and GTPase 
activating proteins (GAPs), Table S8] impacting Rho/ 
Rac pathways and thereby actin cytoskeletal 
structures [53]. At present, little is known about the 
precise function of most of these proteins, in 
particular with respect to the functional consequences 
of their phosphorylation, complicating the 
interpretation of these findings. This applies in 
particular to the observation that several proteins, 
including LIMK1 and STK10, contain phosphosites 
that are upregulated by AA, while other sites in the 
same protein are downregulated. It may be 
speculated that such modifications exert opposite 
regulatory effects, but this question may only be 
clarified once the functions of these proteins and their 
regulation by phosphorylation are known. 

Another interesting aspect in view of the 
observed AA-induced morphological changes is a 
potential involvement of signaling pathways 
upstream of myosin II. While the myosin light chain 
kinase MLCK was not detected in the MDM proteome 
(Table S3), two other proteins phosphorylated in 
response to AA may be of interest in this context, i.e., 
MYH9 and MYO9B (Table S4). MYO9B is an 
unconventional myosin involved in intracellular 
movements. It interacts with actin, is inhibited by 
Ca2+, figures as a RhoA GTPase activator and plays a 
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role in cell migration [87, 88]. Furthermore, the AA- 
induced phosphorylation of MYO9B at S1354 found in 
the present study was also observed in platelets, 
where MYO9B phosphorylation mediated by PKC 
and PKD increased its RhoA GTPase activity [89]. 

MYH9 is a non-muscle myosin IIA heavy chain, 
which is involved in the generation of intracellular 
mechanical force and translocation of the actin 
cytoskeleton [90]. MYH9 is phosphorylated by AA in 
MDMs at S1943 (Table S4), a site described to regulate 
cellular protrusions and invasion [91]. Taken together, 
these observations raise the possibility that the 
observed AA-induced phosphorylation of MYH9 and 
MYO9B play a role in mediating the observed 
morphological changes. 

In agreement with these findings and the 
predictions of the GO term enrichment analysis, we 
found microscopic evidence for an impact of AA on 
actin organization, indicating an interference with the 
assembly of actin filaments and the formation of an 
actin ring at the cellular edges (Figs. 9A and B). This 
observation is consistent with previous reports 
describing AA-induced actin ring formation in 
osteoclasts [92], and actin clustering at the cell 
membrane of MDMs to be regulated by external 
signals impacting their polarization [93]. AA had no 
cytotoxic effects on CD14+ monocytes after 48 hrs of 
exposure (tested for up to 80 µM) [92], and 
cytotoxicity affected only few cells in our own 
experiments (as indicated by normal nuclear 
morphology and a low fraction of detached cells after 
AA treatment), ruling out a major role for 
cell-death-triggering events in AA-mediated actin 
reorganization. 

AA also strongly inhibited macropinocytosis 
(Figs. 9C and D), a process known to be dependent on 
actin filament organization [65]. Macropinocytosis is 
functionally similar to phagocytosis, suggesting that 
the observed effect of AA may be relevant in the 
context of the tumor microenvironment, since the 
inability to phagocytize tumor cells is a characteristic 
trait of TAMs [94]. Apart from the G protein 
regulators alluded to above, another interesting 
protein in this context is HSP27, which has been 
described as a regulator of actin filaments and 
macropinocytosis [54] and is phosphorylated in 
response to AA at two different sites (Fig. 2C). 

AA signaling regulates extracellular vesicle 
release 

Another intriguing AA-regulated mechanism 
suggested by GO term enrichment analysis of our 
phosphoproteomics data is “vesicle-mediated 
transport” (Fig. 1; Table S7). The 51 proteins linked 
this GO term (Table S8) encompass G-protein 

modulators and actin filament modulators (e.g., 
ARFGEFs, ARHGAP Rho GTPase-activating proteins, 
RAB family regulators; LIMK1, MAPK1/3 and STK10 
protein kinases) as wells as many numerous 
regulators of membrane trafficking and secretion, 
including exocyst complex component 7, intersectin-2, 
the SNARE component SNAP29, synaptogyrin-2 and 
vacuolar protein sorting-associated proteins, 
consistent with the established role of Rho family 
GTPases in vesicle trafficking [95]. 

EVs comprise a heterogeneous population of 
membrane vesicles of different cellular origins. Their 
size varies and encompasses two main classes: 
exosomes (50-150 nm), which are of endosomal origin, 
and microvesicles (50-500 nm), which directly bud 
from the plasma membrane [69]. Their overlapping 
size spectrum and similar compositions, hamper their 
distinction after isolation from culture supernatants. 

In the present study, we were able to confirm the 
prediction of the GO term enrichment analysis 
experimentally by demonstrating an increased release 
of particles upon AA treatment within a size range 
expected for EVs (Fig. 10A and B). These particles 
were sensitive to detergent (Fig. 10C) confirming their 
lipid nature and were endowed with membrane 
organizers, i.e., the tetraspanins CD9, CD63 and CD81 
(Fig. 10D). These tetraspanins are classical exosomal 
markers [70], indicating that AA induces the release of 
exosome-like vesicles from MDMs. In agreement with 
these results, it has been reported by others that 
M2-like polarization of human macrophages increases 
the release of EVs [96]. Interestingly, our data also 
showed that AA treatment led to a higher proportion 
of tetraspanin-positive particles relative to solvent 
controls (Fig. 10D). While CD9 and CD81 have been 
associated with both exosomes and microvesicles, 
CD63 has been shown to be enriched in exosome 
populations in different experimental systems [69]. 
Taken together, these data suggest that AA boosts the 
release of EVs, and in particular exosome-like 
particles. 

As discussed above, our data demonstrate that 
AA treatment triggers actin-filament rearrangement 
and Ca2+ release in MDMs. Interestingly, both events 
have been previously linked to the EV releasing 
process [69], lending further support to our 
conclusions. In view of the prominent role of EVs in 
the microenvironment of OC [97-100], it is tantalizing 
to speculate that AA might promote tumor 
progression via the increased release of vesicles 
carrying pro-tumorigenic and/or immune 
suppressive proteins, lipids and/or nucleic acids from 
macrophages. In line with this hypothesis are the 
previously reported tumor tropism of macrophage- 
derived EVs [101] and the tumor-promoting role of 
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EVs in cancer [6]. It will therefore be of great interest 
to determine the cargo of these vesicles by a combined 
omics approach in future studies. 

Theranostic implications 
Our work has uncovered two levels within the 

AA-governed signaling network that are associated 
with the clinical outcome of AA and may thus provide 
prognostic and/or therapeutic options. The first level 
is extracellular AA itself. As previously shown, the 
ascites concentration of AA associated with a short 
RFS [13]. AA is generated either intracellularly or 
extracellularly from phospholipids by cytosolic or 
secretory PLA2 isoforms (cPLA2 and sPLA2), 
constituting a family of 21 proteins [72, 74]. As 
reported in the present study, PLA2G2A showed the 
highest variance of expression in tumor tissue from 
different patients and reached the highest expression 
level among all PLA2 isoforms in a subset of patients. 
Intriguingly, the latter patients are characterized by a 
short OS and a short RFS, while no association with a 
short OS was observed for others PLA2 isoforms. 
sPLA2s are well known as proinflammatory enzymes 
but their role in human cancer is controversial [73], 
which may also be reflected by the observation that 
three PLA2 isoforms (PLA2D, PL4a, PLA12D) are 
linked to a longer OS of OC (Table 1). Our data 
suggest that pharmacological inhibition of PLA2G2A 
might be therapeutically beneficial in OC, although 
direct experimental evidence is lacking at this point. 
Furthermore, PLA2G2A might be a useful prognostic 
marker, as suggested for breast cancer [102], a 
question to be addressed in future biomarker studies. 

We have previously reported that a high ascites 
levels of PLA2G7 protein is associated with a short 
RFS [13], which is not the case for PLA2G7 RNA levels 
in solid tumor tissue (Table 1). A possible explanation 
for this apparent discrepancy is the high expression of 
PLA2G7 in ascites-associated macrophages [13], 
which in turn represent the major population of 
ascites cells in the majority of OC patients, thereby 
increasing the potential functional relevance of 
PLA2G7. This would suggest that both tumor- 
associated PLA2G2A as well as ascites-associated 
PLA2G7 may be useful theranostic candidates. 

The second level is represented by the signal 
transduction pathways triggered by AA. In this 
context, signaling components at the crossroads with 
other pro-tumorigenic pathways are of particular 
interest. These include CAMKII [103], ASK1 [75], p38 
[104], HSP27 [105] and Rho GTPase regulators [106]. 
Modulating the activity of any of these signaling 
molecules might not only dampen the 
pro-tumorigenic effect of TAMs but might also reduce 
the growth, survival and metastatic potential of 

cancer cells. It is possible that these signal molecules 
also have prognostic value in OC, but this option can 
only be assessed once data directly addressing this 
issue are available. 
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Figure S1. RNA-Seq results for the top AA-repressed genes (FC < 0.33; TPM > 3 in 
solvent-treated cells).  

Box pots show medians (line), upper and lower quartiles (box) and range (whiskers). 
Significance tested by t test: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05 for AA versus 
solvent (p values adjusted for multiple hypothesis testing by Benjamini Hochberg correction).  
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Figure S2. Induction of intracellular free Ca2+ levels by AA and ETYA.  

MDMs were treated with 50 µM AA (green), ETYA (blue) or solvent (red) and analyzed as 
described in Materials and Methods. Results are represented as the increase in fluorescence 
at 340 nm to 380 nm over time after addition of AA, ETYA or solvent. Values were normalized 
to 1 for the first data point. 
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Figure S3. Donor-dependent effect of FFAR4, PLCg and GPCR inhibitors on AA-induced 
p38 phosphorylation.  

MDMs were treated with AA in the presence of the FFAR4 antagonist AH7614, the PLCg 
inhibitor U-73122, the Gi/0 inhibitor pertussis toxin (PTX), the Gq/11 inhibitor YM-254890 or 
solvent. The cells were pretreated either with 50 µM AH7614, 10 µM U73122, 5 µM YM-254890 
for 30 min or 1 µg/ml PTX for 3 h prior to treatment with 50 µM AA. p38 and pp38 were 
visualized by immunoblotting. Plot showing the quantification for n = 5 biological replicates. 
Data points represents individual samples, horizontal lines indicate the median. Values were 
normalized to samples with AA only. Statistical analysis was performed by paired t test against 
samples treated with AA only. ns: not significant. 
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Figure S4. Induction of ROS production by AA on the AA-mediated phosphorylation of 
p38.  

(A) Flow cytometric analysis of AA-induced total ROS (left plot) and superoxide (right plot) 
generation in MDMs. The cells were either treated with 50 µM AA or with 200 µM pyocyanin to 
induce oxidative stress as a positive control for 30 min. The histograms depict the data for one 
donor showing ROS induction by AA and pyocyanin.  

(B) Evaluation of 8 biological replicates analyzed as in panel A. The data reveal a strong donor-
dependence of ROS induction by AA, but not by pyocyanin. Data points represent individual 
samples, horizontal lines indicate the median. **p < 0.01 by t test; ns, not significant.  
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Figure S5. Donor-dependent effect of ROS quenching on the AA/ETYA-mediated 
phosphorylation of p38. MDMs were incubated with 50 µM of AA for 30 minutes in the 
presence of N-acetylcysteine (NAC) or the NOX inhibitor VAS3947.  

(A) Example of the ROS-independent induction of p38 by AA. The cells were pretreated with 
5 mM NAC for 90 min or 2 µM VAS3947 for 60 min prior to treatment with 50 µM AA or 2 mM 
H2O2 for 30 min. H2O2 is used as positive controls to validate the efficacy of NAC. For other 
examples showing the donor-dependent effect of ROS quenching on the AA/ETYA-mediated 
phosphorylation of p38 see Fig. S5. 

(B) Quantification of n = 5 biological replicates as in panel A. Data points represents individual 
samples, horizontal lines indicate the median. Statistical analysis was performed by paired t 
test: ** p < 0.01 against samples treated with AA only (left from dashed line). ns: not significant.  
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Figure S6. Gating strategy for the flow cytometric analysis in Fig. 9C and D.  

For details see legend to Fig. 9. 
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Figure S7. Quantification of EVs isolated by differential ultracentrifugation from 
conditioned media of AA- and solvent-treated MDMs.  

Particles were isolated from conditioned media after 24 h of treatment with AA (blue dots) or 
solvent (grey dots) through differential centrifugation as detailed in Materials and Methods (12 
ml of media from a 150 mm petri dish were suspended in a final volume of 50 µl of PBS). The 
relative change of total MDM-derived EVs preparations was determined by HSFC. Values were 
normalized to 1 for EV samples from solvent-treated cells. Data show results from three 
independent isolation experiments (n = 9 donors). Significance was tested by paired t test (AA 
versus solvent). 
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Figure S8.  Histograms of immunostained particles analyzed in Fig. 10D.  

The percentage of positive events was plotted against particle size with a bin width of 10 nm 
for AA (blue bars) and solvent control (grey bars) samples for a representative donor. Data 
show mean (± SD) from two technical replicates of CD9 (A), CD63 (B) and CD81 (C) positive 
events normalized to the total number of particles acquired by HSFC. 
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Figure S9. Association of PLA2G2A RNA expression with a short progression-free 
survival of OC.  

The plot was constructed by Kaplan Meier Plotter (2017 version; http://kmplot.com).  
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