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Summary 
 

Ovarian cancer is the 5th most common cause of cancer death in women and remains one of the 

deadliest female malignancies. Due to the vague symptoms, it is often detected after peritoneal 

carcinomatosis and after ascites has developed. Malignant ascites is a fluidic 

immunosuppressive microenvironment that promotes disease progression. However, the exact 

mechanisms remain poorly understood. To explore the immunosuppressive mechanisms 

operative in malignant ascites, in manuscript 1, we developed an in vitro model of NK and T 

cell interaction with ovarian cancer cells in the presence of patient-derived ascites. We found 

that ascites inhibited various effector functions such as NK cell degranulation, tumor lysis, 

cytokine secretion, and calcium signaling. Using potentiometry, we identified imbalanced 

electrolytes as potential candidates causing immunosuppression. In mechanistic studies high 

sodium content significantly suppressed NK and T cell signaling and activation. Excess sodium 

also caused changes in electrolyte channels' protein transcription and expression. Selected 

sodium ion channel inhibitors restored calcium flux, conjugation to target cells, degranulation, 

and phosphorylation of signaling molecules in NK cells. These data suggest a novel electrolyte-

based immunosuppression mechanism in malignant peritoneal ascites. Therapeutic inhibition 

of sodium channels could restore effector functions in ascites and other similarly imbalanced 

environments. Functionalized nanoparticles are versatile tools that can be used to 

therapeutically target such immunosuppressive cancer environments. Calcium phosphate 

nanoparticles (CaP-NPs) are biodegradable and biomimicking vehicles that can be 

functionalized with different moieties for imaging, targeting, and therapy. However, a 

prerequisite for such nanotherapy is that the therapeutic particles do not impair intrinsic or 

induced anti-tumor effector functions of immune cells. To test this, in manuscript 2, we utilized 

an in vitro system of NK and ovarian cancer cells. In this coculture system, CaP-NP addition 

did not impair conjugation or degranulation. Properly sonicated CaP-NPs did not induce 

unspecific degranulation or cytokine production. These properties indicate that our nanoparticle 

preparation is safe for biomedical applications. Furthermore, Cetuximab coupled to CaP-NP 

surface retained its ADCC-inducing properties and enabled EGFR targeting. Successful tumor 

cell transfection was detected via nanoparticle-coupled FITC. Considering the CaP-NPs 

biocompatibility and ease of uptake, they could be used for targeted delivery of therapeutics 

designed to counter imbalanced electrolytes of TME. 
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Zusammenfassung 

Das Ovarialkarzinom ist die fünfthäufigste Krebstodesursache bei Frauen und stellt immer 

noch eine der tödlichsten Krebserkrankungen bei Frauen dar. Aufgrund der unspezifischen 

Symptome wird das Ovarialkarzinom häufig erst nach Ausbildung einer 

Peritonealkarzinose und Aszites entdeckt. Maligner Aszites stellt eine flüssige, 

immunsuppressive Mikroumgebung dar, die die Krankheitsprogression fördert. Die 

genauen zugrunde liegenden Mechanismen sind jedoch noch wenig bekannt. Um die im 

malignen Aszites wirksamen immunsuppressiven Mechanismen zu untersuchen, 

etablierten wir im ersten Manuskript ein in vitro Modell bestehend aus NK- und T-Zellen, 

die mit Ovarialkarzinomzellen in Anwesenheit von malignem Aszites von 

Ovarialkarzinompatientinnen interagieren. Wir konnten zeigen, dass Aszites verschiedene 

NK-Zell-Effektorfunktionen wir Degranulation, Tumorlyse, Zytokinsekretion und 

Calcium-abhängige Signalübertragung hemmte. Nach potentiometrischer Analyse der 

Aszitesproben identifizierten wir ein Ungleichgewicht der enthaltenen Elektrolyte als 

mögliche Ursache für die Immunsuppression. Weiteren mechanistischen Untersuchungen 

zufolge war ein hoher Natriumgehalt für die signifikante Inhibition der Signalübertragung 

und Aktivierung von NK- und T-Zellen verantwortlich. Überschüssiges Natrium im 

Aszites veränderte sowohl die Protein-Transkription als auch Protein-Expression von 

Elektrolytkanälen. Durch den Einsatz spezifischer Natriumkanalblocker konnte der 

Calciumeinstrom in die Zelle, die Konjugation zu Zielzellen, die Degranulation sowie die 

Phosphorylierung von Signalmolekülen in NK-Zellen wiederhergestellt werden. 

Zusammenfassend stellen diese Daten einen neuartigen, Elektrolyt-basierten 

immunsuppressiven Mechanismus im malignen peritonealen Aszites vor. Eine 

therapeutische Hemmung von Natriumkanälen könnte Effektorfunktionen im Aszites und 

in anderen ähnlich unausgewogenen Mikroumgebungen wiederherstellen.  

Funktionelle Nanopartikel sind vielseitige Vehikel, die therapeutisch in solchen 

immunsuppressiven Mikroumgebungen eingesetzt werden können. Calciumphophat-

Nanopartikel (CaP-NP) sind biologisch abbaubare und biokompatible Vehikel, die auf 

unterschiedliche Weise für ihren Einsatz im Rahmen der Bildgebung, zum zielgerichteten 

Transport von Substanzen und zu therapeutischen Zwecken funktionalisiert werden 

können. Voraussetzung für eine solche Nanopartikel-basierte Therapie ist allerdings, dass 

die eingesetzten Partikel weder intrinsische noch induzierte antitumorale 
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Effektorfunktionen von Immunzellen inhibieren. Um dies zu überprüfen, wurde im 

Rahmen des zweiten Manuskripts das in vitro Modell aus NK- und Ovarialkarzinomzellen 

verwendet. In dieser Kokultur führte die Zugabe von Calciumphosphat-Nanopartikel 

weder zu einer Beeinträchtigung der Konjugation noch Degranulation. Sie lösten auch 

weder eine unspezifische Degranulation noch Zytokinproduktion aus, wenn die Partikel 

vor ihrem unmittelbaren Einsatz mittels Ultraschall separiert wurden. Diese Eigenschaften 

sprechen dafür, dass unsere Nanopräparationen sich für biomedizinische Anwendungen 

eignen. Weitere Untersuchungen mit Cetuximab-funktionalisierten Nanopartikeln (CaP-

NP-Cet) ergaben, dass auch gebundenes Cetuximab seine ADCC-induzierende Wirkung 

behielt und eine spezifische Bindung an EGFR ermöglichte. Die erfolgreiche Transfektion 

von Ovarialkarzinomzellen wurde durch den Einsatz FITC-gekoppelter Nanopartikel 

nachgewiesen. In Anbetracht der Biokompatibilität von CaP-NPs und der einfachen 

Aufnahme in die Zielzellen könnten sie für die gezielte Verabreichung von Therapeutika 

eingesetzt werden, die konzipiert sind, ein Ungleichgewicht der Elektrolyte in der 

Tumormikroumgebung auszugleichen.   
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List of abbreviations 
 

ADCC Antibody-dependent cell-mediated cytotoxicity 

AML Acute myeloid leukemia 

APC Antigen-Presenting Cell 

ATP Adenosine triphosphate 

BiKE/BiTe Bi-specific killer cell engagers/Bi-specific T-cell engager 

BRCA1/2 BReast CAncer gene ½ 

CA Cancer antigen 

CaP-NP Calcium phosphate nanoparticles 

CAR-T Chimeric antigen receptor T cell 

CNT Carbon nanotubes 

CTLA4 Cytotoxic T lymphocyte antigen 4 

DC Dendritic cells 

DNA Deoxyribonucleic acid 

DNAM1 DNAX Accessory Molecule-1 

EGFR Epidermal growth factor receptor 

EMT Epithelial-mesenchymal transition 

FASL/R FS-7-associated surface antigen 

FITC Fluorescein-isothiocyanate 

HLA Human leukocyte antigens 

IDO Indoleamine-pyrrole 2,3-dioxygenase 

IFNγ Interferon gamma 

IgG Immunoglobulin G 

IL Interleukin 

KIR Killer Cell Inhibitory Receptor 

LAMP-1 Lysosomal-associated membrane protein 1 

mAb Monoclonal antibodies 

MAC Membrane attack complex 

MHCI Major histocompatibility complex class I 

MICA/B Major histocompatibility complex class I-related chain A or B 

MUC Mucin 

NCR Natural cytotoxicity receptor 

NHE-1 Na+/H+ exchanger isoform 1 

NK Natural killer 
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NKG2D Natural killer group 2 member D 

NP Nanoparticle 

PD-L1 Programmed death-ligand 1 

PEI Polyethylenimine 

PFN1 Profilin 

PI3K Phosphoinositide 3-kinases 

PTT Photothermal therapy 

PVR Poliovirus receptor 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

siRNA Small interfering RNA 

TAM Tumor associated macropages 

TCR T cell receptor 

TGF Transforming growth factor 

TIGIT T cell immunoreceptor with Ig and ITIM domains 

TIM3 T cell immunoglobulin mucin-3 

TME Tumor microenvironment 

TNF Tumor necrosis factor 

Treg Regulatory T cell 

ULBP UL16 binding protein 

VEGF Vascular endothelial growth factor 

VGSC Voltage-gated sodium channel 
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1. Introduction 

1.1. Ovarian cancer 

Ovarian carcinoma has the worst prognosis of all gynecological malignancies. This is due to 

its vague and unspecific symptoms (loss of appetite, heartburn, constipation, cramps, etc.), 

which results in late diagnosis (Dilley et al., 2020). In advanced stages, ovarian cancer usually 

develops peritoneal metastasis and malignant ascites which is associated with unfavorable 

outcome.  

                   

Fig. 1. Ovarian cancer develops and metastasizes silently which causes poor survival prognosis. (A) Pie chart 
represents distribution of ovarian cancer spread in patients upon diagnosis.  (B) Average 5-year survival depending on 
the stage of ovarian cancer spread. (C) The risk of ovarian cancer increases with age. Depicted is the new cases 
percentage in regards to patient age group. Adapted from Nomura et al., 2017 

 

The strongest risk factor is advancing age, reaching the peak at 65 years, but recently incidence 

rates for women in their thirties are rising (White et al., 2014). Other risks include obesity, 

postmenopausal hormone therapy and inherited mutations of BRCA-1/2 (Song et al., 2014). 

While there is no screening method, CA125 (MUC-16 or ovarian cancer-related tumor marker) 

is found elevated in blood of ovarian cancer patients, which makes it a useful monitoring 

parameter. Currently, the standard therapy consists of resection surgery, followed by 

combined cisplatin and taxan chemotherapy. Even in cases of initial response, more than 

80% of the patients develop chemo-resistant recurrences (Dasari & Bernard Tchounwou, 

2014). Recent implementation of anti-VEGF antibody, Bevacizumab and PARP-inhibitors 

into standard of care shows promise, but further innovations are needed urgently to 

improve the therapeutic efficacy. Since ovarian cancer can be considered an 
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“immunogenic tumor”, immunotherapy could be the necessary improvement (L. Zhang et 

al., 2003).  

Among potential targets, EGFR (Epithelial growth factor receptor) is of great interest as it 

is overexpressed in ovarian cancer and correlates with poor patient survival (Mehner et 

al., 2017). In vitro experiments have shown that anti-EGFR antibody Cetuximab inhibits 

ovarian cancer growth and could be combined with chemotherapy (Mendelsohn & Baselga, 

2003). It was also shown that Cetuximab could enhance natural killer (NK) cell mediated 

lysis against otherwise highly NK-resistant ovarian cancer cells (Gottschalk et al., 2012). 

This is because Cetuximab belongs to the IgG class of antibodies, which means it is also 

capable of activating ADCC immune response (antibody-dependent cell-mediated 

cytotoxicity) (Roda et al., 2007). 

 

1.2. Microenvironment of ovarian cancer ascites 

Inflammation and tissue damage can alter local microenvironment, which is especially true for 

cancer (Coussens & Werb, 2002). In some cancers, such as ovarian cancer, this process can 

manifest dramatically as an abnormal fluid buildup in the peritoneal cavity (Ford et al., 2020). 

Mechanistically, ascites develops due to the lymphatic vessel obstructions and cytokine-

induced effects (Chung & Iwakiri, 2013). Here IL-6 and VEGF are especially important since 

they increase vascular permeability, which causes accumulation of fluid and proteins (Catar et 

al., 2017). This also increases intraperitoneal pressure, which as a consequence impairs the 

drug delivery and promotes epithelial-mesenchymal transition (EMT) changes (Asem et al., 

2020). Furthermore, patients often develop hypoalbuminia, hypercalcemia and other dangerous 

homeostatic disorders (Kelly et al., 2015). Because of this, ascites is usually removed by 

paracentesis or “tapping” (Thomsen et al., 2006). The anti-VEGF-antibody, Bevacizumab, is 

also used to slow ascites formation and disease progression due to its ability to inhibit 

neoangiogenesis  (REIN et al., 2012). 

Ascites composition is heterogeneous and different from healthy peritoneal fluid environment. 

For example, the fluid contains associated fibroblasts, endothelial cells, and recruited immune 

cells. Among them, tumor-associated macrophages (TAMs) especially support angiogenesis 

and inflammation. Ascites associated NK cells are severely impaired compared to peripheral 

blood NK cells from healthy donors or patients. (Maas et al., 2020; Mantovani et al., 1980). 

Furthermore, ascites is also heavily infiltrated by activated regulatory (Tregs) and killer T cells, 
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expressing high PD-1 and CTLA4 which contribute to immunosuppression (Landskron et al., 

2015). 

Besides the cellular fraction of ascites, the microenvironment is also rich with soluble 

immunosuppressive pro-tumor factors. Some of these classical suppressive factors are 

cytokines, shed tumor ligands, and metabolites. Cytokines and chemokines play an important 

role in cell signaling and recruitment. For example, IL-6 was reported to impair NK cell 

effector function and support ovarian tumor growth in vivo (Wu et al., 2019). Growth factors 

such as EGF, VEGF, and TGF-β support the neoangiogenesis, and invasivity (Lugano et al., 

2020). Among them, TGF-β is of special interest due to its strong immunosuppressive effects 

(Dahmani & Delisle, 2018).  

Other components are shed tumor ligands, which are extracellular protein fragments cleaved 

away by sheddases. Numerous sources report that released ligands, such as MICA, MICB, or 

ULBP-2 can block NKG2D receptors on NK cells and CD8+ T cells and impair antitumoral 

function (Raffaghello et al., 2004; Y. Zhang et al., 2023). Another well-known factor is soluble 

PD-L1 fragment, which induces CD8+ T cells apoptosis and suppression (Orme et al., 2020). 

Furthermore, fragments of classical HLA class I were found to induce similar effect on NK 

cells by binding to the killer-cell immunoglobulin-like receptors (KIRs) (Park et al., 2004).    

Metabolites such as extracellular ATP, when converted into adenosine can cause suppression 

and apoptosis by binding to A2A/A2B receptors on immune cells (Allard et al., 2017). Another 

often elevated metabolite is kynurenine, which has been shown to inhibit NK cell activity 

(Chiesa et al., 2006). It is usually produced by tryptophan catabolism via Indoleamine 2,3-

dioxygenase (IDO). The increased IDO activity also depletes tryptophan, which dampens the 

T cell proliferation (Eleftheriadis et al., 2015). Lipids, especially prostaglandins, are of special 

note since they can suppress T cell receptor signaling and proliferation (Wiemer et al., 2011). 

All of these listed metabolites and factors were often found elevated in ascites omics data 

(Shender et al., 2014; Vecchio et al., 2021). 

There are many factors with largely unknown role, whose concentration is increased 

substantially in tumor-bearing patients due to the tissue remodeling and osmotic pressure 

changes. The ascites fluid can contain up to 100-1000 times higher concentration of cytokines 

and tumor markers compared to patient serum. Such transition from healthy peritoneal fluid to 

ascites leaves a molecular signature that could assist in early diagnosis. Studies using 

proteomic mass spectrometry, multiplex cytokine array, and metabolomics have shown that 
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such fluid serves as an excellent source for biomarker discovery (Apiz Saab et al., 2023; 

Terkelsen et al., 2021). Over 450 unique ascites proteins have been described as potential 

biomarkers, some of them being Cofilin-1, apolipoprotein-E and PFN1(Gortzak-Uzan et al., 

2008; Kuk et al., 2009). Metabolomic studies have shown increased presence of glucose-1-

phosphate, glycerol-3-phosphate and cholesterol in malignant ascites compared to benign 

cirrhosis ascites (Shender et al., 2014). Unfortunately, only a few of these markers were 

investigated for their effect on immune effector function.  

Besides these classical factors, the electrolytes have been disregarded in the past as 

immunoregulators because of their tight homeostatic regulation. The most important ions in 

cell physiology are sodium (Na+), potassium (K+), calcium (Ca2+), chloride (Cl−) and hydrogen 

carbonate (HCO3
−) (Alfarouk et al., 2020). Osmotic gradient, cell signaling and pH are all 

regulated by ionic gradients, which can be compromised by tumor lysis, necrosis and 

neoangiogenesis of abnormal vessels (Coiffier et al., 2008). Some studies have demonstrated 

that pathological ion imbalance can further enhance inflammation and angiogenesis, by 

upregulating the Tonicity-responsive Enhancer Binding protein (NFAT5/TonEBP) (Borrelli et 

al., 2021).  

Currently, the exact immunosuppressive mechanisms of ascites are unknown. Given that 

ascites is a source of many immunosuppressive factors and biomarkers, it is important to 

further explore these possible therapeutic targets. 
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Fig. 2. The ascites microenvironment regulates the tumor growth and metastasis through many different biophysical 
and biochemical stimuli. This figure serves as a graphical overview of various factors, components and physical changes 
that are present in ascites or ovarian cancer microenvironment. The figure was constructed using BioRender. 
 

1.3. Natural killer cells and T cells 

The primary purpose of NK cells is the elimination of virus infected or transformed cells (Paul 

& Lal, 2017). As a part of the innate immune system, NK cell function is mediated via germline 

encoded receptors or effector molecules and does not depend on previous antigen exposure. 

The main trigger for NK cell activation is the loss of self-antigen, MHC class-I molecules, 

which are monitored by KIRs (Killer inhibitory receptors) (Moretta & Moretta, 2004). 

Other membrane and soluble factors also affect the delicate balance of positive and negative 

signals determining the NK cell response. For example, Natural cytotoxicity receptors (NCR) 

such as NKp30, NKp44, NKp46 are triggered by viral particles and tumor markers (Barrow et 

al., 2019). NKG2D responds to upregulation of stress-induced ligands MICA/B (MHC class I 

polypeptide-related sequence A/B) and ULBP 1-6 (UL16 binding proteins) (Zingoni et al., 

2018).  The nectin-like-binding receptors include DNAM-1 (CD226) and TIGIT. Activating 

receptor DNAM-1 binds to PVR (CD155) or Nectin-2 (CD112), both of which are linked with 

tumor progression. TIGIT also binds to same ligands, but works antagonistically to the DNAM-

1 activation (Pende et al., 2005). Besides these encoded receptors, NK cells can recognize 

antibody-coated cells via CD16 binding to Fc antibody fragment. This induces the antibody-
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dependent cellular cytotoxicity (ADCC), which causes more potent effector response (Wang, 

2015). The ADCC response is also one of the reasons why NK cells are considered at the 

interface of innate and adaptive immune system. 

After the NK cell had the initial contact with the target cell and became activated, an NK-target 

cell conjugate is formed, which assists in delivery of cytotoxic granules containing perforin 

and granzyme. Perforin molecules oligomerize to form a pore-like structure called membrane 

attack complex (MAC) on the target cell surface, which enables the entry of pro-apoptotic 

proteases called granzymes (Dustin & Long, 2010; Lord et al., 2003). The NK cells which 

undergo degranulation can be detected by the expression of CD107a (LAMP-1, lysosomal-

associated membrane protein-1), which protects them against autolysis (Cohnen et al., 2013). 

Besides directed release of lytic granules, death receptor-mediated apoptosis can be induced 

by NK cell expressed Fas ligand (CD178) binding to Fas receptor (CD95) on the target cells 

(Tummers & Green, 2017). Another important NK cell function is the regulation of nearby 

immune activity, primarily by secreting IFNγ and TNFa. Depending if they are more cytotoxic 

(CD56dim) or cytokine secreting (CD56bright), NK cells are functionally divided into these two 

subtypes.  

                       

Fig. 3. Overview of activating and inhibitory NK cell receptors and their respective ligands. NK cell receptors (left) are 
marked depending on their effect to the signal balance (activating + or inhibitory -). The respective ligands (right) are expressed 
on APC or tumor cell membrane, or secreted in some cases. The figure was constructed using BioRender. 

 

On the other hand, T cells play a central role in the adaptive immune system (Chaplin, 2010). 

The main T cell receptor (TCR) complex is made from two peptides generated from TCRα and 
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TCRβ genes. It also includes other TCR associated proteins such as CD3εγ, CD3εδ 

heterodimers and a CD3ζ homodimer (Ngoenkam et al., 2018). The activation of T cells has 

two requirements that need to be fulfilled. The first step is TCR recognition of foreign or 

neoantigen peptide presented by major histocompatibility complex (MHCI or II) on APC 

dendritic cells, B cells or macrophages. This needs to be followed by antigen-independent co-

stimulation, which happens due to interaction between stress induced co-signaling molecules 

(CD80 and CD86, which comprise B7 protein) on APCs and T cell co-stimulation receptor 

(CD28) (L. Chen & Flies, 2013). In the absence of co-stimulation, T cells undergo apoptosis or 

anergy. Similar to NK cell, T cell activation is also regulated by other ligands which can be 

expressed on APCs or target cells. After T cell stimulation, activation markers such as CD69, 

CD71 and CD25 are upregulated. Similarly, the expressions of PD-1, TIGIT, TIM3 and CTLA-

4 inhibitory receptors are upregulated as well. PD-1 and TIM3 impair T cell activity by 

interacting with PD-L1 or Galectin-9, respectively. While CTLA-4 competes with CD28 for 

binding to the CD80/CD86 (Sanchez-Correa et al., 2019). 

Since their discovery in 1970s, it was found early on that two major T cell subtypes exist. These 

subtypes were named depending on their surface expression of CD8 and CD4. CD8+ T cells, 

also known as “cytotoxic killer T cells”, are responsible for elimination of virus-infected and 

cancerous cells. Unlike CD8+ killer T cells, CD4+ helper T cells are more focused on 

modulating the ongoing immune reactions. The exact type and mechanism of modulation 

induced by helper T cells depends on their subtype (Th1, Th2, Th17, Treg, etc.) which is 

distinguished by different cytokine, protein and gene expressions (Wan, 2010).  

 

1.4. NK and T cell immunotherapy 

During carcinogenesis, transformed cells undergo many changes that affect the 

interactions with immune cells. To escape detection and elimination, cancer cells often 

alter their expression of surface markers, produce immunosuppressive cytokines and even 

polarize immune cells into pro-tumor phenotype (Labani-Motlagh et al., 2020). Therefore, 

there is a strong need for immunotherapies which can restore suppressed effector function 

of infiltrating immune cells.  Currently, the following immunotherapies are being 

evaluated within clinical studies: cytokine therapies, monoclonal antibodies, and adoptive 

transfer of primary or modified immune cells like CAR-T/NK cells (Gupta et al., 2022).    

Proinflammatory cytokines such as IL-2, IL-12, IL-15, IL-18 and IL-21 can be used to 
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revert immunosuppressive tumor microenvironment and help stimulate NK and T cells. 

Th2 T cells can be polarized into more cellular immunity focused Th1 cells with IL-12 

and IFN-y (Atallah-Yunes & Robertson, 2022). To induce expansion and activation of 

existing CD8+ T cells, IL-2 can be used. The main drawback of cytokine therapy is that 

strong activation also upregulates checkpoint receptors and supports Treg proliferation, 

which limits the therapeutic effect. 

On the other hand, monoclonal antibody (mAb) therapy uses specific antibodies which 

can activate or block the targeted receptor or secreted factor. For example, humanized 

antibody Bevacizumab is approved for the treatment of breast, ovarian and colorectal 

cancer where it binds VEGF and prevents neoangiogenesis (Kurkjian & Kim, 2012). An 

additional benefit to therapeutic IgG antibodies is the induction of NK-mediated ADCC 

killing mechanism, which has been shown to have significant impact on clinical response. 

Previously discussed Cetuximab is a chimeric (mouse/human) antibody which binds to 

EGFR and is approved for the treatment of metastatic colorectal or head and neck cancer 

(Seo et al., 2014). Another example of ADCC-inducing antibody is rituximab, which binds 

to CD20 expressed on the B-cells and can be used to treat autoimmune chronic 

lymphocytic leukemia and non-Hodgkin lymphoma (Randall, 2016). Monoclonal 

antibodies have also been used to block inhibitory checkpoint molecules in approach 

called checkpoint therapy. In 2011, the first anti-cancer CTLA4 checkpoint inhibitor 

Ipilimumab was approved.  

Both cytokine and antibody therapies can be combined with adoptive cell therapy, which is 

based on immune cells transfer into the patient, either from the patient (autologous) or from 

another individual (allogenic). The isolated cells can originate from peripheral blood, bone 

marrow or even from patient tumor tissue. Of special interest in adoptive therapy is the transfer 

of allogenic or haploidentical NK cells since their KIR receptors cannot be inhibited by tumor 

cell MHC-I molecules (M. Cheng et al., 2013).  

For some of the patients, peripheral blood T cells can be isolated and engineered to express a 

different TCR variant for specific cancer antigen in procedure called TCR therapy. This 

personalized treatment ensures that T cells can precisely eliminate cells which present specific 

antigen in the MHC complex. The approach was refined when it became possible to modify T 

cells with a synthetic or chimeric antigen receptor, which can interact with antigens even if not 

presented via MHC complex (CD19, BCMA and MUC1) (X. Chen et al., 2009; MacLeod et 
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al., 2017; Wachsmann et al., 2023). The promise of this technology can be seen from the fact 

that in October 2017, FDA has approved the first CAR T cell therapy for large B-cell 

lymphoma (Papadouli et al., 2020). Still, further improvements are needed to resolve CAR-T 

therapy side-effects (neurotoxicity, cytokine release syndrom).  

 

1.5. Application of novel technologies in cancer therapy 

The unmet demand for innovative and safe treatments has rallied the efforts to modernize 

existing conventional approaches. In the last 50 years, there have been many 

advancements in the fields of immunology, pharmacology and material sciences, however, 

only a smaller number could be translated into clinical settings. 

One such example are bispecific monoclonal antibodies and T/NK engagers (BiKE/BiTe 

peptides), which are artificial proteins that can simultaneously bind two different antigens 

(Allen et al., 2021). For instance, Blinatumomab is a clinically used BiTe, which was 

developed to target CD19 expressed on leukemic B-cells and CD3 on T cells (Burt et al., 

2019). Such an engager induces T cell effector function independent of the MHC I or co-

stimulatory molecules. Another emerging cancer treatment option is plasma medicine, 

which is based on application of cold ionized gas. The gas molecules generate ROS, RNS 

and other free radicals within the TME, which damage and kill cancer cells (Harley et al., 

2020). An example of combined therapy consisting of cold plasma and iron nanoparticles 

was studied in vitro on breast cancer cell lines (Irani et al., 2016). Similar iron oxide 

nanoparticles are also applied for magnetic hyperthermal therapy and targeting (Hilger, 

2013). A different innovative approach is photothermal therapy (PTT), which refers to the 

use of specific wavelength light that induces excited state, vibration and strong heat in 

gold or graphene nanoparticles. The generated temperatures can range from 40-45 °C and 

up to 70°C, which causes cell necrosis (Xu et al., 2022). Nanoprobes with dual-modal 

imaging capabilities used for visualization and photothermal therapy demonstrate the promise 

of a theranostic approach in clinical setting (Hu et al., 2018).  As described here, these 

innovative treatments often include specifically engineered nanomaterials to mediate their 

therapeutic effect. Due to the customizability of their properties, new possibilities are available 

for diagnostic and therapeutic application. 
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Fig. 4. Overview of emerging technologies applied for cancer treatment. These novel therapies relay on recently developed 
technologies such as synthetic biology, plasma gas generation and laser beams. They are often combined with nanomaterial 
constructs either as carrier or as part of the treatment. The figure was constructed using BioRender. 

 

1.6. Nanoparticles and their biomedical application 

By definition, nanomaterials are described to have a unit size of 1 to 1000 nm. Depending on 

their origin, composition and structure, they can be divided in several groups. Nanoparticles 

(NPs) can have a natural (naturally occurring or biological) or synthetic (incidental or 

engineered) origin (Jeevanandam et al., 2018). Synthetic production can start with large bulk 

materials which are then processed into nanoparticles, for example, by mechanical milling or 

thermal degradation. This destructive approach is known as top-down synthesis. A bottom-up 

synthesis inversely uses smaller molecules to form nanomaterial. Examples are chemical vapor 

deposition or self-assembly (Khan et al., 2019).   

                 

Fig. 5. Top-down and Bottom-up are two main nanoparticle preparation approaches. Graphical illustration of two main 

processes used in synthetic production of nanoparticles. This figure was constructed using BioRender and is adapted from 

Rawat, 2015. 

Many nanomaterials that originated as curiosities in physics or chemistry have started to gain 

prominence in other fields due to tunability of physicochemical characteristics (size, controlled 

disassembly or chemical composition) or surface functionalization (Jeevanandam et al., 2018). 
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The latter being more important for biological applications since coating nanoparticles with 

organic molecules or polymers improves their solubility, bioavailability and prevents 

aggregation (Jokerst et al., 2011). Conjugation of different moieties such as drugs, 

radionuclides or antibodies can limit non-specific cell interactions and toxicity, while 

improving therapeutic function (Sperling & Parak, 2010). 

 

Fig. 6. Nanoparticles can be enhanced for biomedical application through surface functionalization. These 
enhancements can be therapeutics, targeting antibodies, imaging agents and surface stabilization. The figure was constructed 
using BioRender.    

Most of the nanomaterials can be classified as carbon, organic or inorganic based. Carbon-

based nanomaterials refer to single or multiple wall carbon nanotubes (CNTs) and fullerenes 

(Narendra Kumar & Sunita Kumbhat, 2016). The well-known property of these materials is 

thermal and electrical conductivity, which makes them promising for photodynamic therapy 

(Z. Yang et al., 2019). Organic-based nanomaterials are made from biomolecules such as 

micelle, liposomes, polymers and dendrimers. Some of them, like LipoDox liposomes have 

excellent biocompatibility, which enables their clinical usage (Sen & Mandal, 2013). Other 

examples are polymeric nanoparticles made from biocompatible polymers PLGA, PEG 

(polyethylene glycol) or PEI (polyethylenimine), which makes them good drug delivery 

systems with reduced cytotoxicity for healthy tissues (Chan et al., 2010). Inorganic-based 

nanomaterials usually consist of metal atoms or metal oxides. Most of the described examples 

from literature are based on Au, Ag and TiO2, ZnO and Fe3O4. Due to the inherit properties of 

these materials, they are used for magnetic- or photo-induced hyperthermia (Liang et al., 2014). 

Finally, the biomimicking calcium phosphate nanoparticles also belong to inorganic-based 

group (Sokolova & Epple, 2021).  
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Fig. 7. Different types of nanomaterials used in nanomedicine depending on their structure and composition. These 
examples can roughly be divided into organic, inorganic and carbon-based nanoparticles. The figure was assembled using 
material from Servier Medical Art and is adapted from Narendra Kumar & Sunita Kumbhat, 2016.    

 

1.7. Calcium phosphate nanoparticles 

The mentioned biomimicking properties make calcium phosphate nanoparticles (CaP-NP) 

especially suitable for biomedical application. Since calcium phosphate is an endogenous 

biomineral present in bones and teeth, CaP-NPs are well-tolerated and can be considered 

non-toxic (Khalifehzadeh & Arami, 2020). They also show good chemical stability and do 

not dissolve at physiological pH. Furthermore, their bottom-up synthesis relies on cheap 

reagents which quickly precipitate into calcium phosphate particles when mixed together 

(manuscript 2., Supplementary figure S1. A). Due to these favorable properties, they are 

already clinically applied for treating bone defects, tissue regeneration and implant 

installation (Jeong et al., 2019). Recent efforts have been made to develop the CaP-NPs as 

vehicles for various therapeutical molecules, such as antibiotics or cancer vaccines. 

Furthermore, CaP-NPs are also explored for gene therapy, where packed DNA and siRNA 

are delivered by the nanoparticle mediated transfections (Dristant et al., 2023). The 

contained nucleic acids remain safe from nucleases until cell entry. Due to the cationic 

polymer PEI, nanoparticles promote endosome swelling by neutralizing H+ ions pumped 

by ATPase. As a consequence, imported chloride ions generate osmotic pressure that leads 

to endosome rupture and release of nucleic acids (Vermeulen et al., 2018).  

To further enhance applicability of these nanoparticles for theranostics, the surface of CaP-

NPs needs be functionalized. Imaging moieties that provide diagnostic capabilities or 

therapeutic antibodies that induce ADCC or targeting, can be conjugated to their surface 

(Degli Esposti et al., 2018). However, before widespread application, it should be 

thoroughly tested whether CaP-NPs impair immune effector functions.  
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Fig. 8. Illustration of proton sponge effect which leads to endosomal escape and release of CaP-NP payload. Negatively 
charged PEI polymer causes endosomal swelling by binding protons and increased chloride diffusion. This enables release of 
payload from endosome and entry into nucleus. The figure was constructed using BioRender and cited sources describing the 
phenomenon.    
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2. Aims and scope of the work 

Ovarian cancer cells are highly resistant to NK cell mediated lysis, which impairs efficacy 

of NK cell adoptive therapy. Furthermore, upon diagnosis most patients have already 

developed immunosuppressive peritoneal ascites. The current thesis investigates 

molecular mechanisms of ascites-induced immunosuppression and explores principal 

aspects of CaP-NP-NK interaction that are important for a potential future therapeutic 

application. 

This thesis has the following specific aims: 

I) A) Describe the immunosuppressive effects of malignant ascites derived 

from ovarian and other cancer patients on NK and T cell functions  

B) Identify acellular components of malignant ascites which potentially 

mediate this immunosuppression 

C) Identify molecular mechanisms of NK and T cell suppression in human 

malignant ascites   

II)  Investigate whether calcium phosphate nanoparticles influence antitumoral 

and effector functions of NK cells directed against ovarian cancer cells  

For this, we established an in vitro coculture system that mimicked the interactions of 

ovarian cancer cells and healthy donor NK or T cells. Comprehensively, we studied 

antitumoral NK cell effector functions as well as T cell activity considering different 

components and conditions (ADCC antibodies, inhibitory ascites, calcium phosphate 

nanoparticles). Here we focused on the analysis of the degranulation, cytotoxicity, and 

conjugation between NK and tumor cells. Additionally, we examined the gene- and protein 

expression of crucial signaling molecules in NK and T cells. Finally, we correlated the 

results of our in vitro experiments with patients’ clinical data. 

 

The detailed description of materials, methods and results of our studies are presented in 

this thesis in the format of two peer-reviewed and published publications. 

 
 
 
 
 
 



23 

Results
 

 

 

3. Results 
 
 
3.1. Publications 
 

Electrolyte imbalance causes suppression of NK and T cell effector function in 
malignant ascites. 

 
Antonio Hrvat, Mathias Schmidt, Bernd Wagner, Denise Zwanziger, Rainer Kimmig, 
Lothar Volbracht, Sven Brandau, Nina Mallmann-Gottschalk 
 
 
J Exp Clin Cancer Res. 2023: 42, 235. 
https://doi.org/10.1186/s13046-023-02798-8 
 
 
 
Reactivity of NK Cells Against Ovarian Cancer Cells Is Maintained in the 
Presence of Calcium Phosphate Nanoparticles. 
 

Antonio Hrvat, Mathias Schmidt, Martin Obholzer, Sonja Benders, Sebastian 
Kollenda, Peter A. Horn, Matthias Epple, Sven Brandau, and Nina Mallmann-
Gottschalk 
 
Front Immunol. 2022; 13: 830938. 
https://doi.org/10.3389%2Ffimmu.2022.830938 
 
 
 
 
 



24 

Results
 

 

 

3.2.  Cumulative Thesis/Extent of Contribution 

 
Cumulative thesis of Mr. Antonio Hrvat 
 
 
3.2.1. Electrolyte imbalance causes suppression of NK and T cell 

effector function in malignant ascites 

Antonio Hrvat, Mathias Schmidt, Bernd Wagner, Denise Zwanziger, Rainer Kimmig, 
Lothar Volbracht, Sven Brandau, Nina Mallmann-Gottschalk 

 

 

 

 

 

 



R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Hrvat et al. Journal of Experimental & Clinical Cancer Research          (2023) 42:235 
https://doi.org/10.1186/s13046-023-02798-8

Journal of Experimental & 
Clinical Cancer Research

*Correspondence:
Sven Brandau
sven.brandau@uk-essen.de

Full list of author information is available at the end of the article

Abstract
Background Malignant ascites commonly occurs in advanced or recurrent stages of epithelial ovarian cancer 
during peritoneal carcinomatosis and is correlated with poor prognosis. Due to its complex composition of 
cellular and acellular components malignant ascites creates a unique tumor microenvironment, which mediates 
immunosuppression and promotes progression of disease. However, the immunosuppressive mechanisms remain 
poorly understood.

Methods In the present study, we explored the antitumor activity of healthy donor NK and T cells directed against 
ovarian cancer cells in presence of malignant ascites derived from patients with advanced or recurrent peritoneal 
carcinomatosis. A wide range of methods was used to study the effect of ascites on NK and T cells (FACS, ELISA, 
EliSpot, qPCR, Live-cell and confocal microscopy, Western blot and electrolyte flux assays). The ascites components 
were assessed using quantitative analysis (nephelometry, potentiometry and clinical chemistry) and separation 
methods (dialysis, ultracentrifugal filtration and lipid depletion).

Results Ascites rapidly inhibited NK cell degranulation, tumor lysis, cytokine secretion and calcium signaling. 
Similarly, target independent NK and T cell activation was impaired in ascites environment. We identified imbalanced 
electrolytes in ascites as crucial factors causing extensive immunosuppression of NK and T cells. Specifically, high 
sodium, low chloride and low potassium content significantly suppressed NK-mediated cytotoxicity. Electrolyte 
imbalance led to changes in transcription and protein expression of electrolyte channels and impaired NK and T 
cell activation. Selected inhibitors of sodium electrolyte channels restored intracellular calcium flux, conjugation, 
degranulation and transcript expression of signaling molecules. The levels of ascites-mediated immunosuppression 
and sodium/chloride/potassium imbalance correlated with poor patient outcome and selected molecular alterations 
were confirmed in immune cells from ovarian cancer patients.

Conclusion Our data suggest a novel electrolyte-based mechanism of immunosuppression in malignant ascites of 
patients with peritoneal carcinomatosis. We show for the first time that the immunosuppression of NK cytotoxicity 
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Background
Advanced epithelial ovarian cancer is still the gynecologi-
cal malignancy with worst prognosis [1]. Due to limited 
efficacy of standard chemotherapies in advanced stages, 
novel approaches are urgently needed. Because ovar-
ian cancer is considered to be an “immunogenic tumor” 
promising immunotherapeutic approaches have been 
conceptualized [2, 3]. Since advanced ovarian cancer 
usually spreads locally with formation of peritoneal car-
cinomatosis, intraperitoneal application of cellular and 
antibody-based immunotherapies is of specific interest 
[4]. However, until now, such approaches often showed 
only moderate clinical benefit [5]. Off all epithelial can-
cers that cause peritoneal carcinomatosis, advanced 
ovarian cancer is most commonly associated with the for-
mation of malignant ascites, which limits patients´ qual-
ity of life and correlates with poor survival [6, 7]. Ascites 
composition is heterogenous consisting of cancer cells, 
associated fibroblasts, immune cells and various acellular 
components that create a proinflammatory environment 
[8]. Natural killer (NK) cells, innate immune cells and key 
effectors in antitumor defense, can be isolated in a high 
proportion in malignant ascites [9]. NK induce natural 
or antibody-dependent cytotoxicity (ADCC) and secrete 
antitumoral cytokines like IFNγ or TNFα. However, their 
functionality in malignant ascites seems to be substan-
tially impaired [10]. Particularly, their cytolytic activity is 
decreased due to downregulation of Fcγ-receptor CD16 
and activating receptor DNAM-1 [11]. Similarly, NK cell-
tumor cell-interaction is disturbed since expression of 
NKG2D is downregulated by soluble MICA and MICB 
released from adjacent tumor cells [12]. It has been 
hypothesized that acellular components of malignant 
ascites contribute to ascites-mediated immunosuppres-
sion. Cytokines, proteins, lipids, metabolites and nucleic 
acids dynamically interact with cellular components of 
ascites leading to progressive disease [13]. While many 
studies focused on factors like VEGF and IL6 promoting 
tumor growth and metastasis [14, 15], only limited data 
is available about factors which potentially suppress the 
function of NK cells and other immune effector cells. 
Among these, IL18 and TGFβ could be identified to sup-
press NK-mediated ADCC by downregulating CD16 
[16]. TGFβ also decreased expression of NK activating 
receptors NKp30 and NKG2D, whose expression was 
additionally inhibited by macrophage migration inhibi-
tory factor (MIF) [17, 18]. Among non-cytokine factors 
MUC16 (CA125) was shown to impair NK cell-mediated 

ADCC and conjugation [19]. In other studies low molec-
ular proteins were considered to be inhibitory [20].

This study aimed to identify novel acellular factors and 
mechanisms of NK suppression in malignant ascites. To 
this end, we studied structural and functional changes of 
NK cells directed against ovarian cancer cells in presence 
of malignant ascites after depletion of cellular compo-
nents. In order to uncover potential candidates, we cor-
related the content of different electrolytes and proteins 
in the acellular ascitic fluid to cytotoxic and secretory 
NK functions and to the functionality of activated T cells. 
With this approach, we identified a sodium-chloride-
potassium imbalance in ascites as a major immune sup-
pressive mechanism that impairs effector functions of 
NK cells and T cells.

Methods
Patient ascites and healthy donor serum sample 
preparation
Ascites samples from 28 adult patients were collected 
at the Departments of gynecology and obstetrics at the 
University Hospital Cologne, Cologne and the University 
Hospital Essen, Essen, Germany. The statistical analysis 
of reported survival showed a median survival of 12.13 
months (range from 5 days to 74 months) (Supplemen-
tary table S1, Additional File 1.). The conduction of the 
study has been approved by the local Ethics Committee 
of the medical faculties of Duisburg-Essen and Cologne. 
The ascites samples were collected during clinically indi-
cated cytoreductive surgery or palliative surgery after 
written information and consent. The isolated ascites 
was transferred to Falcon 50 tubes and centrifuged at 
2000  g for 10  min. After centrifugation only acellular 
supernatant was collected. T cells from two patient asci-
tes samples were isolated. The collected fraction was 
sterile filtered using bottle top filters (Sarstedt, 0.2 μm), 
aliquoted and frozen at -80  °C for long-term storage. 
Healthy donor serum was obtained using clotting activa-
tor serum collection tubes (Sarstedt). Samples were cen-
trifuged 2000 g for 10 min.

Human cancer cell lines and in vitro cell culture
For in vitro killing and activation assays, several EGFR-
positive cell line models were used:

The human ovarian cancer cell line IGROV1 was 
kindly provided by LIMES Institute, University of Bonn, 
Bonn, Germany. The lung cancer cell line A549 (adeno-
carcinoma) cell line was obtained from Westdeutsches 

in coculture assays is correlated to patient poor survival. Therapeutic application of sodium channel inhibitors may 
provide new means for restoring immune cell activity in ascites or similar electrolyte imbalanced environments.

Keywords NK cell, Ascites, Immunosuppression, Sodium, Ovarian cancer, T cell, Channel blocker, Amiloride, Chloride, 
Electrolyte
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Tumorzentrum, University Hospital Essen, Essen, Ger-
many. The colorectal cancer cell line A431 was obtained 
from DSMZ, Braunschweig, Germany and FaDu head 
and neck cancer cell line from LGC Standards, Wesel 
Germany. All used cancer cell lines showed positive 
expression for EGFR (epidermal-growth-factor-recep-
tor). IGROV1, A549, A431 and FaDu cell lines were cul-
tured in Roswell Park Memorial Institute (RPMI Gibco) 
supplemented with 10% (v/v) heat-inactivated fetal calf 
serum (FCS Gibco), 100 U/mL penicillin, and 100  mg/
mL streptomycin (PenStrep, Gibco by Life Technologies) 
(supplemented complete media). Cells were cultivated in 
plastic flask (Sarstedt) at 37 °C and 5% CO2 and continu-
ously passaged by treatment with Accutase (Gibco) for 
5 min at 37 °C. Cells are regularly tested for mycoplasma 
and STR Typing was performed by the Leibniz-Institute 
DSMZ Molecular Biology Group.

NK and T cell isolation from peripheral blood
Healthy donor blood collected in trisodium citrate blood 
collection tubes (Sarstedt) diluted with Dulbecco’s Phos-
phate Buffered Saline (DPBS, Gibco, Life Technologies 
Limited) in a 1:1 ratio and overlayed on a 1.077  g/mL 
separation medium (Biocoll, Merck Millipore). Den-
sity centrifugation was performed at room temperature 
(400 g for 30 min) without acceleration and brake. Same 
methodology was used during the isolation of T cells 
from patient ascites samples. PBMCs were collected and 
plastic adherence was performed to deplete monocytes 
by incubating them in a T175 flask (Sarstedt) at 37 °C and 
5% CO2 for 1  h. For NK isolation, NK MACS Isolation 
Kit (Miltenyi Biotec) was used according to the manufac-
turer’s instructions. After isolation 5 U/ml recombinant 
human IL-15 (50  µg, Immuno Tools) was added to NK 
cells that were used for functional experiments after 
incubation overnight. For T cell isolation, CD3 human 
microbeads (Miltenyi Biotec) were used according to the 
manufacturer’s instructions. Purity of isolated T cells was 
routinely tested. In case of overnight resting 5–10 U/ml 
of recombinant human IL-2 (50 µg, Immuno Tools) was 
added to T cells.

NK degranulation assay
NK cells express CD107a during degranulation, which 
also correlates to NK cell-mediated tumor cell lysis. To 
evaluate natural and antibody-dependent NK cell cyto-
toxicity purified NK cells and target cells were coincu-
bated (1:1 ratio) in a flat-bottom 96-well plate with or 
without different ascites samples. For ADCC-experi-
ments the human anti-EGFR-antibody Cetuximab 1 µg/
ml (Erbitux, 5 mg/mL, Merck (Serono)) was added. NK 
cells were labeled with anti-CD107a-FITC (25  µg/mL, 
clone H4A3, Mouse IgG1, k, BD Biosciences) and isotype 
control, respectively. After incubation for 1  h at 37  °C 

and 5% CO2, Golgistop Monensin (BD Biosciences) was 
added (1:600). After a further incubation of 5 h NK cells 
were stained with CD56-BV421 (12 µg/mL, NCAM 16.2, 
IgG2b,k, BD Biosciences) and isotype control. CD107 
expression was analyzed by flow cytometry. In case of 
sodium channel blocker experiment, NK cells were pre-
treated for one hour with 15 µM of Amiloride after Cell 
Tracker Red staining.

NK cell tumor killing assay
NK cells and target cells were coincubated (1:1 ratio) 
with or without Cetuximab (1 µg/ml) and different asci-
tes samples in resulting ratio 1:4 for 24 h at 37 °C and 5% 
CO2. Adherent and suspended cells were harvested with 
Stem Pro Accutase (Gibco by Life Technologies). After 
washing cells were stained using PE Annexin V Apop-
tosis Detection Kit I (BD Biosciences) according to the 
manufacturer’s protocol and analyzed by flow cytometry. 
Alive cells were defined as Annexin V-/7AAD.

Flow cytometric analysis of NK, T cell and tumor cell 
markers
After coincubation with 25% supplemented ascites media 
for 24  h, the following antibodies for the flow cytomet-
ric analysis of the NK cell marker expression were used: 
CD56-BV421 (12 µg/mL, clone NCAM 16.2, mIgG2b,k, 
BD Biosciences), NKp46-PE (CD335, 50  µg/ml, clone 
9E2, mIgG1, k, Biolegend), DNAM-1-PerCP-Cy5.5 
(CD226, 200  µg/ml, clone 11A8, mIgG1, k, Biolegend), 
TIGIT-APC (30  µg/mL, A15153A, mouse IgG2b,k, Bio-
Legend), NKG2D-PE-Cy7 (CD314, 200  µg/ml, clone 
1D11, mIgG1, k, Biolegend), CD69-FITC (100  µg/ml, 
clone FN50, mIgG1, k, Biolegend), followed by a live/dead 
staining using the fixable viability dye eFluor 780 (eBio-
science/Thermo Fisher Scientific, Darmstadt, Germany). 
After coincubation with 25% supplemented ascites media 
for 48 h, the following antibodies for the flow cytometric 
analysis of the T cell marker expression were used: CD4-
AF647 (100 µg/mL, OKT4, mouse IgG2b,k, BioLegend), 
CD25-PE (44  µg/mL, 4 E3, mouse IgG2b,k, Miltenyi), 
CD8-VioBlue (50  µg/mL, LT8, mouse IgG1,k, Miltenyi), 
Tim-3-PerCP-eFlour710 (12  µg/mL. F38-2E2, mouse 
IgG1,k, eBioscience). Ovarian cancer cell surface marker 
expression were detected by staining with the following 
antibodies: MICA-APC (5 µg/ml, clone 159,227, mIgG2b, 
k, RD Systems), UBLP-2/5/6-APC (10  µg/ml, clone 
165,903, mIgG2a, k, RD Systems), CD54-PE (100 µg/ml, 
clone HA58, mIgG1,k, Biolegend), and MHCI-PE (25 µg/
ml, clone W6/32, mIgG2a,k, Biolegend), HLA-E-APC 
(200  µg/mL, 3D12, mouse IgG1,k, Biolegend), CD112-
PerCP-Cy5.5 (Nectin-2, 200 ug/ml, TX31, mouse IgG1,k, 
BioLegend), CD155-FITC (PVR1, 100 ug/ml, SKII.4, 
mouse IgG1,k, BioLegend), CD178-PE (Fas-L, 200  µg/
mL, NOK-1, mouse IgG1,k, Biolegend), CD48-VioBright 
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FITC (REA(S)293, mouse IgG1,k, Miltenyi), EGFR-PE 
(6.3 ug/ml, EGFR.1, mouse IgG2b,k, BD Bioscience). 
The same fixable viability dye as for NK markers was 
used. In all flow cytometry measurements appropriate 
isotype controls were used: mIgG1-BV510 (100  µg/ml, 
clone MOPC-21, Biolegend), mIgG1-PE (50 µg/ml, clone 
MOPC-21, BD Bioscience), mIgG1-PE-Cy-7 (200 µg/ml, 
MOPC-21, Biolegend), mIgG1-FITC (500  µg/ml, clone 
MOPC-21, Biolegend), mIgG1-PerCP-Cy5.5 (200  µg/
ml, clone MOPC-21, Biolegend), mIgG1-APC (200  µg/
ml, clone MOPC-21, Biolegend), mIgG2b-APC (200 µg/
ml, clone MPC-11, Biolegend), mIgG2a-APC (200 µg/ml, 
clone MOPC-173, Biolegend), mIgG1-PE-Cy7 (200  µg/
mL, MOPC-21, BioLegend), mIgG1-PerCP-eFlour710 
(200 µg/mL, P3.6.2.8.1, eBioscience), mIgG2a-PE (50 µg/
mL, G155-178, BD Bioscience), mIgG2a-PerCP-Cy5.5 
(200  µg/mL, MOPC-173, BioLegend), mIgG2b-AF647 
(200  µg/mL, MOPC-173, BioLegend), mIgG2b-Alexa 
Fluor®405 (50  µg/mL, 133,303, R&D Systems), mIgG2b-
PE (200 µg/mL, 27–35, BD Biosience).

Stained cells were analyzed with BD FACS Canto II 
using DIVA 8.01 software (BD Biosciences) or FlowJo10 
(LLC, Ashland, Oregon, USA).

Detection of NK IFNγ secretion by ELISpot
The ELISpot-technique was applied for sensitive detec-
tion of IFNγ-secreting NK cells. First, a Multiscreen 
96-well filtration plate (Merck Millipore) was activated 
with 35% ethanol and coated with anti-IFNγ capture 
antibody (200 µg/ml, clone 1-D1K, mIgG1, k, Mabtech). 
After incubation at 4  °C overnight, the plates were 
blocked with 200  µl of supplemented complete RPMI-
1640-media for 2 h at 37 °C. After the washing step iso-
lated NK cells were coincubated with IGROV1 cells in 
1:1 ratio and either with or without ascites samples (ratio 
1:4). For ADCC conditions, Cetuximab 1 µg/ml (Erbitux, 
5  mg/mL, Merck (Serono) was added. After incubation 
for 24 h at 37 °C and 5% CO2 plates were washed in the 
ELISA-washer (PBS / 0,05% Tween-20.) Biotinylated 
anti-IFNγ detection antibody (200  µg/ml, clone 7-B6-1, 
mIgG1, k, Mabtech) was added in 2  µg/ml PBS and 1% 
BSA. The plates were incubated for 2 h at 37 °C, washed 
and incubated with 50 µl ExtraAvidin alkaline phospha-
tase (1:1000 diluted in PBS / 1% BSA, Sigma-Aldrich) at 
room temperature for 2 h. After the washing steps, 75 µl 
of the ELISpot substrate BCIP/NBT (Roche) was added 
and incubated for 5–10  min. Developed cytokine spots 
were measured using AID Classic ELISpot Reader and 
the results were analyzed with AID ELISpot 7.0 software.

Detection of T cell IFNγ secretion in culture supernatant by 
ELISA
100.000 T cells were stimulated by 2,5  µl (1:40 dilu-
tion) of CD2/CD3/CD28 activator complex (StemCell 

Technologies) either in media or 25% ascites supple-
mented media for four days. After incubation period the 
experiment supernatant was collected and secreted IFNγ 
quantified using ELISA kits (R&D Systems, Wiesbaden, 
Germany) according to the manufacturer’s instructions. 
The plate was measured using spectrophotometer Syn-
ergy2 (BioTek).

Conjugation assay
The conjugation rate of NK and tumor cells was ana-
lyzed in presence of ascites. NK cells were stained with 
Cell Tracker Red (Thermo Fisher Scientific) and tumor 
cells with Cell Tracker Green (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. NKs 
(50.000 cells) and IGROV1 tumor cells (200.000 cells) 
were coincubated (1:4 ratio) in presence of 1  µg/ml 
Cetuximab with or without 25%-ascites-supplemented 
media. After centrifugation (20  g (570  rpm), 1  min) 
tubes were placed in a water bath at 37  °C for 45  min. 
Afterward, the samples were retrieved and briefly vor-
texed. 300 µl of ice-cold 0,5% PFA in PBS was added and 
samples were analyzed by flow cytometry. Using flow 
cytometry, events positive for both cell trackers were 
determined as conjugates. In case of sodium channel 
blocker experiment, NK cells were pretreated for one 
hour with different Amiloride concentrations (1.5, 15 
and 150 µM) after Cell Tracker Red staining and dose-
response was studied.

Live cell imaging of tumor killing kinetics
100.000 IGROV1 cells per well were seeded in the 
96-well plate overnight. Cells were stained with 10 ug/ml 
Hoechst (Thermo Fisher Scientific) at 37  °C in PBS, HS 
3%. After 30 min. cells were washed in PBS and stained 
with 1:250 dilution of CalceinAM-Orange Red (Thermo 
Fisher Scientific) at 37  °C in serumless RPMI 1640 for 
30  min. The staining solution was replaced by phenol-
free RPMI1640 supplemented with 10% (v/v) heat-inacti-
vated fetal calf serum (FCS Gibco), 100 U/mL penicillin, 
and 100  mg/mL streptomycin (PenStrep, Gibco by Life 
Technologies) (supplemented complete media). Cells 
were imaged with ImageXpress Pico Automated Cell 
Imaging System (Molecular Devices) using 4x objective. 
Images were captured for three hours, once every 15 min. 
Hoechst and CalceinAM-Orange Red were visualized at 
Ex370/Em450 nm for 40 ms (DAPI) and Ex530/Em594 
nm for 90 ms (TRITC), respectively. Cells were cultured 
in the incubating unit at 37.5 °C and 5% of CO2.

Confocal imaging of PI3K membrane recruitment
50.000 healthy donor T-cells were seeded per well in 
a 96-well plate. Cells were cocultured either complete 
media or 25% ascites-supplemented media. T cells were 
stimulated for 5  min with CD2/CD3/CD28 activator 
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complex (StemCell Technologies) diluted at 1:20 at 37 °C. 
In the case of sodium blocker experiments, 150 µM of 
Amiloride (Sigma-Aldrich) was added to the coculture. 
After stimulation cells were fixed and permeabilized 
using Cytofix/Cytoperm (BD Biosciences). Following per-
meabilization, cells were stained with PIK3R1/p85 anti-
body and corresponding secondary. T cells were stained 
by following antibodies in confocal microscopy experi-
ments: PIK3R1/p85 (500 µg/ml, Rat IgG2a, k, W16101a, 
Biolegend), rat-IgG2a (KLH/G2a-1-1, Dianova), donkey 
anti-rat AF555 (H + L, 2  mg/ml, polyclonal, Invitrogen) 
The staining and imaging were performed in Perma-
wash (BD Biosciences). Cells were imaged with confocal 
microscope Zeiss Elyra PS. (Zeiss) using 1.4 NA 60x oil 
immersion objective. Alexa Fluor 555 was visualized at 
Ex561/Em579 nm for 3.85 s per frame. Stained cells were 
analyzed with ImageJ.

T cell proliferation assay
Isolated healthy donor T-cells were stained using Cell 
Proliferation Dye EFluor 450 (Thermo Fisher Scientific, 
1:1000) for 10 min at 37 °C. For the assay, 50.000 T cells 
were seeded per well in a 96-well plate. The assay was 
performed either in complete media or 25% ascites-
supplemented media. T cells were stimulated for four 
days with CD2/CD3/CD28 activator complex diluted 
at 1:40 (StemCell Technologies). Stained cells were ana-
lyzed with BD FACS Canto II using DIVA 8.01 software 
(BD Biosciences) and FlowJo10 (LLC, Ashland, Oregon, 
USA).

Electrolyte flux assay
For assessment of intracellular calcium or sodium flux 
T-cells were stained using Fluo-4 (Thermo Fisher Sci-
entific) or CoroNa Green (Thermo Fisher Scientific), 
respectively, according to the manufacturer’s speci-
fications. For every experimental condition, 250.000 
prestained T-cells from original suspensions were taken 
and incubated either in phenol-free media or 25% asci-
tes-supplemented media in 96 well plates. This was done 
to ensure consistent dye loading and allow for compari-
son between samples. In the case of sodium blocker 
experiments, 150 µM of Amiloride (Sigma-Aldrich), 
Lidocaine (Sigma-Aldrich), Cariporide (Sigma-Aldrich) 
and Digitoxin (Sigma-Aldrich) were added to the media 
as well. The baseline was recorded for 1  min and then 
10% (%v/v) of CD2/CD3/CD28 activator complex was 
added to induce T-cell activation. Intracellular calcium 
flux was measured at 37  °C using spectrophotometer 
Synergy2 (BioTek) for 10–15 min in intervals of every 3 s. 
Intracellular calcium flux data were normalized accord-
ing to the average unstimulated baseline of media or asci-
tes. In the case of intracellular sodium flux experiment 
was measured at 37 °C for 20–25 min in intervals of every 

5–7  s depending on the experiment. Absorbance was 
recorded at 480/25 for both Fluo-4 and CoroNa Green. 
Data for every experimental condition was normalized to 
the appropriate blank (ascites fluid only) control and pre-
sented as fold change of starting point measurement. In 
the case of calcium flux, comparison was made between 
peak values of the flux. For sodium influx, endpoint value 
was compared between conditions. ROC curve analysis 
was used to confirm significance between different mea-
sured flux curves.

Gene expression analysis by quantitative RT–PCR
For quantitative RT–PCR analysis total RNA was iso-
lated from NK and T cells using the RNeasy Mini kit 
(Qiagen) and reverse transcribed with random-hexamer 
primer and Superscript II RT, according to the manufac-
turer’s instructions (Thermo Fisher Scientific). Quantita-
tive real-time PCR was conducted with Luna® Universal 
qPCR Master Mix (New England Biolabs). Primers are 
listed in Supplementary Table S2, Additional File 1. Rep-
resentative signal transduction and ion channel genes 
from different groups were selected for screening. The 
selection was done according to their functional impor-
tance and expression in NK cells as reported in exist-
ing RNAseq databases (Gene Expression Omnibus ID 
GSE153713, https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSM4650127) [21]. The annealing tempera-
ture was 62 °C for all primers. Gene expression was nor-
malized according to the chosen housekeeping gene (NK 
cells – β2-microglobulin, T cells – β-actin) and referent 
control sample.

Clinical chemistry analysis of patient ascites
Concentrations of sodium, potassium and chloride were 
measured potentiometrically using an ion-selective elec-
trode on the Atellica CH Analyzer (Siemens Health-
ineers). Determinations of magnesium (xylidyl blue 
method), phosphate (ammonium molybdate method), 
calcium (o-cresol phthalein complexone method), glu-
cose (hexokinase method), total protein (pyrogallol red 
method), albumin (bromocresol green method) were 
performed photometrically on the Atellica CH Ana-
lyzer (Siemens Healthineers). Immunoturbidimetric 
methods were used in the measurements of Lp(a), Apo 
A1, and Apo B on the Atellica CH Analyzer (Siemens 
Healthineers). Immunonephelometric concentration 
determinations of IgG, IgA, IgM, the IgG subclasses, 
α1-antitrypsin, α2-macroglobulin and transferrin were 
performed on the BN-II (Siemens Healthineers). Mea-
surements of IgE-activity and concentrations of CA 125, 
CA 15 − 3, CA 19 − 9, and CA 72 − 4 were performed 
via chemiluminescent sandwich immunoassays on the 
Atellica IM (Siemens Healthineers). Ammonia concen-
trations were determined on Dimension XPand Plus 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4650127
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4650127
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(Siemens Healthineers) by enzymatic method using glu-
tamate dehydrogenase. Measurements of pH values were 
performed on the pH meter pH700 (Eutech Instruments). 
Controls of the instruments were performed according to 
the manufacturer’s instructions. Parameters are accred-
ited according DIN EN ISO 15189:2014.

Ultracentrifugation filtration, dialysis and depletion of 
lipids from ascites samples
Ultracentrifugation filters (Amicon, 0.5 ml, MCWO 
3  kDa) were filled up with ascites and centrifuged at 
14.000–15.000  g. The centrifugation was stopped for 
15  min, after which the remaining ascites in the insert 
tube was resuspended and centrifugation was continued 
for 15 min. Upon completion colorless permeate was col-
lected and used without any volume changes or adjust-
ments. For experiments using heated samples permeate 
was inactivated by heating to 90 °C for 30 min. The vol-
ume of the retentate fraction was measured with the 
pipette during the collection. Subsequently, the retentate 
was restored to the original volume using phenol-free 
RPMI 1640. This washing and resuspension of reten-
tate was repeated three times before using the fraction 
for in vitro testing. For dialysis of ascites samples, dial-
ysis tubing was filled up with ascites and put in beaker 
containing 1 L of cell culture medium RPMI 1640 (Pur-
a-lyzer, Sigma-Aldrich, 1  kDa and 25  kDa). Tubing was 
left to incubate for 24  h, after which dialyzed sample 
was retrieved. Delipidation of ascites samples was done 
via activated charcoal (20/40 mesh, Supelco) stripping 
according to an existing protocol [22].

Migration assay
To study the effects of ascites on NK cell migration, 
100.000 NK cells in 200 µl of media were added on top 
of the transwell insert (Sarstedt, 3  μm) that was put 
onto a 24well plate (Sarstedt). To induce of NK cells 
the migration, NK cell chemoattractant SDF-1a (Pre-
potech) was added to the bottom of the transwell assay 
at 100 ng/ml concentration. Different ascites samples 
were added as well to the bottom of the transwell in a 
1:4 ratio. One well was prepared without chemoattrac-
tant to serve as a control for spontaneous migration 
and another was with added cells but without insert to 
simulate maximum migration. The migration experi-
ment was incubated at 37 °C for 3 h. After the insert was 
removed migrated cells were transferred into a 1.5 ml 
Eppendorf tube. Cells were washed in PBS and resus-
pended in 200µL of PBS with 3% human serum addi-
tion and 25µL of 123count™ eBeads (Thermo Fisher 
Scientific). Migration was measured by flow cytometry. 
A stopping gate was set on counting beads (gated on via 
488 nm excitation source) and 5.000 beads were acquired 
in each sample. The migration was calculated according 

to the following formula: Absolute count (cells/µl) = 
Cellcount+eBeadsvolume
Cellvolume+eBeadscount

∗ eBeadsconcentration . The abso-
lute count of every condition was normalized to the 
absolute count of maximum migration control.

Electrophoresis and western blot
For mechanistic experiments, 106 of NK cells were stimu-
lated for five minutes with 50 ng/ml of PMA and 1  µg/
ml of Ionomycin, and lysed with Urea buffer containing 
25 mM HEPES (pH 7.3), 0.1% SDS, 1% Triton X-100, 10 
mM EDTA, 10 mM sodium pyrophosphate, 10 mM NaF, 
125 mM NaCl, 1% protease inhibitor cocktail I, 1% prote-
ase inhibitor cocktail III, and 10% PhosStop. Cell debris 
was removed by centrifugation, and the lysates were 
incubated with SDS sample buffer (pH 6.8) 50 mM Tris, 
4% glycerine, 0.8% SDS, 1.6% β-mercaptoethanol, and 
0.04% bromphenol blue) before boiling them at 95 °C for 
10 min. 5 µl Spectra Multicolor broad range protein lad-
der (Thermo Fisher) was included as a molecular marker. 
The protein of total lysates (18  µl of each cell line) was 
separated by SDS-7.5%-polyacrylamide gel and immu-
noblotted according to the semi-dry-blot-method onto 
polyvinylidene difluoride membrane (PVDM, Roche 
Diagnostics). The membrane was incubated with the pri-
mary antibody followed by HRP-conjugated secondary 
goat-anti-rabbit IgG. For immunodetection the follow-
ing antibodies were used: phospho-PI3K-p85/p55 (Cell 
Signaling Technology), phospho-PLCγ1 (Cell Signal-
ing Technology), phospho-MAPK-p38 (Cell Signaling 
Technology), Granzyme B (Cell Signaling Technology), 
PIK3R1/p85 (Rat IgG2a, Biolegend) (Cell Signaling Tech-
nology), CLIC1 (Cell Signaling Technology), SLC24A2 
(Cell Signaling Technology), GAPDH (total protein) (Cell 
Signaling Technology, clone 14C10), goat anti-rabbit IgG 
HRP (Cell Signaling Technology, No. 7074) and goat anti-
rat IgG HRP (Dianova). Bands were visualized after the 
application of the Clarity and Clarity Max ECL West-
ern Blotting substrates (Bio-Rad) and chemilumines-
cent transformation. The chemiluminescent signal was 
recorded with the Amersham Imager 600 (GE Health-
Care, Chicago, Illinois, USA). Images were analyzed 
using ImageJ. Phosphorylation was determined by densi-
tometry and normalized to GAPDH and respective asci-
tes and blocker treated controls.

Statistical analysis
Graph data are shown as single values (either single asci-
tes samples or healthy blood donors), means as center 
values and error bars for the standard deviation (SD). 
Data points shown in heatmap represent mean values. 
Statistical tests are described in details in the respective 
figure legend. Post hoc tests were used after ANOVA 
when appropriate. All calculations and statistical tests 
were performed using GraphPad Prism 8 software. 
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t-SNE analysis was performed using online tool (https://
cs.stanford.edu/people/karpathy/tsnejs/csvdemo.html) 
based on published algorithm [23]. Hierarchical cluster-
ing and PCA analysis were performed using online tool 
ClustVis which was previously published [24].

Results
Malignant ascites strongly inhibits anti-tumor NK cell 
effector function
For initial experiments NK cells of healthy donors were 
coincubated with ovarian cancer cells (IGROV1) with 
or without 25% ascites supplemented media. Natu-
ral cytotoxicity (NC) was assessed by determining the 
expression of CD107a on NK cells. Antibody-depen-
dent cellular cytotoxicity (ADCC) was induced by addi-
tion of the specific antibody Cetuximab directed against 

EGFR (epidermal growth factor receptor) on target cells 
(Fig. 1A). Using this setup, we tested the relative inhibi-
tory capacity of ascites samples on NK cell degranulation 
and killing in both NC and ADCC conditions. Complete 
characterization of all 28 patient ascites samples regard-
ing their inhibitory potential on NK ADCC degranu-
lation enabled a categorization in very strong, strong, 
medium, weak inhibitory samples and stimulatory (Table 
S3, Fig S1A, Additional File 1.). In subsequent functional 
experiments, we focused on ascites samples which have 
caused strong or very strong inhibition.

Using this approach, we observed that several malig-
nant ascites samples (no. 25, 24, 21, 16) induced sta-
tistically significant inhibition of NK-ADCC after 6  h 
(Fig.  1B) in a concentration-dependent manner (Fig. 
S1B). This ascites-mediated immunosuppression of 

Fig. 1 Malignant ascites impairs different NK cell effector functions. (A) Graphical illustration portraying components of performed coculture experi-
ments. (B) NK-ADCC in presence of ascites. Resting NK cells from healthy donors were coincubated in 1:1 ratio with IGROV1- cells for six hours with 
addition of ADCC-inducing anti-EGFR-antibody Cetuximab (1 µg/ml) and malignant ascites (No. 16, 21, 24, 25) and benign ascites (No.29), respectively. 
(C) Tumor cell lysis in presence of ascites. Resting NK cells were directed in 1:1 ratio against IGROV1-cells and coincubated with or without Cetuximab 
and various ascites samples. After 24 h tumor killing was quantified and relative percentage of lysis is shown. (D) Time-dependent tumor cell killing. 
IGROV1 cells cocultured to resting NK cells and Cetuximab were prestained with CalceinAM-OrangeRed and Hoechst. Dead cells were quantified by loss 
of CalceinAM dye and normalized to control. (E + F) IFNγ secretion of NK cells in presence of ascites. (E) Relative percentage of IFNγ secreting NK cells 
in ELISpot assay (F) Representative ELISpot-experiment showing IFNγ secretion spots. (G and H) Effect of ascites on NK-tumor cell-conjugation. NK and 
IGROV1-cells were mixed in 4:1 effector to target ratio in presence of Cetuximab and 25%-ascites-supplemented media. (G) Percentage of conjugated 
NK cells measured by flow cytometry after 45 min of coincubation (H) Kinetics of conjugation formation. (I-K) Expression of NK markers in presence of 
ascites. NK cells were cocultured (1:1) with IGROV-1-cells and Cetuximab with or without ascites for 24 h. Surface expression of (I) DNAM-1, (J) CD69, and 
(K) TIGIT was determined using flow cytometry. Each datapoint represents one healthy donor. The relative percentages are shown after normalization to 
normal medium control. For significance testing ordinary one-way ANOVA (1.B, C, E, G, I-K) and two-way ANOVA (1.D) were performed, followed by Dun-
nett’s multiple comparison posthoc test between ascites and medium control group where appropriate. Paired t-test was used (1.H). ns (non-significant), 
* (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001)
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NK cytotoxicity operated over a wide range of ADCC-
inducing Cetuximab antibody concentration (Fig. S1C). 
Benign ascites (no. 29) derived from a patient with con-
gestive heart failure did not restrict NK-ADCC (Fig. 1B). 
Healthy donor peripheral blood serum was used as an 
additional control since it is often compared to ascites 
fluid in regards to its composition and is much easier to 
obtain then healthy peritoneal fluid. The addition of the 
serum only marginally reduced NK function (Fig. S1B). 
The inhibitory effect of malignant ascites also extended 
to tumor lysis of ovarian cancer cells in presence (ADCC) 
or absence of Cetuximab (natural cytotoxicity) after 24 h 
(Fig. 1C), and was already significant after 2 h (Fig. 1D). 
In order to exclude that suppression of cytotoxic NK cell 
function is depending on a specific target cell line, we 
confirmed our results by using other EGFR-positive cell 
lines (Fig. S1D, E). Further control showed that ascites 
did neither directly affect NK cell viability (Fig. S1F) nor 
tumor cell viability (Fig. S2A, Additional File 1). Accord-
ingly, expression of various surface markers on tumor 
cells, which are considered to be relevant for the inter-
action between NK and target cells, remained largely 
unchanged or did not correlate with ascites-induced 
inhibitory capacity (Fig. S2B-L, Additional File 1.). Our 
next experiments evaluated the effect of ascites on cyto-
kine secretion by NK cells. Performing ELISpot assay we 
could observe that secretion of IFNγ of NK cells cocul-
tured to ovarian cancer cells was substantially reduced 
in presence of malignant ascites while benign ascites did 
not affect secretory NK cell function. This impairment 
was demonstrable for NC- and ADCC-condition (Fig. 1E 
and F). In further experiments, we examined the impact 
of ascites on the NK-tumor cell-interaction. It could be 
demonstrated that the conjugation between NK and 
cocultured ovarian cancer cells in presence of Cetux-
imab was substantially reduced by malignant ascites but 
not by benign sample (Fig. 1G), and this effect could be 
observed early, already after 5  min (Fig.  1H). Similarly, 
only the presence of malignant ascites inhibited NK cell 
migration capabilities (Fig. S3A, Additional File 1.). Cor-
responding, the expression of regulatory and activation 
NK cell markers like DNAM-1, CD69 and TIGIT were 
negatively affected only by malignant ascites (Fig. 1I-K).

In conclusion, in these initial experiments we show that 
malignant ascites derived from patients with ovarian car-
cinoma or other adenocarcinoma but not benign ascites 
causes substantial suppression of major antitumoral NK 
cell effector functions during interaction with various 
EGFR-positive target cells.

Malignant ascites interferes with in vitro activation of NK 
and T cells
After examination of ascites-mediated suppression of NK 
cells during their interaction with target cells, we next 

studied ascites-mediated inhibition in a target cell-inde-
pendent system. To this end, we stimulated NK cells with 
IL2 in presence of ascites and determined the expres-
sion of the regulatory and activation surface markers. 
As illustrated in Fig.  2A the IL2-mediated upregulation 
of DNAM-1, CD69 and TIGIT was impaired by malig-
nant ascites but not by benign sample. The expression of 
NKG2D and NKp46 was similarly affected, although to 
a lesser extent (data not shown). Comparably, malignant 
ascites also inhibited target-independent NK degranula-
tion in PMA/Ionomycin-stimulated NK cells (Fig. 2B). To 
test whether ascites-mediated immunosuppression also 
affected T cells, we stimulated prestained T cells in the 
presence of ascites samples. As illustrated in Fig. 2C and 
D proliferation of T cells was significantly inhibited by 
malignant ascites. In parallel, IFNγ secretion of activated 
T cells was reduced (Fig. 2E), along with impaired upreg-
ulation of IL2-receptor alpha chain CD25 and activation/
exhaustion marker TIM3 (Fig.  2F). Since the calcium 
influx into the cell is an important prerequisite for the 
early activation of central effector functions in immune 
cells, we studied calcium influx in activated T cells in the 
presence of ascites. We could demonstrate that calcium 
influx, particularly the peak of calcium influx, was sub-
stantially reduced upon addition of malignant suppres-
sive ascites (Fig.  2G). In addition, this inhibition could 
be detected very early (2–3  min) after addition of the 
activating complex (Fig.  2H). Interestingly, benign asci-
tes (no. 29) seemed to even support calcium flux into the 
cell. When assessed via ROC curve analysis, T-cell flux 
in medium was significantly different when compared 
to flux in suppressive ascites 16 and 21, while no signifi-
cance was found for non-suppressive ascites 29 (Fig. 2I). 
We also tested IL2-stimulated NK cells against additional 
EGFR-positive cancer cells (A549) in presence of asci-
tes and found that malignant ascites suppressed natu-
ral cytotoxicity and ADCC (Fig. S3B, Additional File 1.), 
tumor lysis (Fig. S3C, Additional File 1.) and conjugation 
(Fig. S3D, Additional File 1.) of IL2 stimulated NK cells 
as well.

In summary, here we could show that malignant asci-
tes directly impairs immune cell functions, even in the 
absence of target cells. This suppression was observed for 
resting NK cells, stimulated NK cells and T cells.

Electrolyte imbalance in malignant ascites is a major 
inhibitory mechanism during immunosuppression
In the next series of experiments, we aimed to identify 
components and molecular determinants which might 
be responsible for ascites-mediated immunosuppres-
sion. In an exploratory approach, we quantified vari-
ous serum proteins and different electrolytes in ascites 
samples, corresponding patient serum as well as healthy 
donor serum and correlated the values to different NK 
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effector functions (Fig.  3A, B). Interestingly, correla-
tive statistical analysis revealed a potential connection 
between NK cytotoxicity and concentrations of distinct 
electrolytes (particularly, Na, K, Cl, Fig.  3B) in ascites. 
In detail, high concentration of sodium in ascites was in 
fact negatively correlated to NK ADCC while high con-
centrations of chloride and potassium showed positive 
correlation to cytotoxic activity of NK cells (Fig. 3B, C). 
Furthermore, by ROC analysis the electrolyte concentra-
tion served as a prognostic factor for a 50% reduction in 
NK activity (Fig.  3D). Hierarchical clustering (Fig.  3E) 
was performed using all obtained clinical chemistry data 
(taken from Fig.  3A). Ascites cluster 1 (AC1) contained 
samples with high sodium and low chloride content. All 
cluster 1 samples also had strong or very strong inhibi-
tory activity (categories taken from table S3). In contrast, 
cluster 3 (AC3) displayed a different clinical chemistry 
profile and mostly contained ascites samples of medium 
or weak inhibitory activity. Thus, the three formed sam-
ple clusters mirror our ranked list of samples, separating 
them into strong, medium and weak suppressive clusters 
(Supplementary Table S3 (Additional File 1.), Fig S1A). 
To further substantiate the connection between electro-
lyte content and immunosuppressive activity of ascites 
we used the t-SNE method with ascites electrolyte data 

as dimensions (Fig. 3F). t-SNE plots grouped ascites sam-
ples into distinct clusters, which closely resembled the 
functional subgroups found in NK assays (Fig. 3C, left). 
Importantly, high chloride content in malignant ascites 
as well as the capacity of the ascites to reduce NK cyto-
toxicity were all correlated with poor survival of ascites-
donors (Fig.  3G), which underscores a potential clinical 
relevance of our experimental findings. The investigated 
electrolyte imbalance was only specific to the ascites, 
as sodium concentration in matched patient peripheral 
blood sera did not differ from normal values in healthy 
donor control serum (Fig.  3H). A strong trend regard-
ing chloride concentration in ascites was noted as well. 
Except for CA125 concentrations, no correlations could 
be found between patient serum and patient ascites com-
ponents. Additionally, the concentration of patient serum 
components was not correlated to effector function 
(data not shown). To further assess differences between 
healthy donor serum, patient serum and ascites we per-
formed PCA analysis using all clinical chemistry data, 
and found that a considerable number of patient ascites 
samples segregates from serum samples of patients and 
healthy donors (Fig. 3I).

Based on these detailed analyses of patient ascites, the 
consecutive experiments aimed to provide experimental 

Fig. 2 Malignant ascites causes dysfunction during in vitro activation of NK and T cells. (A) Expression of surface markers on stimulated NK cells in pres-
ence of ascites. Isolated healthy donor NK cells were coincubated with IL2 (400 U/ml) either in medium or 25%ascites-supplemented media. After 48 h 
expression of DNAM-1, CD69 and TIGIT was measured by FACS. (B) NK cytotoxicity of stimulated NK cells in presence of ascites. Percentage of CD107a-
positive NK cells was assessed by FACS after 6-hours of stimulation with PMA (50ng/ml) and Ionomycin (1 µg/ml) either in media or 25% ascites-supple-
mented media. (C-F) Stimulation of T cells in presence of ascites. Isolated healthy donor T-cells were prestained with Cell Proliferation Dye EFluor 450 and 
stimulated using CD2/CD3/CD28 activator complex (1:40) either in medium or 25%ascites-supplemented media for four days. (C) Graph showing T cells 
proliferation. (D) Representative experiment showing T cell proliferation. (E) Secreted IFNγ [ng/ml] during T cell proliferation determined by ELISA. (F) 
Percentage of CD25-positive (left column) and TIM3-positive T cells (right column). (G + H + I) Intracellular Calcium-flux during T cell stimulation in pres-
ence of ascites. T cells were exposed to CD2/CD3/CD28 activator either in presence of ascites or medium. Intracellular Ca2 + flux was monitored via Fluo-4 
dye. (G) Fold increase of 480/25 absorbance at peak of calcium flux. (H) Representative experiment of calcium flux after T cell stimulation in presence of 
ascites. (I) ROC analysis shows significant difference between calcium flux curves in suppressive ascites environment (red and green line) compared to 
medium (dotted red line). Data are presented as individual values with mean value as center of error bar ± standard deviation. Each datapoint represents 
one healthy donor. The normalization was done according to normal medium control. For significance testing ordinary one-way (2.A-C, E-F) and paired 
(2.G) ANOVA or ROC analysis (2.I) were performed, followed by Dunnett’s multiple comparison posthoc test between ascites and medium control group 
where appropriate. * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001)
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evidence for an involvement of electrolyte imbalance in 
suppression of NK cytotoxicity. For this purpose, proteins 
in ascites samples were depleted using 3 kDa ultracentri-
fugation filters (Fig. 4A). Electrolyte and protein content 
was quantified in ascites permeate fraction (contains no 
proteins > 3  kDa) and ascites retentate fraction (all pro-
teins > 3 kDa) by clinical chemistry analysis (Fig. 4B) and 
electrophoresis (Fig.  4C). With this approach we dem-
onstrate that the ascites permeate fraction retained its 
capability to impair T cell proliferation and NK ADCC 
comparably to unmodified ascites (Fig.  4D and E). Fur-
thermore, the inhibitory effect of the permeate fraction 
was still present after heat treatment at 90 °C indicating 
that the inhibitory component is heat-resistant (Fig. 4F). 
The inhibitory effect persisted even after perform-
ing charcoal stripping, which excludes lipids and other 

lipid-based molecules as main inhibitory mediators (Fig. 
S4A and B). To further explore the impact of these small 
heat resistant non-lipid molecules, we performed dialysis 
for 24 h on ascites samples using 1 kDa or 25 kDa dialy-
sis columns (Fig.  4G). After the dialysis, electrolyte and 
protein content were quantified and it was shown that 
electrolyte concentrations were successfully restored to 
levels contained in cell culture medium RPMI 1640, in 
which dialysis was performed (Fig. 4H). Additionally, no 
substantial loss of proteins or IgG antibodies happened 
during the dialysis. When dialyzed samples were used in 
NK degranulation assay, NK cells achieved significantly 
higher degranulation compared to untreated samples 
(Fig. 4I). The restorative effect was the strongest in ascites 
samples with highest electrolyte imbalance.

Fig. 3 Aberrant electrolyte concentrations in malignant ascites contribute to suppression of immune cell functions. (A) Content of ascites and healthy 
donor serum. Components of ascites samples and healthy serum samples were determined by clinical chemistry analysis. Presented in the heatmap 
are calculated z-score values for each component. (B) Correlation between quantified ascites components and NK effector function. The matrix depicts 
significant positive and negative correlations (p < 0,05) between quantified ascites components and different NK effector functions. (C) Correlation be-
tween NK ADCC and electrolyte content in ascites. Pearson correlation shows negative correlation for sodium (left) and positive correlation for potassium 
(middle) and chloride (right) with NK ADCC. (D) Relationship between electrolytes in ascites and NK cytotoxicity. ROC (Receiver operating characteristic) 
curve showing the relationship between the concentrations of sodium (left), potassium (middle) and chloride (right) and 50% of NK cell degranulation 
inhibition. (E and F) Clustering of ascites samples. (E) Hierarchical clustering of ascites samples according to clinical chemistry data. (F) t-SNE plot show-
ing the clustering of ascites samples according to electrolyte content. (G) Impact of electrolyte content in ascites on patient survival. Kaplan-Meier curves 
showing significant negative association of suppressed NK cytotoxicity (left), low chloride (middle) and high sodium content in ascites with patient 
survival. (H and I) Composition comparison of ascites, patient serum and healthy donor serum. (H) Comparison of the concentrations of sodium (left), 
chloride (medium), and potassium (right) between healthy donor and patient serum and ascites. (I) PCA plot showing clustering of ascites, patient and 
healthy donor serum done using clinical chemistry data. Two-tailed Pearson correlation (3.C) and ROC analysis (3.D) were used. Kaplan Meier curves (3.G) 
for overall survival were used with Mantel-Cox test (log-rank). Each datapoint represents one ascites sample. For significance testing ordinary one-way 
ANOVA was performed, followed by Dunnett’s multiple comparison posthoc test between ascites and healthy or patient serum (3.H). ns (non-significant), 
** (p < 0.01)

 



Page 11 of 19Hrvat et al. Journal of Experimental & Clinical Cancer Research          (2023) 42:235 

All presented data support the hypothesis that elec-
trolyte content, and not protein function, inhibits anti-
tumoral NK and T cell activity in malignant ascites. 
Specifically, high concentrations of sodium and low con-
tent of chloride and potassium caused reduced effector 
function.

Malignant ascites alters expression of ion channels, 
signaling pathways and effector molecules
In the next series of experiments, we wanted to identify 
ion channels and down-stream signaling pathways that 
were modulated by our clinical ascites samples. To this 
end, resting and IL2-stimulated NK cells as well as T cells 
were exposed to different ascites samples. In an explor-
ative analysis we assessed the mRNA-expression of 18 
different highly expressed genes which are known to be 
crucial [21] for signal transduction during various effec-
tor functions of NK and T cells and examined expression 

levels of essential electrolyte channels (Fig.  5A). Fur-
ther statistical analysis revealed significant correlations 
between immune cell effector function, ascites elec-
trolyte composition and mRNA-expression of selected 
genes (Fig. 5B). Suppressive ascites samples induced sig-
nificant downregulation of signaling molecules such as 
PIK3CD (Fig. S5A, left, Additional File 1.) and PRKCQ 
(Fig. S5B, left, Additional File 1.). As expected, expres-
sion of these signaling molecules correlated with effector 
functions in NK (Fig. S5A, right, Additional File 1.) and 
T cells (Fig. S5B, left, Additional File 1.). In the same way, 
ascites affected transcript levels of various ion channels, 
for example, SLC24A2 (NCKX4, Sodium/potassium/
calcium exchanger 4), which was found to have a strong 
positive correlation to most effector functions (Fig S5B, 
right, Additional File 1.). We also observed significantly 
reduced expression of CLIC1 (chloride intracellular chan-
nel protein 1) in presence of malignant ascites (Fig. S5C, 

Fig. 4 Ascites dialysis partially reverses inhibitory properties caused by non-protein and heat resistant components. (A) Graphical illustration of protein 
depletion in ascites. Ascites sample was processed via ultracentrifugal filtration and protein-rich retentate and protein-less permeate are collected. (B) 
Composition of ascites before and after protein depletion. Heatmap showing altered composition of protein-depleted ascites samples and protein-rich 
retentates. (C) Electrophoresis of ascites sample. Representative electrophoresis blot of ascites sample 16 and corresponding permeate. (D) Proliferation 
of activated T cells in presence of protein-depleted ascites. Prestained donor T-cells were stimulated using CD2/CD3/CD28 activator complex (1:40) in 
protein-less ascites permeate. (E) NK ADCC in presence of ascites permeate. Resting NK cells were coincubated in 1:1 ratio with IGROV1 cells with ad-
dition of ADCC-inducing anti-EGFR antibody Cetuximab in presence of unmodified or protein-less ascites permeate. (F) NK ADCC in presence of heat 
inactivated ascites permeate. Resting NK cells were coincubated in 1:1 ratio with IGROV1-cells and ADCC-inducing anti-EGFR antibody Cetuximab with 
protein-depleted ascites permeate which was heat inactivated at 90 °C for 1 h. (G) Graphical illustration of ascites dialysis in cell culture medium. Ascites 
samples were processed in medium overnight using 1 kDa or 25 kDa cutoff dialysis columns. (H) Composition of ascites before and after dialysis. Heatmap 
showing altered composition of ascites samples processed by dialysis. (I) NK ADCC in presence of dialyzed ascites. Resting NK cells were coincubated in 
1:1 ratio with IGROV1 cells with addition of ADCC-inducing anti-EGFR antibody Cetuximab in presence of unmodified or dialyzed ascites. After 6 h expres-
sion of CD107a on NK cells was determined by flow cytometry. Each datapoint represents one healthy donor. For significance testing ordinary one-way 
ANOVA followed by Dunnet posthoc test (4.D) and two-way ANOVA followed by Sidak posthoc test was used (4.E, F and I). ns (non-significant), * (p < 0.05), 
** (p < 0.01), **** (p < 0.0001)
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Fig. 5 Malignant ascites causes transcriptional and translational changes of signaling proteins and electrolyte channels in immune cells. (A) Heatmap 
showing altered transcriptional gene expression in immune cells in presence of ascites. Resting NK cells were incubated with ascites for 6 h, and IL2 acti-
vated NK cells for 24 h. Resting T cells were incubated with ascites for 24 h and the activation complex was treated for 48 h. Total RNA was isolated from 
NK and T cells. Quantitative real-time PCR was conducted with annealing temperature of 62 °C for all primers. Primers are listed in Supplementary Table 
S2 (B) Correlation between NK effector function, electrolyte content in ascites and altered mRNA-expression of selected genes. Correlation matrix depicts 
significant gene expression changes (p < 0,05) in resting and activating NK cells (left) and resting and activated T cells (right). (C) Correlation between elec-
trolyte content in ascites and altered mRNA-expressions of selected genes. Significant Pearson correlations of gene expression changes and electrolyte 
content in ascites. Sodium correlation to PI3K in IL2-activated NK cells (first panel). Chloride correlation to Granzyme B (third panel) and SLC24A2 (fourth 
panel) in resting T cells. Correlation of CLIC1 to sodium (second panel) and KCNMB3 to chloride (fifth panel) in complex activated T cells. (D) Clustering 
of mRNA-transcripts of stimulated NK cells in presence of ascites. Hierarchical clustering done according to gene expression data from ascites treated 
activated NK cells (left). t-SNE plot demonstrating unbiased grouping of ascites samples according to most affected genes (right). (E) Graphical illustra-
tion of crucial transcriptional changes in NK and T cells after ascites exposure. Portrayed genes were affected by ascites exposure significantly as shown 
by both ANOVA and Pearson correlation. Lines connecting genes show Pearson correlation relationships. Every gene affected by specific electrolyte 
was marked with appropriate symbol (Na-red, Cl-Green and K-Purple). (F, G, H and I) Protein expression of electrolyte channels and immune effector 
molecules in NK and T cells affected by ascites. Both NK and T cells were incubated in medium or 25% ascites supplemented medium for 24 h (resting 
cells) or 48 h (activated cells). NK cells were treated with 50 ng/ml of PMA, 1 µg/ml of Ionomycin, while T cells were activated by adding 5 µl of CD2/CD3/
CD28 activator. Protein expression was determined by densitometric analysis of western-blots and normalized to GAPDH. (F) Heatmap overview showing 
protein expression comparison between the healthy donor (C), two inhibitory (No.16, 21), and one non-inhibitory (No.29) ascites- treated NK and T cell 
samples. (G) p85 expression in samples from resting and activated T cells as determined by western blot. (H) Bar graph depicting different Granzyme B 
expression in samples from activated T and NK cells. (I) Western blot bands from representative experiment. (J, K and L) Ascites-mediated inhibition of 
p85 membrane recruitment in T cells. Isolated T cells were activated for 5 min with CD2/CD3/CD28 activator in either medium or ascites 21 supplemented 
medium. Surface localization and expression of p85 was determined by confocal microscopy. (J) Violin plot depicting p85 mean intensity on T cell surface. 
(K) Violin plot depicting the maximum of p85 intensity of each cell. (L) Representative confocal microscopy images showing T cell surface expression 
of p85 (red) in different conditions. Data are presented as individual values with mean value as center of error bar ± standard deviation. For significance 
testing two-tailed Pearson correlation were used (5.B, C), paired t-test was used to assess the significance (5. G, H), ordinary one-way ANOVA and Dunnett 
posthoc (5.J. K). *(p < 0.05), **(p < 0.01), ****(p < 0.0001)
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right, Additional File 1.) and CLIC1 expression was con-
nected to NK ADCC degranulation (Fig.S5C, left, Addi-
tional File 1.). Finally, we wanted to link those findings to 
actual electrolyte concentrations in ascites samples. To 
achieve this, we plotted concentrations of sodium and 
chloride against expression levels of molecules from our 
gene expression analysis and found a significant corre-
lation between the content of sodium and chloride and 
expression level changes of PIK3CD, CLIC1, GRANZB, 
SLC24A2, and KCNMB3 respectively (Fig. 5C). Consid-
ering all significant gene expression changes and correla-
tions, we aimed to see if assessed genes could serve as a 
specific signature of ascites-induced changes. Using hier-
archical clustering on gene expression data of activated 
NK cells (Fig.  5D, left) we were able to generate heat-
maps that successfully clustered treated cells depending 
on which ascites samples they were exposed to. Similarly, 
by using gene expression data from IL2-activated NK cell 
for t-SNE, ascites samples segregated into more and less 
suppressive groups (Fig.  5D, right). Our data suggest a 
functional connection between electrolyte imbalance, ion 
channels and immune effector function, which we have 
portrayed in a gene network map that summarizes the 
connections between the individual genes and the impact 
of different electrolytes on their expression (Fig. 5E).

To confirm the clinical relevance of our data we 
assessed the expression of investigated genes in T cells 
isolated from ascites of two ovarian cancer patients. The 
expressions of PIK3CD, AKT1, SLC9A1, and SCNN1A 
transcripts were consistently downregulated in both 
patient ascites-isolated T cells and two ascites-treated 
healthy donor T cells (Fig. S6A). Additionally, ZAP70, 
SCN9A, and CLCN5 were upregulated in patient cells 
similar to one of the ascites treated samples (Fig. S6B). 
T cells from ascites also showed a unique gene set that 
was not induced in HD T cells exposed to ascites (e.g. 
PRKCQ, GZMB, CACNA1C) (Fig. S6A, left). To further 
demonstrate the similarity between ascites-isolated and 
ascites-treated T cells we used the t-SNE method with 
gene expression data as dimensions (Fig. S6C). t-SNE plot 
grouped untreated healthy donor T cells in distance to 
ascites-treated and patient-isolated T cells. In addition, 
we performed a re-analysis of published RNAseq dataset 
by Fraser et al. [21] and found that GZMB, SLC4A1 and 
CACNAC1 and KCNA7 were similarly downregulated in 
both ascites-treated and patient-isolated NK cells (Fraser 
study, data not shown) and our study (Fig. 5A).

For further confirmation, we also assessed the protein 
expression of selected important ion channels and effec-
tor molecules to show that ascites-induced effects are not 
limited to the level of transcript. As illustrated in Fig. 5F 
ascites No.16 and No.21 negatively affected the expres-
sion of all investigated proteins in both T and NK cells 
in either rested or activated state (Fig.  5F). The most 

pronounced ascites-induced effects were the significant 
decreases in p85 and Granzyme B protein expressions, 
especially observed during T and NK cell activation 
(Fig. 5G - I).

Since PI3K plays a crucial role in T cell signalling and 
the membrane recruitment of p85 can be used for defin-
ing T cell activation state, our next experiments exam-
ined the p85 membrane expression in presence of ascites. 
Our first assessment confirmed that p85 is indeed local-
ized on the membrane and is present to some degree 
even in resting non-activated T cells. As illustrated in 
Fig.  5J, K and L (second and third panel) the activation 
of T cells induced a strong increase of p85 membrane 
recruitment compared to untreated control cells. How-
ever, the presence of ascites during the activation signifi-
cantly impaired p85 membrane expression (Fig. 5J, K and 
L (forth panel)). These data support the important role 
of PI3K in activation and ascites-mediated inhibition of 
functional T cells.

In summary, our experiments show that malignant 
ascites substantially downregulated the transcript and 
protein expression of various signal transduction mol-
ecules, notably PI3K, as well as distinct ion channels.

Sodium channel inhibitors prevent ascites-induced sodium 
influx and immunosuppressive effects
As our current data suggest that high concentrations of 
sodium in ascites are causally involved in suppression 
of immune cell function, in our final series of experi-
ments we used selected inhibitors of sodium channels 
and examined their potential as modulators of ascites-
induced immunosuppression. First, we determined the 
intracellular concentration of sodium in T cells upon 
coincubation with different ascites samples. As illus-
trated in Fig. 6A and B high sodium ascites samples (No. 
16 and 21) induced a significant influx of sodium dur-
ing the 25-minute period of incubation, while the low 
sodium benign ascites sample No. 29 caused a significant 
efflux of intracellular sodium (Fig. 6A, B and C). Interest-
ingly, PBS control also induced influx of sodium (Fig. 6A) 
which may be due to the low chloride-high sodium con-
tent in PBS solution. Next, we used the sodium channels 
inhibitors amiloride, lidocaine, cariporide and digitoxin 
in order to manipulate the sodium flux in T cells in pres-
ence of different ascites samples. We found that all used 
inhibitors (Fig.  6D, left) prevented sodium influx in T 
cells in presence of high sodium ascites sample (No. 21). 
In contrast, in presence of benign ascites (No. 29), which 
has physiological sodium content, the influx of sodium 
was only minimally altered. On the contrary, particularly 
amiloride and lidocaine were even able to augment efflux 
of sodium into extracellular space (Fig. 6D, right).

As we could demonstrate that malignant ascites is 
able to impair calcium influx into T cells (Fig.  2G and 
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H), which subsequently suppressed immune cell func-
tions, we examined whether sodium channel inhibi-
tors were able to normalize calcium flux in activated T 
cells. Indeed, most of the tested sodium channel inhibi-
tors restored calcium influx in activated T cells incu-
bated with high sodium ascites No. 16 (Fig.  6E and F, 

middle panels). Restorative effects of amiloride, lido-
caine and digitoxin on T cell calcium flux in ascites envi-
ronment were confirmed as significant by ROC curve 
analysis (Fig.  6E and F, right panels). The preincubation 
of NK cells with amiloride or lidocaine prior to ADCC 
assay in ascites environment partially restored NK 

Fig. 6 Malignant ascites-mediated immunosuppression can partially be reversed by inhibitors of sodium channels. (A, B and C) Sodium influx in T cells 
in presence of ascites. T cells were exposed to 25%-ascites supplemented media or PBS and media control, respectively. After 25 min. influx of sodium 
was measured using fluorescent CoroNa Green dye. (A) Representative experiment showing sodium influx in T cells in presence of different malignant 
ascites samples. (B) Relative increase of intracellular sodium in T cells in presence of different ascites samples. Comparison is made between experiment 
endpoint values. (C) ROC curve analysis shows significant difference between measured sodium flux curves in suppressive ascites environment (red and 
green line) compared to medium (dotted red line). (D) Sodium influx in T cells in presence of ascites and inhibitors of sodium channels. CoroNa Green 
prestained resting T-cells were exposed to different samples of 25%-ascites-supplemented media (left: ascites 21, right: ascites 29) and media control, 
respectively. Different inhibitors of sodium channels were added (150 µM). Results were normalized to starting fluorescence. Representative experiments 
are shown. (E and F) Calcium influx in activated T cells in presence of ascites and inhibitors of sodium channels Fluo-4 prestained resting T cells were acti-
vated using CD2/CD3/CD28 complex either in normal media or high sodium malignant ascites sample No.16. Sodium channel inhibitor were added with 
activator complex simultaneously. (E) Representative experiment of calcium influx in activated T cells in presence of amiloride and lidocaine and ascites 
16 (middle panel) and media control (left panel). ROC curve analysis (right panel) shows significant differences between measured calcium flux curves in 
ascites 16 with addition of amiloride (cyan line) or lidocaine (purple line), compared to vehicle control (dotted red line). (F) Representative experiment of 
calcium influx in activated T cells in presence of cariporide and digitoxin and ascites 16 (middle panel) and media control (left panel). ROC curve analysis 
(right panel) shows significant difference between measured calcium flux curves in ascites 16 with addition of cariporide (orange line) or digitoxin (yellow 
line), compared to vehicle control (dotted red line). (G) NK cell degranulation in presence of ascites and sodium channel inhibitors. Isolated NK cells were 
pretreated with water (vehicle control) or 15 µM addition of amiloride or lidocaine for one hour. Washed NK cells were exposed to 25%-ascites supple-
mented media and media control, respectively. After 6 h NK cell degranulation was measured using FACS. (H) NK-TC conjugation in presence of ascites 
and amiloride. Isolated NK cells were pretreated with water (vehicle control) or 1,5, 15 or 150 µM addition of amiloride for one hour. NK cells and IGROV1-
cells were mixed in 4:1 effector to target ratio in presence of 1 µg/ml Cetuximab and in presence or absence of 25%-ascites-supplemented media. (I) 
Expression of NK cell signal transduction and effector molecules in presence of ascites 21 and amiloride. Resting and activated NK cells were incubated 
with ascites sample No. 21 and water (vehicle control) or 150 µM addition of amiloride for 3 h. Fold change of PIK3CD, AKT1, PRKCQ and GZMB gene 
expressions. Gene expression was normalized to housekeeping gene and respective ascites treated controls. (J) p85 membrane recruitment in activated 
T cells in presence of ascites 21 and amiloride. Isolated T cells were activated with CD2/CD3/CD28 activator in either medium or ascites 21 supplemented 
medium with addition of 150 µM of Amiloride for five minutes. Surface localization and expression of p85 was determined by confocal microscopy. Violin 
plot depicts p85 mean intensity on T cell surface. (K and L) Phosphorylation of signal transduction protein p85-PI3K in NK cells in presence of ascites 16 
and amiloride. (K) Isolated NK cells were exposed to were exposed to 25%-ascites supplemented media and media control. During the incubation, NK 
cells were treated with 50 ng/ml of PMA, 1 µg/ml of Ionomycin and/or 150 µM of amiloride for five minutes. Phosphorylation was determined by densi-
tometry and normalized to GAPDH and respective ascites treated controls. (L) Western blot bands from representative experiment and GAPDH control. 
Each datapoint represents one healthy donor. For significance testing RM one-way ANOVA followed by Dunnett’s multiple comparison posthoc test (6.B 
and J), two-way ANOVA followed by Dunnett’s multiple comparison posthoc test (6.H) and paired t-test were used (6.G, I and K). ns (non-significant), * 
(p < 0.05), ** (p < 0.01), ****(p < 0.0001).
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degranulation (Fig. 6G). Similarly, preincubating NK cells 
with amiloride significantly reversed ascites-induced 
inhibition of NK conjugation (Fig. 6H).

In order to further substantiate these data, we exam-
ined the expression of different signaling molecules in NK 
cells in presence of malignant ascites (no.21) and sodium 
channel inhibitors. Here we observed that sodium 
blocker amiloride restored ascites-induced downregula-
tion of PIK3CD, PRKCQ, GZMB and AKT1 in resting NK 
cells incubated with ascites (Fig. 6I). Lidocaine had a sim-
ilar, but less pronounced effect in activated cells (data not 
shown). In line with these data the addition of amiloride 
during T cell activation also restored membrane recruit-
ment of p85 in ascites treated cells (Fig. 6J). Lastly, west-
ern blot was performed to examine the impact of ascites 

and amiloride on phosphorylation of p85-PI3K regula-
tory subunit in PMA/Ionomycin activated NK cells. Here 
we were able to demonstrate that after five minutes PI3K 
phosphorylation was impaired by presence of ascites. 
Interestingly, while amiloride caused a moderate inhibi-
tion of PI3K phosphorylation in medium conditions, in 
presence of sodium rich ascites the inhibitor increased 
phosphorylation and this counteracted ascites-induced 
suppression in all four independently performed experi-
ments (Fig. 6K and L).

In summary, the presented data show that a sodium 
imbalance in ascites is mechanistically involved in regu-
lation of calcium flux, downstream signaling, and NK/T 
effector functions (Fig. 7).

Fig. 7 Illustration of proposed inhibitory molecular mechanism. Malignant peritoneal ascites is characterized by a sodium/chloride imbalance. This im-
balance suppresses NK and T cell effector function by interfering with calcium signaling and signal transduction. Sodium channel blockers can prevent 
inhibitory effects caused by excess of sodium. Illustration was created with BioRender
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Discussion
Immunotherapeutic approaches offer great potential for 
cancer treatment, but success in epithelial ovarian cancer 
is still limited. Advanced or recurrent ovarian cancer is 
mostly associated with the presence of malignant ascites, 
a pathological fluid accumulation in the peritoneal cav-
ity [6]. Its heterogeneous composition generates a unique 
tumor microenvironment that has long been known to 
mediate immunosuppression and promote disease pro-
gression [8]. Thus, malignant ascites limits response to 
immunotherapy and results in poor patient survival [7].

At present, the molecular mechanisms that medi-
ate the immunosuppressive effects of malignant ascites 
are still poorly understood. Previous studies focused on 
the characterization of cellular components and stud-
ied tumor cell-related mechanisms promoting tumor 
growth and metastasis [15, 25]. Further studies regard-
ing soluble factors mainly concentrated on analyzing 
cytokines or metabolites and for some of those factors, 
prognostic relevance or immunosuppressive effects could 
be demonstrated [17, 18]. Furthermore, ascites pro-
tein fraction might contribute to immunosuppression, 
since even some healthy serum proteins are reported to 
negatively regulate immune cell activity [26, 27]. Among 
these, intrinsic serum immunoglobulins are able to com-
pete with therapeutic antibody and impair ADCC [28]. 
However, existing reports about properties of potential 
inhibitory factors in malignant ascites are inconsistent 
regarding their immunosuppressive power, sensitivity 
to heat, or degradation by proteases [20, 29, 30]. These 
inconsistencies could be based on methodological 
challenges as the application of standard biochemi-
cal methods, precipitation agents [20, 30, 31], proteases 
in different vehicle fluids [20, 29, 30] and other chemi-
cal additives [29, 32] might result in irreversible altera-
tion of the original ascites. Other studies used methods 
of chromatographic fractionalization with the potential 
risk of dilution or loss of proteins and other non-protei-
nous components [20]. Thus, methodological challenges 
in biochemically separating ascites components, while 
retaining full biological activity, could have contributed 
to the failure of fully identifying immunosuppressive 
components in ascites so far.

In the first part of our study, we examined the immu-
nosuppressive potential of malignant ascites on antitu-
moral activity of NK cells. We compared different ascites 
samples of patients with advanced or recurrent ovarian 
cancer, gastrointestinal adenocarcinoma and benign 
diagnosis, respectively. We studied their impact on dif-
ferent effector functions of NK cells directed to ovarian 
cancer cells. We could demonstrate that cytotoxic and 
secretory NK cell functions were substantially impaired 
by malignant ascites which is consistent with other stud-
ies [16]. Upregulation of NK activation marker CD69 

and TIGIT as well as downregulation of DNAM-1 was 
inhibited, suggesting that ascites-mediated immuno-
suppression was mainly due to hindered NK cell activa-
tion and not due to NK cell exhaustion [16]. In line with 
some previously published work, we showed that inhibi-
tion was independent from presence of target cells and 
also affected T cell activity directly [33, 34]. Of note, also 
downregulation of HLA-E, a molecule implicated in the 
regulation NK activity under certain conditions, did not 
affect tumor cell lysis in our systems. Interestingly, study-
ing flux of calcium ions in proliferative T cells in presence 
of ascites demonstrated that inhibition of effector cell 
activity was initiated early, after few minutes. Accord-
ingly, NK cell killing and conjugation was already affected 
shortly after incubation with ascites. Remarkably, all sup-
pressive effects were only mediated by malignant ascites 
but not by benign sample derived from patient with con-
gestive heart failure.

In the second part of our study, we aimed to identify 
novel factors and mechanisms which are responsible for 
immunosuppression in malignant ascites. In contrast to 
previous qualitative approaches [20, 30], we initially per-
formed a comprehensive quantitative analysis of asci-
tes composition. To this end, we fractionated acellular 
ascites samples without chemical alteration. With this 
approach, we found that a small, non-proteinous com-
ponent was responsible for immunosuppressive activ-
ity. Thus, we quantified the concentrations of various 
electrolytes and serum proteins in ascites samples by 
clinical chemistry analysis and correlated our results to 
antitumoral NK cell activity and patient survival. Inter-
estingly, we could identify aberrant electrolyte content in 
malignant ascites as novel factors suppressing immune 
cell functions. Specifically, high sodium content as well as 
low content of chloride and potassium were significantly 
correlated with reduced NK and T cell effector function. 
Thereby, ROC curve analysis revealed that all three elec-
trolytes predicted inhibition of immune functions. Fur-
thermore, high sodium was significantly correlated to 
patient poor survival in our cohort. In contrast, excessive 
chloride content was significantly associated with favor-
able patient outcome suggesting an independent protect-
ing role by positive modulation of immune function. In 
addition, the extent of NK inhibition by malignant ascites 
was correlated to patient outcome as well. In conclusion, 
the association between NK inhibition and patient sur-
vival also suggests that the degree of NK inhibition corre-
sponds to immunosuppression in the peritoneal cavity of 
patients. Further reprocessing of ascites samples revealed 
that after ultracentrifugation protein-depleted permeate 
fraction still suppressed NK cell cytotoxicity and T cell 
proliferation. Additionally, by inactivating ascites sam-
ples by heating, we confirmed that potential inhibitors 
are heat resistant. Charcoal stripping excluded lipids as 
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major mediators of suppression. Correction of the elec-
trolyte imbalance by dialysis abrogated the immunosup-
pressive effect, especially in ascites samples with strong 
electrolyte imbalance. The hypothesis of electrolyte-
mediated suppression of immune cell functions has been 
explored in some earlier studies [35–37]. These studies 
provided initial evidence that sodium and potassium cat-
ions may affect NK cell function. It was reported that NK 
cell function was reduced in environments with unphysi-
ologically low or high concentrations of sodium (75nM 
– 150 nM) [38]. Similarly, monocyte-mediated ADCC 
was affected by extracellular Na+ and K+ concentrations 
[35]. However, these studies were mostly observational 
and often no detailed underlying molecular mechanisms 
could be identified. More recent studies predominantly 
focused on the impact of high salt diet on immune cell 
functions [39, 40] and the relevance of high sodium in the 
microenvironment of solid tumors [41]. In this context, 
extracellular potassium originating from necrotic tumor 
areas could impair T cell effector functions [42]. A pos-
sible explanation for suppression in these examples is 
that ions can bind to protein helices, which changes their 
conformation and can prevent interaction with ligands 
or other proteins [43]. Two studies show that chloride 
binding to specific residues affected the catalytic activity 
of pancreatic α-amylase [44] and the permeability of the 
SLC4A1 channel [45]. Beside regulating enzymatic activi-
ties in phagocytes [46], in the few existing studies chlo-
ride was shown to be essential for regulating immune cell 
function [47, 48]. In conjunction with our findings, these 
data from other disease settings underscore the relevance 
of electrolytes homeostasis and imbalance for proper 
immune function or dysfunction, respectively.

In the final part of our study, we mechanistically 
explored a novel immunosuppressive mechanism in the 
liquid tumor microenvironment of the peritoneal cav-
ity. This mechanism is primarily mediated by defective 
intracellular calcium signaling as well as modulation 
of signal transduction pathways and ion channels of 
NK and T cells. We confirmed that specific ion chan-
nels such as SLC9A1 (NHE-1), SLC24A2 (NCKX4), and 
SCNA9 (Nav1.7, VGSC) were closely linked to other 
key effector molecules like Granzyme B or signal trans-
ducers like PI3K-δ and PKC-θ, which are necessary for 
proper immune function. Furthermore, malignant asci-
tes induced downregulation of Granzyme B and PI3K-δ 
not only on transcription level, but also on protein level, 
which correlated to weaker effector function and ascites 
sodium content. In addition, the presence of inhibitory 
ascites impaired the rapid membrane recruitment of p85 
(the 85KDa regulatory subunit of PI3Kinase) during the 
T cell activation, which provides a molecular basis for the 
early onset of activation failure.

To provide causal evidence for the involvement of ion 
channels, we used the channel blocker amiloride (ENaC/
NHE-1), lidocaine (VGSC), cariporide (NHE-1), and 
digitoxin (Na+/K + ATPase) to modulate the activity 
of sodium channels. We observed immunosuppressive 
effects of sodium excess on T cell activation as sodium 
channel blockers amiloride, lidocaine and digitoxin 
restored T cell calcium influx in sodium-rich ascites 
coculture within first five minutes of exposure. In subse-
quent experiments preincubation with amiloride or lido-
caine blockers had caused a reversal of ascites-mediated 
inhibition of effector functions. Both NK cell degranula-
tion (six hours) and NK-TC conjugation (45  min) were 
significantly higher after amiloride or lidocaine pretreat-
ment. Furthermore, using a similar approach we con-
firmed the mechanism of sodium-induced aberrant gene 
expression. The direct addition of sodium channel blocker, 
amiloride, prevented ascites-mediated downregulation of 
PIK3CD, PRKCQ, AKT1, and GZMB transcripts. After 
short activation and exposure to ascites environment (five 
minutes), amiloride was also able to partially restore the 
phosphorylation of signaling protein p85-PI3K and to 
completely restore its membrane recruitment in NK and 
T cells, respectively. These experiments open the possibil-
ity to use sodium channel blockers as immunomodulatory 
agents that may restore immune activity in suppressive 
microenvironments [36, 49].

Conclusion
In summary, here we report novel factors and mecha-
nisms causing immunosuppression in malignant ascites 
in peritoneal carcinomatosis. The quantitative analysis 
of various acellular components in malignant ascites and 
their correlation to impaired antitumoral NK activity 
identified imbalanced electrolytes (sodium, potassium 
and chloride) as the source of inhibition. High sodium 
content was proven to substantially inhibit all crucial 
effector functions of NK cells and impair T cell activity 
as well. Furthermore, we could show for the first time 
that the extent of immunosuppression on NK cytotoxic-
ity is correlated to patient poor survival. Unexpectedly, 
the positive correlation of chloride content to patient 
outcome suggests a protective effect of elevated chloride. 
Therapeutic application of selected ion channel inhibitors 
may provide novel means to restore immune effector cell 
activity in ascites and counteract immunosuppression.
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Supplementary Figure 1. – Malignant ascites impairs interaction between NK cells and different types of 
EGFR-positive cancer cells. (A) Ascites dependent inhibition of NK-ADCC. NK cells were coincubated in 1:1 
ratio with EGFR-positive IGROV1 ovarian cancer cells in presence of various ascites samples and ADCC-inducing 
antibody Cetuximab (1 µg/ml). Percentage of CD107a-positive NK cells was determined after 6 hours by flow 
cytometry and was normalized to medium control. (B) Comparison of NK-ADCC inhibition by malignant ascites 
and healthy donor serum. NK cells were coincubated in 1:1 ratio with EGFR-positive A549 lung adenocarcinoma 
cells in increasing concentration of healthy donor serum or ascites 16 added to media and ADCC-inducing antibody 
Cetuximab (1 µg/ml). Percentage of CD107a-positive NK cells was determined after 6 hours by flow cytometry. 
(C) Cetuximab-concentration-independent inhibition of NK-ADCC by malignant ascites. NK cells were 
coincubated with A549 lung adenocarcinoma cells in 1:1 ratio either in media or media supplemented with 25% of 
different malignant ascites samples. ADCC-inducing antibody Cetuximab was added in increasing concentration. 
Percentage of CD107a-positive NK cells was measured after 6 hours by flow cytometry. (D and E) NK ADCC and 
tumor lysis of EGFR-positive cancer cells in presence of ascites. NK cells were coincubated in 1:1 ratio with 
head and neck cancer cell line FaDu, lung cancer cell line A549 and epidermoid cancer cells, respectively. 
Cetuximab (1 µg/ml) was added with or without 25% ascites supplemented media. (C) After 6 hours percentage of 
CD107a-positive NK cells directed against FaDu (left column), A549 (middle column) and A431 (right column) was 
determined by flow cytometry. (D) After 24 hours percentage of lysed FaDu cells (left column), A549 (middle 
column) and A431 cells (right column) was quantified by Annexin/7AAD-staining in the flow cytometer. (F) NK cell 
viability in presence of ascites. NK cells were coincubated with media or media supplemented with 25% of 
different ascites samples. Percentage of viable cells was assessed after Annexin/7AAD-staining by flow cytometer. 
Data are presented as individual values with mean value as center of error bar ± standard deviation. For 
significance testing ordinary one-way ANOVA (S1.D-F) and two-way ANOVA (S1.B, C) with Dunnet posthoc test 
was used. NK cells were coincubated in media or media supplemented with 25% of different ascites samples for 
24h. Viability of NK cells was quantified by Annexin/7AAD staining by using flow cytometry. ns (non-significant), * 
(p<0.05), ** (p<0.01), *** (p<0.001), **** (p<0.0001). 
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Supplementary Figure 2. – Malignant ascites does not affect viability and surface marker expression of 
different EGFR-positive cancer cells. Different types of EGFR-positive cancer cells were co-incubated with 25% 
ascites-supplemented media or media control for 24 hours. (A) Percentage of viable A459 cells after 
Annexin/7AAD-staining by flow cytometer (B) Heat map of receptor expression showing a summary of all surface 
marker expression changes in IGROV1 and A459 cell lines after treatment with different ascites samples after 24 
hours.  Color intensity of individual fields corresponds to calculated z-score of marker expression. Surface marker 
expressions portrayed in heat map were shown as individual graphs: (C) HLA-A,B,C (D) HLA-
E (E) CD112 (F) CD48 (G) CD178 (H) CD155 (I) CD54 (J) MICA (K) EGFR (L) ULBP-2,5,6. Data are presented 
as individual values with mean value as center of error bar ± standard deviation. For significance testing ordinary 
one-way ANOVA (S2.A, C-L) with Dunnet posthoc test was used. * (p<0.05), ** (p<0.01), *** (p<0.001). 
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Supplementary Figure 3. – Malignant ascites impairs different effector functions in IL2 stimulated NK cells. 
(A) Migration of NK cells in presence of ascites. NK cells were added to the top of the transwell insert. Ascites 
samples were added to the bottom of the insert in 1:4 ratio. After 3 hours of SDF-1a, induced migration cells were 
collected and measured by flow cytometry. (B and C) Cytotoxicity and tumor cell lysis of stimulated NK-cells 
directed against A549-cells in presence of ascites. IL2 activated NK cells were coincubated in 1:1 ratio with 
A549 lung adenocarcinoma cells with or without Cetuximab (1 µg/ml). 25% ascites supplemented media or media 
control was added. (B) After 6 hours percentage of CD107a-positive NK cells were measured by flow cytometry. 
Left column shows NK control, middle column shows NC and right column ADCC. (C) After 24 hours, the tumor 
killing was assessed after 7AAD/Annexin-staining in the flow cytometer. Relative percentage of dead tumor cells 
in absence of Cetuximab (middle column, NC-condition) or presence of Cetuximab (right column, ADCC-condition) 
and tumor cells only for control (left column) is shown. (D) Conjugation formation of stimulated NK cells in 
presence of ascites. IL2-activated NK cells and IGROV1 cells were mixed in 4:1 effector to target ratio in presence 
of 1 µg/ml soluble Cetuximab in either normal cell culture media or supplemented with 25% of OC ascites. After 
45 minutes of coincubation, percentage of the conjugated NK cells was measured by flow cytometry. Data are 
presented as individual values with mean value as center of error bar ± standard deviation. For significance testing 
ordinary one-way ANOVA (S3.A-D) with Dunnet posthoc test was used. ns (non-significant), * (p<0.05), ** (p<0.01), 
*** (p<0.001). 

 

 

Supplementary Figure 4. – Activated charcoal delipidation of ascites does not restore cytotoxic NK cell 
activity. Ovarian cancer ascites was coincubated with activated charcoal for 1 hour and stirred magnetically, after 
which charcoal was removed by centrifugation. NK cells were coincubated in 1:1 ratio with EGFR-positive cancer 
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cells in presence of various ascites samples and ADCC-inducing antibody Cetuximab (1 µg/ml). Percentage of 
CD107a-positive NK cells was determined after 6 hours by flow cytometry and was normalized to medium control.  
(A) and (B) NK cell mediated ADCC against (A) A549 or (B) SKOV3 in the presence of medium, untreated ascites 
and lipid-depleted ascites (LD). Paired t-test was used to assess the significance. ns – no significance. 

 

 
 

Supplementary Figure 5. – Malignant ascites alters expression of signal transduction molecules and 
electrolyte channels in immune cells. (A) Effects of ascites on IL2-activated NK cell gene expression. PI3K is 
significantly downregulated by suppressive malignant ascites (left). Significant Pearson correlation of PI3K to NK-
tumor cell conjugation (right). (B) Effects of ascites on resting T cell gene expression. Significant Pearson 
correlation of PRK to T-cell proliferation inhibition (left), and SLC24A2 to NK-Tumor cell conjugation (right). (C) 
Effects of ascites on activated T cell gene expression. Significant Pearson correlation of CLIC1 to ADCC of resting 
NK cells (left), significant impact of malignant ascites on CLIC1 (right). Data are presented as individual values 
with mean value as center of error bar ± standard deviation. For significance testing ordinary one-way ANOVA with 
Dunnet posthoc test (S5.A (left), C right)) and two-tailed Pearson correlation were used (S5.A (left), B, C (right). ** 
(p<0.01), *** (p<0.001). 
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Supplementary Figure 6. – Healthy donor T cells treated with ascites in vitro show similar transcriptional 
profile as patient-isolated T cells from ascites. Resting T cells were exposed either to medium (HD) or 25% 
ascites supplemented medium (Asc) for 24 hours before proceeding with RNA isolation. RNA Isolation of patient 
ascites T cells (PI) was performed directly after cell isolation. For calculation of fold-change the gene expression 
was normalized to housekeeping gene and the mean expression of the indicated genes in the HD group. (A) 
Heatmap overview showing transcript expressions comparison between HD T cells in medium, two ascites-treated 
healthy donor T cell samples and T cells isolated from patient ascites. (B) Bar graph depicting gene transcript 
expression as determined by RNAseq. (C) t-SNE clustering of transcript expressions in healthy donor T cells, T 
cells from patient ascites and two ascites-treated healthy donor T cells.  
 

Patient  
No. 

FIGO/ 
UICC 

Neoplastic 
grading 

Cancer 
type 

Histology Time of  
diagnosis 

Survival 

1. ---- G3 Ovarian High-grade serous-
papillary 

Recurrence 1Y 2M 10D 

2. ---- G2 Ovarian High-grade serous Recurrence 6Y 2M 12D 

3. ---- G2 Ovarian High-grade serous  Recurrence 2Y 5M 20D 

4. IV G3 Ovarian Signet ring cell 
adenocarcinoma 

Initial  13D 

5. ---- G3 Ovarian High-grade serous-
papillary 

Recurrence 8M 20 D 

6. IIIc G2 Ovarian High-grade serous Initial Unknown 

7. ---- G3 Ovarian High-grade serous Recurrence 11M 20 D 

8. IV G3 Ovarian High-grade serous-
papillary 

Initial 1Y 7M 2D 

9. IV G3 Ovarian High-grade serous-
papillary 

Initial 7Y 5M 2D 

10. III G2 Ovarian Small cell hypercalcemic 
carcinoma 

Initial 1Y 0M 2D 

11. IV G3 Ovarian Invasive mucinous  Initial 3M 8D 

12. IV  B-cell 
Lymphoma 

Diffuse large cell Initial  Unknown 

13. IV G3 Ovarian High-grade serous Initial Unknown 

16. IIIc G3 Ovarian High-grade serous Initial 1M 15D 

18. IV G2 Colon 
carcinoma 

Adenocarcinoma Initial  2Y 8M 4D 

19. IV G3 Ovarian Invasive mucinous  Initial  1Y 0M 6D 

20. IIIc G3 Ovarian High-grade serous Initial 7M 21D 

21. IV G3 Unknown Invasive 
adenocarcinoma 

Initial 1Y 10M 23D 

22. IIIc G3 Ovarian High-grade serous-
papillary 

Initial 1Y 5M 

24. IIIc G2 Ovarian High-grade serous-
papillary 

Initial 5D 

25. IIIc G3 Ovarian High-grade serous Initial Unknown 
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26. IV G2 Ovarian High-grade serous-
papillary 

Initial 7M 8D 

27. IIIc G3 Ovarian High-grade serous-
papillary 

Initial 6Y 0M 8D 

28. IIIc G3 Ovarian High-grade serous-
papillary 

Initial Unknown 

29. ---- ----- Congestive heart failure, benign 
diagnosis 

---- Still alive 

30. IIIc G3 Ovarian High-grade serous-
papillary 

Initial Unknown 

32. IIIc G3 Ovarian High-grade serous Initial Still alive 

33. ---- G3 Ovarian High-grade serous Recurrence Still alive 

 

Supplementary Table 1. – Patient characteristics from ascites donors. Table contains patient cohort 
information starting from left to right: Patient/Ascites number designation, FIGO/UICC cancer staging, histological 
grade, cancer tissue and type classification, timepoint and survival time since ascites collection. 

 
 

Primer pair Sequence ( 5´ - 3´ ) Amplicon (bp) 

   

hu_CACNA1C_NM_000719 forward GCAGGAGTACAAGAACTGTGAGC 143 

reverse CGAAGTAGGTGGAGTTGACCAC 

hu_CLCN5_NM_000084 forward GTATCTGTAGCCTTTGGAGCACC 105 

reverse GGCAGCAAAGAATGAACGCCAC 

hu_CLIC1_NM_001288 forward CCTGCTGTATGGCACTGAAGTG 120 

reverse GCTGTGTTGGACTCAGGGTTCA 

hu_SCNN1A_NM_001038 forward GTGCCTACATCTTCTATCCGCG 110 

reverse GTCTGAGGAGAAGTCAACCTGG 

hu_SLC24A2_NM_020344 forward CCATCCAGTGATGCTTCAGAACC 141 

reverse CGTGACTTGCTTGCGGGTTTCA 

hu_SLC4A1_NM_000342 forward CTGCTGGTGTTTGAGGAAGCCT 102 

reverse CACCAGCAGGATGAGCCAGAAG 

hu_SCN9A_NM_002977 forward GTGGAAGGATTGTCAGTTCTGCG 140 

reverse GCCAACACTAAGGTGAGGTTACC 

hu_SLC9A1 _NM_003047 forward GAACTGGACCTTCGTCATCAGC 109 

reverse GGTCAGCTTCACGATACGGAAC 

hu_KCNA3_NM_002232 forward CGGTGTCTTGACCATCGCATTG 131 

reverse AAGAGGAGAGGTGCTGGCAACT 
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hu_KCNA7_NM_031886 forward TCGAGACGCTGCCTGACTTCC 152 

reverse CACCACGAAGAACGGGTCATTG 

hu_KCNMB3_NM_014407 forward TCAGCCATCCAGGTCAGAAAGC 98 

reverse TCTATCTTGGTGGCACTTAGGTG 

hu_KCNJ3_NM_002239 forward GATCTCCATGAGGGACGGAAAAC 131 

reverse GAAGGAACTCACCCTCAGGTGT 

hu_KCNK3_NM_002246 forward GGCTCCTTCTACTTCGCCATCA 137 

reverse CTCTGGAACATGACGAGCGTGA 

hu_ORAI1_NM_032790 forward AGGTGATGAGCCTCAACGAGCA 151 

reverse AGTCGTGGTCAGCGTCCAGCT 

hu_ZAP70_NM_207519 forward CACTACGCCAAGATCAGCGACT 139 

reverse GGCTGGAGAACTTGCGGAAGTT 

hu_PRKCQ_NM_006257 forward GCATCCGTTTCTGACGCACATG 133 

reverse CGCTCTGGAAAGGTCGAACTTG 

hu_PIK3CD_NM_005026 forward TGCCAAACCACCTCCCATTCCT 160 

reverse CATCTCGTTGCCGTGGAAAAGC 

hu_GZMB_NM_004131 forward CGACAGTACCATTGAGTTGTGCG   122 

reverse TTCGTCCATAGGAGACAATGCCC   

hu_GSK3b_NM_002093 forward CCGACTAACACCACTGGAAGCT 150 

reverse AGGATGGTAGCCAGAGGTGGAT 

hu_AKT1_NM_005163 forward TGGACTACCTGCACTCGGAGAA 154 

reverse GTGCCGCAAAAGGTCTTCATGG 

 

Supplementary Table 2. – List of all primers used for qPCR gene expression experiments. Table contains 
from left to right: primer designation and NCBI Reference Sequence, primer direction and sequence, product 
(amplicon) length. 

 

 

 Relative percentage of effector function of NK cells 

 NC CD107a ADCC 
CD107a 

NC lysis ADCC lysis 

Asc 
No. 

Extremely strong inhibitory ascites (CD107a<25%) 

21 4.9 9.4 44.6 71.2 

16 3.7 11.0 25.4 51.7 
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 Strong inhibitory ascites (50%>CD107a>25%) 

22 12.6 28.7 70.1 94.6 

25 7.0 30.7 57.5 75.81992 

19 20.8 32.7 52.0 71.0 

20 12.7 35.3 66.9 97.3 

30 11.7 39.6 75.2 101.5 

11 21.7 43.9 63.8 93.8 

24 8.0 44.3 40.3 88.5 

26 8.7 44.9 59.0 89.2 

 Medium inhibitory ascites (75%>CD107a>50%) 

27 14.7 51.7 90.6 105.2 

32 19.0 55.6 65.6 93.8 

18 21.0 56.6 64.0 96.9 

13 14.2 61.6 73.9 102.6 

8 20.0 61.8 79.2 104.0 

2 7.0 68.3 52.4 88.0 

9 9.0 68.3 52.7 83.1 

7 18.4 69.5 79.2 104.0 

5 17.5 70.3 76.9 102.3 

 Weak inhibitory ascites (100%>CD107a>75%) 

3 22.5 79.3 104.3 104.3 

1 46.3 80.3 91.3 104.9 

10 22.0 81.2 72.1 96.8 

4 102.0 83.4 77.3 89.4 

 Stimulatory ascites (CD107a>100%) 

29 71.3 116.0 81.4 102.4 

 

Supplementary Table 3. – List of ascites samples ordered according to their inhibitory power. Table 
contains overview of used patient ascites samples ranked into five different categories depending on its effects on 
average ADCC NK cell degranulation in coculture system. Listed from left to right: relative percentage of NK cell 
natural toxicity degranulation and cetuximab induced ADCC degranulation, relative percentage of IGROV1 lysis 
in natural toxicity and ADCC conditions. The average relative percentage of degranulation (CD107a) or lysis was 
calculated after four independent experiments by normalizing ascites condition samples to appropriate medium 
controls. Each experiment was performed using NK cells isolated from different healthy donors. 
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Calcium phosphate nanoparticles (CaP-NPs) are biodegradable carriers that can be
functionalized with biologically active molecules. As such, they are potential candidates for
delivery of therapeutic molecules in cancer therapies. In this context, it is important to
explore whether CaP-NPs impair the natural or therapy-induced immune cell activity
against cancer cells. Therefore, in this study, we have investigated the effects of different
CaP-NPs on the anti-tumor activity of natural killer (NK) cells using different ovarian cancer
(OC) cell line models. We explored these interactions in coculture systems consisting of
NK cells, OC cells, CaP-NPs, and therapeutic Cetuximab antibodies (anti-EGFR, ADCC-
inducing antibody). Our experiments revealed that aggregated CaP-NPs can serve as
artificial targets, which activate NK cell degranulation and impair ADCC directed against
tumor targets. However, when CaP-NPs were properly dissolved by sonication, they did
not cause substantial activation. CaP-NPs with SiO2-SH-shell induced some activation of
NK cells that was not observed with polyethyleneimine-coated CaP-NPs. Addition of
CaP-NPs to NK killing assays did not impair conjugation of NK with OC and subsequent
tumor cytolytic NK degranulation. Therapeutic antibody coupled to functionalized CaP-
NPs maintained substantial levels of antibody-dependent cellular cytotoxic activity. Our
study provides a cell biological basis for the application of functionalized CaP-NPs in
immunologic anti-cancer therapies.
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INTRODUCTION

Nanomedicine has developed into an emerging field of research
originating from applied biomedicine and novel nanotechnology
(1). Due to their specific physical and biochemical properties
nanoparticles offer new opportunities for diagnostic and therapeutic
applications, e.g. in cancer therapy or autoimmune diseases (2, 3).

Besides commonly used inorganic nanoparticles like gold or iron
oxide nanoparticles, calcium phosphate nanoparticles (CaP-NP) are
also suitable for application in the medical field. As calcium
phosphate is an endogenous biomineral with natural presence in
human tissue such as bones and teeth, CaP-NPs display high
biocompatibility and low intrinsic toxicity (4). CaP-NPs are
clinically applied in traumatology, endoprosthetic applications,
and tissue engineering: They can support the regeneration of
bone defects and mediate bone contact in biomedical implants (4)
(5). Ca-NPs have also been incorporated in different polymers to
enhance the biomechanical properties of scaffolds for hard tissue
regeneration (6). Additionally, they are valuable components in
toothpastes supporting tooth repair and remineralization (7).

CaP-NPs show high chemical stability, especially at
physiological pH in tissue or blood. Therefore, in the last
decades, CaP-NP have been developed to be also utilized as
vehicles for different cargo molecules. They served as carriers for
antibiotics and have been applied for vaccination and
immunization against infectious diseases successfully (8). In
contrast to other nanoparticle-preparations, CaP-NP can be
loaded with various immune activating components at flexible
dosages simultaneously, which optimizes and individualizes the
immune response (9). Taken up by dendritic cells CaP-NPs were
able to induce a strong immunization in vivo and showed
efficiency against experimental retroviral infections (10).

CaP-NPs are also promising tools for gene therapy which
predestined them to become part of immunotherapeutic concepts
in cancer therapy. To this end, DNA and short interfering RNA
(siRNA) have been incorporated in CaP-NP for transfection in
eukaryotic cells successfully as nucleic acids are otherwise unable to
cross the cell membrane and are rapidly degraded by specific
nucleases (11). Compared to other well-established transfection
agents such as Lipofectamine CaP-NP displayed comparable
transfection efficacy but significantly less cytotoxicity which is
beneficial for application in vivo (12). In pancreatic cancer,
VEGF-siRNA-loaded CaP-NP induced high gene silencing
efficiency without associated toxicity with consecutive reduction of
tumor growth (13). PEGylated siRNA-loaded CaP-NP containing
also doxorubicin resulted in enhanced cell apoptosis and tumor
growth arrest in vivo (14). The inclusion of dyes or imaging
components in CaP-NP facilitates the visualization of the tumor
tissue. For example, a MRI contrast agent encapsulated into CaP-
NP enhanced the sensitivity of detection of primary hepatocellular
carcinoma compared to a standard contrast agent (15).
Additionally, the covalent binding of specific antibodies on the
surface of CaP-NP enables functionalization of the particles and
offers the possibility for individualized targeted cancer therapy (8).
Abbreviations: NC, natural cytotoxicity; NK, NK cells; TC, tumor cells; NP, NP
induced degranulation; ADCC, antibody dependent cell-mediated cytotoxicity.
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For the therapeutic purpose, it is fundamental that nanocarriers
in the physiological environment do not impair the activity of
immune cells or diminish the efficacy of their incorporated agents.
However, the mechanisms of interactions between nanoparticles
and physiological components are still poorly understood (16) (17).
According to nanotoxicological studies, CaP-NPs unspecifically
adsorb proteins to the surface forming “protein-corona” due to
the high protein concentration physiological environment in vivo
(18). Further studies could show that CaP-NPs may agglomerate
depending on size, charge and surface characteristics which resulted
in altered biodistribution, cellular uptake, and toxicity of CaP-NPs
in blood and tissue (8).

Despite obvious relevance for therapeutic applications,
interactions between CaP-NPs and different immune effector cells
havenotbeen studied intensively in thepast.Manystudies focusedon
interactions between CaP-NPs and macrophages, and little, if any,
data are available on the interplayofCa-PNPswithTcells orNKcells
(9).As part of the innate immune system,NKcells are likely to be one
of the first cells coming into contact with nanoparticles when those
are systemically applied. Physiologically,NKcells exert direct, natural
cytotoxicity to target cells that are altered by infection or malignant
transformation.Here, loss ofMHCclass I-molecules or upregulation
of stress-induced ligands such asMICA/B (MHCclass I polypeptide-
related sequenceA/B) andUL16 binding proteins 1—6 (ULBP 1—6)
on target cells are crucial triggers inducing NK cell-activation and
-cytotoxicity. Thereby, NKG2D and DNAM-1 as well as NKp46,
NKp44 andNKp30 are central corresponding receptors onNK cells,
whereasCD69 reflects their general activity state (19). By recognizing
and binding antibody-coated cells via CD16, NKmediate antibody-
dependent cellular cytotoxicity (ADCC) and thus achieve the
maximum cytotoxic activity. Finally, they lyse target cells via
inducing apoptosis or releasing perforin/granzymes as reflected by
the expression of the lysosomal-associated membrane protein-1
LAMP-1 or CD107a on the cell surface (20, 21). NK cells support
their activity and regulate other immune cell responses by the
secretion of various cytokines like IFNg or TNFa. Because of these
comprehensive antitumoral properties, NK cells represent important
cellular components in many immunotherapeutic approaches.

In this study, we analyzed whether CaP-NPs affect natural
and antibody-dependent cytotoxicity of NK cells against ovarian
cancer cells. To this end, we studied the effects of CaP-NP on
interactions between NK cells and tumor cells as well as the
direct effects on NK and tumor cells. For our experiments, we
used previously established protocols for CaP-NP-preparation
including triple-shell CaP-NPs as well as silica shell-coated CaP-
NPs (22). For visualization, we utilized fluorescent CaP-NPs and
tested also functionalized CaP-NPs. These were bound to the
antibody Cetuximab which is directed against EGFR (epidermal
growth factor receptor), a common target in ovarian cancer cells.
MATERIALS AND METHODS

Synthesis and Functionalization of
Calcium Phosphate Nanoparticles
Single-shell CaP-NPs (CaP) were synthesized by precipitation
using 0.25 mL of 6.25 mM calcium nitrate solution (Ca(NO3)2·4
February 2022 | Volume 13 | Article 830938
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H2O) and 0.25 mL of 3.74 mM diammonium hydrogen
phosphate ((NH4)2HPO4) solution (both solutions were
adjusted to pH 9.0 with NH3) and 0.05 mL of labelled poly
(ethyleneimine) solution diluted with non-labelled PEI 1:5
(PEIFITC/Cy5: 2 mg mL-1, MW 25 kDa, branched, Surflay) or
0.05 mL non-labelled poly(ethyleneimine) solution (PEI: 2 mg
mL-1, MW 25 kDa; branched, Sigma-Aldrich) (22). For the
synthesis of triple-shell particles (CaP-P) the same procedure of
calcium phosphate precipitation and PEI coating was repeated
with the single-shell particles dispersion. These generated
nanoparticles were centrifuged for 15 min at 12,000 g
(MiniSpin®, Eppendorf). Then, the particle pellet was
redispersed in 1 mL UltraPureTM DNase/RNase-free water in
an ultrasonic water bath (Elmasonic S10, Elma) for 10-15 s.

Silica-shell CaP-NPs (CaP-S) were synthesized for a
sequential surface functionalization with antibodies. The
synthesis was performed according to previously reported
procedure (23). Initially, 20 mL of absolute ethanol were mixed
with 0.013 mL of a 30% aqueous ammonium solution and 0.025
mL of Tetraethyl orthosilicate (TEOS) and stirred for 10 min.
Next, 5 mL of a dispersion of single-shell CaP-NPs (either
stabilized with fluorescently labelled or non-labelled PEI) were
pipetted into the ethanol mixture and stirred overnight at room
temperature. The crude dispersion of silica-shelled CaP-NPs was
centrifuged for 30 min at 66,000 g and redispersed in 5 mL
UltraPureTM DNase/RNase-free water by ultrasonication for
10-15 s. Then, the redispersed nanoparticles were added to 20
mL of absolute ethanol containing 0.025 mL of 3-
mercaptopropyl) trimethoxysilane (MPS), for a subsequent
surface functionalization, and stirred for 6 h at room
temperature. The thiol-terminated nanoparticles (CaP-S) were
centrifuged and redispersed as described previously. For 1 mL of
CaP-S dispersion 500 μg of the Cetuximab (Merck) were coupled
to the particle surface overnight. Therefore, the antibodies were
incubated in 1 mL of PBS containing 0.025 mL of a 20 mM N
Succinimidyl-3 (2-pyridyldithio) propionate (SPDP) solution for
1 h. The reaction mixture was desalted using centrifugal filters
with a molecular weight cutoff of 100 kDa (Amicon® Ultra – 0.5
mL, Merck). The activated antibodies were pipetted into the
dispersion of CaP-S for the conjugation of the thiol-reactive part
of SPDP to the thiol groups on the nanoparticles, incubated
overnight at room temperature and the next day centrifuged for
10 min at 12,000 g. The supernatant of these nanoparticles (CaP
S C) was used to calculate the number of coupled antibodies per
particle. For the long-time storage of all synthesized
nanoparticles the final dispersions of each species were
supplied with 20 mg mL-1 D-(+)-trehalose (Sigma Aldrich),
which serves as a cryoprotectant, and aliquoted to 0.1 mL, shock-
frozen with liquid nitrogen and freeze dried with an Alpha- 2-4
LSC system (Christ).

Characterization of Calcium
Phosphate Nanoparticles
The number of particle-coupled antibodies was determined with
a DS 11 FX+ Nanodrop instrument by UV/Vis spectroscopy of
the supernatant (uncoupled antibodies in the supernatant were
subtracted from the applied mass). The morphology and size of
Frontiers in Immunology | www.frontiersin.org 3
the solid core diameter of the synthesized nanoparticle species
were characterized by scanning electron microscopy (ESEM
Quanta 400, FEI and Apreo S LoVac, Thermo Fisher
Scientific) after palladium-gold sputtering. Their hydrodynamic
diameter and zeta potential were determined by dynamic light
scattering (Zetasizer Ultra, l=532 nm backscatter mode, Malvern
Panalytical). All displayed particle size data refer to scattering
number distributions. To calculate the number of particles per
milliliter the calcium concentrations of the nanoparticles were
determined by atomic absorption spectroscopy (AAS; M-Series
AA spectrometer; Thermo Electron Corporation) after
dissolution of the samples in hydrochloric acid. The calculated
nanoparticle concentration was combined with the total amount
of coupled antibodies, if applicable, and brought into perspective.

Ovarian Cancer Cell Lines and In Vitro
Cell Culture
SKOV-3 and OVCAR-3 ovarian cancer cell lines were kindly
provided by the Department of Obstetrics and Gynecology,
University of Bonn, Germany. OVCAR-4 was obtained from
Westdeutsches Tumorzentrum, University of Duisburg-Essen,
Germany. SKOV3 ovarian cancer cell line was cultured in
Roswell Park Memorial Institute (RPMI Gibco). OVCAR4
ovarian cancer cell line was cultured in a mixture of ¾ of RPMI
and ¼ of Dulbecco’s Modified Eagle Medium (DMEM). Both
media were supplemented with 10% (v/v) heat-inactivated fetal
calf serum (FCS Gibco), 100 U/mL penicillin, and 100 mg/mL
streptomycin (PenStrep, Gibco by Life Technologies)
(supplemented complete media). Cells were cultivated in plastic
flask (Sarstedt) at 37°C and 5% CO2 and continuously passaged by
treatment with Accutase (Gibco) for 5 minutes at 37°C.

NK Isolation From Peripheral Blood
Healthy donor blood collected in trisodium citrate blood
collection tubes was diluted with Dulbecco’s Phosphate
Buffered Saline (DPBS, Gibco, Life Technologies Limited) in
1:1 ratio and overlayed on a 1.077g/mL separation medium
(Biocoll, Merck Millipore). Density centrifugation was
performed at room temperature (400g for 30min) without
acceleration and brake. PBMCs were collected and washed
with PBS followed by centrifugation at 300g for 8min at room
temperature. Then plastic adherence was performed to deplete
monocytes by incubating them in a T175 flask (Sarstedt) at 37°C
and 5% CO2 for 1 hour. For NK isolation NK MACS Isolation
Kit (Miltenyi Biotec) was used according to the manufacturer’s
instructions. Purity of isolated NK cells was routinely tested and
ranged from 90% to 97%. After isolation 5 U/ml recombinant
human IL-15 (50μg, Immuno Tools) was added to NK cells that
were used for functional experiments after overnight incubation.

Use of peripheral blood from healthy donors was approved by
the institutional review board of the Medical Faculty of the
University of Duisburg-Essen (approval number 07-3500 and
08-3590) and each donor signed an informed consent form.

NK Degranulation Assay
NK cells express CD107a during degranulation, which also
correlates to NK cell-mediated tumor cell lysis (21). To
February 2022 | Volume 13 | Article 830938
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evaluate natural and antibody-dependent NK cell cytotoxicity
purified NK cells and SKOV-3/OVCAR-4 cells were coincubated
(1:1 ratio) in a flat-bottom 96-well plate with or without different
nanoparticles. For ADCC-experiments Cetuximab 1 mg/ml
(Erbitux, 5mg/mL, Merck (Serono)) or Cetuximab-bound
nanoparticles in corresponding concentrations were added. NK
cells were labelled with anti-CD107a-FITC (25μg/mL, clone
H4A3, Mouse IgG1, k, BD Biosciences). After incubation for 1
hour at 37°C and 5% CO2, the protein Golgistop-Monesin (BD
Biosciences) was added (1:600). After further 5 hours incubation
NK cells were stained with CD56-BV421 (12μg/mL, NCAM 16.2,
IgG2b,k, BD Biosciences) and CD107 expression analyzed by
flow cytometry.

NK cell degranulation was calculated by the following
formula in case of natural cytotoxicity:

NC ðwithout NPsÞ = (NK + TC) −NK

NC ðwith NPsÞ = ((NK + TC + NP) −NKÞ − NP

NP or NP induced degranulation was calculated as:

NP = (NK + NP) −NK :

For antibody-dependent cell-mediated cytotoxicity the
following formula was used:

ADCC ðwithout NPsÞ
= (NK + TC + CET) −NK −NC ðwithout NPsÞ

ADCC ðwith NPsÞ
= (NK + TC + CET + NP) −NK −NP −NC ðwith NPsÞ

Nanoparticle Cytotoxicity and Tumor-
Killing Assay
NK cells and SKOV-3/OVCAR-4-cells were coincubated (1:1
ratio) with or without Cetuximab (1 μg/ml) and different types of
nanoparticles for 24h at 37°C and 5% CO2. Adherent and
suspended cells were harvested with Stem Pro Accutase (Gibco
by Life Technologies). After washing step cells were stained using
PE Annexin V Apoptosis Detection Kit I (BD Biosciences)
according to the manufacturer’s protocol and analyzed by flow
cytometry. Alive cells were defined as Annexin V-/7AAD-.
Tumor cell lysis was calculated by the following formula in
case of natural cytotoxicity:

NC ðwithout NPsÞ = (TC + NK) − TC

NC ðwith NPsÞ = (TC + NK + NP) − TC −NP

NP or NP induced killing was calculated as:

NP = (TC + NP) − TC

For antibody-dependent cell-mediated cytotoxicity the
following formula was used:
Frontiers in Immunology | www.frontiersin.org 4
ADCC ðwithout NPsÞ
= (TC + NK + CET) − TC − NC ðwithout NPsÞ

ADCC ðwith NPsÞ
= (TC + NK + CET + NP) − TC − NP − NC ðwith NPsÞ

Flow Cytometric Analysis of NK Cell and
Tumor Cell Markers
After six hour coincubation with nanoparticles, the following
antibodies for the flow cytometric analysis of the NK cell marker
expression were used: CD56-BV421 (12μg/mL, clone NCAM
16.2, mIgG2b,k, BD Biosciences), CD16-BV510 (180μg/ml, clone
3G8, mIgG1, Biolegend), NKp46-PE (CD335, 50μg/ml, clone
9E2, mIgG1, k, Biolegend), DNAM-1-PerCP-Cy5.5 (CD226,
200μg/ml, clone 11A8, mIgG1, k, Biolegend), NKG2D-PE-Cy7
(CD314, 200μg/ml, clone 1D11, mIgG1, k, Biolegend), CD69-
FITC (100μg/ml, clone FN50, mIgG1, k, Biolegend), followed by
a live/dead staining using the fixable viability dye eFluor 780
(eBioscience/Thermo Fisher Scientific, Darmstadt, Germany).
For intracellular staining with anti-IFNg-APC (7.5μg/ml, clone
45-15, mIgG1, k, Miltenyi), cells were fixed and permeabilized
with BD Cytofix/Cytoperm Solution Kit (BD Biosciences). Before
NK stimulation, Golgistop-Monesin (BD Biosciences) was added
to the cells. Ovarian cancer cell surface marker expression were
detected by staining with the following antibodies: MICA-APC
(5μg/ml, clone 159227, mIgG2b, k, RD Systems), UBLP-2/5/6-
APC (10μg/ml, clone 165903, mIgG2a, k, RD Systems), CD54-
PE (100μg/ml, clone HA58, mIgG1, k, Biolegend), and MHCI-
PE (25μg/ml, clone W6/32, mIgG2a, k, Biolegend). The same
fixable viability dye as for NK markers was used. In all flow
cytometry measurements appropriate isotype controls were used:
mIgG1-BV510 (100μg/ml, clone MOPC-21, Biolegend), mIgG1-
PE (50μg/ml, clone MOPC-21, BD Bioscience), mIgG1-PE-Cy-7
(200μg/ml, MOPC-21, Biolegend), mIgG1-FITC (500μg/ml,
clone MOPC-21, Biolegend), mIgG1-PerCP-Cy5.5 (200μg/ml,
clone MOPC-21, Biolegend), mIgG1-APC (200μg/ml, clone
MOPC-21, Biolegend), mIgG2b-APC (200μg/ml, clone MPC-
11, Biolegend), mIgG2a-APC (200μg/ml, clone MOPC-173,
Biolegend), mIgG2a-PE (200μg/ml, clone MOPC-173,
Biolegend). Stained cells were analyzed with BD FACSCanto II
using DIVA 8.01 software (BD Biosciences) or FlowJo10 (LLC,
Ashland, Oregon, USA).

Detection of NK IFNg -Secretion
by ELISpot
The ELISpot-technique was applied for sensitive detection of
IFNg-secreting NK cells. First, Multiscreen 96-well filtration
plate (Merck Millipore) was activated with 35% ethanol and
coated with anti-IFNg-capture antibody (200μg/ml, clone 1-
D1K, mIgG1, k, Mabtech). After incubation at 4°C overnight
the plates were blocked with 200μl of supplemented complete
RPMI-1640-media for 2h at 37°C. After washing step isolated
NK cells were seeded in triplicates and treated with different
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nanoparticle types. NK cells treated with PMA (50ng/ml, Sigma-
Aldrich) and Ionomycin (1μg/ml, Sigma-Aldrich) were included
for positive control. Untreated NK cells were used as negative
control. After incubation with 12,5 μl of calcium phosphate
nanoparticles for 24 h at 37°C and 5% CO2 plates were
washed in the ELISA-Washer (PBS/0,05% Tween-20.)
Biotinylated anti-IFNg-detection antibody (200μg/ml, clone 7-
B6-1, mIgG1, k, Mabtech) was added in 2μg/ml PBS and 1%
BSA. The plates were incubated for 2 h at 37°C, washed and
incubated with 50μl ExtraAvidin alkaline phosphatase (1:1000
diluted in PBS/1% BSA, Sigma-Aldrich) for 2h at the room
temperature. After washing steps 75μl of the ELISpot substrate
BCIP/NBT (Roche) was added and incubated for 5-10 minutes.
Developed cytokine spots were measured using AID Classic
ELISpot Reader and the results were analyzed with AID
ELISpot 7.0 software.

ELISA Analysis of Tumor Cell-Secreted
Cytokines
The supernatant of 50.000 OVCAR4 and SKOV3 cancer cells
incubated with 12,5 μl of calcium phosphate nanoparticles for 24
hours was used to quantify secreted IL-6 and IL-8 using ELISA
kits (R&D Systems, Wiesbaden, Germany), according to the
manufacturer’s instructions.

Conjugation Assay
Adapted from existing literature (24), the conjugation rate of NK
and tumor cells was analyzed in presence of nanoparticles. NK
cells were stained with Cell Tracker Red (Thermo Fisher
Scientific) and tumor cells with Cell Tracker Green (Thermo
Fisher Scientific) according to the manufacturer’s instructions.
NKs (50.000 cells) and tumor cells (200.000 cells) were
coincubated (1:4 ratio) in presence of 1 mg/ml Cetuximab with
or without different types of CaP-NPs in matching
concentrations. After centrifugation (20g (570 rpm), 1 min)
tubes were placed in a water bath at 37°C for 45 min.
Afterward, the samples were retrieved and briefly vortexed. 300
μl of ice-cold 0,5% PFA in PBS was added and samples were
analyzed by flow cytometry.

Live-Cell Microscopy of the NK-Tumor
Cell-Calcium Phosphate Nanoparticle
Interaction
For microscopy, tumor cells, seeded on 4 Chamber slides
(LabTek) the day before, were stained with 500 μl of a 250 nM
Calcein-AM (BD Pharmingen) solution in PBS 3% HS for
30 min in a darkened incubator. After washing, tumor cells
were incubated in medium without phenol red in the dark. NK
Cells were added in a 1:1 ratio and treated with 50 ml of
fluorescent Cy5-CaP-NPs. For Live cell imaging, the Zeiss
AxioObserver.Z1 at the Imaging Center Essen (IMECS) was
used. Pictures of the pre-warmed chamber (37°C for 30 min)
were taken every 4 minutes up to 4 hours. Representative
position of each well and pictures with FITC, Cy5, and
transmitted light channels were recorded. Digital processing
was performed with ImageJ.
Frontiers in Immunology | www.frontiersin.org 5
Microscopy of the Calcium Phosphate
Uptake by Tumor Cells
SKOV3 and OVCAR4 cells were seeded on coverslips and
incubated in media at 37°C and 5% CO2 until confluent,
roughly 72 hours. After replacing media 50μl of FITC-labeled
CaP-S and CaP-S-C were added and incubated for 6 hours. Cells
were washed and resuspended in PBS supplemented with 3% of
human serum. Fixation was done in Cytofix/Cytoperm (BD-
Bioscience) at room temperature in the dark for 15 min. After
washing steps with Permwash (BD-Bioscience) cells were stained
with 1:36000 DAPI/Permwash staining solution at room
temperature for 10 min in the dark followed by washing with
PBS. Stained coverslips were transferred on top of a drop of
mounting liquid (VECTA) cells facing down, stored at 4°C in a
sealed box overnight and scanned with AxioScan (Zeiss) at 488
nm (FITC) and 405 nm (DAPI).

Flow Cytometry Analysis of Calcium
Phosphate Nanoparticle Uptake in Tumor
and NK Cells
For analyzing the uptake of nanoparticles in SKOV3/OVCAR4,
the tumor cells were seeded the day before and incubated with 8,
12 or 20 ml of FITC labeled CaP-S or CaP-P and Cap-S-C in
matched particles number, respectively. Incubation was
performed in the dark, at 37°C, 5% CO2 for 6h. For analyzing
preferential uptake coculture of SKOV3 and NK cells was
incubated with 12,5 ml of different FITC-labeled CaP-NPs
(CaP-P, CaP-S and CaP-S-C) for 3h at 37°C and 5%CO2.
After washing step adherent cells were harvested using
Accutase (Gibco) and resuspended with suspended cells in PBS
3% HS for analysis in the flow cytometer. FITC-positive cells
were defined as cells that bind or take up CaP-NPs.

Statistical Analysis
Data are shown as single values, means as center values and error
bars for the standard deviation (SD). The ordinary one-way
ANOVA test with posthoc Dunnets multiple comparison tests
was used to statistically evaluate the difference between the groups
(Figures 1C, D, Figures 2A–F, Figures 3C, E, Figures 4A–G,
Figures 5A, B). A two-way ANOVA test with posthoc Sidaks
multiple comparison tests were used to statistically evaluate the
difference between more than two groups (Figures 5C, E).
Significance testing was also done using both unpaired t-test
with Welch’s correction and one-way ANOVA with posthoc
Dunnets multiple comparison test (Figures S3 and S4).
Calculations were performed using GraphPad Prism 8 software.
RESULTS

Calcium Phosphate Nanoparticles Are
Biocompatible State of the Art Produced
Nanoparticles
Multi-shell nanoparticles were prepared by precipitation of
calcium phosphate (Figure S1A). Subsequently, the nanoparticle
surface was functionalized with PEI (CaP-P) (Figure S1B) and in
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some cases with silica (CaP-S) (Figure S1C). Functionalization
with PEI was performed to enable incorporation of nucleic acids
and fluorescent molecules. Silica functionalization enabled
conjugation of cetuximab anti-EGFR-antibodies onto the
nanoparticle surface (CaP-S-C) (Figure S1D). Average
hydrodynamic particle diameters were determined by dynamic
light scattering (DLS) to be 129 ± 32 nm for CaP-P, 309 ± 49 nm
for CaP-S and 97 ± 19 nm for CaP-S-C (Figure S1E). Use of FITC
labeled PEI did not change the hydrodynamic radius (Table S1).
Zeta potential of CaP-NPs was between +18 and +28 mV due to
polycationic PEI and not significantly different between the
particle types (Table S1). Electron microscopy showed the solid
particle core and a spherical particle shape (diameter of 72 ± 5 nm
for CaP-P, 64 ± 5 nm for CaP-S and 64 ± 16 nm for CaP-S-C)
(Figure S1F). Conjugation of nanoparticles with an anti-EGFR-
IgG1-antibody, Cetuximab, did not significantly change the
diameter of the particles. The difference in average particle
diameter obtained between electron microscopy and DLS
method is due to some particle aggregation in dispersion.
Additionally, all preparations were tested for endotoxin presence
which was determined to be below the maximum allowed level
(determined <0,1 EU/ml, allowed 0,5 EU/ml) (25).

Unsonicated Aggregated CaP-NPs Serve
as Artificial Targets That Activate NK Cells
The aggregation state and colloidal stability are important
parameters with respect to the biological applications of
nanoparticles, but the effect of aggregated nanoparticles on NK
cells has not been explored yet. We hypothesized that larger
aggregates of nanoparticles could serve as artificial targets for NK
Frontiers in Immunology | www.frontiersin.org 6
cells and thus influence NK cell interaction with tumor cells. To
test this hypothesis, after synthesis, lyophilized CaP-S and CaP-P
NPs were resuspended in sterile distilled water and stored at 4°C
for one to three weeks to allow for aggregation. The presence of
the aggregates was confirmed by DLS measurement (Figure 1A).
Thereafter, live cell imaging was performed on cocultures of NK
cells, SKOV3 ovarian cancer cells and either freshly resuspended
sonicated or long-term stored unsonicated CaP-NPs. From the
recorded images (Figure 1B) and video (Video S1A, https://
cloud.uk-essen.de/f/151ced3991ec41039707/?dl=1 and B,
https://cloud.uk-essen.de/f/79fd353b893541918139/?dl=1) it
can be seen that unsonicated nanoparticles formed aggregates
(marked with black arrow; Figure 1B, right panel) that were of
similar size as tumor cells. Functional NK degranulation assays
revealed substantial NK cell degranulation when NK cells were
coincubated with aggregated nanoparticles compared to the
sonicated ones. (Figure 1C). Based on these data we further
investigated effects of aggregated NPs in additional presence of
ovarian cancer cells (Figure 1D). Addition of aggregated CaP-
NPs to NK-tumor co-cultures still allowed the induction of
substantial antibody-dependent cellular cytotoxicity (ADCC),
which, in our experimental system, was induced by anti-EGFR
antibody. However, the magnitude of ADCC was significantly
reduced compared to control (no CaP-NP added) conditions, an
effect that we did not observe for sonicated CaP-NPs. In
summary, our data suggest, that aggregated CaP-NPs may
cause unspecific and unintentional NK cell activation. This
may finally hinder antitumoral NK cell activity against ovarian
cancer cells under certain conditions, which could lead to
reduced NK cell-mediated tumor cell lysis.
A
B

DC

FIGURE 1 | Non-sonicated aggregated CaP-NPs serve as artificial targets that activate NK cells. (A) Size and particle dispersion of sonicated and agglomerated
CaP-NPs determined by dynamic light scattering. (B) OC cells, NK cells and CaP-NPs were co-incubated for 3 h and subjected to fluorescence microscopy. OC cell
line – calcein green, NK cells – no fluorescence, CaP-NPs – Cy5-red. 20x. Left panel – sonicated; Right panel – not sonicated. NP aggregates shown by black
arrows. (C) NK cells were incubated with 12,5 ml of sonicated or aggregated CaP-P and CaP-S nanoparticle suspensions for 6 h and NK cell degranulation was
determined by CD107a surface staining. Every data point represents a different healthy NK cell donor, N=8 donors. (D) SKOV3 OC cells were coincubated with NK
cells (NC), Cetuximab (ADCC), and sonicated or aggregated CaP-P-NPs or CaP-S NPs for 24 hours and OC cell death was determined by Annexin/7AAD staining.
Every data point represents a different healthy NK cell donor, N=3. Significance testing was done using ordinary one-way ANOVA and posthoc Dunnett’s multiple
comparisons test, significance is assumed for p < 0,05 (*), <0,01 (**), <0,001 (***), <0,0001 (****). No significance between compared groups indicated by ns.
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Fresh and Sonicated Dispersed CaP-NPs
Do Not Activate NK Cells
Based on these findings we turned to sonicated dispersed CaP-
NPs and assessed the effects on NK viability and various
parameters of NK activation. To prevent aggregation, CaP-NPs
were sonicated for maximum 30 seconds, before addition to six
hour coculture assays with NK cells. Viability assays showed that
CaP-P nanoparticles were non-toxic, while CaP-S showed
moderate toxicity when applied at higher doses (Figure 2A).
This cytotoxicity of CaP-S coincided with a slight upregulation of
the activation markers CD69 and NKG2D on the NK cell surface
(Figures 2B, C). Expression of other surface markers such as
CD16 (Figure 2D), DNAM-1 (data not shown) and NKp46
(data not shown) remained unchanged upon co-incubation with
Frontiers in Immunology | www.frontiersin.org 7
CaP-NPs. Using flow cytometry, IFNg-staining (Figure 2E) and
IFNg-ELISpot (Figure 2F), it was confirmed that dispersed
nanoparticles did not cause NK cell activation and any
production or secretion of IFNg compared to unstimulated
controls. These results show that sonicated and dispersed CaP-
NPs do not induce NK activation, except for minor induction of
selected surface molecules in the presence of high NP doses.

CaP-NPs Are Internalized by Ovarian
Cancer Cells, Which Causes Cytotoxicity
After having analyzed effects of CaP-NPs on NK cells, we next
investigated their interaction with ovarian cancer cells. To this end,
we quantified the uptake of CaP-NPs, determined their
cytotoxicity on cancer cells and monitored potential cell
A B

D

E F

C

FIGURE 2 | Sonicated and dispersed CaP-NPs do not induce NK cell activation. NK cells were incubated for 6 hours with different volumes of sonicated CaP-NPs
or water as vehicle control and (A) NK cell viability was determined by Annexin/7AAD staining and flow cytometry. Data points represent four different NK donors and
two technical replications, N=8. After 6h stimulation with CaP-NPs changes in expression of NK cells activation marker CD69 (B), NKG2D (C), and Fcg receptor
CD16 (D) were determined by surface staining flow cytometry. Data points represent four different NK cell donors, N=4. After stimulating NK cells with 12.5µl CaP-P
or CaP-S sonicated nanoparticles for 6 hours (E) IFNg production was determined by intracellular flow cytometry staining. Data points represent 4 different NK cell
donors, N=4. (F) NK cell secretion of IFNg after stimulation with 12.5 ml of CaP-NPs for 24 hours as determined by ELISpot. Y-axis indicated the number of cells or
spots positive for IFNg presence. Data points represent 3 different NK cell donors, N=3. As a positive control in both experiments, NK cells treated with PMA (50ng/
ml) and Ionomycin (1µg/ml) were included. Significance testing was done using ordinary one-way ANOVA and posthoc Dunnett’s multiple comparisons test,
significance is assumed for p < 0,05 (*), <0,01 (**), <0,0001 (****). No significance between compared groups indicated by ns.
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biological activation. Tumor cells were coincubated for 6h with
nanoparticles before detachment and flow cytometry analysis.
Results show that after the treatment the entire tumor cell
population internalized CaP-NPs (Figure S2A) and fluorescence
intensity was increasing with NP dose (Figure 3A). Additionally,
Cetuximab conjugated silica nanoparticles (CaP-S-C) were taken
up faster and stronger compared to CaP-S and CaP-P in OVCAR4
(Figure 3A). These results were additionally confirmed by
microscopy pictures of coverslides seeded SKOV3 and OVCAR4
cells that were incubated for 3h with the CaP-NPs. There it can be
seen that CaP-S-C are more dispersed compared to CaP-S, which
appear as extracellular aggregates or on the cell surface (Figure 3B,
indicated by red circles). Interestingly, CaP-P possess similar
distribution as CaP-S-C. Viability of cancer cell lines OVCAR4
and SKOV3 was determined after 24 hour coincubation with
various doses of sonicated CaP-P (Figure 3C), CaP-S (Figure 3D)
and CaP-S-C (Figure 3E). Similar to Figure 2 (cytotoxicity
towards NK cells), only CaP-S showed toxicity against tumor cells.

Nanomaterials can cause immunomodulatory changes in the
tumor microenvironment (TME). We tested whether CaP-NPs
induced secretion of immunosuppressive cytokines or disbalance
in tumor cell stress ligands, integrins or MHC class I complex, all
important for susceptibility towards NK lysis. Supernatant of
tumor cells treated with CaP-NPs was collected for
measurement by ELISA and cells were analyzed by flow
cytometry to determine expression of tumor cell stress ligand
MIC-A (Figure 4A), ULBP-2,5,6 (Figure 4B), MHCI (Figure 4C)
and CD54 (Figure 4D). In all cases, expression of markers
Frontiers in Immunology | www.frontiersin.org 8
remained unchanged, with a slight tendency of ULBP-2,5,6
downregulation in case of CaP-P addition. The quantification of
secreted cytokines in the coculture supernatant after incubation of
sonicated CaP-NPs showed a high degree of variability for IL-8
(Figure 4E). For both IL-8 and IL-6 (Figure 4F), nanoparticle
addition did not induce strong or significant secretion changes
when compared to vehicle control (H2O). These findings suggest
that CaP-NPs do not significantly affect the expression of
cytokines and ligands for NK receptors on ovarian cancer cells.

In order to address potential effects of aggregated
nanomaterial on tumor cells we also determined the expression
of stress ligands as well as tumor cell viability in the presence of
aggregated CaP-NPs. As shown in Figures S3A, B, the
expression levels of NK-activating ligands on tumor cells were
lower in the presence of aggregated as compared to sonicated
CaP-P NPs. Regarding tumor cell viability there was no
difference of toxicity between aggregated and sonicated CaP-
NPs (Figure S3C). In summary, our data suggest that in
comparison to sonicated nanoparticles the aggregated
nanomaterial may cause structural and functional changes on
tumor cells but without affecting tumor cell viability.

CaP-NPs Do Not Impair Ovarian Cancer
Cell Lysis by NK Cells
In the final part of the study, we performed cocultures of OC and
NK cells in the presence of CaP-NPs in order to test how the NPs
influence the interaction of NKs with their tumor targets. To this
end we analyzed: a) whether the CaP-NPs preferentially associate
A

B D
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C

FIGURE 3 | Internalization of CaP-NPs by ovarian cancer cells and cytotoxicity. (A) Ovarian cancer cells were exposed to different amounts of FITC labeled CaP-
NPs and nanoparticle uptake was measured by flow cytometry after 6 h post addition. Y-axis shows FITC median fluorescence intensity. (B) Representative
fluorescent microscopy images of different CaP-NP (green FITC label) uptake 3h after addition to ovarian cancer culture (top row - SKOV3, middle row - OVCAR4,
bottom row - magnified details from OVCAR4 images. CaP-S aggregates marked with red circle. 40x magnification. Ovarian cancer cell lines (OVCAR4 and SKOV3)
were incubated for 24 h with the different volumes of (C) CaP-P (D) CaP-S and (E) CaP-S-C nanoparticles and cell viability was determined by Annexin/7AAD
staining. Each data point represents individual experiments, N=3. Statistical analysis was done using ordinary one-way ANOVA and posthoc Dunnett’s multiple
comparisons test, significance is assumed for p < 0,05 (*), <0,01 (**). No significance between compared groups indicated by ns.
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with OC or NK cells in co-cultures, b) whether the CaP-NPs
induce changes in expression of functional surface markers on
NK cells during the immune reaction, c) whether the CaP-NPs
modulate natural and antibody-dependent cellular cytotoxicity
(ADCC) of NKs against OC cells, d) whether Cetuximab that was
coupled to CaP-NPs (CaP-S-C) retained ADCC-inducing
activity. Our binding and uptake experiments show that all
Frontiers in Immunology | www.frontiersin.org 9
CaP-NP types are primarily taken up by tumor cells and not
by the NKs. Only a portion of NK cells takes up or binds CaP-
NPs (Figure S2B) and in case of CaP-S-C this is stronger than
CaP-S or CaP-P (Figure 5A). The presence of CaP-NPs did not
negatively affect conjugation between NK cells and SKOV3 cells,
showing that contact to target cells is preserved (Figure 5B). We
next analyzed effects of NPs on NK surface molecules under NK-
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C

FIGURE 4 | CaP-NPs do not affect ovarian cancer cell stress ligands and immune related markers. Ovarian cancer lines (OVCAR4 and SKOV3) were coincubated
with 12.5 ml of sonicated CaP-P or CaP-S suspensions for 24 hours after which cell culture supernatant was collected and expression of stress ligands (A) MICA/B,
(B) ULBP-2,5,6 and expression of (C) MHCI and (D) CD54 were determined by flow cytometry. Y-axis shows delta median. Each data point represents individual
experiments, N=3. The amount of proinflammatory cytokines (E) IL-8 and (F) IL-6 secreted from SKOV3 (OVCAR4 secretion was below detection) was determined
by ELISA. Each data point in the figure represents individual experiments, N=3. Significance testing was done ordinary one-way ANOVA test with posthoc Dunnett’s
multiple comparison tests, significance is assumed for p < 0,05 (*), <0,01 (**). No significance between compared groups indicated by ns.
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tumor co-culture conditions. Especially in the presence of
ADCC-inducing Cetuximab antibodies CaP-S modulated
expression of NKG2D, CD69 and DNAM-1 (Figures 5C–E).
No NP-induced changes were found for CD16 (data not shown)
and NKp46 (data not shown).

Lastly, we tested whether CaP-NPs would affect NK cell
natural cytotoxicity and ADCC response, which is of the
highest importance in our study. Since these responses are the
main mechanisms by which NK cells exert antitumor activity it
was of crucial relevance to investigate whether the CaP-NPs
would impair these functions. To fully assess whether CaP-NPs
cause any impairment on NK cell functionality we have
calculated degranulation and tumor-killing contributions of
individual components of the coculture system, using a
formula explained in the materials and method section
(Cetuximab, different CaP-NP species, NK cells). The detailed
description of experimental conditions and calculated
contributions is included in the legend to Figure 6. A more
direct comparison of the calculated NC and ADCC fractions of
total degranulation (Figure S4A) or tumor lysis (Figure S4B)
was included in the supplementary data. The addition of
dispersed CaP-P (Figure 6A) or CaP-S (Figure 6B) did not
negatively affect NK natural degranulation or degranulation
induced by soluble Cetuximab in both cocultures with SKOV3
or OVCAR4 as there was no significant difference in percentage
of CD56+ CD107a+ NK cells between CaP-NP and control
conditions. Similarly, the overall levels of tumor cell lysis
under natural or antibody-mediated (ADCC) conditions were
also maintained in the presence of CaP-P (Figure 6C). Lastly, it
Frontiers in Immunology | www.frontiersin.org 10
was tested whether CaP-NP coupled Cetuximab would retain
ADCC-inducing functionality. To this end, the activity of CaP-S-
C (Cetuximab coupled to CaP-S) was tested against its internal
control CaP-S (Figures 6B, D). CaP-S-C conjugates retained NK
degranulation inducing activity, although it was reduced
compared to the soluble unconjugated cetuximab used in
control conditions (Figure 6B). When total tumor lysis was
assessed, it remained largely unchanged in the presence of CaP-
S-C when compared to CaP-S (Figure 6D). It must be noted here
that silica-coated NPs display some inherent toxicity for tumor
cells (NP induced toxicity in Figure 6D) that seems to overlap
with tumor cell killing induced by the Cetuximab antibody.
DISCUSSION

The medical nanotechnology has reached multiple medical fields,
since the use of nanoparticles enables new options in diagnostics
and offers novel possibilities in medical therapy. Because of their
potential use as carriers for drugs and immunomodulators,
nanoparticles also represent interesting tools for cancer
immunotherapy (2). Among the broad variety of nanoparticles
CaP-NPs have become attractive tools because of their
biocompatibility, high mechanic stability and standardized
producibility (4).

However, the functional activity of CaP-NPs within biological
environments has not been explored sufficiently. Particularly, the
impact on function of different components of the immune
system is almost unknown. Thereby, it is mandatory for their
A B
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C

FIGURE 5 | Presence of CaP-NPs does not interfere with the NK-target cell interaction. (A) NK-TC 1:1 coculture was coincubated with 12.5 µl of FITC labeled CaP-
NPs for 3 h and percentage of NK cells that take up CaP-NPs was determined by flow cytometry. (B) NK cells and SKOV3 cells were mixed in a 4:1 effector to
target ratio in the presence of 1 mg/ml soluble Cetuximab or a corresponding concentration of antibody that was coupled to NP (CaP-S-C). After 45 minutes of
coincubation, the percentage of the conjugated NK cells was measured by flow cytometry. Each data point represents an individual NK cell donor, N=4. Significance
testing was done using ordinary one-way ANOVA and posthoc Dunnett’s multiple comparisons test, significance is assumed for p < 0,05 (*), <0,01 (**), <0,001 (***).
NK and TC were co-cultured in 1:1 ratio and stimulated with 12.5 µl of sonicated CaP-NPs for 6h. Expression of NK cell activation markers (C) NKG2D, (D) CD69,
and (E) DNAM-1 was assessed by surface staining and flow cytometry. In all experiments, each data point represents NK cells from an individual healthy donor,
N=3. Significance testing was done using ordinary two-way ANOVA and posthoc Sidaks multiple comparisons test, significance is assumed for p < 0,05 (*), <0,01
(**), <0,001 (***), <0,0001 (****). No significance between compared groups indicated by ns.
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use in vivo that nanocarriers do not impair immune cell activity.
Single studies on osseous macrophages revealed that CaP-NPs
enhanced inflammation by modulating macrophages while
osteogenesis was attenuated (26). Other studies could show
that CaP-NPs lead to maturation of antigen presenting cells,
cytokine secretion and activation of cytotoxic T cells resulting in
a strong immune response (9). Natural killer cells (NK cells) are
among the first cells to interact with applied nanoparticles as
these innate immune cells can act without prior sensitization.
Previous studies demonstrated that cationic NPs augmented
cytotoxic activity of NK cells while silver NPs enhanced
expression of inhibitory receptors and thus reduced NK
Frontiers in Immunology | www.frontiersin.org 11
effector functions (27, 28). So far, no studies are available
investigating the interaction between CaP-NPs and NK cells.

Therefore, in this study we investigated how CaP-NPs affect NK-
tumor cell immune interactions. For this, we tested the effects of
different preparations of CaP-NPs in an in vitro model of ovarian
cancer immunotherapy.We cocultured NK cells and ovarian cancer
cells in the presence of therapeutic anti-EGFR antibody Cetuximab
and added triple-shell nanoparticles (CaP-P NPs), silica-shell
nanoparticles (CaP-S NPs) as well as functionalized particles with
Cetuximab bound to the surface of silica-shell-particles (CaP-S-C
NPs). For visualization and uptake studies we included CaP-NPs
with fluorescent dye. In our studies, we examined effects of
A
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FIGURE 6 | CaP-NPs do not inhibit NK cell reactivity and Cetuximab that is conjugated to NPs retains partial ADCC activity. Ovarian cancer cells, NK cells,
Cetuximab and 12.5 µl of CaP-P (A, C) or CaP-S and CaP-S-C (B, D) were coincubated for 6 h or 24 h. Then (A, B) NK cell degranulation (CD107a assay) or
(C, D) tumor cell lysis (Annexin/7AAD assay) were measured by flow cytometry. Cell schematics illustrate the experimental conditions. For each condition the
spontaneous degranulation/lysis (background activity; 1st (starting from left) column), the NP-induced degranulation/toxicity (2nd column), natural cytotoxicity by NKs
(3rd column) and ADCC (5th column) were determined and shown. Fourth column depicts natural cytotoxicity in the presence of NP and 6th column shows ADCC in
the presence of NPs. The 7th column (only panels B, D) shows the degranulation/tumor lysis induced by Cetuximab that was coupled to NPs (CaP-S-C). A more
direct comparison of the calculated NC and ADCC fractions of total degranulation (Figure S4A) or tumor lysis (Figure S4B) was included in the supplementary data.
Both experiments were performed using OVCAR4 and SKOV3 cell lines. Three individual NK cell donors were used.
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nanoparticles on basic cell biological features of ovarian cancer cells.
We mainly focused on the impact of CaP-NPs on cytotoxic and
secretory functions of NK cells targeted against ovarian cancer cells
and defined their role in interaction between NK and tumor cells.

First, we could observe that, over time, CaP-NPs tend to
agglomerate in our culture system. It is known for some time that
nanoparticles form aggregates when exposed to a biological
environment (29). As interactions between CaP-NPs and NK cells
have not been studied so far, we could show here for the first time
that aggregates themselves may serve as artificial targets for NK
cells, which may result in unspecific non-target cell directed
cytotoxic NK cell activity. In line with this hypothesis, the
magnitude of ADCC by NK in the presence of aggregated NP
was reduced when compared to control conditions. In contrast,
properly dispersed CaP-NP, which were generated by short
sonication, did not lead to significant NK cell activation. These
findings were supported by our data from DLS measuring particle
size distribution. DLS data showed that sonication could completely
prevent aggregation of CaP-P NPs, while some small aggregates (up
to 1000 nm) were detected in sonicated CaP-S NPs. Furthermore,
direct interaction between NK cells and aggregates could be
observed during our live-cell imaging-studies. Here we could see
that in coculture of NK and ovarian cancer cells aggregates of CaP-
NPs substantially distracted NK cells from their original target. The
potential biological relevance of this observation was demonstrated
in our direct comparison of sonicated and unsonicated CaP-NPs
influencing cytotoxic NK cell activity. Aggregated particles,
especially CaP-S NPs, enhanced NK cell degranulation in contrast
to sonicated CaP-NPs but in the presence of cocultured ovarian
cancer cells the aggregated NPs tend deviate NK killing away from
their intended cancer targets. Thus, we could show here, that
standardized production and differentiated processing is
mandatory before application of CaP-NPs in vivo in order to
prevent adverse artificial immune cell activation and enable
specific cellular modulation.

Further, we could demonstrate that dispersed CaP-NPs only
showed slight immunotoxicity towards NK cells. This data is
supported by other studies showing that CaP-NPs display low
toxicity due to their composition of endogenous biomineral (4).
However, certain degree of toxicity was observed in cocultures with
CaP-S NPs. Furthermore, toxicity of CaP-S NPs was correlated to
enhanced NK cell degranulation and to a tendential upregulation of
CD69. The advantage of silica shell-containing CaP-S NPs is the
possibility of their functionalization since proteins or antibodies
cannot be covalently bound onto the calcium phosphate surface (8).
Due to our results, certain components which are prerequisites for
functionalization or contribute to the stabilization of particles can
lead to a slight increase in toxicity but do not lead to substantial
impairment of NK function.

In further studies we wanted to define the role of CaP-NPs
during the interaction between NK and ovarian cancer cells.
Principally, we could demonstrate that cytotoxic and secretory
function of NK cells and NK-mediated tumor cell lysis remained
unaffected by different preparations of CaP-NPs. In parallel, we
investigated the expression of different NK cell markers. We could
observe that natural cytotoxicity as well as antibody-dependent
Frontiers in Immunology | www.frontiersin.org 12
cellular cytotoxicity (ADCC) were accompanied by an upregulation
of NKG2D and CD69 and by downregulation of DNAM-1 which
indicates NK cell activation. Interestingly, Cetuximab-
functionalized CaP-S-C NPs were still able to induce ADCC and
tumor cell lysis. However, the antibody conjugation onto the
nanoparticle surface lead to reduced Cetuximab activity (30). One
possible explanation could be that conjugation of randomly
orientated antibodies leads to geometrical inaccessibility or
inactivation of Fc and Fab antibody fragments which could be
responsible for reduced ADCC (31). Another possible mechanism
could be, that nanoparticle-bound Cetuximab is taken up faster by
tumor cells and therefore inaccessible for NK cell interaction in
contrast to free Cetuximab. Even though CaP-S-C nanoparticles
were noted to induce lower NK degranulation in our study, the
degree of tumor lysis is comparable to the ADCC induced by free
Cetuximab which could be due to a fundamentally slightly increased
cytotoxicity of CaP-S-C. Related to NK tumor cell interaction we
also investigated formation of conjugates in presence of different
types of CaP-NPs. Most importantly, addition of CaP-NPs did not
impair the conjugate formation being mandatory for tumor
immune cell interaction. In conclusion, CaP-NPs did not interfere
with antitumoral NK activity but rather induced a slight activation.

In further experiments we studied the uptake of CaP-NPs by
ovarian cancer cells. We could show that all types of CaP-NPs
were taken up by tumor cells in a dose-dependent manner. In
detail, microscopic as well as flow cytometry proved that
functionalized CaP-S-C NP and to a lesser extent also CaP-P
NPs displayed the highest uptake rate. In contrast, CaP-S NPs
tend to form bigger aggregates (up to 10 μm diameter) which
may explain their lower uptake rate and localization on the
surface of the tumor cell. In a coculture of tumor cell and NK
cells all types of CaP-NPs were predominantly bound to or taken
up by ovarian cancer cells while only a small faction interacted
with NK cells. Interestingly, NK cells bind CaP-S-C stronger
than CaP-S NPs which could indicate antibody recognition by
NK cells. Basically, in biological fluids cellular uptake of CaP-
NPs is dependent on size, charge and surface characteristics (8,
32). So, different components like PEI, silica shell or specific
antibodies determine state of aggregation, absorption of proteins
and cellular uptake (33–35). An alternative explanation could be
the targeting-effect by Cetuximab in CaP-S-C NPs, which has
been already described in principle (36). In summary, these
findings show that CaP-NPs do not impair the tumor cytolytic
activity of NK cells and may serve as carriers for therapeutic
functional modulation of tumor cell targets.

Interestingly, the intracellular uptake of CaP-NPs in ovarian
cancer cells did not lead to altered expression of stress-induced
ligands (MIC A and ULBP 2, 5, 6). Additionally, MHC-I and
CD54, crucial receptors for NK cell interaction, also remained
unaffected. This suggests that recognition by immune cells would
be continuously enabled (37). This is consistent with our
observation that uptake of CaP-P and CaP-S-C did not cause
any direct toxicity. This was not to be expected, especially since the
lysosomal escape caused by PEI may lead to necrosis in high
particle concentration (38, 39). According to this, we did also not
observe any enhanced secretion of tumor cytokines (IL-6 and IL-8)
February 2022 | Volume 13 | Article 830938
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which can also serve as measure for toxicity of nanoparticles (40).
In contrast, CaP-S NPs induced moderate dose-dependent direct
toxicity which would argue for a toxic effect of the silica shell.
Summarizing our data, with the exception of silica-shell particles,
CaP-NPs do not exert direct, unspecific cytotoxicity, which would
qualify them for a differentiated immunotherapeutic approach.

In this study we directly added CaP-NPs to tumor-NK
cocultures and assessed their direct potential effects on NK and
tumor cells as well as on their interaction between tumor and NK
cells. In prelimininary work to this project, we also investigated
whether a pretreatment of tumor cells with different preparations
of CaP-NPs could affect susceptibility of OC cells towards NK
cell cytotoxicity. To this end, we pre-incubated tumor cells with
the different CaP-NPs and measured natural cytotoxicity and
ADCC of added NK cells as well as tumor cell lysis. However, no
differences between both settings were observed (data not
shown) further supporting the idea that CaP-NPs do not
impair antitumor activity of NK cells.

In summary, in this study we could demonstrate that CaP-
NPs slightly activate NK cells and do not impair cytotoxic and
secretory NK functions. Importantly, aggregated nanoparticles
which were not dispersed by sonication may serve as artificial
target and deviate NK cells away from their intended targets.
Furthermore, Cetuximab-functionalized CaP-NPs preserved
ADCC functionality. In conjunction, by confirming CaP-NP
biocompatibility, low toxicity and demonstrating efficient
uptake in ovarian cancer cells our study offers options for
integration of CaP-NPs in prospective immunotherapeutic
concepts for cancer therapy.
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Nanoparticle type DLS 
[nm] 

SEM 
[nm] 

PDI Zeta Potential 
[mV] 

[Ca2+] 
[µg/mL] 

CaP Conc. 
[µg/mL] 

Particles/mL Antibodies 
[mg/mL] 

CaP-PEI -CaP-PEI CaP-

PEI_FITC-CaP-PEI 

129 ± 32 
 

131 ± 19 

57 ± 9 
 

72 ± 5 

0.343 
 
 
0.262 

18.0 ± 1.4 
 

17.9 ± 0.8 

62.50 
 
 
39.70 

156.88 
 
 
99.65 

5.12 · 1011 

 

1.61 · 1011 

- 
 
 

- 

CaP-PEI -SiO2-SH CaP-

PEI_FITC-SiO2-SH 

309 ± 49 
 

122 ± 32 

58 ± 7 
 

64 ± 5 

0.140 
 
 
0.382 

22.2 ± 0.4 
 

28.2 ± 1.2 

46.55 
 
 
62.50 

116.84 
 
 
156.88 

3.62 · 1011 

 

3.62 · 1011 

- 
 
 

- 

CaP-PEI -SiO2-S-Cetuximab CaP-

PEI_FITC-SiO2-S-Cetuximab 

97 ± 19 
 

123 ± 26 

88 ± 15 
 

64 ± 16 

0.151 
 

0.246 

18.8 ± 1.5 
 

23.8 ± 2.7 

9.30 
 

34.83 

23.34 
 

87.42 

2.07 · 1010 

 

2.02 · 1011 

0.058 
 

0.053 

Supplementary Table S1. Representative physicochemical properties of different CaP-NPs. 
Notice that different NP species have comparatively similar properties such as size, potential, 
and particle number. 
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Supplementary Figure S1.: Calcium phosphate nanoparticles are biocompatible state of 
art produced nanoparticles. (A) Schematic representations of the chemical steps needed for 
the synthesis of different calcium phosphate nanoparticles. (B) CaP/PEI/SiO2-SH – Silica 
coated CaP-NPs (referred as CaP-S), (C) CaP/PEI/SiO2-S-CET – Silica coated CaP-NPs 
functionalized with Cetuximab antibody (referred as CaP-S-C), (D) CaP/PEI/CaP/PEI – 
Triple shell CaP-NPs (referred as CaP-P). 
(E) Representative nanoparticle  size and distribution quantified by dynamic light scattering. 
(F) 
Representative nanoparticle micrographs obtained by scanning electron microscopy. 
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Supplementary Figure S2.: Uptake of CaP-NPs in cancer cell mono-cultures and co-
cultures with NK cells. (A) Representative plot showing the uptake of CaP-NPs by SKOV3 
cancer cells from Fig. 
4.A after 6 hours, analyzed by flow cytometry. (B) Representative plot showing the uptake of 
12 µl of CaP-NPs in the NK-TC coculture after 3 hours from Fig 6.A, analyzed by flow 
cytometry. 
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Supplementary Figure S3.: Effect of aggregated and sonicated CaP-NPs on cancer cell 
stress marker expression and tumor cell viability. SKOV3 OC cells were coincubated with 
12,5 μl of sonicated or aggregated CaP-P and CaP-S nanoparticle suspensions for 24 h and 
expression of MICA 
(A) and ULBP-2/5/6 (B) was determined by surface staining flow cytometry. (C) SKOV3 
cell lysis after 24 h coincubation with aggregated or sonicated CaP-NPs was determined by 
Annexin/7AAD flow cytometry staining. Data points represent three individual experiments. 
Significance testing was done using paired t-test, significance is assumed for p<0,1 (*), <0,01 
(**). No significance between compared groups indicated by ns. 
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Supplementary Figure S4.: Simplified comparison of the calculated NC and ADCC. NK 
degranulation (A) and tumor lysis (B) in control conditions and the presence of CaP-NPs using 
data shown in the Fig 6. Both experiments were performed using SKOV3 (left panels) and 
OVCAR4 (right panels) cell lines. Each data point represents an individual NK cell donor, 
N=3. Significance testing was done using both unpaired t-test with Welch's correction and 
one-way ANOVA with posthoc Dunnets multiple comparison test, significance is assumed for 
p < 0,05 (*), <0,01 (**). No significance between compared groups indicated by ns. 
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Supplementary Figure S5.: Representative flow cytometry gating strategy for (A) NK 
Degranulation, 
(B) Tumor killing, (C) NK-Tumor cell conjugate assay and (D) Tumor cell stress ligand 
staining. 
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Supplementary Figure S6.: Graphical abstract and summary of the most important findings 
in the study. Figure was assembled using open-source illustrations provided by Sevier Medical 
Art (smart.servier.com). 
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4. Discussion 
 

4.1. What is the origin and role of electrolyte imbalance in the TME? 
 
During potentiometric analysis, we identified electrolyte imbalance (high sodium, low chloride 

and potassium content) as the likeliest immunosuppressive factor. In the literature, 

immunomodulatory effects of ionic imbalances are often studied in the context of “high salt” 

diet, which is defined as sodium above 170 mM. This is often simulated in vitro by adding 40 

mM of NaCl (Probst et al., 2019). It should be stated that the electrolyte-based 

immunosuppression we observed is unlike the “high salt” mechanism. The “high salt” is often 

incorrectly referred to as high sodium condition, while disregarding potential effects of 

abnormal chloride environment concentration. In our ascites samples we did not have high 

concentrations of both sodium and chloride ions, rather high sodium and low chloride. It is 

often reported in high salt studies, that such environment dysregulated T cell proliferation and 

effector function. For example, in CD8+ T cells it induced immunosuppression and allowed 

for tumor immune escape (Zielinski, 2021). Furthermore, high salt environment induced 

transcriptional changes, osmoprotective signaling and altered mitochondrial metabolism, 

consistent with exhaustion. Mechanistic studies described that high salt led to increase in 

intracellular sodium, which interfered with electron transport chain and caused FOXP3 

downregulation (Hernandez et al., 2015).  

 

Our preliminary metabolic studies on ascites exposed NK and T cells have also shown 

dysregulated mitochondrial potential (data not shown) and increased intracellular sodium. 

During our ascites studies we could demonstrate that cytotoxic and secretory NK cell functions 

were significantly impaired by acellular ascites fluid. This was associated with impaired 

upregulation of NK cell activation markers CD69, CD107a, and IFNγ secretion. Additionally, 

the downregulation of DNAM-1 and upregulation of TIGIT were hindered as well, which 

indicated that immunosuppression is not caused by classic NK cell exhaustion. One in vivo NK 

cell study reports that after 15 days of high salt diet, mouse NK cells demonstrated upregulation 

of CD107a, downregulation of PD1 and TIGIT (Rizvi et al., 2021). The effects described in 

most of in vitro high salt studies were achieved after 24h to five days of priming cells. In our 

study, six hours NaCl exposure did not impact NK cell degranulation (data not shown). 

Furthermore, intracellular calcium flux studies have shown inhibition onset after three to four 

minutes. NK cell killing and conjugation were also visibly impaired within 15-30 minutes. 
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These suppressive effects occurred only upon the addition of malignant ascites, but not with 

benign intraperitoneal fluid samples. 

 

Going further we tried to elucidate the exact immunosuppressive mechanism. Since we 

hypothesized that sodium imbalance was responsible for immunosuppression, we investigated 

the effect of sodium channel blockers in sodium-rich ascites coculture. We found that amiloride 

and lidocaine were most effective in preventing ascites-induced changes of intracellular 

calcium and sodium in activated T cells. Amiloride and lidocaine pretreatment also 

significantly reversed ascites-mediated inhibition of NK cell degranulation (six hours) and 

conjugation (45 minutes). Using a similar approach, we confirmed that sodium-induced 

aberrant gene expressions of PIK3CD, PRKCQ, AKT1, and GZMB were reversed by direct 

addition of amiloride. Amiloride was also capable of restoring phosphorylation and membrane 

recruitment of the signaling protein p85-PI3K in NK cells after short activation and exposure 

to an ascites environment (five minutes). The lidocaine mode of action relies on blocking the 

activity of VGSC (X. Yang et al., 2020). On the other hand, amiloride works by directly 

blocking ENaC and NHE-1 in a reversible manner that prevents transient or induced ion flow 

(Kleyman & Cragoe, 1988; Qadri et al., 2012). It should be mentioned that ion channels work in 

unison to maintain electrolyte homeostasis. For example, the sodium influx via VGSC channels 

stimulates the activity of NHE1 (Brisson et al., 2011), which could explain why blocking any 

of these channels in our experimental model yields similar restorative effects.  

 

While electrolyte imbalance has been described in certain TMEs, it is not fully understood how 

this electrolyte imbalance develops. In addition to the peritoneal pressure and vessel 

permeability affecting the imbalance, it has been suggested that sodium can accumulate in the 

tissues, where it binds to the negatively charged matrix glycosaminoglycan (Ito et al., 2023). 

Cytokine signaling, such as EGF has been shown to modulate activity of potassium, chloride 

and sodium channels, which can contribute to their extracellular increase (Bowlby et al., 1997; 

S. P. Fraser et al., 2014; Jeulin et al., 2008). Furthermore, the necrosis-released potassium ions 

can also cause strong T cell suppression by impairing TCR receptor and Akt-mTOR 

phosphorylation through serine/threonine phosphatase PP2A3 (Eil et al., 2016). All of these 

factors likely contribute to the development of electrolyte imbalance within malign ascites 

compared to benign samples we studied.  
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The exact molecular mechanism of ionic immunosuppression is unclear. A possible 

explanation for why electrolytes can modulate protein activity is that ions can bind to their 

protein helices, which changes their conformation and prevents interaction with other ligands 

(Zhou & Pang, 2018). Disrupting the Na+, Ca2+, and H+ homeostasis and respective ion channel 

activities can activate protein kinases and pathways that affect proliferation, invasion, (Bose et 

al., 2015; Leslie et al., 2019) and immunomodulation. Some studies have shown that binding 

of chloride ions to specific residues affected the catalytic activity, stability or function of the 

protein. For example, chloride binding to catalytic subunit has been found to modulate both 

the activity and optimal pH range of human pancreatic α-amylase (Maurus et al., 2005). 

Similarly, chloride binding sites with regulatory function were found to modulate permeability 

of AE1 ion channel (Jennings, 2005). Furthermore, signaling kinases such as JNK2 and WNK1 

have been found to be regulated by intracellular chloride ions. The increase in the intracellular 

chloride concentration activates JNK2 kinase, which triggers Na+/K+ pump in response to 

hypotonicity (Capasso et al., 2003), while the decrease causes WNK1 activation, which 

changes permeability of CFTR to surrounding chloride ions (Piala et al., 2014). These studies 

further highlight the importance of considering other major ions besides the sodium, since their 

imbalance can also affect important signaling and enzymatic processes. Therefore, our high-

sodium, low-chloride and low-potassium ascites cannot be fully equated to high salt (high-

sodium and high-chloride) conditions.  

 

Our study investigated mainly ascites effects on healthy donor NK and T cells in coculture 

system. The electrolyte-based regulatory mechanism we describe is novel and further validation 

could be done by comparing NK and T cells isolated from ascites to ones from patient and 

healthy donor blood. In this ex vivo study, cells would be assessed for their degranulation, 

cytokine secretion and ADCC capabilities. The functional and phenotype changes of NK and T 

cells would be studied via flow cytometry. qPCR and western blot would be used to assess the 

changes in activation and metabolic genes.   

 

4.2. Which other candidates induce immunosuppression in ascites TME? 
 

In our studies we were able to confirm that electrolytes were a major suppressive component, 

but we also considered the possibility that there are additional factors in the ascites that 

contribute to its suppressive effects. Besides classical inhibitory molecules (cytokines, tumor 

cell ligands and metabolites) other important molecules, though not typically inhibitory 
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themselves, can cause suppression when imbalanced. This category includes endogenous 

antibodies, various serum proteins, and electrolytes.. Several studies have shown that 

physiological IgG levels in human serum strongly inhibited NK cell ADCC by competing with 

therapeutic IgG1 antibodies for binding to ADCC receptor CD16 (Li et al., 2018; Preithner et 

al., 2006). Therefore, ascites-derived immunoglobulins could also compete with therapeutic 

antibody and impair ADCC. 

Historically, some healthy serum proteins have been described as inhibitory. In vitro 

experiments have demonstrated that activation of lymphocytes was disrupted by serum 

proteins, such as α-globulin, albumin, and α-1 acid glycoprotein (Elg et al., 1997). It has been 

proposed that some of these essential proteins have context-dependent immunoregulatory 

functions. Recently, a study was published showing that abundant serum proteins like albumin 

and Fab fragment, can also impair ADCC as non-competitive inhibitors (Yanaka et al., 2023). 

In pathologic conditions, their effects are much stronger because of increase in concentration. 

The tumor marker CA125 (MUC16, mucin) also belongs to this group, since it was recently 

shown that at higher concentration it can impair NK cell effector function and prevent 

conjugation to tumor cells (C. C. Fraser et al., 2022; Kline et al., 2017).  

The historical studies which investigated ascites inhibitory mechanisms often contain 

inconsistent reports about the properties (size, heat and protease sensitivity, etc.) of 

immunosuppressive factors (Badger et al., 1981; Fumita et al., 1984; Medoff et al., 1986). The 

failure to fully identify immunosuppressive components in ascites may be due to 

methodological challenges in separating ascites components while retaining full biological 

activity of the sample. Often these studies performed chromatographic fractionalization and 

used precipitation agents or other chemical additives which could lead to the loss of some 

components. 

Since peritoneal ascites can be rich in proteins and antibodies, as was confirmed for our 

samples using nephelometry, we initially suspected that they are the main inhibitory mediators. 

The proposed mechanism was that protein excess interfered with the effector to target 

conjugation and excess of irrelevant IgGs competed with the ADCC-inducing antibody 

Cetixumab. To further explore the contribution of antibodies and proteins, we performed 

dialysis. Electrolyte concentrations were normalized to culture medium levels, in which 

dialysis was performed. Additionally, no substantial loss of proteins or IgG antibodies 

happened during the dialysis. When dialyzed samples were used in degranulation assay, 
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restorative effect could be seen, but still a degree of inhibition persisted. Furthermore, in ascites 

samples without electrolyte imbalance, dialysis did nothing to revert suppression. When the 

suppression degree of dialyzed samples was correlated to the ascites components, we only 

found significant correlation to IgG antibody concentration. Similarly, the correlation between 

NK cell degranulation and IgG antibody concentration in ascites samples with low sodium 

(<145 mM) was significant as well. The addition of healthy donor serum had the same 

inhibitory effect, but serum permeate did not impair NK activity (data not shown). Therefore, 

these data imply that besides electrolytes other components, specifically the IgG antibodies, 

cause suppression as well.  In subsequent studies we plan to isolate ascites antibodies to prove 

mechanistically their suppressive effects. 

We also used fluid composition data to adjust the protein and antibody concentration in our 

coculture system by supplementing the medium with different concentrations of serum proteins 

(albumin) and irrelevant antibodies (Rituximab). When we tested these components using our 

coculture system, we saw a dose-dependent inhibition on NK cell degranulation and 

conjugation when Rituximab or albumin were added (data not shown).  

In the end, we plan to further examine our published and preliminary findings using an in vivo 

mouse model. Currently, there are no in vivo studies regarding ascites immunosuppressive 

mechanisms on immune or NK cells in particular. Likewise, there are no studies that explicitly 

address intrinsic NK cell resistance in ovarian carcinoma and investigate therapeutic solutions. 

Since ascites is a complex environment, such investigation can only be performed using animal 

experiments. We plan to perform the experiments in NOD-SCID-gamma (NSG) mice, which 

is a well-characterized immunosuppressed mouse strain. Mice will be injected intraperitoneally 

with luciferin-transfected human ovarian cancer cell line SKOV3 and human NK92 leukemia 

cell line. This will enable us to study the efficacy of NK cell adoptive therapy and interactions 

between NK cells and tumor entity.  In vivo investigation of fluid microenvironment effects 

will be achieved through intraperitoneal injection of patient or donor derived fluids (peritoneal 

ascites and healthy serum) or several possible suppressive candidates (salt solutions, albumin, 

IgG antibodies and lipids). Given that antibodies and serum proteins can be dysregulated in 

other conditions and fluid compartments, this investigation could provide valuable insights into 

novel immunoregulators and possible treatments. Ion channel blockers and siRNA molecules 

offer potential for normalizing the peritoneal environment and augmenting NK and T cell 

functions. However, given their toxic off-target effects and vulnerability to enzymatic 
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degradation, it is necessary to encapsulate them in functionalized nanoparticles for in vivo 

therapy. 

 

4.3. Therapeutic application of nanoparticles in vivo: 
prerequisites and pre-therapeutic considerations 

 
 
While in vivo application of therapeutic nanoparticles holds promise, caution is warranted, as 

not much is known on how these novel and foreign nanomaterials can interact with the human 

body. The persistent accumulation of such materials can cause severe side-effects such as 

chronic inflammation, blood coagulation and even strong immune response (Zolnik et al., 

2010). This is often accompanied by secretion of signaling molecules, which can impair and 

polarize immune cells. Because of this, it is important that any application should be preceded 

with thorough nanotoxicological studies which consider particle size distribution, surface area, 

charge and aggregation (Zielińska et al., 2020). When we assessed our nanoparticles, we were 

able to demonstrate that sonicated CaP-NPs did not impair cytotoxic or secretory NK functions. 

Nor did they induce the proinflammatory cytokines connected to nanoparticle exposure as 

described in literature. For example, intraperitoneal application of titanium oxide particles 

increased TNF-α, IL-1β and IL-8 in mouse pleural fluid (Moon et al., 2010). The addition of 

CaP-NP presence to the coculture system caused only low unspecific toxicity to both tumor 

and NK cells. However, it should be kept in mind when NPs are incubated in biological fluids 

for longer time, their behavior is altered to the point that they act as haptens and bind 

surrounding proteins (B.-X. Chen et al., 1998; Lee et al., 2004). The new aggregated particles 

with adsorbed proteins could trigger immune response which original sonicated material would 

not trigger. Therefore, the only way to anticipate the in vivo effects is to also perform in vitro 

experiments with unsonicated aggregated particles. 

 

The behavior of nanoparticles in biological colloids and their cellular interactions are strongly 

influenced by particle surface charge, which modulates particle aggregation (Villanueva-Flores 

et al., 2020). For example, when particles are in electrolyte imbalanced solutions, their 

electrostatic repulsion becomes weaker and causes fast homo-aggregation. This can lead to 

easier cell adherence and activation of immune cells (Barbero et al., 2022; Zhao et al., 2021). 

As interactions between CaP-NPs and NK cells have not been studied so far, we performed 

coculture studies to assess their effects on degranulation, tumor cell killing and conjugation. 
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Our study shows for the first time that nanoparticle aggregates may serve as artificial targets 

for NK cells. Direct interaction between NK cells and aggregates could be observed during our 

live-cell imaging studies. Aggregated particles, especially CaP-S NPs, enhanced NK cell 

unspecific degranulation in contrast to sonicated CaP-NPs, but when cocultured with ovarian 

cancer cells the aggregated NPs tend to deviate NK killing away from their intended targets. 

This further highlights the importance of proper study and surface modifications before safe in 

vivo application of CaP-NPs is possible. 

 

In order to prevent adverse immune cell activation and aggregation, NPs are often stabilized 

by conjugating long chained hydrophilic polymers such as PEG (Suk et al., 2016). Particles 

can be further functionalized by covalent binding of specific antibodies on the CaP-NP surface, 

which offers the possibility for individualized targeted cancer therapy. Cetuximab-

functionalized CaP-NPs preserved ADCC functionality of the antibody. When compared to 

free Cetuximab, the degree of induced degranulation was lower, which could imply that 

conjugation decreased antibody efficiency. This likely happens due to random orientation of 

IgGs, which could also conjugate in a manner to make Fc fragment inaccessible to CD16 

(Welch et al., 2017). While this might impair therapeutic effect, the targeting effect of 

antibodies was strong enough to improve CaP-NP uptake. Different technologies could be used 

to ensure that there is no loss of therapeutic antibody efficiency. Studies show that difference 

of in vivo therapeutic effect depends on the degree of IgG fucosylation and other glyco-

modification (Braster et al., 2021). Another approach would be using specific coupling 

methods and reagents that could ensure that Fc fraction is neither blocked nor rendered inert. 

One group developed such a method based on specific adaptor proteins, which can be used to 

tune the amount of functional Fc or Fab antibody fragments (Tholen et al., 2023).  

 

Existing studies have shown that CaP-NPs are promising tools for gene and immunotherapy. 

Both DNA and siRNA have been used as nanoparticle payload for eukaryotic cell transfection 

(Kovtun et al., 2009). CaP-NPs also display comparable transfection efficacy while being less 

toxic than the more often used Lipofectamine (Chernousova & Epple, 2017). Due to these 

properties, CaP-NPs have been applied for in vivo imaging, gene therapy and vaccination. For 

example, CaP-NPs containing MRI contrast agent have been used for targeted and improved 

detection sensitivity (N. Zhang et al., 2020). Furthermore, encapsulation of therapeutic 

molecules such as doxorubicin and siRNA loaded PEGylated CaP-NP have shown in vivo 
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tumor growth arrest (Tobin et al., 2013). In our further studies we wish to capitalize on the 

versatility of this nanomaterial and its interesting properties.  

 

So far, there are only few in vivo studies on the therapeutic use of calcium phosphate 

nanoparticles in ovarian cancer (X. Cheng & Kuhn, 2007; Zhao et al., 2020). We plan to use CaP-

NPs in a previously described NSG mouse model. These CaP-NPs would encapsulate siRNA 

to transiently downregulate either suppressive tumor cell surface markers (MHCI, PD-1, 

CD112 and CD155) or NK cell sodium electrolyte channels (VGSC, NHE-1 and ENaC). To 

assist with targeting tumor or NK cell, the CaP-NP surface could be functionalized with 

Cetuximab or anti-NKp46/anti-NKG2D antibodies, respectively. A similar approach was used 

to treat autoimmunity in a study utilizing liposomes loaded with siRNA against potassium ion 

channels (Hajdu et al., 2013). In one study authors were able to revert immunosuppression 

caused by extracellular potassium by overexpressing potassium channel Kv1.3, which reduced 

its intracellular concentration and rescued in vitro and in vivo effector function of T cells (Eil 

et al., 2016). These studies and our proposed approach combine adoptive immunotherapy with 

targeted gene therapy, promising improved treatment and better patient outcomes.
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5. Conclusion and future perspectives 

In the first part of our study, through correlations, descriptive and mechanistic experiments, 

we demonstrated that a major inhibitory factor in malignant ascites was the imbalance of 

electrolytes, particularly high sodium. Strong in vitro NK suppression as well as low chloride 

concentrations in ascites correlated with poor patient outcomes, suggesting clinical relevance 

of our findings. In future studies we wish to explore therapeutic interventions that are based on 

our findings and investigate other mechanisms of immunosuppression that operate in parallel 

to the mechanisms discovered in our study. Specifically, we wish to: 

I) Develop peritoneal xenograft mouse model in which we can investigate the 

interaction between NK cells, ovarian cancer cells and ascites in clinically relevant 

environment. We would then asses the feasibility of ion channel inhibitors as 

therapeutics. 

II) Investigate what are the effects of malignant ascites and electrolyte imbalance 

on NK and T cell metabolic functions and how it relates to their activation 

III) Evaluate the inhibitory potential of other potential immunosuppressive 

molecules contained in ascites, such as metabolites, proteins and antibodies 

 

In the second part of our study, we revealed that CaP-NPs only slightly activate NK cells and 

do not impair NK effector functions. Cetuximab retained its ADCC functionality even when 

conjugated onto the surface of CaP-NPs. These properties indicate that our nanoparticle 

preparation is safe for biomedical application. Considering the biocompatibility, ease of uptake 

and low toxicity of CaP-NPs, which are desired nanomedical properties, we plan to: 

I) Prepare CaP-NPs loaded with siRNA molecules of prospective targets expressed 

upon ovarian cancer cell (MHC-I, TIGIT ligands, etc.) or NK cell (NHE-1, VGSC 

or other ion channels).  

II) Administer prepared CaP-NPs as siRNA delivery system which would 

downregulate the therapeutic target and possibly leads to the enhancement of NK 

effector function
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