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Abstract

Malignant ascites is a common clinical problem in ovarian cancer. Natural killer (NK) cells are 

present in the ascites but their anti-tumor activity is inhibited. The underlying mechanisms of 

the inhibition have yet to be fully elucidated. Using an Fcγ receptor-mediated NK cell activation 

assay, we show that ascites from ovarian cancer patients potently inhibits NK cell activation. Part 

of the inhibitory activity is mediated by CA125, a mucin 16 fragment shed from ovarian cancer 

tumors. Moreover, transcriptional analyses by RNA sequencing reveal up-regulation of genes 

involved in multiple metabolic pathways but down-regulation of genes involved in cytotoxicity 

and signaling pathways in NK cells purified from ovarian cancer patient ascites. Transcription of 

genes involved in cytotoxicity pathways are also down-regulated in NK cells from heathy donors 

following in vitro treatment with ascites or with a CA125 enriched protein fraction. These results 

show that ascites and CA125 inhibit anti-tumor activity of NK cells at transcriptional levels by 

suppressing expression of genes involved in NK cell activation and cytotoxicity. Our findings shed 

light on the molecular mechanisms by which ascites inhibits the activity of NK cells and suggest 

possible approaches to reactivate NK cells for ovarian cancer immunotherapy.
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Introduction

Ovarian cancer is the leading cause of gynecologic cancer death in the United States and 

the fifth most common cancer-related cause of death in women, with over 22,000 new cases 

and greater than 14,000 deaths per year1. A major factor contributing to ovarian cancer 

morbidity is malignant ascites, the excess accumulation of fluid in the peritoneal cavity, 

occurring in more than one-third of patients2,3. Ascites in ovarian cancer patients may 

promote disease progression throughout the peritoneal cavity via the circulation of viable 

tumor spheroids4,5,6. From there the metastatic cells find other niches to grow, invade and 

increase tumor burden and physiological damage.

Many different cell types are found in ascites, including tumor cells, fibroblasts and immune 

cells, with lymphocytes and macrophages making up ~37% and ~32% respectively7. 

Although immune cells are abundant in the ascites, tumor growth remains unchecked. 

One hypothesis is immune suppression by regulatory T cells (Treg), which are found in 

abundance in ascites of ovarian cancer patients8. There are multiple secreted factors in the 

ascites that may also inhibit immune responses, including factors such as IL-109, and IL-6, 

whose presence correlates with a poor prognosis and outcome10. Cytokine concentration 

in the ascites can exceed serum levels by over 1000-fold11. In addition to cytokines, other 

immune modulators such as chemokines12 and matrix metallo-proteinases (MMPs)13,14 

influence tumor growth and metastasis in ascites15,16,17.

Natural killer (NK) cells were originally identified as immune cells capable of killing tumor 

cells non-specifically. NK cell activation and tumor cell killing is regulated by a combination 

of activating and inhibitory signals. A number of mechanisms are known to control killing. 

These include recognition and lysis of tumor cells that have lost major histocompatibility 

complex (MHC) class I expression, or tumor cells that express stress induced ligands that are 

recognized by NK cell activating receptors. NK cells can also become activated through Fcγ 
receptor III (FcγRIII or CD16) to kill antibody-bound tumor cells, a phenomenon referred 

to as antibody-dependent cellular cytotoxicity (ADCC). Although NK cells are present in 

significant numbers in the ascites, their anti-tumor activity is inhibited by both soluble 

and membrane-bound factors18. It has been known for more than a decade that ascites 

can suppress immune cell activity19,20, including NK cell function in vitro as assessed by 

tumor cell killing21. NK cells purified from ascites have altered activity22. However, in vitro 
expanded NK cells derived from ascites are functional and can effectively kill autologous/

allogeneic ovarian cancer cells23,24,25, suggesting that the impaired activity is reversible.

One of the factors found in abundance in ovarian cancer ascites is mucin 16 (MUC16). 

MUC16 is a heavily glycosylated large transmembrane protein expressed by epithelial 

cells in mucosal tissues. MUC16 is shed from the cell surface through protease cleavage, 

especially under pathological conditions26. CA125 is a repetitive peptide epitope found 

in MUC16 that is recognized by the antibody OC12527,28,29. CA125 concentration in 

ascites fluid can be up to 130-fold higher than that found in serum and local CA125 

concentration in tumors greatly exceeds that found in the serum of ovarian cancer patients30. 

For example, it has been shown that patients with levels of CA125 more than 100 U/mL 

in the serum can have local CA125 concentrations higher than 10,000 U/mL31. Because of 
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the high concentrations associated with ovarian cancer, CA125 has been used as a clinical 

biomarker to monitor ovarian cancer progression32,33,34, and anti-CA125 antibodies are 

being investigated as immune modulators35,36.

One of the cellular targets that may be regulated by CA125 are NK cells. CA125-enriched 

protein fractions from ascites have been shown to inhibit NK cell activation in vitro as 

assessed by CD16 expression. CA125 has been shown to inhibit killing of ovarian and 

breast cancer cells by human NK cells37,38,39. One mechanism whereby CA125 can directly 

protect tumor cells from NK cell-mediated cytotoxicity is by preventing the formation of an 

immune synapse38. The role of CA125 in protecting tumor cells from NK killing is further 

shown by knock-down of CA125 expression in cancer cell lines resulting in increased NK 

cell-mediated killing40. Preliminary evidence suggests CA125 may interact with Siglec-9 

and other lectins to inhibit NK cell activation and cytotoxicity. Despite this progress, the 

mechanisms by which ascites and CA125 inhibit NK cell activation and function are still 

largely unknown.

To address this question, we developed an FcγR-mediated NK cell activation assay where 

the effect of ascites and CA125 on NK cell activation can be readily measured by flow 

cytometry. We also analyzed genome-wide response of NK cells by RNA sequencing to 

ovarian cancer ascites in vitro and compared that response to NK cells purified directly 

from patient ascites. We show that ascites isolated from ovarian cancer patients potently 

inhibits human NK cell activation in vitro and the inhibitory activity is partly due to 

CA125. Our results also show that both NK cell populations share down-regulation of 

NK cell activation and cytotoxicity pathways, which is also inhibited by in vitro treatment 

of NK cells with CA125-enriched fraction from ascites. These results show that ovarian 

cancer ascites and CA125 inhibit activation and cytotoxicity of human NK cells through 

transcriptional suppression and shed light on possible approaches to restore anti-tumor 

activity of NK cells for ovarian cancer immunotherapy.

Materials and Methods

Patient-derived ascites samples

Ascites samples were collected under IRB approved protocols 02-051 (Dana-Farber Cancer 

Institute), 2016P002742 (Brigham and Women’s Hospital), or OS11702 (Department of 

Obstetrics and Gynecology, University of Wisconsin-Madison, Madison). Fluid samples 

represented either excess specimen collected during diagnostic procedures in the operating 

room or outpatient setting or samples collected during therapeutic paracenteses performed 

in the outpatient setting for recurrent ascites. All study subjects had advanced or recurrent 

gynecologic malignancies. In most cases this was Stage III or Stage IV high grade serous 

carcinoma or carcinosarcoma; otherwise, the histology was described clinically as Mullerian 

adenocarcinoma if classification to a precise histologic subtype was not possible. Samples 

were evenly divided between primary disease and recurrent cases. For assays requiring 

NK-cell retrieval, unspun samples were delivered fresh to the laboratory within 1 hour of 

collection. In cases where only the supernatant was required, samples were aliquoted into 

50 ml conical tubes, then centrifuged at 580×g for 5 min in a 4 °C pre-cooled centrifuge to 

separate cell pellets from supernatant. Supernatants were stored at −80 °C in 1 ml aliquots.
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CA125 quantification

CA125 antigen detection assay was performed using a volume-efficient highly sensitive 

multiplex platform (Meso Scale Discovery (MSD), Gaithersburg, MD, USA) based on 

electrochemiluminescence (ECL) detection. CA125 levels in ascitic fluid were detected 

using Imager S600 (MSD) and a single-spot assay (MSD catalog number K151WC) with 

a linearity range of 0.6–10,000 U/ml. The ascitic fluid samples were tested at multiple 

dilutions (1:10, 1:50 and 1:100). A positive quality control (QC) sample was run in duplicate 

on each ESL plate. The QC sample had a mean CA125 concentration of 1553.8 U/ml. 

The coefficient of variation was calculated as 100* (SD/average) for each assay plate and 

between plates. The intra-plate CV% was 11.7%. We have previously reported inter-plate 

CV of this assay of 9.1% to 19%41,42.

MUC16 (CA125) enrichment

Fresh ascites from patients with advanced stage high grade serous ovarian cancer was 

centrifuged at 800×g for 30 min to remove the cellular components. The supernatant was 

processed to isolate MUC16 using a recently established protocol (Schuster-Little et al, 

manuscript submitted). Briefly, the ascites was sequentially filtered through No. 4, No. 6 

and GF/F filters and the filtrate was concentrated using a Pelicon ultrafiltration cassette 

(1,000 kDa molecular cut-off). The retentate from the cassette was loaded on a Q-Sepharose 

ion exchange column (1.5 cm × 50 cm) that was washed with 10 mM Tris-HCL pH 7.0 

followed sequential elution with this same buffer containing 200 mM sodium chloride and 4 

M sodium chloride. The 4 M sodium chloride wash was concentrated by ultrafiltration and 

subjected to size exclusion chromatography on a Sepharose CL-4B column (1.5 cm × 50 

cm) as described previously. The column was eluted with 10 mM ammonium bicarbonate 

and the first excluded peak was pooled and concentrated using a Centriprep (10 kDa 

molecular cut-off) cartridge (Amicon). The centriprep concentration also served as a buffer 

exchange step to remove ammonium bicarbonate buffer and to replace it with phosphate 

buffered saline for use in the cell culture assays. The purity of MUC16 was determined 

by monitoring for CA125 Units per milligram of total protein. The CA125 units were 

measured in the clinical pathology laboratory at the University of Wisconsin Hospital and 

Clinics using the Abbott (Architect) assay format and the total protein was measured using 

the Bicinchoninic acid assay (ThermoFisher). The MUC16 preparations that had a specific 

activity between 700,000–1,500,000 U of CA125 per milligram of total protein were used in 

the biological assays.

Heat inactivation and antibody depletion of ascites and CA125 enriched protein fractions

Heat inactivation: ascites and protein fractions enriched for CA125 were heated at 95°C, 

20 minutes. Antibody mediated CA125 depletion: anti-MUC16 antibody (OC125) (Abcam, 

ab693) was added to ascites or CA125 fractions at a concentration of 1μg/ml. EZ-Link-

NHS-PEG4-Biotin (Thermo Scientific) was added at a concentration of 10nmol/ml and 

incubated on ice for 2 hours or room temperature for 30 min, non-reacted biotin was 

removed by gel filtration. Streptavidin MicroBeads (Miltenyi Biotec) were added to 

samples, incubate 4–8°C for 5 min in the dark then microbeads were removed by magnetic 

separation.
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NK cell isolation from human peripheral blood mononuclear cells and ovarian cancer 
patient ascites

Human peripheral blood mononuclear cells (PBMCs) were isolated from normal donor 

blood (Research Blood Components, Cambridge, MA).100 mL blood was diluted 1:1 

in phosphate buffered saline and then 35 ml overlaid on top of 12 ml Ficoll-Paque 

premium (GE Healthcare, Pittsburgh, PA) in a 50ml centrifuge tube. Tubes were spun 

at 1300 RPM for 30 min, and the transition phase PBMCs collected, diluted in PBS 

with 2% fetal calf serum and spun at 1200 rpm for 10 min. Cells were re-suspended 

in fetal bovine serum and 10% DMSO. PBMC were then immediately frozen at −80 

°C and transferred to liquid nitrogen the following day. For NK cell isolation, frozen 

PBMCs were thawed, re-suspended in PBS with 10% fetal bovine serum (FBS), and spun 

down. NK cells were isolated using a human NK cell negative selection isolation kit 

(Stem Cell Technologies, Vancouver) according to manufacturer’s instructions. To generate 

cytokine-induced memory-like (CIML) NK cells, the purified human primary NK cells 

were incubated overnight (12–16 hours) at 37°C in RPMI10 medium supplemented with a 

combination of rhIL-12 (10ng/mL, StemCell Technologies) + rhIL-15 (50ng/mL, StemCell 

Technologies) + rhIL-18 (50ng/mL, Life Technologies). The resulting CIML NK cells were 

used for cytotoxicity assays.

For NK cell isolation from ovarian cancer ascites, samples were spun at 450×g, 25°C for 20 

minutes and washed twice in in PBS with 2% FBS. Viable cells were counted by trypan blue 

exclusion. NK cells were isolated using EasySep™ Human NK Cell Isolation Kit (Stem Cell 

Technologies, Vancouver) according to manufacturer’s instructions.

NK cell culture and flow cytometry

For CD107 staining, purified NK cells (2 × 105 cells in 200 μL/well) were plated in 96-well 

flat-bottom plate in the presence or absence of 10% ascites and incubated for 24 hours at 

37°C and 5% CO2. After incubation, the NK cells were transferred to 96-well round-bottom 

plates. Separately, target cells (K562 or OVCAR-3) (ATCC) were stained with CellTracker™ 

Red (Thermo Fisher, Waltham, MA) (30 min at 37°C in 5% CO2 incubator). The stained 

target cells (2 ×105 cells in 50μL) were added to the wells containing the control and 

ascites-treated NK cells. The anti-CD107a-PE was immediately added to the co-cultures, the 

plate was centrifuged (300 × g for 1 min) and incubated 37°C in 5% CO2 incubator for 1 

h. After incubation, 1X Protein Transport Inhibitor cocktail (Thermo Fisher) was added, and 

the plate was incubated for an additional 3 hours. After incubation, cells were washed with 

phosphate buffered saline (PBS) containing 1% fetal bovine serum (FBS) and 1 X protein 

transport inhibitor cocktail. DAPI was added to the cells prior to flow cytometry analysis. 

Flow cytometry was performed on the Attune™ NxT cytometer (Thermo Fisher).

For intracellular IFN-γ staining purified NK cells (5 × 106 cells/mL) were incubated 

in media alone or in media containing 10% ascites for 24 hours at 37°C in 5% CO2 

environment. K562 or OVCAR-3 targets (2 × 105 cells in 100 uL) were added to each well 

of a 96-well round-bottom plate. NK cells (1 × 105 per 100 uL) suspended in either NK 

medium or NK medium supplemented with 10% ascites were added to the target cells. Cells 

were centrifuged (30 × g for 3 min) incubated at 37°C for 1 h followed by the addition of 1x 
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Protein Transport Inhibitor cocktail. After 5 h of incubation, cells were washed and stained 

with Ghost Dye™ Red 780 (Tonbo Biosciences San Diego, CA)

After additional washing, the cells were stained for anti-NKp46 (Anti-NKp46-APC (Clone 

9E2/NKp46, BD Biosciences, Franklin Lakes, NJ), fixed using 4 X paraformaldehyde, 

permeabilized by incubation in PBS supplemented with 2% FBS, 2 mM EDTA, and 0.5% 

saponin buffer, and stored in the dark for 10 min at 4°C. The cells were then centrifuged 

and stained (30 min at 4°C in the dark) with anti-IFN-γ-PE (Clone B27, BD Biosciences). 

Cells were washed twice, resuspended in 200 μL staining solution, and analyzed by flow 

cytometry (Attune). All experiments were conducted in triplicate, and data were analyzed 

using unpaired parametric T-tests. Data were analyzed and plotted using the GraphPad Prizm 

software package.

For anti-body mediated NK cell activation, purified human NK cells were cultured in 96 

well flat bottom plates in RPMI, 10% FBS, non-essential amino acids, sodium pyruvate, 

penicillin-streptomycin and β-mercaptoethanol (GIBCO). NK cells were plated at 1 × 105 / 

well and cultured in the presence or absence of ovarian cancer ascites in a final volume of 

100 μL for 24 hours. NK cells were activated by addition of 100 mL of media containing 

1 × 105 GMBL1 cells and 100 μg / ml rituximab (Roche). Cells were co-cultured for 24 

hours and then stained with fluorochrome-conjugated antibodies: CD56 PE, 4-1BB APC, 

CD16 PE Cy7, and CD3 APC (Biolegend, San Diego, CA). Cells were then analyzed using 

either a FACSCanto or LSR2 flow cytometer (Becton-Dickenson) and data was analyzed 

using FlowJo. Statistics was performed using Prism softwear. GMBL1 cells are a human B 

cell leukemia/lymphoma line generated by transducing human CD34+ hematopoietic stem/

progenitor cells with a lentivirus expressing GFP, c-myc and BCL-2 43. GMBL1 cells were 

expanded from a single clone.

NK / tumor cell cytotoxicity assays

For NK cell mediated K562 cell line killing, rested cytokine-induced memory-like (CIML) 

NK cells isolated from the peripheral blood of three donors were cultured with different 

amounts of an ascites mixture containing equal volume amounts of ascites from 5 different 

ovarian cancer patients. Cytokine-induced memory-like (CIML) NK cells were generated 

by pre-activating NK cells in rhIL-12 (10 ng/mL; Miltenyi Biotec), rhIL15 (50 ng/mL; 

Miltenyi Biotec), and rhIL18 (50 ng/mL; BioLegend) in NK MACS Medium (Miltenyi 

Biotec) supplemented with 10% heat-inactivated human AB serum (Sigma-Aldrich). After 

16 hours, pre-activated NK cells were washed 3 times to remove cytokines and cultured 

in NK MACS medium containing 2 ng/mL rhIL-15. 48 hours later K562 target cells were 

added to the CIML NK cells at a E:T ratio of 1:1. Four hours after co-culture cytotoxicity 

was assessed by comparing viable K562 cells (DAPI-/Annexin V-) in each sample to a 

target-only control. For the GMBL1 killing assay, rested CIML NK cells isolated from the 

peripheral blood of four donors were cultured with different amounts of an ascites mixture 

containing equal volume amounts of ascites from 5 different ovarian cancer patients. 48 

hours later GMBL1 target cells were added to the CIML NK cells at a E:T ratio of 1:2.5, 

with or without rituximab (f.c. 100 ng/mL). 6 hours after co-culture the % cytotoxicity 
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was assessed by comparing viable GMBL1 cells (DAPI-/Annexin V-) in each sample to a 

target-only control. Error bars shown are S.D.

Gene expression analysis by quantitative polymerase chain reaction

For quantitative RT-PCR (qRT-PCR) analysis, RNAs were extracted with RNeasy Micro 

kit (Qiagen), as per manufacturer’s instructions. cDNA was generated with SuperScript 

First-Strand (Invitrogen), and quantitative PCR was performed using LightCycler 480 SYBR 

green mix (Roche). Primer sequences are shown in Supplemental Table 5.

RNA sequencing

RNAs were extracted with RNeasy MiniElute kit (Qiagen), converted into cDNA and 

sequenced using Next-Generation Sequencing (Illumina). RNAseq data was aligned to 

the human genome (version hg19) and raw counts of each gene of each sample were 

calculated with bowtie2 2.2.344 and RSEM 1.2.1545. Differential expression analysis was 

performed using the program edgeR at P < 0.05 with a 2-fold-change46. The gene expression 

level across different samples was normalized and quantified using the function of cpm. 

Differentially expressed genes were annotated using online functional enrichment analysis 

tool DAVID (http://david.ncifcrf.gov/)47. The heatmap was visualized with MeV48. Pathway 

image was drawn and modified by BioRender (https://biorender.com) based on the KEGG 

pathway (https://www.genome.jp/kegg/pathway.html).

Statistical Method

Statistical analysis was performed using GraphPad Prism (San Diego, CA).

Data availability

Raw sequences are deposited in the database of Gene Expression Omnibus (GEO) 

with accession ID: ID GSE153713. (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSM4650127).

Results

Human ovarian cancer ascites inhibits activation of NK cells

To test whether ascites may inhibit ADCC of NK cells, we established an in vitro assay 

where NK cells purified from heathy human donor blood were cultured with ascites for 24 

hours and then co-cultured with a CD20-expressing human B cell leukemia line GMBL1 

in the presence of anti-CD20 antibody rituximab (RTX) (Fig. 1a). NK cells from PBMCs 

express CD16 (FcγRIII) but not the co-stimulatory TNF-receptor family member 4-1BB 

(CD137, tumor necrosis factor receptor superfamily 9). Upon engagement of CD16 on NK 

cells with GMB1-bound RTX, NK cells are activated to express 4-1BB but down-regulate 

CD16 expression. We found that like freshly isolated NK cells from blood, NK cells 

expressed CD16 and little 4-1BB following co-culture with GMBL1 in the absence of RTX 

(Fig. 1b). As expected, NK cells lost CD16 but up-regulated 4-1BB following co-culture 

with GMBL1 in the presence of RTX. In contrast, if NK cells were pre-treated with ascites 

Fraser et al. Page 7

J Immunol. Author manuscript; available in PMC 2024 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://david.ncifcrf.gov/
https://biorender.com/
https://www.genome.jp/kegg/pathway.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4650127
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4650127


from ovarian cancer patients, the up-regulation of 4-1BB and down-regulation of CD16 were 

significantly attenuated.

To quantify the inhibitory activities of ascites, we cultured NK cells from 6 different donors 

with 1%, 10% or 30% ascites from 22 different ovarian cancer patients for 24 hours, then 

co-cultured with GMBL1 in the presence of RTX for another 24 hours, and measured 4-1BB 

and CD16 expression levels by flow cytometry. 4-1BB expression levels were increased 

sharply in all NK cell donors tested and the increase was inhibited by increasing percentages 

of ascites added into the culture (Fig. 1c). Conversely, a sharp reduction in CD16 expression 

levels was detected following FcγR-induced NK cell activation, which was inhibited by the 

increasing percentages of ascites added into the cultures (Fig. 1d). These results show that 

ascites contains factors that inhibit-mediated NK cell activation and effector function.

We also examined the effects of ascites on human NK cell activation by assaying CD107a 

and IFN-γ expression after stimulation with tumor cell lines. NK cells purified from 

multiple donor PBMCs were incubated with 10% ascites from multiple ovarian cancer 

patients for 24 hours and then stimulated with either OVCAR-3 or K562. The NK cell 

expression of CD107a and intracellular IFN-γ was assayed by flow cytometry 4–5 hours 

later. In all experiments, a consistent and statistically significant decrease in CD107a and 

intracellular IFN-γ expression was observed in NK cells that were pre-treated with ascites 

FcγR (Fig. 1e–f). Furthermore, we examined the effect of ascites in inhibiting NK cell 

cytotoxicity. For these experiments, NK cells isolated from donor PBMCs were treated 

with IL-15, IL-12 and IL-18 overnight to derived cytokine-induced memory-like (CIML) 

NK cells49,50. CIML NK cells were then pre-treated with ascites pooled from 5 different 

ovarian cancer patients for 48 hours and used to kill K562 target cells or GMBL1 target 

cells with or without rituximab. As shown in Fig. 1 g–h, ascites pre-treatment of CIML 

NK cells significantly inhibited killing of K564 target cells as well as ADCC-mediated 

killing of GMBL1 target cells. Thus, ovarian cancer ascites inhibits NK cell activation and 

cytotoxicity mediated by FcγR and other activating receptors.

Purified CA125 inhibits FcγR-mediated NK cell activation

CA125 is abundant in ovarian cancer ascites and has been reported to inhibit NK 

cell activity in vitro39. To determine if CA125 might be responsible for the observed 

inhibitory activity of ascites in our FcγR-mediated NK cell activation assay, we purified 

a protein fraction (PE90) enriched in CA125 from two patient ascites by size-exclusion 

chromatography and measured CA125 and total protein concentrations (50,808 U/mL 

CA125, 640.6 μg/mL protein). We tested the effect of the purified CA125 on 4–1BB and 

CD16 expression as shown in Fig. 1a, replacing ascites with CA125 fraction PE90. 4-1BB 

up regulation was inhibited with increasing concentrations of purified CA125 fraction PE90 

and was completely inhibited at 150 μg of PE90 (12,000 U/mL CA125) (Fig. 2a). However, 

purified CA125 fraction PE90 did not have any significant effect on CD16 expression even 

at the highest concentration added. This observation was extended when NK cells from three 

different donors were tested (Fig. 2b and data not shown).

We also tested a commercially purchased CA125 purified from an ovarian carcinoma cell 

line. Because azide was present in the commercial CA125, we tested CA125 before and 
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after dialysis as well as azide alone in order to account for potential cellular effects of azide. 

As shown in Fig. 2c, 4-1BB was significantly inhibited by both dialized and non-dialized 

CA125 preparations, but not by azide alone. As with the CA125-enriched PE90 fraction, 

purified commercial CA125 had no significant effect on CD16 expression (Fig. 2d).

We also examined whether the inhibitory activity was heat-labile or could be attenuated 

by removing CA125 using an anti-CA125 antibody. CA125-enriched PE90 fraction and 

ascites were heat inactivated at 95°C for 20 minutes or incubated with anti-CA125 antibody 

(OC125) followed by biotin/streptavidin microbeads and magnetic separation. The heat 

inactivated (HI) or antibody (Ab)-treated PE90 or ascites were used to pretreat NK cells 

for 24 hours, followed by incubation with GBML1 and RTX and flow cytometry. Both 

heat inactivation and antibody-mediated CA125 depletion resulted in partial but significant, 

alleviation of the inhibitory activities of the CA125-enriched PE90 fraction and ascites (Fig. 

2e,f). Together, these results show that CA125 derived from various sources is able to inhibit 

NK cell activation, and depletion of CA125 from a purified protein fraction or from ovarian 

cancer ascites partially blocked their inhibitory activity, suggesting that CA125 constitutes 

part of NK cell inhibitory factors in the ovarian cancer patient ascites.

Inhibition of NK cell activation is not correlated with CA125 concentration in ascites

To determine if inhibitory activity of ascites is correlated with CA125 concentration in the 

ascites, we measured the concentrations of CA125 in 22 ascites samples using a widely used 

clinical assay based on electrochemiluminescence (ECL) detection (Fig. 3a, Supplemental 

Table 1). Although addition of the higher percentage of ascites led to greater extent of 

inhibition of 4-1BB up-regulation and CD16 down-regulation (Fig. 1c,d and 2a,b), no 

correlation between the CA125 concentration in the ascites and the extent of inhibition 

of 4-1BB up-regulation or CD16 down-regulation was detected (Fig. 3b,c), suggesting the 

nature of the inhibitory activity is not entirely due to CA125, consistent with the only partial 

effect of purified CA125 on NK cell activation.

To identify other factors that may be correlated with NK cell inhibitory activity in the 

ascites, we measured a panel of factors known to inhibit NK cells, including MICA, MICB, 

IL-10, and TGF-β41 in ascites from 11 patients by ELISA. Except for MICA, variable levels 

of MICB, IL-10 and TGF-β were detected in different ascites samples (Supplemental Table 

2), but again there was no correlation between the levels of MICB, IL-10 or TGF-β and MFI 

of 4-1BB or CD16 expression on FcγR-activated NK cells (Supplemental Fig. 1). We also 

directly tested the effect of the ascites on CD16 expression on NK cells by culturing freshly 

purified NK cells from two different donors with ascites from 11 patients (in the absence of 

GMBL1 and RTX) for 72 hours. No significant alteration in CD16 expression was detected 

(Fig. 3d). Thus, CD16 expression does not seem to be inhibited by ascites in the absence of 

NK cell activation.

Exposure of NK cells to ascites leads to specific alteration in the transcriptome

To examine the effect of ascites on NK cells at the genome-wide level, we performed 

transcriptional analyses of NK cells with and without exposure to ascites by RNA 

sequencing (RNAseq). The samples included: 1) NK cells isolated from PBMCs of six 
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healthy human donors cultured in media for 24 hours (healthy donor NK cells or HD), 2) 

NK cells from the same six healthy human donors but cultured with 30% ascites from two 

different ovarian cancer patients separately (ascites-treated NK cells or A1 and A2), and 3) 

NK cells purified directly from ascites of six different ovarian cancer patients (patient NK 

cells or PA). The purity of NK cells (>95% CD56+) and numbers of NK cells from 6 ascites 

are shown in Supplemental Fig. 2. RNA was isolated from the 24 samples and subjected to 

RNAseq. Principal component analyses showed that 6 healthy donor (HD) NK cell samples 

clustered together; 12 ascites-treated NK cell samples (A1 and A2) clustered together; and 6 

patient ascites (PA) NK cell samples clustered together (Fig. 4a). These results suggest that 

most of the observed transcriptional changes are associated with the conditions under which 

the NK cells were exposed, with relatively low donor to donor variability.

Hierarchical clustering identified seven broad categories of gene expression patterns (Fig. 

4b). These included transcripts that were up or down-regulated in both patient ascites and 

ascites treated NK cells (clusters C3 and C4). Detailed pathway analysis of differentially 

expressed genes (DEGs) revealed that a number of down regulated gene pathways involved 

in NK cell activation were conserved in both ascites-treated NK cells and patient ascites 

NK cells, including those involved in integrin signaling, leukocyte migration, NK cell 

cytotoxicity, adhesion, MAPK signaling, and cell activation (TCR/BCR). These data suggest 

that in vitro exposure of NK cells to ascites mimics exposure of NK cells to ascites 

in vivo, resulting in an immunosuppressive state. Differential gene expression analysis 

between patient NK cells and healthy donor NK cells also revealed some remarkable 

changes (Fig. 4c and Supplemental Table 3). Genes that were differentially up-regulated in 

patient ascites NK cells were primarily involved in metabolic pathways, including oxidation-

reduction, glycolysis, fatty acid beta-oxidation, carbon metabolism and amino sugar and 

nucleotide sugar metabolism. In contrast intracellular signal transduction pathways were 

down-regulated in patient ascites NK cells, including type I interferon signaling, TCR, 

BCR, and phosphatidylinositol pathways. These results suggest that most of the observed 

transcriptional changes were linked to an activated metabolism and suppressed intracellular 

signaling pathways in patient NK cells.

Exposure of NK cells to ascites both in vivo and in vitro lead to transcriptional inhibition of 
cytotoxicity pathway

We further examined the transcriptomic differences and similarities between patient NK 

cells and ascites-treated NK cells. These two sources of NK cells had a significant number 

of DEGs in common that were either up or down regulated (444 and 312 genes, respectively) 

(Fig. 5a and Fig. 4b). Clustering analysis revealed similarities in many cellular processes 

(Fig. 5b). For example, patient NK cells and ascites-treated NK cells had in common 

up-regulation of gene expression in the inhibitory p53 pathway, whereas gene expression in 

both Wnt and Rap1 pathways were down-regulated (Fig. 5c, Supplemental Table 4). Several 

other gene sets relevant to NK cell function were also similarly inhibited including NK cell 

cytotoxicity, focal adhesion, and both MAPK, Wnt and TNF signaling. Overall the pattern of 

DEGs points to suppressed NK cell function when exposed to ascites.

Fraser et al. Page 10

J Immunol. Author manuscript; available in PMC 2024 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We characterized the genes in the GO NK cytotoxicity pathway that were down regulated 

and shared between patient NK cells and ascites-treated NK cells (Fig. 6a). The most 

down-regulated genes included IFN-γ, KIR2DL1, KIR2DL3, KIR2DS4, HCST, ITGB2, 

and NCR3. To validate their differential expression, we quantified transcript levels of 

granzyme B (GZMB), integrin αL (ITGAL), integrin β2 (ITGB2), DAP10, ZAP70, 

phosphatidylinositol 3-kinase regulatory subunit β (PIK3R1), NKp30, and NKp46 by 

quantitative PCR (qPCR). The results confirmed down-regulation of these transcripts in 

patient NK cells (Fig. 6b). Down-regulation of these transcripts in ascites-treated NK cells 

was less pronounced but still significant, with the largest differences in expression compared 

to healthy donors being ITGB2 and NKp30. In addition, we treated freshly isolated NK 

cells from two healthy donors with CA125-enriched fraction P1 isolated from ascites of an 

ovarian cancer patient for 24 hours, isolated RNA and performed qPCR. As shown in Fig. 

6b, CA125 treatment also down-regulated the levels of all eight transcripts, suggesting that 

CA125 contributes partly to the transcriptional inhibition in NK cells.

Based on data from the transcriptomic analysis, we defined the specific genes in the NK 

cell cytotoxic pathways that were similarly down-regulated in patient NK cells and ascites-

treated NK cells (Fig. 6c, Supplemental Fig. 3). These included NK cell activation receptors, 

such as NKp30, NKp46, KIR2DL, ITGAL and ITGB2; intracellular molecules, such as 

DAP10, ZAP70, PI3K, RAC and PKC, involved in NK cell signaling and activation; and 

effector molecules, such as IFN-γ, granzyme B and perforin, involved in killing target cells. 

Additional cell surface receptors and intracellular signaling molecules, such as NKG2D, 

4B4, NKp46, KIR2DS, CD94, LCK, LAT, 3BP2, and NFAT, were down-regulated in 

patient NK cells but not in ascites-treated NK cells. These results show that transcriptional 

activation of cytotoxicity and signaling pathways is inhibited in NK cells from patient 

ascites and following ascites-treatment in vitro.

Discussion

Malignant ascites is a major factor contributing to ovarian cancer recurrence and mortality. 

Ovarian cancer ascites contains immune cells and soluble factors that can inhibit cellular 

immune response in vitro8,9. NK cells, which normally exhibit potent tumoricidal activity, 

are one of the immune cell types found in ascites. In order to evaluate if ascites can 

suppress NK cell functional response, we used a cell based assay where NK cells are 

activated by FcγRIII (CD16) cross-linking to cell-bound antibody complexes. The approach 

is significantly different from those used in the past to test for inhibitory activity of ascites 

because it is mediated by antibody bound tumor cells, and the read out is up-regulation 

of 4-1BB, analyzed 24 hours after stimulation. In contrast, in previously published assays 

NK cells were cultured without stimulation for 72 hours and then analyzed for CD16 

expression39. The assay we employed requires both cells expressing the antigen (in this 

case CD20 on GMBL1 cells) and an antigen-specific antibody (anti-CD20 or rituximab). 

Antibody binding to the FcγRIII on NK cells results in up-regulation of the co-stimulatory 

molecule 4-1BB and down regulation of CD16. Our results show that ascites inhibit FcγR-

mediated NK cell activation.
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CA125 is found at high but variable concentrations in ascites and has been shown to inhibit 

NK cell activity in vitro, and that incubation of NK cells with purified CA125 in vitro 
without additional stimulation down regulated CD16 and inhibited NK cell tumoricidal 

activity39. We observed that CA125 purified from ovarian cancer patient ascites and from 

an ovarian cancer cell line inhibited FcγR-mediated NK cell activation as assessed by up 

regulation of 4-1BB. Conversely, NK cell inhibitory activity could be partially removed 

by CA125 depletion and heat inactivation. It has been reported that a role of CA125 in 

inhibiting NK cell ADCC was mediated by suppressing FcγR engagement by antibodies51. 

Although we did not observe down regulation of CD16 expression in response to FcγR-

mediated NK cell activation with purified CA125, CD16 down-regulation was inhibited by 

ascites. These results suggest that there are likely additional factors in the ascites that inhibit 

different aspects of NK cell activation and function.

We observed a dosage-dependent inhibition of 4-1BB up-regulation or CD16 down-

regulation on NK cells when cultured with ascites. However, we found no correlation 

between concentration of CA125 in the ascites and up-regulation of 4-1BB or down-

regulation of CD16 on NK cells. The lack of correlation may highlight the limit of 

knowledge regarding the potential active forms of MUC16-derived CA125, in that the 

protein detection assay may not fully reflect the concentration of the biologically active 

form. This notion is consistent with the presence of additional factors other than CA125 

in the ascites that modulate CD16 expression on NK cells. Attempts to target CA125 

using antibody therapeutics has limited success52,53. Among potential explanations for the 

failure is lack of understanding of MUC16 biology, for example kinetics, cleavage and 

shedding54,55 have yet to be fully understood. It is also possible that inhibition is mediated 

by a CA125-interacting protein, glycan or lipid, rather than CA125 itself.

To further investigate the mechanisms by which ascites and CA125 inhibit NK cell 

activation and function, we examined at the whole genome-level transcriptional changes 

by RNAseq and compared NK cells from healthy donors with or without ascites treatment 

for 24 hours and NK cells purified from ovarian cancer patient ascites. NK cells derived 

from multiple donors had similar overall RNA profiles suggesting the dominant effect of 

ascites on NK cells over individual variations among patients. Considering ovarian cancer 

ascites contains various number of tumor cells and immune cells, and various concentrations 

of cytokines, chemokines and proteases3, it is therefore surprising that we found consistency 

among multiple donor NK cells, whether isolated directly from ascites, or cultured in vitro. 

The RNA profile of NK cells purified directly from ascites was profoundly different from 

that of normal donor NK cells purified from peripheral blood. Among the up-regulated 

genes, many are involved in metabolic pathways of amino acids, nucleotides, sugar, and 

fatty acids. Because cellular metabolism is required for normal NK cell function56, the 

transcriptional changes in a large number of metabolic pathways in patient NK cells are 

striking and suggest NK cells from ascites are wired differently from those of normal NK 

cells from blood.

Among the down-regulated genes in NK cells from ascites, many are involved in NK 

cell cytotoxicity, MAPK, RAP1 and Wnt signaling pathways. Notably, the same pathways 

are also down-regulated when NK cells were treated with ascites in vitro for just 24 
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hours. These results suggest that transcriptional down-regulation of cytotoxicity and various 

signaling pathways is rapid in NK cell following exposure to ascites. They also underlie 

the molecular mechanisms through which ascites inhibit NK cell activation and function. 

Furthermore, eight of the selected genes in NK cell cytotoxicity pathways were also rapidly 

down-regulated upon treatment of healthy donor NK cells with a CA125 fraction for 24 

hours, suggesting that CA125 also inhibits NK cell activity through the same mechanism. 

Our findings reveal molecular mechanisms by which ascites and CA125 inhibit NK cell 

activation and function and shed light on how to reverse NK cell activity for ovarian cancer 

immunotherapy.
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Refer to Web version on PubMed Central for supplementary material.
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Key Points

1. NK cellular response is inhibited by ovarian cancer patient ascites.

2. Ascites alters NK cell gene expression involved in activation and cytotoxicity.

3. CA125, found in high concentration in ascites, inhibits NK cell function.
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Figure 1. Ascites from human ovarian cancer patients inhibits FcγR-mediated NK cell activation 
in vitro.
a, Schematic of the assay used to evaluate inhibition of NK cells in vitro. Human NK cells 

are purified from PBMCs of healthy donors and pre-treated for 24 hours in the presence or 

absence of ascites. To activate NK cells, rituximab (RTX) and the CD20+ lymphoma cell 

line GMBL1 are added and the cells are cultured for another 24 hours. CD16 and 4-1BB 

expression are analyzed using flow cytometry. Naïve NK cells express CD16 but little 

4-1BB and activated NK cells express 4-1BB but down-regulate CD16. b, Representative 

flow cytometry analysis of 4-1BB and CD16 expression on NK cells incubated with 

GMBL1 alone (no ascites pre-treatment and no RTX), or incubated with GMBL1 and 

RTX (no ascites pre-treatment), or pre-treated with 30% ascites followed by incubation 

with GMBL1 and RTX. Live NK cells (CD56+ GFP− DAPI−) are gated free of GFP+ 

GMBL1 lymphoma cells and then analyzed for CD16 or 4-1BB expression. The numbers 

indicate mean fluorescent intensity (MFI). c and d, Compilation of the effects of different 

percentages of ascites from 22 ovarian patients on 4-1BB (c) and CD16 (d) expression 

on NK cells from 6 different donors. NS: NK cells were incubated with GMBL1 alone 

without ascites pre-treatment nor RTX (negative control); RTX: NK cells were incubated 

with GMBL1 and RTX without ascites pre-treatment (positive control); 1, 10 and 30: NK 

cells were pre-treated with 1%, 10% or 30% ascites from 22 ovarian cancer patients for 24 

hours and then incubated with GMBL1 cells and RTX for another 24 hours. Flow cytometry 

analyses were done in the same way as in b. Each dot represents MFI of 4-1BB or CD16 of 

one NK cell sample. e and f, Human NK cells were purified from PBMCs of healthy donors 

and pre-treated for 24 hours in the presence or absence of 10% ascites (ASC). OVCAR-3 

cells (e) or K562 cells (f) were then added to the NK cell cultures for 4–5 hours and NK 

cells were analyzed by flow cytometry for expression of intracellular IFN-γ or CD107. NK 
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cells from 3 different PBMC donors and ascites from 3 different patients were assayed in 

response to OVCAR-3 and NK cells from 6 different PBMC donors and ascites from 5 

different patients were assayed in response to K562. All experiments were done in triplicate. 

Data shown are compilation of results from different donors and ascites. g and h, NK cells 

isolated from PBMC donors were treated overnight with IL-15, IL-12 and IL-18 and then 

cultured with an ascites mixture from 5 different patients for 48 hours. K562 target cells 

were added at a E:T ratio of 1:1 and 4 hours later cytotoxicity was assessed by comparing 

viable K562 cells (DAPI−/Annexin V−) in each sample to a target-only control (g). Or 

GMBL1 target cells were added to the NK cell culture at a E:T ratio of 1:2.5, with or 

without rituximab and 6 hours later cytotoxicity was assessed by comparing viable GMBL1 

cells (DAPI−/Annexin V−) in each sample to a target-only control (h). All experiments were 

done in triplicate. Shown are results of NK cells isolated from three (g) or four (h) PBMC 

donors. Each line represents a different NK cell donor. Error bars are standard deviation. 

Statistical analysis was performed using one-way Anova (a-b) and an unpaired T-test (e-h). 

*p<0.01, **p<0.001, ***p<0.0001 comparing MFI of the indicated samples.
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Figure 2. CA125 is partially responsible for NK cell inhibitory activity of ascites.
a, Representative flow cytometry analyses of 4-1BB and CD16 by NK cells with and 

without pretreatment with CA125-enriched protein fraction PE90 from ascites. The same 

as in Fig. 1a, freshly purified human NK cells were cultured for 24 hours with or without 

5, 50 and 150 μg of PE90 (400, 4000 and 12000 U CA125 respectively). Then, GMBL1 

and/or RTX were added into the culture and incubated for another 24 hours followed 

by flow cytometry. The numbers indicate MFI. b, Comparison of MFI of 4-1BB on NK 

cells from three different donors with or without pre-treatment with different amount of 

PE90 for 24 hours prior to stimulation with GMBL1 and/or RTX. c and d, Comparison 

of MFI of 4-1BB (c) and CD16 (d) on NK cells from three different donors with or 

without pretreatment with dialyzed and non-dialyzed commercial CA125 (0.1% azide stock) 

or with dialyzed and non-dialyzed 0.1% azide stock in PBS. The final concentration of 

azide in cultures was 0.03% for both CA125 or azide alone cultures. NS: no pretreatment; 

PBS; pretreatment with PBS; AZ: pretreatment with azide; CA125: pretreatment with 

commercially purified CA125 (17kU/mL); dAZ: pretreatment with dialyzed azide (against 

PBS); dCA125: pretreatment with commercially purified CA125 dialyzed against PBS. e, 

The effect of heat and antiCD125 antibody treatment of CA125-enriched fraction PE90 

on 41-BB expression in the ADCC-mediated NK cell activation assay. PE90 fraction was 

heat inactivated at 95°C for 20 minutes (PE90 HI) or incubated with anti-CA125 antibody 

(OC125) followed by EZ-Link-NHS-PEG4-Biotin, streptavidin microbeads and magnetic 

separation to remove CA125 (PE90 Ab). NK cells from 4 different donors were then 

pretreated with heat inactivated or anti-CA125 treated PE90 for 24 hours, followed by 

incubation with GMBL1 and RTX for another 24 hours before flow cytometry assay for 

4-1BB. The experiments were repeated once with 3 of the 4 donor NK cells. Combined 

data are shown. f, The effect of heat inactivation and anti-CD125 antibody treatment of 

patient ascites (ASC) on 41-BB expression in the ADCC-mediated NK cell activation assay. 

The assay was done in the same way as in e, except PE90 fraction was replaced with 

ascites. Statistical analysis was performed using one-way Anova. *p<0.05, **p<0.001, ***p 

< 0.0001 comparing MFI of the indicated samples.
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Figure 3. CA125 concentration in ascites does not correlate with inhibition of 4-1BB up-
regulation or CD16 down-regulation.
a, Concentrations of CA125 in 22 ascites as measured by using a volume-efficient highly 

sensitive multiplex platform (Meso Scale Discovery) based on electrochemiluminescence 

(ECL) detection. The ascites samples were measured at multiple dilutions (1:10, 1:50 and 

1:100). A positive quality control sample was run in duplicate on each ESL plate. b and c, 
Correlation analysis comparing CA125 concentrations in ascites to their effects on 4-1BB or 

CD16 expression (MFI) on NK cells. NK cells from three different donors were pretreated 

with 22 ascites at 10% concentration, followed by incubation with GMBL1 and RTX for 24 

hours and flow cytometry (from Fig. 1c and 1d). MFI of 4-1BB (b) or CD16 (c) are plotted 

against CA125 concentration from each ascites. d, Correlation analysis comparing CD16 

expression on NK cells to CA125 concentration. NK cells from two different donors were 

cultured in the presence or absence of 10% ascites for 72 hours without addition of GMBL1 

cells and RTX. NK cells were then analyzed for CD16 expression by flow cytometry. CA125 

concentrations in 11 ascites are plotted versus MFI of CD16 on NK cells from donor 1 and 

donor 2.
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Figure 4. Ovarian cancer ascites specifically alters NK cell transcriptome.
RNAseq was performed on NK cells from 6 healthy donors, NK cells from the same 6 

healthy donors treated with ascites 1 or ascites 2, and NK cells from 6 ovarian cancer 

patient ascites. a, Principal-component analyses (PCA). b, Hierarchical clustering analysis 

of the top differentially expressed genes. Data were log transformed and scaled. Seven 

unique groupings were identified according to expression patterns. c, Enriched GO terms 

and pathways of significantly regulated genes between patient or ascites treated NK cells 

and healthy donor NK cells in clusters 1–6 shown in b.
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Figure 5. Patient NK cells and ascites-treated NK cells show similarities in transcriptomic 
profiles.
a, DEGs shared between ascites-treated NK cells and patient NK cells. b, Hierarchical 

clustering analysis of DEGs that are either up-regulated (n = 444) or down-regulated (n 

= 312) in both ascites-treated NK cells and patient NK cells. c, Enriched GO terms and 

pathways of the significantly up- or down-regulated genes in both ascites-treated NK cells 

and patient NK cells as described in (a).

Fraser et al. Page 23

J Immunol. Author manuscript; available in PMC 2024 February 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Transcriptional activation of cytotoxicity pathway is inhibited in patient NK cells and 
ascites-treated NK cells.
a, Hierarchal clustering analysis of genes involved in NK cytotoxicity pathway (n = 27) that 

are differentially down regulated and shared between patient NK cells and ascites-treated 

NK cells. HD, A1, A2 and PA are the same as in Fig. 4. b, Quantitative PCR analysis for 

the transcript levels of the selected genes involved in NK cell cytotoxicity pathway. HD, 

A1 and PA were four of the six RNA samples used for RNAseq as described in Fig. 4. 

Samples of P1 fraction were RNA isolated from two healthy donor NK cells following 

treatment with CA125-enriched P1 fraction for 24 hours. c, KEGG pathway map of NK 

cell cytotoxicity with those genes that are down-regulated either in patient NK cells or 

ascites-treated NK cells indicated. Solid green bars next to the gene names indicate genes 

that are down regulated in ascites-treated NK cells (left) and patient NK cells (right). Open 

bars indicate no down-regulation in ascites-treated NK cells. The pathway image was drawn 

and modified by Biorender based on the KEGG pathway (hsa04650).
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