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ABSTRACT OF THE THESIS 

 

Mechanism of Natural Killer Cells Mediated Lysis and Differentiation of Ovarian Tumors 

 

by 

 

Nishant Rajeshbhai Chovatiya 

Master of Science in Oral Biology 

University of California, Los Angeles, 2021 

Professor Anahid Jewett, Chair 

 

 Advances in Cancer Immunology has provided a deeper understanding of function of 

immune system in the progression of cancer and application of it in cancer. Especially, Natural 

Killer (NK) cells, without necessity of prior sensitization, have an ability to target cancer cells, 

specifically cancer stem cells but not their differentiated counterpart. It has been shown that NK 

cells induced Interferon – gamma (IFN-γ) and Tumor necrosis factor – alpha (TNF-α) leads to 

the expression of major histocompatibility complex class – I (MHC-class I) on cancer cells 

surface and induces differentiation in cancer stem cells. In this study, we have studied NK cells 

mediated lysis and differentiation of seven different types of ovarian cancer cell lines. OVCAR8 

and CaOV3 showed highest sensitivity to NK cells mediated cytotoxicity. IFN-γ and TNF-α 

induced differentiation in all ovarian cancer cell lines being studied, with the exception of 

OVCAR8 and CaOV3, and enhanced cytotoxicity of chemotherapeutic drug Carboplatin against 

them. 
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Introduction 

 

Ovarian Cancer 

Ovarian cancer is a type of cancer involving female reproductive organ, ovaries, which are 

responsible for producing ova, and hormones – estrogen and progesterone. It usually goes 

undetected before it spreads to abdominal cavity or into the pelvis, and during this late stage it is 

very hard to manage ovarian cancer [1]. Based on origin, there are three types of Ovarian 

cancers.  

1. Epithelial: It comprises of 90% of the ovarian cancer and begins in the outermost 

peripheral epithelium lining the ovaries [1]. It is the most heterogeneous among and is the 

most fetal gynecological cancer [2].  

2. Stromal: It comprises of 7% of the ovarian cancer and begins in the hormone producing 

cells of the ovaries [1]. 

3. Germ cell tumors: It is rarest among all and beings in the ova producing cells [1]. 

As advanced ovarian cancer is still incurable now a days, ovarian cancer remains most lethal 

gynecological cancer in the western world and is top five leading cause of death due to 

malignancy in the United States of America [2-4]. Mortality rates for ovarian cancer has not been 

changed since very long even though after introduction of newer treatments or chemotherapeutic 

drugs [2]. There are more than 100 epithelial ovarian cancer cell lines exists and we studied the 

interaction of NK cells with seven of them – OVCAR3, OVCAR4, OVCAR8, SKOV3, 

Kuramochi, OAW28, and CaOV3 – here in this study, and how NK cells induced differentiation 

in ovarian cancer cells can enhance cytotoxicity of chemotherapeutic drug (Carboplatin). 
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OVCAR3 

 OVCAR3 is an ovarian carcinoma model which was established by T.C. Hamilton, et al. 

in 1982 from malignant ascites of a patient with ovarian adenocarcinoma [5]. It is mainly being 

used to study drug resistance in ovarian carcinoma. Presence of surface hormone receptors make 

it a good candidate for the hormonal therapy research [6]. In addition to hormonal receptors, 

OVCAR3 expresses MUC16 receptor (Mucin 16), CA-125 (cancer antigen 125), Type I 

glycoprotein on the surface [7, 15]. It has been known that MUC16 is an inhibitor of NK cell 

cytotoxicity [8]. It has been established that MUC16 interacts directly with NK cells and 

incubation of health human NK cells with MUC16 results in marked decrease in surface 

expression of CD16 on NK cells [8, 9]. In addition, MUC16 acts as an anti-adhesive agent and 

disables NK cells to form immune synapse on target cells and subsequently restricts NK cell 

activation and lysis of target cells [10, 11, 12]. And because of higher surface expression of 

MUC16, health human donors derived NK cells are deficient to lyse OVCAR3 [13, 14]. But 

MUC16low OVCAR3 cells selectively did conjugate with NK cells about 7 folds more, in 

comparison to MUC16high OVCAR3 cells, and MUC16low OVCAR3 cells shows higher surface 

expression of NK cell activating molecules DNAM-1 (CD226) and NKG2D ligands [7]. 

However, to this date, there has been no studies conducted to determine differentiation stage of 

OVCAR3 cells. Here in this study, we evaluated effect of key NK cells activating molecules (rh-

IFN- γ and rh-TNF-α) and effect of it on chemotherapeutic drugs mediated lysis of OVCAR3 

cells.  
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OVCAR4 

 OVCAR4 is high-grade serous adenomatic ovarian carcinoma cell line which was 

established from an ovarian cancer patient resistant to Cisplatin and other multiple 

chemotherapeutic drugs. It is one of the most representative ovarian cancer cell line for multi-

drug resistant ovarian cancer [16, 17]. OVCAR4 has migration and invasion ability and is 

tumorigenic in nude mice [17, 18]. OVCAR4 shows Leu130VAL mutation is TP53 and has 

higher surface expression of αvβ3, a cancer marker integrin [17, 19-20]. In addition to that, 

OVCAR4 shows higher surface expression of MHC-class I [21]. It has also been shown that NK 

cells show reduced cytotoxicity against OVCAR4 cells [22]. Concurrently, monocytes stimulated 

NK cells shows relatively higher CD107a expression when co-cultured with OVCAR4 cells [21]. 

However, to the date, there has been no studies conducted to identify differentiation status of 

OVCAR4 cells and its relevance on NK cells mediated cytotoxicity. Here in this study, we have 

studied differentiation of OVCAR4 cells and its effects on chemotherapeutic drugs mediated 

lysis.  

 

OVCAR8 

 OVCAR8 is a high grade ovarian serous adenomatic carcinoma obtained from tumor 

tissue of platin drug resistant patient [23]. It has been shown that chemotherapeutic drug resistant 

OVCAR8 displays higher surface expression of CD44 receptor on western blot which correlates 

with poor clinical outcome [24]. It has also been shown that Paclitaxel treatment in OVCAR8 

xenograft model resulted in upregulation of CD44 receptor which can lead to poor outcome and 

tumor recurrence [24]. Moreover, knockdown of CD44 by CD44-dhRNA using lentivirus-

mediated gene transfer system resulted in cell growth retardation and inhibition of spheroid 
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formation in 3D culture of OVCAR8 cells, and also enhanced drug sensitivity [24]. Moreover, it 

has also been shown that OVCAR8 displays lower surface expression of HLA-ABC (MHC-class 

I) [28].  It has been previously shown and criteria has been established in our Lab that poorly 

differentiated cancer cells show higher surface expression of CD44 and lower surface expression 

of MHC-class I, CD54, and B7H1 (anti-PD1) [25-27] and are more sensitive to NK cells 

mediated lysis [29]. Thus, OVCAR8 falls more towards poorly differentiated side on 

differentiation stage scale which makes them more sensitive to NK cells mediated lysis. Here in 

this study, we experimented to induce differentiation in OVCAR8 cells using human 

recombinant NK cells cytokines and subsequently also studied its effects on chemotherapeutic 

drug mediated lysis of cells. 

 

SKOV3 

 SKOV3 is an ovarian carcinoma cell line obtained from ascites of patient with serous 

ovarian cystadenomatic carcinoma [30]. It has been shown that SKOV3 lacks surface expression 

of MUC16 [31-32] and has ectopic expression of MUC16 C-terminal domain which is 

responsible lower lysis by chemotherapeutic platin drugs [33]. SKOV3 has been known to 

induce large solid tumors loosely adhered to fat in pelvic region, intestines, and omentum in 

nude mice [34]. It has been shown earlier that NK cells can limit the growth SKOV3 tumor cells 

in dose and time-dependent manner and can limit the migration/invasion of these cells [35], but 

SKOV3 cells were comparatively less susceptible to NK cells mediated lysis then K562 and 

PaCA5061 cells [36]. Moreover, it has been also shown that BALB/c-nude mice with SKOV3 

tumor receiving NK cells treatment displays significantly higher expression of MHC-class I 

expression on tumor cells of xenograft, in comparison to tumors from BALB/c-nude mice 
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without any treatments [35]. Combined IL-12/IL-15/SR1 generated hematopoietic stem and 

progenitor cell (HPSC)-derived NK cells mediates prolonged survival of mice bearing SKOV3 

tumor and induces anti-tumor effect [37]. Targeted human NK cells to chimeric receptor specific 

for HER-2 receptor (CR-NK cells) gets activated in relation to magnitude of HER-2 expression 

on SKOV3 tumor cells and has shown to completely irradicate SKOV3 tumor in ARG2 

knockout mice [38]. To this date, tumor cells differentiation stage of SKOV3 and cytotoxic 

response of chemotherapeutic drugs against SKOV3’s differentiation scale has been unanswered. 

Here in this study, as described earlier, we induced differentiation in SKOV3 tumor cells by key 

NK cells cytokines and have studied response of these cells to chemotherapeutic drug treatment. 

 

Kuramochi cells 

 Kuramochi is a high grade serous ovarian adenomatic carcinoma cell line obtained from 

ascites of a patient with ovarian cancer, and it is relatively resistant to platin drugs [4]. During 

evaluation of NK cells inhibitory ligands, it has been shown that Carboplatin treatment of 

Kuramochi cells induces upregulation of HLA-ABC (MHC-class I), and subsequently has shown 

reduced NK cells mediated lysis [39]. In previous study, Kuramochi cells have formed distinct 

nodules in mice xenograft model in comparison to large expansile tumors of SKOV3. Kuramochi 

tumors grew slowly and halted growth at around tumor size of 12 mm3 in comparison to SKOV3 

tumor size of 200 mm3 [40]. However, to this date, differentiation status of Kuramochi cells is 

still unanswered. Here in this study, we researched on different stem cell and differentiated cell 

markers on Kuramochi cells. We also induced differentiation by exposing Kuramochi cells to 

IFN-γ and TNF-α and studied the amount of IFN-γ release by NK cells co-cultured with 

Kuramochi cells and its effect on chemotherapeutic drugs mediated killing.  
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OAW28 

 OAW28 is an ovarian high grade serous adenocarcinoma obtained from ascites of a 75-

year-old patient with ovarian cystadenocarcinoma [2, 41], and it has a cell doubling time of 

around 60 hours [41]. OAW28 has lesser surface expression of MUC16 (CA125) in comparison 

to OVCAR3 [7, 15, 42]. When tested against platin chemotherapeutic drugs, OAW28 was 

relatively more sensitive than SKOV3 [43]. OAW28 cells are significantly sensitive to all-trans 

retinoid acid (ATRA) lysis and it significantly inhibits plasmin generation, motility, and invasion  

of OAW28 cells [44]. In terms of cancer immunology, OAW28 seems to be the least explored 

cell lines. Here in this study, we studied the immunological counterparts of OAW28, specifically 

with NK cells, and have shown increase susceptibility of OAW28 cells following induced 

differentiation by NK cells cytokines – IFN-γ and TNF-α. 

 

CaOV3 

 CaOV3 is a high grade ovarian serous adenomatic carcinoma obtained from ascites of a 

patient with ovarian adenocarcinoma [2]. It has an epithelial morphology and forms tightly 

packed colonies in culture. It is sensitive to ATRA therapy and is tumorigenic when injected into 

mice [45-47]. CaOV3 displays significantly higher mean fluorescence intensity (MFI) for CD44 

receptor in flow cytometry with around 80% of CD44 expression is coming from CD44H. CD44 

is the key adhesion molecule for binding of CaOV3 cells to mesothelium and anti-CD44 

treatment induces reduction in specific binding of cells [48, 49]. It has been previously shown 

and criteria has been established in our Lab that poorly differentiated cancer cells show higher 

surface expression of CD44 and lower surface expression of MHC-class I, CD54, and B7H1 

(anti-PD1) [25-27] and are more sensitive to NK cells mediated lysis [29]. It has been shown in 
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vivo that BALB/c-nude mice implanted with CaOV3 tumor cells shows marked reduction in 

tumor growth following NK cell treatment in comparison to control mice, and it also increases 

the median survival time [35]. When evaluated against Cisplatin and Doxorubicin, CaOV3 stem 

cells displays reduced cytotoxicity and down regulation of MHC-class I on their surface but 

shows increased lysis by NK cells and upregulation of NKG2D ligands [50]. Here in this study, 

we have studied differentiation stage of CaOV3, its effect on lysis by NK cells and 

chemotherapy, and have compared amount of IFN-γ expression by NK cells co-cultured with 

those cells.  

  

Natural Killer Cells 

 Natural killer (NK) cells, cytotoxic large granular lymphocytes, is a part of innate 

immune system, represents around 5 to 20 % of the total lymphocytes in humans, and have an 

anticancer function. NK cells are identified by lack specific CD3 and T cell receptor on their 

surface and their expression of CD16 and CD56 receptors, unlike other immune cells, and are 

activated mainly by cytokine induction [51, 52]. NK cells also indices crucial cytokines and 

activated adaptive immune system [53]. There are specifically two major subsets of NK cells 

present in peripheral blood. First is CD16+ CD56dim CD69-, which is the predominant subset, 

comprises 90% of the NK cells in the circulating blood, and mediates cytotoxicity. Second is 

CD16- CD56bright CD69+, comprises 10% of the NK cells in the circulating blood and are 

mainly responsible for the secretion of the cytokines [54].  

 Perforin, , a membrane-disrupting protein, and granzyme B, a serine protease, are mainly 

responsible for the NK cells mediated cytotoxicity, and they are responsible for necrosis and 

apoptosis too [55]. Upon target cells recognition by NK cells, the secretory lysosomes polarize, 
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and Perforin facilitates delivery of the Granzyme B, which induces caspases mediated cell death 

[56-58]. In addition, NK cells induce cytotoxicity through the target cells death receptors via  

surface expression of  Fas Ligand, Trail, and Tumor necrosis factor – alpha (TNF-α) [59]. By 

interacting with its ligand CD95L (CD178/TNFSF6), Fas (CD95/APO-1/TNFRSF6), one type of 

a cell surface protein of the TNF receptors, can induce apoptosis [59]. NK cells also induce 

antibody dependent cellular cytotoxicity (ADCC) against tumors and can regulate the function of 

other cells by secreting cytokines and chemokines [60]. 

 

 It has been shown that NK cells induce differentiation in the cancer stem cells 

(undifferentiated or poorly differentiated tumors), specifically by secreting cytokines, such as  

IFN- γ and TNF-α, which slows-down the tumor progression [61]. Active receptors and co-

receptors which recognize ligands on the tumor cells surface induces NK cell activation [62, 63]. 

The risk of tumor progression gets reduced because of the cytotoxicity of various immune cells  

and specifically by NK cells infiltration in the tumor [63]. Altered sensitivity and function of NK 

cells is linked to increased cancer risk diminished NK cells has been found in the cancer patients 

[64-74]. 
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Thesis Outline 

Specific aim 1: To establish the phenotypic and functional differences and similarities between 

different ovarian tumor lines. 

 

Specific aim 2: To establish the differential targeting ability of NK cells against ovarian tumors 

in terms of cytotoxicity and secretion of IFN-γ. 

 

Specific aim 3: To establish the differentiation stages and capabilities of ovarian tumor lines and 

their susceptibility to carboplatin mediated effects. 
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MATERIALS AND METHODS  

Cell lines, reagents, and antibodies  

 Human immune cells were cultured in RPMI 1640, supplemented with 10% fetal bovine 

serum (FBS) (Gemini Bio-Products, CA). Seven Ovarian cancer cell lines – OVCAR3, 

OVCAR4, OVCAR8, SKPV3, Kuramochi, OAW28, and CaOV3 – were obtained from Dr. 

Sanaz Memarzadeh (G.O. Discovery Lab, UCLA). OVCAR3 and OVCAR4 were cultured in 

RPMI1640 supplemented with 10% FBS (Gemini Bio-Products, CA). OVCAR8, SKOV3, 

Kuramochi, OAW28 and CaOV3 were cultured in DMEM supplemented with 10%FBS (Gemini 

Bio-Products, CA).  

 

 Recombinant IL-2 was obtained from NIH-BRB. Antibodies which were used for flow 

cytometry – isotype control, CD44, MHC-class I, CD54, B7H1 (PD-L1), CD45 (human), CD3, 

CD4, CD16, CD56, CD8, CD14, and CD19 – were purchased from Biolegend (San Diego, CA). 

Human NK purification kits were obtained from Stem Cell Technologies (Vancouver, BC, 

Canada).  

 

Bacteria sonication  

 AJ4 is a combination of 4 different strains of gram-positive probiotic bacteria 

(Streptococcus thermophiles, Lactobacillus acidophilus, Lactobacillus plantarum, and 

Lactobacillus paracasei) which was used to induce activation of the NK cells. AJ4 was weighed 

and resuspended in RPMI Medium 1640 containing 10% FBS at a concentration of 10mg per 

1mL. The bacteria were thoroughly vortexed, then sonicated on ice for 15 seconds, set at a 60% 

amplitude. Sonicated samples were then incubated for 30 seconds on ice. After every five pulses, 
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a sample was taken to observe under the microscope until at least 80 percent of cell walls were 

lysed. It was determined that approximated 20 rounds of sonication/incubation on ice, were 

conducted to achieve complete sonication. Finally, the sonicated samples (sAJ4) were aliquoted 

and stored in a -80 degrees Celsius freezer for future use.  

 

Purification of NK cells from the peripheral blood  

 Written informed consents, approved by UCLA Institutional Review Board (IRB), were 

obtained from healthy blood donors, and all procedures were approved by the UCLA-IRB. 

Peripheral blood was separated using Ficoll-Hypaque centrifugation, after which the white, 

cloudy layer, containing peripheral blood mononuclear cells (PBMC), was harvested, washed, 

and re-suspended in RPMI 1640 (Invitrogen by Life Technologies, CA) supplemented with 10% 

FBS and plated on plastic tissue culture dishes. After 1-2 hours of incubation, non-adherent, 

human peripheral blood lymphocytes (PBL) were collected. NK cells were negatively selected 

and isolated from PBLs using the EasySep® Human NK cell enrichment kit purchased from 

Stem Cell Technologies (Vancouver, BC, Canada). Isolated NK cells were stained with anti-

CD16 antibody, to measure NK cell purity using flow cytometric analysis. The isolated NK cell 

population was greater than 90% purity. Purified NK cells were cultured in RPMI Medium 1640 

supplemented with 10% FBS (Gemini Bio-Products, CA), 1% antibiotic antimycotic, 1% sodium 

pyruvate, and 1% MEM non-essential amino acids (Invitrogen, Life Technologies, CA).  

 

Surface staining and Flow cytometry analysis 

 1 x 105 cells were used for each sample. All samples were stained with 100μL of 1% 

BSA-PBS (Gemini Bio-Products, CA) and pre-determined optimal concentration of desire 
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fluorochrome (PE, FITC or PEcy5) conjugated antibodies and incubate at 4°C for 30 min. The 

sample then was washed and resuspend with 1% BSA-PBS. Intracellular staining was performed 

as described in manufacturer’s protocol. The sample was fixed with fixation buffer for an hour in 

dark at room temperature. Two ml of perm buffer was added to wash the sample and the sample 

was centrifuged at 1400 rpm for 5 min. Repeated the washing step once and discarded the 

supernatants. Resuspend the sample in Perm buffer and added fluorochrome conjugated antibody 

and incubate in dark at room temperature for 30 minutes. Repeat the washing step with Perm 

buffer once and 1%BSA/PBS. Resuspend the sample with 1%BSA/PBS. Propidium iodide 

(PI)(100 μg/ml) was used for cell death assay. Attune NxT flow cytometer (Thermo Fisher 

Scientific, Waltham, MA) and FlowJo v10.4 (BD, Oregon, USA) were used for analysis. 

 

Cell differentiation assay 

 Recombinant human Interferon gamma (rhIFN-γ) and recombinant human tumor necrosis 

factor alpha (rhTNF-α) was purchased from PeproTech (Rocky Hill, NJ). Ovarian cancer cells 

were treated with different concentration of rhIFN- γ (20ng/ml and 50ng/ml) and rhTNF-α 

(20ng/ml) or combination of rhIFN- γ (20ng/ml) +  rhTNF-α (20ng/ml) or rhIFN- γ (50ng/ml) +  

rhTNF-α (20ng/ml). After an overnight incubation, all samples were tripsinized, cells were 

counted after staining with trypan blue, and ~ 1 x105 cells were stained with differentiation cell 

markers – CD44, MHC-class I, CD54 and B7H1 (PD-L1), and standard surface staining 

procedure was followed as discussed earlier.  
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Carboplatin 

 Carboplatin was received from Tocris Bioscience (Bristol, United Kingdom). 50mg 

Carboplatin powder was dispensed in 15ml conical tube. 13.46ml of sterilized diH2O was added 

into the tube with carboplatin. Then it was mixed thoroughly with pipette to mix the water with 

the powdered carboplatin. Tube was vortexed to make sure that carboplatin has been dissolved 

completely. This is how 10mM stock solution of carboplatin was made. After that it was 

aliquoted and stored at -20C for future use. 

 

Cell death assay 

 Recombinant human Interferon gamma (rhIFN-γ) and recombinant human tumor necrosis 

factor alpha (rhTNF-α) was purchased from PeproTech (Rocky Hill, NJ). Propidium iodide (PI) 

was purchased from Sigma-Aldrich (St. Louis, MO, USA). Trypan Blue was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Ovarian cancer cells were treated with different 

concentration of rhIFN- γ (20ng/ml and 50ng/ml) and rhTNF-α (20ng/ml) or combination of 

rhIFN- γ (20ng/ml) +  rhTNF-α (20ng/ml) or rhIFN- γ (50ng/ml) +  rhTNF-α (20ng/ml). After an 

overnight incubation, all different samples were treated with different concentration of 

carboplatin (10μM/ml and 30μM/ml) for overnight. Next day, all samples were tripsinized, cells 

were counted after staining with trypan blue, and were stained with Propidium iodine (PI) (PE 

conjugated) for cell death analysis through flow cytometry. Attune NxT flow cytometer (Thermo 

Fisher Scientific, Waltham, MA) and FlowJo v10.4 (BD, Oregon, USA) were used for analysis. 
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51Cr release cytotoxicity assay  

 Radioactive 51Cr was purchased from Perkin Elmer (Santa Clara, CA). Standard 51Cr 

release cytotoxicity assay was used to determine NK cell cytotoxicity in the experimental 

cultures and the sensitivity of target cells to NK cell mediated cytotoxicity. Effector cells (5x104 

NK cells/well) were aliquoted into 96-well round-bottom microwell plates (Fisher Scientific, 

Pittsburgh, PA) and titrated at four to six serial dilutions with RMPI 1640. The target cells 

(1x104 Ovarian tumor cells) were labeled with 50μCi 51Cr (Perkin Elmer, Santa Clara, CA) and 

chromated for 1 hour in CO2 incubator at 37°C. After incubation period is over, target cancer 

cells were washed twice with media to remove excess unbound 51Cr. 51Cr-labeled target cells (1 

x 104 per well) were aliquoted into the 96-well round bottom microwell plates containing 

effector cells at a concentration of 1x104 cells/well at a top effector: target (E:T) ratio of 5:1. 

Plates were centrifuged and then incubated for a period of 4 hours. After a 4-hour of an 

incubation period, the supernatants were harvested from each sample into a glass tube and was 

counted for released radioactivity using the gamma counter (Beckman Instruments, Fullerton, 

CA). Total (containing 51Cr-labeled target cells) and spontaneous (supernatants of target cells 

alone) release values were measured and used to calculate the percentage specific cytotoxicity. 

The percentage specific cytotoxicity was calculated using the following formula:  

 

% Cytotoxicity = 
Experimental cpm−Spontaneous cpm

Total Cpm−Spontaneous cpm
 

 

 Lytic Unit (LU) 30/106 is calculated by using the inverse of the number of effector cells 

needed to lyse 30% of target cancer cells x 100.  
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Enzyme-Linked Immunosorbent Assays (ELISAs) 

 Human ELISA kit for IFN-γ was purchased from Biolegend (San Diego, CA). ELISA 

was performed to detect the level of IFN-γ produced from cell cultures. The assay was conducted 

as described in the manufacturer’s protocol. Briefly, 96-well EIA/RIA plates were coated with 

diluted capture antibody corresponding to target cytokine and incubated overnight at 4°C. After 

16-18 hours of incubation, the plates were washed 4 times with wash buffer (0.05% Tween20 in 

1xPBS) and blocked with assay diluent (1%BSA in 1xPBS). The plates were incubated for 1 

hour at room temperature, on a plate shaker at 200rpm; plates were washed 4 times following 

incubation. Then, 100μL of standards and samples collected from each culture were added to the 

wells and incubated for 2 hours at room temperature, on the plate shaker at 200rpm. After 

incubation, plates were washed 4 times, loaded with detection antibody, and incubated for 1 hour 

at room temperature, on the plate shaker at 200rpm. After 1 hour of incubation, the plates were 

washed 4 times; wells were loaded with Avidin-HRP solution and incubated for 30 minutes at 

room temperature, on the plate shaker at 200rpm. After washing the plates 5 times with wash 

buffer; 100μL of TMB substrate solution was added to the wells and plates were incubated in the 

dark until they developed a desired blue color (or up to 30 minutes). Then, 100μL of stop 

solution (2N H2SO4) was added per well to stop the reaction. Finally, plates were read in a 

microplate reader, at 450nm to obtain absorbance values (Biolegend, ELISA manual).  

 

Statistical analysis  

 An unpaired, two-tailed student t-test was performed for the statistical analysis of two 

groups. ***(p value <0.001), **(p value 0.001-0.01), *(p value 0.01-0.05). 
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RESULTS  

 

Chapter 1: Establish the phenotypic and functional differences and similarities between 

different ovarian cancer cell lines. 

 

OVCAR8, SKOV3 and CaOV3 demonstrated the highest growth potential in comparison to other 

ovarian tumor lines. 

 To study and compare the growth rate of all ovarian cancer cell lines, growth of all 

ovarian cancer cell lines was determined after every other consecutive day. We observed that 

OVCAR8, SKOV3 and CaOV3 demonstrates the highest growth potential, OVCAR4 

demonstrated medium growth rate, and last 3 cell lines, OVCAR3, Kuramochi, and OAW28 

demonstrated the least growth potential among all ovarian cancer cell lines studied. (Fig. 1). 

 

OVCAR8, and CaOV3 demonstrated the highest expression of CD44 and the lowest expression 

of MHC class I when compared to other ovarian tumor lines. 

 It has been previously researched that lower surface expression of MHC-class I and 

higher surface expression of CD44 is a characteristic of a poorly differentiated tumor [25-27]. 

Next, to determine the differentiation status of the ovarian cancer cell lines, surface expression of 

MHC-class I and CD44 on all ovarian cancer cell lines were determined. PE IgG isotype 

antibody was used as a control. And to see if the cells are modulating and are showing different 

expression over the period of time, the experiment was repeated on every other consecutive day. 

Almost all cell lines, showed relatively stable level of CD44 and MHC-class I [Fig. 2 to 6]. The 
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numbers on bottom right-hand are percentages and the numbers on top right-hand corner are the 

mean fluorescence intensities of each histogram [Fig. 4 to 6]. 

 OVCAR8 and CaOV3 showed the highest level of CD44 expression, while OVCAR4 

and SKOV3 showed medium level of expression, and OVCAR3, Kuramochi, and OAW28 

showed the least level of CD44 expression [Fig. 2, 4 to 6]. Correlatively, OVCAR8 and CaOV3 

showed least expression of MHC-class I, in comparison to other cell lines, who displayed either 

medium or higher level of MHC-class I expression [Fig. 3, 4 to 6]. Thus, this experiment shows 

that OVCAR8 and CaOV3 have the most stem cells like characteristics, OVCAR4 and SKOV3 

are in middle in the spectrum, and OVCAR3, Kuramochi, and OAW28 have the most 

differentiated cells like characteristics.  

 

IFN-γ and TNF-α  treatment of the tumors increased MHC class I expression in all the tumor 

cells except for OVCAR8 and CaOV3 tumor cells. 

 It has been previously demonstrated that treatment of cancer cells with supernatants from 

NK cells increases the surface expression of MHC-class I on cancer cells and makes them more 

differentiated. It has been also found that IFN-γ, secreted by the NK cells, is the chief cytokine 

responsible for the induction of differentiation [75]. 

 To determine the induction of differentiation in the ovarian cancer cell lines, rh-IFN-γ 

and rh-TNF-α, in different concentration, either alone or in combination, were used to treat cells 

overnight. Subsequently, next day, surface expression of CD44, CD54, MHC-class I and B7H1 

was determined by flow cytometry. PE IgG isotype antibody was used as a control [Fig. 7 to 14]. 

All cell lines displayed increase in expression of MHC-class I after treatment with IFN-γ and 

TNF-α, especially after treatment with combination of IFN-γ and TNF-α, except of OVCAR8 
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and CaOV3 which showed relatively similar level of expression, in comparison to control [Fig. 7 

to 14]. This displayed that OVCAR8 and CaOV3 are poorly-differentiated cell lines and are 

having a stem cells characteristics.  
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Figure 1: Growth rate of ovarian cancer cell lines. 

~30 x 103 cells of each ovarian cancer cell lines were plated in 3 wells of 12-well plate. 

Subsequently, on Day2, Day4, and Day6, one well was tripsinized and living cells were 

counted after staining with trypan blue. Cell count numbers are shown in x 103. 
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Figure 2: OVCAR8 and CaOV3 displays highest level of CD44 expression. 

~50 x 103 cells of each ovarian cancer cell lines were stained with PE CD44 antibody to 

determine the surface expression of CD44 on ovarian cancer cells. The experiment was 

repeated on every other consecutive day (Day1, Day3, and Day5), as detailed in the figure. 

PE IgG isotype antibody was used as a control. Mean fluorescence intensity (MFI) of CD44 

expression was determined, and a bar chart was created, as displayed in the figure.  
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Figure 3: OVCAR8 and CaOV3 displays lowest level of MHC-class I expression. 

~50 x 103 cells of each ovarian cancer cell lines were stained with PE MHC-class I antibody 

to determine the surface expression of MHC-class I on ovarian cancer cells. The experiment 

was repeated on every other consecutive day (Day1, Day3, and Day5), as detailed in the 

figure. PE IgG isotype antibody was used as a control. Mean fluorescence intensity (MFI) of 

MHC-class I expression was determined, and a bar chart was created, as displayed in the 

figure.  
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Figure 4. 5 and 6: OVCAR8 and 

CaOV3 displays highest level of 

CD44 and lowest level of MHC-

class I expression. 

~50 x 103 cells of each ovarian 

cancer cell lines were stained with 

PE CD44 and PE MHC-class I 

antibody. The experiment was 

repeated on every other 

consecutive day (Day1, Day3, and 

Day5), as detailed in the figure. 

PE IgG isotype antibody was used 

as a control. The numbers on 

bottom right-hand are percentages 

and the numbers on top right-hand 

corner are the mean fluorescence 

intensities of each histogram. 
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Figure 7: IFN-γ and TNF-α  treatment of the tumors increased MHC class I expression 

in all the tumor cells except for OVCAR8 and CaOV3 tumor cells. 

~2 x 105 cells of each ovarian cancer cells were plated in 6-well plate and were treated with 

IFN-γ (20ng and 50ng/ml), TNF-α (20 ng/ml) and a combination of IFN-γ (20ng and 

50ng/ml) and TNF-α (20 ng/ml). After an overnight induction, ~50 x 103 cells were stained 

with PE MHC-class I antibody to determine surface expression of MHC-class I. 

Subsequently, a bar chart of the mean fluorescence intensity (MFI) was created, as displayed 

in the figure. 
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Figure 8: OVCAR8 and CaOV3 displays lowest % increase in MFI of MHC-class I 

expression. 

% increase in the MHC-class I MFI was calculated and a bar chart of which was made, as 

displayed in the figure. 
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Figure 9 to 14: CD44, CD54, MHC-class I and B7H1 expression on Ovarian cancer cells 

after IFN-γ and TNF-α treatment. 

After IFN-γ and TNF-α treatment, ~50 x 103 cells of each cancer cell lines were stained with 

PE CD44, PE CD54, PE MHC-class I and PE B7H1. Isotype IgG antibody was used as a 

control. The numbers on bottom right-hand are percentages and the numbers on top right-

hand corner are the mean fluorescence intensities of each histogram. 
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Chapter 2: To establish the differential targeting ability of NK cells against ovarian tumors 

in terms of cytotoxicity and secretion of IFN-γ. 

 

IFN-γ + TNF-α treatment of the tumors increased differentiation of the tumors in some of the 

tumors and resulted in less susceptibility to NK cell mediated cytotoxicity with the  exception of  

OVCAR8 and CaOV3 tumor cells which remained susceptible to NK cell mediated cytotoxicity in 

the presence or absence of IFN-γ + TNF-α  treatment. 

 It has been previously demonstrated that stem like and poorly differentiated cancer cells 

are more prone to NK cell mediated cytotoxicity than well differentiated cancer cells [29]. To 

determine the cytotoxicity of NK cells against ovarian cancer cell lines, cytotoxicity of IL-2 

treated NK cells was determined against IFN-γ + TNF-α treated and untreated ovarian cancer 

cells. Almost all ovarian cancer cell lines, except of OVCAR8 and CaOV3, showed reduced NK 

cells mediated cytotoxicity after treatment with IFN-γ + TNF-α, in comparison to untreated 

control ovarian cancer cells (Fig. 15). Subsequently, % decrease in the NK cells mediated 

cytotoxicity was determined, and collectively, OVCAR8 and CaOV3 displayed least decrease in 

% after treatment of ovarian cancer cell lines with IFN-γ + TNF-α, in comparison to untreated 

control ovarian cancer cell lines (Fig. 16). 
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IFN-γ + TNF-α treatment of the tumors increased differentiation of the tumors in some of the 

tumors and resulted in less secretion of IFN-γ by the NK cells co-cultured with those tumors, 

with the  exception of OVCAR8 and CaOV3 tumor cells which remained similar in the secretion 

of IFN-γ by the NK cells when tumors were treated with IFN-γ + TNF-α 

 IFN-γ induction is the hallmark of NK cell activation. To determine the activation of NK 

cells by ovarian cancer cells, ovarian cancer cells, untreated and IFN-γ + TNF-α treated, were 

cocultured with NK cells, IL-2 treated and IL-2 + sAJ4 treated (Fig. 17). Subsequently, induction 

of the IFN-γ in the coculture was determined. Most increase in IFN-γ induction was found after 

treatment of NK cells with IL-2 + sAJ4, in comparison to IL-2 treated or untreated NK cells 

(Fig. 17).  IFN-γ + TNF-α treatment of ovarian cancer cells induced differentiation in all cancer 

cell lines, except for OVCAR8 and CaOV3. Thus, IFN-γ secretion was reduced by NK cells 

cocultured with ovarian cancer cells treated with IFN-γ + TNF-α, except of OVCAR8 and 

CaOV3 which displayed similar level of secretion of IFN-γ by NK cells even after IFN-γ + TNF-

α, in comparison to untreated cancer cells (Fig. 17). % decrease in the IFN-γ secretion from the 

coculture was determined, and it was found that NK cells treated with IL-2 + sAJ4 displayed 

least % decrease in IFN-γ secretion, in comparison to IL-2 treated NK cells (Fig. 18). OVCAR8 

and CaOV3 displayed no or minimal level of % decrease in IFN-γ induction by NK cells (Fig. 

18).  
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Figure 15: IFN-γ + TNF-α treatment of the tumors resulted in less susceptibility to NK 

cell mediated cytotoxicity with the  exception of OVCAR8 and CaOV3 tumor cells 

which remained susceptible to NK cell mediated cytotoxicity in the presence or absence 

of IFN-γ + TNF-α  treatment. 

L-2 treated NK cells were then used as effector cells against 51Cr labeled IFN-γ + TNF-α 

treated ovarian tumor cells. Cytotoxicity was determined using a standard 4-hour 51Cr release 

assay and the lytic units 30/106 cells were determined using inverse number of NK cells 

required to lyse 30% of tumor cells x 100. 
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Figure 16: OVCAR8 and CaOV3 shows least decrease in % cytotoxicity of NK cells 

even after treatment with IFN-γ + TNF-α 

A bar chart of % decrease in lytic units 30/106 cells after IFN-γ + TNF-α was created, as 

displayed in the figure. 
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Figure 17: IFN-γ + TNF-α treatment of the tumors resulted in less secretion of IFN-γ by 

the NK cells co-cultured with those tumors, except of OVCAR8 and CaOV3 tumor cells 

which remained similar in the secretion of IFN-γ by the NK cells when tumors were 

treated with IFN-γ + TNF-α. 

Untreated and IFN-γ + TNF-α treated ovarian tumor cells were cocultured with IL-2 treated 

and IL2 + sAJ4 treated NK cells. The supernatants were removed from the co-cultures on 

Day1 and Day4, and the levels of IFN-γ secretion (in pg/ml) by NK cells were determined 

using specific ELISA. 
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Figure 18: OVCAR8 and CaOV3 shows least % decrease in IFN-γ secretion by NK cells 

even after treatment with IFN-γ + TNF-α 

A bar chart of % decrease IFN-γ secretion by NK cells cocultured with IFN-γ + TNF-α 

treated ovarian tumor cells was created, as displayed in the figure. 
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Chapter 3: Establish the differentiation stages and capabilities of ovarian tumor lines and 

their susceptibility to carboplatin mediated effects. 

 

IFN-γ treatment of the tumors increased differentiation of the tumors in some of the tumors and 

resulted in more susceptibility to carboplatin mediated decrease in cell growth with the  

exception of OVCAR8 and CaOV3 tumor cells which remained relatively higher in cell growth 

when treated with IFN-γ and/or TNF-α. 

 It has been previously displayed that differentiated cancer cells are more responsive to 

chemotherapeutic drug mediated cell death, in comparison to poorly differentiated stem like 

cells. And it has been also shown that NK cells mediated differentiation leads to the increase in 

targeting of poorly differentiated stem like cancer cells by chemotherapeutic drugs [76]. IFN-γ, 

secreted by the NK cells, is the chief cytokine responsible for the induction of differentiation 

[75]. 

 To determine the targeting of ovarian cancer cells by chemotherapeutic drugs, rh-IFN-γ 

and/or rh-TNF-α treated and untreated ovarian cancer cells were treated with different 

concentration carboplatin overnight. Subsequently, next day, viable cells were counted after 

staining with trypan blue (Fig. 19). IFN-γ and/or TNF-α treatment of ovarian cancer cells 

resulted in induction of differentiation in almost all cancer cell lines, with the exception of 

OVCAR8 and CaOV3, and resulted in increased susceptibility of cancer cells to carboplatin 

mediated cell death and displayed reduction in cell count with the most cell death after 

combination treatment of IFN-γ + TNF-α (Fig. 19). On the other hand, OVCAR and CaOV3, 

even after treatment with IFN-γ and/or TNF-α, showed similar level of cell count, in comparison 

to control, after treatment with carboplatin (Fig. 19). % decrease in cell count, after carboplatin 
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treatment, was determined and it was found that OVCAR8 and CaOV3 displayed minimal level 

of decrease in % cell count even after treatment of them with IFN-γ + TNF-α, while other 

ovarian cancer cell lines displayed decrease in % cell count with OVCAR3 being the most (Fig. 

20). 

 

IFN-γ treatment of the tumors increased differentiation of the tumors in some of the tumors and 

resulted in more susceptibility to carboplatin mediated increase in cell death with the  exception 

of SKOV3 and CaOV3 tumor cells which remained in general lower in cell death when treated 

with and without IFN-γ when compared to other ovarian tumor lines. 

 To determine the cell death, rh-IFN-γ and/or rh-TNF-α treated and untreated ovarian 

cancer cells were treated with different concentration carboplatin overnight. Subsequently, next 

day, cells were stained with primidone iodine (PI) (Fig. 21, 23 to 29). IFN-γ and/or TNF-α 

treatment of ovarian cancer cells resulted in induction of differentiation in almost all cancer cell 

lines, with the exception of OVCAR8 and CaOV3, and resulted in increased susceptibility of 

cancer cells to carboplatin mediated cell death with the most cell death being after combination 

treatment of IFN-γ + TNF-α (Fig. 21, 23 to 29). On the other hand, OVCAR and CaOV3, even 

after treatment with IFN-γ and/or TNF-α, showed lower level of cell death, in comparison to 

control, after treatment with carboplatin (Fig. 21, 23 to 29). Fold increase in cell death, after 

carboplatin treatment, was determined and it was found that OVCAR8 and CaOV3 displayed 

minimal level of increase in  cell death even after treatment of them with IFN-γ + TNF-α, while 

other ovarian cancer cell lines displayed marked level of increase in cell death with OVCAR3 

being the most (Fig. 22). 
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Figure 19: IFN-γ treatment of the ovarian tumors resulted in increased susceptibility of 

tumor cells to carboplatin mediated decrease in cell growth, except of OVCAR8 and 

CaOV3 cells. 

Ovarian tumor cells were treated with IFN-γ (20ng and 50ng/ml), TNF-α (20 ng/ml) and a 

combination of IFN-γ (20ng and 50ng/ml) and TNF-α (20 ng/ml). After an overnight 

induction, they were treated with Carboplatin (Control, 10μM/ml, and 30μM/ml) overnight. 

Subsequently, next day, viable cells were counted after staining with trypan blue. Cell count 

in 103 is displayed in the figure. 
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Figure 20: OVCAR8 and CaOV3 displays minimal level of decrease in % cell count even 

after treatment with IFN-γ + TNF-α. 

% decrease in cell count of the IFN-γ and/or TNF-α treated ovarian tumor cells after 

carboplatin treatment was calculated and a bar chart of which was made, as displayed in the 

figure. 
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Figure 21: IFN-γ treatment of the ovarian tumors resulted in increased susceptibility of 

tumor cells to carboplatin mediated cell death, except of OVCAR8 and CaOV3 cells. 

Ovarian tumor cells were treated with IFN-γ (20ng and 50ng/ml), TNF-α (20 ng/ml) and a 

combination of IFN-γ (20ng and 50ng/ml) and TNF-α (20 ng/ml). After an overnight 

induction, they were treated with Carboplatin (Control, 10μM/ml, and 30μM/ml) overnight. 

Subsequently, next day, cells were stained with primidone iodine (PI) to determine the cell 

death. A bar chart of % cell death was made as shown in figure. 
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Figure 22: OVCAR8 and CaOV3 displays minimal level of fold increase cell death even 

after treatment with IFN-γ + TNF-α. 

Fold increase in cell death of the IFN-γ and/or TNF-α treated ovarian tumor cells after 

carboplatin treatment was calculated and a bar chart of which was made, as displayed in the 

figure. 
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Figure 23 to 29: OVCAR8 and 

CaOV3 displays lowest and 

OVCAR3 displays highest 

susceptibility to carboplatin. 

Ovarian tumor cells were treated 

with IFN-γ (20ng and 50ng/ml), 

TNF-α (20 ng/ml) and a 

combination of IFN-γ (20ng and 

50ng/ml) and TNF-α (20 ng/ml). 

After an overnight induction, they 

were treated with Carboplatin 

(Control, 10μM/ml, and 30μM/ml) 

overnight. Subsequently, next day, 

cells were stained with primidone 

iodine (PI) to determine the cell 

death. 
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Conclusion 

 In conclusion, OVCAR8, SKOV3, and CaOV3 demonstrates the highest growth potential 

in comparison to other ovarian tumor lines. OVCAR8 and CaOV3 have the highest expression of 

CD44 and the lowest expression of MHC-class I when compared to other ovarian tumor lines, 

and treatment of ovarian tumors with IFN-γ and TNF-α increases the MHC-class I expression in 

all the ovarian tumor cells with the exception of OVCAR8 and CaOV3 tumor cells. In addition, 

IFN-γ and TNF-α treatment of the ovarian tumor cells increased the differentiation of the ovarian 

and lessened the susceptibility to NK cell mediated cytotoxicity and resulted in reduced secretion 

of IFN-γ by the NK cells co-cultured with those tumors, except of OVCAR8 and CaOV3 which 

remained susceptible to NK cell mediated cytotoxicity in the presence or in the absence of IFN-γ 

and TNF-α treatment. Because of the IFN-γ and TNF-α treatment induced differentiation in the 

ovarian tumors, except of OVCAR8 and CaOV3, ovarian tumors become more susceptible to 

carboplatin mediated decrease in cell growth and increase in cell death.  

 From this study, we now understand role of NK cells in ovarian cancer. In future, it 

would be interesting to study this NK cells and Ovarian tumors interactions in the animal 

models. Specifically, OVCAR8 and CaOV3 which are sensitive to NK cells mediated 

cytotoxicity but not to chemotherapeutic drugs, adoptive NK cells immunotherapy can be a 

breakthrough treatment. And in case of other ovarian tumors, adoptive NK cells mediated 

cytotoxicity can induce differentiation and enhance the cytotoxicity of chemotherapeutic drugs.  
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