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1 Objectives of the Study 

Ovarian cancer is the commonest cause of gynecological cancer-related death in the developed 

world [1]. In spite of recent progress in cancer therapeutics and increased knowledge of cancer 

biology, ovarian cancer still remains a clinical challenge. Current treatment could extend the 

survival time of ovarian cancer patients, but there is no improvement in survival rate [2]. 

Chemoresistance followed by tumor recurrence are major causes of poor survival rates in ovarian 

cancer patients. 

Novel therapies need to be developed and integrated into ovarian cancer treatment strategies to 

achieve durable clinical outcomes. Accumulating evidence suggests that ovarian cancer stem cells 

(CSCs) contribute to tumor recurrence due to the high resistance to chemotherapy [3]. This 

supports the notion that the specific targeting of ovarian CSCs may be a powerful treatment 

option for ovarian cancer patients. Ovarian cancer is considered as an "immunogenic cancer". 

Abundant studies and clinical evidence highlight that the immune system plays an important role 

in ovarian cancer development, progression, and even for the outcome. Recently, encouraging 

results with adoptive immunotherapy for hematological malignancies suggest that this treatment 

may become a powerful therapy in ovarian cancer [4].  

The objective of this study was to develop a panel of third generation chimeric antigen receptors 

(CARs) specific to ovarian CSCs surface markers (CD133, CD44, and CD24). In this study, we 

wanted to develop three CAR constructs and determine their cytotoxic capacity. CARs were 

planned to be expressed on NK-92 cells using lentiviral vectors. Expression of these anti-CSC CARs 

should endow modified NK-92 cells cytotoxic activity against antigen expressing ovarian cancer 

cells. Therefore, ovarian cancer cell lines and primary malignant ascites cells were employed to 

analyze the cytotoxicity of CAR-NK-92 cells using different methods. This research may shed new 

light on the adoptive cell therapy (ACT) against CSCs, and provides an exciting opportunity to 

combine CSCs- targeted therapy and chemotherapy which targets non-CSCs.  
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2 Introduction 

2.1 Ovarian cancer 

2.1.1 Epidemiology 

Among the gynecological malignancies, ovarian cancer is the leading cause of mortality in the 

developed world [1]. In Germany approximately 9600 women develop ovarian cancer every year 

and 5500 women die from it [5]. From 1975 to 2011, the age-adjusted ovarian cancer incidence 

and mortality rate fell by 26% and 23% respectively [6]. The decline in mortality is supposed to be 

the consequence of the decline in incidence [7], which was mainly due to the expansion use of 

oral contraceptives [8]. Chemotherapy and radical surgery have extended the survival time of 

ovarian cancer patients, but there is no improvement in survival rate [2].  

2.1.2 Histopathology 

Ovarian cancer is not a single disease, but rather a heterogeneous disease with a heterogeneous 

global distribution pattern [9]. Each subtype represents a different morphology and biological 

behavior. Based on their origins, ovarian cancer can be mainly divided in epithelial ovarian 

cancers (EOC), germ cell cancer, and sex cord-stromal cancer [10]. More than 90% of ovarian 

cancer cases are classified as epithelial carcinomas. The most commonly used classification of 

epithelian ovarian cancer is based on histopathology, immunohistochemistry and molecular 

genetic analysis, at least five main types are described [11] (Table 2.1). 

Table 2.1 Classification of epithelian ovarian cancer. 

 Demographics Molecular genetics Chemoresponse 

HGSC most common p53 gene [12] normally initially sensitive, subsequently 

acquire increasing resistance  

EC 10% PTEN, CTNNB1, KRAS, 

PIK3CA [13] 

usually respond well 

CCC 10% ARID1A [14] respond poorly  

MC 3% KRAS, HER2 [15, 16] advanced stage of the disease responds 

poorly to the traditional chemotherapy 
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Table 2.1 (Continued) 

LGSC 5% KRAS, BRAF [17-19] respond poorly 

Abbreviations: HGSC, High-grade serous carcinomas; EC, Endometrioid carcinomas; CCC, Clear cell carcinomas; 

MC, Mucinous carcinomas; LGSC, Low-grade serous carcinomas. 

2.1.3 Diagnosis 

Ovarian cancer patients typically show up in clinics after 3-4 months of abdominal distension or 

pain [20], which are often mistaken for more common benign diseases. HGSC is diagnosed at an 

advanced stage in approximately 70% of patients, and these women have a significantly worse 

outcome than those with early stage diease. Current screening methods of early detection have 

generally been disappointing due to the lack of appropriate tumor markers, and absence or 

non-specific clinical symptoms until the disease reaches an advanced stage. Measurement of 

serum cancer antigen 125 (CA125) concentration and abdominal and transvaginal ultrasound are 

the key investigations when ovarian cancer is suspected [21]. However, many factors can impair 

the sensitivity and specificity for CA125 [22]. 

 

Figure 2.1 Stage distribution and five-year relative survival rates for ovarian cancer. (A) Stage distribution at 

diagnosis of ovarian cancer by race, United States, 2004 to 2010. (B) Five-year relative survival rates for ovarian 

cancer by race and stage at diagnosis, United States, 2004 to 2010 [23]. 

2.1.4 Prognosis 

As mentioned above, the prognosis for ovarian cancer patients is poor, particularly when the 

disease is diagnosed in its later stages (Figure 2.1). The prognosis is associated with FIGO stage, 

performance status, and the volume of residual disease after initial surgery. Smaller residual 

tumor following primary cytoreductive surgery is an important favorable factor which influences 
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prognosis for patients with ovarian cancer [24]. 50% of patients with stage III disease, who have a 

pathological complete response after initial treatment have more than 5 years survival [25]. The 

development of recurrent and chemoresistant disease is also associated with poor prognosis. 

Recurrent disease is usually incurable; the median survival of patients with recurrent 

platinum-sensitive ovarian cancer is around 3 years. The median survival of patients from the 

time of onset of platinum-resistance is about 1 year [26].  

2.1.5 Conventional treatment 

Treatment of ovarian cancer is based on the combination of surgery and chemotherapy. The 

purposes of surgery are to remove as much tumor tissue as possible, provide a histopathological 

diagnosis and establish the FIGO stage. The standard treatment for patients with advanced 

ovarian cancer (FIGO III-IV) is the maximal surgical cytoreduction followed by systemic 

platinum-based chemotherapy. A recent analysis of three large treatment studies conducted by 

the Arbeitsgemeinschaft Gynaekologische Onkologie Studiengruppe (AGO) showed that complete 

tumor reduction was the strongest factor in prognosis [25].  

Most patients with recurrent disease receive second-line chemotherapy. Second surgery is only 

considered for the patients who had a complete resection at the initial surgery, a good 

performance status, and absence of gross ascites [27]. The choice of chemotherapy regimen for 

recurrent ovarian cancer is largely guided by the interval time from the last cycle of 

platinum-containing treatment to the point of tumor relapse. The median progression-free 

survival (PFS) of advanced ovarian cancer is about 18 months [28].  

2.2 Ovarian cancer stem cells  

"Cancer stem cells (CSCs)" is a new concept emerging in tumor biology [29]. They represent a 

rare cell population within the tumor. By their function, CSCs are also termed tumor initiating 

cells (TICs), cancer initiating stem cells (CICs), “stem-cell-like” cells, or therapy-resistant cells 

(TRCs). The long-lived CSCs can not only proliferate to maintain tumorigenic potential, but also 

asymmetrically divide to generate other cells with distinct phenotype and with diminished 

tumorigenic potential.  
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Many researchers have demonstrated the existence of ovarian cancer CSCs with increased 

tumorigenicity, differentiating capacity and chemoresistance [30, 31]. Chemotherapy has been 

shown to be very efficient in removing the bulk of the tumor mass, presenting as complete 

clinical response. However, there is a small amount of CSC-like cells that survives during 

chemotherapy, they are also very invasive. Thus, they are able to cause recurrence of the cancer 

[32] (Figure 2.2). Several studies have demonstrated that residual tumors after chemotherapy are 

enriched in cells with CSC phenotype, while cells lacking these properties were eliminated [33]. In 

addition, an increased proportion of CSCs and a significant elevation of CSC-pathway related 

genes are identified within recurrent ovarian tumors, supporting the hypothesis that CSCs may 

contribute to recurrent disease [34]. 

 

Figure 2.2 Clinical course of ovarian cancer and CSC hypothesis. Ovarian tumors are highly heterogeneous, there 

is a small population of cells with CSC properties that can survive during chemotherapy which later leads to 

recurrent disease. Because ovarian CSCs are chemoresistant, these cells can be enriched after several 

chemotherpay regimens and ultimately lead to disease that has become resistant to all known cytotoxic therapies. 

(Upper panel is modified from Oliver Dorigo, M.D., Ph.D.) 

2.2.1 Ovarian cancer stem cell markers 

Numerous putative markers are currently used to isolate and characterise ovarian CSCs. These 
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include cell surface markers CD133, CD44, CD24, CD117, epithelial cell adhesion molecule 

(EpCAM) and intracellular marker aldehyde dehydrogenases (ALDH) [35]. Side population (SP) 

analysis is also used for the isolation of CSCs from cell lines and primary tumor. It is a functional 

assay based on the differential abilities of cells to efflux the DNA binding dyes. Tumor cells with a 

high ability termed as SP represent the classical CSCs properties and have been shown to be 

chemoresistent due to the expression of ATP-binding cassette sub-family G member 2 (ABCG2) 

transporter, which contribute to pump lipophilic drugs out of cells in ovarian cancer cells [36, 37]. 

Although several studies have provided convincing evidence for these markers that can be used 

to identify ovarian CSCs, the exact mechanistic roles of many of these markers have not been 

established, and it also remains unknown how these markers are related to one another. Based 

on the current literature, a hierarchy of ovarian CSCs differentiation has been proposed [38]. Rare 

ovarian CSCs, for which markers have yet to be defined, can generate either an ALDH
+
CD133

+
 

early progenitor or a CD44
+
CD117

+
 early progenitor. Each of them can subsequently divide into 

more differentiated progenitors.  

2.2.2 Ovarian CSCs surface markers as therapeutic 

target 

Accumulating evidence suggests that ovarian CSCs contributing to chemoresistance and recurrent 

disease may represent a promising target in cancer therapy. Ovarian CSCs targeted therapy can 

be classified into five main approaches based on their action mode, including high throughput 

screening of drugs, targeting CSCs surface markers (Table 2.2), targeting CSCs signaling pathways, 

targeting differentiation of CSCs, and targeting the heterogeneous components within the 

CSC-niche.     
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Table 2.2 CSCs surface markers targeted therapy in ovarian cancer.   

Target 

marker 

Agent OC model / 

clinical trail 

Effects Year Ref 

CD44 Hyaluronic acid– 

paclitaxel 

OVCAR-3, 

SKOV-3, 

mouse 

xenograft 

Less effective than free paclitaxel in 

vitro, but more effective in vivo in 

inhibiting tumor dissemination, 

abrogating ascites, prolonging survival 

and curing mice. 

2011 [39] 

CD44 small hyaluronan 

oligosaccharides 

SKOV-3, 

OVCAR-5 

Blocked formation of pericellular 

matrix, increased motility and invasion 

induced by versican, inhibited 

adhesion to peritoneal cells. 

2011 [40] 

CD44 Hyaluronic acid- 

paclitaxel 

Orthotopic 

mouse 

model 

In taxane-sensitive model: similar 

effect but reduced toxicity than free 

paclitaxel;  

In taxane-resistant model: tumor 

weight was significantly reduced, but 

the reduction was not observed in free 

paclitaxel group. 

2012 [41] 

CD133 dCD133KDEL OVCAR5, 

mouse 

model 

Inhibited growth in vitro, decreased 

tumor progression, despite low 

porprotion of CD133
+
 cells 

2013 [42] 

CD24 mAb SWA11 Mouse 

model 

Inhibited tumor growth, induced ADCC 

and affected cytokine milieu in 

xenograft tumors 

2013 [43] 

CD117 Imatinib OVCA 429 Suppressed the growth and survival, 

inhibited KIT transduced 

anti-apoptotic signals 

2006 [44] 

CD117 Imatinib phase II trial With an oral dose of 400 mg twice 

daily had minimal activity as single 

treatment in patients with recurrent 

ovarian cancer 

2007 [45] 
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Table 2.2 (Continued) 

EpCAM Catumaxomab phase II trial Intra- and close postoperative 

catumaxomab seemed feasible. 

Improved ascites symptoms and 

quality of life in chemotherapy 

refractory ovarian cancer patients with 

malignant ascites 

2014 [46] 

[47] 

Abbreviations: ADCC, antibody dependent cellular cytotoxicity; dCD133KDEL, deimmunized pseudomonas 

exotoxin fused to anti-CD133 scFv with a KDEL terminus; EpCAM, epithelial cell adhesion molecule 

2.2.3 Cancer stem cell-model (hierarchical model) in 

ovarian carcinogenesis 

Accumulating evidence in the literature suggest that the development of ovarian cancer follows 

the CSC-model, which postulates that CSCs are responsible for hierarchical tumor cell regrowth 

after chemotherapy and drive the progression and recurrance. However, other studies identified 

stochastic events, which suggests non-stem-like cells can acquire stem-like characteristics under 

the influence of stress [48]. A recent study directly observed the differentiation capacity of 

heterogeneous ovarian cancer cell populations with differential expression of the CSC markers by 

a novel microfluidic single-cell culture method. They demonstrated that ovarian cancer follows a 

hierarchical model with rare stochastic events [49].  

2.2.4 Cancer stem cells and immunity 

CSCs have been suggested as a source of tumor recurrence owning to the high resistance to 

chemotherapy through various mechanisms [3]. In addition, CSCs are also well protected from 

immune-attacks and largely confined to stem cell niches [50]. Our knowledge about specific 

immunological properties of distinct CSC populations is still limited. However, high levels of 

anti-apoptotic proteins like B-cell lymphoma-2 (BCL-2) protein and its family members do not 

only confer to the CSCs resistance to chemotherapeutic reagents [51], but also increase 

resistance toward apoptosis-inducing immune effectors like cytotoxic T or NK cells. The PI3K/Akt 

pathway is an important mediator of chemoresistance and CSCs renewal [52] and it was also 

shown to be involved in tumor immune escape [53]. Studies in glioblastoma suggest that CSCs 
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display an immunosuppressive activity mediated by cytokines, regulatory T cells (Tregs), and 

cytotoxic T cells (CTLs) apoptosis involving B7-H1 and galectin-3. Down-regulation or lack of 

expression of MHC molecules was also found in CSC lines but not their non-CSC counterparts 

deriving from the same tumor samples [54].  

Impaired vascularization creates a hypoxia environment within the tumor mass. Hypoxia is also 

one of the key attributes in the tumor microenvironment which can maintain and up-regulate 

ovarian CSC characteristics [55]. Hypoxia not only protects CSCs from chemotherapy and 

radiotherapy, but also inhibits the trafficing of immune effectors and impedes CTLs proliferation 

and activation [56].  

In addition, exosomes released by ovarian cancer cells have been shown to induce apoptosis of 

mature dendritic cells (DCs) and peripheral lymphocytes indicating a negative effect on 

anti-tumor immunity [57]. The exosomes found in malignant ascites of ovarian cancer patients 

have been shown to contain ovarian CSCs markers CD24 and epithelial cell adhesion molecule 

(EpCAM) [58]. 

2.3 Immunotherapy in ovarian cancer 

Despite medical advances made in chemoreagents and surgery over the past decade, no 

substantial decrease in death rates and increase in 5-year survival rate have been achieved. 

Therefore, new therapeutic strategies are eagerly awaited. 

2.3.1 Rationale for immunotherapy 

Although it was originally considered that ovarian cancer would not respond well to 

immunotherapy, compelling clinical evidence hints at an important roll for the immune system in 

ovarian cancer. More than 10 years before, Zhang and colleagues showed the infiltration of CD3
+
 

T cells in ovarian tumors correlates with favorable clinical outcome [59]. This CD3
+
 T cell 

population was further defined to CD3
+
 CD8

+ 
cytotoxic T cells [60]. Many other studies and 

meta-analyses have confirmed that the presence of tumor-infiltrating lymphocytes (TILs) is a 

predictor of better clinical outcome in ovarian cancer [61-63]. Tumor-reactive TILs found in 

ovarian tumor recognize some tumor-associated antigens such as human epidermal growth 



 

16 

 

factor receptor (HER) 2 [64], as well as neoantigens [65]. However, some immunosuppressive 

lymphocytes such as Tregs, tumor-associated macrophages (TAM), tolerogenic DCs, and 

myeloid-derived suppressor cells (MDSC) can be also specifically recruited by ovarian cancer cells. 

They generate an immunosuppressive tumor microenvironment and their presence predict 

reduced survival in ovarian cancer [66-69]. These studies have provided the rationale for 

developing different immunotherapeutic strategies in ovarian cancer. 

2.3.2 Current immunotherapy in ovarian cancer 

Current immunotherapies for ovarian cancer can be divided into three broad categories: active 

immunotherapy, passive immunotherapy, and adoptive cell therapy (ACT). These therapies are 

still in early-phase testing for ovarian cancer, but their successful use in other types of cancers 

including hematologic cancers and solid tumors suggests that they are promising treatment for 

ovarian cancer. 

2.3.2.1 Active immunotherapy 

Researchers have developed mutiple approaches to therapeutic cancer vaccines. Among these 

vaccines, dendritic cell vaccines have emerged as efficacious in ovarian cancer [70, 71]. Other 

approaches like peptide vaccines [70, 72] and recombinant viral vaccines [73, 74] also showed 

preclinical success in ovarian cancer. Antigen-based vaccines have been used to induce tumor- 

reactive T cells. A Phase I trial of ovarian cancer showed that vaccination with overlapping long 

peptides from a tumor self-antigen, NY-ESO-1, with poly-ICLC adjuvant was able to rapidly induce 

consistent integrated immune responses in most vaccinated patients [75]. 

2.3.2.2 Passive immunotherapy 

Over the past few decades, antibody-based therapies have been well established for many types 

of cancer. Oregovomab is a high affinity murine monoclonal antibody specific for CA125. Earlier 

clinical trails suggested that oregovomab could induce immune response and was well tolerated 

in patients [76]. However, clinical benefit was not observed in a large-scale trial [77]. 

Abagovomab is an anti-idiotypic antibody to the murine monoclonal antibody OC125, which 

recognizes a specific epitope of CA125. Patients who received abagovomab showed a prolonged 
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survival in earlier clinical trails [78, 79]. A recent multicenter phase III trial reported that repeated 

monthly injections of abagovomab was safe and induced a measurable immune response. 

However, abagovomab used as maintenance therapy for ovarian cancer patients in first remission 

did not prolong recurrence-free and overall survival [80]. Catumaxomab, a trifunctional antibody, 

can specifically bind to EpCAM expressing on the ovarian cancer cells and to immune cells, and 

thus kills cancer cells and improves ascites symptoms in ovarian cancer patients [47]. Nivolumab, 

an anti-programmed death-1 (PD-1)-antibody, has been demonstrated to have encouraging safty 

and clinical efficacy by a phase II study in patients with ovarian cancer [81]. Ipilimumab (MDX-010, 

Yervoy; Bristol-Myers Squibb) is a human monoclonal antibody against CTL antigen 4 (CTLA-4), 

was approved by the U.S. Food and Drug Administration (FDA) in 2011 [82]. A Phase II study of 

ipilimumab monotherapy in platinum sensitive ovarian cancer patients is ongoing (NCT01611558 

end in 201612).  

2.3.2.3 Adoptive cell therapy 

ACT is a personalized cancer therapy that involves administration to the patients of immune cells 

with anticancer activity. ACT is a "living" treatment because the in vitro selected or activated 

effector cells can proliferate in vivo to maintain sufficient numbers and their antitumor effector 

functions. ACT can use either natural host cells with antitumor activity or genetically engineered 

host cells [83]. Recently, pluripotent stem cells-derived immune effector cells [84] and cell lines 

like NK-92 cells [85] are shown to present an open cellular platform for ACT. 

2.3.2.3.1 Natural T cell therapy 

Early attempt of ACT in ovarian cancer was made by Aoki et al., they showed that adoptive 

transfer of TILs alone or in combination with cisplatin-containing chemotherapy achieved high 

response rate [86]. In a separate study suggested adjuvant therapy with TILs following 

completion of chemotherapy and surgical debulking prolonged disease-free period in patients 

with advanced epithelial ovarian cancer [87]. Since then, optimization of TILs has been attracting 

a lot of interests to enhance the efficacy of ACT for ovarian cancer. A phase II clinical trial of ACT 

in ovarian cancer used autologous ex vivo activated T lymphocytes retargeted by a bispecific 

antibody specific to folate receptor alpha (FRα) [88]. Encouraging results were reported that this 
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treatment showed safety and resulted in tumor regression.  

Patients with nonresectable tumor or unable to produce tumor-reactive TILs are not eligible to 

receive TILs ACT. To overcome this challenge, induced and engineer T cells are developed. 

Antibody primed T cells alone [89] or in combination of peptide and DC vaccination [90] are 

shown to be effective methods to induce T cells to redirect them against tumor. 

2.3.2.3.2 Genetically modified T cell therapy 

Introducing antitumor receptors into normal T cells is a promising approach for treating ovarian 

cancer patients without available TILs. The specificity of T cells can be redirected by genetically 

modifying nonreactive T cells ex vivo to express cloned T cell receptors (TCR) specific to tumor 

associated epitope or CAR. Since NY-ESO-1 TCR was shown safe and effective in ACT for 

melanoma [91]. The clinical trial with NY-ESO-1 TCR in ovarian cancer patients is now ongoing.  

TCR can recognize intracellular processed antigen in a MHC restricted manner, therefore the 

cancer cells which lose MHC or lose antigen presenting machinery can escape elimination by 

TCR-T cells. CAR can recognize unprocessed cell surface components, and does not require 

peptide presentation on MHC molecules. CAR therapy will be introduced in the following parts. 

2.4 CAR therapy in solid tumors 

CAR-T cell therapy is emerging as powerful therapy in hematologic malignancies. Although 

identification of suitable target antigens is a great challenge in developing CAR-T cell therapy for 

solid tumors, the encouraging results from preclinical studies pave a wide road for future 

investigation. CAR-T cell therapy has been tested in several types of solid tumors (Table 2.3). 

2.4.1 The structure of CAR 

CARs are fusion proteins composed of three basic elements, including an extracellular domain, 

the transmembrane domain, and the cytoplasmic signaling domain (Figure 2.3). The extracellular 

domain specifically binds to tumor epitopes mostly by a single-chain variable fragment (scFv) 

derived from antibodies. First generation CARs contain a single signaling domain most commonly 

derived from the CD3ζ component of the TCR/CD3 complex. Later CAR designs have inserted 



 

19 

 

additional domains that activate costimulatory pathways allowing for a prolonged antigen 

directed effector function. Second generation CARs employ a costimulatory endodomain (e.g., 

CD28 or 4-1BB) fused to CD3ζ. A study in solid tumor mouse models showed T cells expressing a 

CD28 containing second generation CAR were more effective than first generation CAR-T cells 

[92]. The combination of both CD28 and 4-1BB with CD3ζ in a third generation CAR has been 

proposed to improve both T cell persistence and antitumor function in vivo [93]. 

Table 2.3 Recent published clinical studies on CAR-T cells of solid tumor (modified from [94]). 

Antigen CAR signaling Cancer Case 

number 

Clinical 

outcome 

Time Ref. 

HER2 CD28-CD3𝜁 HER2
+
 sarcoma 19 1 PR, 4 SD 2015 [95] 

CEA CD28-CD3𝜁 CEA
+
 liver 

metastases 

9 1 SD, 5 DOD 2015 [96] 

Mesothelin 4-1BB-TCR𝜁 Mesothelioma 2 1 PR, 1 SD 2014 [97] 

Mesothelin 4-1BB-TCR𝜁 Mesothelioma 1 1 PR 2013 [98] 

CAIX Fc𝜀RI𝛾 CAIX
+
 metastatic 

RCC 

12 NED 2013 [99] 

GD2 CD3𝜁 Neuroblastoma 19 3 CR, 1 PR 2011 [100] 

HER2/neu CD28-4-1BB-CD3𝜁 Colon cancer 1 Fatal 2010 [101] 

GD2 CD3𝜁 Neuroblastoma 11 1 CR, 2 SD, 2 

tumor necrosis 

2008 [102] 

CD171 CD3𝜁 Neuroblastoma 10 1 PR 2007 [103] 

FR Fc𝜀RI𝛾 Ovarian cancer 8 NED 2006 [104] 

CAIX Fc𝜀RI𝛾 CAIX
+
 metastatic 

RCC 

3 NED 2006 [105] 

Abbreviations: CAIX, carboxy-anhydrase-IX; CEA, carcinoembryonic antigen; CR, complete response; DOD, dead of 

disease; FR, folate receptor; HER2, human epidermal growth factor receptor 2; NED, no evidence of disease; PR, 

partial response; RCC, renal cell carcinoma; ScFv, single chain fragment of variable region antibody; SD, stable 

disease. 

T cells redirected for universal cytokine killing (TRUCKs) are CAR-T cells which deliver a transgenic 

product to the targeted tumor tissue. CAR-T cells are additionally modified with a nuclear factor 

of the activated T cell (NFAT)-responsive expression cassette for a transgenic cytokine, for 

example, interleukin 12 (IL-12) which can boost cytokine release and amplification of T cells and 
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NK cells. Therefore, the release of IL-12 replies on CAR activation, no IL-12 release occurs without 

CAR signaling. IL-12 TRUCK-T cells can initiate an innate immune response to eliminate those 

cancer cells that cannot be recognized by CAR-T cells [106], which may improve the efficacy in 

highly heterogeneous solid tumors. 

 

 

Figure 2.3 The evolution of chimeric antigen receptor (CAR). (Abbreviations: scFv, single-chain variable fragment; 

TRUCKs, T cells redirected for universal cytokine killing) 

2.4.2 Genetic engineering platforms 

Lymphocytes can be modified by gene transfer methods to permanently or transiently express 

therapeutic genes. Viral- and nonviral-based approaches are employed in current clinical trials. 

Retrovirus based gene delievery (alpharetroviral, gammaretroviral, and lentiviral vectors) can be 

used to transduce cells without producing any immunogenic viral proteins, therefore this 

approach is commonly used in trials of gene-modified T cell therapies. Nonviral DNA transfection 

[103] or transposons (Sleeping Beauty transposon system) [107, 108] are also employed for 

permanent gene expression in T cell therapies. When transient transgene expression is desirable, 

adenoviral vector and RNA transfection are useful approaches as they can enable expression of 

the transgene for up to 1 week [109, 110]. 
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2.4.2.1 Lentiviral vectors 

Lentiviruses are distinct members of the retrovirus family. HIV-1 is the most commonly used 

lentiviral vectors. HIV-1 virus consists of a diploid single-stranded RNA genome coated by a 

protein coat and outer phospholipid envelope. HIV-1 binds to the receptors on the host cell 

surface through the viral envelope glycoprotein. After binding, the HIV envelope fuses with the 

host cell, and the viral core is then dumped into the cytoplasm. The reverse transcriptase uses 

the single-stranded RNA as template to create a double-stranded DNA viral genome. Proviral DNA 

is then transported into the nucleus and intergrated into the host genome by integrase, where it 

replicates with the host cells as a provirus. When the host cell is no longer a suitable environment, 

the HIV genome replicates independently and gets transcribed into RNA, which is stabilized by 

viral protein Rev and exported to the cytoplasm for subsequent translation. Then full-length RNA 

and viral proteins (Gag, Gag-pol and Env) start to assemble new virus particles and bud out of the 

host cell membrane.  

Because of the safety concerns due to the potential for cross-species and horizontal transmission 

of recombined lentiviruses, the design of lentiviral vectors includes fundamental safety principles. 

To minimize the risk of recombination, vector mobilization and the generation of replication 

competent lentiviruses, all nonessential genes are removed from the vector sequence and the 

vector genome is split into several parts with limited sequence overlap, including packaging 

vector (one part with gagpol gene, the other part containing rev gene), transfer vector, and 

envelope vector. Lentiviral vector system can deliver up to 10kb of transgene material and stably 

integrate into host genome with low immunogenicity. Lentiviral vectors can transduce both 

dividing and quiescent cells [111], have broader tissue tropisms, and have potentially safer 

intergration sites [112]. They have been safely used in clinical trials to engineer T lymphocytes, 

and no oncogenic event has been observed [113, 114]. Since a clinical trial with genetically 

modified hematopoietic stem cells using lentiviral vectors reported that clonal expansion and 

dominance of hematopoietic progenitors were observed [115]. Therefore, insertional 

mutagenesis is still a potential safety concern. 
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2.4.3 Comparison of CAR-T, NK and NK-92 cells 

The majority of clinical trials in CAR based therapy are engineered T cells. However, NK cells are 

of great interest in cellular immunotherapy of cancer and may represent alternative antitumor 

effectors for CAR therapy. In contrast to T cells, NK cells can mediate the 

graft-versus-leukemia/tumor (GvL/GvT) effect without the risk of inducing graft-versus-host 

disease (GvHD). Apart from GvHD, many side effects are associated with CAR therapy, in which 

on-target/off-tumor effects are mostly concerned. Therefore, suicide genes are discussed with 

long-living genetically engineered effector cells. Allogeneic CAR-NK cells are rejected after a few 

days after infusion, owing to their limited lifespan. When more immature NK cells are used, 

suicide switches may need to be concerned. Beside a transgenic CAR, NK cells express an array of 

other cell surface molecules, including natural cytotoxicity receptors (NCRs), which can eliminate 

the target tumor cells in a tumor associated antigen (TAA)-unrestricted manner. NK cells also 

express Fcγ receptor IIIA (FcγRIIIA; also known as CD16), which recognizes the Fc region of 

antibodies bound to target cells and mediates the antibody-dependent cellular cytotoxicity 

(ADCC). T cells produce proinflammatory cytokines, including tumor necrosis factor α (TNFα), IL-1, 

and IL-6, which are shown to promote tumor progression [116]. By comparison, NK cells produce 

safer cytokines, including interferon γ (IFNγ) and granulocyte macrophage colony stimulating 

factor (GM-CSF). The advantages of NK cells over T cells are listed in Table 2.4. 

The use of NK cell lines have been seen as a promising option due to their homologous nature 

and the availability of a frozen stock. NK-92 cells were established from a patient with 

non-Hodgkin’s lymphoma and have proved the safety and the antitumor capability in clinical 

trials [117, 118]. NK-92 cells have been efficiently transduced with several different CAR 

constructs (reviewed in [119]). 
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Table 2.4 Comparison of CAR-T, NK and NK-92 cells (modified from [119]) 

 T cells NK cells NK-92 

Collection Leukopheresis Leukopheresis Continuously growing cell 

line 

Preparation Activation of cells with 

anti-CD3/ 

CD28 beads 

Allogeneic donor: MHC 

match required 

Autologous: Enrichment 

needed (selection for CD56+ 

cells). 

Allogeneic donor: without 

MHC/peptide restriction. 

No processing necessary 

prior to CAR engineering  

Expansion Flasks, bags or WaveR 

expansion system 

Requires engineered feeders 

plus IL-2 (in flasks, bags or 

bioreactors) 

Expansion in serum 

free-medium without 

feeders, but IL-2 only (in 

flasks, bags, or bioreactors) 

Transduction Lentiviral systems 

transduce about 

1/3 of T cells 

Up to 60 % with 

alpharetroviral vectors [120] 

Transfection efficiency of 

more than 50%, 

compatible with sorting 

Cytotoxic 

mechanisms 

CAR-restricted killing CAR-restricted killing; 

TAA-unrestricted killing 

(NKG2D, NCRs); 

FcR-dependent cytotoxicity 

CAR-restricted killing; 

TAA-unrestricted killing; 

FcR-dependent cytotoxicity 

(transgenic expression of 

CD16) 

Suicide genes Considered  No need, only for immature 

NK cells [85] 

No need  

Cytokines 

production 

Proinflammatory 

cytokines  

(TNFα, IL-1, IL-6) 

IFN-γ, GM-CSF IFN-γ, GM-CSF 

Abbreviations: GM-CSF, granulocyte macrophage colony stimulating factor; IFNγ, interferon γ; IL, interleukin; MHC, 

major histocompatibility complex; NCRs, natural cytotoxicity receptors; NKG2D, natural-killer group 2, member D; 

TNFα, tumor necrosis factor α. 
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3. Materials and Methods 

3.1 Materials 

3.1.1 Enzyme 

Enzymes that are not especially mentioned were purchased from Thermo Fisher 

Name Buffer 

BshTI (AgeI) 10x Buffer O 

Sal I 10x Buffer O 

Not I 10x Buffer O 

Bsp1407I (BsrGI) 10x Buffer Tango 

BamH I 10x Buffer BamHI 

FastAP Thermosensitive Alkaline Phosphatase - 

T4 DNA Ligase 10x T4 DNA Ligase Buffer 

TopTaq DNA polymerase (Qiagen, Hilden, Germany) 10x TopTaq PCR buffer 

3.1.2 Kits and DNA ladder 

QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany) 

TopTaq Master Mix Kit (Qiagen, Hilden, Germany) 

PCR Purification-Kit (Qiagen, Hilden, Germany) 

QIAprep Miniprep/Midiprep/Maxiprep kit (Qiagen, Hilden, Germany) 

DuoSet Ancillary Reagent Kit 2 (5 plates) (R&D Systems, Minneapolis, USA) 

GeneRuler 1kb DNA ladder Fermentas (Thermo Fisher Scientific, Germany) 

3.1.3 Chemicals 

Agarose, Ultrapure Invitrogen Karlsruhe, Germany 
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Ampicillin Invitrogen, Karlsruhe, Germany 

Chloroquin Invitrogen, Karlsruhe, Germany 

Desoxyribonucleoside triphosphate (dNTP) Invitrogen, Karlsruhe, Germany 

Dimethylsulfoxid (DMSO) Sigma-Aldrich, Steinheim, Germany 

Triton X-100 Sigma-Aldrich, Steinheim, Germany 

Sodiumdodecylsulfate (SDS) Roth, Karlsruhe, Germany 

Tween 20 Sigma-Aldrich, Steinheim, Germany 

Protamine sulfate Sigma-Aldrich, Seelze, Germany 

Retronectin  Takara, Shiga, Otsu, Japan 

Isopropanol Merck, Darmstadt, Germany 

Sodiumchloride Merck, Darmstadt, Germany 

Tryptone Sigma-Aldrich, Steinheim, Germany 

Yeast extract Sigma-Aldrich, Steinheim, Germany 

Sodium bicarbonate Merck, Darmstadt, Germany 

Sodium dihydrogen phosphate Merck, Darmstadt, Germany 

3.1.4 Solution 

LB Medium 10 g/L Trypton, 5 g/L Yeast extract, 10 g/L NaCl in water 

LB Agar 15 g/L Agar in LB Medium 

5% SDS 5 g/L SDS in water 

1×PBS 8 g/L NaCl, 0.2 g/L KCl, 1.42 g/L Na2HPO4, 0.24 g/L KH2PO4 

3.1.5 Antibodies 

CD133/1 (AC133) antibodies, human, conjugated to APC; 

Monoclonal CD44 antibodies, human, conjugated to PE; 

Monoclonal CD24 antibodies, human, conjugated to PerCP-Vio700. 
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All antibodies including isotype control antibodies were purchased from Miltenyi Biotec (Miltenyi 

Biotec GmbH, Bergisch Gladbach, Germany). 

3.1.6 Cell lines 

Name Origin Media 

A2780 SIGMA 93112519 RPMI-1640 + 10%FCS + 1% P/S 

SKOV3 ATCC-HTB-77 RPMI-1640 + 10%FCS + 1% P/S 

Ovcar3 ATCC-HTB-161 RPMI-1640 + 20%FCS + 1% P/S + 0.01 mg/ml insulin 

   

293T ATCC-CRL-3216 DMEM (high Glucose- 4.5g/l) +1mM sodium 

pyruvate + 10%FCS + 1%P/S + 20mM HEPES + 

Glutamine 

NK-92 ATCC-CRL-2407 RPMI-1640 + 10%FCS + 1% P/S + 200U/ml 

recombinant IL-2 

Primary cells kindly provided by Prof. 

Dr. Hildegard Büning 

RPMI-1640 + 10%FCS + 1% P/S when in tissue 

culture flasks and plates 

ATCC: American Type Culture Collection, http://www.lgcstandards-atcc.org 

P/S: Penicillin/Streptomycin 

3.1.7 Cell culture medium and related reagents 

Product Company 

RPMI-1640 (with L-Glutamine) Sigma-Aldrich, Steinheim, Germany 

MEBM Basal medium Lonza, Basel, Switzerland 

SingleQuots™ Kit Lonza, Basel, Switzerland 

DMEM Biochrom, Berlin, Germany 

Insulin Actrapid Penfill, Novo Nordisk, Mannheim, Germany 



 

27 

 

HEPES Biochrom, Berlin, Germany 

Penicillin/Streptomycin Biochrom, Berlin, Germany 

Trypsin/EDTA Biochrom, Berlin, Germany 

EDTA PAA, Pasching, Austria 

Fetal calf serum (FCS) Biochrom, Berlin, Germany 

3.1.8 Nucleic acid 

CD19 CAR with lentiviral vector backbone was kindly presented by Prof. Schambach. The coding 

region of Homo sapiens CD24 (GenBank: FJ226006.1) and scFv DNA fragment were synthesized 

by Invitrogen (Thermo Fisher Scientific). pcDNA3.GP.4×CTE (gag/pol), pRSV-Rev, and RD114/TR 

envelope plasmids were obtained from Plasmid Factory (Bielefeld, Germany).  

3.1.9 Primers 

All primers were purchased from Eurogentec (Liège, Belgium). 

Amplification primers: 

 Sequence 

scFv: Forward: 5'-AGTCCGTCAGCGCACCGGTGCCACC-3' 

 Reverse: 5'-ACTTGTACGTTTTCCTTTTGCGGCC-3' 

CD24 coding region: Forward: 5'-ACTCTACGACCGGTATGGGCAGAGC-3' 

 Reverse: 5'-CACGTACTGTCGACTCAGCTATACA-3' 

Sequencing primers: 

Primer binding site Sequence 

SFFV: (kindly provided by Dr. Melanie Galla) 

CD133 scFv: Forward: 5'-CCACCTACTACTGCCAGCA-3' 

CD44 scFv: Forward: 5'-GAGGACTTCGCCGTGTACTA-3' 

CD24 scFv: Forward: 5'-TCTTCCTGCAGCTGATCTCC-3' 
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CD3ζ: Forward: 5'-CCAGGAAGGCCTGTATAACG-3' 

dTomato: Reverse: 5'-GGCCATGTTGTTGTCCTC-3' 

WPRE: Reverse: 5'-AAGAGACAGCAACCAGGATTT-3' 

3.1.10  Equipments and consumables 

Fluoroskan Ascent™ FL (Thermo Fisher Scientific) 

SpectraMax 340PC384 microplate spectrophotometer (Molecular Devices, Sunnyvale, CA) 

Spectrophotometer ND-1000 (peqLab Biotechnologie GmbH, Germany) 

BD FACS Calibur Flow Cytometer (BD Bioscience, Heidelberg, Germany) 

xCELLigence system (ACEA Biosciences, Inc, San Diego, USA) 

E-Plate 96 (ACEA Biosciences, Inc, San Diego, USA) 

DMI 6000B Leica (Heidelberg, Germany) 

IX 52 Olympus (Hamburg, Germany) 

3.2 Methods 

3.2.1 Methods in molecular biology  

3.2.1.1 Restriction digestion 

Restriction digestion of DNA was performed using restriction enzymes purchased from Thermo 

Fisher Scientific. Generally, 0.5-2ug plasmids DNA were digested in 20ul system. Following the 

manufacturer's recommendation, incubation times were 1-4 hours or overnight. When double 

digest reaction were needed, the buffer and incubation temperature were used following the 

recommendation from the online tool Double Digest Calculator (https:// 

www.thermofisher.com/de/de/home/brands/thermo-scientific/molecular-biology/thermo-scient

ific-restriction-modifying-enzymes/restriction-enzymes-thermo-scientific/double-digest-calculato

r-thermo-scientific.html).  
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3.2.1.2 Agarose gel electrophoresis and fragment 

extraction 

Agarose gel was produced by dissolving agarose powder in Tris-borate- 

ethylenediaminetetraacetic acid (TBE) buffer at a final concentration of 0.8-2%. For the DNA 

staining, midori Green nucleic acid was added and mixed in the gel solution before casting in the 

gel chamber. DNA samples were mixed with glycerol based loading dye before loading into gel 

pockets. The gel electrophoresis run time was 0.5 to 1 hour with 8 to 12 V pro cm gel width. UV 

light was used to visualize the DNA binds for observation and photograph. 

Lengths of DNA fragments were estimated using DNA ladders. The DNA binds with the desired 

size were cut with a clean scalpel for DNA extraction using the Qiagen's QIAquick Gel Extraction 

Kit. The DNA concentration was measured with the Spectrophotometer ND-1000. 

3.2.1.3 Dephosphorylation of DNA ends 

FastAP (1ul) was added to the mixture directly after restriction digestion with enzymes from 

Thermo Fisher followed by incubation for 10 minutes at 37 ºC. 

3.2.1.4 Ligation of DNA fragments 

The ligation of DNA fragments was performed using T4 DNA ligase from Thermo Fisher. The 

reaction condition was set according to the manufacturer's recommendations. The incubation 

was performed overnight at 16 ºC or 0.5-2 hours at room temperature. 

3.2.1.5 Amplification of DNA fragment with PCR 

When the scFv DNA was not enough, PCR were performed to amplificate more DNA for cloning. 

The melting temperature (Tm) of primer was estimated as follow:  

Tm=2ºCx(A+T)+4ºC x(G+C) 

The optimal annealing temperatures could be above or below the estimated Tm. At a starting 

point, 5ºC below Tm or 60ºC is normally used. If this temperature does not give satisfactory 

results, then a temperature gradient PCR with annealing temperatures from 50-68ºC was carried 

out to identify the optimum annealing temperatures. 
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PCR products (10ul) mixed with 2ul of 6x loading buffer were analysed by agarose gel 

electrophoresis. When the PCR products had right size, the residual product (40ul) was purified 

with the PCR Purification Kit. 

10 x TopTaq PCR buffer 5ul Initial 

denaturation 

3min 94ºC 

5 x Q-solution 10ul 3-step cycling 

dNTP mix (10mM of each) 1ul Denaturation 30s 94ºC 

Forward primer 0.5uM Annealing 30s Primer dependent 

Reverse primer 0.5uM Extension 1kb/min 72ºC 

TopTaq DNA polymerase 0.25ul Number of cycle: 25-35 

Template DNA 50-100ng Final extension 10min 72ºC 

RNase-free water Up to 50ul    

3.2.1.6 Transformation into competent E. coli 

NEB 10-beta competent E. coli cells (high efficiency) (New England BioLabs, Frankfurt am Main, 

Germany) were used for transformation by standard heat shock method. The plasmid DNA was 

added and gently mixed with the competent bacteria, then incubated on ice for 30 minutes. The 

bacteria solution was then heated in a water bath at 42 ºC for 30 seconds and immediately 

chilled on ice for 2 minutes. LB medium (900ul) without antibiotic was added to solution followed 

by incubation with constant shaking at 37 ºC for 30 minutes. The mixture was then spinned 

down at 5000rpm for 5 minutes, 900ul supernatant medium was removed and the resuspended 

cells were plated on a LB agarose gel plate with appropriate antibiotic for selection, then 

incubated at 37 ºC overnight. 

3.2.1.7 Bacterial clones selection and plasmid 

extraction 

Single clones were picked by sterilized tips and then inoculated into various amounts of LB 

medium containing an appropriate antibiotic (3ml for mini; 150ml for midi; 400ml for maxi). After 
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12 to 16 hours culture at 37 ºC with constant shaking, plasmid extraction was performed using 

Qiagen's Plasmid Mini, Midi or Maxi kit. The extracted DNA was dissolved in EB buffer and stored 

at -20 ºC. 

3.2.1.8 Cloning of lentiviral vectors containing CAR 

structures 

The CD19 CAR with lentiviral vector backbone was kindly provided by Prof. Schambach and used 

as an antigen-specificity control [97]. The lentiviral vector (pRRL.PPT) was previously described 

[121]. The CD19 CAR construct consisted of a signal peptide derived from GM-CSF receptor 

α-chain, follwed by CD19 scFv from a mouse hybridoma FMC63 [122], CD28, 4-1BB and CD3ζ 

[123]. CD133 CAR, CD44 CAR, CD24 CAR, and the coding region of Homo sapiens CD24 with 

lentiviral vector backbone were generated from CD19 CAR plasmid. Plasmids extracted from 

single clone were then sent to sequence. 

3.2.1.9 DNA sequencing 

The dissolved DNA (0.72-1.2ug) was diluted in ddH2O with final volume of 15ul, appropriate 

primers were prepared in separate tubes and the working concentration was 2pmol/ul. All 

samples were sent to SeqLab for DNA sequencing. 

3.2.2 Methods in cell biology 

3.2.2.1 Cell culture 

Cell culture was performed following a routine protocol. All cells were incubated at 37ºC, in a 

humidified incubator with 5% CO2. Depending on the doubling time of adherent cells, medium 

were renewed 2-3 times per week, and the subcultivation ratio ranged from 1:2 to 1:10. For 

subculturing, the medium was firstly removed and discarded, then cells were briefly rinsed with 

Trypsin-EDTA to remove the residual medium that contains trypsin inhibitor. Then an appropriate 

volume of Trypsin-EDTA was added and incubated at 37 ºC. After 5-15 minutes, the cells were 

observed with the microscope until the cell layer was dispersed. Then an appropriate volume of 

medium was added and the cells were suspended by gently pipetting, and then added desired 
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aliquots of the cell suspension to new culture vessels. Depending on cell density, NK-92 cells 

needed to be replaced with fresh medium every 2-3 days. The culture was maintained by 

addition or replacement of medium. For cryopreservation, cells were resuspended in freeze 

medium containing 10% DMSO and stored in liquid nitrogen. 

3.2.2.2 Isolation and culture of primary ovarian 

cancer cells 

All primary ovarian cancer cells were kindly provided by Prof. Dr. Hildegard Büning, whose study 

was approved by the ethics committee of Hannover Medical School. The primary cells were 

isolated from the ascites of a patient (Pat 2) with ovarian cancer. Isolation and culture followed 

the previously described protocol [124]. The ascites was not hemorrhagic, thus the Percoll 

centrifugation step was skipped. Primary cells labelled as Pat 2.2 were the cells that were 

obtained from Pat 2 on the first day she received chemotherapy. Twenty days later, cells labelled 

as Pat 2.4 were taken again from her ascites. All primary cells were cultured in low attachment 

flasks after isolation.  

For analysis with xCELLigence system, target cells should be attached on the E-Plate 96. For this 

reason, suspension Pat 2.2 and Pat 2.4 cells were changed into normal tissue culture flasks. The 

cells were attached on the next day, and then seeded for cytotoxic assay as soon as they reached 

80% confluence (normally within 10 days). When the experiments were repeated, adherent 

primary cells were freshly generated from their suspension cells. 

3.2.2.3 Production of lentiviral supernatants 

Human embryonic kidney 293T cells were transfected using calcium phosphate method. 293T 

cells (5 x 10
6
) were seeded in 10cm dish and cultured overnight. The following plasmids for each 

dish were mixed and diluted in water with desired volume: 12ug of the vector plasmid, 12ug of 

pcDNA3.GP.4×CTE (gag/pol), 5ug of pRSV-Rev and 2ug of RD114/TR envelope plasmids. The 

lentiviral packaging plasmids were purchased from Plasmid Factory (Bielefeld, Germany). Viral 

supernatants were harvested 36 hours after transfection, filtered through MillexGP 0.22um filters 

(Millipore, Schwalbach, Germany), concentrated via ultracentrifugation, and stored at -80 ºC. 
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3.2.2.4 Titration 

Titration was performed on NK-92 cells and 293T cells. 1ul, 5ul, 10ul, and 20ul of viral particles 

containing supernatant were added in cells in different wells. 4 days after transfection, cells were 

analysed by flow cytometry. The virus titer was calculated from wells showing between 5-20% 

GFP-positive transduced cells. 

3.2.2.5 Lentiviral transduction of 293T and A2780 

cells  

293T and A2780 cells (5×10
4
) in 500ul medium were seeded per well of a 24-well plate. The next 

day or when the cells attached, protamine sulfate was added to final concentration of 4ug/ml, 

and a desired volume of viral particles containing supernatant to the cells was added. The whole 

plates were then centrifuged for 1 hours at 1000g and 37ºC. 

3.2.2.6 Lentiviral transduction of NK-92 cells 

NK-92 cells were transduced using Retronectin. 48-well plates were coated with Retronectin 

(210μL of 24mg/mL in PBS per well) overnight at 4 ºC or 2 hours at room temperature. 

Retronectin was then removed. The wells were blocked with sterile-filtered PBS containing 2% 

BSA for 30 minutes at room temperature. After washing with HBSS/HEPES, viral supernatants 

were added into the Retronectin precoated plates and centrifuged for 30 minutes at 400g and 4º

C. Afterwards, 5×10
4 

NK-92 cells were added and incubated for 24 hours. Then the cells were 

transferred to uncoated plates. 

3.2.2.7 Analysis by flow cytometry 

The analysis of dTomato expressing NK cells was performed five days after transduction, NK cells 

were washed in PBS and resuspended in PBS supplemented with 2% FBS and 1mM EDTA. Flow 

cytometric data was acquired, and analysed with FlowJo software (TriStar, Ashland, OR, USA). 

Homogeneous cell populations were gated as determined by scatter characteristics. The 

transduction efficacy was controlled by flow cytometry every time before start cytotoxic assays. 

Only the CAR-NK-92 cells with transduction rate higher than 80% were used.  
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For the analysis of antigen expressions, cells were trypsinized and centrifuged at 300×g for 10 

minutes. After complete removal of the supernatant, 50ul of PBS was added to resuspend the 

cells. Then, 5ul of the desired antibody were added, mixed well and incubated for 10 minutes in 

the dark at 4ºC. Cells were then washed with 2ml PBS, centrifuged at 300×g for 10 minutes, and 

resuspended in a suitable amount of PBS for analysis by flow cytometry.  

 

3.2.2.8 Live cell imaging using fluorescent 

microscopy 

A2780, SKOV3, and Ovcar3 ovarian cancer cell lines as targets were transduced with lentiviral 

vectors encoding GFP. Target cells were seeded in 48-well plates and cultured over night. Then 

the effector NK cells were added at an effector-target (E/T) ratio of 5:1 for cell couting, and of 1:1 

in the mixed culture. The ratio of Ovcar3 and 293T in the mixed culture was 1:1. The time-lapse 

imaging was immediately started with temperature and gas control. Phase-contrast and 

fluorescent images of each position were taken every 10 or 15 minutes. The positions were 

selected and saved by the software before addition of NK cells; the acquisition focal plane was 

quickly set afterwards. This setup took less than 3 minutes, attempting that the loss of 

monitoring killing activity at the beginning be as short as possible.  

3.2.2.9 Cell counting 

Three views in each well were randomly chosen and captured by fluorescent microscopy, there 

were 3 wells in each group. The images taken in GFP channel were used for cell counting. Only 

the cells with intact nuclei were counted. 

3.2.2.10 Analysis of cytotoxicity by Fluoroskan 

Ascent™ FL 

Ovarian cancer cells were seeded in flat bottom 96-well plates at appropriate densities (A2780, 

2×10
4
 cells/well; SKOV3 and Ovcar3, 1.5×10

4
 cells/well). The next day, NK-92 and CAR-NK cells 

were added at an E/T ratio of 5:1. Before measuring, culture medium was completely removed by 



 

35 

 

inverting the plates and blotting them against clean paper towels. 200ul 5% (w/v) SDS were 

added into each well, then the fluorescence intensities of GFP in the cell homogenate, which is 

corresponded to the cell numbers, was measured at excitation 485nm/ emission 520nm using 

Fluoroskan Ascent™ FL.  

3.2.2.11 Primary cell imaging after co-cultured with 

NK cells 

5x 10
4
 Pat 2.4 cells were seeded in 24-well plates and grown over night. NK cells were added at 

an E/T ratio of 5:1 and co-cultured for 4 hours. The supernatant were removed by inverting the 

plates, residual cells were washed three times with PBS. Three views in each well were randomly 

chosen, each view was captured by microscopy before adding NK cells (0 hour). After 1, 2, 3, and 

4 hours co-culture, images from the same views were captured after removing NK cells and dead 

cells containing supernatant. The relative survival rate was calculated with the cell number in the 

images of same view taken before and after co-culture with NK cells.  

3.2.2.12 Analysis of cytotoxicity by xCELLigence 

The SP version of the xCELLigence system was used throughout this study. The xCELLigence 

system consists of four main components: the RTCA analyzer, the RTCA SP station, the RTCA 

computer with integrated software (RTCA Software 2.0, RTCA), and disposable E-plate 96. The 

RTCA SP station was placed inside a culture incubator, the computer and analyzer were left 

outside. The E-plate 96 have similar application like commonly used 96-well plates, but 

incorporate gold cell sensor arrays in the bottom of each well to monitor the cells. The 

circle-on-line-electrodes cover approximately 80% of the bottom areas of each well. The 

impedance between sensor electrodes was measured to monitor physiological changes of the 

attached cells. The more cells growing on the electrodes, the larger the value of electrode 

impedance becomes. Furthermore, the impendance change also depends on which cells attach 

to the electrodes (Figure 3.1). For example, cell spreading resulting in a large cell and electrode 

contact area, which leads to a large change in impedance. Cell index (CI) is a unit-less parameter 

to represent cell status based on the measured relative change in electrical impedance.  
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stopped before all sweeps are completed.  

Table 3.1 Schedule of experiments with xCELLigence system. 

Step Sweeps Interval Monitor 

Step1 1 1min Background tests (no cells in well) 

Step2 999 15min Cell attachment and growth curve 

Step3-1 480 1min Killing effects after NK cell addition 

Step3-2 999 15min Killing effects 8 hours post NK cell addition 

Step_4 1 1min End 

3.2.2.13 IFNγ release assays 

IFNγ release assays were performed in triplicate by co-culture of NK cells and target cells at an 

E/T ratio of 5:1 in 96-well plates in a final volume of 200ul of NK cell media containing 200IU/ml 

IL-2. After 24 hours, cell fraction free co-culture supernatants were assayed for presence of IFNγ 

using DuoSet Ancillary Reagent Kit, according to manufacturer's instructions. The average zero 

standard optical density (O.D.) was measured by the microplate spectrophotometer at a 

wavelength of 450nm, and correction was set to 540nm. The supernatants were stored at -20 ºC 

when the assays were not performed immediately after co-culture. 

3.2.2.14 Graphing and statistical analysis 

Graphs of xCELLigence assay and normalized cell index (nCI) were generated and obtained from 

the integrated system software. Other graphs were plotted and statistical analyses were 

conducted using Prism software version 6.0 (GraphPad Software, La Jolla, CA). The results of 

Fluoroskan and IFNγ were expressed as mean with SD or S.E.M and analyzed performing a 

two-sided ANOVA combined with a Bonferroni correction for multiple comparisons (P<0.05/N). 

The results of nCI were analyzed using Bonferroni's multiple comparison analysis. 
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4. Results 

4.1 Generation of CAR vectors 

4.1.1 Selection of scFv sequence 

The sequence of CD133 scFv was adopted from a novel monoclonal antibody developed by 

Swaminathan, S.K., et al. [125]. In contrast to other commercial anti-CD133 antibodies that 

recognize the poorly defined glycosylated epitopes, this new antibody specifically recognizes a 

non-glycosylated epitope of CD133. CD44 scFv was selected from a fully human anti-CD44 

monoclonal antibodies (mAb) called PF-03475952 [126]. The scFv of mAb SWA11 specific against 

the LAP epitope of the protein core of human CD24 [127] was utilised in anti-CD24 CAR.  

4.1.2 Optimization of sequences 

To increase the efficiency of protein expression, the sequences were subsequently codon 

optimized to match the most prevalent transfer RNAs (tRNAs) in human (Figure 4.1 A). GC 

content was also considered during optimization (Figure 4.1 B). The recognition sequences of 

restriction enzymes (AgeI, NotI, SalI, and BsrgI) were removed, and then the sequences were sent 

to Invitrogen for DNA synthesis. 
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Figure 4.1 Optimization of sequences. (A) The quality value of the most frequently used codon for a given amino 

acid in human is set to 100, the remaining codons are scaled accordingly [128]. The plots show the quality of the 

used codon at the indicated codon position. (B) The plots show the GC content in a 40 bp window centered at the 

indicated nucleotide position. 

4.1.3 Cloning of vectors 

CAR constructs were generated with lentiviral vector backbone, sequentially containing a signal 

peptide (SP), scFv, a hinge, CD28, 4-1BB, CD3ζ, and dTomato as marker (Figure 4.2). CD19 CAR 

with lentiviral vector backbone was kindly presented by Prof. Schambach. This CD19 CAR was 

codon optimized, and its GC content was also adjusted. Since there was an extra NotI cleavage 

site in the backbone (Figure 4.2 B), the scFv fragment could not be directly replaced. CD19 CAR 

vector was digested with AgeI and SalI to obtain the backbone fragment with size of 6527bp, 

meanwhile another reaction was performed with NotI and SalI to obtain CD28-41BB-CD3ζ 

fragment with size of 809bp. The scFv DNA was digested with AgeI and NotI. After 3 fragments 

ligation, dTomato was inserted between SalI. 
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Figure 4.2 Generation of CAR vector. (A) Schematic depiction of CAR constructs. (B) Schema of CAR containing 

lentiviral vector. (Abbreviations: scFv, single-chain variable fragment; SFFV, spleen focus-forming virus; SP, signal 

peptide; TM, transmembrane domain; WPRE, woodchuck hepatitis virus post-transcriptional regulatory element) 

4.2 Transduction of NK-92 cell line with CAR 

plasmids 

NK-92 cells were equipped with the CAR vectors using a retronectin based lentiviral transduction 

and then analysed for expression of dTomato by flow cytometry five days after transduction. 

NK-92 cells were efficiently transduced with CAR lentiviral vectors at a multiplicity of infection 

(MOI) of 5. The transduction efficacies could reach >85 % in NK-92 cells (Figure 4.3).  

 

Figure 4.3 CARs expression on NK-92 cells. CARs expression was analyzed with flow cytometry. The cells that 

express CARs, also express the fluorescent protein dTomato. The proportion of dTomato-positive cells is detected, 

which is corresponded to the CAR-positive NK-92 cells. Using CAR lentiviral vectors at MOI of 5, the transduction 

efficacies of CD133 CAR, CD44 CAR, and CD24 CAR are 85.6%, 99.4%, and 87.7%, respectively. Dashed lines 

represent non-transduced cells. 

4.3 Marker expression of ovarian cancer cells 

Surface CD133, CD44, and CD24 expression of various human ovarian cancer cell lines was 

evaluated by flow cytometry (Figure 4.4). CD133 was hardly detected in A2780 and SKOV3, only 
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5.14% of Ovcar3 were positive for CD133. Nearly all SKOV3 and 85.3% of Ovcar3 were 

CD44-positive, whereas A2780 was a CD44-negative cell line. CD24 expressed at varying levels on 

these cell lines, low level on A2780 (6.55%), and higher levels on SKOV3 (73.3%) and Ovcar3 

(83.2%). 

 

Figure 4.4 Expression of CD133, CD44, and CD24 on various human ovarian cancer cell lines (open black 

histograms). Isotype antibodies are used as control (solid gray histograms). 

4.4 Evaluation of cytotoxicity by photographing 

4.4.1 Visualizing the kinetics of killing by fluorescence 

microscopy 

To directly visualize the CAR-NK-92 cells killing process, ovarian cancer cell lines which were 



 

42 

 

previously transduced by a simple GFP encoding lentiviral vector were co-cultured with NK cells 

at an E/T ratio of 5:1. As soon as NK cells were added, a series of images were taken every 15 

minutes by fluorescence microscopy (Figure 4.5, 4.6, and 4.7). With the help of the different 

fluorescent signals, target and effector cells could be easily distinguished in this co-culture system 

(Figure 4.5 A). To better show the morphological changes of the target cells, only the images from 

the GFP channel were listed and used in further analysis. Figure 4.5 B shows the morphological 

changes of the cell death induced by CAR-NK cells. Cell shrinkage and pyknosis were observed in 

the cells, followed by massive membrane blebbing, the appearance of apoptotic bodies, and 

subsequently loss of the GFP signal. 

 

Figure 4.5 Visualization of killing by CAR-NK-92 cells by fluorescence microscopy. (A) SKOV3 are co-cultured with 

CD24NK cells at an E/T ratio of 5:1. GFP expressing target cells (SKOV3) (a), dTomato expressing CAR-NK-92 cells 

(CD24NK) (b), merged with target and CAR-NK-92 cells (c), fluoroscence merged with bright field (d). (B) 

Morphological changes of the target cells death induced by CAR-NK cells. During the early process of death, the 

cells are smaller in size with condensed cytoplasm and tightly packed organelles. After cell shrinkage, massive 

membrane blebbing occures, followed by separation of cell fragments into apoptotic bodies and subsequently loss 

of the GFP signal. Yellow arrows indicate a A2780 cell undergoing apoptosis. Target cells are treated with CD24NK 

at an E/T ratio of 5:1. 



 

43 

 

CD19NK did not significantly affect the growth of A2780 and SKOV3 within 5 hours co-culture, but 

had a strong nonspecific cytotoxicity to Ovcar3 (Figure 4.6 A). A2780 and SKOV3 were 

CD133-negative cells, the killing induced by CD133NK was not observed in these two cell lines 

(Figure 4.6 B). Although Ovcar3 had very low (5.14%) CD133 expression, the CAR-restricted killing 

was difficult to be determined by morphological changes due to the strong nonspecific effects. 

CD44NK had strong killing effects on SKOV3 and Ovcar3, but not on A2780 (Figure 4.7 A). 

Membrane blebbing occured in most of Ovcar3 cells at 2 hours after adding CD44NK, which was 

earlier than the group with CD19NK. CD24NK showed very strong and rapid killing effects on 

SKOV3 and Ovcar3, obviously morphological changes occured between 15 and 45 minutes after 

adding CD24NK (Figure 4.7 B). 
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Figure 4.6 Kinetics of target cell killing by CAR-NK-92 cells. An overview of direct visualization of killing mediated 

by (A) CD19NK, (B) CD133NK. Target cells are co-cultured with effector NK cells at an E/T ratio of 5:1. CD19NK 

cells are used as an antigen-specificity control. Images are taken every 15 minutes. 
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Figure 4.7 Kinetics of target cell killing by CAR-NK-92 cells. An overview of direct visualization of killing mediated 

by (A) CD44NK, and (B) CD24NK. Target cells are co-cultured with effector NK cells at an E/T ratio of 5:1. Images 

are taken every 15 minutes. 
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4.4.2 Quantification of CAR-NK-92 cells mediated 

killing based on fluorescent images 

To quantify the cytotoxicity of CAR-NK-92 cells, the target cells with intact nuclei were counted 

and the relative survival rate was then calculated (Figure 4.8). As expected, both NK-92 and 

CD19NK had strong nonspecific killing on Ovcar3. Although there was very low level of CD133 

expression in Ovcar 3, CD133NK did not significantly reduced the relative survival rate. CD133NK 

had also no effects on CD133-negative A2780 and SKOV3. Compared to control NK cells, CD44NK 

and CD24NK signicantly decreased the survival rate in SKOV3 and Ovcar3. A killing effect could be 

seen in A2780 after 4 hours co-cultured with CD24NK.  

 

Figure 4.8 Quantification of CAR-NK mediated killing. Three views in each well are randomly chosen and 

captured by fluorescent microscopy. There are 3 wells in each group. Only the cells with intact nuclei were counted. 

Line graph indicate the average values and error bars indicate mean±SD. 

4.5 Evaluation of cytotoxicity by Fluoroskan Ascent™ 

FL 

Cell counting is a relatively subjective method to assess the cell viability. To provide more 

objective evidence, a fluorescence-based cell survival assay was used to analyse the cytotoxicity 
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of CAR-NK-92 cells. From the beginning of co-culture, the GFP intensities were measured every 2 

hours. Compared to the result from the cell counting, the nonspecific effects of NK-92 and 

CD19NK cells on Ovcar3 was not obvious during testing by Fluoroskan. CD133NK cells did not 

decrease the survival rate of all three cell lines (Figure 4.9). Compared to CD19NK, the 

cytotoxicity of CD44NK against A2780 was not significant (P>0.05) (Figure 4.9 A), whereas 

CD44NK caused significant reduction of relative survival rate in SKOV3 and Ovcar3 (P<0.05). Only 

13.0% of SKOV3 (Figure 4.9 B) and 13.5% of Ovcar3 cells (Figure 4.9 C) survived after 10 hours 

co-cultured with CD44NK. CD24NK showed cytotoxic activity in all cell lines in this study (P<0.05), 

46.0% of A2780 survived after 10 hours co-culture (Figure 4.9 A). The rapid killing effect of 

CD24NK was observed in SKOV3 and Ovcar3, the relative survival rate was decreased by one-fold 

after 6 hours and 4 hours co-culture in SKOV3 and Ovcar3, respectively. After 10 hours co-culture 

with CD24NK, only 24.7% of SKOV3 (Figure 4.9 B) and 16.7% of Ovcar3 cells (Figure 4.9 C) 

survived. 

 

Figure 4.9 Use Fluoroskan Ascent™ FL to analyse relative survival rates of A2780 (A), SKOV3 (B) and Ovcar3 (C).  

GFP expressing target cells are seeded in flat bottom 96-well plates at appropriate densities (A2780, 2×10
4
 

cells/well; SKOV3 and Ovcar3, 1.5×10
4
 cells/well) and grow over night. Effector NK cells are added at an E/T ratio 

of 5:1. Before measuring, culture medium was completely removed followed by addition of 200ul 5% (w/v) SDS 

into each well. Then the fluorescence intensities of GFP in the cell homogenate are measured at excitation 485nm/ 

emission 520nm using Fluoroskan Ascent™ FL. Line graph indicate the average values of independent experiments 

and error bars indicate mean±S.E.M. *P<0.05 compare to CD19NK. Positive control: cancer cells lysed with 1% 

triton. 

4.6 Evaluation of cytotoxicity by xCELLigence System 

4.6.1 Growth characteristics of target cells 

Before running a cytotoxic assay using xCELLigence System, cell titration experiments for each 

type of target cells were necessary to assess the cell growth and proliferation for a range of cell 
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numbers. It helps to determine the appropriate seeding density and time point for adding NK 

cells. An example of the optimal growth curve is shown in Figure 4.10 A. The sensitivity of the 

assay depends on the time of NK cells addition and the maximum CI level. A wider CI range (ΔCI) 

leads a higher sensitivity. A too high cell density leads to a substantial reduction in the CI after 

reaching the maximal CI, and a too low cell density takes much longer time to enter logarithmic 

phase and lower maximal CI. For my experimental design, the cell density which could achieve 

the greatest ΔCI was used for seeding cells. NK cells were added in the late stage of the 

logarithmic phase of cell growth (20 to 24 hours after seeding), which allowed the curve either to 

incline or to decline. 

Figure 4.10 B shows an exemplary titration experiment for primary ovarian cancer cells. A cell 

density of 1×10
4 

was used in further experiments. The NK cells were not responsible for the 

impedance on their own, in contrast to the strong signal from target cells. This indicated that all 

changes in CI were direct measurements from the adherent target cells. 

 

Figure 4.10 Optimization of seeding density and time for NK cells addition for target cells using the xCELLigence 

system. (A) Key features of the ideal target cell growth curve, including ΔCI, maximal CI, and time point of NK cells 

addtion. (B) NK cells do not produce a CI reading on their own, their curves are similar as baseline. (Abbreviations: 

CM, culture medium) 



 

49 

 

4.6.2 Real-time cytotoxicity assay using xCELLigence 

To dynamically monitor NK cell mediated cytolysis, NK-92 and CAR-NK-92 cells were added at E/T 

ratios of 1:1, 5:1, and 10:1 to the ovarian cancer cells grown over night in E-Plate 96. The 

impedance from each well was measured for 72 hours (Figure 4.11). The CI values were 

normalized to the last measurements before adding NK cells, the normalized CI (nCI) at this time 

point had a value of 1. Table 4.1 listed the nCI of each cell lines after 3, 5, and 7 hours co-cultured 

with NK cells. Similar results were obtained as shown in the cell counting experiment, NK-92 and 

CD19NK cells showed a dose-dependent lysis of Ovcar3. Surprisingly, in groups with higher E/T 

ratios (5:1 and 10:1), NK-92 and CD19NK cells led to a rapid decrease of the nCI in SKOV3 within 5 

hours, whereas no reduction of cell number was observed in the cell counting results.  

CD133NK did not cause any differences in the nCI values in the negative cell lines, A2780 and 

SKOV3, compared to NK-92 and CD19NK (Figure 4.11 A). Although Ovcar3 was shown to express 

CD133 at a low level (5.14%), the killing activity of CD133NK was not observed in all these 

methods. CD44NK at E/T ratios of 1:1 reduced the nCI of SKOV3 from the value of 1 to 0.712 

within the first 7 hours after adding NK cells. CD44NK at E/T ratios of 5:1 and 10:1 induced a 

substantial reduction of the nCI of SKOV3, indicating most of SKOV3 cells were lysed at 5 hours 

(5:1) and 4 hours (10:1) post adding NK cells (Figure 4.11 B). The rapid nCI reduction of Ovcar3 

co-cultured with CD44NK occurred within 5.6 hours (1:1, nCI=0.322), 3 hours (5:1, nCI=0.261), 

and 2.6 hours (10:1, nCI=0.286) after adding NK cells (Figure 4.11 B). No decrease in nCI could be 

detected at the later time. CD24NK showed cytotoxicity against all three cell lines in a 

dose-dependent manner (Figure 4.11 C). 
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Figure 4.11 Dynamic monitoring of NK cell-mediated cytolysis. Ovarian cancer cells were seeded at appropriate 

densities in E-Plate 96 (A2780, 2×10
4
 cells/well; SKOV3 and Ovcar3, 1.5×10

4
 cells/well). CD133NK (A), CD44NK (B), 

CD24NK (C), CD19NK and NK-92 cells were added when the target cells reached logarithmic phase. Treatment 

with 1% Triton is used as positive control. 
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Table 4.1 Normalized cell index (nCI) value of cell lines co-cultured with CAR-NK-92 cells.   

  A2780 SKOV3 Ovcar3 

  3h 5h 7h 3h 5h 7h 3h 5h 7h 

NK-92 1:1 1,251 1,484 1,443 1,030 0,944 0,877 1,190 1,205 1,160 

 5:1 1,337 1,265 1,182 0,628 0,452 0,387 1,004 0,528 0,327 

 10:1 1,446 1,304 1,089 0,439 0,285 0,248 0,924 0,331 0,269 

CD19NK 1:1 1,343 1,272 1,569 1,024 0,935 0,835 1,186 1,151 1,010 

 5:1 1,308 1,184 1,194 0,565 0,421 0,365 0,914 0,542 0,469 

 10:1 1,411 1,182 1,162 0,423 0,296 0,266 0,742 0,432 0,410 

CD133NK 1:1 1,176 1,337 1,349 0,964 0,859 0,793 1,169 1,207 1,183 

 5:1 1,259 1,378 1,112 0,521 0,380 0,327 0,931 0,491 0,354 

 10:1 1,344 1,402 1,029 0,398 0,273 0,246 0,863 0,387 0,356 

CD44NK 1:1 1,221 1,025 1,441 0,950 0,784 0,712 0,707 0,364 0,272 

 5:1 1,362 0,840 1,362 0,373 0,127 0,098 0,261 0,212 0,226 

 10:1 1,393 0,870 1,402 0,207 0,065 0,059 0,319 0,347 0,377 

CD24NK 1:1 1,122 1,317 0,962 0,864 0,713 0,645 0,629 0,260 0,169 

 5:1 1,128 1,326 0,715 0,307 0,135 0,108 0,218 0,189 0,205 

 10:1 1,163 1,290 0,735 0,141 0,060 0,067 0,229 0,264 0,312 

4.6.3 Morphological changes of SKOV3 affected CI 

The CI change depends on the cell viability, cell number, cell morphology, and degree of adhesion. 

The reduction of the CI of SKOV3 by NK-92 and CD19NK occurred in a dose-dependent manner 

(Figure 4.12 A; Table 4.1), but there was no reduced relative survival rate observed in the cell 

counting experiment (Figure 4.8) and the Fluoroskan Ascent™ FL results (Figure 4.9 B). To find out 

what caused the CI reduction in SKOV3 treated with NK-92 and CD19NK, the cells were observed 

under fluorescence microscopy 24 hours after addition of NK cells (Figure 4.12). Compared to 

SKOV3 alone (Figure 4.12 B), co-culture with CD19NK cells at an E/T ratio of 1:1 induced minor 

morphological change in SKOV3 (Figure 4.12 C), and this change was more obvious when 

co-cultured with CD19NK cells at an E/T ratio of 5:1 (Figure 4.12 D). The loss of cell volume and 

cell shrinkage could result in the reduction of CI. In contrast to CD19NK, CD44NK (Figure 4.12 E) 
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and CD24NK (Figure 4.12 F) at an E/T ratio of 5:1 significantly reduce the cell number, as there 

was nearly no living cell found at the end of co-culture.  

 

Figure 4.12 Observations after xCELLigence assay under fluorescence microscopy. (A) CI reduction induced by 

NK-92 and CD19NK cells occurs in a dose-dependent manner. Images of SKOV3 alone (B), treated with CD19NK at 

an E/T ratio of 1:1 (C) and 5:1 (D), with CD44NK (E), with CD24NK (F), and positive control (G) were taken 24 hours 

after adding NK cells.  
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4.7 Evaluation of cytotoxicity on primary ovarian 

cancer cells 

4.7.1 Morphology of cells collected from ascites of 

cancer patients 

The primary ovarian cancer cells were cultured in low attachement flasks after isolation from 

ascites. They were multicellular aggregates (spheroids) that floated as three-dimensional 

structures in the growth medium in low attachment flasks (Figure 4.13 left panel). For the 

cytotoxic assays using xCELLigence system, these primary cells were moved into tissue culture 

flasks and observed under phase contrast microscopy every day. After 2 days culture in tissue 

culture flasks, most spheroids attached and a clear transformation from multicellular spheroids to 

flattened cellular clusters containing several non-adherent cells growing on top was observed 

(Figure 4.13 middle panel). After 8 days, nearly all non-adherent cells were removed by changing 

medium (Figure 4.13 right panel). Pat 2.2 (Figure 4.13 A) cells derived from Pat 2 before 

chemotherapy. Pat 2.4 (Figure 4.13 B) cells were taken after chemotherapy from the same 

patient, thus they exhibited increased chemoresistance.  

 

Figure 4.13 Morphological features of primary ovarian cancer cells. Pat 2.2 (A) and Pat 2.4 (B) cells grow as 

spheroids in low attachment flasks. After seeding into tissue culture flasks, the cells become adherent cells and 

form a monolayer after 8 days.   
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4.7.2 Assessment of Cell Surface Markers by Flow 

Cytometry 

The cell surface expressions of CD133, CD44, and CD24 were determined in primary ovarian 

cancer cells by flow cytometry. A higher level of CD133 expression was observed in more 

chemoresistent Pat 2.4 (78.4%) than in Pat 2.2 (42.9%) cells (Figure 4.14 Aa). CD44 (Figure 4.14 

Ab) and CD24 (Figure 4.14 Ac) were expressed at varying levels in both primary cells. Interestingly, 

CD133 expression was gradually lost during culture in tissue culture flasks, 66.9% of Pat 2.4 was 

CD133-positive after 2 weeks, and only 8.2% remained positive after 3 months culture in tissue 

culture flasks (Figure 4.14 Ba). In contrast, there was no obvious change in expression of CD44 

(Figure 4.14 Bb) and CD24 (Figure 4.14 Bc). In cytotoxic experiments, to avoid the loss of CD133 

expression, primary cells were seeded in E-Plate 96 for xCELLigence assay as soon as they 

reached a sufficient cell number in tissue culture flasks.  
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Figure 4.14 Expression of CD133, CD44, and CD24 in primary ovarian cancer cells collected from ascites (open 

black histograms). (A) Marker expression on primary cells cultured in low attachement flasks. (B) Marker 

expression on Pat 2.4 2 weeks and 3 months after seeding in tissue culture flasks. Isotype antibodies are used as 

control (solid gray histograms). 

4.7.3 Evaluation of cytotoxicity in primary cells by 

photographing 

To analyse the killing activity of CAR-NK-92 cells in primary ovarian cancer cells, Pat 2.4 cells were 

used due to their high expression level of all three antigens (Figure 4.15). Pat 2.4 cells were 

co-cultured with NK cells at an E/T ratio of 5:1. Images were captured in the same view before 

adding NK cells and after co-culture (Figure 4.15 A). Based on the images, the residual primary 

cells were counted and relative survival rates were calculated (Figure 4.15 B-D). NK-92 and 

CD19NK showed nonspecific killing on Pat 2.4 cells. Although CD133NK slightly decreased the 
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relative survival rate after 1 hour co-culture, it was not convincing that CD133NK had stronger 

cytotoxicity due to the similar effects as control NK cells at the latter time points (Figure 4.15 B). 

As expected, CD44NK (Figure 4.15 C) and CD24NK (Figure 4.15 D) decreased the survival rate in 

Pat 2.4 cells, suggesting a strong CAR-restricted killing effects. 

 

Figure 4.15 Killing effects of CAR-NK cells in primary ovarian cancer cells Pat 2.4. (A) Matched images of each 

view before adding NK cells and after co-culture followed by removal of NK cells. Cells were seeded in 24-well 

plates; three views in each well were randomly choosed. The relative survival rates in group of CD133NK (B), 

CD44NK (C) and CD24NK (D) were calculated based on cell counting from the images. Line graph indicate the 

average values and error bars indicate mean±SD. 

4.7.4 Evaluation of cytotoxicity in primary cells by 

xCELLigence System 

Since the image-based cell counting is difficult to perform and can be affected by many factors 

during manipulation, the xCELLigence system was used to more accurately analyze the 

cytotoxicity of CAR-NK cells against primary ovarian cancer cells. Pat 2.2 and Pat 2.4 cells were 

seeded in E-Plate 96 at the optimal cell density determined by cell titration experiments. The 

dynamic changes of nCI value were monitored 24 hours after adding NK cells. Table 4.2 listed the 

nCI of primary cells after 3, 5, 7, and 9 hours co-cultured with NK cells and cultured alone. All 

three CAR-NK cells caused a decline in the nCI in an E/T ratio dependent manner (Figure 4.16). 
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The rapid lysis of target cells by CD133NK cells occurred within 5 hours in Pat 2.2 (Figure 4.16 A) 

cells and within 9 hours in Pat 2.4 (Figure 4.16 B) cells, followed by an increase of the nCI value, 

especially in the groups with lower E/T ratio. CD44NK and CD24NK rapidly lysed Pat 2.4 cells 

within 5 hours (Figure 4.16 B). However, an increase after short reduction of the nCI value was 

also observed in the groups treated with CD44NK and CD24NK at E/T ratios of 1:1 in Pat 2.2 cells 

(Figure 4.16 A).  

Interestingly, the expression levels of CD24 on Pat 2.2 (66.3%) and Pat 2.4 (65.8%) cells were 

similar (Figure 4.14 Ac), but co-culture with CD24NK at E/T ratios of 1:1 and 5:1 induced greater 

reduction of nCI in Pat 2.4 than in Pat 2.2 cells (Table 4.3). These results from xCELLigence 

suggested that compared to Pat 2.2, Pat 2.4 was more sensitive to CD24NK. Pat 2.4 cells also 

showed higher sensitivity to the nonspecific cytotoxicity of NK-92 and CD19NK. Since compared 

to the primary cells cultured alone, co-cultured with NK-92 and CD19NK caused larger decrease 

of nCI in Pat 2.4 than in Pat 2.2 cells (Table 4.4). 

It is also noteworthy that although CD24 expression levels were lower than CD44 in these 

primary cells (Figure 4.14 Abc) and the transfection efficiency of CD24NK was lower than CD44NK 

(Figure 4.3), CD24NK induced greater reduction of nCI both in Pat 2.2 and Pat 2.4 cells at the 

early time points, compared to CD44NK (Table 4.5). These results suggested that CD24NK may 

have a higher potency than CD44NK cells. 



 

58 

 

 

Figure 4.16 Dynamic monitoring of NK cell-mediated cytolysis in primary ovarian cancer cells. Titration 

experiments were made to determine the appropriate cell densities. NK cells were added when Pat 2.2 (A) and Pat 

2.4 (B) cells reached logarithmic phase. Treatment with 1% Triton is used as positive control. 

Table 4.2 Normalized cell index (nCI) value of primary cells co-cultured with CAR-NK-92 cells.   

  Pat 2.2 Pat 2.4 

  3h 5h 7h 9h 3h 5h 7h 9h 

No NK cells 1,126 1,142 1,235 1,265 1,106 1,101 1,143 1,190 

NK-92 1:1 1,051 1,048 1,124 1,165 0,925 0,871 0,891 0,928 

 5:1 0,864 0,866 0,993 1,071 0,695 0,612 0,615 0,631 

 10:1 0,753 0,740 0,841 0,874 0,652 0,564 0,552 0,542 

CD19NK 1:1 1,063 1,057 1,129 1,171 0,938 0,878 0,870 0,872 
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Table 4.2 (Continued) 

 5:1 0,847 0,844 0,926 0,964 0,723 0,644 0,646 0,663 

 10:1 0,773 0,751 0,807 0,845 0,680 0,591 0,571 0,565 

CD133NK 1:1 0,755 0,751 0,815 0,843 0,991 0,936 0,910 0,903 

 5:1 0,517 0,477 0,516 0,539 0,832 0,663 0,602 0,567 

 10:1 0,481 0,428 0,451 0,457 0,736 0,535 0,466 0,432 

CD44NK 1:1 0,785 0,838 0,938 0,974 0,667 0,435 0,335 0,278 

 5:1 0,360 0,409 0,467 0,487 0,243 0,090 0,059 0,048 

 10:1 0,245 0,263 0,278 0,279 0,161 0,076 0,055 0,049 

CD24NK 1:1 0,580 0,671 0,683 0,635 0,537 0,379 0,283 0,217 

 5:1 0,162 0,139 0,205 0,072 0,171 0,082 0,052 0,041 

 10:1 0,101 0,072 0,312 0,035 0,118 0,058 0,046 0,046 

Table 4.3 Bonferroni's multiple comparison analysis of nCI value of primary cells co-cultured 

with CD24NK.   

  Pat 2.2 vs. Pat 2.4 

  3h 5h 7h 9h 

CD24NK 1:1 ns **** **** **** 

 5:1 ns **** **** ** 

 10:1 ns ns ns ns 

Abbreviations: ns, non-significant; **** P<0.0001; ** P<0.005 

Table 4.4 Bonferroni's multiple comparison analysis of ΔnCI value of primary cells cultured 

alone and co-cultured with NK-92 or CD19NK.   

ΔnCI  Pat 2.2 vs. Pat 2.4 

  3h 5h 7h 9h 

No NK vs NK-92 1:1 0.0552 ns 0.0078 ** 0.0056 ** 0.0014 ** 

 5:1 0.0322 * 0.0012 ** <0.0001 **** <0.0001 **** 

 10:1 0.4590 ns 0.0350 * 0.0011 ** <0.0001 **** 

No NK vs CD19NK 1:1 0.1213 ns 0.0213 * 0.0035 ** 0.0001 *** 

 5:1 0.1029 ns 0.0038 ** 0.0006 *** <0.0001 **** 

 10:1 0.5183 ns 0.0540 ns 0.0123 * 0.0003 *** 

Abbreviations: ns, non-significant; ΔnCI is the range between nCI of primary cells cultured alone and co-cultured 

with NK-92 or CD19NK cells. 
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Table 4.5 Bonferroni's multiple comparison analysis of nCI value of primary cells co-cultured 

with CD44NK or CD24NK.   

  Pat 2.2 Pat 2.4 

  3h 5h 7h 9h 3h 5h 7h 9h 

CD44NK vs. CD24NK 1:1 **** **** **** **** **** ns ns ns 

 5:1 **** **** **** **** **** ns ns ns 

 10:1 **** **** **** **** **** ns ns ns 

Abbreviations: ns, non-significant; **** P<0.0001 

4.8 Determination of CAR-NK-92 activity by IFNγ 

quantification 

To quantify IFNγ secretion, NK-92 and CAR-NK-92 cells were either cultured alone or co-cultured 

with target cells at an E/T ratio of 5:1. After 24 hours, cell-free supernatants were harvested and 

measured for IFNγ secretion using an ELISA. As shown in Figure 4.17, NK-92 and CAR-NK-92 cells 

spontaneously produced negligible or low levels of IFNγ when incubated alone. Co-culture with 

CD133 expressing primary cells induced significantly higher level (P<0.05) of IFNγ secretion by 

CD133NK (309.94 pg/ml in Pat 2.2 and 169.60 pg/ml in Pat 2.4), compared to secretion by 

untransduced NK-92 and CD19NK cells (Figure 4.17 A). CD44NK cells were activated by 

CD44-positive SKOV3, Ovcar3 and primary cells, and produced massive IFNγ with a range 

between 3399.97 and 5575.71 pg/ml (Figure 4.17 B). Although A2780 had very low level of CD24 

expression (Figure 4.4), co-incubation also induced a significantly higher level (P<0.05) of IFNγ 

production (590.58 pg/ml) by CD24NK compared to untransduced cells. The other four target 

cells are all CD24-positive, they induced increased IFNγ secretion of CD24NK (Figure 4.17 C). 

 
Figure 4.17 Quantification of IFNγ produced by NK-92 and CAR-NK-92 cells. NK-92 or CAR-NK-92 cells were 

cultured alone or co-cultured with an equal number of ovarian cancer cell lines or primary cells for 24 hours at an 

E/T ratio of 5:1. Supernatants were then harvested and used for IFNγ quantification using ELISA. Mean IFNγ 

concentration ± SD (pg/ml) is shown. *P<0.05 compare to CD19NK. (Abbreviations: INFγ, Interferon gamma) 



 

61 

 

4.9 Investigation of specific killing of CD44NK and 

CD24NK cells 

4.9.1 Comparison of CAR-restricted and nonspecific 

killing of CD44NK and CD24NK cells in mixed 

cultures  

To investigate the selectivity of CAR-NK-92 cells and kinetics of target cell killing in more detail, 

mixtures of GFP-expressing CD44- and CD24-positive Ovcar3 and unlabelled CD44- and 

CD24-negative 293T (Figure 4.18) were incubated with CD44NK (Figure 4.19 A) and CD24NK 

(Figure 4.19 B) respectively. Culture was followed by live cell imaging, with fluorescent and 

phase-contrast images taken every 10 minutes. Evaluation of serial images of individual 

microscopic fields showed that CD44-negative 293T remained unaffected by CD44NK and 

continued to grow (Figure 4.19 A). In contrast, positive Ovcar3 cells (green cells) were rapidly 

lysed by CD44NK within 35 minutes. Selective killing was also observed in the mixed co-culture 

with CD24NK (Figure 4.19 B). Importantly, one CD24NK cell gave rise to three cells after it serially 

killed two positive Ovcar3 cells. These data suggested that CAR-restricted killing of both CD44NK 

and CD24NK were more potent and prior to TAA-unrestricted killing. 

 

Figure 4.18 Expression of CD44 and CD24 on 293T (open black histograms). Isotype antibodies are used as control 

(solid gray histograms). 
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Figure 4.19 Serial images of a microscopic field with mixed cultures. Equal amount of Ovcar3 and 293T are 

mixed and seeded in 48-well plates. After overnight incubation, CD44NK and CD24NK are added at an E/T ratio of 

1:1. Merged phase-contrast and fluorescence microscopy images are shown. The green cells are GFP-expressing 

antigen positive Ovcar3, negative 239T has no fluorescent signals, the red cells are CD44NK (A) and CD24NK (B). 

The time stamp indicates hours: minutes: seconds from the beginning of observation.  
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4.9.2 Specific killing of CD24NK cells on CD24 

over-expressing tumor cells 

To provide more convincing evidence of the cytotoxic specificity of CD24NK cells, CD24 low 

expressing A2780 and negative 293T were equipped with human CD24 via lentiviral gene transfer. 

After 24 hours co-culture with CD24NK at an E/T ratio of 5:1, the GFP intensities of residual cells 

were measured by Fluoroskan Ascent™ FL. As expected, CD24-positive A2780
CD24

 and 293T
CD24

 

cells were lysed in a significantly greater amount by CD24NK when compared to NK-92 and 

CD19NK (P<0.05), only 27.4% of A2780
CD24

 and 27.8% 293T
CD24

 survived after co-culture with 

CD24NK (Figure 4.20). Although 6.6% of A2780 were CD24-positive, and CD24NK caused 

significant reduction of relative survival rate in A2780 after 10 hours co-culture compared to 

CD19NK (P<0.05) (Figure 4.9 A), after 24 hours there were 71.4% of A2780 survived and the 

killing of CD24NK was not statistically significant (P>0.05) (Figure 4.20). Incubation of CD24NK 

with CD24-negative 293T cells did not lead to cell lysis. Moreover, NK-92 and CD19NK lysed 

neither CD24-positive nor CD24-negative target cells. 

 

Figure 4.20 Use Fluoroskan Ascent™ FL to analyse relative survival rate of A2780 and A2780
CD24

 (A), 293T and 

293T
CD24

 (B) after 24 hours co-cultured with CD24NK. Mean relative survival rates and SD of triplets are shown. 

*P<0.05  
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5 Discussion 

5.1 Rationale of target selection  

The progress regarding the treatment for ovarian cancer was very moderate in the last 30 years. 

Although medical technology has advanced considerably, chemotherapy and surgery have 

moderately extended the survival time of ovarian cancer patients and there is no improvement in 

survival rate [2]. The development of novel therapies for ovarian cancer is eagerly awaited. 

Ovarian CSCs are chemoresistant and display increased tumorigenicity in vitro and in vivo. 

Therefore, these cells are believed to be the source that causes tumor recurrence and to 

contribute to the increasing chemoresistance of tumor during chemotherapy. The exact surface 

markers characterizing ovarian CSCs still remain controversy, but CD133, CD44, and CD24 are 

most widely described as ovarian CSCs markers in current studies. Their high expressions were 

shown to correlate with poor clinical outcome in ovarian cancer patients (reviewed in [129]). The 

targeted therapies based on these markers were shown to increase chemosensitivity of tumor 

and improve survival in mouse models (Table 2.2). To develop a panel of anti-ovarian CSCs CARs, 

CD133, CD44, and CD24 were adopted as target antigens in this project. 

The scFv sequences were carefully selected for each CAR construction. Different from a recently 

published CD133 (AC133)-specific CAR-T cells [130] that recognize glycosylated epitopes, the 

CD133 scFv sequence adopted in this project recognizes a non-glycosylated epitope of CD133 

[125], whose expression was reported to be lost during differentiation and more restricted to 

CSCs [131]. Based on this anti-CD133 scFv sequence, antibody-toxin conjugates (dCD133KDEL) 

and nanoparticles targeting CD133 loaded with paclitaxel [132] were developed and successfully 

tested on head and neck cancer [133], breast carcinoma cells [134], and ovarian cancer [42] in 

preclinical studies.  

CD44 has one standard isoform (CD44s) and 10 known splice variants (CD44v1-10). CD44 is 

expressed in the majority of ovarian cancer cells. On the contrary, its expression level is low to 

absent in normal ovarian epithelial cells. There were many studies which focused on the 

association between different CD44 variants expression and prognosis in ovarian cancer, but it 
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remains controversial. This may be attributed to the high heterogeneity of tumor samples and 

some technical factors (reviewed in [135]). Furthermore, most reports on the definition of CD44 

as a CSC marker are based on isolation by the antibodies that recognize CD44s, as well as CD44v 

molecules. Thus, CD44 variants expression in CSCs remains unexplored. CD44 proteins is the main 

receptor for hyaluronan (HA), and the HA binding domain exists in all CD44 isoforms. In studies of 

CD44-targeted therapy in ovarian cancer, hyaluronic acid-paclitaxel and small hyaluronan 

oligosaccharides were used (reviewed in Table 2.2). Therefore, different from previously 

described engineered lymphocytes redirected to CD44v7/8 [136] and CD44v6 [137], our 

anti-CD44 CAR in this project was designed to bind all CD44 isoforms [126].  

Among these CSC markers, CD24 is the least commonly found on normal tissues, making it a 

preferable target for immunotherapy. SWA11 is a well established mAb specific against CD24 

[127]. SWA11 based therapy was studied in many types of tumors, including ovarian cancer [43], 

showing a high binding specificity, strong anti-tumor activity, and low toxicity. Thus, the scFv of 

mAb SWA11 was used in this project. 

5.2 Addition of co-stimulatory signals CD28 and 

4-1BB in CAR construction 

T cells harboring first generation CARs were demonstrated to display killing activity to tumor cells 

in vitro, but the results from clinical trials were not favourable, due to short term survival of 

sufficient modified T cells after infusion [104]. To increase the potency of CARs, one (second 

generation CAR) or two co-stimulatory domains (third generation CAR) were added to the CARs 

constructs. CD28 is one of co-stimulatory molecules, it can accelerate T cell expansion in solid 

tumors [95], but leading to T-cell exhaustion and reduced cell persistence compared to the 4-1BB 

domain [138]. Incorporating 4-1BB, a co-stimulator induced by lymphocyte activation, was shown 

to enhance antitumor activity of CAR-T cells in vivo [93]. More importantly, 4-1BB appeared to 

improve the persistence and the tumor localization of CAR-T cells in ovarian cancer models [139]. 

The co-stimulation through the 4-1BB pathway appears to be very powerful in preventing 

activation induced cell death and, additionally, CD28 sustains T cell expansion and cytokine 

production. Therefore, CARs containing both CD28 and 4-1BB were shown to have improved T 
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cell survival and cytotoxicity compared to a single co-stimulator [140]. 

For NK cells, transduction of either first or second generation CARs did not impair natural 

CAR-independent cytoxicity. Co-stimulation of CD28 in CAR-bearing NK cells significantly 

increased lysis of antigen-positive target cells compared to first generation CARs [141]. Addition 

of the 4-1BB co-stimulatory molecule was shown to enhance cytotoxic activity of modified NK 

cells to leukemic cells and increased cytokine production [142]. Therefore, we added both CD28 

and 4-1BB co-stimulatory domains in our CARs, attempting to efficiently redirect NK cells to 

specifically lyse antigen expressing tumor cells.  

5.3 Advantages of CAR-engineered lymphocytes for 

cancer therapy 

Besides ACT, monoclonal antibody-based treatment, including antibodies alone and 

antibody-drug conjugates, are also a promising area of research and increasing antibody 

therapies are being used in ovarian cancers. Due to a series of physical hurdles, such as 

endothelial barrier, interstitial and epithelial barriers after extravasion, the biodistribution of 

mABs in the tumor environment becomes one of the major challenges, especially in solid tumors. 

Studies showed that only a very small fraction of mAb infused intravenously can be detected 

within the tumor [143]. In contrast to mABs, lymphocytes have the physiologic capacity to 

extravasate and traffic in tissues. They can actively use chemokine gradients and release enzymes 

to degrade components of the extracellular matrix. In addition, lymphocytes can be engineered 

to express chemokine receptors that facilitate the trafficking of CAR-lymphocytes within the 

tumor environment [144].  

To induce ADCC or complement-dependent cytotoxicity (CDC), there are three key factors: 

sufficient antigen expression on target cells, efficient FcγR expression on NK cells/monocytes, and 

enough effector cells with potential cytolytic activity. Target cells with low antigen expression can 

escape recognition by mAbs, because high numbers of antigen molecules are requited for mAbs 

to efficiently activate ADCC or CDC [145]. CAR-lymphocytes are able to be triggered by such 

target cells expressing relatively low levels of antigen independently from FcγR signals, since CARs 
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can be ectopically expressed at a high density by lymphocytes. For example, FcγR polymorphisms 

were shown to be associated with the clinical outcome of patients with breast cancer who 

received trastuzumab [146]. Additionally, it was reported that a patient who had resistance to 

blinatumomab, a chimeric bispecific anti-CD3 and anti-CD19 mAb, responded to CAR-modified T 

cells with specificity for CD19 [147]. And interestingly, CAR-expressing NK-92 cells were shown to 

be more effective than the combination of mAbs and native NK-92 cells [148].  

Another challenge to the passive immunotherapy with mAbs is that patients normally receive 

several regimens or even multi-agent chemotherapy, leading to a reduction of the number and 

the cytotoxic activity of endogenous immune cells. In this respect, the adoptive transfer of 

CAR-lymphocytes could be superior to mAbs due to the direct infusion of immune effector cells 

with potent antitumor activity. 

Unlike T cells, NK cells mediate the GvL/GvT effect without the risk of inducing GvHD. In recent 

years, NK cells as alternative antitumor effectors for CAR therapy are of great interest in cellular 

immunotherapy of cancer. Many studies demonstrated the feasibility of a CAR engineered NK 

cells as effector cells (reviewed in [149]). However, the efficacy and clinical expansion of primary 

NK cells remain variable due to individual difference of patients or donors. A human NK cell line is 

a promising alternative to overcome this problem. NK-92 is the most commonly studied NK cell 

line, which has been used in clinical trials [150]. Compared to patient-derived NK cells that might 

be functionally impaired, NK-92 provides a more homogeneous and well-defined cell population. 

NK-92 cells have been proved to be generally safe with moderate and transient toxicities, and 

expansion of these cells is feasible [118]. Importantly, NK-92 cells express a relatively large 

number of activating receptors and high levels of cytolytic pathway molecules, such as perforin 

and granzyme B. On the contrary, they express only few inhibitory receptors, and they are lacking 

most of the killer inhibitory receptors (KIRs) that are expressed on normal NK cells [151]. This 

confers NK-92 cells superior cytotoxicity against a broad spectrum of tumor targets. Furthermore, 

CAR-expressing NK-92 cells can be provided in a standardized quality and can be used for many 

different patients, increasing the practicality of these cells in clinical trials. However, similar as 

other established NK cell lines, NK-92 cells do not express CD16 (also known as FcγRIIIA), thus 

they require transfection of CD16 (NK-92-CD16 cells) in order to perform ADCC. Also, NK-92 cells 
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were established from a patient with lymphoma, and they were shown to carry multiple 

cytogenetic abnormalities [152]. Although non-irradiated NK-92 cells did not engraft after 

repeated infusions and administration of IL-2 in mouse models [117], NK-92 cells must be 

irradiated prior to infusion for safety requirements in clinical trials. The irradiation can reduce the 

proliferation of NK-92 [153], and thus may limit their persistence in vivo. 

To expand this approach to ovarian cancer, this thesis aimed to develop and analyze efficacy of 

cellular immunotherapy based on NK-92 cells expressing third generation CARs targeting ovarian 

CSCs. 

5.4 Antigen expression of target ovarian cancer cells  

CAR-restricted killing activity highly depends on the density of antigens expressed on target cells. 

Thus, the surface antigen expression of ovarian cancer cell lines and primary cells were analysed 

(Figure 4.4 and 4.14). However, the expression levels of these CSCs marker on ovarian cancer cell 

lines reported by other studies are quite variable. For example, Baba et al. showed that both 

A2780 and Ovcar3 were CD133-positive cells, and SKOV3 was negative [154]. Whereas in the 

paper from Wei et al., 12.9 ± 3.3% of SKOV3 were CD133-positive, and only 18.1 ± 1.6% of SKOV3 

were CD44-positive [155]. In our study, CD133 expression could not be detected in A2780 and 

SKOV3, and only very low level (5.14%) in Ovcar3. Nearly all SKOV3 cells were CD44-positive 

showing a high expression level. Since CSCs marker expression is not static, but shifting during 

differentiation or continuous response to environment, the variant expression may be caused by 

different culture conditions or passages of cell lines. A previous study showed that 

CD133-negative ovarian cancer cells were not able to generate CD133-positive cells [49], whereas 

CD24-negative A2780 could give rise to CD24 positive cells, and CD44-negative cells acquired 

expression of CD44 during expansion [156]. In addition, a large proportion of SKOV3 and Ovcar3 

were CD44- and CD24-positive in this study. All of these indicate that CD44 and CD24 are not 

bona fide CSC markers for ovarian cancer. Wei et al. suggested that combination of Epcam, CD44, 

and CD24 was necessary to identify ovarian CSCs, as each marker alone was not sufficiently 

selective [155]. Despite various data was reported, the expression levels of antigens obtained in 

this study were consistent with the cytotoxic effects they induced. 
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Malignant cells in the ascites of ovarian cancer patients survive as single cells or as free-floating 

multicellular aggregates. These spheroids can adhere to the mesothelial extracellular matix and 

create a metastatic tumor on pelvic organs [157]. In this project, two different primary cells 

isolated from the same patient before and after chemotherapy were used. Consistent with other 

studies, CD133 expression was significantly higher in more chemoresistent primary cells Pat 2.4 

than that in Pat 2.2 (Figure 4.14 Aa). It suggested that CD133-positive cells were resistent to 

chemoreagents and survived during chemotherapy. Interestingly, CD133 expression of Pat 2.4 

was decreased after culturing them in tissue culture flask instead of low attachment flask, and 

the expression was gradually lost during culture in tissue culture flask (Figure 4.14 Ba). Latifi et al. 

showed that nonadherent spheroids isolated from ascites underwent epithelial-mesenchymal 

transition (EMT) when grown on plastic, whereas they preserved their differentiation status with 

no loss of epithelial characteristics when maintained on low attachment plates [158]. Therefore, 

it is rational to speculate that CD133 may define a distinct ovarian cancer cell population with 

stem cell properties and epithelial features. 

5.5 Comparison of cytotoxic assays used in this study 

The time-lapse fluorescence microscopy was particularly useful to visualize the killing events in 

real-time. In addition, the time-lapse of the mixed culture experiments revealed that the 

CAR-restricted killing of CD44NK and CD24NK were more potent than TAA-unrestricted killing. 

CAR-NK-92 cells did not only a serially kill tumor cells, but were also able to undergo proliferation 

after activation, suggesting these third generation CARs expressing NK-92 cells may exhibit high 

persistence. However, the cell counting based on the time-lapse images was quite objective and 

time-consuming. Cells migrating in and out of the view also lowered the accuracy of this method.  

In comparison to cell counting, measuring the fluorescence intensities of GFP in the residual cells 

using Fluoroskan Ascent™ FL to assess cell numbers is a more objective method. This also 

represents a high-throughput method due to the fast measuring procedure in 96-well plates and 

the low costs. However, the sensitivity of this approach may be decreased to some extent. Lysed 

cells and cellular debris containing culture medium was simply removed by inverting the plates, 

but cells with low degree of adhesion may either have remained on the plates and been counted 
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as living cells, or have been removed and counted as lysed cells. This could explain that the 

nonspecific killing of NK-92 and CD19NK was not observed in Ovcar3 evaluated by Fluoroskan, 

but clearly identified in results from the other two methods. In addition, many other factors, 

which influence expression level of the fluorescent protein, can also affect the accuracy of 

results. 

The xCELLigence is an impedance-based system that measures the strength of adhesion of living 

cells. This system permits specific and quantitative measurement of NK cell-mediated cytolytic 

activity [159]. The E/T ratio dependent decline of the normalized CI value observed in this study 

(Figure 4.11 and 4.16) also strongly indicated the specificity of this method. This assay was shown 

to be more sensitive than the chromium release assay [160], which has been the gold standard to 

monitor cytotoxic activity of NK cells. In this study, the xCELLigence system was also more 

sensitive than morphological observation. The rapid reduction in SKOV3 happened within 5 hours 

after adding NK-92 and CD19NK cells (Figure 4.12 A), however the morphological change was not 

yet obvious at this time point (Figure 4.6 A). Most importantly, the xCELLigence system is the only 

currently available assay that can directly monitor killing activity of NK cells without labelling the 

target cells and without using any chemical reporters. Therefore, it is particularly valuable to 

evaluate cytolysis of primary cells, since analysis by photographing is a robust method for 

unlabelled cell (Figure 4.15). It is important to note that this assay is only feasable for adherent 

cells. In addition, for long term experimental observation, medium change is also not 

recommended, because it can notably influence the CI value. Furthermore, substantial reduction 

of the CI value can be caused by both cell death and cell shrinkage, thus analysis of the CI value 

without morphological observation may sometimes lead to an incorrect conclusion about cell 

survival. 

5.6 Cytotoxic activity of CAR-NK-92 cells targeting 

ovarian CSC markers 

CAR-expression is the prerequisite for antigen-specific lysis of target cells, thus the transduction 

efficiency was firstly measured before the cytotoxic assay (Figure 4.3). Using lentiviral vector 

systems, homogenous CAR-expressing NK-92 cells can be obtained.  
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5.6.1 Cytotoxic specificity of CAR-NK-92 cells 

In this project, CD133NK cells were not activated by negative cell lines A2780 and SKOV3, as well 

as low expressing Ovcar3. They efficiently eliminated CD133 expressing primary cells. CD44NK 

cells were also demonstrated to kill CD44-positive cells, but not CD44-negative A2780. 

Furthermore, only in the presence of antigen expressing tumor cells, CD133NK and CD44NK 

showed a significant increase of IFNγ release, whereas there was undetectable or very low level 

of IFNγ release by these CAR-NK-92 cells when co-cultured with antigen-negative tumor cells. 

Selective killing of CD44NK was also observed in the mixed culture experiments (Figure 4.19 B). 

Taken together, these results demonstrated that CD133NK and CD44NK conferred potent 

cytotoxic activity and specific cytotoxicity against CD133- or CD44-positive target cells. 

All of the ovarian cancer cell lines used in this study were CD24-positive. To provide convincing 

evidence of cytotoxic specificity of CD24NK cells, CD24 low expressing A2780 and CD24-negative 

293T were transduced with a lentiviral vector encoding human CD24. CD24NK showed no effect 

on A2780 and 293T after 24 hours co-culture, whereas the ectopic expression of CD24 

significantly activated CD24NK and induced massive cell lysis in both cell lines, suggesting 

CD24NK exhibited strong and specific cytotoxic activity against CD24-positive cells.  

5.6.2 CD133NK cells 

Besides CSC properties, CD133-positive ovarian cancer cells were shown previously to release a 

variety of metastasis related chemokines (CCL2, SDF-1, CCL5 and CCL7) and cytokines (IL-1, IL-8, 

and BMP1) [161]. Some of them, such as IL-8 [162] and CCL2 [163], were shown to play critical 

roles in EMT of human carcinoma cells. A recent study demonstrated that in the presence of 

CD133-positive ovarian CSCs, CD133-negative non-CSCs underwent an EMT-like process and 

exhibited enhanced metastatic capacity in vitro and in vivo [164]. The further study of the 

mechanism in this paper suggested that the paracrine secretion of CCL5 from ovarian CSCs 

activated the NF-κB signaling pathway in non-CSCs via binding CCR1, CCR3 or CCR5. Therefore, 

targeting CD133-positive ovarian cancer cells by CD133NK not only directly eliminates CSCs with 

high chemoresistance, but may also indirectly, to some extent, prevent EMT of non-CSCs and thus 
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reduces metastatic potential.  

IL-17 produced by the tumor microenvironment was shown to promote self-renewal and 

enhance the tumorigenic potential of CD133-positive ovarian CSCs [165]. IL-17 is a 

pro-inflammatory cytokine mainly produced by Th17 cells and macrophages, which were 

demonstrated to exist in the niche of CD133-positive ovarian CSCs [165]. Interestingly, 

tumor-infiltrating Th17 cells in ovarian cancer are positively associated with immune effector 

cells, and are negatively associated with Treg in the tumor microenvironment. The levels of 

tumor-infiltrating Th17 cells and ascites IL-17 were reduced in more advanced ovarian cancer and 

positively predict patient outcome [166]. Strong Th17 immune response was only observed at the 

early stage of ovarian cancer, and in disseminated tumors (Stages III-IV) Tregs are dominant along 

with high numbers of myeloid-derived suppressor cells (MDSC) [167]. All of these indicate Th17 

may play a favorable role in antitumor immunity. However, Th17 may be a double-edged sword, 

enhances antitumor immunity, but promotes self-renewal of ovarian CSCs, which are considered 

as the subpopulation that are well protected from immune-mediated destruction. Thus 

eliminating CD133-positive ovarian CSCs by CD133NK may increase the antitumor effects of Th17 

by enhancing immune system against cancer without promoting CD133-positive ovarian CSCs 

self-renewal. 

5.6.3 CD44NK cells 

CD44NK was demonstrated to exhibit potent and specific cytotoxic activity against target cells 

expressing CD44. As mentioned above, CD44 has shown to mediate ovarian cancer cells adhesion 

to peritoneal mesothelial cells by binding cell surface HA [168, 169], thus promotes 

intraperitoneal ovarian cancer spread. Latifi et al. described the characteristics of malignant cells 

isolated from ascites of ovarian cancer patients. Compared to nonadherent cells, the 

spindle-shaped adherent cells had enhanced proliferative capacity and significantly higher 

expression of CD44; meanwhile they also highly expressed N-cadherin and vimentin, and were 

lacking E-cadherin expression, suggesting mesenchymal intermediate features. In addition, these 

CD44 expressing cells displayed high levels of MMP2 and MMP9 expression, which involved in 

matrix remodeling during tumor metastasis [158]. The increased CD44 expression of ascites cells 
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derived from chemoresistant compared to chemonaïve patients was also observed in this study 

[158]. Furthermore, malignant cells dispersing into the peritoneal cavity through the disrupt 

capsule of ovarian cancer is another important step of tumor dissemination. Previous study 

demonstrated that the dispersed cell spheroids floating in ascites can form by directly budding 

from cultured ovarian cancer cells [170]. Such budded spheroids correlated with a mesenchymal 

phenotype and an absence of epithelial markers [157]. Taken together, besides targeting ovarian 

CSCs, intraperitoneal administration of CD44NK cells may also provide a promising method to 

block ovarian cancer progression and metastasis.  

5.6.4 CD24NK cells 

In this study, CD24NK showed a higher potency than CD44NK cells against primary cells (Figure 

4.16 A; Table 4.5). The mechanisms underlying the higher potency of CD24NK are not fully 

understood. Hudecek M, et al. reported that CARs derived from a higher affinity scFv conferred 

greater effector function in vitro and in vivo [171]. In addition, CAR function is also affected by 

the location of the recognized epitope on the antigen. For example, CAR-T cells expressing an 

scFv specific to an epitope on CD22 that was proximal to the tumor cell membrane had superior 

antitumor activity to CAR-T cells that recognized a membrane-distal epitope [172]. These two 

factors may contribute to the higher potency of CD24NK. 

CD24 is one of the ligands for P-selectin, which mainly is expressed in thrombin-activated 

platelets and endothelial cells. It has been reported that overexpression of CD24 enhanced the 

P-selectin-dependent binding to activated platelets. The ability of circulating tumor cells to 

interact with platelets is believed to increase their survival in circulation and thus facilitate 

metastasis. CD24/P-selectin binding pathway played an important role in the dissemination of 

tumor cells by facilitating the interaction with platelets or endothelial cells [173]. In ovarian 

cancer, hematogenous dissemination of tumor cells occurs early and throughout all stages of 

ovarian cancer [174]. Thrombocytosis is frequently found in ovarian cancer patients, and its 

presence predicts poor survival [175]. Targeting CD24 expressing ovarian cancer cells may reduce 

the formation of thrombocytosis and thus may inhibit hematogenous dissemination in ovarian 

cancer. 
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Besides CSCs properties, CD24-positive subpopulations in ovarian cancer were also shown to be 

more invasive than CD24-negative cells and to exhibit higher CXCR4/SDF-1-mediated chemotactic 

migration [176]. They exhibited an EMT phenotype as characterized by loss of epithelial genes 

and gain of mesenchymal markers [176]. In addition, malignant ascites derived exosomes of 

ovarian cancer patients, which were shown to suppress antitumor immunity [57], were found to 

contain CD24 suggesting these exosomes may be secreted from CD24 positive ovarian cancer 

cells. Taken together, CD24 may be a promising therapeutic target in ovarian cancer, because 

CD24-positive cells promote ovarian cancer progression through multiple mechanisms.  

Interestingly, CD24 positive ovarian cancer cells, which were demonstrated to display a high 

degree of chemoresistance, were shown to be more susceptible to NK cell lysis compared to 

CD24-negative cells, due to up-regulation of NKG2D ligands and down-regulation of MHC class I 

molecule expression [177]. This feature of CD24 expressing cancer cells gives strong preference 

to NK cell based immunotherpay. 

5.7 Susceptibility of primary ovarian cancer cells to 

NK-92 and CAR-NK-92 cells 

In this study, the data of primary cells not only confirmed the cytotoxicity of CAR-NK-92 cells, but 

also showed differential susceptibility of cancer cells to CAR-NK-92 cells, even though Pat 2.2 and 

Pat 2.4 were derived from the same patient. More chemoresistent Pat 2.4 cells exhibited higher 

susceptibility to NK-92 and CD19NK cells (Figure 4.16). The nCI reduction of Pat 2.4 occurred 

when treated with NK-92 and CD19NK cells at an E/T ratio of 1:1, whereas the reduction of Pat 

2.2 could be observed when the E/T ratio reached 5:1 for CD19NK and 10:1 for NK-92 cells. Pat 

2.2 and Pat 2.4 had similar levels of CD44 and CD24 expression (Figure 4.14 A). When treated 

with CD44NK and CD24NK cells at an E/T ratio of 1:1, Pat 2.4 cells showed greater reduction of 

nCI value than Pat 2.2, suggesting Pat 2.4 also display higher susceptibility to CAR-NK-92 cells. 

Taken together, administration of CAR-NK-92 cells following completion of chemotherapy in this 

patient may eliminate residual chemoresistent cancer cells and contribute to great clinical 

benefit. 
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5.8 Limitations and prospects  

One of the limitations of this study is that the in vivo cytotoxicity of CAR-NK-92 cell was not 

demonstrated. Trafficking of effector cells into tumor is still a main obstacle of ACT in solid tumor, 

engineering effector cells to express the receptors (CCR5 or CCR10) may enhance the trafficking 

to ovarian cancer, as their ligand lymphocyte-recruiting chemokines (CCL2, CCL4 and CCL5) were 

shown to be highly expressed in ovarian cancer [178]. Another factor that influences cytotoxicity 

in vivo is the persistence of CAR-NK-92 cells in the immunosuppressive microenvironment of 

tumors. Modifying NK cells to produce cytokine after activation could improve NK cells survival in 

an autocrine manner. Synergistic administration of CAR-NK cells and antibodies, which block 

immune inhibitors expressed on tumor cells, could also be an effective treatment to enhance 

efficacy of ACT. Further development of TRUCKs CAR-NK cells based on our third generation CARs 

may improve the efficacy by initiating innate immune response.  

Another limitation is that the potential toxicity of CAR-NK-92 cells in vivo can not be ruled out at 

the present stage. All three markers also express in normal tissues, especially in hematopoietic 

stem cells. To date, a number of studies reported strategies for CAR design, for example the 

bispecific CARs, to improve the tumor cell specificity and limit the off-target side effects. Two 

CSCs markers, such as CD133 and CD44, can be combined as two activating signals in the 

bispecific CARs due to their colocalization in the same membrane microdomains [179]. 

Alternatively, combination of one CSCs marker and an ovarian cancer associated antigen, such as 

CA125 or mesothelin, could be also a promising strategy. Further work is also required to 

investigate the synergistic effects of chemotherapy and CAR-NK-92 cells at a larger scale.   

5.9 Conclusions 

In the present study, three third-generation anti-CSCs CAR constructs containing optimized scFv 

fragments were developed to target a special ovarian cancer cell subpopulation with increased 

tumorigenicity, enhanced migration and invasion, resistance to chemotherapy and radiation, and 

immunosuppressive ability. NK-92 cells were used to generate CAR-NK-92 cells owning several 

advantages over either T cells or primary NK cells. Dynamic morphological observation and 
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quantitative data obtained from different methods provided convincing evidence for the efficacy 

of these CAR-NK-92 cells against ovarian cancer cell lines and primary cells derived from 

malignant ascites. Compared to fluorescence microscopy and Fluoroskan Ascent™, the 

xCELLigence system allowed more sensitive and specific monitoring of the CAR-NK-92 cells’ 

cytolytic activity, and proved to be particularly practical for unlabelled primary cells. This study 

may help to pave a way towards the application of anti-CSCs-CAR modified immune cells for the 

treatment of ovarian cancer. Further research should be undertaken to investigate the efficacy 

and toxicity in vivo, and the synergistic effects of chemotherapy.  
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6 Summary 

Ovarian cancer is the fifth leading cause of cancer-related death among women and causes more 

deaths than any other female reproductive system cancer. The survival rate of ovarian cancer 

patients has not improved during the last 30 years. Most of the patients with ovarian cancer 

suffer from recurrence and eventually succumb to disease that is resistant to all known 

chemotherapy. This emphasizes the urgent need to develop novel therapies that can be 

integrated into ovarian cancer treatment strategies to achieve durable clinical outcomes. Cancer 

stem cells (CSCs) are believed to represent a source of tumor recurrence owing to the high 

resistance to chemotherapy and enhanced tumorigenicity. CSCs-directed therapies were shown 

to sensitize ovarian cancer cells to chemotherapy. 

Over the past two decades, accumulating evidence suggests ovarian cancer is an immunogenic 

tumor, which also supports the notion that immunotherapeutic approaches may be powerful 

treatment options for ovarian cancer patients. Recent advances in adoptive cell therapy provide a 

renewed opportunity to specifically modulate immune effector cells in ovarian cancer and 

mediate tumor regression. Although the clinical trials utilizing chimeric antigen receptor (CAR) 

engineered T cells did not show evident antitumor responses due to low persistence of 

transferred T cells in patients, the safety and feasibility of CAR therapy in ovarian cancer was 

established. 

In this thesis, three CAR constructs (anti-CD133, anti-CD44, and anti-CD24 CARs) have been 

developed to specifically target ovarian CSCs. A nature killer (NK) cell line, NK-92, was used to 

generate CAR-NK-92 cells due to several advantages over T cells and primary NK cells. 

Co-stimulatory signals CD28 and 4-1BB were added in the CARs to increase the potency and 

persistence of CAR-NK-92 cells. Three ovarian cancer cell lines (A2780, SKOV3 and Ovcar3) and 

primary cells from the ascites of an ovarian cancer patient were used as target tumor cells. 

Dynamic morphological observation and quantitative data obtained from three different 

methods demonstrated the cytotoxic activity of these CAR-NK-92 cells in antigen expressing 

cancer cell lines, but not in negative target cells. This indicates that the interaction between the 

CARs and their targets is the main mechanism of activation of CAR-NK-92 cells. With the help of 
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xCELLigence system, an impedance-based system that permits real-time and label-free 

monitoring of cell viability, the efficacy of these CAR-NK-92 cells against primary ovarian cancer 

cells derived from malignant ascites were demonstrated. CAR-NK-92 cells showed high potency 

even in primary cells with increased chemoresistance, indicating the potential efficacy of 

CAR-NK-92 cells in patients, which have already become resistant to chemotherapy. This study 

may help to pave a way towards the application of anti-CSCs-CAR modified NK-92 cells for the 

treatment of ovarian cancer.   
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7 Abbreviation 

ABCG2 ATP-binding cassette sub-family G member 2 

ACT adoptive cell therapy 

ADCC antibody-dependent cellular cytotoxicity 

AGO Arbeitsgemeinschaft Gynaekologische Onkologie Studiengruppe 

ALDH aldehyde dehydrogenases 

ATCC American Type Culture Collection 

BCL-2 anti-apoptotic proteins like B-cell lymphoma-2 

CAR Chimeric Antigen Receptor 

CDC complement-dependent cytotoxicity 

CI cell index 

CICs cancer initiating stem cells 

CSCs cancer stem cells 

CTLA-4 cytotoxic T cells antigen 4 

CTLs cytotoxic T cells 

DC dendritic cells 

DMSO Dimethylsulfoxid 

DNA deoxyribonucleic acid 

dNTP desoxynucleotidtriphosphate 

EMT epithelial-mesenchymal transition 

EOC epithelial ovarian cancers 

EpCAM epithelial cell adhesion molecule 

et al et alii/aliae, and others 

FCS fetal calf serum 

FcγRIIIA Fcγ receptor IIIA 

FDA U.S. Food and Drug Administration 

FIGO International Federation of Gynaecology and Obstetrics 

FRα folate receptor alpha 

gag group specific antigens 

GM-CSF granulocyte macrophage colony stimulating factor 

GOG Gynecologic Oncology Group 

GvHD graft-versus-host disease 

GvL graft-versus-leukemia 

GvT graft-versus-tumor 
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HA hyaluronan 

HER human epidermal growth factor receptor 

HIV human immunodeficiency virus 

IFNγ interferon γ 

IL interleukin 

kb kilobase 

KCl potassium chloride 

KH2PO4 monopotassium phosphate 

KIRs killer inhibitory receptors 

LB lysogeny broth 

mAb monoclonal antibodies 

MDSC myeloid-derived suppressor cells 

MDSC myeloid-derived suppressor cells 

min minute 

ml milli liter 

MOI multiplicity of infection 

Na2HPO4 disodium phosphate 

NaCl sodiumchloride 

nCI normalized CI 

NCRs natural cytotoxicity receptors 

NFAT nuclear factor of the activated T cell 

O.D. optical density 

P/S penicillin/streptomycin 

PBS phosphate buffered saline 

PD-1 anti- programmed death-1 

PFS progression-free survival 

pol polymerase 

Rev regulator of virion expression 

RNA ribonucleic acid 

scFv single-chain variable fragment 

SDS sodiumdodecylsulfate 

SFFV spleen focus-forming virus 

SP side population 

SP signal peptide 

TAA tumor associated antigen 
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TAM tumor-associated macrophages 

TBE Tris-borate-ethylenediaminetetraacetic acid 

TCR T cell receptors 

TICs tumor initiating cells 

TILs tumor-infiltrating lymphocytes 

Tm melting temperature 

TM transmembrane domain 

TNFα tumor necrosis factor α 

transfer RNAs tRNAs 

TRCs therapy-resistant cells 

Tregs regulatory T cells 

TRUCKs T cells redirected for universal cytokine killing 

w/v weight per volume 

WPRE woodchuck hepatitis virus post-transcriptional regulatory element 

μg micro gram 

μl micro liter 
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