
 

 

 

 

 

 

 

 

©2020 

Obeid Mohammadali Pourmalekshah  

ALL RIGHTS RESERVED 

 

 

 

 

 

 

 

 

 

 

 

 



DEVELOPMENT OF NOVEL APPROACHES FOR THE TREATMENT 

OF RECURRENT OVARIAN CANCER  

By 

OBEID MOHAMMADALI POURMALEKSHAH 

A dissertation submitted to the  

Graduate School-New Brunswick 

Rutgers, The State University of New Jersey 

�In partial fulfillment of the requirements� 

For the degree of� 

Doctor of Philosophy� 

Graduate Program in Pharmaceutical Sciences� 

Written under the direction of� 

Arash Hatefi� 

And approved by 

__________________________________  

__________________________________  

__________________________________  

__________________________________  

New Brunswick, New Jersey� 

May, 2020 

 

 



 ii 

ABSTRACT OF THE DISSERTATION� 

DEVELOPMENT OF NOVEL APPROACHES FOR THE TREATMENT 

OF RECURRENT OVARIAN CANCER  

By OBEID MOHAMMADALI POURMALEKSHAH � 

 

Dissertation Director:� 

Arash Hatefi, PhD. 

 

 

Ovarian cancer is among the five leading types of cancer incidence and has the highest 

mortality rate of all gynecologic malignancies in the US. The standard of care for this type 

of cancer is debulking surgery, followed by chemotherapy with a combination of platinum-

based anticancer drugs and paclitaxel. Even though most ovarian tumors are sensitive to 

chemotherapy at the time of diagnosis, approximately 90% of patients after suboptimal 

resection and 70% of patients after optimal cytoreduction go on to experience relapse 

within 18–24 months. The main reason for this outcome is the late-stage diagnosis of 

ovarian cancer, which leads to tumor cell metastasis into the peritoneal cavity and the 

creation of tumorspheres. These tumorspheres are rich in cancer stem-like cells (CSCs), 

are resistant to therapy, and are considered a significant source of relapse. Therefore, to 

tackle these challenges, we aimed at developing treatment methods than can eradicate the 

peritoneal CSC-rich tumorspheres and inhibit relapse. 

The first part of this dissertation describes the development of a safe chemotherapeutic 

approach for patients who are candidates for debulking surgery. To achieve this goal, 
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OVASC-1 that is resistant to standard-of-care chemotherapy was obtained from a patient 

with ovarian carcinoma and recurrent disease. The most effective combination of drugs 

that could eradicate CSC-rich tumorspheres at nanomolar levels was identified. Luciferase-

expressing OVASC-1 cells were used to produce an ovarian cancer xenograft in the 

peritoneal cavity of nude mice and treated with the selected drug combination. Quantitative 

imaging was used to study the progression of the disease, and its response to therapy and 

histopathology was used to study abdominal tissues for any sign of toxicity. Our low-dose 

intraperitoneal (IP) therapy approach effectively restricted the cytotoxic effects to the 

tumor cells in the peritoneal cavity, provided a complete response, and eliminated the 

chance of cancer relapse. These results encourage further investigation into this approach 

as a potential clinical application either as a first- or second-line therapy in cases of 

acquired resistance to cisplatin and paclitaxel. 

The next part of this dissertation describes a targeted stem cell-based non-surgical 

treatment strategy in patients who are not candidates for debulking surgery. These patients 

have unresectable tumors for reasons such as the patient’s age and the tumor location. For 

this purpose, different enzyme/prodrug systems for cancer gene therapy were examined to 

determine which is the most effective treatment against drug-resistant ovarian cancer cells. 

Next, the sensitivity of the OVASC-1 cells/spheroids to the metabolites of three 

enzyme/prodrug systems were assessed, and SN-38 was found to be the most potent drug. 

Adipose-derived stem cells (ASCs) with inherent tumor tropic properties were genetically 

engineered to express recombinant secretory human carboxylesterase-2 and nanoluciferase 

genes for disease therapy and quantitative imaging, respectively. The migration and 

localization of engineered ASCs in tumor stroma and necrotic regions were showed using 
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bioluminescent imaging (BLI), magnetic resonance imaging (MRI), and histopathology 

studies. This migration and homing capacity of ASC provides a unique opportunity to 

deliver drugs to not only the tumor-supporting cells in the stroma but also the CSCs in the 

necrotic/hypoxic regions. The statistical analysis showed that the administration of the 

engineered ASCs in combination with the prodrug (Irinotecan) cured 4/5 mice 

(p<0.00004), inhibited relapse, and provided a survival benefit (80%). The histopathology 

and hematology data did not show any toxicity to major intraperitoneal organs. Overall, 

our studies demonstrate the possibility of overcoming drug resistance in ovarian cancer by 

using the above-mentioned protocols. 
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Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 

Among different types of female reproductive cancers, ovarian cancer is the most 

lethal as it is frequently not diagnosed until it is at an advanced stage, making it hard to 

treat on a curative basis [1]. Ovarian cancer can be classified based on different stages of 

development upon diagnosis. In stage I, growth is limited to only the ovaries. In stage II, 

growth has spread outside the ovaries but not outside the pelvis. In stage III, growth has 

spread outside the ovaries and either beyond the pelvis or to is to the lymph nodes, and in 

stage IV, growth has spread to outside organs such as the lungs or liver. This is the most 

advanced stage of cancer [2].   

The standard treatment of ovarian cancer consists of operative tumor debulking, 

including total abdominal hysterectomy and bilateral salpingo-oophorectomy, and 

administration of chemotherapy with carboplatin and paclitaxel [3]. Studies focused on the 

effectiveness of the treatment, and its safety in ovarian cancer patients showed differences 

based on the stage of cancer. Approximately, 75 percent of ovarian cancer cases are not 

localized (Stages III and IV) at initial diagnosis. The treatment regimen in these groups 

after surgery is a combination of platinum-based chemotherapy and paclitaxel. Although 

more than 80% of these women benefit from first-line therapy, the majority of the patients 

experience side effects such as bone marrow suppression, neuropathy, and cardiotoxicity. 

In addition to that, cancer therapy resistance and tumor recurrence occur in almost all of 

these patients [3].  The main reason for tumor recurrence and treatment failure in these 

groups are related to cancer drug resistance [4]. The mechanisms underlying 

chemoresistance in cancer are not clear. One hypothesis is that cancers are driven by a 

subset of highly tumorigenic cells with stem cell properties within the tumor, cancer stem 

cells (CSCs). According to this model, the CSCs, but not the remaining cells in the tumor, 
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can propagate tumorigenesis. CSCs have been implicated in tumor initiation, progression, 

metastasis, and drug resistance. Therefore, to inhibit relapse and increase patients’ survival 

rate, it is crucial to design a treatment strategy that, during the early stage of treatment, 

eradicates both primary ovarian cancer cells and CSCs [4, 5]. In the first phase of our 

research project, we focused on developing a new combination therapy method to be used 

after debulking surgery in order to target both cancer cells and CSCs and reduce the chance 

of cancer drug resistance and tumor relapse. After initial in vitro studies, we found a 

combination of two chemotherapeutic agents (SN-38 and MMAE) that could effectively 

eradicate cancer cells and CSCs. In the next step, we prepared a xenograft model that 

represents ovarian cancer after debulking surgery and then tested our combination drugs 

and showed its effectiveness and fewer side effects compared to cisplatin and paclitaxel 

treatment. 

For patients who are not healthy enough to have full staging and debulking surgery 

conventional chemotherapy does not have survival benefit. To increase the efficacy of 

chemotherapy, in these patients, some targeted drugs like bevacizumab (Avastin) might be 

given along with conventional chemotherapy. Another option is to give intraperitoneal 

(IP) chemotherapy,  along with intravenous (IV) chemotherapy [6]. But all of these 

treatments are considered as maintenance therapy. The studies so far show that 

maintenance therapy does not necessarily help a patient live longer and may cause more 

side effects. Thus numerous studies are focusing on alternative treatment methods in these 

groups of patients [7]. Our studies in mouse models that represent advanced stages of 

ovarian cancer that do not receive debulking surgery treatment also showed low efficacy 

of cisplatin and paclitaxel regimen. To overcome this problem in the next phases of this 
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project, we focused on developing a stem cell-based system for suicide gene therapy of 

ovarian cancer that can effectively kill resistant cancer cells and CSCs. For that purpose, 

we first examined different enzyme prodrug systems and determined the most effective 

treatment against drug-resistant ovarian cancer cells. Then, different ovarian cancer cell 

lines (commercial and patient-derived) were screened for their sensitivity to several 

standard-of-care anticancer drugs in order to find one that is the most resistant. In the next 

step, adipose-derived mesenchymal stem cell (ASC) was genetically modified to express 

carboxylesterase enzyme that can convert a less toxic prodrug (Irinotecan, CPT-11) to its 

active form (SN-38). The ability of the engineered stem cells to kill the chemo-resistant 

ovarian cancer cells in the presence of a prodrug was evaluated in vitro. In the next step, 

we used a xenograft animal model of ovarian cancer to evaluate the tumor response to our 

suicide gene therapy method and prevention of relapse by quantitative live animal imaging. 

The toxicity of this method of cancer therapy to normal tissues was evaluated by 

histopathology and hematology studies, and the data did not show any sign of toxicity to 

major intraperitoneal organs. In general, our studies demonstrate the possibility of reducing 

the chance of cancer drug resistance and tumor relapse without causing any side effects by 

using the discussed treatment approaches. 
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Chapter 2 

A novel chemotherapeutic protocol for peritoneal metastasis and inhibition of 

relapse in drug resistant ovarian cancer1 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 A version of this chapter has been published in Cancer Medicine, PMID: 29926538.  
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Ovarian cancer is associated with the highest mortality rate of all gynecologic 

malignancies in the United States and carries an overall 5-year survival rate of 45%. Most 

patients initially respond to standard treatments combining surgery and chemotherapy; 

however, the majority acquires multidrug resistance and succumb to their disease because 

of relapse [8]. It is believed that this clinical course is in line with the cancer stem cell 

model [8, 9]. According to the cancer stem cell theory, cancer-initiating cells (also termed 

cancer stem-like cells, or CSCs), play a major role in tumor recurrence and metastatic 

spread. Therefore, it is crucial to design a strategy that eradicates both differentiating 

ovarian cancer cells and CSCs during early-stage treatment. The standard of care for an 

ovarian cancer patient in the early stages consists of debulking surgery followed by six 

rounds of chemotherapy with platinum-based drugs and paclitaxel. The intent is to rid the 

patient of all tumors and remaining cancer cells, thereby minimizing the possibility of 

relapse and metastasis to distant sites. Clinical data show that after tumor debulking, 

addition of intraperitoneal (IP) chemotherapy to intravenous (IV) therapy significantly 

improves ovarian cancer outcomes in comparison to IV chemotherapy alone because 

ovarian cancer cells tend to leak into the abdominal fluid and remain as single or small 

spheroids [10, 11]. If left untreated, these ascitic cells, which are rich in CSCs, continue to 

grow and generate new tumors in both local and distant sites. The major deficiency that 

currently exists is that the ovarian CSCs in the abdominal fluid are usually highly resistant 

to chemotherapy, and in some cases, high doses of chemotherapeutics are needed for their 

effective eradication. As a result, IP treatment is associated with significant side effects, 

which in such cases forces the physicians to halt the chemotherapy. To overcome this 

deficiency, it was our objective to develop a chemotherapeutic approach that is not toxic 
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to normal tissues but can effectively kill the CSC-rich tumorspheres in the abdominal fluid 

and inhibit relapse. As a first step toward achieving our objective, we obtained ascites-

derived malignant cells from a patient with recurrent advanced ovarian carcinoma. These 

ascitic cells overexpress MDR1 and show resistance to chemotherapy with paclitaxel [12]. 

Using these ascitic cells, termed OVASC-1, we first generated CSC-rich tumorspheres in 

cell culture under nonadherent conditions. The tumorspheres were then exposed to various 

anticancer drugs to determine their sensitivity to chemotherapeutics. Using the obtained in 

vitro data, we created various treatment protocols and examined both the efficacy and 

toxicity of each approach in nude mice bearing IP xenografts. Ultimately, we identified a 

low-dose chemotherapeutic approach that could not only kill the xenografted tumorspheres 

in the peritoneal cavity, but also inhibit relapse. The progression of disease, response to 

therapy and inhibition of relapse were evaluated by quantitative live-animal imaging. The 

toxicity of the optimum therapeutic protocol to normal tissues was studied by 

histopathology. 

 

2.1 Materials and Methods 

2.1.1 Chemicals and reagents 

 

Ten percent bovine serum albumin (BSA, Sigma- Aldrich, USA) was prepared in 

D-PBS (Life Technologies Corporation, NY, USA) and kept at −20°C. Recombinant 

human epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) (Life 

Technologies Corporation) were reconstituted in D-PBS at concentrations of 200 µg/ mL 

and 100 µg/mL, respectively. A stock solution of 10 mg/ mL (16.23 mmol/L) Hoechst 
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33342 was prepared in deionized water and stored at −20°C. A stock solution of 1 mg/ mL 

cisplatin (Sigma-Aldrich) was prepared in 0.9% saline, whereas stock solutions of 5 

mg/mL monomethyl auristatin E (MMAE) (MedChemExpress, NJ, USA), 1 mg/mL SN- 

38 (Cayman Chemical, MI, USA), 50 mg/mL paclitaxel, 30 mg/mL etoposide, 50 mg/mL 

6-methylpurine (6-MP), and 50 mg/mL 5-Fluorouracil (5-FU) (Sigma-Aldrich) were 

prepared in DMSO and stored at −20°C until used. 

 

2.1.2 Cell culture 

 

As a precaution, all cell lines used in this study were first treated with BM-Cyclin 

(Sigma) to make them mycoplasma- free and then sent in 2016 to the University of Arizona 

Genetics Core, Cell Authentication Services, for authentica-tion. The A2780 cell line 

(originally from Sigma) was a kind gift from the laboratory of Dr. T. Minko (Rutgers 

University) and maintained in RPMI-1640 supplemented with 10% FBS. Malignant 

ovarian cancer cells (OVASC-1) were originally drawn from the ascitic fluid of an ovarian 

cancer patient at Rutgers Cancer Institute of New Jersey, deposited into the Biorepository 

Center (de-identified), and then transferred to our laboratory. OVASC-1 cells were 

maintained in RPMI- 1640 supplemented with 15% FBS and 2.5 µg/mL insulin [12, 13]. 

The media was changed every other day to maintain the health of the cells. To obtain 

OVASC-1 cells with stable expression of the luciferase gene, OVASC-1 cells were 

transfected with pGL4.5-[CMV/luc2/hygro] (Promega Corporation, WI, USA). Clones 

were selected under continuous exposure to 400 µg/mL of hygromycin as described 
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previously [14]. All cell lines were cultured at 37°C in a 5% CO2 95% air-humidified 

incubator. 

 

2.1.3 Generation, propagation and characterization of tumorspheres 

 

Tumorspheres were generated by transferring 2 × 104 ovar-ian cancer cells 

(OVASC-1 and A2780) per mL of MEBM supplemented with 0.4% BSA, 20 ng/mL EGF, 

10 ng/mL bFGF, 5 µg/mL insulin (Sigma-Aldrich, MO, USA), and 1% antibiotic-

antimycotic solution into an ultra-low attachment 6-well plate (Sigma-Aldrich). Cells were 

allowed to grow until the tumorsphere size reached >100 µm. The tumor-spheres were then 

dissociated using Accumax (Innovative Cell Technologies, Inc. CA, USA) to make a single 

cell sus-pension and reseeded in MEBM medium with supplements to create secondary 

tumorspheres. This process was repeated at least three times to enrich the tumorspheres 

with CSCs. The live/dead status of cells inside the tumorspheres was studied by staining 

with calcein-AM (green) and Hoechst 33342 (red) fluorescent dyes for 2-3 hr at 4°C 

followed by observation under a fluorescence microscope. 

To evaluate the expression of stem cell markers, tumor-spheres were dissociated 

and total RNA from 106 number of the ovarian cancer cells was extracted with a 

commercially available RNA extraction kit (Qiagen, MD, USA) as per man-ufacturer’s 

instructions. Total RNA (0.5-1 µg) was reverse- transcribed with SuperScript II reverse 

transcriptase (Life Technologies) using random hexamer priming. Quantitative real-time 

PCR was performed with an Applied Biosystems 7500 Real-Time PCR system (Applied 

Biosystems, Life Technologies Corporation) using Taqman Universal qPCR Master Mix 
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(Life Technologies Corporation) and respective probes as per manufacturer’s instructions. 

Data are presented as mean ± SD (n = 4). 

 

2.1.4 Evaluation of tumorsphere proliferation rate by PKH26 dye 

 

Single cell suspensions of 2 × 106 cells were prepared and labeled with PKH26 dye 

in diluent C (1:500 dilution, yield-ing a final concentration of 2 µmol/L) as per instructions 

for PKH26 Red Fluorescent Cell Linker Kits for General Cell Membrane Labeling (Sigma-

Aldrich). The cells were washed twice to remove any unbound dye and then suspended in 

MEBM with supplements at the density of 6 × 104 cells/well in a 6-well low-adherent 

plate. Tumorspheres were collected at different time (day) intervals, centrifuged, and 

dissociated into a single cell suspension with Accumax/D-PBS (1:1) prior to analysis with 

a Gallios flow cytometer (Beckman Coulter, Inc. CA, USA). Proliferation index (PI) and 

vari-ous other cell tracking parameters were studied and quanti-fied using Modfit LT 

V4.1.7 software with the cell tracking wizard module. 

 

2.1.5 Dose response curve of various chemotherapeutic drugs 

 

Ovarian cancer cells were transferred into an ultra-low at-tachment plate at the 

seeding density of 2 × 103 cells/well in 200 µL of MEBM with supplements to generate 

tum-orspheres as mentioned above. The tumorspheres were treated with increasing doses 

of MMAE (0.1-10 nmol/L), SN-38 (1-100 nmol/L), etoposide (0.1-10 µmol/L), cispl-atin 

(1-100 µmol/L), 6-MP (1-100 µmol/L), and 5-FU (1- 100 µmol/L) 3 days post seeding. The 
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tumorsphere number (N) and radius (R) were analyzed 14 days postseeding. Total cell 

content (TCC) in each well was calculated by consider-ing the radius of one cell (r) and 

combining both N and R parameters as shown below: 

"#$%&'(	#*	#+'	,'$$ = 4
3π1

2  

 

2.1.6 Determination of combination index value 

 

OVASC-1 cells were seeded in 96-well plates at a density of 5 × 103 cells per well. 

Twenty-four hours later, cells were treated with SN-38 at concentrations ranging from 0 to 

200 nmol/L and MMAE at concentrations ranging from 0 to 20 nmol/L at a 1:10 ratio. 

After 72 hours, the media was replenished with 100 µL of fresh media containing 10 µL 

WST-1 reagent (Sigma-Aldrich, PA, USA). After incubation for 2 hours at 37°C, the 

absorbance was determined with a microplate reader (Tecan, Switzerland). The absorbance 

of each well was normalized to the negative control (untreated cells) in order to determine 

the cell viability. To determine the antagonistic, additive, or synergistic effects of combi-

nation therapy, we calculated the combination index (CI) using the fractional product 

method [14, 15]. Then, CI was plotted against the fraction of killed cells, also referred to 

as fraction affected (Fa). 

*3 = 1 −	#6789:;<9=;#6>?=;8?@
 

where ODControl = absorbance of control or untreated cells and ODTreatment = 
absorbance of cells treated with drug(s). 
ACI value of less than 1 indicates synergism, a CI value >1 indicates antagonism, and a CI 
value of 1 indicates an additive effect. 
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2.1.7 Evaluation of the therapeutic efficacy and inhibition of relapse in vivo 

 

All in vivo studies described here were performed accord-ing to the guidelines of 

the Rutgers University Institutional Animal Care and Use Committee (Protocol# 11-001). 

Outbred homozygous nude J:NU (Foxn1nu/Foxn1nu) female mice (5-6 weeks old) were 

purchased from The Jackson Laboratory (Bar Harbor, ME). In vivo peritoneal xenografts 

were generated using OVASC-1-luc cells (OVASC-1 cells stably expressing the luciferase 

gene). 5 × 106 cells were re-suspended in 500 µL of D-PBS and then injected IP using a 

25G needle. Stable expression of luciferase in mouse abdomen was monitored periodically 

for 7 days before the start of treatment on day 8. Tumorsphere bearing mice were then ran-

domized into control and treatment groups. Unless otherwise specified, the 

chemotherapeutic(s) were administered IP in a total volume of 2 mL vehicle once per week 

for five doses. The vehicle solution was composed of 1% cremophor:ethanol (50:50) and 

99% saline (0.9%). 

Bioluminescence imaging (BLI) was conducted as men-tioned previously for 

monitoring disease progression [14, 16]. Xenografted nude mice were imaged weekly 1 

day before the administration of drugs. Data acquisition was conducted using the IVIS 

Lumina III Imaging System, and images were analyzed using the Living Image 4.5 module. 

To study treat-ment response, fold change in BLI signal (ie BLI measure-ment at the end 

of treatment/BLI measurement prior to the first treatment) was calculated for each mouse. 

To assess re-currence, mice were imaged once every 2 weeks beginning with the final day 

of the treatment. Observable indicators of health (eg appetite, posture, movement) and 

weight were con-tinuously monitored to detect any chemotherapeutic-related toxicities or 
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morbidities resulting from ascitic burden. Loss of more than 10% body weight was 

considered treatment- related toxicity. When toxicity was observed, either the treat-ment 

was discontinued or mice were euthanized. 

 

2.1.8 Histopathology study 

 

Organs of all three mice in untreated control group and the group treated with SN-

38 1 (mg/kg) and MMAE (100 µg/kg) were collected at the end of the treatment period 

immediately following euthanasia. Organs were washed in 0.9% saline so-lution, placed 

inside a Cryomold (Fisher Scientific) filled with Tissue-Plus ™ O.C.T Compound (Fisher 

Scientific), and then snap frozen in liquid nitrogen. Cryosectioning was performed at the 

Rutgers Cancer Institute of New Jersey Histopathology Core Facility using a cryostat, 

followed by fixation and hema-toxylin and eosin (H&E) staining. The slides were 

interpreted by a histopathologist at the Rutgers Robert Wood Johnson University Hospital. 

Photomicrography was conducted using a Leica microscope (20× objective). 

 

2.2 Results and Discussion 

2.2.1 Ovarian cancer tumorspheres are enriched with CSCs 

 

Subpopulations of ovarian tumor cells in ascitic fluid display cancer stem-like 

properties including increased resistance to therapies, the ability to spread into distant sites, 

and the ability to induce cancer recurrence [17, 18]. Since malignant cancer cells in the 

ascitic fluid are a major source of mortality in ovarian cancer patients, development of a 
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treatment protocol that can effectively eliminate these cells is of great interest. Suspended 

cancer cells in the form of spheroids (tumorspheres) represent a suitable in vitro 

experimental model of ovarian cancer ascites. Therefore, we generated ovarian cancer 

tumorspheres in low-adherent culture plates using an established A2780 ovarian cancer 

cell line and OVASC-1 ascitic cells obtained from the IP fluid of an ovarian cancer patient 

with recurrent disease. We observed that both A2780 and OVASC-1 cells had tumorsphere 

forming capability even after seven passages under low-adherent conditions (Figure 2.1A). 

To characterize and better understand the change in the CSC population before and after 

tumorsphere formation, we measured the expression of classical stem cell markers by real-

time PCR. In comparison to the cells cultured under adherent conditions, the A2780 cells 

inside the tumorspheres showed 35.4 ± 3.2, 32.2 ± 2.4, and 43.3 ± 1.5 fold positive change 

in mRNA expression levels of NANOG, OCT-3/4 and SOX-2, respectively. Similarly, 

significant overexpression in mRNA levels of the same genes was ob-served in OVASC-1 

cells (Figure 2.1B). The results of this study, as evidenced by the overexpression of major 

classical stem cell markers, show that the procedure used to generate tumorspheres 

significantly increases the percentage of the CSC population, resulting in CSC-enriched 

tumorspheres. 

 

 

 

 



 

 

15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2.1:   Generation and characterization of CSC-enriched tumorspheres of 
A2780 and OVASC-1 cells. A, Tumorspheres in suspension were stained with Calcein-
AM (CAM) and Hoechst 33342 (H) dyes and observed under a fluorescence microscope. 
Scale bar = 200 µm. B, Relative expression of stem cell markers in ovarian cancer cells 
under adherent and nonadherent conditions as quantified by real-time PCR. Data are 
presented as mean ± SD (n = 4). ***Indicates significance (paired t test, P < .001). C, CSC-
rich tumorspheres showing heterogeneous population with different proliferation kinetics. 
Histograms of A2780 and OVASC-1 tumorspheres from day zero (0-D) until day nine (9-
D) post seeding, representing progenitors or daughter cells of different generations 
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To assess whether the cancer cells in the tumorspheres are dormant or have the 

potential to grow in size under harsh low-adherent conditions, we characterized them 

further by examining their growth kinetics. For this purpose, we first stained the cells with 

PKH26 red tracer dye, then reseeded them under nonadherent conditions to form 

tumorspheres, and finally dissociated them for analysis after predetermined time intervals. 

The results of this experiment showed that the majority of the cells in tumorspheres were 

in a proliferation stage by day 3 post seeding. Notably, 1% of A2780 and 7% of OVASC-

1 cells were in the parental G1 stage (Figure 2.1 C, and Table 2.1). This result indicates 

that the tumorspheres are heterogeneous with regard to growth kinetics. By day 9, almost 

all of the A2780 and OVASC-1 tumorsphere cells were distributed in the G6 (generation 

6) or G5 proliferation stage, respectively. The PI, which indicates the average number of 

cell divisions undergone by the proliferating cells, was calculated to be 15.06 for A2780 

and 8.78 for OVASC-1. These data show that the tumorspheres of both cell lines were 

actively growing under low-adherent conditions. This is an important observation, as it 

could explain the potential difficulty of effectively killing such tumorspheres in ascitic 

fluids: the constantly growing suspended tumorspheres could generate substantial 

resistance to permeation by chemotherapeutics [18]. In addition, the data indirectly suggest 

that the OVASC-1 tumorspheres, which exhibit a slower growth rate, could show decreased 

sensitivity to antimitotic chemotherapeutics. 
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Table 2.1: Tumorsphere proliferation kinetics and analysis: Parent population is 
represented by Generation-1 (G1), G-max (Generation with maximum % cells), 
Proliferation index (PI), Non-Proliferating Fraction (NPF), and Precursor Frequency (Pγ).  
 

Cell line Time (day) 
G1 

(%) 
Gmax PI NPF Pγ 

A
-2780 

0 93 G1 1.04 0.96 0.001 

1 51.69 G1, G2 1.33 0.69 0.004 

3 1.01 G4 6.37 0.06 0.821 

9 0.07 G6 15.06 0.01 0.945 

O
V

A
SC

-1 

0 99.81 G1 1 1 0.0003 

1 58.48 G1 1.26 0.74 0.0004 

3 7.86 G3 2.7 0.21 0.411 

9 0.93 G5 8.78 0.08 0.83 
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2.2.2 Evaluation of the tumorsphere sensitivity to drug treatment 

 

In the next experiment, we investigated the effectiveness of few chemotherapeutic 

drugs that have been used alone or as antibody-drug conjugates in the past decades to treat 

ovarian cancer at different disease stages. Tested drugs included MMAE (microtubule-

disrupting agent) [19, 20], SN-38 (topoisomerase I inhibitor) [21], etoposide 

(topoisomerase II inhibitor) [22], cisplatin (DNA crosslinker) [23], 6-MP (nucleotide 

analogue and inhibitor of RNA and protein synthesis) [24, 25] and 5-FU (pyrimidine 

analogue and thymidine synthase inhibitor) [25, 26]. As we mentioned above, OVASC-1 

cells have been shown to be resistant to paclitaxel; therefore, we did not examine their 

sensitivity to this drug at the in vitro level to avoid redundancy. Both A2780 and OVASC-

1 tumorspheres were first generated and then treated with the aforementioned 

chemotherapeutic drugs at different concentrations. To examine the effectiveness of each 

drug, we first measured the change in tumorsphere number and size, and from that we 

calculated the remaining total cell content in each tumorsphere after treatment. As 

expected, the results of this experiment showed a significant decrease in the number and 

diameter of tumorspheres in both cell lines with increasing drug dose (Figure 2.2A,B). We 

also observed that the effective dose that reduced the number of tumorspheres by 50% was 

in the nanomolar range for MMAE (1 nmol/L) and SN-38 (10 nmol/L), whereas other drugs 

were effective in the micromolar range. To analyze the effectiveness of the drugs in a more 

meaningful way, we used a formula to estimate the total number of cells (total cell content) 

in each tumorsphere. In essence, the formula takes into account both tumorsphere diameter 

and number to calculate the total cell content. For example, knowing that the average 
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diameter of an A2780 cell is 10 µm, the total number of cells in tumor-spheres of the A2780 

untreated control group was calculated to be 578 125 (N = 37) (Figure 2.2A). Only MMAE 

was able to reduce the total cell content in A2780 tumorspheres to approximately 600 cells 

(<0.1%) at concentrations as low as 1 nmol/L. At a 10 nmol/L concentration, MMAE killed 

all of the cells in A2780 tumorspheres. By comparison, to achieve the same level of 

tumorsphere killing efficiency (ie <0.1%), a 100 µmol/L concentration of cisplatin had to 

be used. Although we observed the same trend in OVASC-1 treated tumorspheres, it was 

apparent that the OVASC-1 tumorspheres were far more resistant to therapy than the 

A2780 tumorspheres. For instance, to achieve the same level of tumorsphere killing 

efficiency (ie <0.1%), at least 10 nmol/L of MMAE was needed, which was ten times more 

than the needed amount for A2780 tumorspheres (Figure 2.2B). 
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Figure 2.2:  Evaluation of the effectiveness of the chemotherapeutic agents in killing 
CSC-rich tumorspheres: A and B, Measurement of the sphere number, size and total cell 
content in tumorspheres after treatment with different chemotherapeutics. Data are 
presented as mean ± SD (n = 4). C, Evaluation of OVASC-1 tumorsphere recurrence 30 d 
after treatment of primary tumorspheres with MMAE, SN-38 and cisplatin. Tumorspheres 
were stained with the fluorophores; calcein-AM (CAM) and propidium iodide (PI) to 
visualize live (green) and dead (red) cells respectively. Scale bar = 200 µm. D, Evaluation 
of the efficacy of single-agent and combination therapy with MMAE and SN-38 in killing 
OVASC-1 cells (t test, *P < .05; **P < .01). Data are presented as mean ± SD (n = 4). E, 
Combination index plot for the determination of antagonistic, additive, or synergistic 
effects of SN-38 and MMAE combination therapy. The additivity line is at CI = 1; CI < 1 
indicates synergism and CI > 1 indicates antagonism. The additivity effect has some level 
of uncertainty, as depicted by the gray area [27]. 
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Closer investigation of OVASC-1 cells revealed that they exhibit overexpression 

of the MDR1 gene, which is responsible for mediating multidrug resistance [12]. 

Therefore, it was very interesting to observe that the OVASC-1 tumorspheres could be 

effectively killed with MMAE in such low concentrations, despite the findings of a recent 

report showing that this drug is a substrate for MDR1 [27]. The remarkable anticancer 

efficacy of MMAE could be attributed to its high potency, which allows this drug to kill 

cancer cells even at very low concentrations. The sensitivity of the OVASC-1 cells to SN-

38 was also interesting. Some older studies have indicated that SN-38 is a substrate for 

both the MDR1 and the ABCG2 drug efflux pumps [28], whereas recent evidence suggests 

that the ABCG2 pump is a key mediator of SN-38 resistance [29, 30]. To shed more light 

on this ambiguity, we measured the expression levels of the ABCG2 transporter in 

OVASC-1 cells. The results of this experiment showed that more than 90% of OVASC-1 

cells expressed ABCG2. However, the expression level was in low intensity meaning that 

ABCG2 existed in low copy numbers on the cell surfaces (Figure 2.3).  
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Figure 2.3: ABCG2 expression level in OVASC-1 cells: Cells were fixed with 4% 
paraformaldehyde (10 min) followed by permeablization with 0.1% Tween/PBS (20 min). 
Cells were then incubated with Rabbit Anti-hABCG2 primary antibody (Abcam) overnight 
at 4 oC, and then stained with AlexaFluor conjugated secondary Goat Anti-Rabbit IgG 
antibody (room temperature, 1 h). The isotype was Rabbit IgG monoclonal antibody 
(Abcam). Data acquisition was carried out using Beckman Coulter Gallios Flow-cytometer 
and analysis was performed using Kaluza 1.5 module. 
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Since OVASC-1 cells express MDR1 in high copy numbers but ABCG2 in low 

copy numbers, our data related to the sensitivity of OVASC-1 to SN-38 at nanomolar 

(nmol/L) concentrations appears to rule out MDR1 as a prominent mediator of SN-38 

resistance, and agree with the more recent studies reported in 2016 [29, 30]. This interesting 

observation highlights the importance of personalized therapy, in which an IP sample could 

be taken from each patient and analyzed for ABCG2 expression. If ABCG2 expression 

exists in low copy numbers, then administration of SN-38 may be more effective than 

cisplatin, paclitaxel or a combination thereof. 

So far, the in vitro data have shown that MMAE and SN-38 have the greatest ability 

among the tested drugs to significantly reduce the cell content in CSC-rich tumorspheres. 

This observation prompted us to examine the viability of the cells remaining inside the 

treated tumorspheres and evaluate their potential to regrow and regenerate the 

tumorspheres. For this purpose, we characterized the viability of the more resistant 

OVASC-1 tumorspheres after treatment with one dose of either MMAE or SN-38. 

Posttreatment, the OVASC-1 tumorspheres were left undisturbed for 30 days in 

replenishing media to enable the growth of any remaining cancer cells that survived the 

therapy. After 30 days, the remaining tumorspheres were stained with calcein-AM and 

propidium iodide to visualize the live/dead cells, respectively. The results of this 

experiment showed that both MMAE and SN-38 could effectively inhibit tumorsphere 

regrowth at concentrations as low as 10 nmol/L (Figure 2.2C). This result indicates that at 

that concentration, all CSCs, as well as mature differentiated cancer cells were killed. In 

contrast, cisplatin was unable to completely eradicate CSCs even at 10 µmol/L 

concentration, as evidenced by the presence of live cells in the tumorspheres. When the 
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concentration of cisplatin was increased to 100 µmol/L, the drug was able to completely 

kill the tumorspheres and inhibit relapse. 

Thus far, the in vitro data highlight the high potency of MMAE and SN-38 and their 

ability to kill CSC-rich OVASC-1 tumorspheres. However, this high potency could also 

result in significant toxicity when used in vivo. To investigate treatment options that might 

maintain high anticancer activity but reduce the potential for toxicity, we examined 

whether the combined use of MMAE and SN-38 has an additive, synergistic or antagonistic 

effect. Therefore, OVASC-1 cells were treated with combinations of MMAE and SN-38 at 

a 1:10 ratio (based on equitoxic dose and IC50 values) and different concentrations. The CI 

was then calculated and plotted against the corresponding Fa. The results of this experiment 

demonstrated that MMAE and SN-38 have an additive cytotoxic effect, making it possible 

to use both drugs together at lower concentrations without compromising anticancer 

activity (Figure 2.2 D,E). This important observation led us to formulate our hypothesis for 

in vivo studies. 

 

2.2.3 Evaluation of cancer progression, response to therapy, and recurrence in vivo 

 

To determine the biological relevance of these findings, we hypothesized that low 

dose therapy with MMAE and SN-38 can not only eradicate the CSC-rich IP tumorspheres 

but also inhibit relapse in mice. To test this hypothesis, we engineered luciferase expressing 

OVASC-1 cells (OVASC-luc) to allow us monitor disease progression over time in live 

nude mice. Before starting the treatment, we first measured the sensitivity of BLI to 

identify the minimum number of engineered OVASC-luc cells that could be detected in 
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mice after IP injections. The results of this experiment showed a linear correlation between 

the number of injected OVASC-luc cells and the measured bioluminescence. The results 

also showed that the minimum number of cells that could be detected by the imaging 

system after IP injection was 10 000 with a total flux of 1.1 × 106 (P/s) (Figure 2.4 A,B). 

We also investigated whether the OVASC-luc cells could survive the peritoneal 

environment in nude mice and metastasize to adjacent and distant organs, in a manner 

similar to its clinical course. Therefore, nude mice were injected with OVASC-luc cells, 

and tumor growth was monitored over a 2 months period. The results of this experiment 

showed that OVASC-luc cells thrived in the mouse abdomens, and quickly metastasized 

and formed tumor nodules in the lung, liver, pancreas, spleen and reproductive organs (eg 

ovaries) (Figure 2.4 C). Based on these findings, we set up our in vivo studies, in which 

OVASC-luc cells were injected into the peritoneal cavity of mice and allowed to grow and 

stabilize for a week. The drug dosing schedule, BLI schedule and other parameters are 

shown in Figure 2.4 D. In this pilot study, mice were randomly divided into nine groups 

(n = 3) and received treatments starting 8 days following tumor implantation (Table 1). 

Since the in vitro studies showed that the tumorspheres are fully formed by day 3, this lag 

period was provided to ensure their stable establishment. 
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Figure 2.4: Bioluminescence of intraperitoneally injected OVASC-luc cells in nude 
mice. B, Plot of cell number vs total flux and its correlation. C, Brightfield images (up) 
and BLIs (down) of whole body and individual organs 2 mo post intraperitoneal injection 
of five million OVASC-luc cells. The BLI of mouse shows intact mouse as well as 
dissected organs such as liver (Li), lung (Lu), spleen (Sp), pancreas (Pa), kidney (Ki), ovary 
and associated reproductive organs (Ov). D, The drug dosing schedule, BLI schedule and 
weight measurement studies 
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Table 2.2: Drug doses and treatment response to various treatment regimens 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CR: complete response meaning no evidence of the tumor. PR: partial response meaning 
decrease in tumor volume (≥50%). OR: overall response meaning CR+PR. SR: small 
response meaning decrease in tumor volume (≤25%); NR: no response meaning significant 
increase in tumor volume or appearance of new tumor(s). Recurrence: appearance of tumor 
after complete response. 
 

 

 

 

 

 

 

 

 

  
 
  

Group 
no. Drug name Drug dose 

Mice 
(n) CR PR SR NR Recurrence 

Group 1 
Vehicle 
control N/A 3    3  

Group 2 
Cisplatin + 
paclitaxel 12+15 3  3    

  (mg/kg)       
Group 3 SN-38 10 (µg/kg) 3  2  1  
Group 4 SN-38 1 (mg/kg) 3 1 2    
Group 5 MMAE 1 (µg/kg) 3  2  1  
Group 6 MMAE 100 (µg/kg) 3 2 1    

Group 7 
SN-38 + 
MMAE 10+1 (µg/kg) 3  2 1   

Group 8 
SN-38 + 
MMAE 100+10 (µg/kg) 3 3    

1 (2nd 
week) 

         

Group 9 
SN-38 + 
MMAE 1000+100 3 3    0 

  (µg/kg)       
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The untreated control group (Group 1) received vehicle solution only. We also 

assigned one control mouse group to be treated with cisplatin plus paclitaxel, which are 

standard-of-care drugs for recurrent ovarian cancer (Group 2). Mice in this group received 

the maximum tolerable dose of cisplatin (12 mg/kg) and paclitaxel (15 mg/kg), as reported 

previously [31]. Two groups received ultra-low and low doses of SN-38 (Groups 3 and 4). 

Two groups received ultra-low and low doses of MMAE (Groups 5 and 6). The final three 

groups received three different combinations of SN-38 with MMAE (Groups 7-9). The data 

related to each treatment group were analyzed to understand the disease progression and 

therapy response. The image analysis of mice in Group 1, which received vehicle solution 

(no drug), showed a steady-state increase in the bioluminescence signal, indicating an 

increase in ascitic tumor mass over time (Figures 4and S2). The mice in this group gained 

weight until they were euthanized due to an impediment of movement resulting from the 

increase in tumor size. The mice in Group 2, which received cisplatin plus paclitaxel, 

showed partial response to therapy (Figures 2.5 and 2.7, Table 2.2). The fold change in 

tumor mass as measured by BLI was 0.062 (0.039-0.006) ([Median] [min-max]) at the end 

of treatment compared to initial tumor mass prior to treatment (t test, P = .02). The mice in 

this group tolerated the treatment for at least 3 weeks but started to show severe signs of 

toxicity after the fourth dose and lost significant weight. Therefore, these mice were either 

euthanized when their body weight loss exceeded the 20% threshold, or their treatment was 

discontinued when other signs of toxicity were observed. Considering that the OVASC-1 

cells are samples from a patient with recurrent disease and are resistant to paclitaxel 

[12], this response rate was expected. Mice in groups 3, 5, and 7 that were treated with the 
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ultra-low concentration of SN-38 (10 µg/kg) and/or MMAE (1 µg/kg) either as single 

agents or in combination did not show any response to therapy; the decrease in tumor mass 

was not statistically significant (t test, P > .05) (Figures 2.5 and 2.8 – 2.10, Table 2.2). All 

mice in these three groups gained weight and did not show any visible signs of toxicity. 

 

 

 

 

 

 



 

 

30 

 

Figure 2.5:  Box-and-whisker plot showing median (minimum-maximum) and 
treatment response (total flux at the end of treatment/total flux before treatment). 
Data are presented as mean ± SD (n = 3). Statistics were computed by the paired t test 
(prior to vs. last treatment). *, **, and ***indicate P-values <.05, <.01 and <.001, 
respectively. 
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Figure 2.6: Bioluminescence imaging and body weight change measurement of mice 
in control group treated with vehicle. 
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Figure 2.7: Bioluminescence imaging and body weight change measurement of mice 
in group treated with cisplatin and paclitaxel. 
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Figure 2.8: Bioluminescence imaging and body weight change measurement of mice 
in group treated with SN-38 (10 µg/Kg). 
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Figure 2.9: Bioluminescence imaging and body weight change measurement of mice 
in group treated with MMAE (1 µg/Kg). 
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Figure 2.10: Bioluminescence imaging and body weight change measurement of 
mice in group treated with SN-38 (10 µg/Kg) and MMAE (1 µg/Kg). 
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Mice in Groups 4 and 6 that were treated with SN-38 (1 mg/kg) or MMAE 

100 µg/kg showed a statistically significant response to therapy (t test, P < .01) (Figure 2.5, 

Table 2.2). Notably, one mouse in each group completely responded to therapy and 

remained disease-free for at least 3 months (Figure 5). All mice in these two groups gained 

weight and did not show any signs of visible toxicity. Mice in group 8, which were treated 

with a combination of SN-38 (100 µg/kg) and MMAE (10 µg/kg), also showed a significant 

change in tumor mass (Figure 2.5, Table 2.2). All mice in this group showed a complete 

response and remained disease-free without any sign of recurrence for at least 90 days 

(Figure 2.11). However, one mouse showed recurrence after 90 days. Additionally, mice 

in this group did not show any signs of toxicity. Finally, all mice in Group 9, which were 

treated with a combination of SN-38 (1 mg/kg) and MMAE (100 µg/kg), showed a 

complete response to therapy (Figure 2.5, Table 2.2). Remarkably, mice in this group 

showed a complete response after administration of only four doses of the drug 

combination. Most importantly, no sign of cancer relapse was observed indicating the 

complete eradication of both differentiating cancer cells and CSCs; we could not detect a 

bioluminescence signal even after 105 days (Figure 2.11). Overall, four groups showed a 

statistically significant response to therapy. These groups included the mice that were 

treated with SN-38 (1 mg/kg), MMAE (100 µg/kg), SN-38 (100 µg/kg) plus MMAE 

(10 µg/kg), and SN-38 (1 mg/kg) plus MMAE (100 µg/kg). However, only mice that were 

treated with a combination of SN-38 (1 mg/kg) and MMAE (100 µg/kg) did not show any 

signs of recurrence. These data support our hypothesis that low-dose therapy with MMAE 

and SN-38 can not only eradicate the CSC-rich IP tumorspheres but also inhibit relapse in 

mice. 
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Figure 2.11: Evaluation of disease progression, recurrence and body weight change 
in the four treatment groups that responded to therapy. The dashed lines indicate 
the background mouse body bioluminescence which was determined to be 5 × 105. 
Arrows indicate the days that mice received the drug treatments (ie days 8, 15, 22, 29, 
and 36) 
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It is worth noting that the number of animals per group in this proof-of-principle 

study was set at three to examine merely the effectiveness of IP low-dose combination 

therapy with the two highly cytotoxic drugs (ie MMAE and SN-38). The exciting outcome 

of this study encourages further investigation of this approach using larger number of 

animals. 

 

2.2.4 Evaluation of tissue toxicity 

 

MMAE and SN-38 are both highly potent anticancer drugs that are too toxic for use 

in an untargeted setting. As a result, they are mainly used as antibody-drug conjugates 

(ADCs) for the treatment of variety of gynecologic malignancies including ovarian cancer 

[32, 33]. In fact, for most ADCs currently in clinical development, dose-limiting toxicities 

appear to be more closely associated with the anticancer drug and not related to the targeted 

antigen. Since the localized IP therapy with low-dose SN-38 (1 mg/kg) and MMAE 

(100 µg/kg) was effective and produced no visible signs of toxicity, we used 

histopathological methods on abdominal organs to investigate whether any toxicity 

occurred at the cellular level. The histopathological results did not reveal any notable 

toxicity to the abdominal tissues (Figure 2.12). In addition to evaluating histopathology, 

we monitored the mice in the MMAE-treated groups for signs of peripheral neuropathy, 

including extreme sensitivity to touch, lack of coordination and falling, muscle weakness 

or paralysis, and bowel/bladder problems. Overall, all mice that were treated with either 

ultra-low or low-dose MMAE did not show any signs of peripheral neuropathy, which is a 

common MMAE-associated toxicity [34]. These findings indicate that the proposed 
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regimen is not only effective but also tolerable to mice. The absence of serious toxicity to 

normal tissues could be attributed to the low-dose, localized administration of the drugs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

40 

 

Figure 2.12:   Hematoxylin and eosin (H& E) staining of dissected mouse organs. 
Cryosectioning was performed using a cryostat, followed by fixation and H&E staining. 
Photomicrography was conducted using a Leica microscope with a 20× objective 
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2.3 Conclusions 

 

One of the most common causes of death in patients with primary or recurrent 

ovarian cancer is metastasis to the peritoneal cavity. The standard therapy for metastatic 

ovarian cancer at this stage is cytoreductive surgery (CRS) of macroscopic disease, 

followed by IV and IP administration of anticancer drugs such as cisplatin or carboplatin 

in combination with paclitaxel. The addition of IP chemotherapy to a regimen of CRS and 

IV chemotherapy could delay cancer relapse in patients with very small residual tumors 

following surgery. However, IP chemotherapy has not been routinely used, mainly due to 

increased toxicity and potential complications. Our data show that IP administration of 

low-dose MMAE and SN-38 could effectively eliminate CSC-rich ascites from the 

peritoneal cavity without inducing any significant toxicity. While MMAE and SN-38 are 

not administered as free drugs due to their high potency and potential for systemic toxicity, 

our low-dose localized therapy approach effectively restricted the cytotoxic effects to the 

tumor cells in the peritoneal cavity. Consequently, maximum efficacy with minimal 

adverse effects was achieved. Considering that the OVASC-1 cells showed resistance to 

therapy with cisplatin and paclitaxel but responded remarkably to combination therapy 

with MMAE and SN-38, this study could represent a new approach for treating metastatic 

ovarian cancer without the need for IV chemotherapy. Further investigation into this 

approach could facilitate translation of this therapeutic regimen into the clinic either as 

first-line therapy or in cases of acquired resistance to cisplatin and paclitaxel. 
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Chapter 3 

Enzyme/Prodrug Systems and Delivery Methods for Cancer Gene Therapy2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 A version of this chapter has been published in Current Pharmacology Reports, PMID: 28042530. 
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In recent years, cancer treatment methods are becoming more focused on targeted 

approaches in order to maximize treatment efficacy while reducing side effects. One of 

these targeted approaches is termed suicide gene therapy; also known as, gene directed 

enzyme prodrug therapy (GDEPT). The success of suicide gene therapy is dependent on 

its three major functional components; enzyme, prodrug and gene delivery system (vector). 

The function of the vector is to carry the gene that encodes an enzyme to the target 

cancer cells for expression. In general, gene delivery systems can be divided into two major 

groups including viral (e.g., adenovirus, lentivirus, etc.) and non-viral (e.g., synthetic 

polymers and lipids, bacteria-based and cell-based) (Table 3.1). Each vector type comes 

with a series of advantages and disadvantages. For more information related to the use of 

vectors for cancer gene therapy, we invite the readers refer to excellent recent reviews by 

Forbes [35], Cattaneo [36], and Mohit et al. [37]. 
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Table 3.1 : Classification of the vectors used in suicide gene therapy of cancer. 
 
 

Vector 
Type 

Vector Subtype Advantages Disadvantages References 

Viral 
vectors 

Retrovirus/Lentivirus Long-term 
transgene 
expression, 
Integrates the gene 
into host genome, 
Low 
immunogenicity. 

Safety concerns 
(insertional 
mutagenesis). 

[38-40] 

  
Adenovirus 

Effect on dividing 
and non-dividing 
cells, Lower risk 
of host genome 
integration. 

Safety concern 
(high 
immunogenicity), 
Transient 
transgene 
expression. 

[41-43] 

 Adeno-associated 
virus 

Medium to high 
transgene 
expression, Effect 
on dividing and 
non-dividing cells, 
No significant 
immunogenicity. 

Low DNA 
loading capacity, 
Safety concerns 
(possibility of 
insertional 
mutagenesis). 

[39, 44-46] 

Non -
viral 
vectors 

Synthetic polymers 
and lipids 

Ease of 
preparation, 
Lower cost, Lower 
immunogenicity. 

Lower 
transfection 
efficiency. 

[47-49] 

 Amino acid-based 
vectors 

Monodisperse and 
uniform 
constructs, ability 
to fine tune 
structure. 

Lower 
transfection 
efficiency. 

[50-52] 

 Bacteria-based 
vectors 

Large capacity for 
suicide enzyme 
loading, Bacterial 
minicells (BMCs) 
are non-infectious. 

Safety concern 
(Infection by 
using live 
bacteria). 

[53-55] 
 

 Cell-based vectors Tumor tropism, 
Self-isolated cells 
without the 
immunogenicity 
concerns 

Low efficiency of 
tropism, High 
costs 
Safety concern 
(Unknown fate). 

[56-58] 
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The function of the enzyme which is expressed by the transfected cancer cells is to 

convert the non-toxic/non-functional prodrug into its toxic (functional) form resulting in 

the death of the enzyme producing cancer cells as well as neighboring cells through a 

phenomenon known as bystander effect (Figure 3.1) [59, 60]. It is worth mentioning that 

the expression of the enzyme in transfected cells can be regulated by tumor-specific 

promoters. This regulatory element could enhance the enzyme/prodrug system’s safety by 

restricting the enzyme expression only to the tumor cells. By applying the cancer-specific 

promoters, the suicide gene could get selectively expressed in cancer cells, while sparing 

normal ones. The promoter of human telomerase reverse transcriptase (hTERT) is one of 

the most widely used promoters in the field and is the only transcriptional control element 

that has successfully entered into clinical trials [61]. However, the problem associated with 

the use of hTERT promoter is its low expression activity. In order to enhance promoter’s 

expression activity and also overcome the potential development of resistance by the tumor 

cells, several groups have tried to create more specific and efficacious ones. Recently, Rad 

51, OPN, RAN, BRMS1 and MCM5 promoters were identified through screening of a 

large panel of normal and cancer cells and interestingly some of them showed significantly 

higher activity than hTERT promoter [62-64]. Another means of improving promoter 

activity is to artificially design a chimeric promoter. For example, a promoter with a 

stronger activity can be obtained by constructing the chimeric promoters with the fusion of 

two promoters [65] or various transcriptional regulatory elements [66, 67]. 
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Figure 3.1: Schematic diagram of GDEPT systems: Nontoxic prodrug will be 
converted to its active form by the enzyme that has been coded with the new delivered 
DNA construct. The toxic drug will cause its host cell death directly and also will kill 
other cells through bystander effect. 
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In the following sections, we provide an overview of the eight most widely 

investigated enzyme/prodrug systems which are shown to be effective in inducing tumor 

cell death and inhibiting cancer progression. The purpose of this concise mini-review is to 

discuss the forte and weaknesses associated with the efficacy and safety of each system. 

Therefore, the coverage of the literature in this review is not encyclopedic; rather, selected 

examples have been chosen to highlight certain important points. 

 

3.1 Enzyme/prodrug systems 

 

3.1.1 Herpes simplex virus thymidine kinase (HSV-Tk)/ganciclovir 

 

In this system, gancyclovir (GCV) undergoes a mono phosphorylation step by 

herpes simplex virus thymidine kinase (HSV-TK) enzyme. After the first phosphorylation 

step, the triphosphate form of the GCV is produced with the help of endogenous kinase 

(Figure 2.2 a). In this form, the GCV-triphosphate can cause apoptosis by introducing chain 

termination and single-strand breaks into DNA [68]. One limitation of using GCV-

triphosphate as anticancer agent is that it could only affect the dividing cells [69-72]. The 

second drawback of this system is that the GCV-triphosphate transportation to surrounding 

cells is limited by the presence of gap junctional intercellular communications. Recently, 

Wu et al., showed that the bystander effect of the GCV-triphosphate can be enhanced by 

the expression of connexin32 (Cx32), that is responsible for producing gap junctions [73]. 

Furthermore, HSV-TK has a high affinity towards its natural substrate, thymidine, which 

leads to the need for using a high dose of GCV in order to win the competition [74]. This 
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higher GCV dose could result in suppression of immune system and damage to bone 

marrow cells [75]. The enhanced activity of ATP binding cassette (ABC) transporters in 

cancer resistant cells is one of the main reasons of therapy resistance in cancer [76]. 

Therefore, ABCG2-mediated efflux of GCV in side population cells can limit the 

efficiency of this enzyme/prodrug system [77]. 
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Figure 3.2: Structure of prodrug and drug of eight different GDEPT systems:  
After activation by enzyme, each prodrug will be converted to its active form which with 
different mechanisms will cause cell apoptosis and death. 
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In the past decades several attempts have been made in order to improve the 

efficiency of TK/GCV system. In one approach, modifications of enzyme active sites have 

resulted in generation of mutated forms of the enzyme; such as, mutant 30 

(L159I/I160L/F161A/A168Y/L169F), SR39 (L159I/I160F/F161L/A168F/L169M) [75, 

78], A168H, and a mutated form of A168H (TK007) [79]. All these mutants have shown 

enhanced enzyme affinity towards GCV in comparison to wild-type. In a different 

approach, an MDR-1 targeted small hairpin RNA (shRNA) was used to inhibit the ABC 

transporters which led to the accumulation and increase in drugs effect [80]. Other groups 

have also examined the use of other drugs such as Acyclovir and Valacyclovir instead of 

GCV and have observed more efficacy [81, 82]. 

TK/GCV system has also been used in combination with other therapeutic 

modalities in order to enhance its anticancer efficacy. For example, TK/Valacyclovir in 

combination with surgery and accelerated radiation showed an increase in patient survival 

rates in malignant glioma patients [83]. This approach have also shown to not only increase 

the efficacy of the treatment but also decrease the toxicity in pancreatic adenocarcinoma 

[70]. Currently, there are a few clinical trials in progress for patients with high risk acute 

leukemia (NCT00914628) and in patients with recurrent prostate cancer (NCT01913106) 

(www.clinicaltrials.gov). 

 

3.1.2 Cytosine deaminases (CD)/ 5-fluorocytosine  

 

In this system, 5-fluorocytosine (5-FC) that is a non-toxic prodrug is converted to 

its active form, 5-fluorouracil (5-FU), by CD activity (Figure 2.2b) [84]. Although 5-FU 
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has been used for cancer chemotherapy, but at its therapeutic dose it causes significant side 

effects such as mucositis, myelosuppression, dermatitis, and cardiac toxicity. Due to these 

side effects, its application as prodrug in the form of 5-FC and in combination with 

cytodeaminase enzyme has gained momentum in the past decades. Two forms of cytosine 

deaminase, bacteria (bCD) and yeast (yCD) have been investigated in the context of cancer 

therapy. After activation by CD, 5-FU can be further changed into potent pyrimidine 

antimetabolites by other cellular enzymes. 5-FU can inhibit thymidylate synthase which 

consequently leads to the cell cycle arrest and apoptosis. Since 5-FU traverse into the 

neighboring cells independent of gap junctions and even can pass the blood brain barrier 

by diffusion, it induces a significant bystander effect [85, 86]. Because of its unique 

properties, CD/5-FC system has been used for the treatment of different types of cancer, 

such as colon carcinoma, glioma and pancreatic cancer [87-89]. Having been combined 

with radiotherapy, CD/5-FC has shown quite a promising result due to the radio-sensitizing 

effect of 5-FU on the treated cells [90]. In comparison to HSV-TK/GCV, CD/5-FC has 

shown better results in renal and colorectal carcinoma probably due to its more potent 

bystander effect [91, 92]. 

Although use of CD/5-FC system has several strengths as mentioned above, but 

there are some drawbacks that yet need to be addressed. The first drawback is due to the 

presence of normal flora in the gut which is able to convert 5-FC to 5-FU resulting in side 

effects. Several groups have worked to create bCD mutants in order to improve its kinetic 

showing promising results [87, 88, 93]. Yeast cytosine deaminase is another form of the 

enzyme which provides a few advantages over bCD including high affinity and better 

prodrug conversion kinetics. In addition, yCD can be fused with E. coli uracil 



 

 

52 

phosphoribosyl transferase (UPRT) which is absent in mammalian cells. UPRT can 

directly convert 5-FU to 5-FdUMP [94] resulting in significant improvement of activity 

and enhanced cancer cell killing efficiency in prostate, ovarian, colon, and breast cancers 

[95, 96]. Some studies have also shown that yCD:UPRT/5-FC system may not get affected 

by acquired 5-FU resistance and could potentially kill both proliferating and non-

proliferating cancer cells [96, 97]. 

While past clinical trials with CD/5-FC system alone have reported limited success 

[25], there are several new clinical trials in progress which could produce interesting 

outcomes. For instance in one trial, genetically-modified neural stem cells expressing bCD 

are used in combination with orally administered 5-FC for the treatment of recurrent 

gliomas (NCT01172964). In another phase I – II study, an investigational drug APS001F 

is currently being examined in combination with a recombinant bacteria (bifidobacterium 

longum) which can produce CD (NCT01562626). Finally, there is a phase I study in 

progress for the treatment of grade III/IV gliomas by using retroviral replicating vector 

(Toca 511) in combination with 5-FC (NCT01470794). The results of these ongoing trials 

are not reported yet but can be followed at www.clinicaltrials.gov. 

 

3.1.3 Cytochrome P450 (CYP450) / oxazaphosphorine 

 

Cytochrome P450 (CYP) enzymes are important factors in xenobiotics metabolism 

as they are responsible for deactivation of the toxic drugs in the liver. It has also been 

shown that these enzymes play an important role as an activating factor for 

oxazaphosphorine agents [98]. Oxazaphosphorine is a class of anticancer drugs that 
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includes cyclophosphamide (CPA) and ifosfamide (IFA). Both of these two akylating 

agents are the substrates of P450 enzymes which metabolizes these compounds to yield a 

4-hydroxy derivative. Then, the resulting metabolites continue their chemical reaction to 

produce phosphoramide or ifosphoramide mustard and acrolein (Figure 2.2 c). Ultimately, 

they form DNA cross-links and kill the cells. The resulted active reagents can be 

transported to the surrounding cells, independent of gap junctions, which gives them potent 

bystander effect [99]. Another advantage of this system in comparison to the other 

enzyme/prodrug systems is its less immunogenicity due to the presence of P450 enzymes 

in human body [57]. 

One major drawback of this system is the natural metabolism of these prodrugs by 

the liver P450 enzymes that generates active toxic metabolites in the whole body and 

eventually causes various side effects, including cardiotoxicity, bone marrow suppression, 

neurotoxicity and nephrotoxicity. Some of these toxicities can be associated with the 

chloroacetaldehyde formation from CPA and IFA via N-dechloroethylation [100]. 

Therefore, the big challenge in this system is the inhibition of P450 enzyme activity in the 

liver so that the prodrug get activated only in the tumor sites [101]. 

A few methods have been used to improve the cancer treatment efficacy of P450 

GDEPT and to reduce its side effects. In one approach, combined or in parallel with 

CYP450/oxazaphosphorine treatment, anti-thyroid drugs, such as propylthiouracil and 

methimazole were used to inhibit hepatic P450 reductase activity and improve the prodrug 

activation in tumor cells [102]. In another approach, a CYP2B6/RED fusion protein was 

designed so that it can transfer electrons from NADPH to the heme moiety of the protein. 
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This modification increases the efficiency of CYP2B6 substrates metabolism into active 

drugs [103]. 

In a phase I/II clinical trial, a recombinant retroviral vector that contains human 

CYP450 type 2B6 genes (CYP2B6), neomycin resistance marker gene and Ecoli lacZ has 

been tested. In this study, gene-based delivery of CYP2B6 to the tumor site led to prodrug 

activation locally, and produced higher concentrations of the active drug at the target site. 

The promising results of this study inspired the use of this approach in other cancer 

treatment studies [40]. However, regardless of the exciting results, there are still serious 

concerns about using this system for cancer therapy because of normal activity of CYP450 

in human cells and difficulty in the delivery of the GDEPT elements to the targeted cancer 

cells without causing side effects on normal healthy cells [104, 105]. 

 

3.1.4 Nitroreductase/CB1954  

 

This enzyme/prodrug system contains group of nitroreductase (NTR) enzymes that 

can activate prodrugs, such as CB1954 (5-(aziridin-1-yl)-2,4-dinitro-benzamide) (Figure 

2.2 d). Two classes of enzymes and four types of prodrugs have been studied in this system. 

The two classes of enzymes are categorized based on their sensitivity to oxygen. Type I 

NTR can produce nitroso, hydroxylamine and/or amine terminated products in the presence 

of molecular oxygen, while type II, on the other hand, can only produce these products 

when oxygen is absent [106]. The four classes of prodrugs include dinitroaziridinyl 

benzamides, dinitrobenzamide mustards, 4-nitrobenzyl carbamates, and nitroindolines. 

CB1954 which is the most widely used prodrug is from dinitrobenzamide group [107]. The 
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metabolites of this prodrug can freely diffuse to the surrounding cells which induce a strong 

bystander effect. They can damage DNA by their chelating property leading to p53 and 

cell cycle independent apoptosis in both dividing and non-dividing cells. This is an 

important advantage of the system over the ones that can only target the dividing cells 

[108]. While several studies have reported promising results, but the low activation rate of 

CB1954 is one major limitation associated with this enzyme/prodrug system. At least two 

general approaches have been tested to improve the efficacy of this system. One is the 

engineering and application of alternative CB1954-activating nitroreductases, such as 

AzoR, NFsA, NemA, and flavin reductase I (FRase I) [109, 110]. The other approach is 

the synthesis of other nitroreductase prodrugs such as nitro-CBI-DEI and PR-104A [111, 

112]. Both approaches have shown promising results in vitro and in vivo. Effective use of 

this enzyme/prodrug system has been demonstrated in a few clinical trials for the treatment 

of prostate and liver cancers [113]. However, the CB1954 low conversion rates, and dose-

dependent hepatotoxicity are remained as major challenges for clinical application of this 

GDEPT method [114, 115]. For additional and more in depth information related to the 

nitroreductase/CB1954 system, readers are referred to an excellent review by [106]. 

 

3.1.5 Carboxypeptidase G2/nitrogen mustard  

 

The enzyme carboxypeptidase G2 (CPG2) is derived from the Pseudomonas strain 

RS-16 and has no human analogue. This enzyme cleaves glutamic acid from nitrogen 

mustard-based drugs, such as 4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoyl-L-

glutamic acid (CMDA) and bis-iodo phenol mustard (ZD2767P), into DNA alkylating 
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agents, without any further modification (Figure 2.2 e). The resulted active drug can cause 

inter- and intra-strand DNA cross linking, leading to apoptosis in both dividing and non-

dividing cells. It can also freely diffuse through cell membranes independent of gap 

junctions which offers potent bystander effect. Being independent from host enzymes for 

prodrug activation, gifts this system an outstanding benefit of a higher prodrug conversion 

rate, in comparison to the other enzyme/prodrug systems [116]. While different nitrogen 

mustard reagents have been developed and tested in the past two decades, CMDA (4-[(2-

chloroethyl)(2-mesyloxyethyl)amino]benzoyl-l-glutamicacid) is among the first successful 

ones. Several attempts have been made to increase the potency of CMDA. For example, 

ZD2767P is 300-times more potent than CMDA [117]. 

To increase the enzyme efficiency, a mutated form of the CPG2 gene was fused to 

vascular endothelial growth factor (VEGF). This modification resulted in binding of 

secreted CPG2 to the VEGF-receptor, which kept CMDA around tumor mass and 

significantly reduced systemic side effects [118]. This enzyme prodrug system was used in 

attachment with tumor-specific antibodies in different clinical studies. However, some 

issues like, immunogenicity against mouse antibodies and CPG2 and also insufficient 

localization of enzyme\antibody conjugate, limited its success in cancer therapy [117, 119, 

120]. 

 

3.1.6 Purine nucleoside phosphorylase/6-methylpurine deoxyriboside (PNP/MEP)  

 

In this system, prodrugs such as 6-methylpurine 2-deoxyriboside and fludarabine 

can be converted to 2-deoxyribose-1-phosphate by the E. coli purine nucleoside 
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phosphorylase (PNP) (Figure 2.2 f). The advantage of using PNP/MEP is its high bystander 

activity based on gap junction-free transport of activated drugs, its effect on both 

proliferating and non-proliferating cells and its unique mechanism of action that is 

independent of DNA synthesis. PNP catalyzes the cleavage in glycoside bond of (deoxy) 

adenosine-based substrates that produces either (MeP) or 2-fluoroadenine (F-Ade). Then, 

these substrates are converted to their triphosphate forms by cellular mono- and 

diphosphate kinases, which can inhibit both RNA and protein syntheses [24, 121]. Three 

studied prodrugs of this system are 6-methylpurine-2′-deoxyriboside (MeP-dR), 2-F-2′-

deoxyadenosine (F-dAdo) and arabinofuranosyl-2-F-adenine monophosphate (F-

araAMP). Among them, F-araAMP is clinically approved for chronic lymphocytic 

leukemia treatment [122]. These (deoxy) adenosine-based analogs are only the substrates 

of E. coli PNP and cannot be recognized by humane PNP. Thus, the prodrugs cannot be 

converted into toxic metabolites in normal tissues and consequently limits the off-target 

toxicities. However, the application of bacterial PNP can induce host immune response. A 

few groups have worked on the development of human PNP that can consume the (deoxy) 

adenosine-based prodrugs as its substrate [123, 124]. Among the recorded clinical trials, 

there is only one completed phase I clinical trial using this system. In this trial, the safety 

of E. coli PNP/fludarabine phosphate in patients with head and neck cancers has been 

studied. It was shown that localized production of fluoroadenine within tumor tissues, 

using fludarabine and E. coli PNP system is successful in eradicating tumors without 

causing any significant toxicity [125]. 

 

3.1.7 Horseradish peroxidase/indole-3-acetic acid (HRP/IAA)  
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This system consists of the horseradish peroxidase (HRP) enzyme and indole-3-

acetic acid (IAA) as the prodrug. HRP enzyme oxidizes IAA at neutral pH to its cationic 

form that produces the carbon centered skatolyl radical. This radical can be changed to 

peroxyl radical in the presence of oxygen which would turn into byproducts, such as indole-

3-carbinol, oxindole-3-carbinol and 3-methylene-2-oxindole (Figure 2.2 g). These reactive 

byproducts can induce DNA strand breaks, leading to apoptosis and cell death. This system 

also has a potent bystander effect because of the transportation of the activated drug via 

diffusion to the untransfected neighboring cells [66]. HRP/IAA system has been tested in 

several in vitro and in vivo models, including bladder, melanoma, and pancreatic cancer 

[126-128]. However, the major concern of using HRP/IAA system is the low expression 

level of the enzyme in transfected cells [129, 130]. The second drawback of this system is 

the origin of the enzyme which comes from plants, because it results in undefined mixture 

of isoenzyme with different glycosylation patterns which can cause side effect in body. To 

avoid this problem, different recombinant forms of HRP isoenzymes are produced, which 

have shown significant effects on breast and bladder carcinoma [131]. Although some 

promising results have been obtained from HRP/IAA system, there has been no clinical 

trial with this system by the time of writing this manuscript (www.clinicaltrials.gov). 

 

3.1.8 Carboxylesterase/irinotecan (CE/Irinotecan)  

 

Carboxylesterases are active endogenous enzymes in human body that play roles in 

hydrolysis of different ester and amide containing chemicals [132]. Because of this 

property, they can convert Irinotecan (CPT-11), a less cytotoxic agent, into its highly toxic 
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form, SN-38 (Figure 2.2 h). SN-38 inhibits topoisomerase I and thus alters the DNA 

relaxation machinery [132, 133]. This enzyme/prodrug system has been used for the 

treatment of colorectal cancer [134], glioma [135] and various other tumor models [136-

138]. While this enzyme has different isoforms, carboxylesterase-1(CE1) which is mostly 

localized in the liver is the most widely used one. Unfortunately, CE1 suffers from the low 

catalytic efficiency that limits the conversion rate of CPT-11 to SN-38. To overcome this 

deficiency, another isoform of this enzyme also known as CE2 has been studied. CE2 

isoform is commonly expressed in intestine. CE2 has a higher catalytic efficiency than CE1 

[139, 140] and has been used for the treatment of pancreatic and colon cancer [141, 142]. 

The rabbit analogue of CE1(rCE1) has also been engineered and used for conversion of 

CPT-11 to SN-38. While this isoform has shown a higher catalytic efficiency in 

comparison to human CE1 [143], but it can cause immune response in human host. To 

avoid this problem, mutant CE1 (hCE1m6) was engineered using homology alignment of 

human and rabbit version of CE1 followed by replacing eight amino acids in human CE1. 

This change in sequence resulted in higher conversion efficiency [144]. 

Given that SN-38 has poor water solubility, its bystander activity may get reduced 

[145]. In an attempt to improve the bystander effect and/or overall anticancer efficacy, 

secretory form of CE2 has been genetically engineered [141]. This approach has shown 

promising success in several preclinical models [146, 147]. Currently, there are a few 

ongoing clinical trials using this enzyme/prodrug system. For instance, there is a phase I 

clinical trial in progress in which the patients with rrecurrent high-grade gliomas are 

undergoing treatment. Here, genetically modified neural stem cells which can express 

carboxylesterase are used in combination with irinotecan hydrochloride (NCT02192359). 
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3.2 Delivery Systems 

 

The suicide gene could be transported into cells via two major categories of gene 

delivery systems: viral and non-viral vectors (Table 3.1). However, when those vectors are 

planning to be systemically administered, the concerns of the off-target and safety could 

be raised since all cells, including normal and healthy cells, can be transfected. Thus, the 

gene delivery system has to be carefully designed to assure the suicide gene solely or 

mainly expressed in the tumor.  Furthermore, the gene delivery efficiency, vector 

cytotoxicity, immunogenicity, time and cost for preparation should also be closely 

considered when the whole system moves into the clinical practice.  

 

3.2.1 Viral Vector 

 

Multiple types of viral vectors have been evaluated for suicide gene delivery, such 

as retrovirus [148], adenovirus [149] and adeno-associated virus (AAV) [150]. Among 

them, the retrovirus [151] and adenovirus [152] that carrying the suicide genes have been 

pushed forward into the clinical trials. Retrovirus is capable of inserting the gene into the 

host genome and producing the long-term transgene expression. However, its application 

is limited by several restraints. For examples, the retroviral vector just can infect the 

dividing cells. Furthermore, the vector randomly integrates the gene into various sites of 

host genome, which could potentially induce multiple malignancy and immunodeficiency 

diseases [153, 154]. The adenoviral vectors allow transient transgene expression on both 

dividing and non-dividing cells. Meanwhile, this vector has lower risk of host genome 
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integration. However, the immunogenicity of adenoviral vector is one of their major issues 

[155]. AAV also can produce transient transgene expression on both dividing and non-

dividing cells and there is no significant immunogenicity concern about it. But its DNA 

loading capacity (about 5000 base pairs) is the major limitation for its further application 

[45, 153].  

Viral vectors can commonly infect a wide range of tissues. To reduce the off-targets 

effect, one direction under extensive investigation is looking into the naturally occurring 

viral strains or serotypes to find one with a specific tumor tropism. For examples, oncolytic 

virus [153, 156, 157], would preferably infect the tumor cells and finally lyse their host. 

Combining with GDEPT systems, the oncolytic virus are capable to induce more cancer 

cell killing effect [153, 158-160]. Another method to direct the vector tumor tropism is its 

conjugation with antibody or other functional tumor specific ligands [161-163], such as 

chimeric fibers [164, 165]  and small peptide [166]. For example, AAV vectors equipping 

with ankyrin repeat proteins on capsids carrying herpes simplex virus-thymidine kinas and 

ganciclovir markedly reduced Her-2 positive SKOV-3 tumors model growth without 

causing lethal toxicity, but in control group, the conventional AAV vectors accumulated in 

liver tissue and caused death in animals [167].  

 

3.2.2 Non-viral Vector 

3.2.2.1 Chemically synthetic Vector 

 

Chemically synthetic compounds, including cationic lipids and polymers and 

dendrimers, are of major types of non-viral vectors. These chemical vectors, generally, 
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have lower gene delivery efficiency than viral vectors, due to several barriers present in 

extra- and intra-cellular delivery pathway [168, 169].However, they are still competitive 

due to the ease of preparation, lower immunogenicity and minimum risk of infection. 

Cationic liposomes, as the suicide gene delivery system, have been moved forward into the 

phase I/II clinical trials [170].  Meanwhile, the cationic polymer polyethylenimine (PEI) 

have also been extensively studied due to its robust DNA compaction capacity. System 

coupling the PEI with piggyBac transposon delivering HSV-TK/ganciclovir resulted in 

43.07% tumor volume reduction within ovarian cancer tumor xenograft model by only 

three rounds of gene/prodrug administration [171]. Nevertheless, the cytotoxicity of PEI 

still limits its clinical application [172, 173]. To reduce the PEI inherent toxicity, several 

strategies have been developed, including modifying the molecular structure [173], 

PEGylation [174] and enhancing the material biodegradability [175].  

Cationic lipid and polymers attach to cells mainly based on electrostatic interactions 

between positive charged complex and negative charged cell membrane 

glycosaminoglycans [168]. Thus, all cells have the possibility to receive the delivered gene. 

There are two major paths to improve the system specificity. One direction is to enrich the 

vector concentration within the tumor site through the passive targeting. When the 

complexes are controllably engineered within a certain size (particularly in submicron 

size), they will accumulate in tumor site in a much larger amount than other normal tissues 

because of the blood vessel leakiness within the tumor environment. This property is 

termed as the enhanced permeability and retention (EPR) effect. Multiple nanomedicine 

systems were attempting to take advantage of this property to enrich the therapeutic within 

the tumor site [176].  



 

 

63 

However, the passive targeting via EPR effect could not reach to the maximum 

anchoring effect. Thus more and more researches have been focused on the other direction, 

the active targeting strategies. Similar to viral vectors, the tumor specific ligand or antibody 

can also be linked into the complex to augment tumor binding ability. Commonly, the 

binding objectives are various receptors that over-expressed on the tumor cell surfaces, 

such as the folate receptors [177], the epidermal growth factor receptors [178, 179] and 

and αβ-integrins [55]. By combining the passive and active targeting strategies, the off-

target toxicity concerns could be highly reduced. 

 

3.2.2.2 Biologically synthetic vector 

 

Recombinant protein as a novel bio-synthetic vector seems appealing in the field, 

since the vector could be engineered to overcome the cell barriers in a single construct with 

a precise control in the molecular level. For example, our lab has developed a series of 

recombinant protein based gene delivery vectors and the studies have shown very 

promising results [51, 52, 179-181]. These biopolymers have only one single peptide, but 

containing multiple functional units to support systematic gene delivery. These functional 

unites are the DNA condensing unit to compact DNA into nano complex, the tumor 

targeted motif with a high affinity affibody to anchor cancer cells, the pH responsive 

fusogenic peptide to disrupt endosome membranes, and the nuclear localization signal to 

transport the complex into the nucleus[179]. The vector has shown excellent targeted effect 

to HER2 positive ovarian cancer cells. Furthermore, the therapeutic efficacy of vector 

carrying the TK/ganciclovir was extensively evaluated, both in vitro and in vivo [51]. It has 
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been shown that 80% of the SKOV-3 cancer cells could be killed with a single dose and 

significant tumor size reduction was evident by only two rounds of gene/pro-drug 

administrations. 

 

3.2.2.3 Bacteria or bacteria derived vector 

 

Bacteria or bacteria derived carriers has also been categorized as the non-viral 

vectors. Bacteria can naturally carry the plasmid and suicide enzyme. Meanwhile, some 

anaerobic bacteria prefer homing in the tumor site due to the hypoxic tumor environment 

[182]. Thus, combining both features together, these bacterial vectors have strong potential 

to serve as the appropriate vectors for GDEPT systems [183]. However, the safety concerns 

still exist, since these bacteria are alive and can potentially cause serious infection. Thus, 

another type of carriers, called bacterial minicells (BMCs), have been tried as an alternative 

strategy to solve the issue. BMCs are nano-sized cells (around 400 nm) and can be 

synthesized by restricting the polar site of cell fission [54]. The BMCs have all components 

within bacterial cytosol except chromosomes. Therefore, they cannot divide which makes 

them as non-infectious carriers. The BMCs can carry various cargos, including plasmids 

[184], siRNA/shRNAs [185], chemotherapeutics [185], cytotoxins [55] and suicide genes 

[186]. Meanwhile, they can also be conjugated with tumor-targeting ligands or antibodies 

[187]. Thus, the BMCs can take the advantage of both passive and active targeting 

strategies to precisely deliver the suicide gene to the tumor site.  

 

3.2.2.4 Human cell derived vector 
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The mesenchymal stem cells (MSC) and monocytes/macrophages (Mo-Ma), based 

on their tumor tropism properties are excellent targeting carriers of genes and proteins to 

tumors. These cells preferably migrate to the inflammation sites and tumor regions. 

Moreover, using the patient self-isolated MSC and Mo-Ma avoids the immunogenicity 

issue. These cells can be engineered to carry suicide genes and then can be administered 

via intra-tumoral or systemic injection [58]. After migration to the tumor site, the suicide 

gene can be expressed as the proper enzyme which can convert the prodrug into the toxic 

drug in the tumor periphery and induce killing of tumor cells. One approach from this 

category has been approved for the human clinical trial, in which the MSCs or neural stem 

cells were used to deliver the CD gene to convert 5-FC to 5-FU selectively for treating 

glioma [188]. A similar approach has been utilized using Mo-Ma as cell-based delivery 

system for tumor targeting [189]. 

However, both of these two human cell-based carriers have faced several 

challenges. For example, the efficacy of tropism is not satisfactory and needs to be further 

improved. Some researches focused on overcoming the limitations by modification of the 

tumor microenvironment, or modification of MSC surface molecules for better adhesion 

and tumor infiltration [190]. Furthermore, enhancement of the MSCs infiltration can be 

achieved by irradiation of tumor or organ. The radiation could lead to the change of tumor 

cells in expression profile of chemokines and cytokines, which can help MSCs infiltrate 

and provide niche for their proliferation [190, 191]. The tropism of MSCs can also be 

influenced by the route of administration [192-194]. Therapeutic effect could be more 

obvious when MSCs were intratumorally or intravascularly injected [147, 193]. Moreover, 
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the infiltration of the engineered MSCs and macrophages to the site can be led by iron 

nanoparticles and magnetic field [195, 196]. 

Similar to the viral vectors, the safety concern also exists within cell-based gene 

delivery systems. Both MSCs and macrophages may have role in tumor growth and self-

renewal properties, promoting tumors surviving for an extended time. Meanwhile, MSCs 

can also potentially be transformed into cancer cells. To solve the safety issues, the specific 

promoters, such as TetOn® system were applied to regulate the MSCs fate following that 

they accomplished the curing task at the target site. [189, 197]. When MSCs and 

macrophages are unnecessary, the promoter could be switched on to express the enzyme 

which can induce these cells self-destruction.  

Overall, the safety and efficacy are the major concerns of GDEPT systems and thus 

it seems that the enhanced specificity of the gene delivery system can contribute to 

resolving both factors. Higher specificity can enrich the enzyme concentration within 

tumor, and therefore, a higher amount of prodrug can be converted on the desire site. 

Meanwhile, the specificity can reduce the off-target effect and the potential damage to 

other healthy tissues. Thus, the development and selection of a proper gene delivery system 

is critical to maximize GDEPT system therapeutic efficacy and safety.  The pros and cons 

of using these gene delivery systems are also eloquently reviewed by several groups [183, 

198, 199]and our group [58]. More information and details can be obtained from the above 

referred review literatures. 
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3.3 Tumor-specific promoters 

 

Except using the cancer targeted gene delivery systems, the cancer specific 

expression can also be achieved by transcriptional control. By applying the cancer-specific 

promoters, the suicide gene will be selectively expressed in cancer cells, while sparing 

normal cells. The promoter of human telomerase reverse transcriptase (hTERT) is one of 

the most widely used promoter in the field, and is the only transcriptional control element 

that has successfully entered into clinical trials [61, 200]. However, the problem of hTERT 

promoter is that its activity is not yet enough satisfactory. In order to drive a high level of 

suicide gene expression, stronger promoters are required. Meanwhile, single promoter can 

easily develop tumor cell gene resistance due to the heterogeneity within cancer cell 

population. Therefore, plenty of studies were conducted to find out more specific and 

efficacious inherent promoters to expand the cancer-specific promoter library. Recently, 

the promoter of Rad 51[64], OPN [63], RAN, BRMS1, and MCM5 [201] were identified 

through a large panel of normal and cancer cells comparisons and fortunately some of them 

showed a significantly higher activity than hTERT promoter.  

Another way to improve promoter activity is to artificially design a chimeric 

promoter. For example, a promoter with a stronger activity can be obtained by constructing 

the chimeric promoters with the fusion of two promoters [65] or various transcriptional 

regulatory elements [202, 203]. The major limitation of transcriptional targeting is that the 

suicide gene may be sequestered and silenced within normal cells by non-targeted 

transfection. However, this combined method with tumor targeting vectors which were 

mentioned earlier, can favorably mitigate the issue. 
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3.4 Conclusions 

 

Significant amounts of preclinical work have been performed in the past two 

decades on gene directed enzyme prodrug therapy of cancer. Based on the preclinical data, 

numerous clinical trials have been performed. While substantial progress has been made, 

no cancer suicide gene therapy protocol has been approved for clinical use. Important 

issues that have yet to be addressed include development of effective vectors for efficient 

and targeted gene transfer to the tumor cells, design of prodrugs that can be efficiently 

converted into the active drugs with potent bystander effect and engineering enzymes with 

low immunogenicity and high affinity towards prodrugs. Overcoming these barriers may 

open new doors into effective eradication of many of yet incurable and stubborn cancers 

through GDEPT. 
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Chapter 4 

Bioengineered Adipose-Derived Stem Cells for Targeted Enzyme-Prodrug 

Therapy of Ovarian Cancer Intraperitoneal Metastasis3 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 A version of this chapter has been published in Journal of Control Release, PMID: 31499084. 
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The majority of the ovarian cancer patients do not experience symptoms in early stages 

of the disease and are diagnosed in late stages once cancer cells have leaked into the 

peritoneal cavity and metastasized into organs outside of the ovaries. The standard-of-care 

for such patients includes cytoreductive surgery followed by chemotherapy with platinum-

based drugs (e.g., cisplatin or carboplatin) and paclitaxel (PTX) [204]. Unfortunately, 

approximately 90% of patients after suboptimal resection and 70% of patients after optimal 

cytoreduction go on to experience relapse within 18-24 months [8, 205]. While a standard 

therapeutic approach for these patients with drug- resistant recurrent disease has not been 

established, chemotherapy regimens using agents other than cisplatin/PTX such as 

topotecan [206], CPT-11 (irinotecan) [207], liposomal doxorubicin [208], etoposide [209], 

gemcitabine [210], and ifosfamide [211] have been employed yielding response rates of 

between 10% and 30%; however, no survival benefit has been observed [212]. The 

prognosis is even poorer for patients with recurrent metastatic disease who have 

unresectable tumors and who are not candidates for surgery. Therefore, the objective of 

this study was to develop a nonsurgical therapeutic approach that delivers complete 

response and survival benefits for patients with intraperitoneal metastasis of drug-resistant 

ovarian cancer. 

In the past decades many studies have shown that drug-resistant ovarian cancer cells 

can be killed under in vitro conditions when exposed to high concentrations of anticancer 

drugs. Our group has also shown that cisplatin given at 100 µM and SN-38 at 100 nM 

concentrations can completely eradicate drug-resistant ovarian tumorspheres in the cell 

culture [213]. However, the main problem faced concerns the fact that such high effective 

drug doses cannot be easily delivered to tumors due to the resulting dose-limiting toxicity 
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to healthy tissues. If we could devise a means to simulate in vitro conditions in vivo, it 

would then be possible to effectively kill drug-sensitive and -resistant cancer cells and cure 

the disease. To achieve this goal, we took advantage of the inherent tumor tropism of 

mesenchymal stem cells (MSCs), which is driven by tumor-secreted cytokines [214]. We 

hypothesized that suicide gene expressing MSCs can actively migrate toward ovarian 

intraperitoneal tumors and convert prodrugs into their potent metabolites close to the tumor 

cells, resulting in their complete eradication. In turn, this should inhibit cancer relapse and 

reduce toxicity to normal tissues. To test the hypothesis, we obtained ascites-derived 

malignant cells from a patient with recurrent drug-resistant ovarian cancer (OVASC-1). 

The cells were characterized to identify factors contributing to their drug resistance. To 

treat OVASC-1 intraperitoneal tumors, ASCs were first genetically modified ex-vivo to 

express secretory human carboxylesterase-2 (shCE2) enzyme. They were then injected into 

mice peritoneal cavity to migrate toward OVASC-1 intraperitoneal tumors. Subsequently, 

CPT-11 (prodrug) was administered to be converted into its cytotoxic form (SN-38) by the 

secreted CE2. We utilized ASCs as enzyme delivery vehicles because these cells exhibit a 

high degree of inherent tropism toward ovarian tumors, thus helping us better direct the 

treatment to the tumors [215, 216]. The ASCs were also engineered to express 

nanoluciferase for cell tracking and quantitative therapy response analysis. The fate of 

ASCs after injection into the mice peritoneal cavity (distribution and localization) was 

studied by bioluminescent imaging (BLI), magnetic resonance imaging (MRI), and 

histopathology. The responses of tumors to therapy and the inhibition of relapse were 

studied by quantitative BLI and the survival benefit was measured. Toxicity to normal 

healthy tissues was studied by histopathology and hematology.  
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4.1 Materials and Methods� 

4.1.1 Cell culture 

 

All cancer cell lines were authenticated by the University of Arizona Genetics Core 

Cell Authentication Services. A2780 (Sigma-Aldrich, MO, USA), cisplatin resistant 

A2780-Cis (Sigma-Aldrich), SKOV-3 (ATCC, VA, USA), and OVCAR-3 (ATCC) cell 

lines were purchased (Sigma-Aldrich, MO, USA) and cultured as per vendor’s protocol. 

Ascites-derived epithelial ovarian cancer cells (de-identified) were obtained from the 

Biorepository Center of Rutgers-Cancer Institute of New Jersey. For simplicity, we named 

them OVASC-1 since they were originated from ovarian ascites. OVASC-1 cells were 

maintained in RPMI-1640 supplemented with 15% FBS and 2.5 µg/mL insulin. The media 

was changed every other day. ASC cell line (ASC52telo, hTERT immortalized adipose-

derived mesenchymal stem cells) (ATCC) was cultured in ASC basal medium 

supplemented with Mesenchymal Stem Cell Growth Kit (ATCC) and 0.2 mg/mL G418 

(Sigma-Aldrich). To inhibit bacterial growth, 1% Penicillin- streptomycin solution 

(Caisson Labs, UT, USA) was added to the culture media of all cell lines. 

 

4.1.2 Measurement of the sensitivity of the ovarian cancer cells to anticancer drugs 

 

  To measure the sensitivity of the ovarian cancer cells to the anticancer drugs, they were 

seeded in 96-well plates at a density of 5×103 cells/well. After twenty-four hours, cells 

were treated with a range of drug concentrations and then incubated at 37°C for 72 hours. 

Next, WST-1 reagent (Sigma-Aldrich) was added to each well and incubated for 2 hours. 
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The absorbance of each well was measured at 440 nm. The viability of untreated cells was 

considered as 100% and from that, the viabilities of other samples were calculated. The 

data are presented as mean±SD (n=4). 

  

4.1.3 Clonogenic assay 

 

The long-term toxic effects of anticancer drugs were evaluated by clonogenic assay.  

Briefly, 5×102 cells were seeded in 12-well plates and allowed to grow for 3 days. Then, 

they were treated with anticancer drugs at different concentrations. After incubation for 14 

days, cells were washed with PBS and stained with 0.1% crystal violet solution. The 

number of colonies containing ≥ 50 cells was counted with an inverted light microscope. 

The data are presented as mean±SD (n=3). 

 

4.1.4 Limiting dilution assay  

 

 To determine the frequency of the colony forming cells in each cancer cell population, 

an in vitro limiting dilution assay (LDA) was performed. Ovarian cancer cells were serially 

diluted and then seeded in 96-well plates at different cell densities ranging from 1 to 500 

cells/well (n=8). After incubation at 37 °C for 21 days, cells were washed twice with PBS 

and stained with 0.1% crystal violet solution (Sigma-Aldrich). The number of colonies 

containing ≥ 50 cells was counted with an inverted light microscope. Using the data, the 

frequency of the cancer initiating cells (CICs) in each ovarian cancer cell line was estimated 
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by ELDA online software (http://bioinf.wehi.edu.au/software/elda/index.html) as 

previously described [217].  

 

4.1.5 ALDH activity assay 

 

The activity of aldehyde dehydrogenase enzyme (ALDH) in ovarian cancer cells 

was evaluated by using ALDEFLUOR™ kit and protocol (Stem Cell Technologies, BC, 

Canada). Ovarian cancer cells were grown in T-75 flasks and one million cells were 

counted. Half a million cells were transferred into a microfuge tube and treated with 

diethylaminobenzaldehyde (DEAB) and ALDEFLUOR substrate. The same number of 

cells was counted and treated with ALDEFLUOR substrate only. Cells were incubated for 

45 min at 37°C in the dark and then analyzed by Gallios Beckman Coulter Cytometer 

(Beckman Coulter, Inc., CA, USA). Gating was established using propidium iodide (PI) to 

exclude non-viable cells. ALDEFLUOR plus DEAB was used to determine the negative 

gates. Data analysis was conducted by using Kaluza® Flow Analysis software (Beckman 

Coulter, Inc.). The data are reported as mean±SD (n=3). 

To measure the activity of ALDH enzyme in OVASC-1 and OVACR-3 cells that were 

treated with SN-38 and cisplatin, 1×106 cells were seeded in 6-well plates. After 24 hours, 

cells were treated with 1-100 µM of cisplatin or 1-100 nM of SN-38. After 72 hours of 

treatment, the ALDH enzymatic activity in the abovementioned cell lines was measured 

by ALDEFLUOR kit as explained.  
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4.1.6 Measurement of MDR1 and ABCG2 cell surface transporters  

 

To determine the cell surface expression levels of MDR-1 and ABCG2 transporters, 

cells were seeded in 6-well plates and then incubated either with anti-MDR-1 primary 

(abcam, Cambridge, MA) (ab10333) and corresponding secondary antibody (ab150117), 

or anti-ABCG2 primary (ab207732) and secondary antibodies (ab150077). Flow cytometry 

analyses were performed on cells by using the Beckman Coulter Gallios flow cytometer. 

As negative controls, the staining procedure was performed by using IgG isotype controls 

(ab18413) and (ab172730) for MDR-1 and ABCG2, respectively. The duration of antibody 

treatment and concentration were based on the vendor’s protocol. Data are reported as the 

percentage of cells expressing each protein. X-mean denotes the fold change in the 

fluorescent intensity of the test group in comparison to the corresponding IgG isotype. Data 

analysis was performed using Kaluza® Flow analysis software (Beckman Coulter, Inc).  

 

4.1.7 Ovarian tumorsphere formation and characterization 

 

 OVASC-1 tumorspheres were generated and the stem cell biomarkers expressions 

(NANOG, SOX-2 and OCT-4) were measured by Real-Time PCR as described previously 

(11). Primer probe numbers were catalog# Hs02758991_g1 for human GAPDH; catalog# 

Hs04399610_g1 for NANOG; catalog# Hs04234836_s1 for SOX2 and catalog# 

AIKAMMD PN4331348 for OCT-4 (TaqMan® Gene Expression, Thermofischer 

scientific, MA, USA). All quantitative real-time PCR reactions were performed and 

analyzed using the StepOne Plus Real-Time PCR System (Applied Biosystems) with the 
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comparative ΔCt method. The relative expression of genes with respect to the 

housekeeping gene human GAPDH are presented as mean±SD (n=4). 

 

4.1.8 Measurement of tumorsphere diameter and viability 

 

To evaluate the effects of anticancer drug treatment on tumorspheres, OVASC-1 

tumorspheres were generated, treated once either with 1-100 µM of cisplatin or 1-100 nM 

of SN-38, and then incubated for 14 days. The diameters of the tumorspheres were 

measured under an Olympus light microscope by using Infinity Analysis software. Data 

are presented as mean±s.d. (n=4). The viability of the cells in tumorspheres was determined 

by fluorescence microscopy after staining with 2.5 µM of Calcein AM (live cells) and 30 

µM propidium iodide (dead cells) (Sigma-Aldrich) for 2 hours at 4°C. 

 

4.1.9 Genetic engineering of ASCs  

 

The genes encoding human carboxylesterase-2 (hCE2) and nanoluciferase (NanoLuc®, 

Promega, Madison, WI) were designed and then synthesized by VectorBuilder Inc. (Santa 

Clara, CA, USA) for mammalian cell expression using PiggyBac transposon system. The 

secretory form of human carboxylesterase-2 (shCE2) was generated by removing the ER 

retention signal (HTEL) from the non-secretory form (hCE2). This signal is encoded as 12 

nucleotides (4 amino acids) located at the peptide’s C-terminal. The ASCs were seeded in 

6-well plates at the density of 3 × 105 cells/well and then cotransfected with the constructed 

transposon plasmid vectors along with helper plasmid encoding hyperactive PiggyBac 
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transposase system by using XFECT™ reagent (Takara Bio, Inc., CA, USA) following the 

manufacturer’s protocol. Transfected ASCs were maintained in full media supplemented 

with 400 µg/ml Hygromycin B (Clontech, CA, USA) for 3-4 weeks to obtain the stable 

clones expressing carboxylesterase and nanoluciferase. The stable clones ASC-

shCE2:nLuc (secretory) and ASC-hCE2:nLuc (non-secretory) were generated, expanded 

and stored under liquid nitrogen for further use. 

 

4.1.10 Evaluation of the activity of the expressed human carboxylesterase-2 

 

ASC-shCE2:nLuc cells were seeded in 24-well plates at the density of 2.5×104 

cells/well in 500 µl of complete culture media. After 24 hours, 100 µL of the media was 

collected and incubated with 100 µl of fluorescein diacetate (FDA) (12 µM). The 

fluorescent signal of by-product (fluorescein) was measured for 30 min at 5 min intervals 

by using Tecan plate reader instrument (Tecan, Männedorf, Switzerland), 

excitation/emission set at 485/525. Culture media taken from ASC-hCE2:nLuc cells (non-

secretory), culture media alone, and PBS were used as controls.  

The ability of the secreted carboxylesterase from ASC-shCE2:nLuc cells to convert 

CPT-11 to SN-38 was examined by Liquid Chromatography-Mass Spectroscopy (LC/MS). 

For this purpose, ASC-shCE2:nLuc cells were seeded at the density of 2.5×104 cells/well 

in a 24-well plate with 500 µl of complete media. The next day, the culture media was 

removed from each well and treated once with 7.5 µM of CPT-11 and then incubated for 

72 hours at 37oC. Next, 100 µl of the treated media was mixed with 200 µl acetonitrile 

(Sigma-Aldrich) and analyzed by LC/MS at Biological Mass spectrometry core facility of 
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the Rutgers-Robert Wood Johnson Medical school.  

 

4.1.11 In vitro evaluation of the cancer cell killing efficiency of suicide gene 

expressing ASCs 

 

 ASC-shCE2:nLuc cells were co-cultured with OVASC-1 cells at the density of 1000 

and 2500 cells/well. After 24 hours, CPT-11 (1 µM) was added to the media and incubated 

for an additional 72 hours. A cell viability assay was performed by using WST-1 reagent 

as described above. OVASC-1 cells and ASC-shCE2:nLuc cells seeded separately were 

used as controls. The viability of ASC-shCE2:nLuc cells co-cultured with OVASC-1 cells 

but without any CPT-11 treatment was considered as 100% viable. The data are presented 

as mean±SD (n=4). 

 

4.1.12 Evaluation of the ASC tropism toward peritoneal tumors by BLI, MRI, and 

histopathology 

 

 All animal studies were performed according to the guidelines of the Rutgers 

University Institutional Animal Care and Use Committee (IACUC) and all experiments 

conformed to all relevant regulatory standards. Outbred homozygous nude J:NU 

(Foxn1nu/Foxn1nu) female mice (5-6 weeks old) were purchased from the Jackson 

Laboratory (Bar Harbor, ME). OVASC-1 cells that stably expressed firefly luciferase gene 

(OVASC-1-fLuc) were created as described previously [213]. Five million OVASC-1-fLuc 

cells were suspended in 500 µL of D-PBS and injected intraperitoneally (IP) into nude mice 
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using a 25-gauge needle. The cancer cells were left to grow for three weeks to form 

peritoneal tumors. At this point, ten million ASC-shCE2:nLuc cells were injected IP. After 

24 hours, mice were anesthetized by isoflurane and injected IP with 0.1 mg/kg of 

furimazine (Nano-Glo substrate) (Promega, WI, USA) and 150mg/kg of D-luciferin 

(GoldBio, MO, USA) dissolved in 100 µL sterile PBS. Mice were imaged to detect and 

measure bioluminescence signal intensity within 30 seconds of furimazine and five minutes 

of D-luciferin injections with acquisition times of 60 seconds. Bioluminescent images were 

captured using In Vivo MS FX PRO (Carestream Health, NY, USA) with 535nm filter 

(Acquisition time: 60 seconds) to eliminate spectral overlap. The fLuc substrate (D-

luciferin) and nLuc substrate (furimazine) are enzyme specific and do not cross react. The 

results were analyzed using Bruker MI molecular imaging software, version 7.1.3.20550. 

 To examine the colocalization of the ASCs with the peritoneal tumors, magnetic 

resonance imaging (MRI) in conjunction with histopathology was used. OVASC-1 

peritoneal tumors were implanted as mentioned above. Then, ASC-shCE2:nLuc cells were 

transfected with FluidMAG-D (150nm size) (Chemicell GmbH, Berlin, Germany) 

superparamagnetic iron oxide nanoparticles (SPION) to make ASC-shCE2:nLuc:SP cells. 

For that, 2×106 ASC-shCE2:nLuc cells were seeded in a 150 cm2 tissue culture flask and 

treated with 162.5 µg/ml of FluidMAG-D for 24 hours. The ASC-shCE2:nLuc:SP cells 

were washed several times by PBS, harvested, and then injected (1×107 cells) into the 

peritoneal cavity of tumor-bearing mice. The tropism of ASC-shCE2:nLuc:SP cells toward 

the OVASC-1-fLuc peritoneal tumors was evaluated by 1Tesla ASPECT M2 MRI seven 

days post-injection at the Rutgers University Molecular Imaging Center. To determine the 

locations of the ASC-shCE2:nLuc:SP cells within the tumors, the mice were euthanized, 
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the intraperitoneal tumors extracted, washed with 0.9% saline solution, placed inside a 

Cryomold (Fisher Scientific) filled with Tissue-Plus™ O.C.T compound (Fisher 

Scientific), and then snap frozen by liquid nitrogen. The tumors were sliced and then 

stained by using Gomori Iron Prussian Blue Stain (Newcomer Supply, WI). 

Photomicrography was conducted using a Leica microscope (20X objective) and the slides 

were studied by a histopathologist at Biorepository and Histopathology Core Facility at 

Rutgers-CINJ. 

 

4.1.13 Evaluation of therapy response, ovarian cancer relapse and survival rate in 

nude mice 

 

Female nude mice were injected with five million of OVASC-1-fLuc cells to form 

intraperitoneal tumors as described above. Cancer cells were left to grow for 3 weeks to 

form tumors and the bioluminescence signal intensity reaches in the range of 1.0 × 108 to 

1.0 × 109 (p/s) indicating presence of well-established tumors. Mice were then randomly 

divided into five groups of five and received treatments. Group 1 (G1) received vehicle 

only twice per week. The vehicle solution was composed of 1% cremophor:ethanol (50:50) 

and 99% saline (0.9%). Group 2 (G2) received cisplatin (5 mg/kg) and paclitaxel (15 

mg/kg) dissolved in vehicle once per week. Group 3 (G3) received CPT-11 (40 mg/kg) 

twice per week (Thursdays and Saturdays) for ten weeks. Group 4 (G4) received CPT-11 

(80 mg/kg) twice per week (Thursdays and Saturdays) for ten weeks. Group 5 (G5) 

received ten million ASC-shCE2:nLuc cells once a week (Mondays) and CPT-11 (40 

mg/kg) twice per week (Thursdays and Saturdays) for ten weeks. In this protocol, the first 
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drug dose was administered 72 hours post ASC injection and there was a 48 hours lag in 

between the first and second CPT-11 injections. All drug and cell administrations were IP. 

To monitor disease progression and treatment effects, bioluminescence signal intensity was 

measured by using an IVIS Lumina III Imaging System (PerkinElmer, MA, USA) as 

previously described [213]. The acquired images were analyzed by the Living Image 4.5 

module. To eliminate spectral overlap, the BLI of fLuc and nLuc were performed on 

different days (two days apart).  

Observable indicators of health (i.e, diarrhea, appetite, posture, movement) and body 

weight were continuously monitored to detect any treatment-related toxicities or disease-

related morbidities resulting from the ascitic burden. Loss of more than 10% body weight 

in one week or more than 20% at any time period was considered as the study end-point. 

When significant toxicity was observed, either the treatment was discontinued or mice were 

euthanized. 

 

4.1.14 Tissue toxicity studies by hematology and histopathology 

 

To evaluate the effects of treatment on mice blood factors, 50 µl blood samples 

were collected postmortem from mice in each group by cardiac puncture blood collection 

method and tested for hematologic parameters at the In Vivo Research Services of Rutgers 

University. 

 To determine the toxicity to normal tissues inside the peritoneal cavity after treatment, 

major intraperitoneal organs were removed immediately after the last treatment point. 

Cryosectioning was performed at the Biospecimen Repository and Histopathology Service 
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Core Facility at Rutgers-Cancer Institute of New Jersey followed by fixation and 

hematoxylin and eosin (H&E) staining. The slides were interpreted by a histopathologist 

at the Rutgers-Robert Wood Johnson University Hospital. Photomicrography was 

conducted using a Leica microscope (20X objective).  

 

4.1.15 Statistical analysis 

 

 For in vitro studies, the experiments were repeated at least three times unless otherwise 

stated. Data are presented as mean ± SD (standard deviation). When two groups were 

compared, the statistical significance was determined by using Two-tailed Student’s t-test. 

One-way analysis of variance (ANOVA) was used for multiple comparisons and Tukey’s 

post hoc test was used for pairwise comparisons. Differences were considered statistically 

significant when p value was < 0.05. 

 

4.2 Results 

 

4.2.1 Assessment of the drug sensitivity and resistance of ovarian cancer cells  

 

To assess the sensitivity of the OVASC-1 ovarian cancer cells to the prodrug 

metabolites, a cell viability assay and clonogenic assay were performed. While the cell 

viability assay measures acute toxicity, clonogenic assay measures the long-term effects of 

anti-cancer drugs (chronic toxicity) and evaluates all potential forms of cell death. In this 

experiment, 5-FU, 6-MP and SN-38 which are the toxic metabolites of prodrugs 5-FC, 6-
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MPd, and CPT-11 were used [21, 25]. Cisplatin was also used as a point of reference since 

it is standard-of-care for ovarian cancer. For comparison purposes, established ovarian 

cancer cell lines OVCAR-3, SKOV-3, A2780, A2780-Cis were also investigated. The 

results of the cell viability assay showed that OVASC-1 cells were the most drug-resistant 

and SN-38 was the most potent cytotoxic drug of the ones tested (Table 4.1, Figure 4.1A-

4.1D). The IC50 of SN-38 was in low nanomolar range whereas the IC50 of all other drugs 

fell within the micromolar range. Of the established cell lines, OVCAR-3 and A2780-Cis 

showed more resistance to the drugs than the others. The IC50 values of cisplatin for 

OVASC-1 and A2780-Cis were 19.75 µM and 15.69 µM, respectively. This shows that 

OVASC-1 was more resistant to cisplatin than A2780-Cis. The results of the colony 

formation assay also show that SN-38 best prevented the formation of new colonies within 

low nanomolar range (< 20 nM) (Figure 4.2). All other drugs (i.e., 5-FU, 6-MP and 

cisplatin) were able to prevent the formation of colonies at micromolar levels (> 10 µM). 

To better understand the cause of the OVASC-1 cells’ drug resistance, they were 

characterized with an Aldehyde dehydrogenase (ALDH) enzyme activity assay and 

limiting dilution assay (LDA). ALDH plays a vital role in cellular detoxification and is 

upregulated in drug-resistant cells [218]. Therefore, its measurement provides an insight 

into resistance to therapy. The results of this experiment showed that OVASC-1 cells had 

the highest percentage of ALDH+ cells followed by OVCAR-3 (Figure 4.3A, Figure 4.4A) 

(*ANOVA, p < .05). In addition, an LDA was performed to determine the frequency of 

CICs, also known as CSCs, which are able to initiate new colonies [8, 9]. The LDA shows 

that OVASC-1 presented the highest number of CICs in its population (∼5%, 1 in 20) 

followed by OVCAR-3 cells (∼3%, 1 in 32) (Figure 4.3B, Figure 4.4B).  
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Figure 4.1: Evaluation of the cell viability by WST-1 cell toxicity assay. (Panels A-D) 
Ovarian cancer cells were exposed to different concentrations of the drugs and the viability 
of the cells was measured. The X-axis is plotted in Log scale. The data are reported as 
mean±SD (n=4).  
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Table 4.1: Determination of IC50 of anticancer drugs in different ovarian cancer cell 
lines based on the cell viability curves (Figure. 4.1). The data show that OVASC-1 is the 
most drug-resistant cell line and SN-38 the most potent anticancer drug among the ones 
tested.  

 

Drug/Cell line  A2780  A2780-Cis  SKOV-3  OVCAR-3  OVASC-1  

Cisplatin (µM)  1.1 15.69 9.1 11.78 19.75 

6 Methylpurine (µM)  2.51 4.7 0.12 5.46 39.74 

5 Fluorouracil (µM)  2.46 4.45 2.88 2.4 35.8 

SN-38 (nM)  6.21 17.98 3.59 22.1 48.73 
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Figure 4.2: The measurement of drugs’ chronic toxicities to OVCAR-3 and OVASC-
1 cells by clonogenic assay. Ovarian cancer cells were exposed to different 
concentrations of the drugs and the number of colonies in each well was counted after 14 
days. This figure shows that the OVASC-1 cells are the most drug-resistant cells and SN-
38 is the most potent anticancer drug. The data are presented as mean±SD 
(n=3).*Statistical significance, t-test (p<0.05). 
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Figure 4.3: Flow cytometry histograms of the ALDH+ ovarian cancer cells and 
Estimation of the frequency of CICs in different ovarian cancer cell populations: A) 
Cells were treated with ALDHFLUOR substrate and the intensity of the fluorescent signal 
was detected by flow cytometry. This figure shows that OVASC-1 cells have the highest 
population of ALDH+ cells. B) The frequency of CICs in different ovarian cancer cell 
populations (0.95 Confidence Interval) was estimated by limiting dilution assay using 
ELDA online software (http://bioinf.wehi.edu.au/software/elda/index.html). 
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 To examine whether SN-38 can kill the drug-resistant SP cells, we treated them with 

SN-38 and then measured the resulting change in the ALDH enzyme activity. We used 

cisplatin as a control drug for comparative purposes. The results of this study show that at 

low concentrations, both SN-38 and cisplatin first killed the sensitive cell population 

resulting in the enrichment of ALDH+ cells in the remaining population. Once the drug 

concentration surpassed a certain threshold (i.e., 10 nM for SN-38 and 10 µM for cisplatin), 

the drug started to kill the drug-resistant cells (Figure 4.4C-1D) (*t-test, p<0.05).  

Since OVASC-1 cells showed resistance to all four drugs tested in this study, we looked 

at the expression of multi-drug resistance gene 1 (MDR-1) and ABCG2 transporters which 

are the common players in cancer cell adaptation to chemotherapy with cisplatin, SN-38, 

5-FU and 6-MP [30, 213, 219]. The results of this experiment showed that ~48% of the 

OVASC-1 cells had an overexpression of MDR-1 and more than 93% of the population 

had overexpression of ABCG2 transporters (Figure 4.4E-4.4F, Figure 4.5-4.6). 
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Figure 4.4: Assessment of the percentages of drug-resistant cells and CICs. A) 
Determination of the percentage of ALDH+ (bright) cells in the general population of 
ovarian cancer cells by ALDH assay. B) Measurement of the percentage of the CICs in 
each ovarian cancer cell population by Limiting Dilution Assay. For details of data 
analysis, please see Figure S3B. C-D) Change in the percentage of ALDH+ cells in 
OVASC-1 cells after treatment with cisplatin (1-50 µM) and SN-38 (1-50 nM). The total 
number of cells (sensitive and resistant) as measured by flow cytometry is normalized to 
100%. E-F) The percentages of OVASC-1 cells that express MDR1 and ABCG2 
transporters. X-mean denotes the fold difference in between the expression of the 
transporters on the surface of OVASC-1 cells stained by the anti-MDR1/anti-ABCG2 
antibodies and by the IgG isotype control. This fold difference in X-Mean indicates the 
transporter density.  
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Figure 4.5: Evaluation of the expression of MDR1 transporters on the surface of 
OVASC-1 cells. A-B) Unstained OVASC-1 cells and cells labeled with fluorescent IgG1 
isotype (controls). C) OVASC-1 cells were labeled with fluorescent anti-MDR1 primary 
antibody and analyzed by flow cytometry. X-mean denotes the fold difference in between 
the expression of the transporter on the surface of OVASC-1 cells stained with the anti-
MDR1 antibody and the IgG isotype control indicating the transporter density. 
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Figure 4.6: Evaluation of the expression of ABCG2 transporters on the surface of 
OVASC-1 cells. A-B) Unstained OVASC-1 cells and cells labeled with fluorescent IgG1 
isotype were used as controls. C) OVASC-1 cells were labeled with fluorescent anti-
ABCG2 primary antibody and analyzed by flow cytometry. X-mean denotes the fold 
difference in between the expression of the transporter on the surface of OVASC-1 cells 
stained with the anti-ABCG2 antibody and the IgG isotype control indicating the 
transporter density. 
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4.2.2 Evaluation of the sensitivity of CSC-rich OVASC-1 tumorspheres to SN-38 

 

 To examine the effectiveness of the SN-38 in killing the CSCs in the OVASC-1 cell 

population, we cultured the cells under low-adherent conditions and generated CSC-rich 

tumorspheres (Figure 4.7A). To validate CSC-enrichment, we measured the expression of 

typical stem cell biomarkers such as NANOG, SOX-2 and OCT-4 in OVASC-1 cells 

grown under both adherent and non-adherent conditions. The results of the experiment 

showed a significant increase of stem cell biomarker expression in tumorspheres indicating 

CSC-enrichment (Figure 4.7B) (*t-test, p<0.05). We also examined the expression levels 

of ABCG2 transporters in tumorspheres because ABCG2 is a biomarker for ovarian CSCs 

[220-222]. The results of the experiment showed a significant increase in density of 

ABCG2 transporters on the surface of OVASC-1 cells in the tumorspheres as compared to 

the OVASC-1 cells grown under adherent conditions. While percentage of cells that 

expressed ABCG2 remained the same for OVASC-1 cells grown under adherent and non-

adherent conditions, the X-mean for ABCG2 expression on the surface of OVASC-1 

tumorspheres (i.e., X-Mean: 44.04) showed 2-fold increase in comparison to the cells 

grown under adherent conditions (i.e., X-Mean: 21.7) (Figure 4.7C vs 4.4F, and Figure 4.6 

vs 4.8). Since MDR-1 is not a biomarker for ovarian CSCs, we also measured its expression 

in OVASC-1 tumorspheres as a control. The results of this experiment showed that the 

density of MDR1 expression on the surface of OVASC-1 tumorspheres was similar to 

OVASC-1 cells grown under adherent conditions (Figure 4.7D vs Figure 4.4E, and Figure 

4.5 vs Figure 4.9). Next, we treated the tumorspheres with different concentrations of SN-

38 to determine the ability of SN-38 in killing the CSC-rich tumorspheres. The results 
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showed that the drug had the ability to diffuse into the tumorspheres and kill the drug-

resistant cancer cells. As a result, the diameter of the tumorspheres significantly decreased 

as the concentration of the drug increased (Figure 4.7E) (*t-test, p<0.05). While SN-38 at 

concentration of 100 nM could completely kill the OVASC-1 tumorspheres, cisplatin could 

achieve approximately the same level of tumorsphere killing efficiency at concentration of 

100 µM. To examine whether remaining cells in the treated tumorspheres were alive or 

dead, we stained them with calcein AM (C-AM) and propidium iodide (PI) to visualize the 

live and dead cells, respectively. The results show that remaining cells in the SN-38- (100 

nM) and cisplatin-treated (100 µM) groups were in fact clumps of cell debris (Figure 4.7F). 

Tumorspheres treated with lower concentrations of drugs included a mixture of live and 

dead cells (Figure 4.10).  
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Figure 4.7: Characterization and evaluation of the sensitivity of OVASC-1 
tumorspheres to drugs. A) Formation of OVASC-1 tumorspheres in low-adherent plates. 
B) Measurement of typical stem cell biomarkers in OVASC-1 tumorspheres generated 
under non-adherent conditions and in comparison to cells cultured under adherent 
conditions. *Statistical significance, t-test (p<0.05). C-D) The percentages of cells that 
express ABCG2 and MDR1 transporters in OVASC-1 tumorspheres. X-mean denotes the 
fold difference in expression of the transporter on the surface of OVASC-1 cells stained by 
the anti-MDR1/anti-ABCG2 antibodies in comparison to the IgG isotype control indicating 
the transporter density. E) Measurement of the tumorspheres’ sizes after treatment with 
SN-38 and cisplatin. Data are presented as mean±s.d. (n=4). F) Tumorspheres were stained 
with the fluorophores calcein-AM (CAM) and propidium iodide (PI) to visualize live 
(green) and dead (red) cells, respectively. Scale bar= 500 µm. 
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Figure 4.8: Evaluation of the expression of ABCG2 transporters on the surface of 
OVASC-1 cells in tumorspheres. A-B) Unstained OVASC-1 cells and cells labeled with 
fluorescent IgG1 isotype were used as controls. C) OVASC-1 cells from tumorspheres 
were labeled with fluorescent anti-ABCG2 primary antibody and analyzed by flow 
cytometry. X-mean denotes the fold difference in between the expression of the transporter 
on the surface of OVASC-1 cells stained with the anti-ABCG2 antibody and the IgG 
isotype control indicating the transporter density. 
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Figure 4.9: Evaluation of the expression of MDR1 transporters on the surface of 
OVASC-1 cells in tumorspheres. A-B) Unstained OVASC-1 cells and cells labeled with 
fluorescent IgG1 isotype were used as controls. C) OVASC-1 cells from tumorspheres 
were labeled with fluorescent anti-MDR1 primary antibody and analyzed by flow 
cytometry. X-mean denotes the fold difference in expression of the transporter on the 
surface of OVASC-1 cells stained with the anti-MDR1 antibody in comparison to the IgG 
isotype control indicating the transporter density. 
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Figure 4.10: Evaluation of the OVASC-1 tumorspheres sensitivity to SN-38 and 
cisplatin. Tumorspheres were stained with the fluorophores calcein-AM (CAM) and 
propidium iodide (PI) to visualize live (green) and dead (red) cells, respectively. Scale bar= 
500 µm. This figure shows that the tumorspheres consisted of mostly live cells when 
exposed to SN-38 at less than 50 nM and cisplatin at less than 50 µM.  
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4.2.3 Evaluation of the functionality of the genetically engineered ASCs 

 

An ASC clone that stably expressed shCE2 and nanoluciferase genes (ASC-

shCE2:nLuc) was genetically engineered to allow for simultaneous disease therapy and in 

vivo imaging (Figure 4.11A). To examine whether functional shCE2 was in fact secreted 

outside of the ASCs, two experiments were performed. First, the activity of the 

carboxylesterase enzyme secreted into the culture media was examined by removing the 

media in which the ASC-shCE2:nLuc cells were grown and through treatment with FDA 

(CE2 substrate and nonfluorescent). The kinetics of FDA conversion into its fluorescently 

active byproduct fluorescein was then measured. The results of this experiment show that 

the fluorescence of media continuously increased over time, revealing the activity of 

shCE2. Relative to the fluorescent intensity of the culture media never put in contact with 

cells, an almost 8 fold (81.88/10.74) increase in the rate of FDA conversion was observed 

for the media in which ASC- shCE2:nLuc cells were grown (Figure 4.11B). In contrast, 

the culture media of the ASC-hCE2:nLuc cells (non-secretory CE2) did not show any 

significant changes in fluorescent intensity, indicating inefficiency in FDA conversion. We 

also examined the capacity for the secreted shCE2 in the culture media to convert irinotecan 

into SN38. For this purpose, we removed the culture media in which ASC-shCE2:nLuc 

cells were grown and then treated it with irinotecan. The culture media was then analyzed 

by LC/MS to identify corresponding irinotecan and SN-38 ion fragments. The results of 

this experiment show that shCE2 secreted from ASC-shCE2:nLuc cells converted a portion 

of the irinotecan prodrug into SN-38 (Figure 4.11C - 4.11D). The two experiments 

validated that the ASC-shCE2:nLuc cells secrete an active form of shCE2 into culture 
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media with the ability to convert irinotecan into SN-38. We also examined the activity of 

the nanoluciferase in ASC-shCE2:nLuc cells by incubating them with enzyme substrate 

furimazine. A clone of ASC- shCE2:nLuc cells with the highest expression of both shCE2 

and nanoluciferase genes was isolated (Figure 4.12). We then performed an experiment to 

assess whether the isolated ASC-shCE2:nLuc clone in combination with irinotecan could 

generate sufficiently high concentrations of SN-38 lethal to OVASC-1 cells. For this 

purpose, we first determined the maximum concentration of irinotecan that can be used in 

cell culture media without being toxic to ASCs or OVASC-1 cells. The results of this 

experiment show that irinotecan at a 1 µM concentration was not toxic to either group of 

cells (Figure 4.13A- 4.13B). Then, ASC- shCE2:nLuc and OVASC-1 cells were cocultured 

and treated with irinotecan (1 µM). The results of this experiment show a significant 

reduction in the viability of the OVASC-1 cells cocultured with ASC- shCE2:nLuc cells 

and treated with irinotecan (1 µM) (Figure. 4.13C). 
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Figure 4.11: Genetic engineering and evaluation of the functionality of the genetically 
engineered ASC- shCE2:nLuc cells. A) The map of the plasmid DNA encoding shCE2 
in fusion with nLuc. B) Measurement of the kinetics of FDA conversion over time. The 
ASC-shCE2:nLuc cells that secreted CE2 into the media could effectively convert FDA 
into its fluorescent byproduct (Y-axis). CM stands for culture media and PBS is phosphate 
buffer saline. CM-shCE2 stands for culture media from the ASC- shCE2:nLuc cells 
(secretory), whereas CM-hCE2 stands for culture media from the ASC-hCE2:nLuc cells 
(non-secretory). C) The mass spectroscopy chromatogram with major fragment ion of 
543.66 m/z corresponding to irinotecan. D) The mass spectroscopy chromatogram with 
major fragment ion of 349.18 m/z corresponding to SN-38.  
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Figure 4.12: Selection of a clone of ASC-shCE2:nLuc cells that have high expression 
of both carboxylesterase and nanoluciferase genes. Top panel) FDA conversion assay 
that shows clone V8 had the highest carboxylesterase activity. Lower panel) nanoluciferase 
expression assay which shows clone V8 had significant luciferase expression levels (third 
highest). The clone V8, which expressed both genes at acceptable levels and suitable for 
the studies, was selected. 
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Figure 4.13: Evaluation of the effect of CPT-11 and shCE2/CPT-11 combination on 
ASC and OVASC-1 cell viability: A) Evaluation of the viability of OVASC-1 cells 
treated with different concentrations of irinotecan. Irinotecan was not toxic to OVASC-1 
cell up to 2.5 µM. B) Evaluation of the viability of ASCs seeded at different numbers and 
treated with different concentrations of irinotecan. Irinotecan at 1µM concentration was 
not toxic to ASCs when at least 1000 cells were seeded. C) Evaluation of the cytotoxicity 
of the ASC-shCE2:nLuc cells in combination with CPT-11 to OVASC-1 cells. The 
absorbance of the 1000 ASCs co-cultured with 2500 OVASC-1 cells (without irinotecan) 
was considered as 100% viable. (*ANOVA followed by a Post hoc Tukey test, p<0.05) 
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4.2.4 Evaluation of the tumor tropism of the engineered ASCs by BLI, MRI and 

histopathology 

 

 To study the tropism of the ASC-shCE2:nLuc cells, we first injected the cells into the 

peritoneal cavity of a nude mouse (without tumors) and tracked the cells by BLI. The 

intention was to study the fate of the ASC- shCE2:nLuc cells in mouse peritoneal cavity. 

The results of the experiment show that most of the ASCs disappeared from the field of 

view and were not detectable after two weeks. However, long-term imaging tests detected 

bioluminescence signals from two locations within the mouse body after seven weeks 

(Figure 4.14A- Figure 4.14B). To investigate further, the mouse was euthanized, and the 

luminescent area removed, stained and studied under a microscope. The histopathology 

results show that the luminescent area included an aggregate of ASCs in mesentery without 

evidence of malignancy (Figure 4.14C).  

 We then performed experiments to assess the tumor tropism of the engineered ASC-

shCE2:nLuc cells. For this purpose, OVASC-1 cells that stably expressed the firefly 

luciferase gene (OVASC-fLuc) were geneti- cally engineered. OVASC-fLuc cells were 

then injected IP and were left to grow for three weeks to provide ample time for the tumors 

to establish and metastasize (Figure 4.14D).  
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Figure 4.14: Evaluation of the fate of the injected ASCs over the period of 12 weeks. 
A) Bioluminescent imaging of the live mouse that was injected intraperitoneally with ASC-
shCE2:nLuc cells. B) The bioluminescent signal quantification over the 12 weeks period. 
C) Tissue section slide of the bioluminescent area showing the presence of no malignancy. 
D) The growth of tumor mass inside mouse peritoneal cavity over the course of three 
weeks. Mice were studied by BLI and then dissected to remove the tumors. The size of the 
tumors measured and number of tumors were counted. 
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 Three weeks after tumor establishment, the ASC-shCE2:nLuc cells were injected IP 

and their distribution and migration was tracked by BLI. Since firefly luciferase and 

nanoluciferase substrates do not cross-react, they could be imaged without interference. 

The BLI data show that the ASC-shCE2:nLuc cells colocalized with OVASC-fLuc cells as 

soon as three days post injection (Figure 4.15A). On day 11, the mouse was euthanized, 

the tumors removed and imaged in the presence of furimazine (nLuc substrate). The results 

of this experiment showed the existence of nLuc enzyme within the dissected tumors 

indicating the presence of ASC-shCE2:nLuc cells (Figure 4.15A). We then prepared a 

suspension of single cells from the extracted tumors and studied them for CD90 biomarker 

expression. CD90 is a typical biomarker expressed on the surface of ASCs [223], but not 

on OVASC-1 cells (Figure. 4.16). The results of this experiment showed that 

approximately 5% of the analyzed cells were CD90+ (Figure. 4.15B). Using cell sorting, 

we separated the CD90+ cells and transferred them into a well followed by addition of 

furimazine. The results of this experiment showed that the CD90+ cells had nLuc 

expression whereas the CD90  ̄ cells did not. To examine the localization of the ASC-

shCE2:nLuc cells within tumors at a higher resolution and to determine potential 

applications of this approach in clinical settings, we treated the ASC-shCE2:nLuc cells 

with SPIONs at a non-toxic concentration to form ASC-shCE2:nLuc-SP cells (Figure. 

4.17). Since the cells were loaded with SPIONs, they could be detected by T2*- weighted 

MRI sequence. The MRI data revealed the areas within the peritoneal cavity in which ASC-

shCE2:nLuc-SP cells were localized (Figure. 4.15C). Using the MR images as a guide, a 

cluster of tumors with blackened surfaces were detected under the liver after tissue 

dissection (Figure 4.15D).  
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Figure 4.15: Evaluation of the tumor tropism of ASC-shCE2:nLuc cells. A) BLI of 
nude mice with intraperitoneal OVASC-fLuc tumors (green) and ASC-shCE2:nLuc cells 
(red) over ten days. The co-localization of ASCs with OVASC-1 cells (yellow) could be 
observed as soon as three days. The excised tumors on day 11 showed expression of nLuc. 
B) Flow cytometry analysis of single cell suspension of extracted tumors labeled with anti-
CD90 primary antibody. The CD90+ and CD90  ̄cells were then sorted into separate wells 
and incubated with furimazine and imaged for bioluminescence. C) BLI of the mouse with 
the intraperitoneal OVASC-1-fLuc tumors and the corresponding T2*-weighted MRI 
sequence of ASC-shCE2:nLuc-SP cells on days zero and ten. The tumors that were 
detectable by BLI could be marked by MRI with more accuracy. D) Camera picture of the 
dissected mouse abdomen with blackened tumor surfaces. The blackened tumors suggest 
presence of SPION nanoparticles. 
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Figure 4.16: Evaluation of the expression of CD90 biomarker on the surfaces of ASC-
shCE2:nLuc and OVASC-1 cells by flow cytometry. A) ASC-shCE2:nLuc cells labeled 
with fluorescent IgG1 isotype or anti-CD90 primary antibodies. B) OVASC-1 cells labeled 
with fluorescent IgG1 or anti-CD90 primary antibodies.  
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Figure 4.17: Evaluation of the toxicity of FluidMAG-D SPIONs to ASC-shCE2:nLuc 
cells. Cells were incubated with FluidMAG-D for 24 hours at different concentrations and 
the viability of the ASCs was measured by WST-1 cell toxicity assay. This figure shows 
that FluidMAG-D SPIONs are not toxic to ASCs at concentrations equal to or less than 
162.5 µg/ml.  
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Furthermore, the presence of SPION nanoparticles in the ASCs made it possible to 

identify the exact locations of the ASCs within the tumors by iron-staining and 

immuno/histochemistry. The histochemistry of the dissected tumors shows that the ASC-

shCE2:nLuc-SP cells were localized in both tumor stroma and necrotic regions (Figure. 

4.18A– 4.18B). The staining of the tumor tissue sections with CD90 antibody confirmed 

the presence of ASCs inside the tumor tissues (Figure. 4.18A– 4.18B). A higher 

magnification of the H&E stained tumor tissue section clearly showed presence of iron in 

cells with vacuolated cytoplasm consistent with adipocytes (Figure 4.18C). 
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Figure 4.18. Haemotoxylin and Eosin (H&E) staining, Prussian blue staining and 
CD90 labeling of sectioned tumor tissues. A-B) The tumor tissue sections under the 
microscope (10× and 20× magnification) showing localization of the ASC-shCE2:nLuc-
SP cells in necrotic and stroma regions (i). The immunohistochemistry of the tumor tissue 
section and visualization under the fluorescent microscope (40× magnification); tumor 
tissue section under transmitted light showing presence of SPIONs in tumor tissues (ii), 
stained cell nucleus by DAPI showing the locations of cells in the field of view (iii), CD90+ 
cells stained by Texas Red in the same field of view (iv), and DAPI/Texas Red overlays 
showing the presence of numerous CD90+ cells among the CD90 ̄ cells (v). C) 60× 
magnification of tumor tissue section stained by H&E and Prussian Blue. The circled 
region shows the SPION-loaded ASCs with vacuolated cytoplasm within the tumor tissue. 
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4.2.5 Evaluation of ovarian cancer progression, response to therapy and prevention 

of relapse 

 

 To determine the efficacy of the engineered ASCs in treating metastatic drug-resistant 

ovarian cancer, the suicide gene expressing ASC-shCE2:nLuc cells were used in 

combination with CPT-11. OVASC-1-fluc cells were injected into the peritoneal cavity of 

nude mice to establish tumors. After three weeks, the change in tumor mass inside mice 

peritoneal cavity was measured by BLI to confirm the establishment of tumors and 

advanced disease. The mice were then divided into five groups (G1 to G5) of five and given 

treatments as delineated in Table 4.2. The analysis of images of mice in G1 illustrated a 

steady-state enhancement in the bioluminescence signal, denoting an increase in tumor 

mass over time (Figure 4.19A– 4.19B). The animals in this group were either euthanized 

(∼7 weeks after tumor implantation) due to significant weight loss or died due to disease 

progression into vital organs (Table 4.2, Figure 4.19C).  
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Table 4.2: Stratification of mice into five treatment groups and evaluation of response 
to therapy, toxicity, and recurrence. CR: complete response meaning no evidence of the 
tumor mass. PR: partial response meaning a decrease in tumor volume (≥25%). NR: no 
response meaning no significant decrease in tumor mass. Recurrence: increase in tumor 
mass after a complete or partial response. * Drug-related observable toxicity during 
treatment: More than 10% weight loss in a week or more than 20% weight loss over any 
time period; diarrhea, bulky ascites, distended abdomen, or lethargy. 

 

Group Treatment Mice/
group CR PR NR 

Treatment
-Related 
Toxicity* 

Recurrence 

G1 Vehicle control 5 0 0 5 0 N/A 

G2 

Cisplatin+ 
Paclitaxel 

5 + 15 (mg/kg) 
 

5 0 0 5 0 N/A 

G3 
CPT-11 

40 (mg/kg) 
 

5 1 3 1 0 3 

G4 
CPT-11 

80 (mg/kg) 
 

5 3 2 0 3 2 

G5 

ASC-
shCE2:nLuc + 

CPT-11 40 
(mg/kg) 

5 4 1 0 0 1 

 
* Drug-related observable toxicity during treatment: > 10% weight loss in a week or > 

20% weight loss over any time period; diarrhea, bulky ascites, distended abdomen, or 
lethargy. 
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Figure 4.19: BLI and weight of nude mice with intraperitoneal tumors and the 
quantification of the bioluminescent signal over the period of seven weeks.  A) BLI of 
nude mice with intraperitoneal tumors (firefly luciferase imaging). B) The quantification 
of the bioluminescent signal over the period of seven weeks. The line at 5 ×105 (p/s) shows 
the background bioluminescence of mice body without any tumors. C) Change in mice 
weight over the period of seven weeks. The weights of the mice before the treatment are 
normalized and considered as 1. 
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Mice in G2 received standard-of-care cisplatin/PTX using a regimen based on 

previously published reports [31, 224]. The mice in this group did not respond to the 

standard-of-care therapy, as tumor masses did not significantly decrease over the treatment 

period. The mice in this group were euthanized due to disease progression and the 

development of bulky ascites after ∼8 weeks (Table 4.2, Figure. 4.20A– 4.20B, Figure 

4.21). 
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Figure 4.20: Evaluation of therapy response and cancer relapse by BLI (firefly 
luciferase imaging). A-B) BLI of nude mice with intraperitoneal tumors and quantitative 
analysis of signal in mice treated with the standard-of-care regimen of cisplatin+PTX. C-
D) BLI of nude mice with intraperitoneal tumors and quantitative analysis of the signal in 
mice treated with CPT-11 (40 mg/kg). E-F) BLI of nude mice with intraperitoneal tumors 
and quantitative analysis of  the signal in mice treated with CPT-11 (80 mg/kg).  G-H) BLI 
of nude mice with intraperitoneal tumors and quantitative analysis of the signal in mice 
treated with ASC-shCE2:nLuc cells and CPT-11 (40 mg/kg). 
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Figure 4.21: A) BLI and weight of nude mice with intraperitoneal tumors and 
quantification of the bioluminescent signal over the treatment period with cisplatin 
and PTX. Arrows denote the points at which the mice received treatment. The line at 5 
×105 (p/s) shows the background bioluminescence of mice body without any tumors. C) 
Change in mice weight over the period of nine weeks. The weights of the mice before the 
treatment are normalized and considered as 1. 
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Mice in G3 received a therapeutic dose of irinotecan (40 mg/kg) because it is close to 

the equivalent dose used in humans and following previously published preclinical studies 

of mice [225-227]. One mouse in this group showed a complete response without any 

relapse, whereas one mouse showed no response at all. The three remaining mice in this 

group showed a partial response. All mice that responded to therapy remained healthy and 

did not show any gastrointestinal (GI)-related toxicity as evidenced by the absence of 

weight loss, diarrhea and loss of appetite during the treatment period. Post treatment, mice 

were euthanized when they showed signs of disease progression into vital organs, including 

significant weight loss and/or the formation of bulky ascites and interference with normal 

functions (Table 4.2, Figure 4.20C – 4.20D, Figure 4.22). An analysis of ABCG2 

transporters on the surfaces of OVASC-1 cells extracted from nonresponsive tumors in this 

group showed a significant upregulation of the said transporter (Figure 4.23). 
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Figure 4.22: BLI and weight of nude mice with intraperitoneal tumors and 
quantification of the bioluminescent signal over the treatment period with CPT-11 
(40 mg/kg). A) BLI of nude mice with intraperitoneal tumors (firefly luciferase imaging). 
B) The quantification of the bioluminescent signal over the treatment period with CPT-11 
(40 mg/kg). Arrows denote the points at which the mice received treatment. The line at 5 
×105 (p/s) shows the background bioluminescence of mice body without any tumors. C) 
Change in mice weight over the treatment period. The weights of the mice before the 
treatment are normalized and considered as 1. 
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Figure 4.23: Evaluation of the expression of ABCG2 transporters on the surface of 
OVASC-1 cells. A) OVASC-1 cells grown in cell culture (in vitro) were labeled with 
fluorescent anti-ABCG2 primary antibody and analyzed by flow cytometry. X-mean 
denotes the fold difference in expression of the transporter on the surface of OVASC-1 
cells stained with the anti-AGCG2 antibody in comparison to the IgG isotype control 
indicating the transporter density. B) OVASC-1 cells were harvested from the tumor of the 
non-responsive mouse that was treated with CPT-11 (40 mg/kg). Cells were propagated in 
vitro, labeled with fluorescent anti-ABCG2 primary antibody, and then analyzed by flow 
cytometry. X-mean denotes the fold difference in expression of the transporter on the 
surface of OVASC-1 cells stained with the anti-AGCG2 antibody in comparison to the IgG 
isotype control indicating the transporter density. 
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Mice in G4 received irinotecan (80 mg/kg) where three mice in this group showed 

a complete response and two exhibited a partial response. The two mice that partially 

responded and the one mouse with the complete response experienced significant weight 

variations, frequent diarrhea, low levels of activity, and a loss of appetite during the 

treatment period, suggesting the manifestation of GI-related toxicity. Mice in this group 

were euthanized either due to significant and rapid weight loss or formation of bulky 

ascites (Table 4.2, Figure 4.20E - 4.20F, Figure 4.24). 
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Figure 4.24: BLI and weight of nude mice with intraperitoneal tumors and 
quantification of bioluminescent signal over the treatment period with CPT-11 (80 
mg/kg). A) BLI of nude mice with intraperitoneal tumors (firefly luciferase imaging). B) 
The quantification of bioluminescent signal over the treatment period with CPT-11 (80 
mg/kg). Arrows denote the points at which the mice received treatment. The line at 5 ×105 
(p/s) shows the background bioluminescence of mice body without any tumors. C) Change 
in mice weight over the treatment period. The weights of the mice before the treatment are 
normalized and considered as 1. 
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Mice in G5 were treated with ASC-shCE2:nLuc cells and irinotecan (40 mg/kg). The 

biolumi- nescent intensities of OVASC-1-fLuc tumors (firefly luciferase) and ASC- 

shCE2:nLuc cells (nanoluciferase) were measured and data related to each mouse 

analyzed. A quantitative analysis of bioluminescence levels of ASC-shCE2:nLuc cells 

measured before and after irinotecan injection shows that the ASC cells responded to the 

prodrug as evidenced by a significant change in signal intensity (Figure 4.25). Four mice 

in this group showed a complete response to therapy, remained healthy during the treatment 

period and did not show any signs of GI-related toxicity. Furthermore, we did not detect 

any bioluminescent signals even four weeks after the last day of therapy. One mouse in 

this group showed a > 90% response to therapy but the residual tumor was still detectable 

on the last day of therapy and relapsed when the therapy stopped (Table 4.2, Figure 4.20G 

- 4.20H, Figure 4.26). The relapsed tumor in this mouse was found to be the result of 

metastasis to regions outside of the peritoneal cavity. 
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Figure 4.25: BLI of nude mice injected with ASC-shCE2:nLuc cells and CPT-11 (40 
mg/kg) and quantification of nanoluciferase signal from the ASC-shCE2:nLuc cells. 
A) BLI of nude mice injected with ASC-shCE2:nLuc cells once a week for ten weeks and 
CPT-11 (40 mg/kg) twice a week for ten weeks. B) The quantification of bioluminescent 
signal (nanoluciferase) from the ASC-shCE2:nLuc cells over the treatment period with 
CPT-11 (40 mg/kg). Red arrow denotes the point at which the mice received cells and black 
arrow denotes the point at which the mice received CPT-11. The line at 5 ×105 (p/s) shows 
the background bioluminescence of mice body without any tumors. The significant drop in 
bioluminescent signal intensity indicates the death of ASC-shCE2:nLuc cells after CPT-11 
injection. 
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Figure 4.26: The quantification of the bioluminescent signal and change in mice 
weight over the treatment period with shCE2/CPT-11 (40 mg/kg). A) BLI of nude 
mice with intraperitoneal tumors (firefly luciferase imaging). B) The quantification of the 
bioluminescent signal over the treatment period with CPT-11 (40 mg/kg). Arrows denote 
the points at which the mice received treatment. The line at 5 ×105 (p/s) shows the 
background bioluminescence of mice body without any tumors. C) Change in mice 
weight over the treatment period. The weights of the mice before the treatment are 
normalized and considered as 1. 
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The statistical analysis of bioluminescent signal intensity levels among groups 

(ANOVA, Post hoc Tukey test, *p < .05) in conjunction with the Kaplan-Meier Survival 

Estimator show that the treatment of mice bearing drug-resistant intraperitoneal tumors 

with cisplatin+PTX neither reduced the tumor mass (p = 0.78) nor provided a survival 

benefit (0% survival rate) (Figure 4.27A- 4.27B, Table 4.3). Data analysis also shows that 

relative to cisplatin+PTX treated group, the treatment of mice with irinotecan 40 mg/kg (p 

= .027) and irinotecan 80 mg/kg (p = .0005) significantly reduced tumor masses and 

increased survival rates by 20% and 40%, respectively (Figure 4.27A- 4.27B, Table 4.3).  

The observed 80% death in G3 (irinotecan 40 mg/kg) occurring after treatment was due 

to disease progression, the formation of bulky ascites and interference with normal vital 

organs' functions. In contrast, the observed 60% death in G4 (irinotecan 80 mg/kg) 

occurring during the treatment period, was mainly due to toxicity to the GI tract. Overall, 

the treatment of mice with ASC-shCE2:nLuc plus irinotecan (40 mg/kg) was found to be 

the most effective in reducing the tumor burden (p = 0.000043), delivering complete 

responses and increasing survival rates in 80% of the mice without any observable 

treatment-related toxicity (Figure 4.27A- 4.27B, Table 4.3). 
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Figure 4.27. Evaluation of response to therapy and survival rate in mice groups: A) 
Evaluation of the responses to therapy from the bioluminescence signal intensity (total 
flux) of the tumor burden observed immediately after the last treatment point. (*ANOVA, 
followed by Post hoc Tukey test). In this figure, the statistical significance (p value) is 
shown for G2 when compared to G1. G3, G4 and G5 are compared to G2 with the 
corresponding p values. B) Evaluation of survival benefit by Kaplan-Meier survival 
estimator. The survival rates for G1 to G5 were 0%, 0%, 20%, 40% and 80%, respectively. 
For details of the data analysis for this test please see Table 4.3. 
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Table 4.3: Kaplan-Meier survival estimator data highlighting the increase in 
survival time and percent survival among the groups. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Treatment 

Mean Survival 

Estimate Std. Error 

95% Confidence Interval 

Percent Lower Bound Upper Bound 

Control, untreated 6.800 .200 6.408 7.192 0% 

Cisplatin + PTX (5 + 15 mg/kg) 8.200 .374 7.467 8.933 0% 

CPT-11 (40 mg/kg) 14.000 1.720 10.628 17.372 20% 

CPT-11 (80 mg/kg) 15.800 .820 14.193 17.407 40% 

ASC + CPT-11 (40 mg/kg) 17.600 .358 16.899 18.301 80% 
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4.2.6 Evaluation of tissue toxicity by histopathology and hematology 

 

The monitoring of weight over the treatment period shows that mice in G2, G3 and 

G5 tolerated the therapy as evidenced by negligible negative impacts on weight changes 

(Figure. 4.19 – 4.27). However, the mice in G4 treated with irinotecan (80 mg/kg) exhibited 

significant weight variations, a loss of appetite, lethargy and frequent diarrhea. To 

investigate whether any toxicity occurred at the cellular level, we applied histopathological 

methods to major peritoneal organs. An analysis of tissue slides did not reveal any notable 

toxicity to the peritoneal organs of mice in any group (Figure. 4.28). Furthermore, we 

analyzed mice blood (hematology) because neutropenia is one of the hematological 

toxicities (rare) reported in patients treated with irinotecan. The results show that mice in 

all groups tolerated the therapy and that there was no significant change to any of the blood 

factors (Table 4.4). 
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Figure 4.28: Hematoxylin and eosin (H& E) staining of dissected mouse peritoneal 
organs. Photomicrography was conducted by using a Leica microscope with a 20× 
objective. Mice in different treatment groups showed no morphologic changes in major 
intraperitoneal organs reviewed as compared to control mice. 
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Table 4.4: Analysis of blood factors in mice groups 1 to 5. No significant 
hematological toxicity was observed in mice of any group. 
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4.3 Discussion 

 

As a first step toward achieving our objectives, we obtained OVASC- 1 cells from a 

patient with recurrent ovarian cancer and used them as a drug-resistant model in this study. 

To validate the resistance of this model to chemotherapeutics and to identify an effective 

enzyme/prodrug system for its treatment, we treated OVASC-1 cells with cisplatin, 5-FU, 

SN-38 and 6-MP. The results of cell viability and clonogenic assays showed that OVASC-

1 cells were highly resistant to cisplatin and even more so than A2780-Cis as well as to the 

prodrug metabolites. The only drug that could kill the OVASC-1 cells within a low 

nanomolar range was SN-38. Based on this outcome and given that the potency of prodrug 

metabolites plays an important role in the anticancer efficacy of enzyme/prodrug systems, 

we selected CE2/ irinotecan as the most suitable one for the subsequent in vivo studies. To 

identify factors contributing to OVASC-1 cell resistance to chemotherapy, we measured 

percentages of ALDH+ cells and CICs (CSCs) as these two cell populations have been 

shown to be key players in imparting drug resistance. Interestingly, the LDA showed that 

almost 5% of the cell population exhibited stem-like characteristics with the ability to self-

renew and generate new colonies. Although published data with established cell lines show 

that usually < 2% of cancer cell populations are CSCs [228], it was curious to observe that 

approximately 5% of the OVASC-1 cells had stem-like characteristics. From our data and 

similar observations by other groups [229, 230], it appears that donor's (patient) treatment 

with chemotherapeutics may have led to enrichment in CSC populations. While cancer 

cells develop resistance against anticancer drugs through a variety of different mechanisms 

[231], overall it appears that the presence of high percentages of ALDH+ cells, CSCs, and 
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MDR-1/ ABCG2 positive cells are among the main factors contributing to OVASC-1 cell 

drug resistance. As a next step, we characterized OVASC-1 cells as tumorspheres because 

almost all ovarian cancer patients have ascites at recurrence with leaked cancer cells into 

the peritoneal cavity and existing as spheroids (tumorspheres). The significance of 

tumorspheres lies in their exhibiting cancer stem-like phenotypes and the capacity for distal 

meta- static spread [232]. Our OVASC-1 tumorsphere characterization studies show that 

they are enriched with CSCs with significantly high expressions of ABCG2 transporters. 

Since ABCG2 transporters are responsible for resistance to SN-38 [29, 30], we examined 

whether the selection of SN-38 as the most effective prodrug metabolite used in this study 

was also effective against tumorspheres. We observed that SN-38 can era- dicate OVASC-

1 tumorspheres as long as they are exposed to at least 100 nM of the drug. While this is 

exciting, achieving this drug concentration within tumors may be difficult through systemic 

chemotherapy, as many patients may not be able tolerate the associated cytotoxicity to 

normal tissues. To address this dilemma, we hypothesized that by using MSCs that express 

shCE2 enzyme and in combina- tion with irinotecan, high concentrations of SN-38 can be 

targeted and delivered to tumors killing OVASC-1 drug-resistant cells but without toxicity 

to normal tissues. It is noteworthy that SN-38 is approximately 1000 fold more potent than 

its prodrug irinotecan [143]. MSCs are known to be recruited to sites of wound healing and 

growing tumors (wounds that do not heal) due to their repair functions [233-235]. The 

migration and extravasation of mesenchymal stem cells into a tumor tissue involves an 

active process driven by tumor-secreted cytokines [236]. This characteristic of MSCs is 

currently being exploited in both preclinical and clinical studies to develop more effective 

and less toxic treatments for different types of cancer [237-239] (clinicaltrials.gov, 



 

 

133 

NCT02530047 and NCT02015819). To test the hypothesis, we genetically engineered a 

clone of ASCs that stably expressed both shCE2 and nanoluciferase genes (ASC-

shCE2:nLuc). The expression and functionality of both enzymes were confirmed via an 

enzyme activity assay, LC/MS and a cell toxicity assay. We then examined whether the 

genetically engineered ASCs could migrate toward ovarian peritoneal tumors after IP 

injection. The live cell tracking study shows that in the absence of intraperitoneal tumors, 

ASCs tend to migrate toward mesentery (ASC niche) after IP injection. This observation 

is consistent with past reports on the fate of MSCs after intraperitoneal administration 

[240]. However, in the presence of intraperitoneal tumors the ASCs colocalized with 

cancer cells as soon as three days post injection. SPION-loaded ASCs also afforded us the 

opportunity to locate ASCs within the peritoneal cavity by MRI at a higher resolution. 

From the MRI images we identified hot spots otherwise hidden from human eyes. Using 

MRI results as a guide, we dissected the mouse abdomen and detected several tumors 

hidden under the liver. Interestingly, the presence of SPION-loaded ASCs in tumors made 

it possible for us to detect them easily owing to their blackened surfaces. This suggests that 

engineered SPION-loaded ASCs can be used by surgeons to accurately mark sites of 

metastasis by MRI and to then perform more successful debulking surgery procedures 

given the tumors' darkened surfaces. Most importantly, the immune/ histochemistry of 

tumor tissues showed a localization of ASCs in both tumor stroma and necrotic regions, 

providing a unique opportunity to deliver therapeutics to not only the tumor stroma in 

which the tumor supporting cells such as fibroblasts and tumor-associated macrophages 

reside, but also to necrotic and hypoxic regions in which the CSCs reside [241, 242].  
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Our in vivo data show that the treatment of OVASC-1 tumors with cisplatin and PTX 

did not result in a statistically significant therapy response. Since the OVASC-1 cells were 

isolated from a patient with recurrent drug-resistant disease, this response rate was 

expected. In contrast, mice treated with 40 mg/kg of irinotecan showed a significant 

response to therapy although the survival benefit was marginal (20%). This survival rate is 

in agreement with clinical outcomes of ovarian cancer therapy using irinotecan, which has 

survival benefits of 10% to 30% [212]. These results also indicate that a 40 mg/kg drug 

concentration is sufficient in killing mostly the drug-sensitive cell populations and with 

negligible drug-related toxicity during the treatment period. However, this drug dose was 

inadequate in killing the drug- resistant cell population, as 4/5 mice exhibited a partial 

response followed by cancer relapse. An analysis of ABCG2 transporter expression in 

nonresponsive mice in this group showed a significant upregulation of this transporter. This 

result is consistent with published data de- noting ABCG2 as a major source of cancer 

resistance to therapy with irinotecan /SN-38 [29, 30, 213]. As a next step, we doubled the 

drug dose to 80 mg/kg to push the limits close to the maximum tolerating dose to examine 

the possibility of obtaining a superior therapy response [243].  

While we observed a more significant response to therapy (3 mice were cured), 

unfortunately one of the cured mice died and two others with partial responses also showed 

severe signs of drug-related toxicity such as frequent diarrhea and significant body weight 

loss. Although treatment with higher concentrations of irinotecan cured more mice of the 

disease, it also led to higher rates of treatment-related mortality. To limit toxicity to the 

tumors and to preserve healthy tissues, we treated another group of mice with ASC-

shCE2:nLuc cells in combination with the safe irinotecan dose (i.e., 40 mg/kg). The dosing 
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regimen was scheduled such that the first drug dose was administered 72 h after ASC 

injection. This was adopted to leave ample time for the ASCs to migrate to tumors, 

colocalize with cancer cells and secrete high concentrations of CE2. In addition, rather than 

providing a bolus dose, the irinotecan was injected in two separate smaller doses to 

minimize drug-related toxicity. Based on our preliminary studies we also found that leaving 

48 h of lag time in between the first and second dose of irinotecan is more effective than 

daily administration. The outcomes of this therapeutic protocol show that mice in this 

group responded fully to the therapy without any signs of toxicity. In fact, 4/5 mice in this 

group remained cancer free for at least six weeks post treatment and did not show any signs 

of cancer relapse or toxicity to normal tissues. Overall, the data show that shCE2-

expressing ASCs applied in combination with irinotecan can kill drug-resistant OVASC-1 

tumors more effectively than applying irinotecan alone or cisplatin+PTX. Regarding the 

safety of this approach, hematology and histopathology results show that the toxic effects 

of therapy were limited to tumor tissues, as we could not detect any negative impacts on 

blood factors (e.g., neutropenia and leukopenia) or on major intraperitoneal organs. In the 

clinic, major forms of nonhematological toxicity that interrupt cancer therapy with 

irinotecan are GI-related and echo what we observed in G4 (e.g., diarrhea, vomiting, 

edema, etc.) [212]. Overall, our toxicity data in combination with efficacy outcomes reveal 

a very promising non-surgical approach to overcoming drug resistance in recurrent 

metastatic ovarian cancer. 
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4.4 Conclusions 

 

Two ongoing clinical trials on the use of stem cells for the targeted therapy of ovarian 

cancer are currently underway (NCT02068794 and NCT02530047) setting the stage for 

future stem cell-mediated therapeutics. Our data show that SN-38 is more effective as a 

prodrug metabolite than 5-FU and 6-MP. Therefore, CE2/irinotecan was used as the most 

effective enzyme/prodrug system for killing drug-sensitive and resistant ovarian cancer 

cells. As the data presented in this work showed a complete tumor response and imparted 

survival benefits in 80% of the subjects, stem cell-mediated suicide gene therapy delivered 

through the shCE2/irinotecan system appears to constitute an effective nonsurgical means 

of treating recurrent ovarian cancer with intraperitoneal metastasis. The developed stem 

cell-mediated tumor-selective approach has the potential to be used for the treatment of 

other cancers of peritoneal cavity, such as those of the liver, pancreas, stomach, kidneys 

and colon. 
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Chapter 5 

General Conclusions 
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Late diagnosis of ovarian cancer can lead to peritoneal metastasis and significantly 

reduces the efficacy of cancer treatment and increase the chance of cancer relapse. One of 

the major causes of inadequate response to treatment is the creation of drug-resistant CSCs. 

Developing therapeutic methods that can target these cells can improve the outcomes of 

treatments. In this project, Ascites-derived malignant cells (OVASC-1) obtained from a 

patient, were found to have CSCs with unlimited renewal capacity in suspension culture. 

We formed tumorspheres under in vitro condition to test different anticancer drugs on 

CSCs and found that the combination of MMAE, and SN-38 can either significantly 

diminish or completely eradicate CSC spheroids with effective doses as low as 10 nM. 

Importantly, no evidence of recurrence (repopulation of spheroids) was observed in 

MMAE and SN-38 treated group even after 30 days of post-treatment. Testing our 

combination therapy method in a xenograft model of ovarian cancer showed the efficacy 

of the method. These results with the two chemotherapeutic drugs show their ability to kill 

highly drug-resistant CSC-rich tumors in the ovarian cancer patients. 

In ovarian cancer patients who are not suitable candidates for debulking surgery, 

we developed a different treatment method by using an enzyme prodrug system. As a 

model, we used OVASC-1 cancer cells that show significant resistance to chemotherapy. 

To treat OVASC-1 peritoneal tumors, adipose-derived stem cells (ASCs) that have tumor-

tropic properties were first genetically modified to express secretory human 

carboxylesterase (shCE-2) enzyme and then injected into the mice peritoneal cavity. 

Subsequently, CPT-11 was administered to be converted into its cytotoxic form (i.e., SN-

38) by the secreted hCE-2 from the ASCs. 

Our results showed ASCs tropism toward the tumor site. Complete response and a 
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lower chance of relapse was observed in the shCE-2/CPT-11 treated group. There was no 

sign of toxicity in histopathology and hematology studies. Our findings suggest that 

Carboxylesterase/CPT-11 system is an effective treatment against metastatic and highly 

drug-resistant ovarian cancer tumor cells.  

This research showed that low-dose localized therapy with MMAE and SN-38 after 

debulking surgery or the stem cell-mediated suicide gene therapy by the shCE2/CPT-11 

system in patients that cannot go through debulking surgery could be considered as 

effective new approaches for ovarian cancer therapy.  These methods can also be evaluated 

for other types of cancer with intraperitoneal metastasis. 
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