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PREFACE 

This dissertation is submitted in accordance with the requirements for a Master of Science degree 

in Pharmaceutical Sciences, at the North-West University, Potchefstroom Campus. Chapters 3 

and 4 are written in an article format (unpublished) and include: the abstract, introduction, 

methods and materials, results, discussion and conclusion. NWU Harvard referencing style is 

used throughout this thesis and the references are provided at the end of each chapter.  
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ABSTRACT 

Introduction: To improve early detection of breast and ovarian cancer, characterised animal 

models of cancer are required for screening novel tumour-specific imaging radiopharmaceuticals. 

The purpose of this study was to establish and characterise allograft and xenograft tumour mouse 

models of breast and ovarian malignancies, respectively, for evaluation of 64Cu-GluCAB, a novel 

imaging radiopharmaceutical intended to target tumours through their high expression of glucose 

receptor (GLUT-1) and their increased vascularisation.  

Methods: The breast tumour allograft model was established by subcutaneous inoculation of 

E0771 cells suspended in Matrigel into the mammary fat pad of female C57BL/6 mice. The 

ovarian tumour xenograft model was established by subcutaneous inoculation of OVCAR-3 cells, 

with and without Matrigel, above the proximal tibia of the female athymic nude (nu/nu) mice. 

Tumour growth was monitored using a digital calliper and the tumours were excised after reaching 

the end-point tumour volume (≥300 mm3) to determine the tumour growth rate and confirm 

malignancy using haematoxylin and eosin (H &E) staining.  

To illustrate the application of the tumour models established, the E0771 derived allograft model 

was used for investigation of the ex vivo biodistribution and in vivo imaging of 64Cu-GluCAB. The 

mice were administered intravenously with 64Cu-GluCAB precursor (without albumin) and images 

acquired at 1, 2, 6 and 24 hours using microPET/CT. After 24 hours, blood, tumours and several 

organs and tissues were collected to determine the compound biodistribution using a gamma 

counter. Flow cytometry and immunofluorescence staining were conducted in order to evaluate 

the expression of the GLUT-1 receptor in E0771 cells and E0771 derived tumours. 

Results: Palpable tumours were detected within one-week post inoculation for the E0771 derived 

allograft model, with a tumour take rate of 100% (26/26) and average tumour growth rate of 0.03 

g/day based on the final ex vivo tumour weight. For the OVCAR-3 derived xenograft model, 

tumours were palpable within approximately one month and two months with and without Matrigel, 

respectively, however, the tumour growth rate (based on the final ex vivo tumour weight) with or 

without Matrigel was statistically insignificant (p>0.05). Histological analysis revealed that the 

tumours of both models were malignant and actively proliferating. 

The biodistribution profile of 64Cu-GluCAB illustrated high accumulation of radioactivity in the 

plasma (4.07 ± 0.21%ID/g), confirming that 64Cu-GluCAB precursor (without albumin) bound to 

albumin in vivo thereby increasing the biological half-life of the compound. In correlation with the 

microPET/CT images, high uptake was observed in the liver (3.63 ± 0.80 %ID/g) and large 

intestine (2.82 ± 1.29 %ID/g), suggesting hepatobiliary excretion of the compound. In contrast, 

uptake of 64Cu-GluCAB by tumours (0.95 ± 0.30 %ID/g) and other organs was minimal. Moreover, 
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the tumours could not be visualised using microPET/CT. Evaluation of GLUT-1 receptor 

expression in E0771 cells and E0771 derived tumour, yielded inconclusive results.  

Conclusion: The tumour-bearing mouse models of breast and ovarian cancers were successfully 

developed and characterised. Although the expression of the GLUT-1 receptor could not be 

confirmed, the biodistribution profile of 64Cu-GluCAB indicated a minimal amount of uptake by the 

tumour. The low radioactivity signal could however not be used for localisation and visualisation 

of the tumour by microPET/CT.  

Key words: Breast cancer; Ovarian cancer; Allograft; Xenograft; E0771 cells; OVCAR-3 cells; 

radiopharmaceutical; 64Cu-GluCAB; microPET/CT 

 

  



vi 

TABLE OF CONTENTS 

PREFACE .................................................................................................................................. i 

ACKNOWLEDGEMENTS ......................................................................................................... ii 

ABSTRACT ............................................................................................................................. iv 

TABLE OF CONTENTS ........................................................................................................... vi 

LIST OF TABLES ................................................................................................................... xii 

LIST OF FIGURES ................................................................................................................. xiii 

ABBREVIATIONS ................................................................................................................. xvii 

UNITS .................................................................................................................................... xix 

CHAPTER 1: INTRODUCTION, PROBLEM STATEMENT AND AIMS .................................... 1 

1.1 Introduction ...................................................................................................... 1 

1.2 Problem statement ........................................................................................... 2 

1.3 Research aim and objectives ........................................................................... 2 

1.3.1 Research aim ..................................................................................................... 2 

1.3.2 Research objectives ........................................................................................... 3 

REFERENCES .......................................................................................................................... 4 

CHAPTER 2: LITERATURE REVIEW ...................................................................................... 7 

1.1 Cancers to be investigated .............................................................................. 7 

1.1.1 Breast cancer ..................................................................................................... 7 

1.1.1.1 Breast carcinogenesis ........................................................................................ 7 



vii 

1.1.1.2 Epidemiologic features ....................................................................................... 8 

1.1.1.3 Conventional diagnostic techniques .................................................................... 9 

1.1.2 Ovarian cancer ................................................................................................. 10 

1.1.2.1 Ovarian carcinogenesis .................................................................................... 10 

1.1.2.2 Epidemiology features ...................................................................................... 11 

1.1.2.3 Conventional diagnostic techniques .................................................................. 12 

1.2 Animal models in cancer research ................................................................ 12 

1.2.1 Background ...................................................................................................... 12 

1.2.2 Types of rodent tumour models ........................................................................ 13 

1.2.2.1 Autochthonous model ....................................................................................... 13 

1.2.2.2 Genetically engineered model .......................................................................... 13 

1.2.2.3 Human xenograft model ................................................................................... 14 

1.2.2.4 Allograft model .................................................................................................. 15 

1.3 Establishing allograft and xenograft mouse models ................................... 15 

1.3.1 The origin of a tumour ....................................................................................... 16 

1.3.2 Site of transplantation ....................................................................................... 16 

1.3.3 Number of inoculation cells ............................................................................... 16 

1.3.4 The sex of the host ........................................................................................... 17 

1.3.5 Tumour growth characteristics .......................................................................... 17 

1.3.6 Histology ........................................................................................................... 17 

1.4 Use of radiopharmaceuticals for imaging of cancer with PET/CT .............. 17 

1.4.1 Design of a diagnostic radiopharmaceutical for imaging ................................... 18 

1.4.2 Radionuclide ..................................................................................................... 19 



viii 

1.4.3 Targeting molecule ........................................................................................... 19 

1.4.3.1 Active targeting agent ....................................................................................... 20 

1.4.3.2 Passive targeting agent .................................................................................... 20 

1.4.4 Bifunctional chelating agent .............................................................................. 20 

1.4.5 Linker ............................................................................................................... 21 

1.5 Combination of active and passive targeting ............................................... 21 

1.6 Targeted diagnostic radiopharmaceutical: 64Cu-GluCAB ............................ 21 

1.6.1 Structure ........................................................................................................... 21 

1.6.2 Proposed mechanism of action ......................................................................... 22 

1.6.3 Application of transplantable tumour-bearing mouse models in imaging 

radiopharmaceuticals ........................................................................................ 22 

1.7 Conclusion ...................................................................................................... 23 

REFERENCES ........................................................................................................................ 24 

CHAPTER 3: ESTABLISHMENT AND CHARACTERISATION OF BREAST AND 

OVARIAN TUMOUR-BEARING MOUSE MODELS ................................................................ 35 

1.1 Introduction .................................................................................................... 36 

1.2 Materials and Methods ................................................................................... 37 

1.2.1 Materials ........................................................................................................... 37 

1.2.2 Methods............................................................................................................ 37 

1.2.2.1 Cell culture ....................................................................................................... 37 

1.2.2.2 Animal husbandry ............................................................................................. 38 

1.2.2.3 Establishing allograft and xenograft tumour-bearing mouse models ................. 38 

1.2.2.3.1 E0771 derived allograft model .......................................................................... 38 



ix 

1.2.2.3.2 OVCAR-3 derived xenograft model ................................................................... 39 

1.2.2.4 Monitoring tumour growth post inoculation ........................................................ 40 

1.2.2.5 Gross pathology ............................................................................................... 40 

1.2.2.6 Histological characterisation ............................................................................. 41 

1.2.2.7 Statistical analysis ............................................................................................ 42 

1.3 Results ............................................................................................................ 43 

1.3.1 E0771 derived allograft model .......................................................................... 43 

1.3.1.1 Tumour progression.......................................................................................... 43 

1.3.1.2 Gross pathology ............................................................................................... 45 

1.3.1.3 Histological characterisation ............................................................................. 48 

1.3.2 OVCAR-3 derived xenograft model ................................................................... 49 

1.3.2.1 Tumour progression.......................................................................................... 49 

1.3.2.2 Gross pathology ............................................................................................... 51 

1.3.2.3 Histological characterisation ............................................................................. 53 

1.4 Discussion ...................................................................................................... 55 

1.4.1 E0771 derived allograft model .......................................................................... 55 

1.4.2 OVCAR-3 derived xenograft model ................................................................... 56 

1.5 Conclusion ...................................................................................................... 57 

REFERENCES ........................................................................................................................ 58 

CHAPTER 4: APPLICATION OF BREAST CANCER ALLOGRAFT MODEL IN IMAGING 

AND BIODISTRIBUTION STUDIES OF 64CU- GLUCAB ........................................................ 61 

1.1 Introduction .................................................................................................... 62 

1.2 Materials and Methods ................................................................................... 63 



x 

1.2.1 Materials ........................................................................................................... 63 

1.2.2 Methods............................................................................................................ 64 

1.2.2.1 Imaging and biodistribution of 64Cu-GluCAB ..................................................... 64 

1.2.2.1.1 Experimental animals and husbandry ............................................................... 64 

1.2.2.1.2 Administration of test compound and microPET/CT imaging ............................ 64 

1.2.2.1.3 Analysis of uptake and biodistribution of 64Cu-GluCAB ..................................... 66 

1.2.2.2 GLUT-1 receptor expression ............................................................................. 66 

1.2.2.2.1 Flow cytometry analysis of E0771 cells............................................................. 66 

1.2.2.2.2 Immunofluorescence analysis of E0771 derived tumours ................................. 67 

1.3 Results ............................................................................................................ 67 

1.3.1 Imaging and biodistribution of 64Cu-GluCAB ..................................................... 67 

1.3.2 GLUT-1 receptor expression ............................................................................. 70 

1.3.2.1 Flow cytometry analysis of E0771 cells............................................................. 70 

1.3.2.2 Immunofluorescence analysis of E0771 derived tumours ................................. 71 

1.4 Discussion ...................................................................................................... 72 

1.5 Conclusion ...................................................................................................... 74 

REFERENCES ........................................................................................................................ 75 

CHAPTER 5: RESEARCH OUTCOMES, LIMITATIONS AND FUTURE 

RECOMMENDATIONS ........................................................................................................... 80 

1.1 Research outcomes ........................................................................................ 80 

1.2 Research limitations ....................................................................................... 80 

1.3 Future recommendations ............................................................................... 81 

REFERENCES ........................................................................................................................ 82 



xi 

ANNEXURE 1: CONFERENCE PRESENTATIONS ............................................................... 83 

ANNEXURE 2: JOURNAL PERMISSIONS FOR RE-USE OF FIGURES ............................... 84 

ANNEXURE 3: LANGUAGE EDITING CERTIFICATE ........................................................... 87 

 

  



xii 

LIST OF TABLES 

CHAPTER 2 

Table 1: PET radionuclides, adapted from Elsinga (2012). ................................................ 19 

CHAPTER 3 

Table 1: Details of E0771 cell suspension for inoculation into female C57BL/6 mice ......... 39 

Table 2: Details of OVCAR-3 cell suspension for inoculation into female athymic nude 

(nu/nu) mice. ........................................................................................................ 40 

CHAPTER 4 

Table 1: Results of flow cytometry experiments performed to detect GLUT-1 receptor in 

E0771 cells. ......................................................................................................... 71 

  



xiii 

LIST OF FIGURES 

CHAPTER 2 

Figure 1: Linear model of breast cancer carcinogenesis. Reproduced from Burstein et al. 

(2004), with permission from copyright Massachusetts Medical Society. ................ 8 

Figure 2: Dualist model for the development of serous ovarian carcinoma. Reproduced 

from Rosen et al. (2009), with permission from Frontiers in Bioscience. ............... 11 

Figure 3: Structural properties of the target-specific radiopharmaceutical. Adapted from 

Bhattacharyya and Dixit (2011), with permission from The Royal Society of 

Chemistry. ............................................................................................................ 18 

Figure 4: Basic structure of 64Cu-GluCAB ........................................................................... 22 

CHAPTER 3 

Figure 1: Tissue processing of E0771 and OVCAR-3 derived tumours for wax infiltration 

and embedding. Adapted with permission from Weldon (2005). ........................... 41 

Figure 2: Staining procedure of paraffin wax embedded tumour sections of E0771 and 

OVCAR-3 derived tumours with haematoxylin and eosin. Adapted with 

permission from Weldon (2005). .......................................................................... 42 

Figure 3: In situ tumour volume measurements for BC-G1 after inoculation of E0771 cells 

suspended in Matrigel (19.90 mg/ml). The red line represents the study end 

point (≥300 mm3). ................................................................................................. 43 

Figure 4: In situ tumour volume measurements for OV-G2 after inoculation of E0771 

suspended in Matrigel (19.90 mg/ml). The red line represents the study end 

point (≥300 mm3). ................................................................................................. 44 

Figure 5: In situ tumour volume measurements for BC-G3 after inoculation of E0771 cells 

suspended in diluted Matrigel (9.20 mg/ml). The red line represents the study 

end point (≥300 mm3). .......................................................................................... 45 

 

 



xiv 

Figure 6: Breast tumours induced by subcutaneous transplantation of E0771 cells 

suspended in Matrigel into the thoracic mammary fat pad of C57BL/6 mice. 

(A).  Image of a C57BL/6 mouse showing in situ tumour growth on the thoracic 

mammary fat pad (red arrow). Tumours excised from mice (B=BC-G1 and 

C=BC-G2). Inset numbers represent mouse number. .......................................... 46 

Figure 7: Average final in situ and ex vivo tumour volume measurements of tumours 

derived from E0771 cells suspended in Matrigel: BC-G1 (n=6), and 2 (n=6). 

Data represents mean ± SD. Asterisks (*) indicate significant differences within 

(*) and between (**) the groups (p<0.05). ............................................................. 47 

Figure 8: Average tumour growth rate of tumours derived from E0771 cells suspended 

in Matrigel: BC-G1 (n=6) and 2 (n=6). Data represents mean ± SD...................... 47 

Figure 9: H & E staining of representative tumour derived from E0771 cells suspended 

in Matrigel showing (A) a sheet of tumour cells consisting of mitotic figures 

(arrows) and adipocytes (circle). (B) The tumour had area of central necrosis 

with visible haemorrhage (square). (C) Tumour cells (yellow arrows) within 

small blood vessels (blue arrows) and (D) mammary ducts (green arrows) with 

surrounding myoepithelial layers (purple arrows) were also seen. All images: 

40x magnification. ................................................................................................ 48 

Figure 10: In vivo tumour growth of OVCAR-3 cells suspended in  PBS. The red line 

represents the study end point (≥300 mm3). ......................................................... 49 

Figure 11: In vivo tumour growth of OVCAR-3 cells suspended in PBS. The red line 

represents the study end point (≥300 mm3). ......................................................... 50 

Figure 12: In vivo tumour growth of OVCAR-3 cells suspended in Matrigel. The red line 

represents the study end point (≥300 mm3). ......................................................... 50 

Figure 13: Ovarian tumours induced by xenotransplantation of OVCAR-3 cells 

subcutaneously above the flank of athymic nude (nu/nu) mice. Images of 

athymic nude (nu/nu) mice inoculated with OVCAR-3 cells suspended in PBS 

(left) and Matrigel (right) showing in situ tumour growth on hind quarter (red 

arrows) (A). Tumours excised from mice inoculated with PBS inoculum (B) and 

(C) Matrigel inoculum.  Inset numbers represent mouse number. ........................ 51 



xv 

Figure 14: Average final in situ and ex vivo tumour volume measurements of OVCAR-3 

cells suspended in PBS (n=5) and Matrigel (n=3). Data represents mean ± SD.

............................................................................................................................. 52 

Figure 15: Average growth rate of tumours derived from OVCAR-3 cells suspended in 

PBS (n=5) and in Matrigel (n=3). Data represents mean ± SD. ............................ 52 

Figure 16: H & E staining of a tumour derived from OVCAR-3 cells suspended in PBS 

showing (A) a nest of tumour cells consisting of (B) a mitotic figure (arrow) with 

adjacent capillary (bracket). (C) Area of central necrosis was also visible. All 

images: 40x magnification. ................................................................................... 53 

Figure 17: H & E staining of a tumour derived from OVCAR-3 cells suspended in Matrigel 

showing (A) a nest of tumour cells consisting of a mitotic figure (black arrow) 

and (B) area of necrosis. (C) Fine vasculature (bracket) traversing between the 

tumour cells and (D) sheets of foamy macrophages (yellow arrow) were visible 

with adjacent vasculature (bracket).Magnification: 40x (A and C) and 10x (B 

and D). ................................................................................................................. 54 

CHAPTER 4 

Figure 1:  Study design overview for the biodistribution and microPET/CT imaging of 

64Cu-GluCAB using a C57BL/6 E0771 derived tumour allograft model. 64Cu-

GluCAB was administered via the tail vein (n=4) and the mice (n=3) were 

imaged at 1, 2, 6 and 24 hrs after administration. After 24 hr scan, the mice 

were euthanised and the organs harvested for biodistribution studies (n=4). ....... 65 

Figure 2: Maximum intensity projection (MIP) microPET/CT images of C57BL/6 mice 

bearing E0771 tumours at 1, 2, 6, and 24 hrs post intravenous administration 

of 64Cu-GluCAB. The arrows indicate the E0771 derived tumour in the 

mammary fat pad. Inset numbers represent the mouse numbers. ........................ 68 

Figure 3: Biodistribution profile of 64Cu-GluCAB in E0771 derived tumour mouse model 

(n=4) 24 hrs after intravenous administration into the tail. The data represents 

mean ± standard deviation (SD) of the percentage of the injected dose 

per  gram of tissue (%ID/g). ................................................................................. 69 

Figure 4: Representative flow cytometry analysis of GLUT-1 receptor in E0771 cells. 

Indirect staining of E0771 cells (A) with and (B) without (blank control) GLUT- 1 

antibody labelled with DyLight 488 antibody. ........................................................ 70 



xvi 

Figure 5: Indirect immunofluorescence staining of the GLUT-1 receptor in E0771 derived 

tumour sections. (A.) Blank control stained with Hoechst only shown in the blue, 

red and green channel. (B). Secondary staining of GLUT-1antibody with FITC 

antibody (green channel) and Hoechst counterstain is shown in the (blue 

channel). To localise the GLUT-1 receptor, the nucleus stain (Hoechst) was 

overlaid with FITC fluorophore. All images were captured at emission ranges 

of 450-435 nm (Hoescht) and 515-530 nm (FITC) using 60x oil immersion 

magnification. ....................................................................................................... 72 

 

  



xvii 

ABBREVIATIONS 

ADH    Atypical ductal hyperplasia 

ANOVA   Analysis of variance 

ATCC     American Type Culture Collection  

β     Beta decay 

BC-G    Breast cancer group  

BFCA     Bifunctional chelating agent 

BSE     Breast cancer self-examination 

BRCA     Breast cancer Susceptibility gene  

CA     Cancer antigen 

CBE    Breast cancer examination 

CO2    Carbon dioxide 

CT    Computational tomography 

64Cu    Copper-64 

DCI    Ductal carcinoma in situ 

DMEM    Dulbecco’s modified eagle medium 

E0771    Murine mammary adenocarcinoma 

EGFR    Epidermal growth factor receptor 

EPR    Enhanced permeability and retention 

18F    Fluorine-18 

FDG    Fluoro-2-deoxyglucose 

FBS    Foetal bovine serum 

FITC    Fuorescein isothiocyanate 

GETM    Genetically engineered tumour models 

GluCAB   Glucose-cyclam-albumin 

GLUT    Glucose transporter  

H & E    Haematoxylin and eosin 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 



xviii 

H + L    Heavy and light specificity 

IgG    Immunoglobulin  

IVC    Individually ventilated cages 

MRI    Magnetic resonance imaging 

Nesca    South African Nuclear Energy Corporation 

NWU    North-West University 

OSE    Ovarian surface epithelium 

OVCAR-3   Human ovarian adenocarcinoma cell line 

OV-G    Ovarian cancer group 

PBS    Phosphate buffered saline 

PCDDP   DST/NWU Preclinical Drug Development Platform 

PET    Positron emitting tomography 

RPMI    Roswell Park Memorial Institute 

SCID    Severe combined immune-deficient 

SD    Standard deviation 

SPECT   Single photon emission computed tomography 

TDLU    Terminal duct lobular units 

TVUS    Transvaginal ultrasonography 

 
  



xix 

UNITS 

˚C   degree Celsius  

g   gram 

hr   hour(s) 

kDa   kilodation 

keV   kiloelectron volt 

M   molar 

mg   milligram 

min   minutes(s) 

ml   millilitre 

mm3   cubic millimetre 

ng   nanogram 

nm   nanometre 

Pa   Pascal 

rpm   rotations per minute 

t1/2   half-life 

µg   microgram 

µl   microliter 

µm   micrometre 

%   percentage 

%ID/g   percentage of the injected dose per gram of tissue 

 



1 

CHAPTER 1: INTRODUCTION, PROBLEM STATEMENT AND AIMS 

1.1 Introduction 

Cancer is a heterogeneous disease characterised by the accumulation of genetic mutations at 

cellular level leading to uncontrolled cell growth and proliferation, which ultimately progresses into 

a population of cells that can invade tissues and metastasise (Chen et al., 2014; Li & Wang, 

2014). These genetic mutations affect various pathways, such as proliferation, signalling, 

metabolism, apoptosis and angiogenesis that are necessary for the regulation of normal biological 

activities (Hanahan & Weinberg, 2000). Cancer is predicted to rank as the leading cause of death 

worldwide in the 21st century, with approximately 9.6 million deaths and 18.1 million newly 

diagnosed cases estimated in 2018 (Bray et al., 2018). Among the malignancies affecting women, 

a significant increase of deaths was observed for breast and ovarian cancer from 2005 to 2015 

(Wang et al., 2016), with a global estimate of 626 679 and 184 799 deaths in 2018, respectively 

(Bray et al., 2018).  

Currently, one of the significant challenges contributing to the high mortality rate of breast and 

ovarian cancer is a late diagnosis (Gu et al., 2016; Latha et al., 2014). If the cancer is accurately 

detected and a diagnosis made early enough, the treatment outcome may be greatly improved 

and the number of mortality cases reduced (Kramer-Marek & Capala, 2012). The most routinely 

used diagnostic imaging techniques for cancer include mammography, ultrasound, X-ray 

computed tomography (CT) and magnetic resonance imaging (MRI). These techniques however 

often fall short in that they only provide anatomical information from which to make a diagnosis 

(Lu, 2017). Unlike conventional imaging, single photon emission computed tomography (SPECT) 

and positron-emission tomography (PET) imaging are newer techniques capable of imaging the 

entire tumour and possible metastases. These techniques work on the principle of administration 

and detection of radiolabeled compounds known as radiopharmaceuticals (Aerts et al., 2014). 

Recently, there has been an increased interest in the development of target-specific diagnostic 

radiopharmaceuticals for the early and precise diagnosis of cancers, such as malignancies of the 

breast and ovaries (Aerts et al., 2014). The Nuclear Energy Corporation of South Africa (Necsa) 

has recently developed a radiopharmaceutical called GluCAB, which is labelled with the 

positron- emitting isotope copper-64[Cu], and applies these tumour-targeting principles in an 

attempt to improve cancer diagnosis. 

In cancer drug development, animal models of cancer play a crucial role in the study of the 

molecular mechanisms of the disease, and are a prerequisite for the clinical evaluation of any 

anticancer or imaging radiopharmaceutical agent that has shown potential in vitro (Cekanova & 

Rathore, 2014). In vivo cancer models are categorised as either in situ, occurring spontaneously 

or by induction, or transplantable, occurring by implantation of cancer cells. In situ tumour models 
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are also subcategorised according to the method of tumour induction, either by chemical or 

genetic means and are frequently used to investigate factors responsible for triggering cancer 

initiation and development (Shields & Price, 2007). Transplantable tumour models are 

subcategorised based on the site of implantation and the species in which the tumour originated. 

More commonly, transplantable tumour models are established by subcutaneous or orthotopic 

implantation of tumour cells, or biopsies, into a similar (termed allograft) or different (termed 

xenograft) species from that of origin (Workman et al., 2010). Contrary to in situ tumour models, 

transplantable tumour models are preferable for drug efficacy evaluation due to ease of 

establishment and monitoring of tumour growth (Navale, 2013; Shields & Price, 2007). 

The focus of this study was to develop characterised breast cancer allograft and ovarian cancer 

xenograft models using immune-competent and immune-compromised mice, respectively. 

Furthermore, the study aimed to determine if the breast tumour can be detected, and imaged, 

using a microPET/CT scanner through localisation of the radiopharmaceutical 64Cu-GluCAB in 

the tumour. 

1.2 Problem statement 

Although there have been improvements in treating breast and ovarian malignancies, the death 

rates remain high due to late diagnosis and failure to identify metastases. 64Cu-GluCAB, a target-

specific radiopharmaceutical, is intended to solve this problem by combining a dual targeting 

approach for localisation in the tumour leading to early detection of the cancer. However, 

successful evaluation and validation of radiopharmaceuticals such as 64Cu-GluCAB for targeted 

imaging of malignancies, including breast and ovarian cancers, requires the establishment and 

provision of animal models of cancer. 

 

1.3 Research aim and objectives 

1.3.1 Research aim 

The primary aim of this study was to establish and characterise ovarian cancer xenograft and 

breast cancer allograft models. In addition, the study aimed to use the breast cancer allograft 

model for first time pre-clinical evaluation of 64Cu-GluCAB and its effectiveness for cancer 

imaging. 
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1.3.2 Research objectives 

The following objectives were set to achieve the above mentioned aim of the study: 

 To grow and maintain OVCAR-3 and E0771 cancer cells in vitro. 

 To grow OVCAR-3 and E0771 derived tumours in vivo in immune-compromised (nu/nu) 

and immune-competent mice (C57BL/6) respectively. 

 To determine the tumour growth pattern. 

 To describe the histology of the tumours using haematoxylin and eosin (H & E) staining. 

 To quantify expression of glucose transport (GLUT-1) receptor in the E0771 cancer cell 

line using flow cytometry. 

 To evaluate E0771 derived tumours for the expression of GLUT-1 receptor using 

immunofluorescence.  

 To evaluate uptake and biodistribution of 64Cu-GluCAB in the E0771 breast cancer 

allograft model using microPET/CT imaging. 

  



4 

REFERENCES 

Aerts, A., Impens, N.R., Gijs, M., D'huyvetter, M., Vanmarcke, H., Ponsard, B., Lahoutte, T., 
Luxen, A. & Baatout, S.  2014.  Biological carrier molecules of radiopharmaceuticals for molecular 
cancer imaging and targeted cancer therapy.  Current pharmaceutical design, 20(32):5218-5244. 

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R.L., Torre, L.A. & Jemal, A.  2018.  Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 
countries.  CA: A cancer journal for clinicians, 0(0):3-31. 

Cekanova, M. & Rathore, K.  2014.  Animal models and therapeutic molecular targets of cancer: 
utility and limitations.  Drug design development therapy, 8:1911-1921. 

Chen, Y., Williams, V., Filippova, M., Filippov, V. & Duerksen-Hughes, P.  2014.  Viral 
carcinogenesis: Factors inducing DNA damage and virus integration.  Cancers, 6(4):2155. 

Gu, B., Cai, J., Zhang, J., Xu, X., Luo, J., Zhou, X., Zheng, Y. & Zhang, Y.  2016.  99m Tc-labeled 
and gadolinium-chelated transferrin enhances the sensitivity and specificity of dual-modality 
SPECT/MR imaging of breast cancer.  RSC Advances, 6(25):20532-20541. 

Hanahan, D. & Weinberg, R.A.  2000.  The hallmarks of cancer.  Cell, 100(1):57-70. 

Kramer-Marek, G. & Capala, J.  2012.  The role of nuclear medicine in modern therapy of cancer.  
Tumor biology, 33(3):629-640. 

Latha, T.S., Panati, K., Gowd, D.S.K., Reddy, M.C. & Lomada, D.  2014.  Ovarian cancer biology 
and immunotherapy.  International reviews of immunology, 33(5):428-440. (Abstract). 

Li, C. & Wang, J.  2014.  Quantifying the underlying landscape and paths of cancer.  Journal of 
The Royal Society Interface, 11(100):0774. 

Lu, Z.-R.  2017.  Magnetic resonance molecular imaging for non-invasive precision cancer 
diagnosis.  (In Millan, J.D.R. & Rollins, A., eds.  Current Opinion in Biomedical Engineering. 
Elsevier.  p. 67-73). 

Navale, A.M.  2013.  Animal models of cancer: a review.  International journal of pharmaceutical 
sciences and research, 4(1):19. 

Shields, A.F. & Price, P.  2007.  In vivo imaging of cancer therapy: Humana Press.  Available: 
https://books.google.co.za/books?hl=en&lr=&id=WqZjZppx5KUC&oi=fnd&pg=PR5&dq=Shields,+A.F.+%2

6+Price,+P.++2007  Date of access 03 Aprl.2017. 

Wang, H., Naghavi, M., Allen, C., Barber, R.M., Bhutta, Z.A., Carter, A., Casey, D.C., Charlson, 
F.J., Chen, A.Z., Coates, M.M., Coggeshall, M., Dandona, L., Dicker, D.J., Erskine, H.E., Ferrari, 
A.J., Fitzmaurice, C., Foreman, K., Forouzanfar, M.H., Fraser, M.S., Fullman, N., Gething, P.W., 
Goldberg, E.M., Graetz, N., Haagsma, J.A., Hay, S.I., Huynh, C., Johnson, C.O., Kassebaum, 
N.J., Kinfu, Y., Kulikoff, X.R., Kutz, M., Kyu, H.H., Larson, H.J., Leung, J., Liang, X., Lim, S.S., 
Lind, M., Lozano, R., Marquez, N., Mensah, G.A., Mikesell, J., Mokdad, A.H., Mooney, M.D., 
Nguyen, G., Nsoesie, E., Pigott, D.M., Pinho, C., Roth, G.A., Salomon, J.A., Sandar, L., Silpakit, 
N., Sligar, A., Sorensen, R.J.D., Stanaway, J., Steiner, C., Teeple, S., Thomas, B.A., Troeger, C., 
VanderZanden, A., Vollset, S.E., Wanga, V., Whiteford, H.A., Wolock, T., Zoeckler, L., Abate, 
K.H., Abbafati, C., Abbas, K.M., Abd-Allah, F., Abera, S.F., Abreu, D.M.X., Abu-Raddad, L.J., 
Abyu, G.Y., Achoki, T., Adelekan, A.L., Ademi, Z., Adou, A.K., Adsuar, J.C., Afanvi, K.A., Afshin, 
A., Agardh, E.E., Agarwal, A., Agrawal, A., Kiadaliri, A.A., Ajala, O.N., Akanda, A.S., Akinyemi, 
R.O., Akinyemiju, T.F., Akseer, N., Lami, F.H.A., Alabed, S., Al-Aly, Z., Alam, K., Alam, N.K.M., 

https://books.google.co.za/books?hl=en&lr=&id=WqZjZppx5KUC&oi=fnd&pg=PR5&dq=Shields,+A.F.+%26+Price,+P.++2007
https://books.google.co.za/books?hl=en&lr=&id=WqZjZppx5KUC&oi=fnd&pg=PR5&dq=Shields,+A.F.+%26+Price,+P.++2007


5 

Alasfoor, D., Aldhahri, S.F., Aldridge, R.W., Alegretti, M.A., Aleman, A.V., Alemu, Z.A., Alexander, 
L.T., Alhabib, S., Ali, R., Alkerwi, A.a., Alla, F., Allebeck, P., Al-Raddadi, R., Alsharif, U., Altirkawi, 
K.A., Martin, E.A., Alvis-Guzman, N., Amare, A.T., Amegah, A.K., Ameh, E.A., Amini, H., Ammar, 
W., Amrock, S.M., Andersen, H.H., Anderson, B.O., Anderson, G.M., Antonio, C.A.T., Aregay, 
A.F., Ärnlöv, J., Arsenijevic, V.S.A., Artaman, A., Asayesh, H., Asghar, R.J., Atique, S., Avokpaho, 
E.F.G.A., Awasthi, A., Azzopardi, P., Bacha, U., Badawi, A., Bahit, M.C., Balakrishnan, K., 
Banerjee, A., Barac, A., Barker-Collo, S.L., Bärnighausen, T., Barregard, L., Barrero, L.H., Basu, 
A., Basu, S., Bayou, Y.T., Bazargan-Hejazi, S., Beardsley, J., Bedi, N., Beghi, E., Belay, H.A., 
Bell, B., Bell, M.L., Bello, A.K., Bennett, D.A., Bensenor, I.M., Berhane, A., Bernabé, E., Betsu, 
B.D., Beyene, A.S., Bhala, N., Bhalla, A., Biadgilign, S., Bikbov, B., Abdulhak, A.A.B., Biroscak, 
B.J., Biryukov, S., Bjertness, E., Blore, J.D., Blosser, C.D., Bohensky, M.A., Borschmann, R., 
Bose, D., Bourne, R.R.A., Brainin, M., Brayne, C.E.G., Brazinova, A., Breitborde, N.J.K., Brenner, 
H., Brewer, J.D., Brown, A., Brown, J., Brugha, T.S., Buckle, G.C., Butt, Z.A., Calabria, B., 
Campos-Nonato, I.R., Campuzano, J.C., Carapetis, J.R., Cárdenas, R., Carpenter, D.O., Carrero, 
J.J., Castañeda-Orjuela, C.A., Rivas, J.C., Catalá-López, F., Cavalleri, F., Cercy, K., Cerda, J., 
Chen, W., Chew, A., Chiang, P.P.-C., Chibalabala, M., Chibueze, C.E., Chimed-Ochir, O., 
Chisumpa, V.H., Choi, J.-Y.J., Chowdhury, R., Christensen, H., Christopher, D.J., Ciobanu, L.G., 
Cirillo, M., Cohen, A.J., Colistro, V., Colomar, M., Colquhoun, S.M., Cooper, C., Cooper, L.T., 
Cortinovis, M., Cowie, B.C., Crump, J.A., Damsere-Derry, J., Danawi, H., Dandona, R., Daoud, 
F., Darby, S.C., Dargan, P.I., das Neves, J., Davey, G., Davis, A.C., Davitoiu, D.V., de Castro, 
E.F., de Jager, P., Leo, D.D., Degenhardt, L., Dellavalle, R.P., Deribe, K., Deribew, A., 
Dharmaratne, S.D., Dhillon, P.K., Diaz-Torné, C., Ding, E.L., dos Santos, K.P.B., Dossou, E., 
Driscoll, T.R., Duan, L., Dubey, M., Duncan, B.B., Ellenbogen, R.G., Ellingsen, C.L., Elyazar, I., 
Endries, A.Y., Ermakov, S.P., Eshrati, B., Esteghamati, A., Estep, K., Faghmous, I.D.A., Fahimi, 
S., Faraon, E.J.A., Farid, T.A., Farinha, C.S.e.S., Faro, A., Farvid, M.S., Farzadfar, F., Feigin, 
V.L., Fereshtehnejad, S.-M., Fernandes, J.G., Fernandes, J.C., Fischer, F., Fitchett, J.R.A., 
Flaxman, A., Foigt, N., Fowkes, F.G.R., Franca, E.B., Franklin, R.C., Friedman, J., Frostad, J., 
Fürst, T., Futran, N.D., Gall, S.L., Gambashidze, K., Gamkrelidze, A., Ganguly, P., Gankpé, F.G., 
Gebre, T., Gebrehiwot, T.T., Gebremedhin, A.T., Gebru, A.A., Geleijnse, J.M., Gessner, B.D., 
Ghoshal, A.G., Gibney, K.B., Gillum, R.F., Gilmour, S., Giref, A.Z., Giroud, M., Gishu, M.D., 
Giussani, G., Glaser, E., Godwin, W.W., Gomez-Dantes, H., Gona, P., Goodridge, A., Gopalani, 
S.V., Gosselin, R.A., Gotay, C.C., Goto, A., Gouda, H.N., Greaves, F., Gugnani, H.C., Gupta, R., 
Gupta, R., Gupta, V., Gutiérrez, R.A., Hafezi-Nejad, N., Haile, D., Hailu, A.D., Hailu, G.B., Halasa, 
Y.A., Hamadeh, R.R., Hamidi, S., Hancock, J., Handal, A.J., Hankey, G.J., Hao, Y., Harb, H.L., 
Harikrishnan, S., Haro, J.M., Havmoeller, R., Heckbert, S.R., Heredia-Pi, I.B., Heydarpour, P., 
Hilderink, H.B.M., Hoek, H.W., Hogg, R.S., Horino, M., Horita, N., Hosgood, H.D., Hotez, P.J., 
Hoy, D.G., Hsairi, M., Htet, A.S., Htike, M.M.T., Hu, G., Huang, C., Huang, H., Huiart, L., Husseini, 
A., Huybrechts, I., Huynh, G., Iburg, K.M., Innos, K., Inoue, M., Iyer, V.J., Jacobs, T.A., Jacobsen, 
K.H., Jahanmehr, N., Jakovljevic, M.B., James, P., Javanbakht, M., Jayaraman, S.P., Jayatilleke, 
A.U., Jeemon, P., Jensen, P.N., Jha, V., Jiang, G., Jiang, Y., Jibat, T., Jimenez-Corona, A., Jonas, 
J.B., Joshi, T.K., Kabir, Z., Kamal, R., Kan, H., Kant, S., Karch, A., Karema, C.K., Karimkhani, C., 
Karletsos, D., Karthikeyan, G., Kasaeian, A., Katibeh, M., Kaul, A., Kawakami, N., Kayibanda, 
J.F., Keiyoro, P.N., Kemmer, L., Kemp, A.H., Kengne, A.P., Keren, A., Kereselidze, M., 
Kesavachandran, C.N., Khader, Y.S., Khalil, I.A., Khan, A.R., Khan, E.A., Khang, Y.-H., Khera, 
S., Khoja, T.A.M., Kieling, C., Kim, D., Kim, Y.J., Kissela, B.M., Kissoon, N., Knibbs, L.D., 
Knudsen, A.K., Kokubo, Y., Kolte, D., Kopec, J.A., Kosen, S., Koul, P.A., Koyanagi, A., Krog, 
N.H., Defo, B.K., Bicer, B.K., Kudom, A.A., Kuipers, E.J., Kulkarni, V.S., Kumar, G.A., Kwan, G.F., 
Lal, A., Lal, D.K., Lalloo, R., Lallukka, T., Lam, H., Lam, J.O., Langan, S.M., Lansingh, V.C., 
Larsson, A., Laryea, D.O., Latif, A.A., Lawrynowicz, A.E.B., Leigh, J., Levi, M., Li, Y., Lindsay, 
M.P., Lipshultz, S.E., Liu, P.Y., Liu, S., Liu, Y., Lo, L.-T., Logroscino, G., Lotufo, P.A., Lucas, R.M., 
Lunevicius, R., Lyons, R.A., Ma, S., Machado, V.M.P., Mackay, M.T., MacLachlan, J.H., Razek, 
H.M.A.E., Magdy, M., Razek, A.E., Majdan, M., Majeed, A., Malekzadeh, R., Manamo, W.A.A., 
Mandisarisa, J., Mangalam, S., Mapoma, C.C., Marcenes, W., Margolis, D.J., Martin, G.R., 
Martinez-Raga, J., Marzan, M.B., Masiye, F., Mason-Jones, A.J., Massano, J., Matzopoulos, R., 
Mayosi, B.M., McGarvey, S.T., McGrath, J.J., McKee, M., McMahon, B.J., Meaney, P.A., Mehari, 
A., Mehndiratta, M.M., Mejia-Rodriguez, F., Mekonnen, A.B., Melaku, Y.A., Memiah, P., Memish, 



6 

Z.A., Mendoza, W., Meretoja, A., Meretoja, T.J., Mhimbira, F.A., Micha, R., Millear, A., Miller, 
T.R., Mirarefin, M., Misganaw, A., Mock, C.N., Mohammad, K.A., Mohammadi, A., Mohammed, 
S., Mohan, V., Mola, G.L.D., Monasta, L., Hernandez, J.C.M., Montero, P., Montico, M., Montine, 
T.J., Moradi-Lakeh, M., Morawska, L., Morgan, K., Mori, R., Mozaffarian, D., Mueller, U.O., 
Murthy, G.V.S., Murthy, S., Musa, K.I., Nachega, J.B., Nagel, G., Naidoo, K.S., Naik, N., Naldi, 
L., Nangia, V., Nash, D., Nejjari, C., Neupane, S., Newton, C.R., Newton, J.N., Ng, M., Ngalesoni, 
F.N., de Dieu Ngirabega, J., Nguyen, Q.L., Nisar, M.I., Pete, P.M.N., Nomura, M., Norheim, O.F., 
Norman, P.E., Norrving, B., Nyakarahuka, L., Ogbo, F.A., Ohkubo, T., Ojelabi, F.A., Olivares, 
P.R., Olusanya, B.O., Olusanya, J.O., Opio, J.N., Oren, E., Ortiz, A., Osman, M., Ota, E., 
Ozdemir, R., Pa, M., Pain, A., Pandian, J.D., Pant, P.R., Papachristou, C., Park, E.-K., Park, J.-
H., Parry, C.D., Parsaeian, M., Caicedo, A.J.P., Patten, S.B., Patton, G.C., Paul, V.K., Pearce, 
N., Pedro, J.M., Stokic, L.P., Pereira, D.M., Perico, N., Pesudovs, K., Petzold, M., Phillips, M.R., 
Piel, F.B., Pillay, J.D., Plass, D., Platts-Mills, J.A., Polinder, S., Pope, C.A., Popova, S., Poulton, 
R.G., Pourmalek, F., Prabhakaran, D., Qorbani, M., Quame-Amaglo, J., Quistberg, D.A., Rafay, 
A., Rahimi, K., Rahimi-Movaghar, V., Rahman, M., Rahman, M.H.U., Rahman, S.U., Rai, R.K., 
Rajavi, Z., Rajsic, S., Raju, M., Rakovac, I., Rana, S.M., Ranabhat, C.L., Rangaswamy, T., Rao, 
P., Rao, S.R., Refaat, A.H., Rehm, J., Reitsma, M.B., Remuzzi, G., Resnikoff, S., Ribeiro, A.L., 
Ricci, S., Blancas, M.J.R., Roberts, B., Roca, A., Rojas-Rueda, D., Ronfani, L., Roshandel, G., 
Rothenbacher, D., Roy, A., Roy, N.K., Ruhago, G.M., Sagar, R., Saha, S., Sahathevan, R., Saleh, 
M.M., Sanabria, J.R., Sanchez-Niño, M.D., Sanchez-Riera, L., Santos, I.S., Sarmiento-Suarez, 
R., Sartorius, B., Satpathy, M., Savic, M., Sawhney, M., Schaub, M.P., Schmidt, M.I., Schneider, 
I.J.C., Schöttker, B., Schutte, A.E., Schwebel, D.C., Seedat, S., Sepanlou, S.G., Servan-Mori, 
E.E., Shackelford, K.A., Shaddick, G., Shaheen, A., Shahraz, S., Shaikh, M.A., Shakh-Nazarova, 
M., Sharma, R., She, J., Sheikhbahaei, S., Shen, J., Shen, Z., Shepard, D.S., Sheth, K.N., Shetty, 
B.P., Shi, P., Shibuya, K., Shin, M.-J., Shiri, R., Shiue, I., Shrime, M.G., Sigfusdottir, I.D., 
Silberberg, D.H., Silva, D.A.S., Silveira, D.G.A., Silverberg, J.I., Simard, E.P., Singh, A., Singh, 
G.M., Singh, J.A., Singh, O.P., Singh, P.K., Singh, V., Soneji, S., Søreide, K., Soriano, J.B., 
Sposato, L.A., Sreeramareddy, C.T., Stathopoulou, V., Stein, D.J., Stein, M.B., Stranges, S., 
Stroumpoulis, K., Sunguya, B.F., Sur, P., Swaminathan, S., Sykes, B.L., Szoeke, C.E.I., Tabarés-
Seisdedos, R., Tabb, K.M., Takahashi, K., Takala, J.S., Talongwa, R.T., Tandon, N., Tavakkoli, 
M., Taye, B., Taylor, H.R., Ao, B.J.T., Tedla, B.A., Tefera, W.M., Have, M.T., Terkawi, A.S., 
Tesfay, F.H., Tessema, G.A., Thomson, A.J., Thorne-Lyman, A.L., Thrift, A.G., Thurston, G.D., 
Tillmann, T., Tirschwell, D.L., Tonelli, M., Topor-Madry, R., Topouzis, F., Towbin, J.A., Traebert, 
J., Tran, B.X., Truelsen, T., Trujillo, U., Tura, A.K., Tuzcu, E.M., Uchendu, U.S., Ukwaja, K.N., 
Undurraga, E.A., Uthman, O.A., Dingenen, R.V., van Donkelaar, A., Vasankari, T., Vasconcelos, 
A.M.N., Venketasubramanian, N., Vidavalur, R., Vijayakumar, L., Villalpando, S., Violante, F.S., 
Vlassov, V.V., Wagner, J.A., Wagner, G.R., Wallin, M.T., Wang, L., Watkins, D.A., Weichenthal, 
S., Weiderpass, E., Weintraub, R.G., Werdecker, A., Westerman, R., White, R.A., Wijeratne, T., 
Wilkinson, J.D., Williams, H.C., Wiysonge, C.S., Woldeyohannes, S.M., Wolfe, C.D.A., Won, S., 
Wong, J.Q., Woolf, A.D., Xavier, D., Xiao, Q., Xu, G., Yakob, B., Yalew, A.Z., Yan, L.L., Yano, Y., 
Yaseri, M., Ye, P., Yebyo, H.G., Yip, P., Yirsaw, B.D., Yonemoto, N., Yonga, G., Younis, M.Z., 
Yu, S., Zaidi, Z., Zaki, M.E.S., Zannad, F., Zavala, D.E., Zeeb, H., Zeleke, B.M., Zhang, H., 
Zodpey, S., Zonies, D., Zuhlke, L.J., Vos, T., Lopez, A.D. & Murray, C.J.L.  2016.  Global, regional, 
and national life expectancy, all-cause mortality, and cause-specific mortality for 249 causes of 
death, 1980–2015: a systematic analysis for the global burden of disease study 2015.  The 
Lancet, 388(10053):1459-1544. 

Workman, P., Aboagye, E., Balkwill, F., Balmain, A., Bruder, G., Chaplin, D., Double, J., Everitt, 
J., Farningham, D. & Glennie, M.  2010.  Guidelines for the welfare and use of animals in cancer 
research.  British journal of cancer, 102(11):1555-1577. 

 

  



7 

CHAPTER 2: LITERATURE REVIEW  

1.1 Cancers to be investigated 

Cancer incidence and mortality are rapidly increasing worldwide and, as a result, it is predicted to 

rank as the leading cause of death in the 21st century (Bray et al., 2018). Despite improvements 

made in cancer diagnostics, early detection of tumours and development of diagnostic agents 

remains a challenge (Bazak et al., 2015; Frangioni, 2008). Therefore, a large amount of current 

research is focused on the development of novel imaging agents aimed at improving the detection 

and imaging of cancer. Consequently, the availability of animal models of cancer is also 

necessary to allow for in vivo preclinical efficacy evaluation. In this chapter, methods for 

developing tumour-bearing mouse models will be discussed, with the focus being on breast and 

ovarian malignancies, as well as the application of the models in the screening of a novel 

radiopharmaceutical agent for tumour diagnostics and imaging. 

1.1.1 Breast cancer 

Breast cancer is the cause of the majority of cancer-related deaths in the female population, with 

approximately 2.1 million newly diagnosed cases and 626 679 deaths expected in 2018 worldwide 

(Bray et al., 2018). In 2015, malignancy of the breast was the third leading cause of mortality in 

low and middle-income countries (Global Burden of Disease Cancer Collaboration, 2017). 

Although advancements have been made in treating and diagnosing breast cancer (da Costa 

Vieira et al., 2017), it is estimated that the number of newly diagnosed cases will increase to about  

3.2  million per year worldwide by 2030 (Ginsburg et al., 2017).  

1.1.1.1 Breast carcinogenesis   

The breast, the most endocrine sensitive organ in women, is composed of the epidermal, dermal, 

breast stromal and breast glandular tissues. The glandular tissue makes up about 10 to 15 % of 

the organ by volume and is the area where all breast cancers occur (Schuur & DeAndrade, 2015). 

The glandular tissue is further constructed from terminal duct lobular units (TDLUs), which are 

the lactation units of the breast and considered the primary region of breast cancer initiation 

(Figueroa et al., 2014; Russo & Russo, 2004). The pathological process of breast cancer is not 

well understood, however, the linear model of breast cancer (Figure 1) is well documented. 

According to this model, genetic and epigenetic alterations in the epithelial cells lining the TDLUs 

give rise to atypical ductal hyperplasia (ADH), a premalignant lesion characterised by abnormal 

cell layers (Vargo-Gogola & Rosen, 2007). Atypical ductal hyperplasia can further develop into 

ductal carcinoma in situ (DCI), which is characterised by uncontrolled proliferation of ductal 

epithelial cells within the basement membrane (Badruddoja, 2012). Ductal carcinoma in situ is 
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classified as a non-invasive state of breast malignancy and is the precursor of invasive carcinoma 

although this progression of DCI to invasive breast cancer is not well understood (Pogo & Holland, 

2011). At the later stage of breast cancer (invasive carcinoma), tumour cells escape the basement 

membrane with the potential to enter the vasculature and invade the lymph nodes, which are the 

primary site for breast cancer metastasis (Vargo-Gogola & Rosen, 2007). 

 

 

Figure 1: Linear model of breast cancer carcinogenesis. Reproduced from Burstein et al. (2004), 

with permission from copyright Massachusetts Medical Society. 

 

1.1.1.2 Epidemiologic features  

The risk of breast cancer increases with age and high incidence rates are observed in older 

women aged between 25 and 50 years (Mariani-Costantini et al., 2017), with an 85% mortality 

rate in women aged 50 and older (Angahar, 2017). Interestingly, in Africa, breast malignancy 

presents at a younger age, with a more advanced stage at diagnosis resulting in a poor prognosis 

(Mariani-Costantini et al., 2017). Despite improvements in diagnosis and treatment of breast 

cancer, higher mortality rates are observed in developing countries, including Sub-Saharan 

Africa, than in developed countries (Akuoko et al., 2017; Pace & Shulman, 2016). The increased 

death rate in developing countries is mainly due to delayed presentation and late diagnosis, poor 

health facilities and poor access to treatment (Akuoko et al., 2017; Angahar, 2017; Cumber et al., 

2017).  

A number of risk factors, mostly hormonal, reproductive and genetic have been implicated in the 

development and proliferation of breast malignancy. High levels of oestrogen have been strongly 

proven to induce breast carcinogenesis and as a result, women on oral contraceptives and 

postmenopausal hormone replacement therapy have a 10% and 23% higher risk, respectively, of 

developing cancer of the breast than nonusers (Anothaisintawee et al., 2013). Mammary cell 
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differentiation occurs after pregnancy and during lactation, therefore, women with undifferentiated 

mammary cells, such as nulliparous women and women who have never breastfed, have a higher 

incidence of cancer because undifferentiated breast tissues are more susceptible to carcinogens 

and neoplastic transformation. Furthermore, lactation inhibits ovulation and therefore breast 

tissue is less exposed to hormones, which may aid in neoplastic transformation during that time 

(Anothaisintawee et al., 2013; Russo et al., 2005). Women with a family history of breast cancer 

also have a higher risk of developing breast cancer in their lifetime. In addition, genetic mutations 

in BRCA 1 and BRCA 2 tumour suppressor genes account for 5 to 10% of hereditary cases of 

breast cancer (Apostolou & Fostira, 2013; Martin & Weber, 2000). Additional factors such as a 

high intake of fat and alcohol have also been considered to increase the risk of breast cancer 

(Angahar, 2017; Persson, 2000). 

1.1.1.3 Conventional diagnostic techniques 

Physical examination, such as breast cancer self-examination (BSE) and clinical breast cancer 

examination (CBE), by palpation are simple procedures that are applied for screening of breast 

cancer.  Although BSE and CBE are useful in identifying breast cancer symptoms such as lumps, 

nipple discharge and skin discolouration, they are mostly recommended for women under 

40 years. Unfortunately, BSE and CBE have not proven to reduce mortality rates (Shah & Guraya, 

2017; Smith et al., 2003).  

Blood-borne tumour markers have the potential to aid in early detection of malignancies, however, 

at present there are no diagnostic biomarkers for breast cancer (Kazarian et al., 2017). Although 

several biomarkers such a carcinoembryonic antigen, circulating cytokeratin fragments and 

epithelial membrane antigen have been recommended, they are limited by poor selectivity and 

specificity (Kazarian et al., 2017; Loke & Lee, 2018). 

Mammography is the gold standard procedure for the screening and diagnosis of breast cancer 

(Morrow et al., 2011; Nazário et al., 2015; Shah & Guraya, 2017). This technique uses low-dose 

X-rays for imaging the breast (Badawy et al., 2017) and has reduced breast cancer mortality rates 

due to early detection (Bleyer & Welch, 2012; Cady et al., 2011; Parris et al., 2013). Despite its 

ability to detect breast cancer at an early stage, the sensitivity of mammography is compromised 

in dense breasts and premenopausal women resulting in a high possibility of false-positive and 

false-negative diagnostic outcomes (Evans, 2012; Wang, 2017).  

Ultrasonography is a widely available imaging technique that utilises high-frequency sound waves 

to detect breast cancer. This procedure is effective in detecting solid tumours and tumours in 

dense breasts but it is less efficient than mammography due to its inability to detect calcium 

deposits in breast tumours (Ozmen et al., 2015; Shah & Guraya, 2017; Wang, 2017).  
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In comparison to ultrasonography and mammography, magnetic resonance imaging is more 

sensitive in imaging small tumours in women with a high risk of breast cancer by applying 

magnetic fields and radio waves to produce body images. However, this procedure is less 

recommended due to high false-positive outcomes and less specificity, which may lead to 

unnecessary treatment (Roganovic et al., 2015; Shah & Guraya, 2017; Wang, 2017).  

1.1.2 Ovarian cancer 

Ovarian cancer is the deadliest gynaecological cancer (Mitra, 2016; Webb & Jordan, 2017). 

Worldwide, ovarian cancer is ranked as the eighth leading cause of cancer-related mortality 

among women. In 2018, 295 414 newly diagnosed cases are expected, with 184 799 mortality 

cases(Bray et al., 2018). Due to the asymptomatic presentation, ovarian malignancy is commonly 

diagnosed at a late stage with poor prognosis (Chornokur et al., 2013; Clarke-Pearson 2009; 

Tapia et al., 2013). In addition, higher mortality rates have been predicted as a result of late 

diagnosis, the development of metastases and a lack of effective screening methods for early 

diagnosis (Doufekas & Olaitan, 2014; Jessmon et al., 2017; Latha et al., 2014). 

1.1.2.1 Ovarian carcinogenesis 

The ovaries are the female reproductive and endocrine producing organs composed of different 

cell types, such as germ cells and specialised gonadal stromal cells, and they are covered by a 

layer of epithelial cells (Kuhn et al., 2012; NASEM, 2016). Ovarian cancer is defined as a 

heterogeneous disease due to its origin and the progression of ovarian malignancy remains a 

mystery (NASEM,  2016; Reid et al., 2017). Although the precursor of ovarian cancer is unknown, 

the current findings suggest that about 90% of ovarian malignancies originate from the epithelial 

surface of the ovary (Rosen et al., 2009; Zavesky et al., 2011). There are several morphological 

subtypes of epithelial ovarian cancer, with serous carcinoma being the most common (Russell & 

McCluggage, 2004; Zavesky et al., 2011). Shih and Kurman (2004) proposed a dualistic model 

of ovarian carcinogenesis, which suggests two pathways of tumour initiation and progression 

(Figure 2). Based on the model, Type I pathway is classified as low-grade tumours that develop 

in a stepwise process from benign serous cystadenoma/adenofibroma, which originate from the 

ovarian surface epithelium (OSE) or inclusion cysts and ultimately give rise to low-grade serous 

carcinoma. Based on pathological features, Type I tumours are slow growing and in most cases 

are restricted to the ovary. Conversely, Type II pathway consists of high-grade tumours that 

develop de novo from ovarian surface epithelium or inclusion cysts (Bell & Scully, 1994; Shih & 

Kurman, 2004), and are characterised by rapid progression, early metastasis and aggressive 

behaviour (Shih & Kurman, 2004). Once the ovarian cancer cells have detached from the primary 

tumour, they form metastatic tumours in the peritoneal cavity, including pelvic and abdominal 

viscera (Heintz et al., 2006; Mitra, 2016). 
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Figure 2: Dualist model for the development of serous ovarian carcinoma. Reproduced from 

Rosen et al. (2009), with permission from Frontiers in Bioscience. 

 

1.1.2.2 Epidemiology features 

The incidence of ovarian cancer increases with age, predominately affecting women in their late 

70s (Webb & Jordan, 2017). According to epidemiological findings, ovarian cancer incidence is 

higher in developed countries compared to Sub-Saharan Africa (Ferlay et al., 2015). However, in 

developing countries, particularly in Africa, high mortality/incidence ratios are observed due to 

late diagnosis and lack of efficient treatment (Chornokur et al., 2013). Although the aetiology of 

ovarian cancer is not well established (Permuth-Wey & Sellers, 2009; Zayyan et al., 2017), a 

number of predisposing factors have been identified. Women with a family history of ovarian 

cancer have a high incidence of developing the disease and about 7 to 10% of ovarian cancer 

cases are due to hereditary mutation of BRCA 1 and BRCA 2 suppressor genes (Latha et al., 

2014; Webb & Jordan, 2017). Increase in ovulation and circulating gonadotropins, also have a 

strong correlation with the risk of developing ovarian malignancy (Reid et al., 2017; Riman et al., 

2004). Therefore, hormonal and reproductive factors, such as early menstruation, late 

menopause, infertility and use of menopausal hormone therapy, increase ovarian cancer 

susceptibility. In addition, gynaecological conditions and procedures such as hysterectomy, pelvic 

inflammatory diseases and polycystic ovarian syndrome have also been identified as possible 

risk factors, the findings are however inconclusive (Reid et al., 2017; Riman et al., 2004; Webb & 

Jordan, 2017). 
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1.1.2.3 Conventional diagnostic techniques  

High levels of cancer antigen 125 (CA-125) is a commonly used biomarker for diagnosis of 

ovarian cancer (Mitra, 2016) and the marker is detected in 50% of early-stage ovarian tumours 

(Ueda et al., 2010). Unfortunately, the CA-125 assay is limited by low specificity and sensitivity 

due to increased levels detected in other malignancies, including endometrial and cervical 

cancers (Ueda et al., 2010), and non-malignant conditions such as endometriosis and 

menstruation (Rauh-Hain et al., 2011; Sundar et al., 2015).  

Transvaginal ultrasonography (TVUS) is a widely available and first-line imaging technique for 

the detection of ovarian cancer. Furthermore, the technique has high resolution and does not 

require ionising radiation (Hebbar & Moideen, 2017; Manegold-Brauer et al., 2014). Although 

TVUS is the primary imaging technique for diagnosis, it is limited by low specificity, which results 

in high false-positive diagnostic outcomes (Iyoke et al., 2015). Despite these limitations, CA-125 

levels and TVUS are the main diagnostic techniques and contribute to early detection of ovarian 

cancer (American Cancer Society, 2014; Argento et al., 2008; Kobayashi et al., 2012).  

In cases of distant metastases, complementary imaging techniques such as computed 

tomography (CT) and magnetic resonance imaging (MRI) are considered (Fischerova, 2011). 

Computed tomography uses ionising radiation or x-rays to create cross-sectional images of the 

body (Caldemeyer & Buckwalter, 1999). In addition, the use of oral contrast agents allows 

differentiation of bowel and peritoneal organs, and efficient evaluation of pelvis and abdomen 

metastases (Jeong et al., 2000). The disadvantages of CT include the application of iodinated 

contrast agents and exposure to ionising radiation, thus the technique is contraindicated in 

premenopausal and pregnant women (Lutz et al., 2011). Magnetic resonance imaging (MRI) is 

considered as a last resort when both CT and TVUS results are inconclusive and is commonly 

recommended in patients who have contraindications for CT scan (Manegold-Brauer et al., 2014; 

Park & Lee, 2014). The application of MRI in ovarian cancer diagnosis is however restricted by 

long examination time, technical difficulties, limited availability and high costs (Fischerova & 

Burgetova, 2014).  

 

1.2 Animal models in cancer research 

1.2.1 Background 

Rodents are traditionally utilised to model diseases due to ease of breeding, simple housing 

requirements, as well as cost-effectiveness. These animals can also be genetically manipulated 
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with ease and consequently, the induction and transplantation of tumours from various malignant 

cells have been established for research purposes (Corbett et al., 2004; de Jong & Maina, 2010). 

The most commonly used and available rodent tumour models include in situ tumour models, 

such as autochthonous and genetically engineered models as well as transplantable tumour 

models categorised as allograft and xenograft models. These models have both advantages and 

disadvantages associated with their experimental application in the assessment of novel 

anticancer agents as highlighted below. 

1.2.2 Types of rodent tumour models 

1.2.2.1 Autochthonous model 

Autochthonous tumour models include spontaneously occurring and carcinogen-induced (e.g 

chemical, pathogenic viruses, radiation or microbial flora carcinogens) tumour models (Frese & 

Tuveson, 2007; Suggitt & Bibby, 2005). These models have been valuable in the identification of 

oncogenes and tumour suppressor genes, as well as in the mapping of tumour susceptibility traits 

and preclinical screening of carcinogenic or anticancer compounds (Suggitt & Bibby, 2005). 

The advantages of autochthonous tumour models include orthotopic (in the organ of origin) 

growth, metastatic potential and a tumour histology that lacks changes introduced by 

transplantation (Suggitt & Bibby, 2005). Despite the advantages mentioned, this model has lost 

value in drug development research due to the large variability that exists in the tumour take rate 

and growth and the large number of animals that are required. In addition, it takes several months 

or years to establish a tumour (Suggitt & Bibby, 2005). 

1.2.2.2 Genetically engineered model  

Genetically engineered tumour models (GETM) are developed by manipulation of the rodent 

genome, resulting in inactivation, deletion or overexpression of either one or several genes 

involved in tumour malignancy (Richmond & Su, 2008). Genetically engineered rodent models of 

malignant tumours are useful tools for understanding the molecular pathways of tumour initiation 

and progression, and for selecting anticancer agents targeted to different markers of 

carcinogenesis in vivo (Singh & Johnson, 2006; Suggitt & Bibby, 2005). Despite the advantages, 

developing GETM is expensive and time-consuming because it takes approximately a year for a 

tumour to develop (de Jong & Maina, 2010; Richmond & Su, 2008). Additionally, monitoring of 

the tumours requires imaging techniques such as magnetic resonance imaging (MRI) or 

micro- computed tomography (Becher & Holland, 2006; Richmond & Su, 2008). 
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1.2.2.3 Human xenograft model 

The human tumour xenograft model, also known as the humanised tumour model, is one of the 

most utilised models. Establishment of a xenograft model involves transplantation of human 

tumour cells or patient biopsies under the skin or directly into the organ of tumour origin 

(Cekanova & Rathore, 2014; Morton & Houghton, 2007; Murphy, 2015). This model requires the 

use of immune-compromised mice, such as T-cell deficient athymic nude (nu/nu) mice or T-cell 

and B-cell deficient severe combined immune-deficient (SCID) mice, to prevent rejection of the 

transplant by the recipient (Shultz et al., 2012; Szadvari et al., 2016).  

Human ovarian cancer can be modelled by xenotransplantation of athymic nude (nu/nu) mice 

with human-derived cancer cell lines (Domcke et al., 2013; Elgqvist et al., 2006; Pourgholami et 

al., 2006). The human ovarian adenocarcinoma cell line, known as OVCAR-3 is among the most 

commonly used cell line of ovarian cancer that was derived from malignant ascites of a patient 

unresponsive to combination chemotherapy (Domcke et al., 2013; Hamilton et al., 1983; Sakhare 

et al., 2014). In vitro, OVCAR-3 grows as a cobblestone, like a monolayer with foci of 

multi- layering, and has a doubling time of 35 to 48 hours (Hamilton et al., 1983; Hills et al., 1989). 

Histologically, it represents a high-grade serous ovarian cancer subtype (Domcke et al., 2013). 

To date, a number of studies have demonstrated the use of OVCAR-3 tumour xenograft for 

therapeutic evaluation, including photodynamic therapy (Colussi et al., 1999), alpha-

radioimmunotherapy (Elgqvist et al., 2006) and chemotherapy (Guichard et al., 2001).  

The development of the human tumour xenograft model was a major improvement in moving 

towards clinically relevant cancer models (Troiani et al., 2008). One major advantage of the 

human tumour xenograft model is that the tumour is of human origin and therefore, reflects the 

patient’s tumour physiology. In addition, the model can be established with affordability and 

reproducibility using different types of cancer cells (Murphy, 2015; Teicher, 2006). 

However, the predictive power of human tumour xenograft models in terms of clinical efficacy has 

been questioned due to two limitations. Firstly, the model does not accurately represent disease 

progression observed in immune-competent patients. Secondly, the genetic characteristics of a 

human tumour may be compromised due to the tumour microenvironment being that of mouse 

origin (Murphy, 2015; Neale et al., 2008). This model, despite its limitations, remains the gold 

standard in evaluating new anticancer drugs, and is successful in predicting the therapeutic 

response of patients in numerous clinical trials (Chen et al., 2014; Pierrillas et al., 2016; 

Voskoglou-Nomikos et al., 2003). 
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1.2.2.4 Allograft model 

The allograft tumour model, also known as syngeneic, is developed by growing rodent tumour 

tissue or cells in the same strain of immune-competent host in which the tumour originated 

(Murphy, 2015). For example, murine mammary adenocarcinoma cell line, denoted as E0771, is 

commonly used for developing an allograft model of breast cancer by implantation into a C57BL/6 

mouse (Ewens et al., 2006; Ewens et al., 2005; Johnstone et al., 2015; Stagg et al., 2010).  

E0771 was derived spontaneously from a C57BL/6 mouse (Sugiura & Stock, 1952) and when 

cultured in vitro, it forms a monolayer of fibroblast-like cells having an elongated shape (Thomas, 

2012); in addition, histologic representation resembles undifferentiated high-grade phenotype 

(Johnstone et al., 2015). The E0771 tumour-bearing model has been previously used for efficacy 

testing of immunotherapy and chemoimmunotherapy for inhibition of metastasis  (Blake et al., 

2016; Ewens et al., 2006) and to further understand the role of the immune system in 

tumourigenesis (Huang et al., 2015).  

The advantages of using syngeneic tumour models in drug development research include 

cost- effectiveness, effortless implantation, reproducible experimental tumour histology and 

growth rate, successful establishment of a wide variety of tumour types, and availability of a strong 

baseline of drug response data from decades of use (de Jong & Maina, 2010; Murphy, 2015). 

Studies are easily conducted with statistically meaningful numbers of mice per group because the 

hosts are readily available (de Jong & Maina, 2010; Murphy, 2015). In contrast to xenograft 

models, this model has an intact immune system and is, therefore, suitable to study anti-tumour 

immune response (House et al., 2014). 

However, as therapeutic research is being directed to specific cancer molecular targets, 

syngeneic cancer models have lost their reputation in drug development research, due to 

differences in homology between rodents and human that results in failure to correlate preclinical 

activity and efficacy in clinical trials (Cook et al., 2012; de Jong & Maina, 2010). Despite the failure 

of the syngeneic models to predict patient outcome, this model remains valuable in the evaluation 

of therapies that utilise the immune system’s ability to target and destroy cancer cells (Murphy, 

2015). 

 

1.3 Establishing allograft and xenograft mouse models 

The most promising route with which to establish a transplantable tumour-bearing mouse model 

is that of the syngeneic and xenograft models. In general, a number of variables, such as the 

origin of a tumour, site of implantation, number of inoculation cells,  sex of the host, tumour growth 
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characteristics and histology, should be considered when establishing these models (Workman 

et al., 2010). 

1.3.1 The origin of a tumour 

Tumour-bearing mouse models can be established from tumour cell culture, initiated cell lines or 

patient biopsies (Schuh, 2004). Most researchers commonly use cell lines due to their higher take 

rate (Troiani et al., 2008), ease of accessibility and maintenance, possible selection of unique 

mutations in vitro and availability of numerous publications on in vivo behaviour in 

immune- deficient, immune-suppressed and immune-competent strains of mice (Schuh, 2004). 

Contamination, particularly mycoplasma contamination, is one of the main challenges of using 

cultured cells as this may alter cell proliferation and gene expression (DesRochers et al., 2015). 

Another drawback of using cell lines is that the sub-culturing (> 100 passages) (Fiebig & Burger, 

2002; Sausville & Burger, 2006) results in undifferentiated tumours without resemblance to the 

original tumour (Becher & Holland, 2006; Sausville & Burger, 2006). Therefore, to maintain the 

tumour integrity, it is important the cell lines are monitored for microbial contamination and 

detailed characterisation of a tumour should be done to ensure the molecular pathology 

resembles the original tumour (Santarius et al., 2010; Workman et al., 2010). 

1.3.2 Site of transplantation 

The transplantation site is critical because it may have an influence on the tumour growth and 

efficacy outcome (Schuh, 2004). The most commonly used site for tumour implantation is 

subcutaneous. In this technique, the site of transplantation differs from the origin of the tumour 

and the major limitation is a failure of the tumour to metastasise (Workman et al., 2010). For 

metastatic modelling, direct implantation of a tumour in the site of tumour origin (orthotopic) should 

be employed (Jung, 2014). Despite the limitations, there is a high preference for the subcutaneous 

route in efficacy studies because tumour growth can be easily assessed and treatment can begin 

when a tumour has reached the desirable size (Becher & Holland, 2006; Jung, 2014). 

1.3.3 Number of inoculation cells 

To minimise tumour burden, the number of cells to be transplanted should be taken into account. 

Furthermore, the number of cells is dependent on the site of transplantation. Ideally, about 

1 to 5 million cells in 100 µl should be used for subcutaneous inoculation. For orthotopic 

transplantation in more sensitive sites, such as intracranial implantation, about 10-50 000 cells in 

5 µl is recommended to prevent tissue damage and leakage of cells (Workman et al., 2010).  
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1.3.4 The sex of the host 

Hormones play a critical role in cancer initiation and progression. In breast and ovarian cancer 

particularly, the female sex hormone known as oestrogen has been identified as a major 

carcinogen. According to literature, oestrogen induces carcinogenesis by either DNA damage or 

altering expression of genes responsible for cell growth and proliferation, consequently triggering 

uncontrolled multiplication of epithelial cells of the breast and ovary (Ptak & Gregoraszczuk, 

2013). Therefore, to ensure the successful establishment of hormone-dependent tumours such 

as breast and ovarian cancer, the gender of the animals should be taken into consideration. 

1.3.5 Tumour growth characteristics 

Transplanted tumours may develop at a slow or inconsistent incidence and growth rate (Workman 

et al., 2010). One method to optimise tumour growth is by the selection of cell variants with 

enhanced tumorigenic potential (Workman et al., 2010). Another commonly used method is the 

co-injection of cells with murine tumour-derived basement membrane extract, rich in extracellular 

matrix proteins (growth factors, laminin, collagen IV and entactin) such as Matrigel. Co-injection 

with Matrigel results in enhanced tumour growth and take rate, promotion of angiogenesis and 

prevention of tumour cell apoptosis by providing a growth-enhancing environment that resembles 

the tumour microenvironment (Benton et al., 2014; Workman et al., 2010; Xu & Prestwich, 2010). 

1.3.6 Histology 

According to Schuh (2004), the histological investigation should be included in tumour modelling 

studies to confirm and identify the degree of differentiation of the malignant tissues.  In addition, 

histological characterisation should also examine histological features such as necrosis, 

angiogenesis and haemorrhage (Schuh, 2004). The haematoxylin and eosin (H& E) stain is the 

most routinely used staining technique for tumour histological diagnoses because it can be used 

to analyse different tissues with ease of application (Wittekind, 2003). 

 

1.4  Use of radiopharmaceuticals for imaging of cancer with PET/CT  

Radiopharmaceuticals are radioactive compounds used mainly for therapy or diagnosis of various 

diseases, including cancer (Dar et al., 2015; Vallabhajosula, 2009). In the area of diagnostics, 

radiopharmaceuticals are readily applied for non-invasive imaging of cancer using techniques 

such as single photon emission computed tomography (SPECT) and positron-emission 

tomography (PET). In general, imaging radiopharmaceuticals are administered at very low 

concentrations (10-6 – 10-8 M) without any physiological response and pharmacological effects 
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(Bhattacharyya & Dixit, 2011; Chen et al., 2010; Liu, 2004; Vallabhajosula, 2009). The current 

focus of much research is to make improvements in radionuclide imaging by investigating the 

development of target-specific radiopharmaceuticals for non-invasive imaging (Bhattacharyya & 

Dixit, 2011; Chen et al., 2010).  

Positron emission tomography (PET) is a popular nuclear imaging technique that depends on the 

use of positron-emitting radiopharmaceuticals for non-invasive imaging of cancer and other 

diseases (Cherry & Gambhir, 2001). Unlike anatomical imaging techniques, such as 

ultrasonography and CT, PET evaluates the biological and physiological changes at a cellular 

level (Chen & Chen, 2011) and its use in oncology allows precise staging and early diagnosis, 

which in turn, may result in earlier treatment and therefore a better prognosis (Townsend, 2004). 

Another advantage of PET is that it can also distinguish between malignant and non-cancerous 

tumours (Kapoor et al., 2004), but is unfortunately limited by prolonged scans and poor anatomical 

localisation and visualisation of soft tissues due to low spatial resolution. To overcome these 

limitations and instead of using PET and CT scans alone, a combination of the two has been a 

major advancement in nuclear medicine. Consequently, PET/CT scans allow simultaneous 

imagining of physiological and anatomical changes with high-resolution and minimising the scan 

time required (Townsend, 2004). In this study, PET/CT scan was used for imaging purposes.  

1.4.1 Design of a diagnostic radiopharmaceutical for imaging 

In general, to achieve tumour targeted imaging or therapy, a radiopharmaceutical should consist 

of a radionuclide, targeting molecule, bifunctional chelating agent (BFCA) and a linker (Figure 3) 

(Liu, 2008; Sarko et al., 2012; Tornesello et al., 2017). 

 

 

Figure 3: Structural properties of the target-specific radiopharmaceutical. Adapted from 

Bhattacharyya and Dixit (2011), with permission from The Royal Society of Chemistry. 
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1.4.2 Radionuclide 

When designing a radiopharmaceutical, the choice of a radionuclide depends on the half-life (t1/2), 

availability and decay mode, and the emission properties of the radionuclide (Ting et al., 2009; 

Wadsak & Mitterhauser, 2010). There are a number of positron-emitting radionuclides available 

for PET (Table 1), but the most commonly used in diagnostic imaging is Fluorine-18 (18F) due to 

its favourable decay properties (97% β+ decay, 635 keV positron energy and t1/2= 110 min) 

(Bhattacharyya & Dixit, 2011; Elsinga, 2012; Jacobson et al., 2015). Recently, Copper-64 (64Cu) 

has gained more recognition as a potential imaging radionuclide for PET because of its longer 

half-life (12.7 hours) and availability in high specific activity (activity per quantity of a radionuclide). 

In comparison to 18F, the use of 64Cu enables imaging at delayed time points because of its longer 

half-life, thereby allowing enough time for clearance of the radiopharmaceutical from background 

tissues to increase the image contrast (Gutfilen & Valentini, 2014). 

 

Table 1: PET radionuclides, adapted from Elsinga (2012). 

Radionuclide Half-life 

Carbon-11 20 min 

Fluorine-18 110 min 

Copper-64 12.7 h 

Gallium-68 68 min 

Zarconium-89 78 h 

Iodine-124 100 h 

 

1.4.3 Targeting molecule 

The targeting molecule is the integral part of the radiopharmaceutical for selective delivery of the 

radionuclide to the tumour site by either active or passive targeting (Kue et al., 2016; Yin et al., 

2014). 



20 

1.4.3.1 Active targeting agent 

Active targeting facilitates the uptake of the radionuclide by the tumour cells via ligand-receptor 

binding (Bazak et al., 2015; Danhier et al., 2010). This phenomenon is extensively investigated 

in therapeutic targeting of cancer and to date, a number of monoclonal antibodies including 

Cetuximab (Erbitux) targeting epidermal growth factor receptor (EGFR) and Rituximab (Tituxan) 

targeting CD-20 receptor, have been clinically approved (Yan et al., 2011). 

According to the Warburg effect, cancer cells metabolise more glucose to lactate compared to 

normal cells (cited by Bensinger & Christofk, 2012). This demand for glucose is maintained by a 

high expression of glucose receptors (GLUT), mainly GLUT-1 (Hamanaka & Chandel, 2012; 

Hanahan & Weinberg, 2011). The high uptake of glucose by cancerous cells has been exploited 

for target-specific imaging of cancer. The most documented application of this is the use of a 

glucose analogue, fluoro-2-deoxy-D-glucose radiolabelled with 18F (18F-FDG) for PET imaging 

(Hanahan & Weinberg, 2011; Kumar & Dadparvar, 2007; Schroeder et al., 2011).  

1.4.3.2 Passive targeting agent 

A second means of potentially accumulating the radionuclide at the site of the tumour is through 

passive targeting by means of the enhanced permeability and retention (EPR) effect. The EPR 

effect is due to the rapid growth and high demand for nutrients and oxygen by the tumour, which 

increases the vascularisation of the tumour but with poorly laid down, ‘leaky’ blood vessels 

(enhanced permeability) and minimal lymph ducts (retention) (Bertrand et al., 2014; Danhier et 

al., 2010). In principle, to enhance the retention of a molecule at the site of a tumour by the EPR 

effect, the size of the molecule should be more than 40 kDa (Fang et al., 2011; Li et al., 2017; 

Vasir & Labhasetwar, 2005). Albumin, a plasma protein with a molecular weight of 66.5 kDa 

(Kratz, 2008; Park, 2012) has been employed for delivery of compounds via the EPR effect and 

targeted imaging and therapy (Meng et al., 2012). The advantages of using albumin as a drug 

carrier include: 1) high stability and solubility in various buffers with a wide range of pH and 

temperatures; 2) ligand binding capacity of various compounds including heavy metals; 3) lack of 

toxicity and immunogenicity; 4) availability and biodegradability; 5) preferential uptake in tumour 

and inflamed tissue (Kratz, 2008; Meng et al., 2012). For diagnostic applications, Technetium-

99m (99mTc) radiolabelled albumin is commonly used for the diagnosis of pulmonary embolism 

and some cancers using SPECT imaging (Bairagi et al., 2015; Gandhi et al., 2013).  

1.4.4 Bifunctional chelating agent 

The purpose of a bifunctional chelating agent (BFCA) in a target-specific radiopharmaceutical is 

to conjugate the radionuclide and targeting molecule. The choice of a BFCA depends on the 

oxidation state of the radionuclide and its affinity for the donor atoms of the chelator in order to 
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form a kinetically inert and thermodynamically stable complex (Bhattacharyya & Dixit, 2011). 

Cyclam is one of the most utilised BFCA due to its ability to form highly stable complexes with 

radionuclides, especially 64Cu (Liang & Sadler, 2004).  

1.4.5 Linker 

The targeting molecules and BFCA are separated by a linker to prevent a possible disruption of 

receptor-ligand binding by the radionuclide chelate complex (Bhattacharyya & Dixit, 2011). The 

stability of the linker within the bloodstream has influence on the pharmacokinetic profile of the 

radiopharmaceutical by preventing early release of the radionuclide and consequently allowing 

imaging of the tumour (Chen & Chen, 2010; Lu et al., 2016; Parslow et al., 2016; Quadri & 

Vriesendorp, 1998; Sarko et al., 2012).  

 

1.5 Combination of active and passive targeting 

In order to benefit from active targeting, the ligand should be in close proximity to the target 

receptor (Bertrand et al., 2014). Consequently, active targeting depends on passive targeting 

since the ligand-receptor binding occurs only after accumulation and retention in a tumour by 

vascular delivery (Upponi & Torchilin, 2014). To maximise the advantages of active and passive 

targeting pathways and to minimise their shortcomings, a better approach would be to combine 

both active and passive targeting agents. This will increase the circulation and retention in the 

tumour and provide enough time for the targeting agent to interact with its respective receptor 

(Kudgus et al., 2014). The approach of dual targeting by both active and passive targeting has 

been explored in targeted therapy to decrease cytotoxicity and increase efficacy (Zheng et al., 

2015). In this study, a dual targeting radiopharmaceutical was investigated for tumour localisation 

and imaging.   

 

1.6 Targeted diagnostic radiopharmaceutical: 64Cu-GluCAB 

1.6.1 Structure 

64Cu-GluCAB (Figure 4) is a dual target imaging radiopharmaceutical, designed and synthesised 

by the Nuclear Energy Corporation of South Africa (Necsa). Cyclam (BFCA) is linked to a glucose 

moiety and to albumin to form a bio-conjugate (GluCAB), which is radiolabelled with the 64Cu 

isotope. 
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Figure 4: Basic structure of 64Cu-GluCAB 

 

1.6.2 Proposed mechanism of action 

After administration of the 64Cu-GluCAB precursor (without albumin), the maleimide moiety in the 

linker will bind in vivo to free thiol groups of albumin to form the full 64Cu-GluCAB bioconjugate. 

Thereafter, albumin as a drug carrier will deliver and accumulate 64Cu-GluCAB at the tumour site 

through the enhanced permeability and retention (EPR) effect. The glucose will then selectively 

bind to overexpressed glucose receptor (GLUT-1) on tumour cells (Calvo et al., 2010) and after 

tumour localisation, the tumour can be imaged using 64Cu. 

1.6.3 Application of transplantable tumour-bearing mouse models in imaging 

radiopharmaceuticals 

The design and application of preclinical cancer models depends on the therapeutic or diagnostic 

agent under investigation (Killion et al., 1998). Therefore, in order to design an appropriate tumour 

model for screening of molecular targeting agents, histopathological endpoints should be 

incorporated into studies to confirm the presence of targeted molecular markers (Kelland, 2004; 

Schuh, 2004). 

Several studies have been successful in demonstrating the use of cancer-bearing models in 

efficacy screening of target-specific imaging radiopharmaceuticals. For example, a study by Ping 

Li et al. (2008) used cancer-bearing mice for the screening of a 64Cu labelled monoclonal antibody 

(cetuximab) with high affinity to epidermal growth factor receptor (EGFR) for target-specific 

imaging. In this study, 64Cu-DOTA-cetuximab was screened against A431 (human epithelial 

carcinoma, EGFR+) and MDA-MB-434 (human melanoma, EGFR-) tumour-bearing mice and 

based on microPET imaging, higher uptake was observed in A431 than MDA-MB-434 tumours. 

In another study, prostate cancer with 18F labelled prostate-specific membrane antigen 

(18F- PSMA-1007) was successfully visualised in mice-bearing LNCaP (lymph node carcinoma of 

the prostate, PSMA+) tumours (Cardinale et al., 2017). In the current study, a tumour-bearing 
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mouse model was used for evaluation of dual targeting 64Cu-GluCAB by micro-PET/CT scan. 

Based on the proposed targeting approach of 64Cu-GluCAB, the study hypothesised that higher 

uptake of the agent by the tumour would be observed.  

 

1.7 Conclusion 

To evaluate the application of novel dual targeting agents like 64Cu-GluCAB in cancer imaging 

successfully, the use of tumour-bearing mouse models is required. Two different cancer animal 

models, ovarian OVCAR-3 xenograft and breast E0771 allograft models were therefore 

developed and investigated. The model that illustrated the most potential as an effective tool for 

application in testing new radiopharmaceuticals was used in the evaluation of 64Cu-GluCAB as a 

potential imaging agent for cancer. 
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CHAPTER 3: ESTABLISHMENT AND CHARACTERISATION OF 

BREAST AND OVARIAN TUMOUR-BEARING MOUSE MODELS 

Abstract 

Aim: The purpose of this study was to develop an immune-competent allograft mouse model of 

rodent breast cancer and an immune-compromised xenograft mouse model of human ovarian 

cancer which will be used to evaluate the efficacy of novel therapeutic and diagnostic agents. 

Methods: The breast tumour model was established by co-injection of E0771 cells with Matrigel 

subcutaneously into the mammary fat pad of C57BL/6 (immune-competent) female mice post 

anaesthetisation. The human ovarian tumour model had OVCAR-3 cells inoculated, combined 

with either PBS or Matrigel subcutaneously, above the proximal tibia of athymic nude (nu/nu) 

(immune-deficient) female mice. Once a tumour was palpable, tumour progression was monitored 

two to three times a week by measuring tumour size using a digital calliper and the tumour volume 

was determined. The animals were humanely euthanised once tumour volumes of ≥300 mm3 

were attained. The tumours were then harvested to determine the tumour growth rate and 

histological characterisation was done using haematoxylin and eosin (H & E) staining.  

Results: A tumour take rate of 100% (26/26) was obtained for the E0771 breast allograft mouse 

model with tumour onset detected within 7 days post inoculation. The OVACAR-3 cell line grew 

subcutaneously, with or without the use of Matrigel, however faster tumour growth was achieved 

by co-inoculation with Matrigel. Both E0771 and OVCAR-3 tumours were actively proliferating, as 

demonstrated by the presence of mitotic figures. Furthermore, inoculum of OVCAR-3 cells with 

Matrigel resulted in enhanced tumour vascularisation compared to PBS inoculum. 

Conclusion: The E0771 breast tumour model was successfully established with reproducibility. 

The OVCAR-3 cell line grew slowly subcutaneously, however, earlier tumour onset and enhanced 

tumour growth can be obtained by the use of an extracellular matrix.  

Key words: Breast cancer, ovarian cancer, tumour-bearing mouse model, allograft, xenograft  
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1.1 Introduction 

Breast and ovarian malignancies are among the cancers affecting the female population with 

2.1  million and 295 414 newly diagnosed cases expected in 2018 worldwide, respectively (Bray 

et al., 2018). Although ovarian cancer is less common than breast cancer, it is the most lethal 

gynaecological cancer (Nezhat et al., 2015; Taylor, 2001). Much research is being directed 

towards finding effective ways to treat and diagnose breast and ovarian cancers and as a result 

representative and reliable animal models are required for the successful translation of preclinical 

data into clinical outcome.  

One of the most effective and preferable methods to model cancer includes the transplantation 

of murine cancer cells into immune-competent mice (termed allograft model) or transplantation of 

human originating cancer cells into immune-deficient mice (termed xenograft model) (Navale, 

2013; Schuh, 2004; Workman et al., 2010). To successfully develop an allograft or xenograft 

model, a number of factors such as the site of transplantation, number of cells and host animal 

should be considered, as these may influence the tumour take rate and growth (Benton et al., 

2014). In addition, the type of cells should also be considered as some cells that exhibit good 

growth in vitro, grow poorly in vivo (Benton et al., 2011; Workman et al., 2010). Furthermore, 

co-  injection of tumour cells with extracellular matrix proteins, such as the soluble basement 

membrane proteins extracted from a mouse sarcoma known as Matrigel (Kleinman & Martin, 

2005; Workman et al., 2010) has shown to enhance in vivo tumour growth of different types of 

cells (Fridman et al., 1991). Moreover, the advantage of using Matrigel to induce tumour growth 

includes the reduction of study duration and therefore, the cost of animal care (Benton et al., 

2011). 

According to Schuh (2004), the design of preclinical studies involving the use of tumour-bearing 

mouse models requires knowledge of the tumour behaviour in vivo. This can be done by setting 

up pilot tumour growth studies consisting of 5 to10 animals which could help define tumour growth 

patterns, adverse effects related to tumour growth, humane end points and determine whether 

the model is reproducible (Workman et al., 2010). This data can also be valuable in determining 

the number of animals required, the study time frame and statistically significant endpoints for the 

main study (Workman et al., 2010). The implantation technique should also be refined to prevent 

accidental implantation into the muscle mass or visceral cavities which may then delay tumour 

onset or cause failure of tumour engraftment and affect the reproducibility of the study (Schuh, 

2004).  

The main interest of the current study was to establish murine breast and human ovarian tumour-

bearing models by subcutaneous implantation of E0771 and OVCAR-3 cells into immune-

competent and immune-deficient mice, respectively and to define the in vivo growth 
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characteristics of each model. In addition, the histological characteristics of the tumours derived 

from each cell line post-inoculation were also determined. 

1.2 Materials and Methods 

1.2.1 Materials  

The human ovarian cancer cell line, OVCAR-3 was purchased from American Type Culture 

Collection (ATCC) (Manassas, Virginia, US) and the murine breast cancer cell line, E0771 was 

donated by Stellenbosch University (Western Cape, SA). Trypsin/EDTA, trypan blue, 

penicillin/streptomycin (PenStrep) a broad spectrum antibiotic cocktail, Dulbecco’s Modified 

Eagle’s Medium (DMEM) with glutamine and Roswell Park Memorial Institute (RPMI) 1640 with 

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) culture medium were purchased 

from Lonza (Basel, Switzerland). Matrigel basement membrane matrix was purchased from 

Corning (New York, US). Bovine insulin, phosphate-buffered saline (PBS) tablets and histological 

grade xylene were bought from Sigma-Aldrich (St.Louis, MO, USA). Absolute ethanol and 

Entellan® mounting media were purchased from Merck (Darmstadt, Germany). Foetal bovine 

serum (FBS) was obtained from GE Healthcare HyClone (Chicago, IIIinois, US). Formalin was 

supplied by Pathcare (Goodwood, SA). The histoplast wax was obtained from ThermoFisher 

Scientific (Waltham, Massachusetts, US). 

1.2.2 Methods 

1.2.2.1 Cell culture 

The mouse mammary adenocarcinoma cells, E0771, were cultured in DMEM supplemented with 

20% FBS and 1% PenStrep. The human ovarian cancer cells, OVCAR-3, were cultured in RPMI 

media supplemented with 10% FBS, 0.01 mg/ml bovine insulin and 1% PenStrep. Both cell lines 

were maintained at 37°C in a humidified incubator containing 5% CO2. 

The cells were routinely passaged at 70-80% confluency. Detachment of the cells from the plate 

was done by trypsinisation for 4 min and the digestion reaction was deactivated by addition of 

complete medium. Subsequently, the cells were pelleted using a PLC-012 universal centrifuge 

(GEMMY Industrial Corporation, Taipei, Taiwan) at 1000 rpm for 4 min and re-suspended in 

complete medium. To determine cell viability, 40 µl of cell suspension was mixed with 40 µl trypan 

blue followed by manual counting of the viable cells using a haemocytometer. The cell density 

(cells/ml) was calculated using the following equation:  

Cell density= Total average of viable cells x 2 x 104   (Equation 1) 
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1.2.2.2 Animal husbandry 

Female C57BL/6 and athymic nude (nu/nu) mice aged 6-8 weeks old were bred in house. The 

animals were housed at the PCDDP Vivarium at the North-West University where they were 

looked after by qualified care givers. The animals were group-caged (3-6 mice/cage) in 

individually ventilated cages (IVC) under normal conditions (22 ± 2˚C, 55± 10% humidity, 

15  ±  5  Pa and 12 h light/dark cycles ). Sterile standard rodent chow and water were provided 

ad libitum and; the sterile corncob bedding was changed regularly. Prior to inoculation, a 

preliminary health check and enrolment of the animals in the study was done by a qualified 

laboratory animal technician. The procedures involving the animals were approved by the NWU-

AnimCare REC committee (Ethics approval number: NWU-00254-17-A5).  

1.2.2.3  Establishing allograft and xenograft tumour-bearing mouse models 

An allograft model of E0771 breast tumour was established in C57BL/6 mice and a xenograft 

model of OVCAR-3 ovarian tumour was established in athymic nude (nu/nu) mice. Both models 

were characterised with respect to their tumour growth patterns, gross pathology and histology to 

confirm malignancy.  

1.2.2.3.1  E0771 derived allograft model 

For establishment of the breast tumour model, E0771 cells were harvested by trypsinisation once 

they reached 70-80 % confluency and cell viability was determined as described above. The cells 

were then pelleted by centrifugation at 1000 rpm for 4 min and re-suspended in DMEM (without 

FBS and PenStrep) to obtain a concentration of 2.5 x 106 cells/ml. Subsequently, the cell 

suspension was mixed with ice cold Matrigel (1:1). The cell suspension and any tool used for cell 

preparation was kept on ice until injection to prevent Matrigel from solidifying.  

Prior to inoculation, each C57BL/6 mouse was anaesthetised using 4% isoflurane in oxygen and 

then 2% for maintenance. Following anaesthesia, 0.1 ml of the cell suspension in Matrigel 

(2.5  x  105 cells/ mouse) was subcutaneously inoculated into the left thoracic mammary fat pad 

using an ice cold 23 gauge (G) needle as previously described by Davis (2016).  

A pilot study consisting of two groups of six animals each (12 animals) was carried out with 

inoculation of the two groups on two separate occasions as part of the establishment of the tumour 

model. Upon completion of the pilot study, an additional group with 14 animals (BC-G3) was 

inoculated for a separate study and the data was included in the current study. The details of the 

cell suspension and dates of inoculation for each group are given in Table 1.  
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Table 1: Details of E0771 cell suspension for inoculation into female C57BL/6 mice 

 Inoculation 
date 

BC-G #Animals Cell Passage Cell 
viability 

(%) 

Matrigel 
concentration 

(mg/ml) 

 06-04-2017 1 6 33 100 19.90 

 11-05-2017 2 6 28 94 19.90 

 23-06-2017 3 14 32  84 9.20 

     BC-G: Breast cancer group 

 

The growth of E0771 tumours was monitored (described in section 2.2.4) and the following 

parameters were evaluated: tumour take and growth rate and; the influence of Matrigel 

concentration on tumour onset and tumour take rate. 

1.2.2.3.2  OVCAR-3 derived xenograft model 

For the establishment of the ovarian tumour model, OVCAR-3 cells were harvested at 70-80% 

confluency by trypsinisation and the number of viable cells were determined as described above. 

For inoculation using PBS, the cells were pelleted by centrifugation (1000 rpm for 4 min) and 

re- suspended to 10 x 106 cells/ml in PBS. Thereafter, six athymic nude (nu/nu) mice 

(3 animals/group) were inoculated with 0.1 ml of cell suspension (1× 106 cells/mouse) 

subcutaneously above the proximal tibia using a 25 G needle.  

For inoculation using Matrigel, the cells were re-suspended in ice cold RPMI medium (without 

FBS, PenStrep and insulin bovine) and 9.20 mg/ml Matrigel (1:1) to obtain 10 x 106 cells/ml. 

Thereafter, four athymic nude (nu/nu) mice were inoculated with 0.1 ml of cell suspension/Matrigel 

(1×106 cells/mouse) subcutaneously above the proximal tibia using a 25 G needle. The cell 

suspension and any tool used for cell preparation was kept on ice until injection to prevent Matrigel 

from solidifying.  

Initially, 12 animals were selected to establish the experimental protocol, however, due to a 

shortage of animals the number was reduced. Two groups of three animals per group were 

inoculated on separate dates with the PBS inoculum, while four animals were inoculated with the 

Matrigel inoculum. The details of cell suspension and dates of inoculation for each group are 

given in Table 2. The growth of the OVCAR-3 tumours was monitored (described in section 2.2.4) 

and the following parameters were evaluated: tumour take rate, tumour onset and the influence 

of Matrigel on tumour growth.  
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Table 2: Details of OVCAR-3 cell suspension for inoculation into female athymic nude (nu/nu) 

mice.  

Inoculation 

date 

OV-G #Animals Cell 

Passage 

Cell viability 

(%) 

Suspension 

medium 

13-07-2017 1 3 3 87 PBS 

28-07-2017 2 3 4 100 PBS 

15-08-2017 3 4 7 93 Matrigel (9.20 

mg/ml) 

OV-G: Ovarian cancer group 

1.2.2.4 Monitoring tumour growth post inoculation 

The dimensions of the tumours were measured with a digital calliper (Toolquip & Allied, South 

Africa) two to three times a week, where the length was the longest dimension and the width was 

the shortest dimension. The measurements were then used to determine tumour volume using 

the following equation: 

Tumour volume (mm3) = ½ (length (mm) x [width (mm)]2) (Equation 2) 

Health assessments were carried out throughout the duration of the study prior to measuring the 

tumours by monitoring the following clinical signs: weight loss, tumour ulceration and any 

abnormal behaviour indicating pain. The animals were euthanised by cervical dislocation once 

the tumours reached a volume of ≥ 300 mm3. This study end point was based on a previous study 

(Davis, 2016). After euthanasia, the tumour tissue was harvested for gross pathology analysis 

and immediately fixed in formalin. 

1.2.2.5  Gross pathology 

The tumour tissues were examined for the presence or absence of ulceration. The length (mm) 

and the width (mm) of the tumours were measured using digital callipers and tumour volume 

(mm3) was determined using Equation 2. The tumours were also weighed (g) using a Sartorius 

Entris 2202-1s balance (Sartorius Lab instruments GmbH &Co. KG, Germany) and the tumour 

growth rate was determined using the following equation:  

Growth rate (g/day) = Final ex vivo tumour weight (g)/days from tumour onset till euthanasia

 (Equation 3) 



41 

1.2.2.6 Histological characterisation 

Formalin fixed E0771 and OVCAR-3 derived tumour tissues were rinsed under running tap water 

and dehydrated in a series of increasing percentages of alcohol (Figure 1). Thereafter, the tissues 

were elucidated with xylene and infiltrated with paraffin wax at 60°C under vacuum (Figure 1). 

Following wax infiltration, the tissues were embedded in paraffin wax blocks using a SLEE 

MPS/P2 embedding centre (SLEE medical GmbH, Germany) and left overnight to harden. 

 

Figure 1: Tissue processing of E0771 and OVCAR-3 derived tumours for wax infiltration and 

embedding. Adapted with permission from Weldon (2005). 

 

The paraffin embedded tissues were sectioned at 10 µm using Reickert-Jung 2050 automated 

microtome (Leica microsystems GmbH, Germany). The sections were stretched in a water bath 

at 40°C and mounted on a microscope slide. Thereafter, the sections were left overnight in an 

oven at 35°C to adhere on the slides.  

For haematoxylin and eosin (H & E) staining, the tissue sections were dewaxed in xylene followed 

by hydration using a series of alcohol percentages, as depicted in Figure 2. After tissue hydration, 

the sections were stained using haematoxylin followed by eosin stain. During the staining process 

the sections were washed under running water to prevent cross-contamination. Following 

staining, the sections were dehydrated and elucidated with xylene/ethanol mixture. The slides 

were then mounted on the cover slips using Entellan mounting media and left overnight to air-dry. 
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The images were captured using a Nikon Eclipse E800microscope equipped with NIS-Elements 

Viewer Version D3.2 (Nikon, Japan). Interpretation of the tissue sections was done by a qualified 

pathologist. 

 

 

Figure 2: Staining procedure of paraffin wax embedded tumour sections of E0771 and OVCAR- 3 

derived tumours with haematoxylin and eosin. Adapted with permission from Weldon (2005). 

 

1.2.2.7  Statistical analysis 

Statistical analysis of in situ and ex vivo tumour volumes was done using one-way analysis of 

variance (ANOVA) followed by Tukey’s multiple comparison test to determine the significance of 

the differences within and between the groups. Unpaired student’s t-test was used to analyse the 

statistical difference of tumour growth rate between two groups. A p-value of less than 0.05 was 

considered significant. All statistical analyses were performed using GraphPad Prism software. 

Data is represented as mean ± standard deviation (SD).  
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1.3 Results 

1.3.1 E0771 derived allograft model  

1.3.1.1 Tumour progression 

To establish the breast tumour allograft mouse model, E0771 cells suspended in Matrigel were 

subcutaneously transplanted in the thoracic mammary fat pad of C57BL/6 female mice as 

described. For BC-G1, palpable tumours were detected within 7 days post inoculation with a 

tumour take rate of 6/6 animals (Figure 3). Rapid tumour growth was observed in 5/6 animals with 

tumour volumes greater than 300 mm3 obtained 7 days after inoculation. The sixth animal 

(mouse 4) was monitored continuously but the tumour growth was slow and the volume remained 

˂200 mm3. At day 8 post inoculation, mouse 4 was found moribund during routine monitoring and 

it was euthanised immediately. Figure 4 shows the tumour progression of BC-G2 and based on 

the graph, tumours were detected within 10 days post inoculation. Similar to BC-G 1, tumour take 

rate of 6/6 animals was obtained.  

 

 

Figure 3: In situ tumour volume measurements for BC-G1 after inoculation of E0771 cells 

suspended in Matrigel (19.90 mg/ml). The red line represents the study end point (≥300 mm3). 
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Figure 4: In situ tumour volume measurements for BC-G2 after inoculation of E0771 suspended 

in Matrigel (19.90 mg/ml). The red line represents the study end point (≥300 mm3). 

In BC-G3 (14 animals), the tumour was established by inoculation of 2.5 × 105 cells/ per mouse 

with 9.20 mg/ml diluted Matrigel. During inoculation of the first 5 (mouse 1-2, 5-7) animals, 

leakage of the cell suspension upon withdrawal of the needle (23 G) was a major challenge, as a 

result, the needle size was changed and a 25 G needle was used for the remaining 9 

(mouse 3- 4, 8-14) animals with no leakage observed. As shown in Figure 5, neither the Matrigel 

concentration, nor the leakage and change of needle size affected the tumour onset (within 7 

days after inoculation) and tumour take rate (14/14 animals). 
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Figure 5: In situ tumour volume measurements for BC-G3 after inoculation of E0771 cells 

suspended in diluted Matrigel (9.20 mg/ml). The red line represents the study end point 

(≥300 mm3). 

1.3.1.2 Gross pathology 

During the monitoring of tumour progression, the tumours at the site of inoculation were both 

palpable and visible (Figure 6A). Once the tumours reached the end point tumour volume 

(≥300 mm3) the animals were euthanised and the tumour tissues (except for BC-G3 which was 

enrolled in a separate study), were harvested.  

According to gross pathology analysis, the tumours were generally solid with no visible signs of 

ulceration (Figure 6B-C). The tumour from mouse 4 (BC-G1), was sent for further analysis as the 

animal was found moribund on day 8 after inoculation. According to the pathology report, the 

tumour was ulcerated and surrounded by engorged subcutaneous vessels (image not available). 

Based on these findings, tumour ulceration was recorded in 1/12 animals. 
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Figure 6: Breast tumours induced by subcutaneous transplantation of E0771 cells suspended in 

Matrigel into the thoracic mammary fat pad of C57BL/6 mice. (A) Image of a C57BL/6 mouse 

showing in situ tumour growth on the thoracic mammary fat pad (red arrow). Tumours excised 

from mice (B=BC-G1 and C=BC-G2). Inset numbers represent mouse number.  

 

The ex vivo tumour volumes of BC-G1 and 2 were measured and a comparison was made with 

the final in situ tumour volumes (Figure 7). A one-way ANOVA revealed that ex vivo tumour 

measurements of BC-G1 were statistically smaller with intra-and inter group variability (p<0.05). 

This significant variation was due to inaccurate measurements during in situ tumour monitoring, 

which resulted in early euthanasia of the animals and excision of the tumours before the tumour 

volumes of ≥300 mm3 had been reached. 
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Figure 7: Average final in situ and ex vivo tumour volume measurements of tumours derived from 

E0771 cells suspended in Matrigel: BC-G1 (n=6), and 2 (n=6). Data represents mean ± SD. 

Asterisks (*) indicate significant differences within (*) and between (**) the groups (p<0.05). 

After visual macroscopic evaluation, the tumour tissues (Groups 1 and 2) were weighed to 

determine tumour growth rate using Equation 3. As shown in Figure 8, the tumour growth rate of 

BC-G2 (0.03 g/day) seemed higher than that of the animals in BC-G1 (0.02 g/day). However, 

according to unpaired student’s t-test analysis, the difference was not statistically significant 

(p>0.05).  
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Figure 8: Average tumour growth rate of tumours derived from E0771 cells suspended in 

Matrigel: BC-G1 (n=6) and 2 (n=6). Data represents mean ± SD. 
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1.3.1.3 Histological characterisation 

To confirm malignancy, the E0771 derived tumours were harvested after reaching the endpoint 

tumour volume (≥300 mm3) and fixed in formalin for histological examination using H & E staining. 

Based on histological findings, the representative tumour was composed of highly atypical 

epitheliod cells with large, pleomorphic nuclei and single to multiple nucleoli. The tumour 

presented with malignant features such as mitotic figures (Figure 9A), necrotic foci and abundant 

haemorrhage (Figure 9B). Figure 9C, shows tumour cells within small blood vessel, also termed 

lymphovascular invasion. As mentioned previously, a palpable mass was formed at the mammary 

fat pad where the cells were inoculated. This site of tumour formation was histologically evident 

by the invasion of adipocytes between tumour cells (Figure 9A) and the presence of mammary 

ducts with surrounding myoepithelial layers (Figure 9D). 

 

 

Figure 9: H & E staining of representative tumour derived from E0771 cells suspended in Matrigel 

showing (A) a sheet of tumour cells consisting of mitotic figures (arrows) and adipocytes (circle); 

(B) the tumour had area of central necrosis with visible haemorrhage (square); (C) tumour cells 

(yellow arrows) within small blood vessels (blue arrows) and (D) mammary ducts (green arrows) 

with surrounding myoepithelial layers (purple arrows) were also seen. All images: 40x 

magnification. 
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1.3.2 OVCAR-3 derived xenograft model 

1.3.2.1 Tumour progression 

To establish the ovarian cancer xenograft mouse model, OVCAR-3 cells suspended in PBS or 

Matrigel were subcutaneously injected above the proximal tibia in female nude athymic (nu/nu) 

mice. In animals inoculated with cells suspended in PBS, tumours were visible within 66 days 

post inoculation with a tumour take rate of 2/3 in OV-G1 (Figure 10). As shown in Figure 11, 

tumour take rate of 3/3 was obtained for OV-G2 with tumour onset observed within 68 days post 

inoculation except for mouse 5 which had a delayed tumour onset. Following these observations, 

an amendment was made to enhance tumour growth by co- inoculating the cells with Matrigel 

(OV-G3) without changing the number of cells. In comparison to the PBS inoculum (OV-G1 and 

2), a more rapid tumour onset of 33 days after inoculation was observed for the Matrigel inoculum 

(OV-G3) with a tumour take rate of 3/4 (Figure 12). 

 

 

Figure 10: In vivo tumour growth of OVCAR-3 cells suspended in  PBS. The red line represents 

the study end point (≥300 mm3). 
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Figure 11: In vivo tumour growth of OVCAR-3 cells suspended in PBS. The red line represents 

the study end point (≥300 mm3). 

 

 

Figure 12: In vivo tumour growth of OVCAR-3 cells suspended in Matrigel. The red line 

represents the study end point (≥300 mm3). 
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1.3.2.2 Gross pathology 

During monitoring of the tumour growth, palpable and visible tumours were observed at the site 

of inoculation for both the PBS and Matrigel inoculums (Figure 13A). Once the tumours reached 

the study’s end-point volume (≥ 300mm3), the mice were humanely euthanised and the tumours 

were excised. Based on gross pathology analyses, solid tumours with no signs of ulceration were 

obtained (Figure 13B-C).  

 

 

Figure 13: Ovarian tumours induced by xenotransplantation of OVCAR-3 cells subcutaneously 

above the flank of athymic nude (nu/nu) mice. Images of athymic nude (nu/nu) mice inoculated 

with OVCAR-3 cells suspended in PBS (left) and Matrigel (right) showing in situ tumour growth 

on hind quarter (red arrows) (A). Tumours excised from mice inoculated with PBS inoculum (B) 

and (C) Matrigel inoculum. Inset numbers represent mouse number.  

 

For both PBS and Matrigel inoculum the ex vivo tumour volumes were measured and a 

comparison was made with final in situ tumour volumes. As shown in Figure 14, inoculation with 

cells in PBS or Matrigel resulted in final in situ tumour volumes that seemed larger than ex vivo 

tumour volume measurements, however, one-way ANOVA showed no significant difference 

(p>0.05) between measurement of tumours in situ and ex vivo. 
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Figure 14: Average final in situ and ex vivo tumour volume measurements of OVCAR-3 cells 

suspended in PBS (n=5) and Matrigel (n=3). Data represents mean ± SD. 

Following tumour volume measurements, the tumour tissues were weighed and the tumour 

growth rate was determined using Equation 3. A comparison was made between the PBS and 

Matrigel inoculum using unpaired student’s t-test. As shown in Figure 15, the tumour growth rate 

of animals inoculated with cells in Matrigel (OV-G3) was seemingly higher than the growth rate of 

the animals inoculated with cells in PBS (OV-G1 and 2) but the difference was not statistically 

significant (p>0.05). 

 

Figure 15: Average growth rate of tumours derived from OVCAR-3 cells suspended in PBS (n=5) 

and in Matrigel (n=3). Data represents mean ± SD. 
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1.3.2.3 Histological characterisation 

After inoculating athymic nude (nu/nu) mice with OVCAR-3 cells suspended in either PBS or 

Matrigel, the tumours obtained were excised to confirm malignancy using H & E staining and to 

compare PBS and Matrigel inoculum. The representative tumour derived from the PBS inoculum 

(Figure 16A-C) was composed of pleomorphic tumour cells with vesicular to hyperchromatic 

nuclei and nucleoli (Figure 16A). Figure 17A-D shows a representative tumour derived from the 

Matrigel inoculum composed mainly of pleomorphic tumour cells with nuclear atypia and multiple 

nucleoli. Similarly to the PBS inoculum, histological features associated with malignancy such as 

mitotic figures (Figures 16B and 17A) and central necrosis (Figures 16C and 17B) were identified 

in tumours derived from the Matrigel inoculum. In comparison to PBS inoculum, fine vasculature 

traversing between the nest of tumour cells were observed with Matrigel inoculum (Figure 17C) 

and interestingly, sheets of foamy macrophages normally seen in early corpus albicans were also 

identified (Figure 17D) which indicates that the tumours reflected the site of OVCAR-3 cell origin. 

 

 

Figure 16: H & E staining of a tumour derived from OVCAR-3 cells suspended in PBS showing 

(A) a nest of tumour cells consisting of (B) a mitotic figure (arrow) with adjacent capillary (bracket). 

(C) Area of central necrosis was also visible. All images: 40x magnification.  
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Figure 17: H & E staining of a tumour derived from OVCAR-3 cells suspended in Matrigel showing 

(A) a nest of tumour cells consisting of a mitotic figure (black arrow) and (B) area of necrosis. (C) 

Fine vasculature (bracket) traversing between the tumour cells and (D) sheets of foamy 

macrophages (yellow arrow) were visible with adjacent vasculature (bracket). Magnification: 40x 

(A and C) and 10x (B and D). 
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1.4 Discussion  

1.4.1 E0771 derived allograft model 

The E0771 cell line derived from rodent mammary adenocarcinoma has been well studied in vitro 

and has been shown to have the capability of growing in vivo post inoculation in immune-

competent mice (Carrasco et al., 2016; Ewens et al., 2005; Johnstone et al., 2015). In a similar 

study by Davis (2016), the tumours were palpable within 9 days, with a tumour take rate of 

98%  (47/48). The results were comparable with our findings, with a tumour take rate of 100% 

(26/26) obtained in the current study. In a previous study by Ewens et al. (2005), inoculation of 

E0771 cells without Matrigel resulted in slow growing tumours (reaching tumour volume ≥300 

mm3 by 50 days post inoculation) confirming that the co-injection of cells with Matrigel  enhances 

tumour growth (Benton et al., 2014). 

During injection, leakage of the cell suspension from the injection site upon withdrawal of the 

needle was observed, however, no effect on the tumour growth and volume was found. To avoid 

leakage, the use of a smaller needle (size 25-30 G) was found to be preferable than a bigger 

needle (23G) or alternatively, the needle should be held in position for a few seconds after 

inoculation before withdrawal (Benton et al., 2014).  

Based on the tumour progression data, no difference was found between the tumour onset and 

tumour take rate of concentrated and diluted Matrigel. However, a study by Beyreuther et al. 

(2017) using different types of cell lines showed that concentrated Matrigel resulted in faster 

tumour growth and higher tumour take rate compared to diluted Matrigel. It could be that the 

optimum tumour growth of E0771 was reached with 9.20 mg/ml Matrigel in the current study. 

In general, monitoring of tumour growth using callipers is the most commonly utilised technique 

because it is readily available and affordable (Girit et al., 2008). However, this method is not the 

most accurate due to human errors and tumours with irregular shapes’ making precise 

measurement difficult (Jensen et al., 2008; Peut & Rice, 2008). Therefore, to eliminate large in 

situ and ex vivo tumour volume variations, as observed in the first group; measurements should 

be done, where possible, by the same individual throughout a study. Application of imaging 

techniques can be another option to overcome the shortcomings of callipers. MicroCT imaging 

has been shown to be more accurate than callipers and microPET imaging (Jensen et al., 2008). 

In another study, ultrasonography was also proven to produce more accurate and reproducible 

measurements than callipers (Ayers et al., 2010). However, taken into consideration that these 

techniques are labour extensive (Girit et al., 2008), it is not practical to use them for daily 

monitoring of tumour growth. Alternatively, a structured light scanner, which is a high-throughput 

system for measuring subcutaneous tumours, can be utilised. In comparison to conventional 
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imaging techniques, the device is portable, less labour intensive and; does not require 

administration of radiolabelled tracers and anaesthesia (Girit et al., 2008).  

The macroscopic evaluation of E0771 derived tumours revealed ulceration in 1/24 (4%) animals 

and in a similar study tumour ulceration was reported  in 4/48 (8%) animals (Davis, 2016). In 

another study tumour ulceration was reported in the absence of Matrigel (Ewens et al., 2005), 

suggesting that the E0771 derived tumours are prone to develop ulceration with or without the 

use of Matrigel. Similarly to previous studies (Carrasco et al., 2016; Ewens et al., 2005), malignant 

features, such as mitotic figures and necrotic areas, were observed in the current study 

suggesting that the E0771 tumour cells were actively proliferating and malignant. Based on our 

data, E0771 cells grew well in C57BL/6 mice, with a tumour onset of approximately 7 days and 

an average tumour growth rate of 0.03 g/day obtained based on the ex vivo final weight. In 

addition, tumour take rate of 100% was obtained on three separate occasions. 

 

1.4.2 OVCAR-3 derived xenograft model 

Part of the aim of this study was to characterise the tumour growth of OVCAR-3 cells in athymic 

nude (nu/nu) mice. A study by Mullen et al. (1996) previously illustrated that the use of Matrigel 

was necessary to optimise subcutaneous engraftment of OVCAR-3 cells in athymic nude (nu/nu), 

mice with a tumour take rate of 2/6 and 0/6 reported, with and without Matrigel, respectively. In 

contrast, subcutaneous engraftment of OVCAR-3 cells without Matrigel was found in the current 

study with a tumour take rate of 5/6. The results of this study along with previous studies (Hamilton 

et al., 1984; Mitra et al., 2015) indicate that OVCAR-3 cells can grow in vivo with or without 

Matrigel. Moreover, in the current the study, the use of Matrigel resulted in earlier tumour onset 

within one month compared to a slow in vivo tumour growth of approximately two months initially 

observed without it.  

The OVCAR-3 cell line is classified as a high-grade serous ovarian cancer (Domcke et al., 2013; 

Mitra et al., 2015), the most common histological subtype associated with low survival rate 

(Bowtell et al., 2015; Labidi-Galy et al., 2017). In the current study, histological analysis of 

OVCAR-3 tumour tissue revealed the presence of mitotic figures and necrotic areas, which are 

prominent histological features used to distinguish high-grade from low grade serous carcinoma 

(Vang et al., 2009). No differences in histology, including degree of vascularisation were 

previously observed with or without the use of Matrigel (Mullen et al., 1996). In this study, sheets 

of foamy macrophages common in early corpus albicans of the ovary were observed indicating 

the tumour reflected the organ of origin, even though the cells were not implanted at the area of 

origin. In addition, Matrigel inoculum demonstrated fine vasculature traversing between sheets of 
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tumours compared to PBS inoculum. Matrigel has been suggested to promote tumour 

vascularisation and preserve parental tumour phenotype (Benton et al., 2014; Fridman et al., 

2012). Therefore, our findings suggest that the use of Matrigel is essential to optimise tumour 

growth and maintain the in vivo tumour microenvironment of OVCAR-3 cells  

1.5 Conclusion 

In summary, murine breast cancer cells were grown in C57BL/6 mice and OVCAR-3 human 

ovarian cells in athymic nude (nu/nu) mice in order to establish allograft and xenograft cancer 

models, respectively. For both models no clinical signs of tumour burden or distress to the animals 

were observed above the endpoint tumour volume (≥300 mm3). The murine breast allograft model 

was effectively established, with reproducibility that can be used in the preclinical evaluation of 

novel therapeutic and diagnostic compounds, the ovarian xenograft model however requires 

further investigation before being established as an effective model for application. 
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CHAPTER 4: APPLICATION OF BREAST CANCER ALLOGRAFT 

MODEL IN IMAGING AND BIODISTRIBUTION STUDIES OF 

64CU- GLUCAB 

Aim: The purpose of the study was to evaluate for the first time the in vivo biodistribution and 

tumour imaging potential of 64Cu radiolabelled GluCAB, using an E0771 derived tumour-bearing 

mouse model. 

Method: E0771 cells and E0771 derived tumours were examined for cellular membrane GLUT- 1 

receptor expression using flow cytometry and immunofluorescence analysis, respectively. To 

determine tumour localisation and biodistribution, 64Cu-GluCAB was administered to four E0771 

derived allograft mice via the tail vein and microPET/CT scans were performed at 1, 2, 6 and 

24 hours post-injection. After the 24-hour scan, the mice were euthanised, the organs were 

excised and the biodistribution of radiolabelled agent was determined. 

Results: Analysis of GLUT-1 receptor expression in E0771 cells and E0771 derived tumours was 

inconclusive. The radioactivity from 64Cu-GluCAB uptake could not be detected in the tumour 

using microPET/CT imaging, but a high amount of radioactivity was seen in the heart (blood pool) 

with an accumulation in the liver and intestines (excretion). The ex vivo biodistribution profile 

indicated a large %ID/g activity in the plasma, liver and large intestine thereby confirming the 

observations made from the images of the binding of 64Cu-GluCAB to circulating albumin and 

excretion through the hepatobiliary pathway. A small amount of uptake by the tumour was also 

noted ex vivo. 

Conclusion: Although 64Cu-GluCAB was slightly taken up by the tumour (as measured by 

gamma counting), the radioactivity signal was too low to locate and visualise the breast tumour 

using microPET/CT imaging. GLUT-1 receptor expression on the E0771 cells and E0771 derived 

tumour could not be characterised due to insufficient data and so no conclusions could be made 

as to whether the tumour model was suitable for investigation of 64Cu-GluCAB as a tumour-

targeted imaging radiopharmaceutical agent.  

Key words: 64Cu-GluCAB, E0771, microPET/CT, GLUT-1 
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1.1 Introduction 

Cancer can be treated effectively with a reduction in mortality, if it is detected early (Fass, 2008; 

Wang et al., 2016). To achieve early detection, molecular imaging allows visualisation and 

quantification of biological processes at the cellular and molecular level (Mankoff, 2007; Pysz et 

al., 2010). For example, positron emitting tomography (PET) is the most sensitive non-invasive 

molecular imaging technique that relies on positron-emitting radionuclides (Hussain & Nguyen, 

2014). With the ability of computational tomography (CT) to image anatomical structure (Hu et al., 

2016), dual imaging of PET with a CT scan improves diagnosis by providing both physiological 

and anatomical information (Griffeth, 2005; Pimlott & Sutherland, 2011). For small animal 

imaging, microPET/CT is used (Liang et al., 2007).  

18F-fluoro-2-deoxyglucose (FDG) is the most commonly used PET radiolabelled glucose 

analogue that utilises the high glucose metabolism of malignant cells facilitated by overexpression 

of glucose transporters, mainly GLUT-1 (Carvalho et al., 2011; Griffeth, 2005; Sharma & 

Mukherjee, 2016). Despite the common use of 18F-FDG, it is limited by poor tumour specificity 

(Kaira et al., 2011). Therefore, more tumour specific radiopharmaceuticals should be developed 

to improve tumour radionuclide imaging (Chen et al., 2010). Recently, the Nuclear Energy 

Corporation of South Africa (Necsa) developed a dual-targeting PET radiopharmaceutical called 

GluCAB (glucose-cyclam-albumin), which has been radiolabelled with copper-64[Cu], for imaging 

purposes and is proposed to target the increased glucose metabolic rate and vascularisation of 

malignant tumours to localise in the tumour. Albumin (66.5 kDa) makes up most of the plasma 

proteins and is commonly used to increase the circulation and bioavailability of imaging agents at 

the tumour site through the enhanced permeability and retention (EPR) effect (Bhushan et al., 

2017; Kratz, 2008). The EPR effect describes the retention of macromolecules (>40 kDa) in 

tumours via leaky vasculature and impaired lymphatic system and is commonly used for tumour 

specific targeting (also known as passive targeting) (Danhier et al., 2010; Maeda et al., 2000). 

The 64Cu-GluCAB precursor (without albumin) will be conjugated with albumin in vivo to bring the 

EPR effect into play.  

Tumour-bearing animal models have been used to evaluate the potential of novel tumour target 

specific imaging agents (Cardinale et al., 2017; Ping Li et al., 2008). In comparison to 

spontaneously and genetically induced tumour models, tumour xenograft and allograft models 

are frequently used because they are easy to implement within a short period (Navale, 2013; 

Suggitt & Bibby, 2005). According to Killion et al. (1998), to achieve a tumour specific targeting, 

preclinical tumour-bearing models should be based on the therapeutic or imaging agent under 

investigation. Therefore, before testing a target-specific agent such as 64Cu-GluCAB, it is 

important to develop a reliable tumour-bearing model by confirming the presence of the desired 

targeted moieties in the tumour (Kelland, 2004; Schuh, 2004), in this case GLUT-1. 
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Herewith, we illustrate the use of an E0771 breast tumour-bearing mouse model to determine the 

biodistribution and tumour imaging potential of 64Cu-GluCAB. It was hypothesised that a higher 

uptake of 64Cu-GluCAB would be visualised at the site of the tumour using microPET/CT imaging.  

 

1.2 Materials and Methods 

1.2.1 Materials 

GLUT-1 antibody, DyLight 488 and fluorescein isothiocyanate (FITC) conjugated heavy and light 

specificity (H + L) goat anti-rabbit immunoglobulin (IgG) secondary antibody were purchased from 

Novus Biologicals (Littleton, CO, USA). Flow cytometry staining buffer solution (containing foetal 

bovine serum and sodium azide (0.09%)), immunohistochemistry (IHC)/immunocytochemistry 

(ICC) blocking solution and Hoechst 33258 were obtained from ThermoFisher Scientific 

(Waltham, Massachusetts, United States). E0771 was donated by Stellenbosch University 

(Western Cape, South Africa). Trypsin/EDTA, trypan blue, penicillin/streptomycin (PenStrep) a 

broad-spectrum antibiotic cocktail and Dulbecco’s Modified Eagle’s Medium (DMEM) with 

glutamine were purchased from Lonza (Basel, Switzerland). Phosphate-buffered saline (PBS) 

tablets, glycerol and histological grade xylene were bought from Sigma-Aldrich (St. Louis, MO, 

USA). Absolute ethanol was purchased from Merck (Darmstadt, Germany). Foetal bovine serum 

(FBS) was obtained from GE Healthcare HyClone (Chicago, IIIinois, United States). Isoflurane 

was purchased from Safeline Pharmaceuticals (South Africa). 
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1.2.2 Methods 

1.2.2.1 Imaging and biodistribution of 64Cu-GluCAB 

1.2.2.1.1 Experimental animals and husbandry 

Four female C57BL/6 mice bearing E0771 tumours were established as previously described in 

Chapter 3 (section 2.2.3.1). Once the tumours reached a palpable tumour volume of 

approximately 100 mm3, the mice were transferred to Necsa and allowed to acclimatise for five 

days before study commencement. The mice were group-caged (two mice/cage) in individually 

ventilated cages (IVC) under normal conditions (22 ± 2˚C, 55 ± 10% humidity, 15 ± 5 Pa and 

12 hrs light/dark cycles). Sterile standard rodent chow and water were provided ad libitum and 

the sterile corncob bedding was changed regularly. All procedures involving the animals were 

approved by the NWU-AnimCare REC committee (Ethics approval number: NWU-00379-16-A5). 

1.2.2.1.2 Administration of test compound and microPET/CT imaging 

Four mice were injected with 0.1 ml 64Cu-GluCAB precursor (without albumin) directly into the tail 

vein. As shown in Figure 1, three of the injected animals were used for the microPET/CT imaging 

using a Mediso nanoScan® PET/CT system (Mediso Ltd, Budapest, Hungary), while the fourth 

mouse was regularly monitored in the home cage. Anaesthetisation of the mice was done in a 

closed induction chamber using Isoflurane at a dose of around 5% isoflurane in oxygen for 

induction and then 2 to 3% for anaesthesia maintenance. The imaging procedure consisted of 

four scans per animal at time points of 1, 2, 6 and 24 hours (hrs). 64Cu has a half-life of 12 hrs 

therefore any scans beyond 24 hrs (two half-lives) would not yield any further information due to 

the radioactivity decay. The images were acquired and reconstructed using Nucline nanoScan 

and image analysis was done using InterView™ FUSION software (Mediso Ltd, Budapest, 

Hungary). 

Each scan (CT with PET) lasted for a maximum of 25 minutes (min) and for the duration of the 

scan the temperature, heart rate and respiration of the mouse was carefully monitored by a 

MedisoMulticell™ rat imaging chamber and microPET/CT system (Mediso Ltd, Budapest, 

Hungary). After completion of the scan, the mice were placed in a warm, dry, quiet environment 

away from the other animals to recover. Thereafter, the mice were returned to their cages until 

the next scan and the process was repeated. 
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Figure 1: Study design overview for the biodistribution and microPET/CT imaging of 

64Cu- GluCAB using a C57BL/6 E0771 derived tumour allograft model. 64Cu-GluCAB was 

administered via the tail vein (n=4) and the mice (n=3) were imaged at 1, 2, 6 and 24 hrs after 

administration. After 24 hr scan, the mice were euthanised and the organs harvested for 

biodistribution studies (n=4).  
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1.2.2.1.3 Analysis of uptake and biodistribution of 64Cu-GluCAB 

After the final (24hr) scan, the mice, while anaesthetised, were euthanised by decapitation and 

trunk blood was immediately collected into a pre-weighed vial. Following collection, the blood was 

immediately fractioned into plasma and erythrocyte components at 4500 rpm for 6 min using a 

Hettich EBA 20S centrifuge (Andreas Hettich GmbH & Co.KG, Germany), to determine the blood 

pool radioactivity and whether or not the administered compound was protein bound. After 

euthanasia, several organs and tissues (heart, lungs, liver, spleen, stomach, intestines, kidneys, 

brain, bladder, muscle, femur, tail, skin and ovaries) were harvested. The tumours were also 

collected, weighed and measured with a digital calliper to determine tumour mass and volume. A 

piece of the thigh muscle was collected as a background reference sample to compare the uptake 

of 64Cu-GluCAB between different organs and the background. 

For biodistribution analysis (Figure 1), the excised organs, tissues and blood fractions, as well as 

the tumours, were placed in pre-weighed vials to obtain the weight using a PB303 Mettler Toledo 

analytical balance (Mettler Toledo, United States). The radioactivity in each organ was measured 

using a Canberra gamma detector (CANBERRA Industries Inc, United States). The results were 

expressed as the percentage-injected dose per gram of tissue weight (%ID/g) for each organ to 

allow for comparison of compound uptake between the different organs and the tumour. The 

uptake ratio of organ-to-muscle was calculated using the %ID/g results. . 

 

1.2.2.2 GLUT-1 receptor expression 

1.2.2.2.1 Flow cytometry analysis of E0771 cells 

E0771 cells were cultured under similar conditions as described in Chapter 3 (section 2.2.1). For 

cell preparation, the cells were harvested by scraping using a Costar® cell scraper 

(Corning  Incorporated, New York, USA) once they reached 80 to 90% confluency. The cells were 

centrifuged at 1000 rpm for 4 min using a PLC-012 universal centrifuge (GEMMY industrial 

corporation, Taipei, Taiwan) and re-suspended in complete DMEM. To determine cell viability, 

40 µl of cell suspension was mixed with 40 µl trypan blue, followed by manual counting of the 

viable cells using a haemocytometer. Following cell viability counting, the cells were then 

centrifuged at 1000 rpm for 4 min and re-suspended to a concentration of 1 × 106 cells/ml in 

staining buffer.  

 

For GLUT-1 labelling, the cells (1 × 106 cells/sample) were incubated for 30 min on ice with 

GLUT- 1 antibody (1µl) diluted to 1 µg/ml using staining buffer. After incubation, the cells were 

washed with staining buffer (1 ml) and centrifuged at 1000 rpm for 5 min using a Z326 K universal 

centrifuge (HERMLE Labortechnik GmBH, Wehingen). The supernatant was discarded and the 
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pellet was incubated for 30 min on ice with goat anti-rabbit IgG (H + L) secondary antibody 

(DyLight 488) diluted to 4.6 ng/ml using staining buffer, for 30 min on ice. At the end of incubation, 

the cells were centrifuged (1000 rpm, 5min) to remove unbound secondary antibodies and 

washed twice with staining buffer (1 ml) by centrifugation at 1000 rpm for 5 min. For the blank 

control, E0771 cells were treated with staining buffer without antibodies under the same 

conditions. All the preparations were done in the dark to prevent photo bleaching of the secondary 

antibody. For flow cytometery analysis, using an Accuri™ C6 flow cytometer coupled with 

Csampler module for sample collection (BD Biosciences, California, United States), the cells were 

suspended in staining buffer (1 ml) and 10 000 cells/sample were obtained at a slow flow rate 

with fluorescence intensity measured by FL1 channel detector (488 nm). For data collection and 

analysis, BD Csampler™ analysis software (BD Biosciences, California, USA) was used.  

 

1.2.2.2.2 Immunofluorescence analysis of E0771 derived tumours 

After the imaging study, some of the tumours were collected and fixed in 75% ethanol. Thin 

(10 µm) paraffin-embedded breast tumour sections were prepared and mounted on to slides as 

described in Chapter 3, section 2.2.6. The sections were deparaffinised in xylene and rehydrated 

using graded ethanol from 100% to 70%, followed by distilled water for 5 min each step. To 

prevent non-specific binding, the sections were blocked with IHC/ICC blocking solution (100 µl) 

for 1 hr at room temperature followed by washing with PBS. The sections were then incubated 

with GLUT-1 primary antibody (5 µg/ml) diluted in IHC/ICC blocking solution at 4˚C in a humidified 

chamber overnight. The sections were washed with PBS and incubated with goat anti-rabbit IgG 

(H + L) secondary antibody (FITC) (5 µg/ml) in a humidified chamber for 1 hr in the dark at room 

temperature. For the blank control, the sections were incubated with IHC/ICC blocking solution 

(100 µl) without antibodies. The sections were counterstained by incubating for 10 min, at room 

temperature, with Hoechst nuclear stain (1 µg/ml). After counterstaining, the sections were 

washed with PBS and mounted with drops of glycerol. Images were captured by a 

Nikon  D- Eclipse C1 confocal laser scanning microscope, equipped with EZ-C1 Gold Version 

3.80 software (Nikon, Japan), using 60x oil immersion magnification at 408 nm and 488nm 

excitation wavelengths for Hoechst and FITC, respectively, detected in the emission ranges of 

450-435 nm and 515-530 nm, respectively.  

1.3 Results 

1.3.1 Imaging and biodistribution of 64Cu-GluCAB 

The capability of 64Cu-GluCAB to locate and image tumours in vivo was investigated using 

microPET/CT. The imaging of three E0771 tumour-bearing mice after 64Cu-GluCAB 

administration was done at different time points using micro-PET/CT as shown in Figure 2. Based 
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on the microPET/CT images obtained at the different time points, the compound could not be 

visualised at the site of the tumour. However, radioactivity was seen in the heart, liver and 

intestines as an indication of the retention, accumulation and excretion of 64Cu-GluCAB. The 

highest uptake observed following analysis of the images was at 6 hrs after administration. 

 

 

Figure 2: Maximum intensity projection (MIP) microPET/CT images of C57BL/6 mice bearing 

E0771 tumours at 1, 2, 6, and 24 hrs post intravenous administration of 64Cu-GluCAB. The arrows 

indicate the E0771 derived tumour in the mammary fat pad. Inset numbers represent the mouse 

numbers. 
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Immediately after the imaging study, different organs and tissues, including the tumours, were 

harvested to investigate tissue distribution by measuring the radioactivity using a gamma detector. 

Figure 3 shows in vivo biodistribution of 64Cu-GluCAB 24 hrs post administration. In correlation 

with the imaging data, high uptake was observed in the liver followed by the plasma and large 

intestine with 4.07 ± 0.21, 3.63 ± 0.80 and 2.82 ± 1.29 %ID/g respectively, as compared to the 

tumour (0.95 ± 0.30 %ID/g). Furthermore, no noticeable amount of radioactivity was detected in 

the brain, showing that 64Cu-GluCAB does not cross the blood-brain barrier.  
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Figure 3: Biodistribution profile of 64Cu-GluCAB in E0771 derived tumour mouse model (n=4) 

24 hrs after intravenous administration into the tail. The data represents mean ± standard 

deviation (SD) of the percentage of the injected dose per gram of tissue (%ID/g). 

 

In addition, a tumour-to-muscle uptake ratio of 0.33 ± 0.47%ID/g was found, and based on one-

way ANOVA, the radioactivity was not significantly different (p>0.05) to uptake in the other organs, 

except for the liver and large intestine with organ-to-muscle uptake ratio of 1.44 ± 0.58 and 

0.99  ±  3.63 %ID/g, respectively  (p<0.05). Although tumour uptake was obtained, these results 

indicate that the uptake of 64Cu-GluCAB was not tumour specific. 
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1.3.2 GLUT-1 receptor expression 

1.3.2.1 Flow cytometry analysis of E0771 cells 

Flow cytometry was used for quantitative and qualitative analysis of GLUT-1 receptor expression 

in the E0771 cells using an antibody against GLUT-1. As shown in Figure 4A, 8.2% of E0771 cells 

stained positive for GLUT-1 receptor with no autofluorescence of cells detected, as indicated by 

analysis of the control (Figure 4B). To ensure data reproducibility, the experiment was repeated 

four times, but based on the data as indicated in Table 1, the results were inconsistent. The 

optimum storage condition of GLUT1 antibody is -20˚C or -80˚C, however, from the start of the 

experimental period, the antibody was stored at 4˚C. The inconsistent results (as indicated in 

Table 1) could be because the antibody may have denatured when stored at 4˚C. However, it is 

apparent from the data that the antibody was still active after 3 days of storage at 4˚C, as 4.8% 

of the cells stained positive implying that the denaturing process was gradual.  

 

 

Figure 4: Representative flow cytometry analysis of GLUT-1 receptor in E0771 cells. Indirect 

staining of E0771 cells (A) with and (B) without (blank control) GLUT-1 antibody labelled with 

DyLight 488 antibody. 
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Table 1: Results of flow cytometry experiments performed to detect GLUT-1 receptor in E0771 

cells. 

Experiment day GLUT-1 Positive cells (%) 

1 + 8.2 

3 + 4.8 

4 - 0 

4 - 0 

 

1.3.2.2 Immunofluorescence analysis of E0771 derived tumours 

After the biodistribution study, tumour tissues (n=2) derived from E0771 cells were immediately 

fixed in 75% ethanol GLUT-1 receptor expression using indirect immunofluorescence staining. 

Unfortunately, during the staining process most of the sections were lost, and therefore, only one 

tumour tissue was processed. The blank control, counterstained with Hoechst nuclear stain was 

captured in the blue, red and green channel of the confocal microscope simultaneously 

(Figure 5A). The cells exhibited nuclear staining detected in the blue channel, with tissue 

autofluorescence detected by the red and green channel. The GLUT-1 antibody used for flow 

cytometry was labelled with a FITC secondary antibody for detection of GLUT-1 expression. 

GLUT-1 is a membrane-bound receptor and as expected, the FITC fluorophore (green) 

(Figure 5B) was confined to the cell membrane. However, due to the use of a primary antibody 

that was possibly denatured and tissue autofluorescence detected in the blank control, it was 

concluded that the observations in Figure 5B were false-positive. 
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Figure 5: Indirect immunofluorescence staining of the GLUT-1 receptor in E0771 derived tumour 

sections. (A). Blank control stained with Hoechst only shown in the blue, red and green channel. 

(B). Secondary staining of GLUT-1antibody with FITC antibody (green channel) and Hoechst 

counterstain is shown in the (blue channel). To localise the GLUT-1 receptor, the nucleus stain 

(Hoechst) was overlaid with FITC fluorophore. All images were captured at emission ranges of 

450-435 nm (Hoescht) and 515-530 nm (FITC) using 60x oil immersion magnification. 

 

1.4 Discussion 

For in vivo imaging of a tumour, both the physical properties of the imaging radiopharmaceutical 

and the physiology of the tumour have an influence on tumour uptake (Zhang et al., 2016). 

However, since the focus of this study was to investigate the application of E0771 tumour model 

for evaluation of 64Cu-GluCAB in tumour imaging and not the physical properties of the compound, 

this discussion will only focus on the effect of the tumour physiology. 

According to the proposed mechanism of action of 64Cu-GluCAB, the precursor should first bind 

to albumin after administration, which will then facilitate the delivery of the compound to the site 

of the tumour. Albumin is the most abundant protein in plasma (Liu & Chen, 2016) and based on 

the biodistribution results, higher retention of the compound was obtained in the plasma. This 

suggests that the 64Cu-GluCAB precursor (without albumin) was successfully bound to albumin, 
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which increased the compound’s circulation time and presence in blood pool as proven by the 

visibility of the heart in the microPET/CT images. 

The proposed targeting mechanism of 64Cu-GluCAB relied mainly on the EPR effect (high and 

leaky vascularisation) and GLUT-1 receptor expression of the E0771 derived tumours. These two 

targeting approaches are rate-limiting factors, which could have compromised tumour specific 

delivery and uptake of the compound, and will be briefly discussed in relation to the application 

of the E0771 derived tumour model in preclinical evaluation of 64Cu-GluCAB for tumour imaging.  

With regard to the vascularisation, Mei et al. (2016) demonstrated that variation in tumour 

vascularity in different tumour-bearing mouse models had an effect on compound biodistribution, 

with high vascularity leading to higher tumour uptake. In this study, after administration of 64Cu-

GluCAB, the microPET/CT images did not show tumour radioactivity. The biodistribution profile 

and organ-to-muscle uptake ratio results indicated that some activity was present in the tumour, 

but the tumour uptake was not significantly different in comparison to other organs. These findings 

suggest that 64Cu-GluCAB uptake was not tumour specific as expected and the radioactivity signal 

was too low to be clearly differentiated from the background tissue using microPET/CT imaging. 

Another possibility for the poor uptake is due to poor tumour vascularisation. However, based on 

Chapter 3, the histological analysis of E0771 derived tumour revealed infiltration of the tumours 

by blood vessels, but H & E staining was not applicable for quantification of vascularisation (Leung 

& Jensen, 2013). 

Although blood flow is responsible for the delivery of the imaging compound to the tumour, the 

targeted receptor determines the binding and the retention of the agent by the tumour (Zhang et 

al., 2016), hence, the other determining factor of 64Cu-GluCAB biodistribution was the expression 

level of GLUT-1 receptors. A study by Glass et al. (2017) previously demonstrated the expression 

of GLUT-1 in E0771 tumour cells using western blot. Unfortunately, in this study, due to the 

denatured GLUT-1 antibody, the expression of GLUT-1 in E0771 cells and E0771 derived 

tumours using flow cytometry and immunofluorescence staining, respectively, could not be 

confirmed. In spite of this, the radioactivity of 64Cu-GluCAB was shown in the biodistribution 

profile, possibly due to passive targeting and EPR effect. Another possible explanation could be 

that the minimal tumour uptake obtained was due to low expression levels of the GLUT-1 receptor, 

however, further investigation is required to confirm this.  

Together with the biodistribution profile, the imaging data showed increased radioactivity in the 

liver and gastrointestinal tract. Therefore, this data suggests that 64Cu-GluCAB is eliminated via 

the hepatobiliary excretion route as expected for a large protein/macromolecule that cannot pass 

through the glomerular filtration system of the kidneys (Vegt et al., 2010). The liver has the highest 

blood perfusion compared to other organs (Anger, 2014) and in addition, GLUT-1 is moderately 
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expressed in the liver, with high expression of GLUT-2 found mainly in the liver, pancreas, kidney 

and gastrointestinal tract (Brown, 2000; Navale & Paranjape, 2016; Wood & Trayhurn, 2003). 

This might explain the increased hepatic accumulation observed relative to the tumour. 

Unfortunately, it could not be confirmed if the increased liver uptake of 64Cu-GluCAB was mainly 

due to hepatic clearance, high blood perfusion or a higher affinity for GLUT-2 receptor compared 

to GLUT-1.  

 

1.5 Conclusion 

Although some uptake (as determined by ex vivo biodistribution) of 64Cu-GluCAB was found in 

the tumour, it was not possible to locate and visualise the breast tumour using microPET/CT 

imaging. To illustrate the suitability of the breast tumour model for evaluation of 64Cu-GluCAB 

tumour-target specificity, GLUT-1 expression was investigated. However, due to insufficient data, 

no conclusions could be made as to whether the tumour model was appropriate for investigation 

of 64Cu-GluCAB. 
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CHAPTER 5: RESEARCH OUTCOMES, LIMITATIONS AND FUTURE 

RECOMMENDATIONS 

1.1 Research outcomes  

 The E0771 derived breast cancer allograft mouse model and OVCAR-3 derived human 

ovarian cancer xenograft mouse model were successfully developed. Growth patterns of 

each cell line were determined in vivo. Furthermore, it was demonstrated that co-injection 

of cells with Matrigel optimises proliferation of slow growing cells like OVCAR-3, post 

inoculation.  

 The histological characterisation of E0771 and OVCAR-3 derived tumours provided 

evidence that the tumours were malignant and actively proliferating.  

 The expression of GLUT-1 receptor in E0771 cells and E0771 derived tumour sections, 

for tumour targeting of 64Cu-GluCAB was investigated. However, the results were 

inconclusive. 

 Application of the E0771 breast tumour model in the evaluation of 64Cu-GluCAB as a 

potential PET/CT radiopharmaceutical for cancer diagnostics was demonstrated. It was 

hypothesised that higher uptake of 64Cu-GluCAB will be visualised at the site of the tumour 

using a microPET/CT scan. Although the biodistribution results obtained using gamma 

detection indicated tumour uptake of 64Cu-GluCAB, tumour imaging was not successful.   

1.2 Research limitations 

 Both the negative and the positive control were not included for flow cytometry and 

Immunofluorescence analysis. 

 64Cu-GluCAB is a complex dual-targeting imaging radiopharmaceutical compound 

proposed to target tumour vascularity and overexpression of GLUT-1 receptor. The 

investigation of GLUT-1 receptor expression in E0771 cells and E0771 derived tumour 

sections was hampered by the use of the denatured GLUT-1 antibody. The experiments 

could not be repeated due to resource limitations. The H & E analysis did not provide 

enough data about the degree of tumour vascularisation. Taken together, no conclusions 

could be made on whether the tumour model was appropriate for 64Cu-GluCAB 

investigations 
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 Another possible limitation was the influence of the physical properties of 64Cu-GluCAB 

on in vivo biodistribution. However, since the main focus of the current study was not on 

the compound we were unable to carry out further investigations.  

 This is the first study to evaluate the application of 64Cu-GluCAB for tumour imaging. 

Therefore, taking the study limitations into consideration, it was difficult to confirm whether 

the failure of 64Cu-GluCAB to visualise the tumour in vivo was due to the limitations in the 

model or the influence of the compound’s physical properties on in vivo biodistribution. 

1.3 Future recommendations 

 E0771 derived tumours exhibited lymphovascular invasion, which is an indicator of high 

risk of metastasis (Mohammed et al., 2013). It would be interesting to investigate the 

E0771 cell line for modelling metastasis in vivo.  

 Further optimisation of the in vivo growth of OVAR-3 cells could be carried out by 

increasing the number of cells. 

 Flow cytometry and immunofluorescence staining should be repeated with viable GLUT- 1 

antibody to confirm the expression of GLUT-1 receptor in E0771 cells and E0771 derived 

tumours. 

 To optimise the flow cytometry and immunofluorescence staining protocols the following 

controls should be included: 

o Positive control: Human epithelial colorectal adenocarcinoma cells (Caco-2 cells), 

known to have high expression of GLUT-1 receptor (Harris et al., 1992) could be 

used. 

o Negative control: Follow the same procedure without the GLUT-1 primary 

antibody. 

 For quantification of tumour vascularity, protein markers, such Von Willebrand factor, 

cluster of differentiation 31 (CD31) and vascular endothelial growth factor (Poncelet et al., 

2002), could be used.  

 In vitro binding studies using 64Cu-GluCAB could be used to select other suitable cell lines 

with high expression of the GLUT-1 receptor, which could be further used to develop 

tumour-bearing models for animal testing. 

 64Cu-GluCAB should be further investigated to enhance tumour accumulation and uptake.  
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