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SUMMARY 

Introduction: Prostate cancer is the second most frequent male cancer worldwide. 
Although prostate cancer is not always life-threatening when confined to the gland, 
the 5-year survival rate remains poor for men with advanced disease at approximately 
30%. For such patients, there is an unmet need for patient-tailored drugs to improve 
their clinical management and quality of life, since current therapy options are 
accompanied with severe side-effects. The Six-Transmembrane Epithelial Antigen of 
the Prostate2 (STEAP2) is a cell surface protein highly expressed in advanced 
prostate cancer but not in the normal prostate. STEAP2 drives cancer invasive traits 
associated with prostate cancer progression in vitro and represents a promising drug 
target. The aim of this thesis was therefore to evaluate, whether STEAP2 is a viable 
drug target in vitro, with a focus on the application of antibodies (Abs) and Ab-Drug-
Conjugates (ADCs), to treat advanced prostate cancer. 

Methods: Immunohistochemistry (IHC) analysis of tissue-microarrays (TMAs) 
containing 33 tissues across the human body was conducted to assess the normal 
tissue profile of STEAP2. Structural analysis of STEAP2 was performed to identify 
targetable regions for the use of Ab therapeutics. One commercial polyclonal anti-
STEAP2 Ab (anti-STEAP2 pAb) was selected for proof-of-concept studies based on 
the ability to detect both linear and native STEAP2 by confocal microscopy and 
protein analysis in prostate cancer cells (PC3) and normal prostate epithelial cells 
(PNT2). The effect of the anti-STEAP2 pAb on cancer invasive traits was studied in 
PC3 and PNT2 cells. Receptor internalisation of STEAP2 was evaluated upon anti-
STEAP2 pAb binding to confirm the suitability of the ADC technology by confocal 
microscopy. A polyclonal anti-STEAP2-monomethylauristatin-E (MMAE) ADC 
(anti-STEAP2 pADC) was produced to compare its effect on reducing the cell 
viability of PC3 cells versus the unconjugated anti-STEAP2 pAb alone. Monoclonal 
anti-STEAP2 Ab (anti-STEAP2 mAb) was generated by the hybridoma technology 
using Balb/C mice. The specificity of the mAbs to STEAP2 was analysed by ELISA, 
Western blot and confocal microscopy. 

Results: IHC/TMA analysis showed low STEAP2 protein levels in 33 different 
organs across the human body. Structural analysis of STEAP2 identified five 
targetable domains (Peptides1 - 5) specific to the extracellular loops1 - 3 (ECL1 - 3) 
of STEAP2. Peptide5/ECL3, „GWKRAFEEEYYRFY“, appeared as the most 
promising immunogen region and was used as the antigen for mAb development. Anti-
pAb treatment reduced cancer cell migration, invasion and viability of PC3 cells and 
triggered receptor internalisation of STEAP2. The anti-STEAP2- pADC was 3-fold 
more efficient than the unconjugated anti-STEAP2 pAb in decreasing the cell viability 
at a dose of 100 µg/ml. Peptide5/ECL3 elicited a moderate immune response in 
Balb/C mice. Four anti-STEAP2 mAbs were developed and their specificity to 
STEAP2 was confirmed by ELISA. 

Conclusion: The low tissue expression profile of STEAP2 implies few off-target side-
effects are likely to occur if STEAP2 is to be utilised as a future drug target. Peptide1 
- 5 specific to the ECL1 - 3 of STEAP2 are potential antigen regions for future mAb
development. When ECL3 was evaluated, the anti-STEAP2 pAb targeting this region
was indeed capable of significantly reducing cancer invasive traits and triggered
receptor internalisation in PC3 cells. Assessment of the anti-STEAP2 pADC
demonstrated the potential utility of the ADC technology in the future. These
promising findings highlight the therapeutic value of Ab-based strategies against
STEAP2 to block cancer invasive traits. Evaluation of the four generated anti-
STEAP2 mAbs indicated their specificity to STEAP2, albeit future validation is
required. The in-vitro findings presented herein provide proof-of-concept, that
supports STEAP2 as a viable drug target, with a focus on Abs and ADCs, prior to
preclinical in-vivo studies for the treatment of patients with advanced prostate cancer.
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1 General Introduction 
 
 

1.1 The prostate 

 The prostate is a male duct gland, which partakes in the production of prostate 

fluids, ejaculation and the male hormone metabolism. In healthy, adult men, the gland 

is approximately as big as a walnut (Dunn & Kazer, 2011; Henry et al., 2018; Hricak 

& Scardino, 2009). The growth of the prostate starts during puberty and is driven by 

androgens. The prostate is located below the fundus of the bladder, above the pelvis 

with the urethra crossing at its centre. Further, the rectum dorsally adjoins the 

prostate (Henry et al., 2018; Hricak & Scardino, 2009; Mason & Moffat, 2010). The 

gland is anatomically divided up into three zones (Dunn & Kazer, 2011; Henry et al., 

2018; Hricak & Scardino, 2009) (Figure 1.1). The transition zone is the smallest zone 

making up about 5 - 10% of the prostate and surrounds the urethra (Figure 1.1). 

Often, age-dependent benign hyperplasia of the prostate (BPH) occur in the transition 

zone (Dunn & Kazer, 2011; Henry et al., 2018; Hricak & Scardino, 2009). The central 

zone makes up about 20 - 25% of the prostate, which is crossed by ejaculatory ducti 

that lead to the urethra (Dunn & Kazer, 2011; Henry et al., 2018; Hricak & Scardino, 

2009). About 70% of the prostate is constituted by the peripheral zone, which 

surrounds both central and transition zones, where prostate carcinomas are more 

likely to occur (Lee et al., 2016; Shaikhibrahim et al., 2012) (Figure 1.1). The 

anterior fibromuscular stroma zone is free of prostate glands, however, it is made up 

of fibrous cells and connective tissue, which surrounds the prostate to form the capsule 

that support contractile moves for urination or ejaculation (Henry et al., 2018; Hricak 

& Scardino, 2009) (Figure 1.1). 
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Figure 1.1 Anatomy of the prostate. The prostate is made up of the transition zone, 
the central zone, peripheral zone and the anterior fibromuscular stroma (adapted and 
modified from Hricak & Scardino, 2009). 

 

 The production of prostate fluid begins during puberty and takes place in the 

prostate as well as in the neighbouring seminal vesicles (Henry et al., 2018; Hricak & 

Scardino, 2009). The prostate fluid contains a variety of enzymes, for example the 

acidic prostate phosphatase and Prostate-Specific Antigen (PSA), which serve the 

mobility of the sperms for fertilisation and provide the sperms with nourishment 

(Henry et al., 2018; Hricak & Scardino, 2009; Mason & Moffat, 2010). During the 

process of ejaculation, the sperms are transported from the testicles to the prostate 

where they are mixed with the prostate fluid from the prostate and the seminal 

vesicles and enters the urethra for ejaculation via the prostate gland ducts (Henry et 

al., 2018).  

 

1.2 Prostate cancer 

1.2.1 Prevalence 

 Prostate cancer is the second most frequently occurring male cancer (after 

lung) worldwide, which accounted for approximately 7.1% of new cancer cases in 2018 
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globally (WHO, 2019). In 2018, approximately 1.28 million new cases of prostate 

cancer were reported worldwide (WHO, 2019). Australia and New Zealand showed 

the highest prevalence for prostate cancer, followed by Europe and North America, 

while the prevalence is lower in South-Eastern and South-Central Asia  (WHO, 2019). 

Often elderly men of 65 years and older are affected (Cancer Research UK, 2019). 

Moreover, African-black men are at higher risk of developing prostate cancer than 

white men; while the lowest prevalence is observed in Asian ethnicities (Cancer 

Research UK, 2019; WHO, 2019). Despite the high prevalence of prostate cancer, it 

is generally not life-threatening when diagnosed at an early stage, with localised 

prostate cancer cases having a 5-year survival rate of approximately 100% (Cancer 

Research UK, 2019; NIH, 2016). However, the chances of survival for men with 

advanced and metastatic cancer remain poor with an approximate 30% survival rate 

within 5 years of diagnosis (Cancer Research UK, 2019; NIH, 2016). Most prostate 

cancers remain indolent at the early stage and develop asymptomatically. However, 

common symptoms are urination problems  as a result of an enlarged prostate which 

increases the pressure on the urethra, which the prostate surrounds (Dunn & Kazer, 

2011; Henry et al., 2018; Hricak & Scardino, 2009; Mason & Moffat, 2003). 

 

1.2.2 Prostate cancer types 

 Approximately 90% of all prostate cancer cases belong to the acinar 

adenocarcinoma type, which is a cancer that evolves from the epithelial cells of the 

prostate glandular region, occurring in the peripheral zone of the prostate (Figure 

1.1) (Hricak & Scardino, 2009; Lee et al., 2016). Other prostate cancer types are more 

rare, such as squamous cell prostate cancer, which originates from the non-glandular 

prostate epithelial cells (0.5 - 1.0%) (Cancer Research UK, 2019; Hricak & Scardino, 

2009). The prevalence of the neuroendocrine small cell prostate cancer is 0.5 - 2% 

(Cancer Research UK, 2019; Hricak & Scardino, 2009). Transitional prostate cancer 

affects the cells in the transition zone of the prostate that surround the urethra 

(Figure 1.1). Its prevalence is also very rare at 0.1 - 1% and often develops from 



 4 

bladder cancer as secondary tumour (Hricak & Scardino, 2009; Lee et al., 2016). The 

cancer is localised when the tumour has not spread beyond the prostate gland. 

Localised prostate cancer accounts for 77% of the diagnosed cases, followed by 13% 

for locally advanced cancer, where tumour cells are present in the nearby seminal 

vesicles, bladder, or pelvic lymph nodes, for example (Cancer Research UK, 2019; 

NIH, 2016). Approximately 6% of the prostate cancers are of metastatic stage, where 

the tumour has spread to the bone (most commonly), the lymph nodes, lung, and 

occasionally to the brain (Budnik et al., 2019; Cancer Research UK, 2019; Hatzoglou 

et al., 2016; NIH, 2016).  

 

1.2.3 Diagnosis 

 In order to diagnose prostate cancer, a combination of tools is utilised. The 

current gold standards are the blood-based Prostate-Specific Antigen (PSA) test, the 

Digital Rectal Examination (DRE) and Transrectal Ultrasound Scan (TRUS)-guided 

biopsy followed by Gleason and Tumour Lymph Node Metastasis (TNM) staging 

(Mottet et al., 2018; NCCN, 2018; NICE, 2019). 

 

1.2.3.1 Prostate-Specific Antigen Test 

 The PSA test involves the analysis of the Prostate-Specific Antigen (PSA), a 

blood-based serum biomarker, used alongside the DRE to aid in the diagnosis of 

prostate cancer (Mottet et al., 2018; NCCN, 2018). PSA is produced specifically by 

the prostate epithelial cells and is secreted into the lumen of the prostate gland (Henry 

et al., 2018; Hricak & Scardino, 2009). High PSA levels are therefore likely to indicate 

the presence of prostate cancer (Cancer Research UK, 2019; Mottet et al., 2018; 

NCCN, 2018). Generally, an elevated PSA level depends on the patients’ age and is 

considered to increase with age (NCCN, 2018). Thus, elevated PSA levels may start 

from 3 ng/ml for an age group of 50 – 59, > 4 ng/ml for patients between 60 – 69 

years and > 5 ng/ml for patients older than 70 years (NCCN, 2018). PSA screening 

is highly controversial for many reasons (Boniol et al., 2012). Since benign prostate 
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diseases (e.g. prostatitis and BPH) can lead to elevated PSA levels falsely indicating 

prostate cancer, PSA screening has led to over-diagnosis and over-treatment in the 

1980s (Boniol et al., 2012; Loeb et al., 2015; Schröder et al., 2009). Further, the PSA 

test does not accurately discriminate between patients at low- or high-risk of 

developing advanced prostate cancer (Boniol et al., 2012; Loeb et al., 2015; Schröder 

et al., 2009; Velonas et al., 2013). 

 

1.2.3.2 Digital Rectal Examination 

 During the Digital Rectal Examination (DRE) the physician determines the 

size and softness of the prostate (Cancer Research UK, 2019; NCCN, 2018). Since the 

rectum is located dorsally of the prostate, the gland can be assessed by placing the 

fingers (lat. digitalis) into the rectum of the patient ( Mason & Moffat, 2003; NCCN, 

2018; Tewari, Whelan, & Graham, 2014). The sensitivity of the DRE to correctly 

diagnose prostate cancer is approximately 20 – 40% (NCCN, 2018). The DRE is useful 

in practice to assess the enlargement of the prostate (which may be indicative of 

possible prostate cancer) in patients who suffer urinary issues and which may be 

reflected by any elevated PSA levels (NCCN, 2018). If the DRE has indicated the 

potential presence of prostate cancer alongside elevated PSA serum levels, tissue 

biopsies of the prostate will be collected for further examination (Cancer Research 

UK, 2019; Mottet et al., 2018; NCCN, 2018).  

 

1.2.3.3 Biopsy 

 The Transrectal Ultrasound Scan (TRUS)-guided biopsy is the most common 

technique for the collection of prostate biopsies (Guo et al., 2017; Mottet et al., 2018; 

NCCN, 2018; Yao et al., 2014). As the name suggests, the prostate is imaged by 

inserting a TRUS „gun“ into the rectum (NCCN, 2018). The use of ultrasound waves 

allows the visualisation of the prostate and the seminal vesicles (Mottet et al., 2018; 

NCCN, 2018). A low echo of the ultrasound may indicate the presence of prostate 

cancer, blood and liquid, whereas a strong echo usually represents the bone. The 
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TRUS-guided biopsy provides the advantage of imaging and taking biopsies at desired 

locations of the prostate at the same time (NCCN, 2018). The “gun” contains needles, 

in order to take approximately 10 - 12 tissue cores at different locations of the prostate 

for biopsy analysis (Guo et al., 2017; Yao et al., 2014). A pathologist then evaluates, 

whether the biopsies are positive, indicating prostate cancer, or negative based on the 

cell morphology. Biopsies are then categorised according to the Gleason Scoring 

System (NCCN, 2018). Potential risks are short-term blood in the urine, pain or 

infection (Kratz et al., 2011; Mottet et al., 2018; NCCN, 2018). 

 

1.2.3.4 Gleason Score 

 As approximately 90% of prostate cancers are acinar adenocarcinomas, their 

malignancy is graded by the Gleason Scoring System (Gordetsky & Epstein, 2016). 

Grading requires a pathologist to evaluate the prostate cancer tissue biopsies under 

the microscope (NCCN, 2018). The Gleason Score is utilised to classify (grade) 

morphological patterns with increasing abnormal prostate cancer cell growth ( Chen 

& Zhou, 2016; Epstein, 2016; Gordetsky & Epstein, 2016; Hricak & Scardino, 2009). 

The final score is made up by the sum of two separate Gleason grade patterns, which 

range from 1 – 5 (NCCN, 2018). A high score (e.g. Score = 5) describes poorly, 

clinically less differentiated, more aggressive cells, whereas a low score (e.g. Score = 

1) represents well differentiated, less aggressive prostate cancer (Chen & Zhou, 2016; 

Epstein, 2016; Gordetsky & Epstein, 2016; Hricak & Scardino, 2009) (Figure 1.2).  
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Figure 1.2 The Gleason pattern grading. Prostate cancer cells can be scored according 
to the Gleason score (1 – 5). 1: uniform, well-differentiated prostate glands; 2: less-defined, 
round-oval cells; 3: variability in gland size, shape elongated; 4: fused, small glands or masses; 
5: poorly differentiated masses or sheets of prostate glands (adapted and modified from 
Hricak & Scardino, 2009, original from D.F. Gleason).  

 

 The first Gleason grade pattern is based on the most prevalent observed 

pattern, while the second grade pattern represents the second most abundant grade 

found in the biopsy. The final Gleason Score is then summed up by the two individual 

Gleason Score patterns, which are indicated in brackets after the final Gleason Score 

(Chen & Zhou, 2016; Gordetsky & Epstein, 2016). For example, if the first Gleason 

Score is 3 and the second Gleason Score is 2, the final Gleason Score is described as: 

Gleason Score 5(3+2) (Chen et al., 2016; Gordetsky & Epstein, 2016). Based on the 

old Gleason Scoring system with the final Gleason Score scale between 2 - 10, a 

Gleason Score = 6 would suggest patients had an intermediate prostate cancer, 

although it is considered as low -risk for metastasis (Gordetsky & Epstein, 2016). This 

approach however, required improvement to better inform clinical management. 

Therefore, an additional contemporary, simplified grading system was introduced in 

2014 for prostate cancer consisting of five categories (Grade 1 - 5): low, intermediate 
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and three high grade prostate cancer categories, which correlate with increasing 

Gleason Scores (Epstein, 2016; Gordetsky & Epstein, 2016) (Table 1.1).  

 

Table 1.1 Prostate cancer grading system for risk stratification according to the 
International Society of Urological Pathology (ISUP).  

Prostate cancer grade Final Gleason Score 
1 = Low grade 2 – 6 
2 = Intermediate grade 7a (3+4) 
3 = High grade 7b (4+3)  
4 = High grade 8 (4+4 or 3+5 or 5+3) 
5 = High grade 9 – 10  

 

1.2.3.5 TNM Staging 

 Utilising a combination of TNM staging, PSA level and Gleason Score, 

prostate cancer can be stratified into specific risk categories important for 

informing treatment decisions (Mottet et al., 2018; NCCN, 2018). The scope 

of any type of cancer can be anatomically classified into the extent of the 

primary tumour (T), if the lymph nodes are affected (N) and if any distant 

metastasis are present (M); known as the Tumour Node Metastasis (TNM) 

Staging (Izumi et al., 2015; Mottet et al., 2018; Sobin et al., 2009). The TNM 

category is divided up into  subcategories, that describe the location and spread 

of the cancer more precisely (Hricak & Scardino, 2009; Mottet et al., 2018; 

Tewari et al., 2014) (Table 1.2). To visualise the extent of the cancer, patients 

are scanned by Magnetic Resonance Imaging (MRI), Computed Tomography 

(CT) or Transrectal Ultrasound Scan (TRUS) (Mottet et al., 2018; NCCN, 

2018; NICE, 2019). 

 
 
 
 
 
 
 
 
 
 
 



 9 

Table 1.2 TNM Classification system for cancer staging. Adapted from NCCN, 2019. 
The categories are T: primary tumour; N: regional lymph nodes; M: distant metastasis. 
Categories consist of subcategories, where increasing numbers reflect an increased spread of 
the cancer. 

TNM Clinical Classification  
T – Primary tumour 
T1 Tumour confined to the gland 
T2 Larger tumour confined to the gland 
T3 Tumour has spread beyond the gland 
T4 Tumour has spread to other organs 
N – Regional lymph nodes 
NX Cannot be assessed 
N0 No lymph node metastasis 
N1 Lymph node metastasis 
M – Distant metastasis 
M0 Cannot be assessed 
M1 Distant metastasis 
M1a Metastasis in non-regional lymph nodes 
M1b Metastasis in the bone 
M1c Metastasis in other body organs 

 

1.2.4 Treatments 

 Whether and which treatment option is the most suitable depends on the life 

expectancy, risk group of the patient and, if he will be likely to benefit from the 

treatment (Mottet et al., 2018; NCCN, 2018; NICE, 2019). The risk groups are based 

on the TNM staging, Gleason Score and PSA levels of the patient (Mottet et al., 

2018; NCCN, 2018; NICE, 2019). For example, there may be little benefit from 

treating low-risk patients with poor health, if they are likely to suffer more from the 

treatment side-effects if the cancer is slow-growing and is likely to not cause any 

problems (NCCN, 2018). 

 

1.2.4.1 Active Surveillance 

 Active surveillance is a treatment-free option for older patients with slow 

growing, small prostate tumours with a life expectancy of more than 10 years after 

diagnosis for which the risk of suffering treatment side-effects outweighs the benefits 

(Cancer Research UK, 2019; NCCN, 2018). Active surveillance is a non-invasive 

method to monitor the patient, until treatment may be required. This monitoring is 

achieved by routinely checking the PSA level, biopsies may be taken approximately 
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every 6 months and the DRE is conducted not more than every 12 months (Mottet 

et al., 2018; NCCN, 2018). 

 

1.2.4.2 Surgical treatment 

 Low-risk prostate cancer patients with a life expectancy of more than 20 years, 

may prefer to undergo surgery over active surveillance, which has the potential for 

cure (NCCN, 2018; NICE, 2019; Tewari et al., 2014). During the surgery, known as a 

prostatectomy, the prostate and the testosterone-producing seminal vesicles are 

removed. During radical retropubic prostatectomy the prostate is surgically removed 

via a stomach cut, while radical perineal prostatectomy requires a cut between a 

scrotum and the anus (NCCN, 2018). Often, older patients are more likely to suffer 

from surgical side-effects, which are commonly urine incontinence and erectile 

dysfunction. Also one cannot father children anymore following a prostatectomy 

(Cancer Research UK, 2019; NCCN, 2018). For those individuals, who are likely and 

wish to become father of children in the future, sperm banking is an option to collect 

and cryopreserve the semen, that contains the sperms prior to surgery (NICE, 2019).  

 

1.2.4.3 Radiation therapy 

 Radiation therapy is suitable to treat low-risk, favourable or unfavourable 

intermediate-risk prostate cancers with approximately 10 - 20 years to live after 

diagnosis (Cancer Research UK, 2019; Mottet et al., 2018; NICE, 2019). It can also 

be applied in combination with hormone therapy for the treatment of locally advanced 

and metastatic prostate cancer (NICE, 2019). Traditional radiation therapy is based 

on the use of x-rays, containing high-energy proton beams generated by a linear 

accelerator, which results in DNA damage and thereby tumour cell killing (Mottet et 

al., 2018; NCCN, 2018). One of the most common methods in clinical practice is the 

so called External Beam Radiation Therapy (EBRT), which takes approximately 8 - 

9 weeks (NCCN, 2018). The patient lays on its back when exposed to EBRT. Thus, 

the location of the prostate is assessed by CT and MRI imaging before EBRT, to 
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minimise side-effects by reducing the exposed body parts as much as possible (NCCN, 

2018). Before EBRT, a treatment plan needs to be implemented. This includes dose 

finding and determining the number and shapes of beams applied, for which a 

simulation is run beforehand with the patient (Bakiu et al., 2013). In 3D-

conformational radiation therapy (3D-CRT) the location of the prostate is visualised 

by CT, in order to match the radiation to the tumour-size and to spare healthy tissues 

(Bakiu et al., 2013). The radiation dose and number and shapes of beams are manually 

selected by the clinician. The Intensity-Modulated Radiation Therapy (IMRT) is a 

more advanced EBRT method, that offers more precision to deliver the external 

beams by using a computer-assisted linear accelerator (Bakiu et al., 2013). During, 

IMRT the radiation dose can be regulated by using small beams of different radiation 

strengths to reduce potential side-effects of healthy tissues (Bakiu et al., 2013). 

 

 Brachytherapy („seed treatment“) is another method where low dose 

radioactive iodine (125Iodine) or palladium (103Pa) or high dose, temporary iridium 

(192Ir) seeds are implanted during an image-guided procedure into the prostate through 

the peritoneum under anaesthetics (Teixeira Leite et al., 2019; Trindade et al., 2012; 

Zuber et al., 2015). EBRT is also used in combination with Androgen-Deprivation 

Therapy (ADT) to treat locally advanced and metastatic prostate cancer (Bolla et 

al., 2010; Denham et al., 2011; NICE, 2019). Side-effects include the feeling of being 

sunburned, urination incontinence and haematuria (NCCN, 2018). Bone metastatic 

prostate cancer is treated with radiopharmaceuticals. Due to the structural similarity 

to calcium, radium (223Ra) accumulates in the bones, where it exhibits radioactivity 

to kill the cancer cells. Side-effects include nausea and headaches, for example (NCCN, 

2018).  
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1.2.4.4 Hormone therapy 

 Initially, prostate cancer growth is driven by androgens (e.g. testosterone and 

dihydrotestosterone). Therefore, hormone therapy is the favoured treatment modality 

to treat androgen-sensitive, high-risk localised, advanced and metastatic prostate 

cancer (Crawford et al., 2018; NCCN, 2018). The goal of hormone therapy is to inhibit 

tumour growth by reducing the production of androgens or to block the action of 

testosterone. One can differentiate between surgical and chemical castration (Mottet 

et al., 2018; NICE, 2019). During bilateral orchiectomy, both of the androgen-

producing testicles are removed, while a reduction of androgen production is 

chemically achieved during Androgen-Deprivation Therapy (ADT) (NCCN, 2018). A 

successful castration is considered when the serum testosterone level is below 20 – 50 

ng/ml requiring the monitoring of serum testosterone to confirm the patient’s response 

to the treatment (Dason et al., 2012; Heidenreich et al., 2014; Klotz et al., 2017; 

Schulman et al., 2010). During ADT, drugs are applied, that interfere with the 

hypothalamus-pituitary-gonadal-axis and the Luteinising Hormone-Releasing 

Hormone Receptor (LHRH receptor) (Mutschler et al., 2012). After continuous 

administration of LHRH agonist (e.g., Goserelin®), the response of the pituitary gland 

to LHRH is downregulated via a negative feedback mechanism, which results in a 

reduced production of androgens (Mutschler et al., 2012; Sipos et al., 2018; Tolkach 

et al., 2013). Further, LHRH antagonists (e.g. Degarelix®) suppress androgen 

production by inhibiting LHRH from binding to the LHRH receptor (NCCN, 2018). 

Other drugs like Finasteride (Proscar®) exhibit their anti-androgenic effect by binding 

to the enzyme 5α-reductase required for the conversion of testosterone to 

dihydrotestosterone (Mutschler et al., 2012; Steinhilber et al., 2012). Side-effects of 

hormone therapy are erectile dysfunction, reduced libido and osteoporosis (Mottet et 

al., 2018; Mutschler et al., 2012; NCCN, 2018).  
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1.2.4.5 Chemotherapy 

 Chemotherapy is suitable for the treatment of advanced or metastatic 

castration-resistant prostate cancer (mCRPC), which are no longer sensitive to ADT 

(Mottet et al., 2018; NCCN, 2018; NICE, 2019). Docetaxel, a semisynthetic analogon 

of Paclitaxel, is recommended for the first line treatment, which inhibits microtubule 

depolymerisation (Mottet et al., 2018; NCCN, 2018; Steinhilber et al., 2012). As 

second line treatment, another taxol derivate, Cabazitaxel is recommended but this 

has more severe side-effects than Docetaxel (Mottet et al., 2018). In addition, 

Mitoxanthrone hydrochloride acts as a DNA intercalator, which results in cell killing 

and is utilised as second line treatment, too. Chemotherapeutics are administered 

intravenously in cycles and are accompanied with severe side-effects like diarrhoea, 

fatigue, hair-loss, allergy (NCCN, 2018). 

 

1.2.4.6 Immunotherapy 

 Sipuleucel-T (Provenge®) was introduced as an immunostimulatory anti-

cancer vaccine is used to treat advanced and mCRPC patients (Heidenreich et al., 

2014; NCCN, 2018; NICE, 2019; Penson et al., 2012; Schellhammer et al., 2013). It 

requires the adoptive cell transfer during which patient blood is collected, following 

leukapheresis for the isolation of peripheral blood monocytes (PBMCs). The PBMCs 

contain Antigen-Presenting Cells (APCs, e.g. macrophages and dendritic cells). The 

PBMCs (including APCs) are cultured ex-vivo with a fusion protein, consisting of the 

Granulocyte Macrophage-Simulating Factor (GM-SF) and the prostate cancer tumour 

antigen Prostate-Acidic Phosphatase (PAP). The PBMCs are then administered to 

the patients via infusion. GM-SF activates the APCs, in order to kill the PAP-positive 

prostate cancer cells, which account to approximately 95% of the prostate cancer cells 

(Graff & Chamberlain, 2014; Penson et al., 2012). Treatment with Sipuleucel-T was 

shown to increase the overall survival within 36 months by approximately 30% (4.1 

months) when compared to the placebo control (Kantoff et al., 2010). However, the 
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benefit of Sipuleucel-T to improve the time-to-progression is debated, when compared 

to ADT or chemotherapy (Yi et al., 2016). 

 

 In addition, Pembrolizumab (Keytruda®) is a monoclonal Ab, that functions 

as an Immune-Checkpoint Inhibitor (ICI) of the Programmed-Cell Death Protein-1 

(PD-1) (Hansen et al., 2018; MSD, 2019). Binding of the Programmed Death Ligand1 

(PD-L1) to its PD-1 receptor turns off the immune response of T-killer cells, which 

tumour cells employ to escape the immune system (Hansen et al., 2018). Therefore, 

Pembrolizumab re-activates the anti-tumour immune response of T-killer cells. This 

treatment modality is suited for patients with solid tumours including mCRPC, who 

have previously received either chemotherapy or Abiraterone (NCCN, 2018). Recent 

findings have indicated a small subset (3.1%) of prostate cancers exhibit specific DNA 

repair mutations of which half benefited from Pembrolizumab treatment (Abida et 

al., 2019).  
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1.3 Current challenges 

 Advances in analysing the human genome have contributed to a better 

understanding of the genetic make-up of certain cancers (Schork, 2015). Based on 

these insights, therapeutic antibodies have proven to be valuable therapy choices for 

targeted therapies and their clinical application has dramatically expanded during the 

last two decades (Ryman & Meibohm, 2017). With respect to prostate cancer, current 

standard treatment options for patients are often accompanied with harsh side-effects, 

which substantially reduce the well-being of these individuals (Donovan et al., 2019; 

Mazzola & Mulhall, 2012; Schellhammer et al., 2013). Ongoing research is 

contributing to great advances in this area, such as the introduction of two new, more 

patient-tailored immunotherapies, Sipuleucel-T and Pembrolizumab, for mCRPC. 

However, the clinical benefit of Sipuleucel-T is still under debate when compared to 

the standard therapy, while Pembrolizumab has been shown to be beneficial for only 

a narrow subset of patients (Abida et al., 2019; Hansen et al., 2018; Kantoff et al., 

2010; Yi et al., 2016). More efficient drugs for treating advanced prostate cancer are 

lacking, in order to prevent disease progression without compromising patients’ 

quality of life. Therefore, novel medicines for advanced prostate cancer are required 

to improve options for clinical management of patients. 
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1.4 The STEAP family 

 The Six-Transmembrane Epithelial Antigen of the Prostate (STEAP) family 

includes 4 members, which are STEAP1 - 4. As their name suggests, all STEAP 

proteins comprise six transmembrane helices (Grunewald et al., 2012; Sikkeland et 

al., 2016). 

 

 
Figure 1.3 Structural overview of the STEAP family. The STEAP family of 
proteins comprises four members: STEAP1, STEAP2, STEAP3 and STEAP4. All 
STEAP family members comprise six transmembranes and therefore three 
extracellular loops. A NAD(P)H/FAD domain is located at the N-terminus of 
STEAP2-4, except STEAP1. STEAP1-4 contain two heme metal binding sites (red 
dots) where the ferrireductase region is presumably located. The STEAP family of 
proteins can be categorised into their amino acid (aa) size as follows: STEAP2 (490 
aa) < STEAP3 (488 aa) < STEAP4 (459 aa) < STEAP1 (339 aa). Image adapted 
from (Gauss et al., 2013; Gomes et al., 2012; Grunewald et al., 2012; Sikkeland et al., 
2016). 
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At the N-terminal region, STEAP proteins exhibit structural homology with the 

archaeal and bacterial F420:NADP+ oxidoreductase (FNO) binding region, except 

STEAP1. At their C-terminal region, the STEAP family members contain a yeast 

homologue ferrireductase domain (FRE).In addition, the Rossman fold, a structural 

motif for the binding of flavin adenine dinucleotide (FAD) derivatives, is also located 

at the N-terminal region of the STEAP members (except STEAP1) indicating their 

potential role in electron transfer (Hubert et al., 1999). Due to the six transmembrane 

domains, STEAP proteins exhibit structural homology to the eukaryote NADPH 

oxidase (NOX) and bacterial YedZ genes, which are both involved in the electron 

transfer (Ohgami et al., 2006). Moreover, STEAP members contain two conserved 

histidine residues supposedly for the binding of at least one heme group similar to the 

Nox and YedZ genes suggesting their function in the uptake and metabolism of iron 

and copper (Ohgami et al., 2005; Von Rozycki et al., 2004). The presence of six 

transmembrane domains containing two distinct histidine residues has been associated 

with apoptosis and cancer in the past. Therefore, researchers referred to this domain 

as so called apoptosis, cancer, redox-associated transmembrane proteins (ACRATA) 

(Sanchez-Pulido et al., 2004). STEAP proteins are found at the plasma membrane 

and the Golgi apparatus suggesting their potential involvement as receptors and in 

protein sorting (Hasegawa et al., 2018; Hubert et al., 1999; Korkmaz et al., 2002).  In 

addition, the STEAP2-4 family members co-localise with the Transferrin Receptor1 

(TfR1) and the Dimetal Transporter1 (DMT1) in the early endosomes (Lane et al., 

2015; Vela, 2018). TfR1 allows the cellular uptake of ferric iron into the endosomes, 

where it is thought to be reduced by STEAP2-4 to ferrous iron and transported into 

the cytoplasm via the DMT1, indicating their activity in iron or copper metabolism 

(Lane et al., 2015; Vela, 2018). 

 In terms of protein sequence homology, the STEAP family of proteins share 

some protein sequence identity with STEAP2 (which this thesis focuses on). STEAP3 

shares the highest homology to STEAP2, with approximately 52% identical protein 

sequence. STEAP4 shares the second highest protein sequence similarity with 
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STEAP2 with approximately 42% identical protein sequence. STEAP1 shares the 

least protein sequence homology with STEAP2 with approximately 33% identical 

protein sequence (Figure 1.4; for detailed protein sequence alignment between each 

of the STEAP family of protein members with STEAP2 see Appendix Figure A1.1 

– A1.3) 

 

 
Figure 1.4 BLAST protein sequence alignment of the STEAP protein 
family members. Protein sequences of the STEAP family members (STEAP1 – 4) 
are displayed as amino acid sequences. Dark grey (highlighted with aterisk): identical 
amino acids; moderate grey (highlighted with colon): not identical but similar amino 
acid sequence; light grey: not identical but similar amino acid sequence but less than 
moderate grey. 
 

 Due to the different tissue expression patterns of the STEAP family, it is 

predicted that each STEAP protein exhibits a distinct, physiological function and 

their overexpression is linked to cancer, metabolic and inflammatory diseases 

(Grunewald et al., 2012). 
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1.4.1 STEAP1 

 The first member of the STEAP family, STEAP1, was discovered in 1999 as 

a cell surface protein (Hubert et al., 1999). The STEAP1 gene is located on the 

chromosome 7q21.13 and codes for a 339 amino acid (aa) long protein with a predicted 

molecular weight of 39.8 kDa. STEAP1 contains two histidine residues on the 

transmembrane domains 5 and 6, which are predicted to function for the heme binding 

for electron transfer (Grunewald et al., 2012; Hubert et al., 1999; Sikkeland et al., 

2016). In addition, STEAP1 is present at the plasma membrane and endosomes where 

it co-localises with TfR1 indicating its potential role in iron metabolism. Unlike other 

STEAP proteins, STEAP1 lacks the FNO-like domain as well as the Rossman motif 

for the transfer of electrons transfer (Grunewald et al., 2012; Hubert et al., 1999; 

Sikkeland et al., 2016). Biophysical characterisation of STEAP1 has implied STEAP1 

assembles as a homotrimer or heterotrimer with two STEAP2 proteins, in order to 

exhibit metalloreductase activity (Poget et al., 2016). In healthy tissues, the 

expression of STEAP1 is low, but elevated levels were found at the cell-cell junctions 

in normal as well as prostate cancer epithelial cells in-situ (Challita-Eid et al., 2007; 

Moreaux et al., 2012; Yamamoto et al., 2013). In addition, STEAP1 was shown to 

control intracellular communication between prostate cancer and cancer-associated 

stromal cells important for prostate cancer progression by mediating small, yet 

unknown molecules (Yamamoto et al., 2013). Further, a monoclonal anti-STEAP1 

Ab has been demonstrated to block these intracellular communications in-vitro and 

in prostate cancer xenograft models in-vivo (Challita-Eid et al., 2007). Elevated 

STEAP1 protein levels correlated with an increase in Gleason Scores of malignant 

prostate cancer tissues and prostatic intraepithelial neoplasia lesions (PIN) in-situ 

when compared to BPH and normal prostate tissues specimens (Burnell et al., 2019; 

Gomes et al., 2012). Thus, STEAP1 has been put forward as a potential biomarker 

using immunohistochemistry to discriminate between BPH and PIN versus prostate 

cancer (Gomes et al., 2012). However, STEAP1 lacks the specificity to distinguish 

between PIN and prostate cancer in-situ (Gomes et al., 2014). There was no 
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correlation between STEAP1 and other surrogate markers for prostate cancer 

progression such as PSA levels, age or metastasis (Gomes et al., 2012). Aside from 

prostate cancer, STEAP1 is significantly overexpressed in 10 other cancer types 

including breast, bladder, colon, lung, ovarian and Ewing sarcoma (Chen et al., 2019; 

Grunewald et al., 2012; Hubert et al., 1999; Moreaux et al., 2012). The overexpression 

of STEAP1 is associated with elevated ROS levels, which were linked to a more 

aggressive (invasive) phenotype of Ewing sarcoma in-vitro as well as in xenograft 

models in-vivo (Grunewald et al., 2012). Knock-down studies of STEAP1 

demonstrated a reduction in cell proliferation, invasion and in the colony formation 

assay. Thus, STEAP1 has been suggested to increase intracellular ROS levels, which 

regulate pro-invasive genes to drive cancer progression (Grunewald et al., 2012). 

Moreover, high STEAP1 expression was associated with a poor overall survival in 

colorectal cancer, large B-cell lymphoma, acute myeloid leukaemia and multiple 

lymphoma (Moreaux et al., 2012). Together, the data suggests that STEAP1 

represents a potential drug target for a variety of solid tumours. 

 

1.4.2 STEAP2 

 STEAP2 or Six Transmembrane Protein of Prostate1 (STAMP1) is the second 

member of the STEAP family and was discovered simultaneously by two independent 

research groups (Korkmaz et al., 2002; Porkka et al., 2002). Like STEAP1, the 

STEAP2 gene is located on chromosome 7q21.13 and encodes for a 490 aa long protein 

with an estimated molecular weight of 56.1 kDa, which represents the canonical 

isoform1. Fluorescence microscopy analysis has revealed STEAP2 is a cell-surface 

protein by labelling with Green-Fluorescent Protein (GFP), due to its predominant 

location at the plasma membrane (Porkka et al., 2002). Time-lapse imaging of GFP-

STEAP2 in COS-1 cells has shown STEAP2 shuttles to the Golgi organelle, trans-

Golgi network (TGN) suggesting it is involved in protein sorting and secretory 

pathways (Korkmaz et al., 2002). 
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Figure 1.5 Cellular localisation and function of the STEAP2 protein 
. STEAP2 is predominantly located to the plasma membrane, the Golgi apparatus 
and the Trans-Golgi Network (TGN) where it is thought to partake in the secretory 
processing. Antibody targeting of the extracellular loop2 (ECL2) of STEAP2 results 
in receptor internalisation presumably to the endosomes. The transferrin-receptor 
(TfR) is known to uptake Fe3+ and shuttles to the endosomes, where it co-localises 
with STEAP2. In the endosomes, STEAP2 is presumably exhibits oxidoreductase 
activity by its NAD(P)H/FAD domain and uses free electrons for its ferrireductase 
activity to reduce Fe3+ to Fe2+. Reduced Fe2+ is then transported out of the endosomes 
into the cytoplasm via the  dimetal-transporter1 (DMT1). Overexpressed STEAP2 
protein increases cell proliferation via the ERK/MAPK signalling pathway and results 
in more aggressive cancer phenotypic traits such as cell migration and invasion in-
vitro (Figure adapted by  Gomes et al., 2012). 

 

In addition, STEAP2 resides in the early endosomes, where it co-localises with the 

early endosome antigen (EEA) and potentially with TfR1 and DMT1 indicating its 
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activity in iron or copper metabolism. Given its six transmembrane helices, STEAP2 

possesses three extracellular domains (Grunewald et al., 2012). Further, receptor 

internalisation of STEAP2 using a monoclonal anti-STEAP2 Ab against an epitope 

on its extracellular loop 2 (ECL2) to the endosomes was shown to be membrane 

cholesterol-dependent in STEAP2-transfected COS1 cells (Hasegawa et al., 2018). 

STEAP2 is expressed in significantly lower levels in healthy compared to cancerous 

prostate specimen tissues (Burnell et al., 2018; Korkmaz et al., 2002). Past research 

has reported, that the mRNA expression of STEAP2 is androgen-dependent, which 

requires further validation (Korkmaz et al., 2002). In-vitro, STEAP2 protein levels 

are low in the normal prostate epithelial cell line PNT2 and the prostate confined 

cancer cell line CA-HPV10 and higher in the advanced, androgen-independent bone 

metastatic prostate epithelial cell line PC3 and the brain metastatic prostate epithelial 

cell line DU145 (Burnell et al., 2018; Korkmaz et al., 2002; Whiteland et al., 2014). 

The highest STEAP2 expression levels were found in the androgen-sensitive lymph 

node metastatic prostate cancer cell line LNCaP (Burnell et al., 2018; Korkmaz et al., 

2002; Porkka et al., 2002; Whiteland et al., 2014). Transfection of PNT2 cells with 

STEAP2 resulted in a more aggressive PNT2 phenotype with increased invasive 

properties such as migration and invasion (Whiteland et al., 2014). Conversely, siRNA 

knock-down of STEAP2 in PC3 cells led to a reduction in cancer cell migration, 

invasion and proliferation indicating the role of STEAP2 in prostate cancer 

progression (Burnell et al., 2018). In addition, STEAP2 was identified as survival 

factor in LNCaP cells as gene knock-down resulted in a reduction in cell proliferation 

by causing a cell cycle arrest in G0/G1 likely to be mediated via the ERK/MAPK 

pathway (Wang et al., 2010). The matrix metalloproteases MMP3, MMP9, the 

chemokine IL8 and the CD82 receptor were identified as genes, which are regulated 

by STEAP2 expression (Burnell et al., 2018). A high STEAP2 expression has been 

shown to drive cancer invasive traits, such as cell invasion (presumably by MMP3, -

9 and -13) and migration in PC3 cells (Burnell et al., 2018). In-silico analysis of the 

STEAP2 gene has shown the presence of 42 non-synonymous Single Nucleotide 

Polymorphisms (nsSNPs) (Naveed et al., 2016). nsSNP have been hypothesised to 
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contribute to upregulation of STEAP2 to overcome the malfunctional STEAP2 

protein, which may be associated with prostate cancer progression (Naveed et al., 

2016). Based on the distinct expression of STEAP2 in advanced prostate cancer cell 

lines, its overexpression in prostate cancer but not in healthy tissues, STEAP2 

represents not only a potential diagnostic biomarker but also an immunotherapeutic 

drug target for the treatment of advanced prostate cancer (Burnell et al., 2019, 2018; 

Whiteland et al., 2014). However, further studies are required to determine the effects 

of an anti-STEAP2 targeted therapeutic on prostate cancer progression in-vitro and 

in-vivo. 

 

1.4.3 STEAP3 

 Unlike the rest of the STEAP family members, STEAP3 is located on the 

chromosome2q14.2. It encodes for a protein with a predicted length of 488 aa and an 

approximate molecular weight of 54.6 kDa. Alternative names for STEAP3 are the 

Tumour-Suppressor Apoptosis Protein 6 (TSAP6), dudlin 2 and STAMP3. In rat, 

pHyde was found to be a homologues gene to the human STEAP3 (Zhang et al., 

2012). Confocal imaging showed that STEAP3 co-localises with TfR1 and DMT1 in 

the endosomes, is present in the Trans-Golgi Network (TGN) and in the endoplasmic 

reticulum (Amzallag et al., 2004; Gomes et al., 2012; Lespagnol et al., 2008; Ohgami 

et al., 2005). STEAP3 has been shown to be crucial in the maturation of erythroid 

cells, the regulation of iron homeostasis and is important for the innate immunity. 

STEAP3 was found to be highly expressed in the hematopoietic tissues such as the 

foetal liver, adult bone marrow, placenta and pancreas in embryonic and adult mouse 

tissues in-situ in comparison to low levels in other normal tissues (Gomes et al., 2012; 

Grunewald et al., 2012; Ohgami et al., 2005). STEAP3 -/- null mice demonstrated, 

that STEAP3 is crucial for erythroid maturation as its deficiency resulted in 

hypochromic anaemia (Ohgami et al., 2005). In 3 human siblings, a heterozygote, 

non-sense mutation in the STEAP3 gene led to an anaemic phenotype (Grandchamp 

et al., 2011). In addition, STEAP3 co-localises with the TfR1 and DMT1 in the 
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endosomes and possesses ferrireductase activity; it is therefore proposed to contribute 

to iron metabolism (Ohgami et al., 2005). STEAP3 deficient -/- null mice stimulation 

with Lipopolysaccharides (LPS) led to the accumulation of iron and impaired iron 

sequestration demonstrated by lower cytosolic iron levels (Zhang et al., 2012). Named 

as a Tumour-Suppressor Apoptosis Protein 6 (TSAP6), STEAP3 contains a response 

element in the promotor region for the tumour suppressor protein53 (TP53/p53) 

(Passer et al., 2003). Therefore, STEAP3 was hypothesised to partake in cell apoptosis 

as a downstream signalling gene of p53 (Passer et al., 2003). Knock-down of STEAP3 

by siRNA approaches led to an impaired p53-dependent cell apoptosis in vitro. The 

Nix gene, a pro-apoptotic Bcl2 family member, was identified as one binding partner 

of STEAP3 that induces apoptosis in the mitochondria (Passer et al., 2003). 

Moreover, STEAP3 associates with the Myt1 kinase, which negatively controls the 

G2/M Phase of the cell cycle (Passer et al., 2003). However, increased protein levels 

of STEAP3 were shown to be associated with the disease progression of glioblastoma 

and high grade serous carcinoma indicating it as a potential prognostic biomarker 

(Channah et al., 2017; Han et al., 2018). 

 

1.4.4 STEAP4 

 STEAP4 is the fourth member of the STEAP family and is also known as 

STAMP2. The gene is situated on chromosome 7q21.12 and is predicted to code for 

a 459 aa long protein with an approximate molecular weight of 52.0 kDa. STEAP4 is 

localised at the plasma membrane, the early endosomes, Golgi, the Trans-Golgi 

Network (TGN), the vesicular tubule structures and the mitochondria (Korkmaz et 

al., 2005; Xue et al., 2017). The protein is also found in a variety of normal tissues 

such as the adipose or hepatic tissues (Gomes et al., 2012; Grunewald et al., 2012; 

Scarl et al., 2018). STEAP4 is considered to partake in iron metabolism and to be 

responsible for inflammatory as well as metabolic disease (Scarl et al., 2018; Xue et 

al., 2017). It is alternatively called after its murine homologue the Tumour-Necrosis 

Factorα Induced Adipose-Related Protein (TIARP), which regulates adipogenesis via 
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TNFα, IL6 and IL1β. Gene knock-down of STEAP4 was associated with an increased 

insulin resistance and hyperglycaemia suggesting impaired metabolic regulation that 

contributes to obesity in-vitro and in-vivo in both mice and humans (Arner et al., 

2008; Kim et al., 2015; Qin et al., 2010; Wellen et al., 2008). STEAP4 has been 

identified as a mitochondrial ferrireductase important for iron homeostasis (Xue et 

al., 2017). When dysregulated, elevated STEAP4 protein levels contributed to 

increased iron levels in the mitochondria leading to increased ROS production, colitis 

and colitis-associated colon cancer (CAC) in-vivo, which are major risk factors for 

developing colorectal cancer (CRC) (Xue et al., 2017). Excessive mitochondrial  iron 

levels were reverted by the addition of iron chelators suggesting STEAP4 as a 

potential drug target for CRC (Xue et al., 2017). Moreover, STEAP4 is considered to 

be a negative regulator of inflammatory rheumatoid arthritis (RA) in-vitro supposedly 

via a negative regulation of IL6 expression (Qin et al., 2010; Tanaka et al., 2012). 

STEAP4 also appears to play a role in prostate cancer as its protein expression was 

upregulated and correlated with the aggressiveness of human prostate cancer 

specimens (Jin et al., 2015). High STEAP4 expression is significantly correlated with 

prostate cancer relapse indicating patients with higher STEAP4 expression were more 

likely to suffer from prostate cancer reoccurrence than patients with low or moderate 

STEAP4 levels (Burnell et al., 2019). The finding indicates the potential of STEAP4 

to be used as a prognostic biomarker for prostate cancer reoccurrence (Burnell et al., 

2019). 

 

1.4.5 The STEAP family as therapeutic targets 

 The STEAP family members represent therapeutic drug targets in the future 

to treat various types of cancer and inflammatory diseases. The distinct 

overexpression of the STEAP proteins in cancerous tissues and their cell surface 

location makes them promising drug targets with the potential for the application of 

Ab therapeutics (Grunewald et al., 2012; Ohgami et al., 2006; Sikkeland et al., 2016). 

One study has demonstrated the therapeutic value of a monoclonal Ab (mAb) against 
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STEAP1, that resulted in the inhibition of prostate tumour growth in-vivo (Challita-

Eid et al., 2007). Another study, conducted by Genentech, has developed Antibody-

Drug Conjugates (ADCs) against STEAP1, to maximise the Ab efficacy (Boswell et 

al., 2011). In addition, STEAP2 represents a potential drug target to treat advanced 

prostate cancer due to its increased expression in high grade Gleason Score prostate 

cancer specimens but not in normal prostate tissues (Burnell et al., 2018). A patent 

application was recently filed by Regeneron Pharmaceuticals, which demonstrated the 

efficiency of STEAP2-targeted mAbs and anti-STEAP2 ADCs in reducing the tumour 

size in a prostate cancer xenograft mouse model (Patent Application WO-2018058001-

A1, 2018). However, the effects of how an anti-STEAP2 mAb modulates the cancer 

invasive traits such as cell migration and invasion in prostate cancer in-vitro remains 

to be evaluated.  
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1.5 Antibodies and their use as therapeutics 

1.5.1 Antibody structure 

 Antibodies are immunoglobulins, which are available in a variety of different 

formats. The majority of the antibodies found in clinical practice are of the 

immunoglobin type IgG format and are of monoclonality as they originate from the 

same parent cell clone (Grilo, 2019) (Figure 1.6).  

 

 
Figure 1.6 Immunoglobulin G (IgG) Ab structure. Fab: antigen fragment binding 
regions; Fc: constant fragment region; H and L: heavy chain and light chain peptides; VH and 
VL: variable heavy and light chain domains; CH1, CH2, CH3 and CL constant heavy chain and light 
chain domains. CDR: Complement Determining Regions where the paratope of the Ab binds to 
the epitope (red) of an immunogen. 

 
 Immunoglobulin types originate as result of the immune response to different 

kinds of immunogen (antigen) exposures (e.g. reaction to specific antigens on 

allergens). The IgG Ab is „Y-shaped“ and can be distinguished between the constant 

fragment (Fc-region) and two „arms“ of the antigen-binding fragment (Fab-region) 

(Figure 1.6). As the names suggest, constant regions (C) are consistent in the IgG 

type, whilst the interaction between the Ab and the host pathogen takes place at the 

variable domains (V) (Figure 1.6). Pathogen exposures triggers the generation of 

antibodies with unique, variable regions specific to the immunogen regions (antigens) 

of the pathogen. Immunogens are peptide regions (peptide sequences), which the body 
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is not familiar with and may cause the body to elicit antibodies as an immune response 

to fight these pathogens. Immunogens are often interchangeably called antigens 

(Nelson, 2010; Parren et al., 2017; Schroeder & Cavacini, 2010; Tonegawa et al., 

1974). Short immunogen regions with less than 10 aa are also known as epitopes. 

Here, the variable domains contain the antigen-binding fragments (Figure 1.6). Due 

to the high specificity, development of antibodies as drugs is therefore highly popular 

through the identification of a disease-specific immunogen, which is targeted against 

disease-related proteins, that have extracellular domains or “loops” (ECLs) (Gashaw 

et al., 2012; Grant, 2002; Shih, 2012; Weiner, 2015). 

 

1.5.2 Therapeutic antibodies 

 Ab-based therapeutics have revolutionised cancer treatment over the last two 

decades (Ryman & Meibohm, 2017). Currently, there are about 80 Food and Drug 

Administration (FDA) and European Medicines Agency (EMA) approved therapeutic 

monoclonal antibodies (mAbs) for oncology applications (Carter & Lazar, 2018). 

mAbs exhibit a high target specificity resulting in fewer side-effects compared to 

traditional therapies (e.g. chemotherapy) and are used to treat cancer, autoimmune, 

inflammatory and neurogenerative diseases. The drug targets of mAbs are mostly 

overexpressed, disease-associated cell surface receptors (Ducry & Stump, 2010). 

Depending on the drug target, mAbs exert their therapeutic potential by effecting 

downstream signalling pathways linked to cell growth, blocking cancer metastasis, 

cytokines or receptors, that promote angiogenesis or neutralise inflammatory 

cytokines (Carter & Lazar, 2018; Ducry & Stump, 2010). One blockbuster is 

Bevacizumab (Avastin®), which targets the Vascular Endothelial Growth Factor 

(VEGF) molecule, inhibits angiogenesis and is used to treat advanced staged breast, 

cervix, colon, cervix, lung, kidney and ovarian cancers (Ecker et al., 2015; Grilo, 2019). 

Another mAb blockbuster, Trastuzumab (Herceptin®), targets the Human Epidermal 

Growth Receptor2+ (HER2+), which inhibits cell proliferation and is employed in 

breast cancer patients where HER2+ is overexpressed (Ecker et al., 2015; Grilo, 2019; 
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Hudis, 2007). Etanercept (Enbrel®) targets the Tumour-Necrosis Factorα to reduce 

inflammation, that causes rheumatoid arthritis (Ecker et al., 2015; Grilo, 2019). 

 

1.5.3 Monoclonal antibody production (hybridoma technology) 

 The hybridoma technology dates back to 1975 and was established by Köhler 

and Milstein. It is the oldest method, which is based on the initial use of host species, 

typically Balb/C mice, for the generation mAbs (Köhler & Milstein, 1975). The four 

main stages of the hybridoma mAb development are illustrated in Figure 1.7. Prior 

to Phase I (Immunisation), the antigen (or peptide) is chemically synthesised and 

then formulated as a vaccine. Balb/C mice are immunised with the antigen (or 

peptide) of interest, which activates the plasma B-lymphocytes (plasma B-cells) to 

elicit antibodies against the specific antigen (Pohanka et al., 2016). After Phase I, the 

splenocytes, containing the plasma B-cells, are harvested and prepared for Phase II. 

During Phase II, the plasma B-cells are fused with mouse myeloma cells and the 

successful fusion will yield in the production of hybrid cells (hybridoma cells), that 

grow in colonies containing the genome of both the plasma B-cells and the myeloma 

cells. The characteristics of the hybridoma cells are indefinite cell growth inherited 

from the myeloma cells and the ability to produce antigen-specific antibodies, 

inherited from the plasma B-cells (Köhler & Milstein, 1975). Mammalian cells can 

synthesise nucleotides required for replication by either the de-novo pathway or the 

salvage pathway (Greenfield, 2012; Holzlöhner & Hanack, 2017; Pandey, 2010). 

During the de-novo pathway nucleotides are synthesised from scratch, whereas the 

salvage pathway recycles purine bases and precursors (e.g. thymidine and 

hypoxanthine) to build the nucleotides (Greenfield, 2012; Pandey, 2010). Aminopterin 

is a drug that inhibits the dihydrofolate-reductase (DHF), which is required for the 

de-novo synthesis (Greenfield, 2012; Pandey, 2010). The Hypoxanthine-Guanine-

Phosphoribosyl transferase (HGPTR) is an enzyme, which mammalian cells require 

to metabolise the purine nucleotide precursors hypoxanthine and thymidine 

(Greenfield, 2012; Pandey, 2010). For the hybridoma development (Phase II), 
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HGPTR -deficient myeloma cells are utilised. As the myeloma cell lack HGPTR, they 

are forced to use the de-novo pathway for replication. In contrast, the HGPTR enzyme 

in B-plasma cells is intact, thus the B-plasma cells can employ both pathways for 

DNA synthesis. By culturing the cells in a special Hypoxanthine, Thymidine and 

Aminopterin (HAT) cell culture medium, unfused myeloma cells are unable to 

replicate because aminopterin inhibits the de-novo pathway (Greenfield, 2012; 

Holzlöhner & Hanack, 2017). Unfused plasma and hybridoma cells are able to replicate 

by using the salvage pathway. However, unlike the myeloma and hybridoma cells, the 

plasma cell is not immortal and will thus soon die off (Greenfield, 2012; Holzlöhner & 

Hanack, 2017). In Phase III (Limiting Dilution), the hybridoma cell colonies are 

separated by applying a serial dilution to yield one, single hybridoma cell per well, 

which are screened by the Enzyme-Linked Immunosorbent Assay (ELISA) for their 

antigen specificity and affinity (Greenfield, 2012; Holzlöhner & Hanack, 2017). Each 

of the positive hybridoma cells produces and secretes one unique type of mAb against 

the antigen of interest, which is present in the cell culture supernatant (Greenfield, 

2012; Holzlöhner & Hanack, 2017; Page & Thorpe, 2009; Pandey, 2010; Tomita & 

Tsumoto, 2011). During Phase IV (Scale-up), the single hybridoma cells are expanded 

(cloned) in cell culture from typically 96-/24-well plates to T25 culture flasks and 

then larger glass roller containers, to obtain large the supernatant of these hybridoma 

cells, containing the desired mAbs (Figure 1.7) (Greenfield, 2012). 
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Figure 1.7 mAb development (hybridoma technology). HAT: Hypoxanthine-
Aminopterin-Thymidine; HGPTR: Hypoxanthine-Guanine-Phosphoribosyl transferase. 
mAb development can be classified into four stages. Phase I: Balb/C mice are immunised 
with the antigen of interest to elicit an immune response. Phase II: The splenocytes of the 
mice is fused with mouse myeloma cells to generate hybridoma cells. Positive hybridoma 
cells are screened using the HAT selective medium but grow in hybridoma colonies. Phase 
III: The hybridoma colonies are separated to yield single hybridoma cell clones by a serial 
dilution. Phase IV: Cell culture expansion of the hybridoma cells to obtain the mAbs.  
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 Hybridoma technology is a powerful and the well-established method for the 

development of mAbs (Greenfield, 2012; Holzlöhner & Hanack, 2017; Tomita & 

Tsumoto, 2011; Westerwoudt, 1987). However, one major drawback of the hybridoma 

technology is the time it takes (approximately 6 - 12 months) to produce the desired 

antibodies, since animal handling is required for the in-vivo purposed immunisation 

followed by extensive cell culture work (Greenfield, 2012). Further, the success of the 

mAb production by the hybridoma technology depends on the utilised species, the 

selected antigen for immunisation, the animals’ health and immune response 

(Greenfield, 2012). Another disadvantage of the hybridoma technology is, that it 

yields approximately from as little as 5 to 100 positive hybridoma cell clones 

(Greenfield, 2012). In addition, the produced mAbs require later humanisation, if 

indicated for the therapeutic use in humans, since they originate from different host 

species. The advantage of using the hybridoma technology is, that an actual immune 

response is triggered to produce antibodies including post-translational modifications, 

which reduce the risk of the Ab failure to detect the desired antigen (Dreyer et al., 

2010). Thus, it is considered as the traditional method for the production of mAbs 

due to its successful use, which generated approximately 80 therapeutic mAbs to date 

(Kaplon & Reichert, 2018; Sewell et al., 2017). 
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1.6 Antibody-Drug Conjugates 

1.6.1 ADC structure 

 An evolving drug class for cancer treatment are Antibody-Drug Conjugates 

(ADCs). ADCs combine the specificity of the mAb to a tumour-associated cell surface 

antigen to deliver a highly potent, chemically attached cytotoxin to the cancer cells 

explicitly while sparing healthy cells (Carter & Senter, 2013). The general structure 

of an ADC is displayed in Figure 1.8. To date, seven ADCs have been approved by 

the FDA for oncology applications which are summarised below (see Table 1.3) 

 

Table 1.3 Overview of the ADCs currently on the market. The seven 
commercially available ADCs were categorised into their names, trade name, drug 
target, payload and clinical indication. R/R: relapsed or refractory; AML: Acute 
Myeloid Leukemia; KL: Hodgkin Lymhoma; HER2: Human Epidermal Growth Factor 
Receptor2; mBC: metastic Breast Cancer; ALL: Acute Lymphoblastic Leukemia; 
DLBL: Diffused Large Cell Lymphoma; mUC: Metastatic Urethelial Cancer. 
 

  Trade name Drug target Payload Indication 
Gemtuzumab-
Ozogamicin 

Mylotarg® CD33 Ozogamicin AML 

Brentuximab-
Vedotin 

Adcetris® CD30 MMAE R/R HL 

Ado-
Trastuzumab-
Emtansine 

Kadcyla® HER2 DM1 HER2+ mBC 

Inotuzumab-
Ozogamicin 

Besponsa® CD22 Ozogamicin R/R B-cell 
precursor ALL 

Polatuzumab-
Vedotin 

Polivy® CD79b MMAE R/R DLBL 

Erfortumab-
Vedotin 

Padcev® Neotin4 MMAE mUC 

Trastuzumab 
deruxtecan 

Enhertu® HER2 Deruxtecan Unresectable 
HER2+ mBC 

 

 For instance, Gemtuzumab Ozogamycin (Mylotarg®) was the first commercial 

ADC in 2000 but was initially withdrawn to due side-effects (Jen et al., 2018). 

However, it was reintroduced to the market in 2017 with lowered doses to treat Acute 

Lymphocytic Leukaemia (Jen et al., 2018). Further, the FDA granted approval in 

2011 for Brentuximab Vedotin (Adcetris®), which is used to combat Hodgkin 

lymphoma and anaplastic large-cell lymphoma, for instance (Gravanis et al., 2016). 
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Figure 1.8 Antibody-Drug Conjugate structure. A payload is attached via a chemical linker 
to the monoclonal Ab (mAb). Payloads: drugs which are cytotoxic drugs e.g. microtubule 
inhibitors which cause cancer cell death. 

 

1.6.2 ADC receptor internalisation 

 Receptor internalisation is a cellular process, that allows substrates, hormones 

or proteins to be taken up by the cells (Christian et al., 2014; Kaksonen & Roux, 

2018). After substrate binding to specific cell surface receptors, the plasma membrane 

buds, in order to form vesicles, that transport the „cargo“ (Christian et al., 2014; 

Kaksonen & Roux, 2018). Ligand binding to the receptor causes allosteric, 

conformational change of the receptor by which intracellular adaptor proteins and 

clathrin proteins are recruited to form the clathrin-coated pits (CCP) (Christian et 

al., 2014; Popova et al., 2013). These CCP cleave off the plasma membrane by fission 

proteins such as dynamin to yield the cargo vesicles (Christian et al., 2014; Kaksonen 

& Roux, 2018; Popova et al., 2013). The clathrin-coated vesicles then uncoats and 

fuses with the endosome organelle for sorting or recycling the cargo (Christian et al., 

2014; Kaksonen & Roux, 2018; Popova et al., 2013). Alternatively, the cargo can be 

shuttled via the endosomes to the lysosomes, where lysosomal degradation takes 

places for signal termination (Christian et al., 2014; Popova et al., 2013). The 

lysosome functions as a waste system and contains an acidic pH (4 - 5), which is 

maintained by Na+/K+-ATPases (Hu et al., 2015; Xu & Ren, 2015). Cargo 

degradation relies on the activity of specific enzymes such as the hydrolase Cathepsin-
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B, while other lysosomal enzymes metabolise glycogen into glucose (e.g. α-

glucosidase)(Guha & Padh, 2008; Linke et al., 2002). 

 

 The ability of the Ab to bind to a certain tumour-associated antigen (e.g. 

overexpressed receptor) on the cell surface combined with the process of receptor 

internalisation sets the premise of tumour-cell specific drug delivery by ADCs. Upon 

binding of the Ab to the cell surface receptor, the ADC-receptor complex is taken up 

by the cell by the process of receptor internalisation and further shuttles via the 

endosomes to the lysosomes. Due to the acidic pH in the lysosomal organelle, the 

ADC-receptor complex is then being degraded into the free Ab, linker and payload. 

Thereby, lysosomal degradation releases the payload of the ADC into the cytoplasm, 

where it unleashes its cytotoxic effect (Figure 1.9) (Carter & Senter, 2013; Wu & 

Senter, 2005).  

 

 
Figure 1.9 ADC receptor internalisation. Upon target-binding, the ADC triggers 
receptor internalisation, shuttles via the endosomes to the lysosomes for the ADC 
degradation and the cytotoxin release leading to cell apoptosis. 
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 Researchers have exploited the Cathepsin-B-dependent lysosomal degradation 

for the design of cathepsin-sensitive linkers present in two of the current ADCs for 

the specific lysosomal release of the cytotoxin (Staudacher & Brown, 2017). Based on 

this concept, the cytotoxin is released after lysosomal degradation of the ADC, diffuses 

via the lysosomal plasma membrane to the cytoplasm where it then disrupts the 

microtubule polymerisation and causes cell death (Figure 1.9) (Gravanis et al., 

2016). 

 
1.6.2.1 ADC linker 

 The current linkers used for the ADC technology can be classified into 

cleavable or non-cleavable linkers. Cleavable linkers are sensitive to acidic hydrolases 

and contain a hydrazine structure. Further, there are protease-sensitive linkers, 

possessing a disulfide bond that is sensitive to cleavage. The only FDA approved 

lysosomal proteases sensitive linker (e.g. Cathepsin-B) is the dipeptide Valine-

Citrulline (VC) (Figure 1.10) (Dosio et al., 2011; Jain et al., 2015; Kratz et al., 

2011). The VC linker is used in combination with an attachment group (i.e. 

maleimidocaproyl) for Ab linkage. Further, a self-eliminating para-

aminobenzyloxycarbonyl (PABC) spacer between the dipeptide VC and the hydroxy-

aza group of the cytotoxin is incorporated in the VC for the self-immolate cleavage of 

the PABC, which releases the cytotoxin (Figure 1.10) (Kratz et al., 2011). 

 

 Non-cleavable linkers, in contrast, require full lysosomal catabolism to degrade 

the ADC. For instance, a non-cleavable, succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (SMCC) linker is used in the ADC 

Trastuzumab-Emtansine (Kadcyla®), which is based on a thioether structure making 

the ADC highly stable in the blood circulation (Verma et al., 2012). An overview of 

the chemical structure of the linkers used in the present, commercial ADCs is shown 

in Figure 1.10 (Dosio et al., 2011; Jain et al., 2015; Kratz et al., 2011). 
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Figure 1.10 Linkers used in commercial ADCs. A) Hydrazone linker. B) Disulfide linker. 
C) thioether linker, 4-(S-maleimidomethyl) cyclohexane-1-carboxylate (SMCC). D) Dipeptide 
linker, Valine-Citrulline (VC) with self-immolative para-aminobenzyloxycarbonyl (PABC) 
spacer.  
 
 

1.6.2.2 ADC payloads 

 ADC payloads are up to 1000-fold more potent than conventional 

chemotherapeutics, thus they cannot be administered directly as free drug.  (Ducry 

& Stump, 2010). Cytotoxins can act via a number of different modes of action (Table 

1.4). Maytansinoides (e.g. in Trastuzumab Emtansine, Trastuzumab-DM1) are DNA 

damaging agents. Calicheamicins cause DNA scissions like Ozogamicin (e.g. 

Gemtuzumab Ozogamicin). Others, like Monomethylauristatins act as microtubule 

inhibitors to induce cell death (e.g. Brentuximab Vedotin and Polatuzumab Vedotin, 

see (Figure 1.11 and Table 1.4) (Jen et al., 2018; Nejadmoghaddam et al., 2019). 

Currently, DNA intercalators such as Anthracyclines (e.g. Doxorubicin) and other 

DNA damaging agents like Pyrrolobenzodiazepines are under investigation (Dan et 

al., 2018).  
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Table 1.4 Overview of the current payloads used in the commercial ADCs. 
Four payload classes (with payload example) are currently in clinical application as 
ADC warheard and exert their cytotoxic effect by different mode of actions. 
 

Payload class Payload example Mode of action 

Calicheamicin Ozogamicin (e.g. Mylotarg®) Binding of the DNA minor 
leads to DNA scission  

Maytansinoides Emtansine (e.g. Kadcyla®) Inhibition of tubulin 
polymerisation blocks cell 
division 

Dolastins Monomethylauristatin-E 
(MMAE) (e.g. Adcetris®) 

Inhibition of tubulin 
polymerisation blocks cell 
division 

Camptothectine-derivates Deruxtecan (e.g. Enhertu®) DNA strand breaks by 
topoisomerase inhibition 

 

 Therapeutic antibodies are expected to hold great promise as future medicines 

to treat cancer, autoimmune and neurogenerative diseases (Lopes dos Santos et al., 

2018). The majority of approved mAbs suggest the traditional IgG Ab class will 

continue to represent the most favoured Ab format (Lopes dos Santos et al., 2018). 

 



 39 

 
Figure 1.11 Payloads used in commercial ADCs. A) Emtansine (DM1), a Maytansine 
drug. B) Monomethylauristatin-E (MMAE), an Auristatin drug. C) Ozogamicin, a 
Calicheamicin drug. 
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1.7 Thesis aims 

 Current therapies to treat advanced prostate cancer are accompanied with 

serious side-effects and compromise patients’ quality of life. Thus, more patient-

tailored medicines are urgently required to improve their clinical management. 

STEAP2 is highly expressed in advanced prostate cancer but not in the normal 

prostate. Elevated STEAP2 protein expression in-vitro is significantly linked to an 

increase in cancer invasive traits, such as cell migration and invasion, associated with 

prostate cancer progression and correlates with increasing Gleason Scores in patient 

tissues. Thus, STEAP2 holds the potential as a molecular drug target for Ab-based 

medicines for the treatment of advanced prostate cancer.  

 The aim of this thesis was therefore to determine, if STEAP2 qualifies as a 

viable drug target, specifically focusing on its application as a therapeutic Ab (Ab) 

and Ab-Drug Conjugate (ADC). Thus, the objectives were to: 

(1) Determine the normal tissue expression profile of STEAP2; 

(2) Identify targetable regions on the extracellular loops (ECLs) of STEAP2 for the 

application of therapeutic antibodies; 

(3) Select one Ab lead candidate by Ab-STEAP2/ECL mapping, western blotting and 

confocal microscopy analysis, in order to: 

(4) Provide proof-of-concept of STEAP2 as a drug target by studying 

(a) The effect of the anti-STEAP2 Ab lead candidate on cancer invasive 

 traits (e.g. cell migration, invasion and viability), and 

(b) STEAP2 receptor internalisation to assess its suitability for the ADC 

 technology; 

(5) Use one identified region on STEAP2 as an antigen for the hybridoma technology-

based anti-STEAP2 mAb development, followed by characterisation for their 

STEAP2-specificity by ELISA, western blotting and confocal microscopy. 
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2 Material and Methods 
 
 

2.1 Material 

2.1.1 Reagents 

The reagents displayed in Table 2.1 were used throughout this thesis.  

 

Table 2.1 Reagents used throughout this thesis. DAPI: 4’-6’ Diamidino-2-
Phenylindole; DMEM: Dulbecco’s Modified Eagle Medium; MTT: 3-(4,5-Dimethyl-
2thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide; TEMED: N, N, N’, N’ 
Tetramethylenethylenediamine; RPMI-1640: Roswell Memoral Park Medium-1640; SDS: 
Sodium-Dodecylsulfate; TRIS-base: Tris(hydroxymethyl)aminomethane. 

Reagents Supplier and catalogue number 
Acetic acid, glacial (37%) Sigmaaldrich, UK, #A6283 
Acrylamide/ Bis Solution 19:1 (30%) BioRad, UK, #1610154 
Agarose Sigmaaldrich, UK, #A6013 
Ammonium persulfate (APS) Sigmaaldrich, UK, #A3678 
Bovine serum albumin (BSA) Sigmaaldrich, UK, #A2153 
Chemiluminescence reagent (ECL) BioRad, UK, #170-5060 
DAPI-Vectashield® Vectorlabs, UK, #I36933 
DMEM, phenolred-free Life Technologies, UK, #21063029 
Fetal bovine serum Life Technologies, UK, #10271 
Formaldehyde, ultra-pure (16%) Polysciences, USA, #18814-20 
Glutamine Life Technologies, UK, #25030-024 
Glycine Melford, UK, #G36050 
Hoechst Thermofisher, UK, #62249 
Image-IT FX Signal Enhancer Thermofisher, UK, #I26933 
Laemmli buffer Sigmaaldrich, UK, #38733 
Monomethylauristatin-E (10mM, 1mL DMSO) MedChemExpress, Sweden, #HY-15162 
MTT Sigmaaldrich, UK, #T9281 
RIPA buffer Thermofisher, UK, #10017003 
Sodium chloride Sigmaaldrich, UK, #S9888 
Sodium bicarbonate Sigmaaldrich, UK, #S5761 
SDS Sigmaaldrich, UK, #74255 
Stripping buffer Thermofisher, UK, #46430 
pHAb Amine Reactive Dye Promega, UK, #G9845 
Phosphate-buffered saline Life Technologies, UK, #10010023 
Propium Iodide Thermofisher, UK, #P1340MP 
RPMI-1640 Life Technologies, UK, #31870025 
TEMED Sigmaaldrich, UK, #T9281 
TRIS-base Melford, UK, #T60040 
Triton-X 100 Thermofisher, UK, #T8787 
Trypsin-EDTA Life Technologies, UK, #25300-062 
Tween20 Sigmaaldrich, UK, #P1379 
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2.1.2 Material 

The reagents displayed in Table 2.2 were used throughout this thesis.  

 

Table 2.2 Material used throughout this thesis. 
 

Material Supplier and catalogue number 
Fibre pads BioRad, UK, #1703922EDU 
Filter paper BioRad, UK, #1702932 
Flask, T25 VWR, USA, #82051-070 
Flask, T75 VWR, USA, #82050-854 
Invasion assay Merck Millipore, UK, #ECM551 
Mini Protean Glass Plates, short BioRad, UK, #165331 
Mini Protean Outer Glass Plates BioRad, UK, #1651824 
Migration culture inserts (2-well) Ibidi, Germany, #80209 
Polyvinylidene fluoride membrane BioRad, UK, #162-0177 
Power Pac300 BioRad, UK, #164-5050 
12-well plate VWR, USA, #82050-928 
24-well plate VWR, USA, #734-2325 
96-well plate VWR, USA, #10861-666 
µ-angiogenesis slides Ibidi, Germany, #81506 
µ-slide 8-well chambered slides Ibidi, Germany, #80826 

 

2.1.3 Equipment 

The equipment used throughout this thesis are displayed in Table 2.3 

 

Table 2.3 Equipment used throughout this thesis. 
 

Equipment Supplier, model number 
Benchtop centrifuge VWR, USA, Himac CT6E 
Cell culture inverted microscope ZEISS, Germany, AxioCamERC55 
Cell culture incubator MarshallScientific, USA, NU-5510 
Centrifuge ThermoTec, UK, Centra CL3R 
Confocal microscope ZEISS, Germany, LSM710 
Laminar airflow VRW, USA, Scanlaf MRs  
Liquid nitrogen container Thermofisher, UK, Locator JR Plus 
Nanodrop spectrophotometer Thermofisher Scientific, UK, ND-1000 
Olympus microscope Olympus, UK, BX51TF 
Plate reader BMG Labtech, UK, POLARstar 
Sonicator FisherScientific, USA, FB15046 
Water bath Grant, UK, SUB Aqua 18 
Western blotting imaging machine BioRad, UK, ChemiDoc XRS+ 

 

2.1.4 Buffers and solutions 

Buffers used throughout this thesis are displayed in Table 2.4. 
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Table 2.4 Buffers and solutions. APS: Ammonium persulfate; BSA: Bovine Serum 
Albumin; MTT: 3-(4,5-Dimethyl-2thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide, NaCl: 
Sodium chloride; SDS: Sodium-Dodecylsulfate; PBS: Phosphate-buffered Saline; PFA: 
Paraformaldehyde, TRIS-base : tris(hydroxymethyl)aminomethane. 

 
TRIS/ Glycine/ SDS 10x  Transfer buffer 
30.03 g TRIS-base 100 ml of TRIS/ Glycine/ SDS 10x 
144.1. g Glycine 200 ml of methanol 
100 ml of 10% SDS ddH2O to 1 L 
ddH2O to 1 L Stored at 4°C 
TRIS/ Glycine/ SDS 1x Blocking buffer (5%) 
100 ml of TRIS/ Glycine/ SDS 10x 5.0 g BSA 
ddH2O to 1 L 100 ml of TBST 
Stored at 4°C Stored at 4°C, 0.22 µm filtered 
TRIS-buffered aline (TBS) 10x Blocking buffer ( 3%) 
24.0 g TRIS-base 3.0 g BSA 
88.0 g NaCl 100 ml of TBST 
ddH2O to 1L, stored at 4°C, pH 7.6 Stored at 4°C, 0.22 µm filtered 
1.5 M TRIS TRIS-buffered saline Tween20 1x 
45.4 g TRIS-base 100 mL of TBS 10x 
ddH2O to 250 ml ddH2O to 1 L and 1ml of Tween 20 
pH 8.8 Stored at 4°C, pH 7.6 
10 % APS 1.0 M TRIS 
1 g APS 30.4 g TRIS-base 
ddH2O to 1 ml ddH2O to 250 ml, pH 6.8 
PFA (3.7%) 10 % SDS 
9.25 ml of 16% PFA 25.0 g SDS 
PBS to 40 ml ddH2O to 250 ml 
Stored in aliquots at -20°C  
Triton-X 100 (0.1%) MTT (5 mg/ml) 
0.1 µl of Triton-X 100 1 mg of MTT in 200 ml PBS 
PBS to 100 ml 0.22 µm filtered 
Stored in aliquots at -20°C Stored in aliquots at -20°C 

 

2.1.5 Cell lines 

Three cell lines, normal prostate epithelial cells PNT2, bone metastatic prostate 

cancer cells PC3 and the human, fibroblast cell line HFF1, were purchased from the 

American Type Culture Collection (ATCC, USA) (Figure 2.1). 
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Figure 2.1 Representatives images of the cell lines used in this thesis. A) Non-
cancerous prostate epithelial cells PNT2 was used as a negative control given the low 
STEAP2 protein expression in-vitro. B) Bone metastatic prostate cancer cell line PC3 was 
used as high expressing STEAP2 positive control cell line; C) Human, normal skin fibroblast 
cell line HFF1 cell line was used as a negative control given the low STEAP2 protein 
expression in-vitro. Images were acquired with a standard light microscope (AxioCam 
ERC55, Zeiss, Germany) using a 5x objective. Scale bar = 100 µm. 

 

2.1.5.1 PNT2 cell line 

Human, normal, epithelial prostate cells (immortalized). Primary cells were obtained 

from a 33-year old male post-mortem. Cells were sub-cultured in a 1:5 ratio according 

to the supplier’s recommendations in RPMI-1640 supplemented with 10% Fetal 

Bovine Serum (FBS), 1% Penicillin/ Streptomycin (P/S) and 1% glutamine which 

were all purchased from Gibco, Life Technologies, UK. 

 

2.1.5.2 PC3 cell line 

Human, prostate cancer cells derived from the bone metastatic site originating from 

a 62-years old male patient with stage 4 prostate cancer. Cells were sub-cultured in a 

1:6 ratio according to the supplier’s recommendations in RPMI-1640 supplemented 

with 10% Fetal Bovine Serum (FBS), 1% Penicillin/ Streptomycin (P/S) and 1% 

glutamine which were all purchased from Gibco, Life Technologies, UK. 

 

2.1.5.3 HFF1 cell line 

Human, fibroblast cell line originates from skin cells derived from of a male new-born. 

Cells were maintained and were sub-cultured according to the supplier’s 

recommendation. Cells were sub-cultured in a 1:10 ratio according to the supplier’s 
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recommendations in DMEM supplemented with 15 % Fetal Bovine Serum (FBS), 1% 

Penicillin/ Streptomycin (P/S) and 1% glutamine which were all purchased from 

Gibco, Life Technologies, UK. 

 

2.1.6 Cell culture and subculture 

2.1.6.1 Monolayer cells (2D) 

Cell culture was conducted in a biological safety cabin with laminar-airflow circulation 

(Scanlaf Mrs, VWR Internalisation Ltd, UK) to ensure sterility. All items (culture 

flasks and pipettes, cell culture media, PBS and trypsin) were disinfected with 70% 

ethanol before use. Cells were grown in an incubator (NuairTM DHD AUTOFLOW 

CO2 Air-Jacketed Incubator) at 37°C/ 5% CO2. Cell culture media was obtained from 

Gibco, Life Technologies, UK. PNT2 and PC3 cells were cultured in Roswell Park 

Memorial Institute Medium (RPMI 1640 medium, Life Technologies, UK, Cat. 

31870025) supplemented with 5% Penicillin/ Streptomycin, 5% glutamine and 10% 

Fetal Bovine Serum (FBS). The HFF1 cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Life Technologies, UK, Cat. 10566016) supplemented with 

15% FBS, 5% Penicillin/ Streptomycin, 5% glutamine. For microscopical endpoint 

analysis, cells were cultured in phenol-red free DMEM medium supplemented with 

5% Penicillin/ Streptomycin, 5% glutamine and 10% FBS (Life Technologies, UK, 

Cat. 21063029). Phosphate Buffered Saline (Gibco, Life Technologies, UK, Cat. 

10010023) and trypsin-EDTA were pre-warmed prior to use at 37°C in a water bath 

(SUB Aqua 18, Grant, UK). Briefly, cells were detached by the addition of 3 ml of 

trypsin and were incubated for 7 min at 37°C in the incubator. Cells were neutralised 

by the addition of 7 ml of medium, transferred into a 15 ml tube and were spun at 

12,000 x g for 3 min using a bench-top centrifuge (VWR, Himac CT6E, UK). Old 

medium was discarded, cells were resuspended in 10 ml of fresh medium and were 

split according to the suppliers recommended ratio. Cells were grown to 80% 

confluency before subculture. 
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2.1.6.2 Three-dimensional (3D) tumour cell spheroids  

Three-dimensional tumour PC3 cell spheroids were cultured in DMEM phenol red-

free medium supplemented with 10% FBS, 5% P/S and 5% glutamine (Life 

Technologies, UK, Cat. 21063029). Briefly, 10 µl of 1.5% sterile agarose phenol red-

free DMEM medium (Sigmaaldrich, UK, Cat. A6013) was added per well of an 

angiogenesis slide and left to solidify at RT before the addition of 50 µl of 5,000 PC3 

cells per well. 

 

2.1.6.3 Cryopreservation 

Cells were cultured in supplemented medium to 80% confluency, following detachment 

by the addition of 3 ml of trypsin and neutralization by the addition 7 ml of culture 

medium. Cells were transferred into a 15ml tube and were spun at 12,000 x g for 3 

min and old culture medium was then discarded. Cells were resuspended in 3 ml of 

FBS supplemented with 10% Dimethyl sulfoxide (DMSO) and 1 ml of this cell 

suspension was added per cryo-preservative vials. These were moved into a cryo-vessel 

to store at -80°C for 1 day until the cells were transferred to the liquid nitrogen for 

long-term cryopreservation (Locator JR Plus, Thermofisher Scientific, UK). 

 

2.1.6.4 Determination of cell concentration 

The cell concentration was determined and adjusted by using a hemocytometer. Each 

hemocytometer contains two big, gridded squares which in turn consist of five smaller, 

gridded squares. Cells were washed twice in PBS, detached by the addition of 3 ml of 

trypsin and neutralized by the addition of 7 ml cell culture medium. Cells were 

centrifuged at 12000 x g for 3 min, old medium was discarded and cells were gently 

resuspended in 10 ml of fresh medium. From this cell suspension, 10 µl was pipetted 

onto the hemocytometer via a small notch, covered with a glass slide and transferred 

to an inverted light microscope (AxioCam ERC55, Zeiss, Germany) to manually count 

the cells using a cell counter. Each sample was counted once. One square is exemplified 
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in Figure 2.2 and consists of 5 additional squares in total of which four corner squares 

were counted, averaged and further calculated to receive the required cell 

concentration to prepare for other assays. Only cells touching the top and middle line 

per corner square were counted.  

 

Cell densityf (x 105 cells/ml) x volumef (ml) / cell densityi (x 105 cell/ml) 

= cell suspension (ml) + [volume f (ml) – cell suspension (ml)] 

 

Where: Cell densityf  = final cell density  (x 105 cell/ml); Cell densityi  = initial cell 

density (x 105 cell/ml); Volume f = final volume (ml)  

 

 
Figure 2.2 Hemocytometer chamber used for cell counting. A) Schematic diagram 
of one chamber on a hemocytometer with 10 µL of cell suspension. The cell number located 
in four corner squares (thicker strokes) were counted. B) Enlargement of one corner square. 
Only those cells touching the top and left strokes (red) were scored (red labelled cells). 

 

2.2 Methods 

2.2.1 Immunohistochemistry 

To detect STEAP2’s expression in-situ, immunohistochemistry (IHC) analysis was 

carried out by the Swansea University Singleton Hospital  Histology and Pathology 

Department. The slides were incubated to enhance the tissue adhesion to the glass. 

The slides were labelled with a bar code and the IHC staining was conducted using 
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the automated Ultra VENTANA machine (Roche, Switzerland). The TMA was 

incubated by EZ prep solution and CC1 (Tris/Borate/EDTA) antigen retrieval buffer 

(pH 8.0 – 8.5) for 32 min was following the addition of a pre-oxidase inhibitor. The 

TMA was first incubated with primary rabbit anti-STEAP2 Ab (1:500) (see Table 2.5 

Ab3 specific to ECL1) for 36 min (Abcam, UK). The STEAP2 expression was detected 

using the OptiView DAB IHC Detection Kit (Roche, Switzerland. The secondary anti-

IgG HP-linked Ab was added, following the addition of an anti-HQ HRP-linked 

multimer. The slides were then incubated with 3,3’Diaminobenzidine 

Tetrahydrochloride (DAB) chromogen substrate and H2O2 following the addition of 

copper. Nuclei were counterstained with hematoxylin. 

 

2.2.2 Structural analysis of the human STEAP2 protein 

Ab targetable extracellular domains were identified using UniProt and SwissProt. 

Briefly, the amino acid sequence (FASTA format) for the full-length human STEAP2 

protein was retrieved from Uniprot (UniProt ID: Q8FNT-2, entry name: 

HU_STEAP2, canonical isoform a). Further, structural analysis was conducted to 

characterise selected peptide regions of interest for their hydrophobicity, structural 

conservation or similarity to other species, uniqueness, immunogenicity, topology, 

post-translational modifications, ligand binding sites and single nucleotide 

polymorphisms using the AbDesigner tool. The protein’s FASTA format was used 

and the following default settings were applied: peptide length = 15 amino acids, 

epitope length = 7 amino acids. 

 

2.2.2.1 Immunogen region identification by Ab mapping 

A list of commercially available anti-STEAP2 antibodies was manually created. The 

number of antibodies was narrowed down by selecting those antibodies with known 

amino acid sequences for immunogen region (amino acid sequence) the antibodies 

have been raised against only. These immunogen regions were mapped and overlapped 
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with the previously identified protein’s ECLs (Section 2.2.2). The overlapping amino 

acid regions ultimately formed the final, four immunogen regions (Immunogen1 – 4). 

 

2.2.2.2 Classification of the immunogen regions into peptide sequences 

The identified immunogen regions (Immunogen1 – 4 were divided up into 15 amino 

acid long peptide sequences according to the default settings of AbDesigner (Table 

2.5). 

 

Table 2.5 Commercial anti-STEAP2 pAb candidates. AB: antibodies; Immun. (aa): 
amino acid sequence of immunogen; Supplier, Cat.: Supplier catalogue number. Applications 
recommended by the manufacturer: WB: western blotting; IF: Immunofluorescence 
microscopy; IHC: Immunohistochemistry; ELISA: Enzyme-Linked Immunosorbent Assay; FC: 
Flow Cytometry; Concentration: Stock concentration in mg/ml. 

 
AB name Clonality Application Concentration Immun. (aa) Supplier, Cat. 
Ab1 Polyclonal WB, IHC, 

ELISA 
0.5 226 – 253 Avivasystems. 

# OAAB02995 
Ab2 Polyclonal FC, IHC, WB 1.0 226 – 253 LifeSpan Bio, 

# LS-C161555 
Ab3 Polyclonal FC, IHC, WB 1.0 233 – 262 Abcam, 

# ab174978 
Ab4 Polyclonal IF, IHC, ELISA 1.0 400 – 480 Avivasystems, 

# OASG06901 

 

2.2.2.3 Peptide sequence analysis by AbDesigner 

The identified peptide sequences from Section 2.2.2.2 were analysed for their 

conservation (%), similarity (%), uniqueness (%) and immunogenicity (%) based on 

the AbDesigner tool’s data output. 

 
2.2.3 Western blotting 

2.2.3.1 Protein extraction 

Cells were grown to 80% confluency, trypsinised and neutralised with RPMI 1640 as 

described in the Section 2.1.6.1 and 2.1.6.4 following a centrifugation and 

resuspension step in fresh RPMI media following the determination of cell 

concentration. If protein of several technical replicates was to be extracted, the cell 

concentration was adjusted for each replicate to the one with the lowest cell seeding 
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density amongst the replicates. Cells were washed twice with ice-cold PBS, spun at 

12000 x g for 8 min at 4°C (Centra CL3R, ThermoIEC, Thermo Electron Corporation, 

USA). Cell pellets were resuspended in 200 µl of ice-cold RIPA buffer (PierceTM RIPA 

buffer, Thermofisher Scientific, UK) supplemented with 1% protease-inhibitor cocktail 

(Sigma Aldrich, UK), transferred to pre-cooled micro-centrifuge tubes and incubated 

for 10 min on ice. Cells were lysed by a 10 s vortex and centrifuged at 12000 x g for 

10 min at 4°C (Centrifuge 5415 R, Eppendorf, UK). Sample supernatants were 

collected in pre-chilled, fresh micro-centrifuge tubes and stored in 1:1 Laemmli buffer 

after thorough mixture until ready to use  at -80°C.  

 

2.2.3.2 Protein quantification 

Protein quantification was carried out in a 96-well plate using the PierceTM BCA 

Protein Assay Kit (Thermofisher Scientific, UK) according to the manufacturer’s 

instructions with 10 µl of protein per sample in triplicate alongside an albumin 

standard series (0 – 2,500 µg/ml) outlined in Figure 2.3.  

 

 
Figure 2.3 The BCA assay for protein quantification. A 96-well plate containing 
the protein standard (albumin) with a known concentration range (0 – 2,500 µg/ml) 
illustrated in purple. Each standard concentration was loaded in triplicate horizontally 
from the highest (2,500 µg/ml at A 1 – A 3) to the lowest concentration (0 µg/ml, A 4 – 
A 6). 
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The albumin standard was prepared according to the manufacturer’s 

recommendation. Absorbance was measured at A = 562 nm to establish the protein 

concentration using a fluorescence plate reader (POLARstar, BMG Labtech Ltd., 

UK). Protein standard curve of known concentration plotted against the measured 

absorbance for which the mathematical equation (y = mx + c) was displayed and 

used to calculate the sample loading. A line of best fit using the protein standard was 

created and was accepted with at least r2 ≥ 0.95 to calculate the final protein loading 

concentration of 30 µg (Figure 2.3 and Figure 2.4). 

 

 

Figure 2.4 Protein standard curve against the absorbance (nm). Protein standard 
curve of known concentration 0 – 2,500 µg/ml was plotted against the measured absorbance 
at A = 562 nm for which the equation y = mx + c was displayed. 

 

2.2.3.3 Molecular weight ladders 

Two molecular weight ladders were used: a pre-stained ladder; Dual Color Precision 

Plus Standard (Bio-Rad Laboratories, UK) and an unstained ladder (Biotinylated 

Detection Pack, Cell Signaling Technologies, UK). The pre-stained ladder (15 µl) was 

loaded into well number 1 of the gel. The pre-stained ladder was added into well 

number 2 (7.5 µl).  
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2.2.3.4 Sodium-Dodecylsulfate-Polyacrylamide Gel preparation 

Polyacrylamide gel was prepared as illustrated in Table 2.6. Glass-plates and well-

combs were wiped with 70% ethanol and dried before they were assembled into the 

cast-stand. First, the resolving gel was added until the bottom of the green line 2 cm 

below the top of the glass-plates. A 1 cm thick layer of isopropanol was added on top 

of the resolving gel. After 30 min when the resolving gel has polymerized, the gel was 

washed with water to remove residual isopropanol. The stacking gel was prepared 

freshly and added on top of it. Combs were carefully inserted from left to right to 

avoid bubble formation. The gel was left to polymerise for another 15 min. When 

required, gels were wrapped in moist blue kitchen roll and cling film foil and stored 

at 8°C in the fridge prior to use. Gels were used within 3 days of preparation. 

 

Table 2.6 Gel preparation for the SDS PAGE. A 10% resolving and 4% stacking gel 
was prepared. Constituents used for each gel are itemised above components with their 
respective volume [µl] required to create a 4% stacking or 10% resolving gel for 2 or 4 gels at 
the same time. 

Components Stacking gel 4% [µl] Resolving gel 10% [µl] 
 2 gels 4 gels 2 gels 4 gels 
30% Acrylamide 150 1,300 5,000 10,000 
ddH2O 3,000 6,000 6,000 12,000 
1.5 M Tris 1,250 - 3,750 7,500 
1.0 M Tris 50 2,500 - - 
10% SDS 50 100 150 300 
10% APS  25 50 75 150 
TEMED 5 10 15 30 
Isopropanol - - until top until top 

 

2.2.3.5 Sodium-Dodecylsulfate-Polyacrylamide Gel-Electrophoresis 

Protein was thawed on ice, quickly spun with a bench-top centrifuge, sonicated 3x 10 

s at level 2 (Fisher Scientific, FB15046UK), spun again and samples denatured for 5 

min (3 min for the biotinylated ladder) at 90°C on a heating block (Techne, USA). 

The combs were carefully removed from the casted gel before the assembly in the 

electrophoresis-cassette. The cassette was kept cool in a with ice-filled polystyrene 

box. Two pairs of glass plate, which were wiped clean with 70% ethanol, were placed 

into the clip to form the cassette. A buffer damn was added when only one gel was 

run as a balance. First, the running buffer 1x was slowly added to the cassette middle 
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to remove all the bubbles trapped in the gel-well followed by the rest of the cassette. 

Protein sample and the molecular weight ladders were loaded onto the gel. Any empty 

wells were filled with 10 µl of Laemmli buffer only to avoid unequal running of the 

gel. The SDS-PAGE was run at 120 V for 20 min until the protein samples were 

stacked to one horizontal line. Once the protein samples have hit the end of the 

stacking gel, the voltage was increased to 150 V for 150 min. 

 

2.2.3.6 Electro-blotting 

An Immuno-Blot Polyvinylidene Difluoride (PVDF) Membrane for Protein Blotting 

was manually cut to the required size (Bio-Rad Laboratories, UK). Into a small box, 

a sufficient amount of 100% methanol was filled and the PVDF membrane activated 

prior to protein transfer. To do so, the box was placed onto a platform shaker and 

gently agitated for 5 min (Innova 2100, New Brunswick Scientific, UK). In the 

meantime, two fibre pads per gel and two Mini Trans-Blot filter paper, were 

transferred into a small box containing pre-chilled transfer buffer and were left at 4°C 

to equilibrate prior to the transfer (Bio-Rad Laboratories, UK). The membrane was 

incubated in a separate box containing transfer buffer. The box was cleaned  with 70% 

ethanol beforehand. The transfer cassette, glass-plate opener and a tweezer were wiped 

with 70% ethanol. The transfer cassette was then assembled as illustrated (Figure 

2.5). Before closing the cassette, a roller was used to remove all bubbles formed and 

the cassette was placed in the polystyrene box. After the SDS-PAGE, the gel was 

quickly placed into pre-chilled 1x TBST to cool down for 10 s immediately before 

setting up the transfer cassette. The protein transfer was carried out at 400 mA for 

100 min at 4°C (Powerpack BasicTM, Bio-Rad Laboratories, UK). 
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Figure 2.5 Material assembly prior to electro blotting. From bottom to top (cathode 
to anode): One fibre pad lays at the bottom of the blotting sandwich, followed by a filter 
paper, polyacrylamide gel, the PVDF membrane, another filter paper and a fibre pad on top. 

 

2.2.3.7 Cutting the PVDF Membrane 

After the electro-blotting, the unstained ladder was separated from the rest of the 

PVDF membrane by cutting the centre of the pre-stained ladder vertically as 

presented in Figure 2.6.  

 

 
Figure 2.6 PVDF membrane cut. Vertical, short lines: gel wells; numbers: number of gel 
wells; well 1: unstained, biotinylated molecular weight ladder (MWL), well 2 + 10: pre-stained 
dual colour precision MWL (kDa) with red and blue short, vertical lines, which represent the 
relevant molecular weight bands for this study. Vertically line (alongside well 2) indicates the 
cut containing the unstained MWL and half of one of the pre-stained MWL. 
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This was done to avoid cross reaction with the secondary polyclonal anti-IgG Horse-

Radish-Peroxidase (HRP)-linked detection Ab. If the membrane was cut differently, 

the detailed description can be read in the respective chapters. 

 

2.2.3.8 Blocking and Ab incubations 

After the transfer, the membrane was washed with 1x TBST to remove any transfer 

buffer, transferred to a plate containing 7.5% blocking buffer BSA/ TBS-T for 1 h to 

reduce unspecific binding of the primary Ab. The membrane washed 3x 5 min with 

1x TBST and incubated with the primary Ab overnight at 4°C on a platform rocker 

with gentle agitation (Platform Rocker, STR6, Stuart-equipment, UK). The next day, 

the membrane was washed with 1x TBST 3x 5 min with strong agitation on a platform 

rocker (Innova 2100, New Brunswick Scientific, UK). Following incubation with the 

secondary anti-IgG HRP-linked Ab (Abcam, UK) or anti-biotinylated HRP-linked Ab 

(Cell Signaling Technology, UK) for 1 h at RT with gentle agitation after which it 

was washed 3x 10 min in 1x TBST with strong agitation. 

 

2.2.3.9 Stripping the PDVF membrane for re-probing 

The membrane was washed 3x 5 min in TBST, following incubation in RestoreTM 

PLUS Western Blot Stripping buffer (Thermofisher Scientific, UK). After a 3x 5 min 

wash in TBST, the membrane was ready to be re-probed. The membrane was only 

stripped and re-probed once. The membrane was probed for the house-keeping gene 

first, stripped and re-probed for STEAP2. 

 

2.2.3.10  Protein detection and analysis 

The ECL reagent (Bio-Rad Laboratories, UK) was prepared according to the 

manufacturer’s instructions. The membranes were incubated in ECL (500µl) for 10s 

before placing them onto the Chemisorbs tray. For image acquisition and 

densitometry analysis, the ChemiDocXRS and ImageLab software, Version 5.2.1 were 

used (ChemiDocXRS, Bio-Rad Laboratories, UK). Saturated pixels were highlighted, 
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in order to avoid overexposure. If required, a linear regression analysis was conducted 

to confirm the molecular weight of the detected protein. The experiment was 

conducted in triplicate, if not otherwise stated. 

 

2.2.4 Fluorescence microscopy 

2.2.4.1 Slide preparation and staining 

Approximately 2.5 x 104 cells were grown for 48 h, washed 2x with PBS, fixed with 

PFA, washed 2x with PBS and blocked in 3% BSA/PBS for 1 h at RT. Cells were 

incubated with primary Ab diluted (concentration was Ab dependent) in blocking 

buffer overnight at 4°C. The next day, cells were washed 3x with PBS, incubated 

with polyclonal secondary anti-IgG Alexa Fluor-488 Ab (Abcam, UK) for 1 h at RT 

in the dark. Cells were washed 10x with PBS, 5x with ddH2O and counterstained the 

nuclear stain 4’,6-Diamidino-2-Phenylindole (DAPI Vectashield Antifade Mounting 

Medium, Vector Laboratories, UK) or Hoechst (Thermofisher Scientific, UK) 

incubated at 37°C/ 5% CO2 following image analysis. 

 
2.2.4.2 Fluorescence microscopical imaging 

The settings employed during confocal laser scanning microscopy analysis are 

displayed below in Table 2.7.  

 

Table 2.7 Channels used for fluorescence microscopy. Ex.: excitation wavelength 
(nm), Em.: emission wavelength (nm); DAPI: 4’-6’ Diamidino-2-Phenylindole; FITC: 
Fluorescein isothiocyanate. 

 
Channel Ex. (nm) Em.(nm) Em. colour Light source 
DAPI 405 461 Blue Diode 
FITC 488 527 Green Argon/ mercury 
Rhodamine 532 553 Orange Helium neon 

 

2.2.4.3 Image analysis 

Fluorescent images which were taken with the confocal microscope (Confocal Laser 

Scanning Microscope 710, ZEISS, Germany) and the ZEN software Version 10 were 

processed and analysed using ImageJ Version FIJI Is Just another version of ImageJ 
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(FIJI, USA) into separate channels (blue, green, red, brightfield, merged composition). 

Scale bars were based on the known microscope pixel sizes (µm) for each objective 

and microscope used as illustrated. To display coloured images, the Red-Blue-Green 

(RBG) setting was selected. In addition, any images which were taken with the 

standard light microscope (AxioCam ERC55, ZEISS, Germany) were displayed in 

brightfield. Images for the migration assay were converted into 8-bit files beforehand, 

in order to apply a standard bypass-filter. All images were assembled using Adobe 

Illustrator CS6, USA, Version 16.0.3 

 

2.2.5 Anti-STEAP2 Ab effects in-vitro 

2.2.5.1 Cell migration 

After cells have reached 80% confluence, medium was replaced for 24 h with serum-

starved RPMI 1640 medium. The next day, cells were detached and resuspended and 

adjusted to a desired cell concentration. Each silicone insert was placed into one well 

of a 12-well plate (Ibidi, Germany, Cat. 80209). The cell suspension was first added 

into each chamber and then to the surrounding well. After 24 h of incubation at 

37°C% 5%CO2, the inserts were removed and cell migration was monitored by taking 

images every 4 h for a total of 12 h with an inverted light microscope 

(AxioCamERC55, ZEISS, Germany). The experiment was conducted in duplicate if 

not otherwise indicated. 

 

2.2.5.2 Cell invasion 

The cell invasion kit was obtained from Merck Millipore, UK (Cat. ECM 550). Cells 

were grown to 80% confluence and serum-starved in RPMI medium containing 0.5% 

FBS. The next day, inserts and a 24-well plate were allowed to equilibrate to RT as 

well as the FBS-free RPMI medium. The inserts were moisturised with FBS-free 

RPMI while cells washed in PBS, trypsinsed, neutralised with FBS-free RPMI and 

resuspended in fresh FBS-free RPMI. The desired cell concentration was adjusted. 
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500 µL of FBS was added as a chemoattractant per well, where required. Cells were 

treated with control or sample Ab and were carefully mixed and added into the inserts 

and incubated for 48 h at 37°C/ 5% CO2. The treatment was removed, the insert was 

stained with staining solution, washed and cotton-swabbed. Images were taken if 

necessary (AxioCamERC55, Zeiss, Germany). Cells were air-dried and placed into 

200 µL of extraction buffer and the absorbance was read at A = 490 m using the 

POLARstar plate reader (POLARstar, BMG Labtech, UK). The experiment was 

conducted in triplicate. 

 

2.2.5.3 Cell viability 

In a 96-well plate, cells were seeded per well and were left to grow until 70% confluence 

was reached. The next day, the cell culture medium was aspirated and replaced with 

treatment for 24 h, following the addition of 20 µl of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) stock solution (5 mg/ml) (Sigmaaldrich, 

UK, Cat. M2128) and the incubation at 37°C/ 5% CO2 in the dark. Medium was 

aspirated, cells were washed twice with PBS, 200 µL of DMSO was added and the 

absorbance was read at A = 570 nm using a fluorescence plate reader (POLARstar, 

BMG Labtech, UK). The experiment was conducted in triplicate. 

 

2.2.5.4 Receptor internalisation 

In an 8-well chamber slide (Ibidi, Germany), cells were grown for 48 h at 37°C/ 5% 

CO2 before receptor internalisation was carried out. On the analysis day, old medium 

was discarded and the treatment was added quickly. To allow Ab cell surface binding 

(0min time point) the chamber was transferred to 4°C, washed with PBS and fixed 

with PFA (Polysciences, USA, Cat. 18814-20). For any other time point, the cells 

were shifted from 4°C to 37°C and incubated for the desired time, point to allow 

receptor internalisation, following PBS wash, fixation, and signal quenching using 

Image IT FX Signal Enhancer (Thermofisher Scientific, UK, Cat. I36933), blocking 

with BSA (Sigmaaldrich, UK, Cat. A2153), PBS washes and permeabilisation with 
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0.1 % Triton-X 100 (Sigmaaldrich, UK, Cat. T8787) Cells were washed in PBS and 

nuclei were counterstained with DAPI (Vectorlabs, UK, Cat. H-1200). Images were 

acquired with the confocal LSM 710 microscope (Zeiss, Germany) at a 63x zoom 

magnification. The experiment was conducted in duplicate. 

 

2.2.6 Anti-STEAP2 ADC development (CellMosaic) 

Commercial polyclonal anti-STEAP2 Ab specific to ECL3 (Insightbiotechnology, UK) 

was purchased by CellMosaic, USA. The ADC development was carried out by 

CellMosaic using the PerKitTM Ab MMAE Conjugation Kit (CM11409x3, 

CellMosaic, USA) and all necessary reagents and buffers were provided by CellMosaic. 

The disulfide bonds of the commercial Ab were reduced by the addition of a reducing 

buffer containing solution A and Reagent A and was incubated at 37°C for  . The Ab 

solution was then cooled to 2 - 8°C for 5 min in the refrigerator. Next, the Ab solution 

was transferred to the filter device and spun at 14,000 x g for 8 min and 8°C for 

purification and concentration yielding < 100 µl and was collected in a fresh tube. 

The labelling buffer was prepared to a total volume of 500 µl and added into a fresh 

filter device and concentrated at 14,000 x g for 8 min and 8°C, following repetition of 

the process. The labelling buffer was added to the Ab solution to make up 

approximately 640 µl, vortexed and spun down quickly. The MC-VC-PAB-MMAE 

was defrosted, then added to the Ab labelling buffer solution and mixed for 1 h at 

RT. A fresh filter device was equilibrated with PBS buffer 3x by gravity flow. The 

MMAE labelled Ab solution was then transferred into the pre-equilibrated filter 

device, 1.25 ml of PBS buffer was added. The solution was allowed to pass the gel 

bed of the filter device by gravity flow before collection in a fresh tube and stored at 

4°C. 

 

2.2.6.1 Size-Exclusion Chromatography (CellMosaic) 

SEC analysis was conducted to assess the Drug-to-Ab Ratio (DAR). A UV-detector 

was used and absorbance was measured at A = 280 nm (protein and IgG), A = 240 
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nm (MMAE) and A = 220 nm (peptides). The unconjugated, polyclonal anti-STEAP2 

Ab (Insightbiotechnology, UK) was included as negative control, whereas purified an 

anti-mouse anti-IgG monoclonal Ab was used as positive control (provided by 

CellMosaic). 

 

2.2.6.2 Hydrophobic Interaction Chromatography (CellMosaic) 

HIC analysis was performed to determine the ADC product aggregation. A UV-

detector was used and absorbance was measured at A = 280 nm (protein and IgG 

and A = 240 nm (MMAE). 

 

2.2.7 Monoclonal anti-STEAP2 development (APS) 

2.2.7.1 Immunogen synthesis 

The 14 amino acid long peptide sequence „GWKRAFEEEYYRFY “ situated on 

STEAP2/ECL3 was utilised as antigen for in-vivo immunisation for Ab development 

using the hybridoma technology. Two approaches for the peptide synthesis were 

utilised: a linear, free peptide (referred as „linear peptide“) and a multiple antigen-

branched peptide (MAP, referred as „cyclic peptide“). The synthesis of both peptides 

was carried out by Ab Production Services (APS, UK). 

 

2.2.7.2 Animals 

Eight Balb/ C mice were grown by the animal facility of APS. Four mice per set of 

either linear or cyclic STEAP2 peptide and were used and were routinely checked and 

were of appropriate health condition at the time point of immunisation. The use of 

mice granted ethical approval by both Ethics Committees of Swansea University and 

APS. 
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2.2.7.3 Hybridoma development 

Four Balb/C mice were subjected to immunisation per set of anti-STEAP2 peptide 

(antigen). Mice were sacrificed following spleen preparation and cell fusion with mouse 

myeloma cells. Cells were cultured in 96-well plates and their supernatants were 

screened by indirect ELISA for positive hybridoma cell colonies. Positive hybridoma 

cell colonies were separated by using three rounds of limiting dilution (serial dilution) 

to obtain single hybridoma cell clones. Identified hybridoma cell clones were cultured 

in 24 well plates, expanded and affinity purified using a Protein-G column yielding 

mouse monoclonal anti-STEAP2 Ab diluted in PBS. For more information about the 

hybridoma development, please see Chapter5, Section 5.2.6. 

 

2.2.7.4 Antibody sample retrieval for the screening and storage 

Samples (approximately 10 - 20 µl) from Test Sera1 and 2 containing polyclonal mouse 

anti-STEAP2 Abs were retrieved from the tail of the mice during the immunisation 

step (Phase I). Test Sera1 was provided after 3 immunisations and Test Sera2 after 

the fourth immunisation, respectively. A fifth immunisation was given before Phase 

II. Approximately 1 ml of hybridoma colony supernatant containing a heterogenous 

pool of mouse monoclonal anti-STEAP2 Abs was provided for testing (Phase III). 

Approximately 1.5 - 5 ml of purified mouse monoclonal anti-STEAP2 Abs originating 

from single hybridoma cell clones were provided for screening (Phase IV). Test 

samples were shipped on dry ice or cool packages by APS to Swansea University and 

were stored at 4°C when ready to use or at -20°C in aliquots for long-term storage. 

 

2.2.7.5 Antibody screening technique 

2.2.7.5.1 Indirect Enzyme-Linked Immunosorbent Assay (APS) 

The ELISAs were carried out by APS according to the Standard Operating Procedure 

SOP CC13. Maxisorp Nunc plates (Thermofisher, UK) were coated with either cyclic 

or the free linear STEAP2 peptide beforehand at 1 µg/ml in bicarbonate/carbonate 
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antigen-coating solution. Antigen was blocked with 0.2% gelatine/ PBS following 

washes with PBST (0.01%)  and the addition of the test sera at a serial dilution from 

1:100 - 1:204,800. Samples were washed and incubated with secondary goat anti-

mouse anti-IgG (Fc-specific)-HRP conjugate at 1:2,000 (Sigmaaldrich, UK).  Next, 

samples were incubated with 3,3′,5,5′- tetramethylbenzidine, peroxidase substrate 

(TMP)  and the reaction was stopped by the addition of 2 M sulfuric acid. Absorbance 

was read at A = 450 nm (Cheshire Scientific, UK). Serum from mice prior to 

immunisation (pre-immunised sera) was included as negative control when available 

due to limited volume. The experiment was conducted in technical duplicate. 

 

2.2.8 Programs 

The programs used for analysis are displayed in Table 2.8. 
 

Table 2.8 Programs used for analysis. 
 

Programs Supplier and version 
AbDesigner National Heart Lung Blood Institute, USA 
Adobe Illustrator CSA Adobe, USA, Version 16.0.3. 
ChemDraw Free online version (access date:09/2019) 
GraphPad Prism GraphPad Prism, USA, Version 8 
ImageJ ImageJ, USA, Version FIJI 2.0.0. 
ImageLab BioRad, UK, Version 6.0.1 
SWISS-MODEL Biozentrum Basel, Switzerland 
Zen Software ZEISS, Germany, Version 10 

 

2.2.9 Statistical analysis 

Results were statistically analysed with GraphPad Prism (Version 8, USA). Normality 

analysis was assessed by using the Shapiro-Wilk test (when N < 10). A p-value < 

0.05 for each sample indicated the data was not normally distributed, whereas a p-

value > 0.05 suggested the data was normally distributed. If the data was considered 

as normally distributed, an ANOVA post hoc-Dunnett test was employed to compare 

multiple samples, while a student t-test (two tailed) was applied for the comparison 

of two different groups. If the data was not normally distributed, a non-parametric 

ANOVA post-hoc Kruskis-Wallis test was applied to compare multiple groups, 
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whereas a student t-test (two tailed) post-hoc Mann-Whitney test was utilised to 

compare two different groups. Data was considered as statistically significant when 

p-value of £  0.05 (*), p-value £  0.01 (**) or a p-value of £ 0.001 (***) or p-value £ 

0.0001 (****) and were annotated with in the respective figures.  
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3  “Evaluation of STEAP2 as a drug target.” 
 
 
3.1 Introduction 

 Past STEAP2 functional characterization and drug target assessments by 

gene-knock down and transfection studies have demonstrated, that it represents a 

potential molecular drug target for locally advanced prostate cancer (Burnell et al., 

2018; Korkmaz et al., 2002; Ohgami et al., 2006; Wang et al., 2010; Whiteland et al., 

2014). High protein levels are known to be present in cancerous bone cells PC3 and 

lymph node metastatic LNCaP cells, whereas lower expression levels were reported 

for normal epithelial prostate cells PNT2 (Burnell et al., 2018; Whiteland et al., 2014). 

Previous findings have implied that high STEAP2 levels resulted in more aggressive 

cancer phenotypic outcomes such as cell migration, invasion and proliferation and 

therefore may promote prostate cancer progression (Burnell et al., 2018; Wang et al., 

2010; Whiteland et al., 2014). 

 

 Monoclonal antibodies (mAbs) have been successfully developed as anti-cancer 

drugs, cancer immunotherapy or to treat autoimmune diseases (Gashaw et al., 2012; 

Hughes et al., 2011). Given their specificity, Ab-based therapeutics have proven to be 

great therapy options with little side-effects and display a great alternative to 

conventional drugs in clinical practice. In order to evaluate STEAP2 as a viable drug 

target for circulating drugs, such as Abs and ADCs, three major features need to be 

taken into account: the drug target characterisation (assessment), tissue specificity, 

and Ab accessibility (Figure 3.1) (Gashaw et al., 2012; Hughes et al., 2011). Ideally, 

STEAP2’s tissue distribution should be low in normal, healthy tissues to ensure 

damaging effects associated with side-effects of Ab treatment are kept to a minimum. 

In the target tissues, such as tumours located in the prostate, or at metastatic 

(secondary) sites, higher STEAP2 expression levels need to be more abundant 

compared to healthy tissues to ensure Ab specificity and minimal off-target side-



 65 

effects (Gashaw et al., 2012; Grant, 2002; Hughes et al., 2011; Sauter et al., 2003). To 

employ an Ab therapeutic as a drug, high tumour-tissue specific Ab-STEAP2 binding 

ability is required. Peptide sequences located at the cell surface are often considered 

as the peptide sequence of choice primarily due to their Ab accessible domains 

(Gashaw et al., 2012; Grant, 2002; Shih, 2012; Strebhardt & Ullrich, 2008; Weiner, 

2015). 

 
Figure 3.1 Drug target properties to consider for Ab drug development. Drug 
target overexpression in a certain disease (stage) must be assessed (e.g. by protein 
expression, functional role and gene knock-down analysis) to ensure target tissue or disease 
(stage) specificity. Tissue distribution in normal as well as diseased tissues must be 
determined to ensure targeted drug delivery and reduce undesired off-target side-effects. 
Ab accessibility must be investigated to identify targetable, extracellular and immunogenic 
domains (peptide sequences or epitopes). Adapted from (Gashaw et al., 2012). 

 

 Short immunogen regions with less than 10 amino acids (aa) are also known 

as epitopes. Here, the variable domains contain the antigen-binding fragments. Due 

to the high specificity, development of Abs as drugs is therefore highly popular 

through the identification a disease-specific immunogen, which is targeted against 

tumour-associated antigens (TAA), that possess extracellular loops (ECLs) (Gashaw 

et al., 2012; Grant, 2002; Shih, 2012; Weiner, 2015). For example, Bevacizumab 

(Avastin®) is used for the treatment of a variety of cancers (e.g. cervix, colon, lung 

and kidney and ovarian cancers) by targeting the Vascular Endothelial Growth Factor 

(VEGF) molecule, which results in the inhibition of angiogenesis (Ecker et al., 2015; 

Grilo, 2019). Further, Trastuzumab (Herceptin®) has been successfully used to treat 

Human Epidermal Growth Receptor2+ (HER2+) overexpressed breast cancer, which 

blocks cell proliferation (Ecker et al., 2015; Grilo, 2019; Hudis, 2007). Another 

example is Etanercept (Enbrel®) which is clinically applied to treat rheumatoid 
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arthritis and targets the Tumour-Necrosis Factor to reduce inflammation (Ecker et 

al., 2015; Grilo, 2019). 

 

 Several open access tools exist to facilitate the prediction of peptide sequences 

for immunogen design to assist in the Ab development. One of the oldest methods is 

the so called hydropathy model. It analyses a protein for hydrophilic and hydrophobic 

elements based on the hydrophilicity of the protein’s aa composition. Hydrophilic 

regions are water-soluble, they are more likely to be found in the extracellular 

domains, whereas hydrophobic regions located within the transmembrane domains of 

the biphospholipid cell membrane (Hopp & Woods, 1981). Another method is to assess 

the secondary structure of peptide sequences including the alpha-helix, beta-sheet or 

beta-turnover structures. Beta-sheets are thought to be more exposed to the cell 

surface and are therefore more accessible compared to alpha-helices, which are more 

likely to be found within the transmembrane based on their hydrophobic aa 

constitution (Chou & Fasman, 1974). The AbDesigner tool aligns a variety of pre-

established protein propensity models, which are used to analyse the Ab drug target 

for the following properties: hydropathy, immunogenicity, uniqueness, similarity, 

conservation, topology, ligand binding domains, single nucleotide polymorphisms 

(SNPs) and splicing variants (Pisitkun et al., 2014). Researchers have used these 

models for the prediction and the selection of the right peptide sequences for Ab-

based therapies. Ideally, these peptide sequences possess an extracellular location to 

ensure Ab accessibility, high immunogenicity to elicit a sufficient Ab generation with 

low similarity to other proteins to avoid undesired side-effects (Gashaw et al., 2012; 

Grant, 2002; Shih, 2012; Strebhardt & Ullrich, 2008; Weiner, 2015). Proteins or 

peptide sequences must be checked for their uniqueness. By aligning the target peptide 

sequence with any other desired species, the AbDesigner tool indicates a uniqueness 

score (Pisitkun et al., 2014).. If a very similar protein exists, a similarity percentage 

and the species are depicted alongside the uniqueness core (Pisitkun et al., 2014).. 

The name of the similar protein or peptide is provided, which is important for the 

evaluation to avoid damaging off-target effects (Pisitkun et al., 2014).. If a protein is 
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not highly conserved, it may be present in other species. The conservation of the 

peptide can be checked through alignment of the peptide sequence with other species 

(Pisitkun et al., 2014). Information about the topology is retrieved based on the 

hydrophilicity of the protein’s aa sequence and divides the protein sequence into the 

transmembrane or non-transmembrane domains (Pisitkun et al., 2014). To further 

evaluate extracellular domains, the protein can be visualized in a 2D or 3D model by 

plotting its aa sequence using Swissprot, for instance. AbDesigner supports the 

identification of putative splicing variants and Single Nucleotide Polymorphisms 

(SNPs) (Pisitkun et al., 2014). This is to avoid the selection of peptide sequences of 

a different peptide length as a result of alternative splicing or those sequences 

including a SNP, that may alter protein function, which could impact the favourable 

attributes of the original immunogen (Pisitkun et al., 2014). 

 

 The aim of the present chapter was to identify, if STEAP2 is a viable drug 

target for circulating therapeutics, such as Abs. The objectives were thus to: 

(1) Identify STEAP2’s normal tissue distribution by tissue-microarray/immuno-

histochemistry analysis to predict off-target side-effects in healthy tissues; 

(2) Determine a suitable peptide sequence (immunogen), that can be used as antigen 

(vaccine) for the development of an anti-STEAP2 mAb; 

(3)  Map commercial Abs to identify immunogens for future target characterisation 

studies by comparing a panel of commercial Abs for their STEAP2 binding ability 

using fluorescence microscopy and western blotting. 
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3.2 Material and methods 

3.2.1 Tissue micro-array (TMA) description 

Commercial tissue-microarrays were obtained from Proteinbiotechnologies 

(#TMA1205, Proteinbiotechnologies, USA) in technical duplicate. Each TMA 

comprised a total of 96 normal (disease-free), human tissue cores with a diameter = 

1.5 mm and thickness = 4 µm per tissue core. Each tissue core was assigned a specific 

array position (e.g. A 1) consisting of a word (A - H) and a number (1 - 12; Figure 

3.2 and Table 3.1). 

 

 
Figure 3.2 Example TMA layout with IHC staining. Brown tissue cores: high protein 
expression. The zoom demonstrates examples of a target protein low (upper) or high 
expressing (lower, brown) tissues. 

 

Tissue biopsies originated from normal (non-diseased) female as well as male donors 

aged 1 - 82 years. Of these tissues, 25 were taken from donors who had passed away 

indicated with an asterisk (*) in Table 3.1.  Two tissue cores were of abnormal origin 

(D11 = swelling liver and E10 = adenoma parathyroid). The tissue cores per TMA 

slide represented biological replicates as each originated from individual donors.   
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On the first TMA, the following tissue cores were excluded from analysis: A1 = 

adrenal gland*, A5: bladder, B4: cerebral cortex*, B8: fallopian tube, G9: thymus*, 

G11: thyroid with > 50% of the total tissue core missing; misfolded tissue cores were 

B3: cerebellum*, B5: cerebral cortex, F4: prostate and G10: thyroid and E10: 

parathyroid with no additional technical replicate available, which were also excluded 

(N = 1) (see Table 3.1). Thus, a total of 85 (of 96) tissue cores were analysed on the 

first TMA. On the second TMA, the following tissue cores were excluded from 

Table 3.1 Detailed description of the TMA 
. Each TMA contained 96 cores originating from biopsies from normal (un-diseased, healthy) 
tissues of human donors if not else specified in 3.2.1. Tissue: the tissue origin is itemised by 
its name. The TMA slide was categorized into words (A - H) and numbers (1 - 12), which 
specified each individual tissue core’s position on each slide („ID“). Replicates: most of the 
tissues were provided in biological replicates. The number of biological replicates is displayed 
in the order of their number of replicates. N: number of replicates. Tissues labelled with 
asterisks (*): tissues were taken from donor biopsies who passed away. 
 

Tissue Position on TMA (“ID”) Replicates 
Bone marrow* A 7 N = 1 
Parathyroid E 10 N = 1 
Eye* A 8 – A 9 N = 2 
Pituitary gland* E 11 – E 12  N = 2 
Skin F 7- F 8 N = 2 
Spinal cord* F 9 – F 10 N = 2 
Spleen F 11 – F 12 N = 2 
Adrenal gland* A 1 – A 3 N = 3 
Bladder  A 4 – A 6 N = 3 
Breast  A 10 – A 12 N = 3 
Cerebellum* B 1 – B 3 N = 3 
Cerebral cortex*  B 4 – B 6 N = 3 
Fallopian tube  B 7 – B 9 N = 3 
GI-Oesophagus B 10 – B 12 N = 3 
GI-stomach  C 1 – C 3 N = 3 
GI-small intestine C 4 – C 6 N = 3 
GI-colon C 7 – C 9 N = 3 
GI-rectum  C 10 – C 12 N = 3 
Heart* D 1 – D 3 N = 3 
Liver D 10 – D 12 N = 3 
Lung E 1 – E 3 N = 3 
Ovary E 4 – E 6 N = 3 
Pancreas*  E 7 – E 9 N = 3 
Placenta F 1 – F 3 N = 3 
Prostate  F 4 – F 6 N = 3 
Striated muscle* G 1 – G 3 N = 3 
Testis G 4 – G 6 N = 3 
Thymus* G 7 – G 9 N = 3 
Thyroid G 10 – G 12 N = 3 
Tonsil  H 1 – H 3 N = 3 
Ureter H 4 – H 6 N = 3 
Uterus-cervix H 7 – H 9 N = 3 
Uterus-endometrium H 10 – H 12 N = 3 
Kidney D 4 – D 9  N = 6 
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analysis: B4: cerebral cortex, B8: fallopian tube, F4: prostate as > 50% of the total 

tissue core was missing and E10: parathyroid due to misfolding (see Table 3.1). Thus, 

a total of 92 (of 96 tissue cores) were analysed on the second TMA. Therefore, a total 

of 177 (of 192) tissue cores were included into the analysis.  Images were taken from 

each tissue core with the 4x objective using a light microscope Olympus microscope 

BX51TF (Olympus, UK) after IHC staining of the TMAs. 

 

3.2.2 Immunohistochemistry of the tissue-microarray 

To detect STEAP2’s expression in-situ, immunohistochemistry (IHC) analysis was 

carried out by the Samantha Spencer and Kate Murphy from the Swansea University 

Singleton Hospital  Histology and Pathology Department. The slides were incubated 

for 1 h at 60°C to enhance the tissue adhesion to the glass. The slides were labelled 

with a bar code and the IHC staining was conducted using the automated Ultra 

VENTANA machine (Roche, Switzerland). The TMA was incubated by EZ prep 

solution at 72°C. For antigen retrieval, a CC1 antigen retrieval buffer (pH 8.0 – 8.5) 

was utilized at 98°C for 32 min following the addition of a pre-oxidase inhibitor at 

36°C for 4 min. The TMA was first incubated with primary rabbit anti-STEAP2 Ab 

at 36°C for 36 min (Ab2/ ECL1 aa 233 – 262, 1:50, Abcam, UK). The STEAP2 

expression was detected using the OptiView 3,3’Diaminobenzidine Tetrahydrochloride 

(DAB) IHC Detection Kit (Roche, Switzerland). In brief, a secondary anti-IgG HRP-

linked Ab was added, following the addition of an anti-HQ HRP-linked multimer. The 

slides were then incubated with DAB chromogen substrate and H2O2 for 8 min 

following the addition of copper for 4 min. Nuclei were counterstained with 

hematoxylin for 8 min.  

 

3.2.3 TMA semi-quantitative scoring system and statistical analysis 

Each tissue core was manually scored for the staining intensity and staining 

distribution per tissue core by two trained scientists using a light microscope 

(Olympus, UK) which was compared to the positive control of high grade prostate 
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cancer tissues (provided by Burnell et. al). The intensity score describes the depth of 

colour of the STEAP2 expressing tissues and ranged from 0 – 3 (with 0 = not present 

and 3 = very strong) (Table 3.2).The staining distribution score describes the 

proportion (distribution) of the core expressing STEAP2 protein in the cells (%), 

where the scores ranged from 0 - 4 (with 0 = absent and 4 = 100%) (Table 3.2).The 

intensity score was then multiplied by the staining distribution score; thus, the 

minimum final score was 0 and the maximum final score was 12 ((Table 

3.2).Reference high grade prostate cancer (PCA) tissues with Gleason Scores 8 - 10 

were used as the positive control with STEAP2 expression set as „very strong“ 

(maximum score = 12) (provided by Burnell et. al). When the final score was assigned, 

the tissues were divided up into four categories: score  0 - 3 = low expression, score 4 

- 6 = medium expression, score 7 - 9 = strong expression and score 10 - 12 = very 

strong expression (Table 3.2). 

 
Table 3.2 Semi-quantitative scoring system for the TMA analysis. Each 
tissue core was individually assigned an intensity score, proportion of cells with STEAP2 
signal (%) score as well as a descriptive expression, respectively, compared to the positive, 
high grade prostate cancer tissue controls. The highest final score represents very strong 
STEAP2 expression based on the positive control of high grade (aggressive) prostate 
cancer tissues. 
 

Expression  Intensity (%) Intensity score 
 

negative 0 0 
weak < 25  1 
moderate 26 – 50 2 
strong > 75  3 
Expression STEAP2 distribution per core 

(%) 
Staining distribution score 

negative 0 0 
weak < 25  1 
moderate 26 – 50 2 
strong > 51 – 75 3 
very strong > 75 4 
Expression Final score (= intensity score x staining distribution score) 

 
negative 0  
weak 1 – 3  
moderate 4 – 6  
strong  7 – 9  
very strong 10 - 12  
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3.2.4 Structural analysis of the human STEAP2 protein 

3.2.4.1 Identification of extracellular domains by UniProt and SwissProt 

The amino acid (aa) sequence for the full-length human STEAP2 protein was 

retrieved in FASTA format from UniProt (UniProt ID: Q8FNT-2, entry name: 

HU_STEAP2, canonical isoform a). The aa sequences of the six transmembrane 

domains were also provided specifically by UniProt. The protein’s FASTA format was 

inserted into SwissProt to receive the 2D structural model as data output, which 

visually displayed the STEAP2 protein into its transmembrane (TM), intracellular 

(ICLs) and extracellular domains (ECLs) categorised with detailed aa sequences. A 

table containing STEAP2’s number of TM, ICLs, and  ECLs with individual aa 

sequences was subsequently created  for a detailed overview based on the SwissProt 

output and the known TM domain sequences from UniProt. A 3D STEAP2 protein 

structure was provided by clicking on the SwissProt link at the UniProt website, 

which indicated NADPH, FAD binding and transmembrane domains as a colour code. 

 

3.2.4.2 Full length human STEAP2 protein structural analysis by 

AbDesigner 

The AbDesigner tool was used for STEAP2’s protein structural analysis (website: 

http://helixweb.nih.gov/AbDesigner/). STEAP2’s FASTA format was inserted into 

AbDesigner’s „protein of interest“ field with the following settings: peptide length = 

15 aa; epitope length = 7 aa (chosen by default). The protein was analysed for its 

hydropathy (Kyte and Doolittle algorithm with turquoise colour code: bright 

turquoise: hydrophilic; dark turquoise: hydrophobic), structural conservation (%, red 

colour code, bright red: highly unique; moderate red: moderately unique; dark red: 

less unique), uniqueness (%, yellow colour code; bright yellow: highly unique; 

moderate yellow: moderately unique; dark yellow: less unique), similarity to species 

(%, high percentage: high similarity; low percentage: low similarity), immunogenicity 
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score (Ig-score, green colour code; bright green: highly immunogenic; moderate green: 

moderately immunogenic; dark green: low immunogenic), topology (transmembrane, 

intracellular and extracellular domains), post-translational modification (PTM), 

splicing variants, single-nucleotide polymorphisms (SNP) and ligand binding sites. 

 

3.2.4.3 Immunogen region identification by Ab-STEAP2 ECL mapping to 

create the anti-STEAP2 pAb lead candidate panel 

A list of commercial polyclonal anti-STEAP2 antibodies (anti-STEAP2 pAbs) was 

manually created (date:03/ 2016) and classified into the following categories: Ab 

clonality, Ab name, species, target-species, immunogen region and respective aa 

residue (aa), supplier and catalogue number based on the supplier’s datasheet 

(Appendix, Table A1.2 ). Next, a table containing STEAP2’s ECLs domains plus 

respective aa sequences was designed. Available aa sequences of the Ab immunogen 

regions of the commercial Ab were identified from the list and overlapped with the 

known ECL aa sequences to determine STEAP2’s final immunogen regions 

(Immunogen1 - Immunogen4). Mapped commercial Abs were given the names Ab1, 

Ab2, Ab3 and Ab4. These formed the polyclonal commercial Ab panel for later 

evaluation of STEAP2 binding ability (see Table 2.5). 

 

3.2.4.4 Classification of immunogen regions into peptide sequences 

Immunogens1 – 4, which were identified by previous commercial anti-STEAP2 pAb - 

ECL mapping were divided up into 15 aa long peptides according to the AbDesigner 

default settings. These formed a panel of 5 peptide sequences (Peptide1, Peptide2, 

Peptide3, Peptide4 and Peptide5). Immunogen1 (ECL1) aa sequence was divided up 

into two 15 aa long peptide sequences (Peptide1 and Peptide2). Immunogen2 (ECL2) 

was divided up into two 15 aa long peptide sequences (Peptide3 and Peptide4). 

Immunogen3 (ECL3) was divided up into one 15 aa long peptide sequence (Peptide5). 
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3.2.4.5 Ranking of immunogenic peptide sequences by AbDesigner 

Each peptide sequence was further separately analysed for the following AbDesigner 

parameters: conservation (%), similarity (%), uniqueness (%) and immunogenicity. 

The Ig-scores were ranked from the highest to lowest immunogenic sequence based on 

the additional tabular AbDesigner output. This tabular Ig-score output presented 

individual immunogenicity scores for the full-length STEAP2 protein, which was 

divided up into 15 aa long peptide sequences. 

 

3.2.5 Polyclonal, commercial lead anti-STEAP2 pAb candidates 

Commercial lead Ab candidates were of polyclonal origin and shown in Table 2.5. 

 

3.2.6 Protein extraction 

Protein was extracted as described in Chapter2, Section 2.2.3.1. 
 

3.2.7 Western blotting 

3.2.7.1 SDS-PAGE and Electro-Blotting 

Samples were loaded onto a 10-well gel (10%) in the following order: well 1: unstained 

molecular weight ladder, well 2: pre-stained molecular weight ladder, well 3 - 5: 

protein lysate from PNT2 cells, well 6 - 9: protein lysate from PC3 cells, well 10: 

visible molecular weight ladder (Figure 3.3). SDS PAGE was run as described in 

Chapter2, Section 2.2.3.5 and electro-blotting was carried out as described in 

Chapter2, Section 2.2.3.6. 

 

3.2.7.2 PVDF-membrane cutting 

The PVDF-membrane was cut after the electro-blotting. The unstained molecular 

weight ladder was loaded into well-1 following the pre-stained molecular weight 

ladder, vertically cut off by cutting the pre-stained molecular weight ladder into two 

halves to avoid cross-reaction with the secondary detection Ab (Figure 3.3).  
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Figure 3.3 PVDF membrane cut after electro-blotting. A) Samples were loaded onto 
a 10-well polyacrylamide gel (10%); the well numbers represent individual wells, which were 
numbered as follows: 1 – 10 (from left to right). Vertical black lines below each number 
represent the wells. 1: unstained, biotinylated molecular weight ladder (MWL); 2: pre-stained 
molecular weight ladder (red and blue vertical lines), 3 – 10 = wells for protein samples, 
where 3 – 5: PNT2 cell lysates and 6 – 8: PC3 cell lysates. B) Schematic illustration of how 
the PDVF membrane was cut. Pre-stained MWL: four coloured, vertical lines were of 
importance for PVDF membrane cutting; 75 kDa (red), 50 kDa (blue), 40 kDa (blue) and 25 
kDa (red). Grey thin lines indicate where the PVDF was cut: two horizontal cuts resulted in 
two membranes containing STEAP2 (upper, 50 – 75 kDa) and B-actin (lower, 40 – 50 kDa) 
each. One vertically cut in the middle of the pre-stained ladder at the well position 2, resulted 
in a separate membrane containing the unstained, biotinylated MWL only. 

 

This enabled correct alignment of the two membranes for analysis. Further, the 

membrane containing the protein of interest, was horizontally cut between the 25 kDa 

– 50 kDa and the 50 – 75 kDa range of pre-stained molecular weight ladder for 

simultaneous incubation of STEAP2 and Beta-actin (housekeeper) Ab two allow rapid 

screening of the Ab panel. A total of three PDVF membrane parts were thereby 

created: one containing the unstained molecular weight ladder (with no horizontal 

cutting), a membrane of 25 – 50 kDa range containing the house-keeping protein Beta-

actin and a membrane containing the 50 – 75 kDa range within which the STEAP2 

protein was located (Figure 3.3). 

 

3.2.7.3 Ab incubations and analysis 

Concentrations of the primary rabbit anti-STEAP2 pAbs were: Ab1 (1:500, 

Insightbiotechnology, UK), Ab2 (1:500, Life Span Bio Source, UK), Ab3 (1:500, 

Abcam, UK) and Ab4 (1:250, Insightbiotechnology, UK). The antibodies were 

diluted in 7.5% BSA/ TBS-T and incubated with the membrane overnight at 4°C 
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with gentle agitation. The membranes were then washed 3x 5min with TBS-T and 

incubated with the secondary polyclonal goat anti-rabbit anti-IgG HRP-linked Ab 

(1:10,000, Abcam, UK) diluted in 7.5% BSA/ TBS-T for 1 h at RT with gentle 

agitation on a plate shaker. Analysis was carried out as described in Chapter2, 

Section 2.2.3.8 - Section 2.2.3.10. The experiment was conducted in triplicate. 

 

3.2.8 Fluorescence Microscopy 

3.2.8.1 Slide preparation and staining 

Cells were cultured on 8-well chambered slides (Ibidi, Germany) as described in 

Chapter2, Section 2.2.4.1. Cells were incubated with 200 µl of primary rabbit anti-

STEAP2 pAb diluted in 3% BSA blocking buffer (Ab1, 1:20; Ab2, 1:20; Ab3, 1:20; 

Ab4, 1:200), sealed with parafilm and incubated ON at 4°C. The next day, cells were 

prepared for fluorescence microscopy analysis as described in Section 2.2.4.1. The 

experiment was conducted in triplicate. 

 

3.2.8.2 Fluorescent imaging analysis and image processing 

Image analysis was conducted using the LSM 710, Zeiss, Germany as described in 

Chapter2, Section 2.2.4.1 – Section 2.2.4.3. The lasers used were the 405 (blue 

channel) and the 488 (green channel). The test was carried out in triplicate. Three 

different field of views per test sample were applied to acquired three images for 

qualitative analysis per replicate with a 63x zoom objective. 

 

3.2.8.3 Statistical analysis 

The data generated from the tissue-microarrays was  analysed using GraphPad Prism. 

A non-parametric, one-way ANOVA, post-hoc Kruskis-Wallis test was used to 

compare the mean scores to the positive control tissues. A student t-test was used to 

assess the statistical significance of STEAP2 expression during western blotting 

analysis. 
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Data was considered as statistically significant when p-value of £  0.05 (*), p-value £  

0.01 (**) or a p-value of £ 0.001 (***) or p-value £ 0.0001 (****) and were annotated 

with in the respective figures.  
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3.3 Results 

3.3.1 STEAP2 is expressed at minimal levels in over 33 normal 

tissues across the human body 

 To determine STEAP2’s tissue distribution in-situ, a normal TMA was 

analysed by IHC. High grade PCA tissue was used as a positive control for very strong 

STEAP2 expression. PCA tissues of a Gleason Score 8, 9 and 10, were all assigned a 

final score of 12 given their strong STEAP2 expression (Figure 3.4). The three, high 

grade (aggressive) prostate cancer tissues very heavily stained for STEAP2 throughout 

the tissue cores. Thus, they were assigned the maximum intensity score of 3. Moreover, 

the proportion of STEAP2 stained cells was allocated the maximum score of 4 given 

the cancer tissue cores were strongly stained within the entire core (Figure 3.4). 

Therefore, the cancerous prostate tissues were assigned the maximum score of 12.   

 

 
Figure 3.4 STEAP2 expression in high grade prostate cancer tissues. PCA: 
Prostate cancer. PCA tissues were provided by Burnell et al., 2018. All high grade PCA 
tissues (Gleason 8 – 10)were assigned the maximum final score of 12 and were used as a 
positive control for a very strong STEAP2 expression. Images were acquired with a 4x and 
10x objectives using the Olympus microscope model BX51TF, UK. Scale bar = 50 µm.  
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 Upon analysis of the normal-tissue TMA, 67% (22 of 33 tissues organs) of the 

tissues exhibited substantially lower levels of STEAP2 expression (final score < 3) 

compared to the high grade PCA tissues (Figure 3.5). All of the tissues showed a 

very low staining intensity as well as staining level compared to the high grade PCA 

tissues visually. Approximately 45.45% of all tissues (15/33 tissue organs) significantly 

expressed STEAP2 in lower levels compared to the high grade prostate cancer tissue 

speciem (an overview of all p-values is displayed in the appendix Table A1.1). The 

highest STEAP2 expression levels were observed in the GI-rectum and GI-small 

intestine closely followed by the spleen. A mean expression score of 2.3 (out of 12) 

was assigned to both the GI-rectum and GI-small intestine whereas the mean 

expression score for the spleen was slightly lower (2.0 out of 12). Although these three 

tissues demonstrated the highest STEAP2 protein levels amongst all the tissues, they 

were nonetheless considered to be in the low expression range. Low STEAP2 levels 

were predominantly observed in the glandular cells of the fallopian tube, breast and 

thyroid tissues. Further, no substantial STEAP2 expression was present in 33% (11 

of 33 tissues organs) of the tissues which include: bladder, cerebral cortex, prostate, 

pancreas, skin, spinal cord, testis, thymus, thyroid, tonsil and the uterus-

endometrium. The majority of these tissues showed blue nuclei staining pattern and 

were therefore assigned a score of 0 (low expression) (see Figure 3.5 and Figure 

3.6). The IHC analysis of a normal TMA demonstrates, STEAP2 is minimally 

expressed in 33 tissues from across the human body, which implies it could be a viable 

drug target specific for prostate cancer. 
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3.3.2 Structural analysis of the human STEAP2 protein revealed 

three Ab-accessible extracellular loops (ECLS) 

 The structural analysis aimed to generate an overview of the structure and 

topology of the human STEAP2 protein to identify targetable, extracellular domains 

accessible for Ab drugs. STEAP2’s aa sequence was retrieved from the database 

UniProt for the visualization of the 2D and 3D STEAP2 protein structure using 

SwissProt. Structural protein modelling revealed six transmembrane domains (TM) 

and 4 intracellular loops (ICLs). Moreover, 3 extracellular loops (ECLs) were 

identified, which were important as accessible regions for the future design of anti-

STEAP2 Ab therapeutics (Figure 3.7 A). The 3D protein model of STEAP2 was 

also retrieved by SwissProt and provides additional ligand binding sites as depicted 

by the colour code (Figure 3.7 B). 

 

 
Figure 3.7 2D and 3D structures of STEAP2. A) STEAP2's 2D structure was re-
designed based on the SwissProt output. Three extracellular loops (ECLs 1 - 3), four 
intracellular loops (ICLs 1 - 4) and six transmembrane domains (TM 1 - 6) are displayed. B) 
Original crystallographic 3D structure of STEAP2 (isoform a) was retrieved from SWISSModel 
provided on the UniProt website (date: 04/2019). The colour code indicates different binding 
sites, natural variants or transmembrane domains. 
 

 The exact aa sequences of the six transmembrane domains were provided by 

UniProt prior to the structural modelling, which allowed the specification and 

categorization of the human STEAP2 protein according to its TM, ICL and ECLs aa 

sequences after 2D modelling (shown in Table 3.3). By doing so, the specific aa 
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sequences located to the ECLs 1 - 3 were identified as accessible regions for the design 

of potential Ab therapeutics suggesting STEAP2 presents a viable drug target. 

  

 
Domain aa sequence aa position 
ECL1 YSFVRDVIHPYARNQQSDFYKIPIEIVNKT 229 – 258  
ECL2 RRSERYLFLNMAYQQVHANIENSWNEEE 

VWRIE 
326 – 358  

ECL3 GWKRAFEEEYYRFYTPPN 414 – 431  
   
ICL 1 MESISMMGSPKSLSETFLPNGINGIKDAR 

KVTVGVIGSGDFAKSLTIRLIRCGYHVVIG 
SRNPKFASEFFPHVVDVTHHEDALTKTN 
IIFVAIHREHYTSLWDLRHVVLGKILIDVSS 
MRINQYPESNAEYLASLFPDSLIVKGFNV 
VSAAWALQLGPKDASRQVYICSNNIQAR 
QQVIELARQLNFIPIDLGSLSSAREIENLP 
LR 

1 – 207  

ICL 2 YQLYYGTKYRRFPPWLETWLQ 280 – 304  
ICL 3 PSVSNALNWREFS 380 – 392  
ICL 4 PCISRKLKRIKKGWEKSQFLEEGMGGTI 

PHVSPERVTVM 
452 – 490  

   
TM 1 LFTLWRGPVVVAISLATFFFL 208 – 228 
TM 2 LPIVAITLLSLVYLAGLLAAA 259 – 279  
TM 3 LGLLSFFFAMVHVAYSLCLPM 305 – 325  
TM 4 MYISFGIMSLGLLSLLAVTSI 359 – 379   
TM 5  FIQSTLGYVALLISTFHVLIY 393 – 413  
TM 6 FVLALVLPSIVILGKIILF 432 - 452 

 

 STEAP2 was then analysed for additional protein propensities, which are 

commonly used to predict immunogenic regions to generate mAbs. AbDesigner 

provides a visual output after analysis, which was employed to evaluate the human 

STEAP2 protein based upon the following parameters: topology (i.e. ECLs, ICLs and 

TMs), splicing variants (isoforms), conservation, hydropathy, uniqueness, 

immunogenicity, any post-translational modifications (PTM), or SNPs and its metal 

binding sites. The AbDesigner’s data output for the full length human STEAP2 

protein is represented in Figure 3.8. Its topology domains were observed as follows: 

six red TMs, four grey ICLs and three blue ECLs. This analysis revealed, that 

STEAP2 is a 490 aa long protein, representing the first and canonical isoform 1, which 

Table 3.3 Classification of STEAP2 into structural domains 
. Domain categories transmembrane domains (TM), intracellular domains (ICLs) and 
extracellular domains (ECLs). Three ECLs (ECL1 - 3), four ICLs (ICL 1 - 4) and six TM were 
identified (TM 1 - 6). Numbers indicate the domain number as they structurally appear. aa 
sequence: amino acid sequence of the individual domains after alignment with known aa 
sequences of the TM domains from UniProt; aa position (numbers): position of the amino acid 
sequences for each determined domain. 
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further analysis focused on. The canonical STEAP2 isoform 1 showed low 

conservation as demonstrated by a 90% similarity in 128 different species including 

the bovine, chimpanzee, guinea pig, monkey, mouse and rat. 

 

 Based on the hydropathy plot, more hydrophilic regions were allocated to both 

the ECLs and ICLs. This suggested, that these regions were more exposed to the 

intracellular or extracellular site of the cell membrane due to their higher content in 

hydrophilic aa. In contrast, more hydrophobic regions were assigned to all six TMs 

shown by the dark turquoise designation in Figure 3.8. This implied, that a higher 

content of hydrophobic aa may be ascribed to the TM regions. Moreover, hydrophilic 

regions such as the ECLs and ICLs were classified as moderate to high immunogenic 

domains. This was observed by an alignment of the  hydropathy plot data with the 

immunogenicity plot for each individual topology region. Interestingly, the most 

immunogenic residues were observed for ICL1 and ICL4. These were not further 

analysed for their Immunogenicity-score (Ig-score), due to their inaccessibility. Low 

immunogenic domains were identified for more hydrophobic residues like the TMs as 

demonstrated by the dark green coloured regions Figure 3.8. 

 

 Moving on to the additional protein parameters evaluated, STEAP2’s 

ferrireductase activity spanned between the ICL2 to the TM5 shown by the yellow 

column between the aa position 259 - 407. Two vertical, black lines were observed in 

the metal binding plot indicating STEAP2 possesses two binding sites for heme 

ligands at the aa position 316 - 409 residing at TM4. Further, 5 natural variants have 

been observed within the canonical STEAP2 isoform 1 indicated by 5 vertically 

coloured lines within the variant plot. The first Single-Nucleotide Polymorphism 

(SNP) was found on ICL1, the second SNPs was identified on ICL2 and the third 

SNP was located at TM1. The fourth and fifth SNPs were assigned to ICL6. This 

suggests, that STEAP2 has several natural Single-Nucleotide mutations with 

exception for its ECLs. Given the absence of the SNP from the ECLs of STEAP2, 

any future design of potential immunogens situated on the extracellular site of the 
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protein were not affected. Based on the UniProt’s information, one post-translational 

modification (PTM) has been identified at the ICL6 near the C-terminus indicating 

a phosphorylation at the aa position 483. Again, this was irrelevant regarding 

potential immunogen regions, since it was not located at the protein’s ECLs (see 

Figure 3.8).
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3.3.3 Ab mapping to STEAP2’s ECLs suggested three targetable 

immunogens leading to selection of four commercial Abs 

 After having identified three ECLs within the STEAP2 protein, coupled to 

isolation of their respective aa sequences, the next step was to specify the most 

promising immunogen region. This was addressed by creating a commercial anti-

STEAP2 Ab list of which known (available) immunogen regions were mapped to the 

protein’s ECLs (based on the datasheet information of the Abs) to determine the final 

immunogen sequence. The objective was to identify the most promising commercial 

Ab candidate for future proof-of-concept studies by evaluating its STEAP2 binding 

ability using western blotting and fluorescence microscopy. In total, 46 commercial, 

polyclonal anti-STEAP2 Ab (anti-STEAP2 pAb) suppliers were identified (Appendix 

1, Table A1.1). The number of anti-STEAP2 pAbs was reduced down to a total of 

four commercial, anti-STEAP2 pAb lead candidates by the identification of their 

known aa sequences for the immunogen regions they have been raised against. This 

set of Abs formed the Ab panel (Ab1- 4) and were the only Abs identified, which 

targeted the ECLs regions on STEAP2 (Table 2.5). Therefore, they were evaluated 

for the best STEAP2 binding ability (Chapter3, Section 3.3.5). The known 

commercial anti-STEAP2 pAbs’ immunogen regions overlapped with individual aa 

sequences of the ECLs on STEAP2 resulting in four final immunogens (Immunogen1 

- 4) (Table 3.4). Immunogen1 and 2 were identified for STEAP2/ECL1 and differed 

in 7 aa. While Immunogen1 region began at the aa position of 226, Immunogen2 

started at the aa position 233. No ECL2 matching anti-STEAP2 pAb was available. 

However, its known aa sequence formed the third Immunogen3. Moreover, 

Immunogen4 was exclusively located at STEAP2/ECL3 (Table 3.4 and Figure 

3.9). Having identified four immunogenic regions on STEAP2’s ECLs, these regions 

were narrowed down to shorter peptide sequences to ensure high specificity for the 

Ab development. In order to identify more specific, targetable peptides (immunogens) 

on STEAP2’s ECLs, a default peptide length of 15 aa was pre-set for the analysis 

using AbDesigner (as recommended by the supplier). 
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ECL - AB aa sequence aa position 
ECL1 YSFVRDVIHPYARNQQSDFYKIPIEIVNKT 229 – 258  
AB1 - Immunogen  FFLYSFVRDVIHPYARNQQSDFYKI 226 – 253 
AB2- Immunogen FFLYSFVRDVIHPYARNQQSDFYKI 226 – 253 
Immunogen1 YSFVRDVIHPYARNQQSDFYKI 229 - 253 
   
ECL1 YSFVRDVIHPYARNQQSDFYKIPIEIVNKTR 229 – 258  
AB3- Immunogen DVIHPYARNQQSDFYKIPIEIVNKTLPIV 233 – 262 
Immunogen2 RDVIHPYARNQQSDFYKIPIEIVNKT 233 – 258  
   
ECL2 RRSERYLFLNMAYQQVHANIENSWNEEE 

VWRIE 
326 – 358  

AB - Immunogen N/A N/A N/A 
Immunogen3 RRSERYLFLNMAYQQVHANIENSWNEEE 

VWRIE 
326 – 358 

   
ECL3 GWKRAFEEEYYRFYTPPN 414 – 431 
AB4 - Immunogen VALLISTFHVLIYGWKRAFEEEYYRFTPPN 

FVLALVLPSIVILGKIILFLPCISRKLKRIKKG 
WEKSQFLEEEGMGGTIP 

400 – 480  

Immunogen4 GWKRAFEEEYYRFYTPPN 414 – 431  

 

 

Table 3.4 Identified immunogen regions after Ab-ECL mapping 
. ECL: extracellular loop 1 - 3 (ECL1 - 3); Immunogen  and aa sequence: Ab's immunogen 
region with respective amino acid sequence; aa position: number indicates the exact amino 
acid position within the STEAP2 protein; N/A: not available. 
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Figure 3.9 Identified immunogen regions on the ECLs of STEAP2. The immunogen 
regions are displayed with their respective amino acid sequence position within the full-length 
protein and matching commercial anti-STEAP2 antibodies. A) Immunogen1 is located on 
STEAP2/ECL1 and is targeted by two Abs, Ab1 and Ab2. B) Immunogen2 is located to 
STEAP2/ECL1 and being targeted by Ab2 and begins 7 amino acids later compared to 
Immunogen1. C) Immunogen3 is located to STEAP2/ECL2 with no matching commercial 
anti-STEAP2 Ab currently available. D) Immunogen4 is located to STEAP2/ECL3 and is 
targeted by Ab4. aa: amino acid position within the full-length human STEAP2 protein. 
Blue: IgG Ab; red: immunogen region; grey: human STEAP2 protein; dashed lines: 
categorization to extracellular (upper), trans-membranous (middle) or intracellular domains 
(lower). 
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3.3.4 Peptide5 is the most suitable peptide sequence for immunogen 

design for hybridoma Ab development 

 The four identified immunogen regions (Table 3.4 and Figure 3.9) were 

investigated for three relevant properties for Ab development, which were: 

immunogenicity, conservation and uniqueness. The immunogenicity of a peptide plays 

a crucial role in generating a high immune response in species for in-vivo Ab 

production. Therefore, the immunogenicity score (Ig-score) of each ECL was further 

analysed to select an appropriate peptide with sufficient immunogenicity 

(antigenicity). The lower the Ig-score, the higher its predicted immunogenicity. The 

conservation was also taken into account to determine the cross-reaction of the 

peptides, present in any other species. Vice-versa, the uniqueness score represents the 

similarity of the peptide to any other existing protein (peptide). The lower the 

uniqueness-score, the more likely the probability, that there was no other protein. 

This was important to determine for any cross-reactions and to predict unwanted off-

target side-effects. Figure 3.10,  Figure 3.11 Figure 3.12 represent AbDesigner’s 

output for Immunogen1 – 4. In total, five peptides were identified with a pre-set 

peptide length of 15 aa. This resulted in two unique peptides for both ECL1 and 

ECL2, whereas only one peptide was identified for ECL3 (Figure 3.10, Figure 3.11 

and Figure 3.12, ). 

 

 In Figure 3.10, the first 15-mer Peptide1 „YSFVRDVIHPYARNQ” was 

selected as one potential peptide situated at the beginning of ECL1 with an Ig-score 

of 247, which implied moderate immunogenicity. The peptide was well conserved as 

indicated by the bright red conservation region with a 100% overlap in mouse and 

was allocated a uniqueness score of 160. These results suggested this peptide was of 

moderate immunogenicity, well conserved in mice, although unique as with no 

indicated similar proteins. The second Peptide2 „QSDFYKIPIEIVNKT“ was 

positioned at the end of ECL1. This peptide showed an Ig-score of 289, a uniqueness-

score of 183 and 100% conservation in mice. This implies it was of moderate 
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immunogenicity, well conserved in mice with no other known similar proteins and 

therefore considered as quite unique (Figure 3.10). 

 

 Peptide3 „RRSERYLFLNMAYQQ“ was chosen for ECL2, which was located 

at the beginning of the loop. Here, an Ig-score of 235 and a uniqueness-score of 330 

were indicated. Again, this suggested the peptide was moderately immunogenic. 

However, the low-moderate uniqueness-score indicated a 15% similarity to another 

protein (CD1E). Peptide4 „VHANIENSWENEEEV“, located on the ECL2, 

demonstrated an Ig-score of 234 and a uniqueness-score of 152. Therefore, a moderate 

immunogenicity was considered. The low-moderate low uniqueness score indicated 

that this peptide may of greater uniqueness than Peptide3.  Dark red/black coloured 

conservation region implied, that the peptide was not well-conserved with only 22% 

presence in mice (Figure 3.11). As identified by „GWKRAFEEEYYRFY“, Peptide5 

was located to ECL3 to which an Ig-score of 203 and a uniqueness-score of 390 were 

ascribed indicating moderate immunogenicity with less uniqueness. It showed an 11% 

similarity to two other proteins (K175 and MOCOS). The conservation region was 

dark-red/black indicating the peptide was of low conservation with a 22% similarity 

in mice species (Figure 3.12). 

 

 Taken together, all Ig-scores were considered as moderately immunogenic 

suggesting all identified peptides may be employed as peptides for Ab generation. 

However, the peptides were ranked for their immunogenicity from the highest to the 

lowest as follows: Peptide5 > Peptide3 > Peptide4 > Peptide1 > Peptide2 (Table 

3.7) Based on the desired three properties for the peptide design, Peptide5/ECL3 was 

considered as the most immunogenic peptide, and therefore selected as a suitable 

immunogen peptide for future mAb development.  
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Figure 3.10 AbDesigner output for Peptide1 and 2 (STEAP2/ECL1). The 
analysed peptide of interest (amino acid sequence) is highlighted in red. A) Peptide1 is 
positioned at aa 229 - 243 (ECL1) and shows slightly higher immunogenicity and higher 
immunogenicity than Peptide2. B) Peptide2 is positioned at aa 244 - 258 (ECL1). The 
peptides were analysed for the following protein features by AbDesigner protein databases. 
Hydropathy (K-D-Hydropathy); Immunogenicity (Ig-score); uniqueness (yellow colour 
code,where bright yellow is highly unique and dark yellow is less unique); peptide 
conservation (red colour code; bright red is a highly conserved region and dark red is a less 
conserved region); conflict: any conflicts with protein databases; variants: evolving by single 
nucleotide polymorphism (SNP); topology classified in transmembrane (TM in red), 
extracellular (ECLs in blue) and intracellular domains (ICLs in grey); ferri-reductase 
activity; splicing variants and metal binding sites (black dot); aa: amino acid position within 
the STEAP2 protein. Output was provided by AbDesigner and modified for graphical 
illustration. 
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Figure 3.11 AbDesigner output for Peptide3 and4 (STEAP2/ECL2). The 
analysed peptide of interest (amino acid sequence) is highlighted in red. A) Peptide3 is 
positioned at aa 326 - 340 (ECL1) and shows very similar moderate immunogenicity to 
Peptide4. B) Peptide4 is positioned at amino acid 341 - 351 (ECL1) but demonstrates 
higher uniqueness than Peptide3. The peptides were analysed for the following protein 
features by AbDesigner. Hydropathy (K-D-Hydropathy); Immunogenicity (Ig-score); 
uniqueness (yellow colour code where bright yellow is highly unique and dark yellow is less 
unique); peptide conservation (red colour code; bright red is a highly conserved region and 
dark red is a less conserved region); conflict: any conflicts with protein databases; variants: 
evolving by single nucleotide polymorphism (SNP); topology classified in transmembrane 
(TM in red), extracellular (ECLs in blue) and intracellular domains (ICLs in grey); ferri-
reductase activity; splicing variants and metal binding sites (black dot). aa: amino acid 
position within the STEAP2 protein. Output was provided by AbDesigner and modified for 
graphical illustration. 
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Figure 3.12 AbDesigner output for Peptide5 (STEAP2/ECL3). The analysed 
peptide of interest (amino acid sequence) is highlighted in red. A) Peptide5 is positioned at 
aa 414 - 428 (ECL3) and shows moderate immunogenicity. The peptide was analysed for the 
following protein features by AbDesigner: Hydropathy (K-D-Hydropathy); Immunogenicity 
(Ig-score); uniqueness (yellow colour code where bright yellow is highly unique and dark 
yellow is less unique); peptide conservation (red colour code; bright red is a highly conserved 
region and dark red is a less conserved region); conflict: any conflicts with protein databases; 
variants: evolving by single nucleotide polymorphism (SNP); topology classified in 
transmembrane (TM in red), extracellular (ECLs in blue) and intracellular domains (ICLs in 
grey); ferri-reductase activity; splicing variants and metal binding sites (black dot). aa: amino 
acid position within the STEAP2 protein. Output was provided by AbDesigner and modified 
for graphical illustration. 

 

Table 3.5 Analysed features to compare Peptides1 – 5. Individual peptides with 
matching extracellular domains (ECL1 - 3) are illustrated with respective amino acid position 
(aa pos.) within the full length STEAP2 amino acid sequence. Ig: immunogenicity score 
(indicated by number, green colour code where dark green is highly immunogenic, moderate 
green is moderately immunogenic and light green is lower immunogenic). Peptide conservation 
indicated in percentage (%) and the presence in other species (red colour code; bright red is a 
highly conserved region and dark red is a less conserved region); U: uniqueness (numbers 
indicate uniqueness rank, blue colour code; bright blue is highly unique, moderate blue is 
moderately unique and dark blue is less unique); S: similarity of the peptide sequence to other 
human proteinsindicated as percentage (%); CD1E:  T-Cell Surface Glycoprotein; K1715: cilia 
and flagella-associated protein; MOCOS: Molybdenum Cofactor Sulfurase; Pep1 – 5: Peptide1 
- 5; ECL1 – 3: extracellular loop1 – 3; Ms: Mouse species. 

Pep/ ECL aa pos. Ig Conservation Uniqueness Similarity 
Pep1/ECL1 229 – 243 247 Ms, 100% 160  
Pep2/ECL1 244 – 258  289 Ms, 100% 183  
Pep3/ ECL2 326 – 340  235 Ms, 100% 330 CD1E, 11% 
Pep4/ ECL2 341 – 358  234 Ms, 22% 152  
Pep5/ ECL3 414 – 428  203 Ms, 22% 390 K1751, 11% 

MOCOS, 11% 
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3.3.5 Ab panel detected overexpressed STEAP2 in PC3 cells and 

low expression levels in PNT2 cells 

 After one unique Peptide5 was determined for the potential anti-STEAP2 

mAb production, it was of great interest to characterize the previously identified 

commercial anti-STEAP2 pAbs (Ab1 – 4) for their linear STEAP2 protein binding 

ability by Western blotting. In cancerous PC3 cells, substantially increased STEAP2 

protein levels were detected by Ab1 - 4 opposed to lower protein levels in normal 

PNT2 cells (Figure 3.13 and Table 3.6). These were clearly demonstrated by the 

visible bands located at molecular size of STEAP2 at approximately 56kDa (Figure 

3.13). 

 

 
Figure 3.13 STEAP2 protein analysis using the anti-STEAP2 pAb panel. Four 
commercial, polyclonal anti-STEAP2 antibodies “Ab1 – 4” were utilised to study the protein 
expression of STEAP2 (56 kDa) by Western blotting. The normal PNT2 and cancerous 
PC3 cells were included in technical triplicate per cell line per blot. Each blot illustrates the 
biotinylated molecular weight ladder (MWL in kDa, left). The PNT2 cells show lower and 
the PC3 cells express higher STEAP2 protein levels. A) Ab1/ECL1. B) Ab2/ECL1. C) 
Ab3/ECL1. D) Ab4/ECL3. Rectangular boxes show where the blot was cut and re-
assembled for densitometry analysis (N = 3). 
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 The greatest significant difference in the STEAP2 protein expression was 

observed for Ab2 with a fold increase of 17.26 (p-value = 0.001), while Ab4 ranked 

second with a 11.75-fold change (p-value = 0.001), respectively. It is, however, notable 

that both Ab2 and 4 demonstrated the highest non-specific background noise, with 

many additional bands. Ab1 and Ab3 substantially expressed higher STEAP2 protein 

levels compared to the normal PNT2 cells with a 8.319 fold change (p-value = 0.005) 

and 7.178 fold change (p-value = 0.012), respectively (Table 3.6). Based on the fold 

change in protein expression, the antibodies were further ranked for their STEAP2 

binding ability from the highest to the lowest (poorest) as follows: Ab2 < Ab4 < Ab1 

< Ab3. To conclude, the antibodies have performed differently in their capacity to 

detect linear STEAP2 protein. However, each individual Ab was considered to be of 

good quality and suitable for the western blotting technique. 

 

Table 3.6 STEAP2 expression levels in fold change. The fold change was measured 
by comparing of the expression levels in PC3 cells opposed to normal PNT2 cells using the 
commercial polyclonal anti-STEAP2 Ab panel. Upregulation: +; p-value: where p* < 0.05, 
p** < 0.01 and p*** < 0.001 (N=3). 

Ab  Fold-change P-value 
Ab1 +8.319 0.005** 
Ab2 +17.26 0.001** 
Ab3 +7.178 0.012* 
Ab4 +11.75 0.001** 

 

3.3.6 Ab panel detected intracellular STEAP2, whilst Ab4 demonstrated 

exclusive cell surface location 

 The anti-STEAP2 pAb panel was assessed for their STEAP2 binding quality 

by fluorescence microscopy to investigate their ability to recognise STEAP2 in a 3D 

conformational like structure. In PC3 cells, staining of STEAP2 resulted in a strong 

fluorescent signal using Ab1 – 4 (Figure 3.14). In contrast, low fluorescent signal 

was observed in healthy PNT2 cells (Figure 3.15). Ab4 detected STEAP2 

prominently at the cell-surface in PC3 cells shown by an accumulation of fluorescent 

signal at the cell periphery, indicating plasma membrane localisation besides the 

presence of intracellular punctuates. In contrast, the Ab1 – 3 exhibited a fluorescent 
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signal as clustered punctuates suggesting intracellular presence such as in the Golgi 

apparatus. Ab1, Ab2 and Ab3 demonstrated a strong fluorescent signal throughout 

the cell, albeit no cell membrane specific fluorescence was observed (Figure 3.14). 

Therefore, Ab4 exhibited the best STEAP2 binding by fluorescence microscopy as it 

demonstrated both intracellular as well as cell surface STEAP2 protein in PC3 cells. 

In healthy PNT2 cells, medium-sized fluorescent agglomerates at lower fluorescent 

signal intensity was a common staining pattern compared to the PC3 cells. This 

implied a significantly lower STEAP2 expression when using all Abs compared to the 

stronger fluorescent signal in STEAP2 overexpressing PC3 cells. These small 

fluorescent punctuates are likely to represent an intracellular localisation such as the 

Golgi apparatus (Figure 3.15). 
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Figure 3.14 Higher STEAP2 expression in PC3 cells by confocal microscopy. Ab 
panel: A – D. A – C) Ab1, 2, 3 (STEAP2/ECL1); D) Ab4 (STEAP2/ECL3). Nuclei: blue; 
STEAP2: green; merged: overlap of blue and green channel. Images were acquired with a 63x 
objective zoom of a Confocal Laser Scanning Microscope (LSM 710, Zeiss, Germany). Scale 
bar = 20µm (N = 3). 
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Figure 3.15 Lower STEAP2 expression in PNT2 cells by confocal microscopy. IF: 
immunofluorescence microscopy analysis. Ab panel: A – D. A – C) Ab1, 2, 3 
(STEAP2/ECL1); D) Ab4 (STEAP2/ECL3). Nuclei: blue; STEAP2: green; merged: overlap 
of blue and green channel. Images were acquired with a 63x objective zoom of a Confocal 
Laser Scanning Microscope (LSM 710, Zeiss, Germany). Scale bar = 20µm (N = 3). 
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3.4 Discussion 

3.4.1 Normal tissue distribution of STEAP2 

 This chapter aimed to investigate, if STEAP2 was a viable biotherapeutic 

molecular drug target. Therefore, STEAP2‘s normal tissue distribution was studied 

by IHC of TMAs containing 33 different normal (disease-free) human tissues. This 

present study has used high grade PCA tissues of known STEAP2 expression as 

appropriate positive controls to compare to STEAP2’s expression in normal tissues 

(Burnell et al., 2018). Moreover, the anti-STEAP2 Ab used for IHC analyses in this 

study has been previously validated by a past study for IHC studies (Burnell et al., 

2018). 

 

 The first normal tissue distribution analysis of STEAP2 was demonstrated by 

the Human Protein Atlas (HPA) (Uhlen et al.) Two approaches were common when 

comparing the HPA and the present study: the number of scientists, that analysed 

the tissues and the scoring system. First, the tissues were analysed by two trained 

scientists, contained biological replicates from individual samples (HPA minimum of 

N =3; this study minimum of N = 2) per tissue. Additionally, this study analysed a 

second normal TMA as technical replicates. Further, the TMAs were analysed based 

on a semi-quantitative scoring system in both studies. Thereby, all tissues were scored 

for both staining intensity as well as staining level. Based on the HPA’s information 

about IHC and annotation, it remains unclear, if the HPA allocated a numerical 

system according to their given staining intensity descriptive and staining level 

percentages. Table 3.7 outlines the differences in the scoring systems in detail. 

 

 

 

 

 



 101 

Table 3.7 Differences in scoring systems used for the STEAP2 tissue expression 
analyses by the HPA and Chapter3. HPA: Human Protein Atlas (Uhlen et. al). Both 
studies scored tissues for both staining intensity and staining level of different definitions for 
each range.  STEAP2 expression descriptive range from negative (= neg), weak, moderate and 
strong. Staining level percentage was separated into four categories in both studies, however 
showing different percentage ranges. N/A: corresponding descriptive or scores not available. 
Information about the scoring system used for the HPA was retrieved March/2019 from: 
https://www.proteinatlas.org/about/assays+annotation#ihk. 
 

 

 The HPA examined 44 different tissues and reported medium STEAP2 

expression for the majority of the tissues. Both studies analysed 28 common tissues 

of which only three tissues (i.e. ovary, skeletal muscle and spleen) were in accordance, 

demonstrating low STEAP2 expression. Of this common pool of tissues, the HPA 

reported medium expression for 25 tissues, as opposed to a low expression determined 

in Chapter3 within this thesis. Moreover, the HPA reported medium STEAP2 protein 

expression for an additional 16 tissues, which were not available in this study. 

However, the data presented in this Chapter reports low STEAP2 protein expression 

for an additional five tissues, which were not analysed in the HPA investigation 

Figure 3.16. 

 

 

Staining intensity Staining distribution 
HPA Chapter3 HPA Chapter3 

Descrip. Score Descrip. Score % Descrip- Descrip Sore 
neg N/A neg - weak 1 N/A Rare < 25% 1 
weak N/A medium 2 < 25% N/A >25 - 50% 2 
moderate N/A strong 3 25 – 75  N/A > 50 - 75% 3 
strong N/A   > 75% N/A > 75%) 4 
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Figure 3.16 Differences in the tissue profile of STEAP2 by the HPA/ Chapter3. 
Red box: tissues which were analysed by Uhlen et. al but missing in the present study; blue 
box = tissue overview which were analysed by Nguyen Chi et. al but missing in Uhlen et. 
al.’s study; grey box: tissues analysed by both studies, horizontal grey line indicating tissues 
with identical STEAP2 expression (= in agreement) or a different STEAP2 expression (= in 
disagreement) found by both studies. STEAP2 ‘s tissue expression is indicated by coloured 
boxes in red (Uhlen et. al) or blue (Chapter3). Arrow directions in the boxes display 
STEAP2’s expression as follows: : high expression; ®: medium expression; ¯: low 
expression. 

 

 The major differences between the two studies were the Ab supplier, 

immunogen region (antigen) and the Ab validation process. Both applied Abs were 

suitable and validated for IHC analysis, but they were obtained from different 

suppliers (HPA -Sigmaaldrich; the present study - Abcam). Moreover, the Ab 

validation processes were different from each other.  The HPA anti-STEAP2 Ab was 

validated by an antigen-microarray (containing 384 different antigens) showing a 
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single peak and thereby high specificity to the immunogen region. However, the 

reliability score is currently classified as „uncertain“ based on “consistency between 

Ab staining pattern, available RNA sequence, gene and protein characterisation data 

as well as independent Ab targeting the same protein“. Additional Western blotting 

data provided by the HPA implies, that the utilised Ab does not detect STEAP2 with 

high specificity. The HPA reported intracellular location to vesicles for STEAP2 but 

also states, that its location is not consistent with its protein expression data shown 

by fluorescent staining. Further, a different cell line (A549) was used for fluorescent 

microscopy than the PC3 and PNT3 cells in the present Chapter3. The Chapter3 

data has used an anti-STEAP2 pAb, which has been previously validated and a clear 

association was demonstrated between increasing STEAP2 expression and prostate 

cancer aggressiveness by IHC/TMA (Burnell et al., 2018). Moreover, Chapter3 has 

confirmed, that this anti-STEAP2 pAb used by Burnell et. al is able to detect 

STEAP2 by Western blotting in the higher STEAP2 expressing cell line PC3 

compared to normal PNT2 cells as control. Importantly, the two anti-STEAP2 Abs 

utilised by the HPA and Chapter3 target different immunogen regions (antigens). The 

HPA used an anti-STEAP2 Ab, which was specifically designed for the IHC 

application using a protein signature-tagged Ab (Zeiler et al., 2012). Thereby, this 

anti-STEAP2 Ab targets an immunogen region located to 131 - 212 aa on 

STEAP2/ICL1 (, while this Chapter3 uses an anti-STEAP2 pAb specific to the 233 - 

262 aa on STEAP2/ ECL1. This is very important to consider as although these anti-

STEAP2 Abs bind the same target protein, this can result in a substantially different 

performance in Ab target binding affinity (Goldstein et al., 2007; Kim et al., 2016; 

Lin & Chen, 2014). 

 

 Lastly, as shown in the present Chapter3, all tissues exhibited very low 

STEAP2 protein levels compared to the PCA positive control tissues and they were 

all given a score of < 3 of 12 (low expression). Thus, the data indicates little off-target 

side-effects are likely to occur in these low STEAP2 expressing tissues. To conclude, 

a STEAP2 normal tissue distribution compared to high grade PCA tissue is provided 
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by the present Chapter3. Low STEAP2 expression was observed in 33 different tissues 

across the human body. Thereby, this study supports the hypothesis, that STEAP2 

may be a viable target for drug delivery by Ab-based treatments, which may provide 

a benefit of little side-effects compared to conventional prostate cancer treatment. 

 

3.4.2 Structural modelling of STEAP2 to identify targetable peptide 

sequences for immunogen design to generate mAbs 

 A key aim of this Chapter3 was to identify a suitable peptide sequence 

(immunogen) on STEAP2 for future mAb production and to determine, if a 

commercial Ab with sufficient STEAP2 binding specificity was available for proof-of-

concept studies. The objective was to identify accessible domains on the ECLs of 

STEAP2 and to narrow these down to shorter peptide sequences, which should exhibit 

sufficient immunogenicity. Structural analysis  was performed using AbDesigner. 

Moreover, a list of all commercially available STEAP2 Abs was created following Ab 

mapping to STEAP2’s ECL domains. This resulted in an anti-STEAP2 Ab panel, 

which was evaluated  by fluorescence microscopy and Western blotting for their naïve 

and  linear STEAP2 binding ability. There are different methods available to identify 

targetable peptide regions on a protein of interest such as an Ab-dependent method 

by Ab mapping or protein homology modelling approaches. Homology modelling 

describes the approach to virtually design a target protein’s 3D conformation based 

on the availability of aa sequences that code for genes of the human genome with 

specifically high similarity (homology) to the protein of interest (Clementi et al., 

2013). This enables the modelling of ligand–protein complexes often used for drug 

development and this concept has been widely developed for small molecules. For 

example, a small molecule generally binds to a target protein by fitting into a very 

specific “pocket”. To model the ligand–protein interaction site, the aa sequences must 

be known for both the ligand and the target protein (Clementi et al., 2013). For this 

approach, the Ab’s Complementary Determining Regions (CDRs) would have 

represented the ligand. The disadvantage of using commercial pAbs was the difficulty 
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in obtaining the CDRs’ sequences because pAbs detect multiple, heterogenous 

epitopes (Stills, 2012). Hence, this method was excluded and not further considered. 

 

 The data obtained in this Chapter3 was thus based on the Ab-dependent aa 

based method with an additional fully integrated protein structural analysis by 

AbDesigner tool. The full length human STEAP2 protein’s aa sequence was retrieved 

from the database UniProt, a consortium which hosts comprehensive descriptive 

information about existing (human) proteins. UniProt makes all sequenced proteins 

available online, providing basic information such as the aa sequence of a given 

protein, its isoforms and existing natural ligands (Holgersson et al., 2010; Uhlén et 

al., 2005). Following 2D modelling by SwissProt, mapping of commercial anti-

STEAP2 pAbs with known immunogen regions to the three 3 ECLs of STEAP2 

enabled the prediction of Ab-dependent immunogens on the protein. This 

demonstrated, that STEAP2 possessed three accessible ECLs (ECL1, ECL2 and 

ECL3). Moreover, five unique peptides sequences were determined to reside on these 

ECLs (Peptide1, Peptide2, Peptide3, Peptide4 and Peptide5) with the highest 

immunogenicity observed for Peptide5, albeit moderate.  After mapping, the anti-

STEAP2 Ab list to the ECLs, it was narrowed down to four commercial anti-STEAP2 

pAbs (Ab1, Ab2, Ab3 and Ab4) of which Ab4 exhibited the most favourable ability 

of binding and detecting STEAP2 in both naive and linear (denatured) protein 

structure using Western blotting and confocal microscopy. Therefore, Peptide5 

located on STEAP2/ECL3, was considered as the most suitable peptide region for 

future mAb development. 

 

 The use of the AbDesigner tool provided a robust approach for the screening 

for suitable peptide sequences as immunogens on STEAP2 for Ab development. It 

was easy to use and only requires the protein sequence input (e.g. FASTA format) of 

the target protein, which can be accessed by common databases (e.g. UniProt and 

SwissProt) The data output was visualised, which is a unique service only provided 

by AbDesigner. The analysis combined many protein propensity factors, that 
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determine a successful immunogen, which was supported by a visual output as an 

overview. AbDesigner was created to support the prediction of immunogens with 

consecutive aa, called linear peptides (or epitopes if < 15 aa). To begin with, the 

peptide length was therefore pre-set to 15 aa before the data input as recommended 

by AbDesigner. To ensure the target specificity, it is recommended to keep the peptide 

sequence short (Abcam, 2019; Grant, 2002). 

 

 Currently, one conventional peptide design option for mAbs is to use a short 

linear peptide sequence in contrast to the full-length protein. The advantage is the 

limited peptide length, typically about 10-20 aa long, which are in linear order 

(Abcam, 2019; Grant, 2002). A 15 aa long peptide was chosen by the default 

recommendation by AbDesigner. The topology results have shown, that STEAP2 

possesses three ECLs containing four possible immunogens in total. These 

immunogens were analysed for immunogenic peptides with the pre-set peptide length 

resulting in give individual peptide sequences. Given the short, pre-set peptide 

sequence, the similarity of linear peptides to other proteins was considered as very 

low. The reason for the use of linear peptides is, that they may be more unique to a 

certain protein in order to raise an Ab with high target specificity. Linear peptides 

may also be more advantageous to reduce potential cross-reactions, while the 

likelihood for full-length proteins is higher as they contain far more immunogen 

regions (Abcam, 2019; Grant, 2002). Thereby, the resultant Ab may recognise several 

other immunogens besides the original peptide sequences, which may thereby increase 

the chances of cross-reactions. Shorter peptides are considered as low immunogenic, 

whereas higher immunogenicity is described for full-length proteins as they contain a 

far larger amount of potentially immunogenic peptides. The downside may be, that 

conformational immunogens (epitopes), which evolve by the protein’s 3D structure, 

may be missed out. However, predicting for conformational immunogens represents a 

major challenge in peptide design and was not approached in this study 

(PacificImmunology, 2019). Further, full-length proteins may better represent 3D 

conformational immunogens, which mimic the actual target protein. However, full-
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length proteins can be more difficult to synthesise versus shorter peptides (Grant, 

2002; PacificImmunology, 2019). Full-length proteins display a greater risk of 

instability once they degrade. Therefore, linear peptides are more popular as antigens 

for the mAb production as scientists are able to design them with ease, while keeping 

costs at bay (Grant, 2002). To increase the immunogenicity of linear peptides, they 

are frequently being chemically modified by the addition of the Keyhole Limpet 

Hemocyanin carrier protein (KLH), which ensures sufficient immune response in the 

species due to its size (Di Pasquale et al., 2015; Yang & Kim, 2015). To elicit a desired 

immune response in animal species to produce Abs, the immunogen needs to have 

sufficient immunogenicity. It is commonly anticipated, that peptides with higher 

immunogenicity may increase the immune response in animal species to produce a 

higher Ab titre (Di Pasquale et al., 2015; Grant, 2002; Junutula et al., 2008). 

Therefore, the identified ECLs have been analysed and ranked for their 

immunogenicity-score (Ig-score) from highest to the lowest immunogenic peptide. The 

peptide sequences were all of moderate immunogenicity including the highest ranked 

Peptide5. Higher immunogenicity has been shown not to ultimately guarantee the 

success of Ab generation (Pisitkun et al., 2014). This was confirmed in the past by 

the generation of a human anti-Podocin Ab using a moderately immunogenic peptide 

(Ig-value 55). The target specificity of the Ab was confirmed by using a blocking 

peptide of different concentrations by fluorescence imaging (Pisitkun et al., 2014). 

Taken this data into account, Peptide5 was ultimately selected based on its Ig-score, 

albeit with moderate immunogenicity. 

 

 Furthermore, AbDesigner’s outputs takes the protein’s hydropathy, 

conservation, uniqueness and similarity to other proteins into account for the analysis. 

Hydropathy analysis separates the protein into hydrophilic, amphiphilic and lipophilic 

parts and historically dates back to an established mathematical algorithm (Hopp & 

Woods, 1981). This gives information about where the protein is located within a cell 

(topology). This is important as it facilitates the identification of potential 

immunogens on the extracellular site (e.g. ECLs). Thereby, the accessibility of the 
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drug target was included by AbDesigner to increase the tool’s power (Grant, 2002). 

Interestingly, the hydrophilic regions were identified for ECLs and ICLs, which were 

of moderate immunogenicity suggesting these regions contain a higher number in 

hydrophilic amino acids. Further, information was provided on the protein’s 

conservation indicating its likelihood to be present in other species and thereby to 

cross-react. The data has shown that STEAP2 is not highly conserved and is present 

in more than 128 species. However, as this study has focused on identifying a short 

peptide as an immunogen, their conservation has been evaluated in further depth to 

reduce the probability of cross-reactivity. It can also be used to deliberately choose a 

cross-reactive Ab, which is often used in secondary fluorophore-labelled Abs to allow 

the application of primary Abs from different species. Moreover, information about a 

peptide or protein’s conservation can be advantageous to selectively narrow down the 

species of interest in which the Ab therapeutic shall be therapeutically active or not. 

Peptide1, Peptide2 and Peptide3  were fully conserved (100%)in mice indicating that 

cross-reactions are likely to occur in this species. A lower conservation (22%) in mice, 

was observed for Peptide4 and Peptide5 suggesting the chances these peptide 

sequences may cross-react in mice are much lower compared to Peptide1 – 3. This 

Chapter3 data implied, that STEAP2 targeted Ab drugs are likely to cross-react with 

a few proteins in mice species.  Moreover, the similarity score reflects the probability 

(%) of a selected peptide region to be present as a similar peptide or protein and can 

also be used to mirror the Ab’s cross-reaction. Peptide3 was observed to share low 

structural similarity (11%) to the human CD1E protein. Its gene codes for the T-cell 

surface glycoproteins membrane associated form, which is required to accurately 

present glycolipid antigens on the cells’ surface. However, this form is not active and 

only present in the intracellular compartment such as the Golgi apparatus, endosomes 

and lysosomes (see UniProtKB: P15812; Entry name: CD1E_HUMAN). For 

Peptide5, two proteins were identified with low similarity (11%). One was the K1751 

protein, which is a cilia and flagella-associated protein which is involved in the cilium 

movement (see UniProtKB: Q9C0B2; Entry name: CFA74_HUMAN). The second 

protein, MOCOS, is the Molybdenum Co-factor Sulfurase. MOCOS partakes in 
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metabolic activity; however, little information is provided on the databases (see 

UniProtKB: Q96EN8; Entry name:  MOCOS_HUMAN). The similarity of the 

identified proteins with STEAP2 peptides needs to be addressed by future in-vivo 

studies to prevent potential off-target side-effects. Important post-translational 

modifications (PTM), splicing variants (isoforms) and single-nucleotide 

polymorphisms (SNPs, variants) were also considered. If the splicing position affects 

any of the identified targetable regions, it may be pertinent to omit these regions to 

avoid undesired peptide modification (e.g. shortening) (Van Eyk & Stastna, 2012). 

This may equally result by aa residue phosphorylation, leading to masking of the 

target peptide sequence. Although STEAP2 showed 2 additional splicing variants, the 

identified alternative splicing positions implied the ECLs remained unaffected. Thus, 

all Peptides1-5 on ECL1-3 are theoretically suitable to be used as antigens to produce 

anti-STEAP2 mAbs. SNPs were also taken into account, which showed STEAP2 

(isoform a) possessed four SNPs. This is in line with a past finding that reported over 

44 non-synonymous SNPs (nsSNPs) (Naveed et al., 2016). The study indicated, that 

alterations in STEAP2 protein function as a result of the SNPs may led to more 

aggressive cancer phenotypic outcomes (Naveed et al., 2016). It is however notable, 

that none of the SNPs identified in this study were present at STEAP2/ ECL3 which 

thus did not raise concern for the selection of Peptide 5. This demonstrates the peptide 

design approach using AbDesigner may require complementary literature research on 

the target protein given its limited SNP detection. In summary, the data highlights 

AbDesigner as a powerful tool to screen for desired peptide sequences, that may 

represent immunogens within a target protein for mAb development.  

 

3.4.3 Ab panel evaluation and candidate selection 

 The commercial anti-STEAP2 pAb lead candidates were analysed for their 

binding ability for linear and naïve STEAP2 protein. Therefore, fluorescence 

microscopy and Western blotting were conducted. Fluorescent staining using the 

commercial anti-STEAP2 pAbs, Ab1, 2 and 3, did not show sufficient detection of 
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any cell membranous STEAP2 protein in PC3 cells. The fluorescent signal for 

STEAP2 was present throughout intracellular compartments in PC3 and PNT2 cells. 

This signal pattern may suggest Golgi localisation or endosomal/ lysosomal co-

localisation, which has been previously shown for STEAP2 by STEAP2-transfected 

HEK-293T cells (Hasegawa et al., 2018; Korkmaz et al., 2002; Ohgami et al., 2006). 

However, fluorescent staining of STEAP2 using Ab4 showed cell membranous specific 

localisation alongside staining of  the intracellular punctuates. Recently, an anti- 

STEAP2  mAb against the ECL2 was developed, which also showed a strong cell 

membranous location by fluorescent staining (Hasegawa et al., 2018) supporting the 

hypothesis of STEAP2 as a protein to shuttle between the plasma membrane to the 

trans-Golgi network (Korkmaz et al., 2005; Ohgami et al., 2006). In contrast, Abs of 

polyclonal origin were used in the present study, which naturally bind to a 

heterogenous immunogen pool, as opposed to the anti-STEAP2 mAb highly specific 

to one, single immunogen region in ECL2 (Hasegawa et al., 2018; Stills, 2012). 

However, the Chapter3 results demonstrated, that STEAP2’s ECL3 represents an 

accessible domain for Abdrugs besides ECL2. 

 

 Moreover, STEAP2’s cell membranous epitopes may have been masked after 

cell fixation, which is a widely known problem. Cell fixation may have also formed 

minor holes in the cell membrane, that provided Ab access to the intracellular site. 

This may explain why a Golgi-like fluorescence staining pattern can be observed 

especially in the PNT2 cell line without cell permeabilisation. This pattern was also 

present in PC3 cells using Ab1 – 4 in alignment with previous reports about its 

intracellular presence such as in the Golgi (Korkmaz et al., 2005; Ohgami et al., 2006). 

Thus, this study suggests Ab1, 2 and 3 are more suitable to detect intracellular 

STEAP2 protein by fluorescence staining but not cell membranous staining compared 

to Ab4. For Western blotting, a linear, denatured protein structure - different to its 

natural 3D conformation – is required. Normally, this protein originates from 

denatured cell lysates, a linear protein extract, that does not distinguish between the 

ECLs and ICLs (Forsström et al., 2015; Taylor et al., 2013). Western blotting was 
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more suitable as semi-quantitative analysis of the Ab panel to recognize linear 

STEAP2 protein, which was complemented by a more qualitative analysis for the sub-

cellular localisation by fluorescence staining. All anti-STEAP2 Abs showed higher 

STEAP2 expression in cancerous PC3 cells compared to normal PNT2 cells in 

accordance with previous findings using Western blotting, albeit with different 

specificity to STEAP2 (Burnell et al., 2018; Whiteland et al., 2014). Ab2 and 4 

demonstrated superior STEAP2 binding ability followed by Ab1 and Ab3 with the 

poorest binding ability. Ab1, Ab2 and Ab3 were recommended for Western blotting, 

whereas Ab4 was determined as unsuitable for this application by the supplier. Yet, 

Ab4 showed excellent target specificity, albeit with higher background associated with 

non-specific bands in Western blotting. In contrast, Ab3 detected STEAP2 in western 

blotting poorly, despite being suitable for the application by the supplier. 

 

 To conclude, Ab4 and performed well in both methods (Table 3.8, details are 

provided in Table 2.5. Further, Ab4 was the only antibody which showed excellent 

ability to detect the membrane location of STEAP2 and was thus selected as the Ab 

lead-candidate to take forward for in-vitro proof-of-concept studies. 

 

Table 3.8 Summary of the anti-STEAP2 Ab panel evaluation. The antibodies were 
rated according to their performance in western blotting and fluorescence microscopy which 
resulted in Ab4 as the Ab lead candidate. Ab/ECL: Antibodies1 - 4 (AB1 - 4) with respective 
extracellular loops (ECLs). Applications used for the evaluation of the anti-STEAP2 Ab 
panel: WB: western blot, IF: Immunofluorescence microscopy. ELISA: Enzyme-Linked 
Immunosorbent Assay; FC: Flow Cytometry; Yes: good performance, no: poor performance. 
The conclusion was either "not selected" or "selected" for further studies. 

 

 

Ab/ECL WB IF Conclusion 

AB1/ECL1 yes no not selected 

AB2/ECL1 yes no not selected 

AB3/ECL1 yes no not selected 

AB4/ECL3 yes yes selected 
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3.5 Conclusion 

 The data generated in the current Chapter3 confirms STEAP2 is a viable drug 

target for Ab-based therapies. STEAP2 was shown to be higher expressed in prostate 

cancer tissues and only expressed at lower protein levels for a wide range of un-

diseased, human tissues meaning severe-side effects are unlikely to occur (by using 

Ab2 specific to ECL1 (aa 233 – 262). Protein analysis of STEAP2 confirmed to be 

high in prostate cancer cells PC3 but low in normal PNT2 cells by western blotting 

strengthening the hypothesis of STEAP2 as a suitable therapeutic drug target for Abs 

to treat advanced prostate cancer. Structural protein analysis indicated the 14 amino 

acid long Peptide5 („GWKRAFEEEYYRFY“) on STEAP2/ECL3 as the most 

immunogenic peptide region within STEAP2 suggesting it represents a promising 

antigen for future mAb generation. Analysis of a panel of commercial anti-STEAP2 

pAbs by confocal microscopy showed anti-STEAP2 pAb targeting an immunogen on 

ECL3 detected cell surface STEAP2, one important prerequisite for Ab therapeutics. 

Since the anti-STEAP2 pAb (Ab4/ECL3) targets an immunogen region on 

STEAP2/ECL3 and is highly specific to cell-membranous STEAP2 it has been selected 

as the antibody lead candidate to take forward for proof-of-concept studies. 
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4 “Impact of an anti-STEAP2 Ab on invasive 
properties of prostate cancer cells in-
vitro.” 
 
 

4.1 Introduction 

 Data until date, including the previous Chapter3, have implied STEAP2 as a 

viable drug target. STEAP2 is abundant in advanced-staged prostate cancer tissues, 

while it is only present in lower levels in over 33 organs across the human body (see 

Chapter3, Section 3.3.1). Moreover, STEAP2 promotes cancer invasive properties 

such as cell migration and invasion in-vitro underlying cancer cell metastasis (Burnell 

et al., 2018; Whiteland et al., 2014). The previous Chapter3 has identified one 

commercial anti-STEAP2 pAb lead candidate (AB4/ECL3), which recognises both 

linear and naïve STEAP2 protein (Chapter3, Section 3.3.3 and 3.3.4). This insight 

raised the question, if advanced staged prostate cancer patients may profit from Ab-

based therapies against STEAP2 overexpressing tumour cells. Thereby, the tumour 

cell killing specificity would be increased, while healthy cells can be spared to reduce 

adverse side-effects unlike the current treatments. 

 

 For example, the ADC technology may provide a benefit by increasing the 

tumour cell killing efficacy. Not only do ADCs rely on the ability of mAbs to 

specifically recognise tumour-specific, cell surface biomarkers, but ADCs safely shuttle 

a highly potent toxin into the cells via the attached mAb. Therefore, the Ab must 

bind STEAP2 with high specificity and trigger receptor internalisation for drug 

delivery. The ADC-receptor complex then shuttles to the lysosomes where the ADC 

is being degraded by lysosomal enzymes, thereby releasing the payload, which results 

in cancer specific cell killing (Carter & Senter, 2013; Chari, Miller, & Widdison, 2014; 

Drachman & Senter, 2013; Ducry & Stump, 2010; Senter & Sievers, 2012; Wu & 

Senter, 2005). Researchers commonly apply the indirect immunofluorescent method 
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by confocal microscopy or flow cytometry to study receptor internalisation. To 

visualise cell surface receptor, the primary Ab must be incubated at 4°C, while 

receptor internalisation is being initiated once the temperature is raised to 37°C 

(Cheng et al., 2011; Vainshtein et al., 2015). After this, a secondary detection Ab is 

being added. Given the multiple steps being applied, this method is not only time-

consuming but also requires co-staining of the cell compartments to accurately 

determine the cell localisation. Recently, Promega has designed a kit to study receptor 

internalisation without co-staining additional organelles. It requires the alteration of 

the pH, since the Ab is being conjugated to a fluorophore dye, which is only active at 

the acidic pH 5 (Nath et al., 2016). Thus, any observed fluorescence can be related to 

the localisation of the Ab to the acidic organelles such as the lysosomes (pH 4.5 – 5.5) 

and endosomes (pH 5.5 - 6.5) (Diering et al., 2014; Hu et al., 2015; Ishida et al., 2013; 

Ritchie et al., 2013). However, it demands a change to an acidic pH to localise the 

Ab-receptor complex before it has reached the acidic organelles, for instance at the 

cell surface (Nath et al., 2016). STEAP2 resides in the Golgi, in the early endosomes 

and at the plasma membrane (Grunewald et al., 2012; Hasegawa et al., 2018; Korkmaz 

et al., 2005; Ohgami et al., 2006; Porkka et al., 2002). Yet, it is uncertain if the ADC 

technology qualifies to target STEAP2 because it is unknown, if STEAP2 internalises 

and localises to the lysosomes after Ab binding. 

 

 Further, it is unknown, if the use of anti-STEAP2 Abs have an effect on the 

cancer invasive properties in prostate cancer cells in 2D monolayer cells and 3D 

spheroid cells. 2D cells are routinely used during the early drug development phase 

due to their cost-effectiveness and simplicity to culture to receive preliminary results 

(Hoarau-Véchot et al., 2018; Huang & Gao, 2018). However, 2D cells lack more in-

vivo like features to better physiologically represent the tumour tissue. Due to their 

monolayered cell arrangement 2D cells are directly exposed to drug treatments, which 

does not truly represent the drug penetration of tumours in-vivo (Hoarau-Véchot et 

al., 2018; Huang & Gao, 2018). The use of 3D cells has bridged the gap between 2D 

in-vitro and in-vivo studies given their spheroidal architecture, which better mimics 



 115 

a more physiological cell-cell interaction (Hoarau-Véchot et al., 2018; Huang & Gao, 

2018). The advantage of 3D cells include a better reflection of the structural 

heterogeneity of the tumour and its gene/ protein expression profile (Costa et al., 

2016; Hirschhaeuser et al., 2010; Nunes et al., 2019; Weiswald et al., 2010). These 

properties make 3D cells powerful during the screening and selection process of drug 

candidates, tumour penetration and drug efficacy testing including Ab-based therapies 

(Edmondson et al., 2014; Malandrino et al., 2018; Phung et al., 2011; Sant & 

Johnston, 2017; Zanoni et al., 2016). 

 

 In order to shed light on these questions this chapter aimed to: 

(1) Assess the suitability of the ADC technology for the potential development of Ab-

based drugs specific against STEAP2; 

(2) Evaluate the impact of the commercial anti-STEAP2 pAb lead candidate 

(AB4/ECL3) on the cancer invasive properties in prostate cancer cells. 

 

 Therefore, the objectives were to investigate the effect of the anti-STEAP2 

pAb lead candidate (AB4/ECL3), previously identified in Chapter3, on cell migration, 

cell invasion and receptor internalisation. In addition, the effect of the anti-STEAP2 

pAb lead candidate (AB4/ECL3) on cell viability was studied in both 2D and 3D 

cells. 
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4.2 Methods 

4.2.1 Cell culture 

4.2.1.1 2D monolayer cells 

The three cell lines PNT2, PC3 and HFF1 (Chapter2, Section 2.1) were routinely 

cultured as described in Chapter2, Section 2.1.6.1. For microscopy or absorbance-

dependent endpoint analyses, cells were grown in DMEM phenol red-free, 

supplemented medium (Thermofisher Scientific, UK). 

 

4.2.1.2 3D PC3 spheroid cells 

Approximately 5,000 PC3 cells were cultured and prepared as described in Chapter2, 

Section 2.1.6.2. 

 

4.2.2 Assays to study the Ab’s effect on cancer invasive traits 

4.2.2.1 Cell migration 

Approximately 25,000 cells were prepared as described in Chapter2, Section 2.1.6.4. 

For the anti-STEAP2 pAb (AB4/ECL3) (Insightbiotechnology, UK) dose finding, 

PC3 cells were treated as summarised in Table 4.1.  

 

 

Table 4.1 Treatments for the cell migration anti-STEAP2 pAb (AB4/ECL3) dose 
finding assay 
Treatments are listed in the left column; brackets indicate Ab dose [µg/ml]; +ctrl (untreat): 
positive control PC3 cells (untreated); +ctrl (IgG):  positive control, anti-IgG isotype Ab 
treated PC3 cells; AB4: commercial, polyclonal anti-STEAP2 Ab directed against an epitope 
on its ECL3, Cell susp. [µl]: volume of PC3 cells suspension used, Treat vol. [µl]: treatment 
volume, Medium [µl]: volume of cell culture medium required, Volumef [µl]: total final volume. 
 

Treatment[µg/ml] Cell susp. [µl] Treat vol. [µl] Medium [µl] Volumef [µl] 
+ctrl (untreat) 384 - 16 400 
+ctrl IgG (20) 384 4.7 11.3 400 
AB4 (5) 384 2.5 13.5 400 
AB4 (10) 384 5 11 400 
AB4 (20) 384 10 6 400 
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The dose finding experiment was conducted as a one-off test. For cell migration 

studies using single anti-STEAP2 pAb treatments, Ab1 (STEAP2/ECL1, stock 

concentration: 0.5 mg/ml, Insightbiotechnology, UK) or Ab4 (STEAP2/ECL3, stock 

concentration 1 mg/ml) were employed. For the dual Ab treatment a combination of 

both Ab1 and Ab4 was utilised.  Positive controls used were untreated cells and cells 

treated with an anti-IgG isotype Ab (stock concentration: 1.7 mg/ml, Thermofisher, 

UK), which was unspecific to STEAP2. The single and dual Ab treatment 

preparations are summarised in Table 4.2. The analysis was carried out according 

to Section 2.2.5.1 and the experiments were conducted in duplicate. 

 

Treatment [µg/ml] Cell susp. [µl] Treat vol. [µl] Medium [µl] Volumef [µl] 
+ctrl (untreat) 384 - 16 400 
+ctrl IgG (20) 384 4.7 11.3 400 
AB1 (20) 384 16 - 400 
AB4 (20) 384 8 8 400 
AB1+AB4 (20) 384 12 4 400 

 

 

4.2.2.2 Cell invasion 

Approximately 25,000 cells were prepared as described in Chapter2, Section 2.1.6.4. 

As positive controls, untreated PC3 cells or anti-IgG isotype Ab (Thermofisher, UK) 

treated PC3 cells were used with chemoattractant (20% FBS). As negative controls, 

PNT2 cells (with 20% FBS) and PC3 cells (without 20% FBS) were employed. Cells 

were treated as summarised in Table 4.3. The assay was conducted according to 

Section 2.2.5.2 and was performed in triplicate. 

 

 

Table 4.2 Treatments to assess the effect on cell migration after the single or dual 
anti-STEAP2 pAb treatment 
. Treatments are listed in the far-left column; brackets indicate Ab dose [µg/ml]; +ctrl 
(untreat): positive control, untreated PC3 cells used to demonstrate their migratory property; 
+ctrl (IgG): positive control, anti-IgG isotype Ab treated PC3 cells; AB: antibodies; AB1: 
commercial, polyclonal anti-STEAP2 Ab directed against an epitope on its ECL1; AB4: 
commercial, polyclonal anti-STEAP2 Ab directed against an epitope on its ECL3; AB1+AB4: 
dual Ab treatment targeting ECL1 and ECL3, Cell susp. [µl]: volume of PC3 cells suspension 
needed, Treat vol. [µl]: treatment volume, Medium [µl]: volume of cell culture medium 
required, Volumef [µl]: final volume in total. 
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Table 4.3 Treatments for the cell invasion assay to assess the impact of the anti-
STEAP2 pAb (AB4/ECL3) on invasive properties in PC3 cells. Treatments are 
listed in the left column. + ctrl (untreat): positive control PC3 cells, untreated to demonstrate 
their migratory properties; +ctrl (IgG) (20 µg/ml): anti-IgG isotype Ab treated PC3 cells used 
as positive control; AB4 (20 µg/ml): commercial, polyclonal anti-STEAP2 Ab directed against 
an epitope on its ECL3; Cell susp. [µl]: volume of PC3 cells suspension needed; Treat vol. [µl]: 
treatment volume; Medium [µl]: volume of cell culture medium required; Volumef [µl]: final 
volume in total. 

 
Treatment [µg/ml] Cell susp. [µl] Treat vol. [µl] Medium [µl] Volumef [µl] 
+ctrl (untreat) 245 - 5 250 
+ctrl IgG (20) 245 2.9 2.1 250 
AB4 (20) 245 5 - 250 

 

4.2.2.3 Cell viability (2D monolayer cells) 

Approximately 10,000 cells per well in a 96-well were cultured for 24 h before 24 h 

exposure to the treatment (Table 4.4). First, 50 µl of the old culture medium was 

replaced with 50 µl of the treatment and incubated for 24 h. The cell viability was 

assessed as described in Chapter2, Section 2.2.5.3. Absorbance was read at A = 570 

nm using a fluorescence plate reader (POLARstar, BMG Labtech, UK). The cell 

viability experiments were conducted in triplicate. 

 

Table 4.4 Treatments for the MTT assay to investigate the cell viability of PC3 
and PNT2 cells after anti-STEAP2 pAb (AB4/ECL3) drug regimen. Treatments 
are listed in the far-left column; +ctrl (untreat): positive control, PC3 cells, untreated to 
demonstrate their migratory properties. +ctrl (IgG): PC3 cells treated with the max. dose of 
anti-IgG isotype Ab used as a positive control; AB4: commercial, polyclonal anti-STEAP2 Ab 
directed against an epitope on its ECL3; Final [µg/ml]: final Ab dose. Ab vol. [µl]: Treatment 
volume with control medium, control IgG Ab or anti-STEAP2 Ab, Medium [µl]: volume of cell 
culture medium required. 

 
Treatment Final [µg/ml] Ab [µl] Medium [µl] 
+ctrl (untreated) 25 - 500 
 50 - 500 
 75 - 500 
+ctrl IgG 75 42 458 
AB4 25 25 475 
 50 50 450 
 75 75 425 

 

4.2.3 Fluorescence microscopy 

For the fluorescence microscopical analysis, the confocal laser scanning microscope 

(LSM710, ZEISS, Germany) was utilized (Section 2.2.4.2). The analysed channels 

and emission wavelengths (nm) were blue (405 nm) for the nuclei, green (488 nm) for 
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STEAP2 with the primary rabbit polyclonal anti-STEAP2 Ab (1:200, 

Insightbiotechnology, UK) or the Golgi organelle with the primary mouse monoclonal 

anti-golgin97 Ab (1:1,000, Invitrogen, UK), red (543 nm) for internalised STEAP2-

receptor Ab complex and transmitted light (brightfield). The secondary goat anti-

rabbit anti-IgG (1:1,000, Abcam, UK) or secondary goat anti-mouse anti-IgG 

antibodies (1:1,000, Invitrogen, UK) were utilised to detect the primary antibodies. 

 

4.2.3.1 Ab pHAb Amine Reactive Dye Conjugates preparation 

The Ab-pHAb Amine Reactive Dye conjugation was carried out as recommended by 

Promega, UK. The storage buffer of the Zeba Desalting Spin Columns (Thermofisher 

Scientific, UK) with a 40 kDa molecular weight cut-off was removed by a quick spin 

and equilibrated with amine conjugation buffer (0.84g Sodium Bicarbonate dissolved 

in 100 ml ddH2O, pH 8.5) by 3x 12000 x g for 1min each spin. The phAb Amine 

Reactive Dye was dissolved in 25 µl of 1:1 DMSO:H2O, vortexed and left for 15  min 

at RT for the dye to dissolve completely. In a 1.5 ml Eppendorf tube, 1.2 µl of dye 

was added to 100 µg of Ab to make a 20 Molar excess of dye and mixed every 10 min 

for 1 h at RT in the dark. Unconjugated dye was removed using the Zeba Desalting 

Spin Column, which was equilibrated with amine conjugation buffer beforehand. The 

Ab-pHAb Amine Reactive Dye conjugate was collected in a fresh Eppendorf tube and 

was kept in the dark at 4°C wrapped in aluminium foil until ready to be used. 

 

4.2.3.2 Drug-to-Antibody-Ratio (DAR) 

The absorbances were measured at A = 280 nm (proteins including antibodies) and 

A = 253 nm (pHAb Amine Reactive Dye) using the Nanodrop (ND-1000 

Spectrophotometer, Thermofisher Scientific, UK). The software Nanodrop version 

3.1.2 was used to measure the absorbance by selecting the UV/Vis option. The DAR 

was used as a quality control were a DAR of 1 – 8 was considered as optimal and was 

calculated according to the manufacturer (Promega, UK) as follows: 
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Ab concentration [mg/ml] = A280 – (A532 x 0.256) / 1.4 

Dye-to-Ab-Ratio = (A532 x 150,000) / (Ab concentration [mg/ml] x 75,000) 

Where: Molecular weight of Ab = 150,000 Da; Extinction coefficient of phAb Amine 

Reactive Dye = 0.256 

 

4.2.3.3 Receptor internalisation 

In an 8-well chamber slide (Ibidi, Germany), 25,000 cells were grown for 48 h at 37°C/ 

5% CO2 before receptor internalisation was carried out. The Ab-fluorophore 

conjugation was carried out as recommended by Promega, UK. On the analysis day, 

the chamber slides were cooled on ice, while old medium replaced with treatment was 

added quickly (Table 4.5).  

 

Treatment [µg/ml] Medium [µl] Blocking [µl] Ab [µl] Volumef [µl] 
+ctrl (untreat) 208.4 41.6 - 250 
+ctrl IgG (100) 193.7 41.6 14.7 250 
AB4 (100) 183.4 41.6 25.0 250 

 

Cells were washed with PBS and 100 µg/ml of anti-STEAP2 or anti-IgG Ab pHAb 

Amine Reactive Dye Conjugates was applied. The chamber slides were sealed with 

parafilm, incubated at 4°C for 30 min to allow even Ab cell surface binding (0 min 

time point), the cells were washed free of Ab with PBS and fixed with PFA for 5 min 

at RT. For any other time point, the cells were shifted from 4°C to 37°C, incubated 

for the desired time to allow receptor internalisation, following PBS washes, fixation, 

PBS washes, 30 min signal quenching using Image iT Signal Enhancer® (Thermofisher 

Scientific, UK), 30 min blocking with 3% BSA, PBS washes and 10min 

permeabilization with 0.1% Triton-X 100. Cells were washed with PBS and ddH2O, 

nuclei were counterstained with DAPI (15 µg/ml final concentration) for 15 min at 

Table 4.5 Treatment to study the receptor internalisation of STEAP2 
. Treatments are illustrated in the far-left column; +ctrl (untreat): positive control PC3 
cells, untreated to demonstrate their migratory properties; +ctrl IgG: anti-IgG isotype Ab 
treated PC3 cells, vehicle, positive control, AB4: commercial, polyclonal anti-STEAP2 Ab 
directed against an epitope on its ECL3; Ab vol. [µl]: Treatment volume with control 
medium, control IgG Ab or anti-STEAP2 Ab; Medium [µl]: volume of cell culture medium 
required. The final concentration of the Ab conjugates applied was 100 µg/ml. 
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37°C, following 1x PBS wash immediately before image analysis. The pH 5 solution 

was added prior to analysis to detect cell surface STEAP2. As controls, PC3 cells 

were incubated with the anti-IgG pHAb Amine Reactive Dye conjugate isotype Ab 

conjugate (Thermofisher, UK) or HFF1 cells treated with anti-STEAP2 Ab pHAb 

Amine Reactive Dye Ab conjugate at 0 min, 15 min, 30 min and 240 min. To visualise 

cell surface STEAP2 at 0 min, the fluorescence of the anti-STEAP2 pHAb Amine 

Reactive Dye was activated using a pH5 solution. For co-localisation studies of 

STEAP2 with the Golgi organelle, cells were blocked for 30 min in 3%BSA, incubated 

with primary goat anti-mouse anti-golgin97 monoclonal Ab (1:1000, Invitrogen, UK) 

for 1h at RT after receptor internalisation, washed with PBS and incubated with goat 

anti-mouse anti-IgG-Alexa488 Ab (1:1000, Invitrogen, UK) for 1 h at RT following 

PBS washes and analysis. Experiments were conducted in duplicate.  

 

4.2.4 Cell surface STEAP2 staining of 3D PC3 spheroid cells 

Approximately 10,000 PC3 cells were prepared to form spheroids over night as 

described in Chapter2, Section 2.1.6.2. 3D PC3 spheroid cells were fixed in 3% 

PFA/Triton (0.01%) for 3h at 4°C and washed 4 x 15 min PBS. 3D PC3 spheroid 

cells were then exposed to an increasing and decreasing methanol/ddH2O series 10%, 

20%, 30%, 40%, 50%, 60%, 80%, 90%, 100%) for dehydration for 15 min each. 3D 

PC3 spheroid cells were then treated with rabbit anti-STEAP2 Ab (Ab4/ECL3, 1:50, 

Insightbiotechnology, UK) for 48 h at 4°C. As a negative control, anti-IgG isotype 

(Thermofisher, UK) treated PC3 spheroid cells (1:50) was used. Cells were then 

washed 4x in PBS for 30 min each and incubated with secondary goat anti-rabbit 

anti-IgG Alexa-488 Ab (1:200, Abcam, UK) for 24 h at RT protected from light. 

Nuclei were counterstained with Hoechst (10 µg/ml) for 15 min at 37°C/ 5% CO2. 3D 

PC3 spheroid cells were collected and mounted onto a glass slide using a pre-cut 200 

µl tip. Two double layers of autoclave tape were placed on each slide to create a 

spacer beforehand. A coverslip was added and sealed with nail polish. Experiment 

procedure was adapted from Weiswald et. al, 2010 and conducted in duplicate. 
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4.2.5 Cell viability (3D PC3 spheroid cells) 

Spheroids were treated for 24 h with 75 µg/ml of anti-STEAP2 pAb (Ab4/ECL3, 

Insightbiotechnology, UK) or anti-IgG isotype control Ab (Thermofisher, UK) on day 

1 or were left untreated one day after cell spheroid preparation (Table 4.6). Cells 

were stained simultaneously with of Hoechst (10 µg/ml) and PI (10 µg/ml) for 15 min 

at 37°C/ 5% CO2, following 3x PBS washes before live imaging using the confocal 

LSM 710 microscope (ZEISS, Germany) with a 10x objective. The experiment was 

conducted in duplicate.  

 

Table 4.6 Treatment to study the impact of the anti-STEAP2 pAb (AB4/ECL3) 
on 3D PC3 spheroids cells after 24 h exposure. Treatments are illustrated in the far 
left column; +ctrl (untreat): positive control PC3 cells, untreated to demonstrate their 
migratory properties; +ctrl (IgG) = anti-IgG isotype Ab treated PC3 cells, positive control; 
AB4: commercial, polyclonal anti-STEAP2 Ab directed against an epitope on its ECL3; Final 
[µg/ml]: treatments were prepared at their double concentration which was diluted 1:1 with 
the remaining cell culture medium per well to make the final concentrations of 75 µg/ml of 
Ab; Ab vol. [µl]: Treatment volume with control medium, control IgG Ab or anti-STEAP2 
Ab; Medium [µl]: volume of cell culture medium required. 

 

4.2.6 Statistical analysis 

Normality of the data was assessed by the Shapiro-Wilk test (as N < 10). Data was 

normally distributed and statistical analysis was therefore carried out using the one-

way ANOVA post-hoc Dunnett test for the  cell viability and cell invasion data. 

Results were considered as statistically significant as follows: p-value < 0.05 (*), p-

value < 0.01 (**), p-value < 0.001 (***) and p-value < 0.0001 (****). Confocal 

microscopy and the cell migration analysis were conducted in duplicate. Confocal 

microscopy for receptor internalisation studies and STEAP2 expression in spheroid 

3D PC3 cells were conducted by acquiring three images of three different fields of 

view per test sample at a 63x zoom objective as qualitative analysis. During cell 

migration analysis, three images per time point and test sample were acquired. 

Treatment [µg/ml] Ab [µl] Medium [µl] Final dose [µg/ml] 
+ctrl (untreated) - 500 75 
+ctrl IgG (75) 42 458 75 
AB4 (75) 75 425 75 
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4.3 Results 

 The aim of this chapter was to evaluate the impact of a commercial, anti-

STEAP2 pAb (AB4/ECL3) on the invasive properties of PC3 cells and to examine, 

if the ADC technology qualifies as a potential therapeutic option for patients with 

prostate cancer. The aim was addressed by evaluating the following properties in PC3 

cells following exposure to anti-STEAP2 pAb (AB4/ECL3): cell migration, cell 

invasion, receptor internalisation and cell viability (in both cells cultured in 2D and 

3D format). 

 

4.3.1 Anti-STEAP2 pAbs exposure substantially inhibit cancer cell 

migration in PC3 cells 

 In order to evaluate the potential of the commercial anti-STEAP2 polyclonal 

Ab (pAb), Ab4 (ECL3), to reduce invasive cancer cell traits, the cell migration assay 

was performed. Initially, three doses ranging from 5, 10 and 20 µg/ml of Ab4 (ECL3) 

were applied to PC3 cells over 12 h as a one-off test to establish the effective Ab dose 

to completely inhibit cancer cell migration (Figure 4.1). After 12 h, the wound gap 

was fully closed in the untreated and IgG control treated PC3 cells, which 

demonstrated their migratory capacity. In contrast, a dose-dependent inhibition in 

cell migration was observed in PC3 cells after Ab4 (ECL3) treatment (Figure 4.1). 

At 5 µg/ml of Ab4 (ECL3), the wound gap did not appear to differ from both the 

untreated and IgG Ab treated controls. However, at 10 µg/ml the wound gap was 

prevented from closing over the 12 h time period. Importantly, PC3 cells exposed to 

the maximum dose of 20 µg/ml of Ab4 (ECL3) showed no difference in the wound 

gap size as compared to the initial starting point 0 h. Therefore, Ab4 (ECL3) 

treatment led to a substantial blockage of the cancer migratory capacity of the PC3 

cells (Figure 4.1). 
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Figure 4.1 Anti-STEAP2 pAb (AB4/ECL3) inhibits cell migration of PC3 cells 
in a dose-dependent manner. Time points at which the images were taken: 0h, 4h, 8h 
and 12h; +ctrl untreated: PC3 cells; + ctrl IgG: PC3 cells treated with anti-IgG isotype Ab 
(20 µg/ml); AB4: Ab4 (commercial anti-STEAP2 Ab specific against ECL3) with a dose 
range of 5 µg/ml, 10 µg/ml and 20 µg/ml. Images were acquired using an inverted light 
microscope with a 5x objective(AxioCam ERC5s, ZEISS, Germany). Scale bar = 500 µm (N 
= 1). 

 

 In order to evaluate, if targeting two unique epitopes on STEAP2 resulted 

in a stronger inhibitory effect on cell migration, PC3 cells were subjected to two single 

Ab treatments, each of which bind to different ECLs. Initially, Ab1 (ECL1) and Ab4 

(ECL3) were employed individually as a comparison, then a dual Ab treatment was 

performed. The wound gap closed fully in both the untreated and IgG Ab treated 

controls over a 12 h period (Figure 4.2, where representative images are illustrated; 

images from the additional replicate can be found in Annex 2, Figure A2. 1).  
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Figure 4.2 Single and dual anti-STEAP2 pAb exposure block cell migration in 
PC3 cells. Time points at which the images were taken: 0h, 4h, 8h and 12h; +ctrl, untreated 
PC3 cells; + ctrl IgG: PC3 cells treated with anti-IgG isotype Ab (20 µg/ml); AB1/ECL1: 
single anti-STEAP2 Ab targeting an epitope of the ECL1 (20 µg/ml); AB4/ECL3: single 
anti-STEAP2 Ab targeting an epitope of the ECL3 (20 µg/ml); AB1+AB4/ECL1+ECL3: 
dual anti-STEAP2 Ab targeting of two unique epitopes on ECL1 and ECL3. Images were 
acquired using an inverted light microscope with a 5x objective(AxioCam ERC5s, ZEISS, 
Germany). Scale bar = 500 µm (N = 2). 

 

 Interestingly, the wound gaps remained wide open after single Ab treatment 

at all given time points, irrespective of the targeted ECL, with no difference as 

compared to the size of the 0 h wound gaps (Figure 4.2). This indicates that the cell 

migration was blocked when applying the maximum Ab dose of 20 µg/ml. It further 

suggests, that Ab1 and Ab4 were equally capable of inhibiting cell migration and, 

that both immunogens on ECL1 and ECL3 represent targetable regions on STEAP2. 

The dual Ab treatment (ECL1+ECL3) showed an open wound gap up until 12 h 

post-treatment. The wound gap was wide open with no evidence of cell migration as 
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seen at the 0 h starting point (Figure 4.2). In addition, the wound gap opening was 

very similar to the observations when the single Ab treatments had been applied, at 

all given time points (Figure 4.2, where representative images are illustrated; images 

from the additional replicates can be found in Annex 2, Figure A2. 1). Therefore, 

this data demonstrated there was no stronger effect in reducing the cancer cell 

migration in PC3 cells by the combined Ab treatment as compared to the single Ab 

treatments. 

 

 The cell migration assay was also conducted with non-cancerous prostate 

PNT2 cells as a negative control cell line given their low STEAP2 expression. The 

results demonstrated, that the PNT2 cells slowly migrated across the wound gaps 

irrespective of the employed Ab treatments (Figure 4.3). This finding suggests the 

PNT2 cells were not responsive to the anti-STEAP2 regimens where representative 

images are illustrated in Figure 4.3; images from the additional replicate can be 

found in Annex 2, Figure A2. 2). To conclude, Ab4 treatment (ECL3) resulted in 

a dose-dependent reduction in cell migration in the PC3 cells, which was marginally 

as equally efficient as Ab1 (ECL1). The use of the dual Ab treatment (ECL1+ECL3) 

against STEAP2, induced a similar inhibiting effect on cell migration. Therefore, Ab4 

(ECL3) was selected for further studies given its strong cancer cell migration 

inhibition capabilities combined with its suitability for imaging purposes, while the 

use of Ab1 (ECL1) was discontinued. 
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Figure 4.3 Anti-STEAP2 pAb (AB4/ECL3) does not affect the cell migration in 
PNT2 cells. Time points at which the images were taken: 0h, 4h, 8h and 12h; +ctrl, 
untreated PNT2 cells; + ctrl IgG: PNT2 cells treated with anti-IgG isotype Ab (20 µg/ml); 
AB1/ECL1: single anti-STEAP2 Ab targeting an epitope of the ECL1 (20 µg/ml); 
AB4/ECL3: single anti-STEAP2 Ab targeting an epitope of the ECL3 (20 µg/ml); 
AB1+AB4/ECL1+ECL3: dual anti-STEAP2 Ab targeting of two unique epitopes on ECL1 
and ECL3. Images were acquired using an inverted light microscope with a 5x objective 
(AxioCam ERC5s, ZEISS, Germany). Scale bar = 500 µm (N = 2). 

 

4.3.2 Anti-STEAP2 pAb (ECL3) reduced cell invasion in PC3 cells 

 The cell invasion assay was conducted to evaluate, if targeting STEAP2 using 

the commercial pAb, Ab4 (ECL3), had an effect on inhibiting cancer cell invasion 

underlying cancer cell metastatic properties. Thus, the cell invasion assay was 

performed, where the bottom of a culture plate-insert was coated with ECM (by the 

manufacturer) and FBS served as a chemoattractant to stimulate the ability of the 

tumour cells to invade through the ECM. As the cells were grown on top of the insert 

chamber, only those cells with invasive capacity are capable of crossing the ECM 
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barrier. The Ab dose applied, 20 µg/ml of Ab4 (ECL3), was based on the most 

effective dose used in the cell migration assay in Section 4.3.2. The result illustrated 

in Figure 4.4 demonstrate, that 100% (SD = 17.61%) of the untreated PC3 cells 

invaded through the ECM in the presence of the chemoattractant (FBS), which 

illustrates their aggressive, invasive capacity (Figure 4.4 A and  Figure 4.4 B). 

The IgG isotype control treated PC3 cells showed a minor, but significant decrease in 

cell invasion to 77.82% (SD = 10.89%, p = 0.0376) suggesting the IgG isotype Ab 

had an effect on altering the invasive properties of these cells (Figure 4.4 A and 

Figure 4.4C). However, it was notable, that the anti-STEAP2 pAb (ECL3) exposure 

in PC3 cells led to a stronger and significant reduction in cell invasion to 68.80% 

(SD= 4.88%, p = 0.0082, Figure 4.4 A and  Figure 4.4 D). Without 

chemoattractant, only 10.86% (SD = 0.94%, p < 0.0001) of the PC3 cells invaded 

through the ECM (Figure 4.4A and  Figure 4.4 E), highlighting the importance 

of the chemoattractant to facilitate the interpretation of this cell invasion assay. 

PNT2 were also included in the analysis as they are a non-cancerous prostate cell line. 

In contrast to PC3 cells, only 2.96% (SD = 1.14%, p < 0.0001) of the normal PNT2 

cells were shown to penetrate the ECM in the presence of chemoattractant (Figure 

4.4 A and Figure 4.4 F). 
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Figure 4.4 Anti-STEAP2 pAb (AB4/ECL3) reduces cancer cell invasion of PC3 
cells 
. A) Colorimetric analysis of the cell invasion after 48 h Ab treatment. B) untreated PC3 
cells to show the invasive properties. C) PC3 cells treated with isotype control  anti-IgG 
Ab. D) Anti-STEAP2 Ab treated PC3 cells (Ab4/ ECL3). E) PC3 cells without FBS, F) 
Healthy PNT2 cells with FBS showing minimal invasive capacity, G) ECM. Statistical 
analysis was conducted using an ANOVA post-hoc Dunnett test. P-value < 0.05 (*), p-
value < 0.01 (**) and p-value < 0.0001 (****) (N = 3). Images (N = 1) were taken with 
an inverted light microscope at a 5x objective (AxioCamERC5s, ZEISS, Germany). Scale 
bar = 500 µm,  (N = 3). 
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4.3.3 Receptor internalisation was triggered by anti-STEAP2 pAb 

(AB4/ECL3) and indicates acidic organelle localisation 

 To visualise cell-surface STEAP2 prior to evaluating its capacity for receptor 

internalisation, the fluorescent signal of the anti-STEAP2 pHAb Amine Reactive Dye 

conjugate was activated by the addition of acid (pH 5) (Figure 4.5 A, where 

representative images are illustrated; images from the additional replicate can be 

found in Appendix 2, Figure A2. 3). This represented the time point 0 min. An 

anti-IgG pHAb Amine Reactive Dye Ab fluorophore conjugate (non-specific to 

STEAP2) was applied alongside in PC3 cells as Ab isotype control (Figure 4.5 B). 

The low STEAP2 expressing HFF1 cell line was also included as a negative control 

and was incubated with the anti-STEAP2 pHAb Amine Reactive Dye conjugate 

(Figure 4.5 C). The addition of the acidic solution (pH 5) resulted in an enhanced 

fluorescent signal of the anti-STEAP2 pHAb Amine Reactive Dye conjugate. The 

fluorescence was observed at the cell surface of the PC3 cells suggesting STEAP2 was 

present at the plasma membrane. Minimal  fluorescence signal was visible in the low 

STEAP2 expressing HFF1 cell line with no specific cell localisation, despite the 

addition of the acid solution. This indicated there was no evident cell surface STEAP2 

present (Figure 4.5 B) in the HFF cells. Further, the PC3 cells incubated with anti-

IgG pHAb Amine isotype Ab control exhibited a similar, low fluorescence with no 

specific STEAP2 cell surface localisation  (Figure 4.5 C). This confirmed, that any 

observed effect was due to the specificity of the anti-STEAP2 Ab but not to the 

generic, unspecific anti-IgG Ab. Thus, the anti-IgG Ab qualifies as a suitable isotype 

control Ab. 
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Figure 4.5 STEAP2 is located to the cell membrane prior to receptor 
internalisation in cancerous PC3 cells but not in HFF cells. A) PC3 + anti-STEAP2 
pHAb Amine Reactive Dye Conjugate showing  cell surface STEAP2. B) PC3 + anti-IgG 
pHAb Amine Reactive Dye Conjugate: Ab isotype control unspecific to STEAP2 with no 
cell-surface fluorescence observed. C) HFF1 + anti-STEAP2 pHAb Amine Reactive Dye 
Conjugate, a STEAP2 low expressing used as negative control cell line showing low 
fluorescence without cell-surface staining. Blue: nuclei; red: STEAP2. Images were acquired 
with the Confocal LSM 710 (ZEISS, Germany) at a 63x zoom objective. Scale bar = 20 µm 
(N = 2). 
 

 With increasing incubation time with the anti-STEAP2 Ab pHAb Amine 

conjugate, intracellular puncta became more evident in the PC3 cells starting from as 

little as 30 min post incubation, suggesting  time-dependent internalisation of the 

anti-STEAP2 Ab pHAb Amine conjugate-STEAP2 receptor complex (Figure 4.6 A 

– E and Figure 4.7, where representative images are illustrated; images from the 

additional replicate can be found in Appendix 2, Figure A2. 4 and Figure A2. 5). 

At 240 min, prominent, red puncta were evenly distributed throughout the cell but 
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not present at the cell-periphery of the PC3 cells. This data indicates the STEAP2 

receptor has been specifically triggered upon the binding of the low-pH sensitive anti-

STEAP2 Ab pHAb Amine conjugate, became internalised and was subsequently 

localised within the acidic cell compartments such as the endosomes and lysosomes 

(Figure 4.7, where representative images are illustrated; images from the additional 

replicate can be found in Appendix 2, Figure A2. 4 and Figure A2. 5). 

 

 In order to confirm the localisation of the internalised anti-STEAP2 Ab pHAb 

Amine conjugate-STEAP2 receptor complex was in acid cellular compartments (of 

pH 5 – 6.5), and not within the Golgi apparatus (pH 7), receptor internalisation was 

conducted alongside a Golgi-specific Ab. After 240 min, strong, green fluorescent 

puncta were evident as a Golgi organelle-like structure indicating a Golgi-specific 

staining (Figure 4.8, where representative images are illustrated; images from the 

additional replicate can be found in Appendix 2, Figure A2. 6). However, the green 

Golgi staining was clearly distinguishable from the red puncta exhibited by the Ab-

STEAP2 complex (Figure 4.8). This suggested the STEAP2 receptor internalisation 

was triggered upon an anti-STEAP2 Ab pHAb Amine conjugate binding and 

accumulated in acidic organelles but not in the Golgi apparatus after 240 min. 
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Figure 4.6 STEAP2 receptor internalisation was triggered after anti-STEAP2 
pAb pHAb Amine Reactive Dye Conjugate (ECL3) binding. A) 0 min: cell surface 
STEAP2 was visualised by the addition of acid (pH 5.0) before receptor internalisation. B) 
15 min: receptor internalisation was initiated. C) 30 min: first evident internalised cell surface 
STEAP2. (D) 240 min: fully internalised STEAP2 shown as red puncta. Blue: nuclei; red: 
STEAP2. Images were acquired with a Confocal LSM 710 with a 63x zoom objective (ZEISS, 
Germany). Scale bar = 20 µm (N = 2). 
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Figure 4.7 STEAP2’s is localised in the endosomal/lysosomal organelles after 240 
min of receptor internalisation in PC3 cells but is absent in HFF1 cells. A) PC3 
+ anti-STEAP2 pHAb Amine Reactive Dye Conjugate Ab (ECL3). B) PC3 + anti-IgG pHAb 
Amine Reactive Dye Conjugate Ab isotype control. C) STEAP2 low expressing negative 
control cell line HFF1 + anti-STEAP2 pHAb Amine Reactive Dye Conjugate (ECL3). Blue: 
nuclei; red: internalised STEAP2. Images were acquired with the Confocal LSM 710 with a 
63x zoom objective (ZEISS, Germany). Scale bar = 20 µm (N = 2). 
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Figure 4.8 Internalised STEAP2 does not co-localise with the Golgi apparatus 
indicating endosomal/ lysosomal accumulation after 240 min time point in PC3 
cells. A) PC3 cells + anti-STEAP2 pHAb Amine Reactive Dye Conjugate Ab (ECL3). B) 
PC3 cells + anti-IgG pHAb Amine Reactive Dye Conjugate isotype control Ab. Blue: nuclei; 
red: internalised STEAP2; green: Golgi. Images were acquired with the Confocal LSM 710 
with a 63x zoom objective (ZEISS, Germany). Scale bar = 10 µm (N = 2). 
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4.3.4 Anti-STEAP2 pAb (AB4/ECL3) exposure reduces cell 

viability 

 The impact of the commercial anti-STEAP2 pAb (Ab4/ECL3) on the cell 

viability of 2D PC3 prostate cancer and PNT2 normal cells was assessed by the MTT 

assay. Two controls, an untreated control, an anti-IgG isotype control Ab and three 

different anti-STEAP2 pAb doses (Ab4/ECL3) were applied. 

 

  In PC3 cells, no significant decrease in cell viability was observed after 24 h 

treatment with IgG control (96.25%, SD= 5.14%) compared to untreated PC3 cells 

(99.49 %, SD = 1.13%; Figure 4.9 A). PC3 cells treated with 25 µg/ml of anti-

STEAP2 pAb also remained viable (99.56%, SD = 8.89%; Figure 4.9 A). However, 

treatment with 50 µg/ml and 75 µg/ml of anti-STEAP2 pAb led to a significant 

reduction in cell viability in PC3 cells (83.66%, SD= 2.21%, p = 0.048 and 82.21%, 

SD= 5.38%, p = 0.0311 respectively), with the dose effect plateauing at 50 µg/ml 

(Figure 4.9 A). When PNT2 cells were treated with 25 µg/ml, 50 µg/ml and 75 

µg/ml of anti-STEAP2 pAb, a significant reduction in cell viability was also observed: 

74.20% (SD = 3,32%, p = 0.0003), 82.7% (SD = 3.02%, p = 0.0037) and 72.77% (SD 

= 2.77%, p = 0.0002), respectively (Figure 4.9 B). This reduction in viability was 

specific to the anti-STEAP2 pAb, since PNT2 cells exposed to the anti-IgG isotype 

pAb exhibited no reduction in cell viability (Figure 4.9 B). This data suggests the 

normal PNT2 cells are slightly more sensitive to the Ab exposure.  
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Figure 4.9 Anti-STEAP2 pAb (AB4/ECL3) reduces cell viability after 24 h 
exposure in PC3 and PNT2 cells. A) Cell viability after Ab exposure in cancerous PC3 
cells, B) Cell viability after Ab exposure in normal PNT2 cells. Ctrl: untreated cells; anti-
STEAP2 pAb (AB4/ECL3 at 25, 50 and 75 µg/ml dose): commercial anti-STEAP2 Ab 
(specific to ECL3); ctrl pAb: anti-IgG isotype control Ab unspecific to STEAP2 (75 µg/ml). 
An ANOVA post-hoc Dunnett test was performed for statistical analysis. p-value < 0.05 
(*), p-value < 0.01 (**) (N = 3). 
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4.3.5 STEAP2 is overexpressed in 3D PC3 cells 

 To evaluate the impact of the anti-STEAP2 pAb exposure on prostate cancer 

tumour spheroids, the STEAP2 expression and cellular distribution was first 

evaluated in PC3 cells cultured in a 3D spheroid format. This 3D prostate cancer 

spheroid cell model has been previously established within the group (Wang et. al, to 

be published). 

 

 Confocal microscopy demonstrated STEAP2 as a strong, green fluorescent 

signal which was evenly distributed throughout the 3D PC3 spheroid (Figure 4.10, 

where representative images are illustrated; images from the additional replicate can 

be found in Appendix 2, Figure A2. 7). STEAP2 was found to be located at the cell 

periphery as well as in the cytoplasm (Figure 4.10 A – C). A z-stack of the 3D PC3 

spheroid cells by confocal microscopy confirmed the spherical morphology of the cells 

throughout the spheroid, which had an overall diameter of approximately 700 µm. 

The fluorescence signal for STEAP2 was evenly distributed throughout the spheroid 

as demonstrated by the z-stacks indicating an overexpression of STEAP2 in the 3D 

PC3 spheroid cells (Figure 4.11 A – F, where representative images are illustrated; 

images from the additional replicate can be found in Appendix 2, Figure A2. 8). 

However, the fluorescent signal became fainter with increasing spheroid depth 

indicating less anti-STEAP2 pAb (AB4/ECL3) has penetrated the thick spheroid 

structure (Figure 4.11 G – I). Nonetheless, the localisation of the STEAP2 protein 

could be clearly visualised and was strongly expressed by most cells within the 

structure.  
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Figure 4.10 STEAP2 protein expression and localisation in 3D PC3 cell spheroids 
by fluorescence microscopy shows even distribution and overexpression 
throughout the spheroid. A) Protein expression of STEAP2 in 3D PC3 spheroid cells at 
10x magnification showing the full spheroid. Scale bar = 200 µm. B) Protein expression of 
STEAP2 in 3D PC3 spheroid cells at 10x magnification with 1x standard zoom application 
showing a strong, evenly distributed protein expression evident both intracellular as well as 
at the cell membrane. Scale bar = 100 µm. C) STEAP2’s protein expression in 3D PC3 cell 
spheroids at 10x magnification showing the full spheroid with 2x standard zoom application. 
Scale bar = 50 µm. Blue: nuclei; green: STEAP2 protein expression. Images were acquired 
with the Confocal LSM 710 (ZEISS, Germany) (N = 2). 
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Figure 4.11 Z-stack of 3D PC3 cell spheroids over 50 µm depth by fluorescence 
microscopy showed strong STEAP2 expression throughout the spheroid and 
good anti-STEAP2 pAb (AB4/ECL3) penetration, which decreased with 
spheroid depth. A) 5.33 µm section depth, starting point of the z-stack. B) 10.66 µm 
section depth. C) 15.99 µm section depth. D) 21.32 µm section depth. E) 26.65 µm section 
depth. F) 31.98 µm section depth. G) 37.31 µm section depth. H) 42.647 µm section depth. 
I) 47.97 µm section depth, final z-stack. Blue: nuclei; green: STEAP2 protein expression. 
Images were acquired with the Confocal LSM 710 with a 10x objective (ZEISS, Germany). 
The z-stack was taken over a 50 µm depth with 5 µm interval slices.  Scale bar = 200 µm 
(N = 2). 
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4.3.6 The anti-STEAP2 pAb (AB4/ECL3) has no significant effect 

on reducing the cell viability in 3D PC3 spheroid cells 

 Based on the decreased penetration of the anti-STEAP2 pAb (ECL3) 

(Section 4.3.5) with increasing 3D PC3 spheroid depth together with the cell 

viability results in the 2D PC3 cells (Section 4.3.4), the maximum dose, 75 µg/ml 

was selected to evaluate its impact in reducing the cell viability of PC3 3D spheroids.  

  

 The 3D spheroids were treated for 24 h with 75 µg/mL of  anti-STEAP2 pAb 

(ECL3), anti-IgG pAb isotype control or were left untreated. The 3D PC3 spheroid 

cells treated with anti-IgG isotype control Ab were employed as a negative control, 

in order to confirm, that any observed effect was due to the specificity of the anti-

STEAP2 pAb (ECL3) to STEAP2. Initial experiments were conducted to evaluate 

the utility of the Propium Iodide (PI) stain in the 3D system following fixation as a 

positive control for dead cells (Figure 4.12 A, where representative images are 

illustrated; images from the additional replicates can be found in Appendix 2, Figure 

A2. 9). The fixed cell spheroids strongly exhibited red, fluorescent staining, while the 

untreated (and non-fixed) 3D PC3 spheroid cells demonstrated some red clusters with 

random location within the 3D PC3 spheroid (Figure 4.12 A, Figure 4.12 B, 

Figure 4.12 C, where representative images are illustrated; images from the 

additional replicate can be found in Appendix 2, Figure A2.9) Similarly to the 

untreated negative control spheroids, some red, fluorescent clusters were observable 

after the exposure with the anti-IgG pAb isotype control. Therefore, this confirmed, 

that any observed effect was due to the specificity of the anti-STEAP2 pAb (ECL3) 

but not to a generic, unspecific Ab. Thus, this anti-IgG Ab qualifies as a suitable 

isotype control Ab (Figure 4.12 C). Moreover, minimal fluorescent clusters were 

present after the anti-STEAP2 pAb (ECL3) exposure of the 3D PC3 spheroid (Figure 

4.12 D, where representative images are illustrated; images from the additional 

replicates can be found in Appendix 2, Figure A2. 9). 
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Figure 4.12 No difference in cell viability observed after anti-STEAP2 pAb 
(AB4/ECL3) treatment in 3D PC3 spheroid cells over 24 h by PI staining and 
confocal microscopy 
. A) Fixed 3D PC3 spheroid cells to demonstrate dead cells stained with Propium Iodide 
(PI.) B) Untreated 3D PC3 spheroid cells, negative control. C) 3D PC3 spheroid cells treated 
with anti-IgG isotype control Ab. D) 3D PC3 spheroid cells treated with 75 µg/ml of anti-
STEAP2 pAb (AB4/ECL3 specific).  Blue: nuclei; red: PI, dead cells. Images were acquired 
with the Confocal LSM 710 with a 10x objective  (ZEISS, Germany). Scale bar = 200 µm 
(N = 2). 
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4.4 Discussion 

 This Chapter aimed to determine, if STEAP2 internalises into acidic 

organelles, which is a key property, that underpins its utility in ADC technology. 

Additionally, the Chapter aimed to study the effect of an anti-STEAP2 pAb 

(AB4/ECL3) on the invasive properties in PC3 cells, by evaluating the response of 

the prostate cancer cells treated with anti-STEAP2 pAb (AB4/ECL3) on cell 

migration, cell invasion and cell viability. To examine the impact of the anti-STEAP2 

pAb (AB4/ECL3) on cell viability in a more physiologically relevant prostate cancer 

model, PC3 cells cultured in 3D spheroid format were employed. The results 

demonstrated the commercial anti-STEAP2 pAb (AB4/ECL3) significantly reduced 

cell migration, cell invasion and cell viability in the PC3 cells cultured in 2D format. 

However, no significant impact on the cell viability was achieved by the anti-STEAP2 

pAb (AB4/ECL3) exposed to 3D PC3 cell spheroids. Moreover, receptor 

internalisation of cell surface STEAP2 was triggered upon anti-STEAP2 pAb 

(AB4/ECL3) binding. Therefore, STEAP2 represents an attractive target for the 

design of Ab-based therapeutics, including ADCs, to potentially prevent localised 

prostate cancer from spreading and may support the clinical management of locally 

advanced and metastatic prostate cancer. 

 

4.4.1 Cell migration 

 Increased cell migration is an essential mechanism for cancer cells to develop 

within the metastatic cascade. Cell migration enables them to move from the primary 

tumour site, in order to establish secondary tumours (Clark & Vignjevic, 2015; 

Krakhmal et al., 2015; Stoletov et al., 2010). To examine, if STEAP2 Ab targeting 

has an effect on blocking cancer cell migratory properties, the cell migration assay 

was employed. Single anti-STEAP2 pAb treatment (ECL1 or ECL3 of STEAP2) 

demonstrated an inhibitory effect on cell migration irrespective of the targeted ECLs. 

Importantly, the study demonstrates, that the anti-STEAP2 pAbs were capable of 
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completely blocking the cell migration in PC3 prostate cancer cells at the maximum 

dose (20 µg/ml). No synergistic effect on inhibiting the cell migration was observed 

by the dual Ab treatment (AB1+AB4/ECL1+ECL3), which is therefore less 

favourable for the design of therapeutic antibodies. However, both immunogens 

located on the ECL1 or ECL3 qualify as potential target regions for the design of 

STEAP2 directed Ab therapeutics. The data confirms previous findings about 

STEAP2 being involved in promoting cancer cell migration and thereby enhancing 

prostate cancer progression (Burnell et al., 2018; Whiteland et al., 2014). Burnell and 

colleagues used the siRNA technology to knock-down the gene expression of STEAP2 

in PC3 cells, which resulted in a significant decrease in the cell migratory capacity 

(Burnell et al., 2018). Moreover, when normal PNT2 cells were transfected with 

STEAP2 vectors to increase expression, they gained an increased ability to migrate 

compared to non-transfected cells (Whiteland et al., 2014). In the past, several 

researchers have suggested STEAP2 as a drug target (Burnell et al., 2018; Grunewald 

et al., 2012; Korkmaz et al., 2002; Porkka et al., 2002; Wang et al., 2010). Based on 

this chapter’s data, anti-STEAP2 antibodies are hypothesized to hold potential as 

anti-metastatic therapeutic intervention by inhibiting cancer cell migration. For 

example, antibodies may be employed as adjuvant therapy during Active Surveillance 

of localised or locally advanced prostate cancer (Palmer et al., 2011). Antibodies may 

also be used for preventing cancer metastasis from becoming more systemic (Palmer 

et al., 2011).  

 

 The key to the successful clinical application for mAbs has been their evidence 

to reduce both cell motility (e.g., cell migration and invasion) and cell growth (cell 

proliferation, cell viability) (Corraliza-Gorjon et al., 2017; Palmer et al., 2011). One 

FDA approved migration inhibitor is Trastuzumab (Herceptin®), a “blockbuster” 

mAb specific against the HER2+, which is overexpressed HER2+ breast cancer 

(Hudis, 2007; Panowski et al., 2014; Verma et al., 2012). Bevacizumab (Avastin®) 

blocks the formation of new blood vessels required for cancer cell invasion by targeting 

the Vascular Endothelial Growth Factor (VEGF) (Keating, 2014). In addition, 
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Dasatinib and Bosutinib are both mAbs specific to the Src tyrosine kinase for the 

treatment of several cancer (Roskoski Jr., 2015).The Src protein is activated via a 

number of surface receptors which further affects downstream signaling pathways that 

affect cell motility, proliferation and angiogenesis (Roskoski Jr., 2015). Another 

popular drug target under investigation is the cytokine Transforming Growth Factorß 

(TGFß) (Connolly et al., 2012; Neuzillet et al., 2015; Palmer et al., 2011). In cancer, 

TGFß promotes cell growth and cancer invasion by angiogenesis (Connolly et al., 

2012; Neuzillet et al., 2015). Thus, scientists have worked on the development of 

TGFß ligand neutralising antibodies. 

 

 The key mechanism underlying how the anti-STEAP2 pAb (ECL3) inhibited 

cancer cell migration specifically remains unknown. The cell migration was blocked 

irrespective of the targeted ECL on STEAP2. Thus, it is likely that cell surface 

STEAP2 may be hindered from its physiological function as a receptor for iron and 

copper uptake/metabolism by anti-STEAP2 pAb (ECL3) binding (Grunewald et al., 

2012; Korkmaz et al., 2005; Ohgami et al., 2005; Porkka et al., 2002). In this context, 

anti-STEAP2 pAb (ECL3) treatment may have compromised STEAP2 ligands, such 

as iron or copper, from binding to STEAP2. Thereby, a cascade of intracellular 

signaling pathways, including the MAPK/ERK signaling pathway, may have been 

suppressed. Two studies have hypothesized that STEAP2 may affect cell cycle 

regulation and thereby cell proliferation via the MAPK/ERK signaling pathway 

(Burnell et al., 2018; Wang et al., 2010). The gene knock-down of STEAP2 has 

resulted in cell cycle arrest by a G0/G1 phase block in both LNCaP and PC3 cells 

(Burnell et al., 2018; Wang et al., 2010).  The MAPK/ERK pathway has been shown 

to regulate the LIMP pathway, which controls the expression of key determinant 

genes responsible for cell motility and mitosis (e.g., Cofilin) (Ohashi, 2015; Pritchard 

et al., 2004). High levels of Cofilin have been reported to be significantly linked to 

cancer (Coumans et al., 2018; Maimaiti et al., 2017; Shishkin et al., 2016). 

Phosphorylated Cofilin, its activated form, contributes to the formation invapodia 

cell structures, which are associated to cancer cell invasion (Bravo-Cordero et al., 
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2014). Invapodia  is an actin rich cell type, which is capable to mediate ECM 

disruption and cancer invasion given its ability to structurally elongate and its cellular 

neighbourhood to the ECM (Leong et al., 2014; Lohmer et al., 2014; Murphy & 

Courtneidge, 2012). To evaluate, if STEAP2 is associated with these pathways and 

results in enhanced cell migration, it would be exciting to study the gene and protein 

expression of phosphorylated Cofilin and MAPK/ERK by Western blotting after the 

gene knock-down of STEAP2. To determine the rate of (inhibited) cell migration after 

anti-STEAP2 pAb (ECL3) treatment more accurately in the future, real time 

monitoring using a suitable microscope (e.g. Juli microscope) is necessary. This allows 

the observation of the cell migration of one sample at a time for a desired time period. 

However, this requires a larger Ab volume and a lower number of samples, which can 

be visualized simultaneously (Grada et al., 2018; Jonkman et al., 2014). This chapter’s 

data has provided evidence for the potential use of STEAP2 targeted antibodies to 

block of cancer cell migration. 

 

4.4.2 Cell invasion 

 The cell invasion assay was performed to assess, if the anti-STEAP2 pAb 

(ECL3) had an impact on the other key feature associated with cancer cell motility. 

The analysis conducted in this Chapter4 confirmed, that anti-STEAP2 pAb (ECL3) 

treatment resulted in a significant reduction in the invasive capacity of PC3 cells. 

The data supports past findings of the scientific literature, which showed, that the 

gene knock-down of STEAP2 substantially decreased cancer cell invasion in PC3 cells 

(Burnell et al., 2018). Additionally, Whiteland et. al has previously highlighted, that 

normal prostate epithelial cells (PNT2) gained the ability to invade the ECM after 

they have been transfected with a STEAP2 plasmid, that resulted in overexpression 

of the gene (Whiteland et al., 2014). Therefore, this chapter’s data confirms the 

hypothesis, that STEAP2 is involved in promoting cancer invasion underlying 

prostate cancer progression. The exact mechanism of how increased STEAP2 levels 

drive cancer cell invasion is not well understood, yet. Burnell et. al has demonstrated, 
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that the gene knock down of STEAP2 led to a significant reduction in MMP 

expression, which is required to degrade the ECM and therefore aids cancer cell 

invasion (Burnell et al., 2018). However, there is evidence, that prostate cancer 

progression may be associated with an increased MMP expression by the NFkB 

signaling pathway (Chen et al., 2013; Nguyen et al., 2014). In addition, advanced 

stage prostate cancer may be ascribed to a constitutively active NFkB as found in the 

bone metastatic prostate cancer cell line PC3 (Gasparian et al., 2002).  Further, the 

NFkB signaling pathway may contribute to the overexpression of the gene RANKL, 

which is associated with cancer invasion, thereby enhancing prostate bone metastatic 

formation by osteoclastogenesis (Chen et al., 2013; Jin et al., 2015; Nguyen et al., 

2014). Future work may study how the gene knock-down of STEAP2 alters the NFkB 

expression on a gene and protein level by PCR or Western blot following cell invasion 

tests. 

 

 A surprising result was, that the IgG isotype control Ab also slightly reduced 

the ability of PC3 cells to invade the ECM. The constant region of an immunoglobulin 

(Fc region of IgG) is a known binding region for the Fc-receptor. Subtypes of the Fc-

receptor are mostly found on the cell surface of immune cells for host pathogen 

elimination or the placenta for nutrient supply (Li et al., 2007, 2017; Van der Poel et 

al., 2011). The IgG - Fc-receptor binding aids the recognition of pathogen-marked 

cells by natural killer cells (NK) and promotes the Ab-Dependent Cellular-mediated 

Cytotoxicity (ADCC) (Li et al., 2017; Van der Poel et al., 2011; Yamashita et al., 

2016). To which extent the Fc-receptor is expressed in the prostate or malignant 

prostate tissue remains to be elucidated. However, one research group has shown that 

silencing a specific immunoglobulin gene subtype, IgG1, significantly reduced the cell 

survival, cell cycle progression, cell migration and invasion of LNCaP cells (Xu et al., 

2016). Recent Ab based drug development include enhancing the tumour cell killing 

via ADCC (Yamashita et al., 2016). In order to test, if the ADCC can be facilitated 

by STEAP2 Ab targeting, PC3 cells could be subjected to anti-STEAP2 pAb (ECL3) 

exposure. After the anti-STEAP2 pAb (ECL3) exposure, the PC3 cells may be  
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incubated with human Peripheral Blood Monocyte Cells (hPBMC) from healthy or 

diseased donor blood to study the ADCC by flow cytometry (Yamashita et al., 2016). 

The effects of the anti-STEAP2 pAb (ECL3) on cancer invasive properties combined 

with the ability to cause ADCC could increase the therapeutic efficiency of the drug 

in the future. 

 

4.4.3 Receptor internalisation 

 STEAP2 receptor internalisation was triggered upon the anti-STEAP2 pAb 

(ECL3) binding, thus the data confirmed STEAP2-Ab receptor complex trafficked to 

the acidic cell compartments. Research findings (including Chapter3, Section 3.3.5) 

has implied several, cellular distributions for STEAP2. Fluorescence microscopy has 

demonstrated, that STEAP2 resides at the plasma membrane, the Golgi and the early 

endosomes (Korkmaz et al., 2005; Ohgami et al., 2006; Porkka et al., 2002). Based on 

its broad, cellular distribution and its metalloreductase activity, researchers have 

suggested STEAP2 partakes in the iron metabolism (Korkmaz et al., 2005; Ohgami 

et al., 2006; Porkka et al., 2002). Cell surface STEAP2 may serve the uptake 

(internalisation) of metal containing molecules such as heme, iron or copper to 

maintain the physiological functions of the cell. After receptor internalisation, it is 

postulated, that STEAP2 shuttles via the Golgi organelle to the endosomes where the 

Tfr1 and the DMT1 proteins co-localise. These two proteins, Tfr1 and DMT1, are 

involved in the iron metabolism (Bogdan et al., 2016; Korkmaz et al., 2005; Ohgami 

et al., 2006; Porkka et al., 2002). The Tfr1 is known for the uptake of ferric iron, 

which is metabolised by STEAP2 to ferrous iron in the endosomes. From the 

endosomes, ferrous iron is exported by the DMT1 to the labile iron pool and 

distributed to the mitochondria (Bogdan et al., 2016; Bradbury et al., 2018; Gozzelino 

& Arosio, 2016; Soto-Heredero et al., 2017). This chapter’s data thus supports 

previous findings about STEAP2 to shuttle to the endosomes (Korkmaz et al., 2005; 

Ohgami et al., 2006; Porkka et al., 2002). Recently, a mAb against the ECL2 of 

STEAP2 has been developed to study its plasma membrane cholesterol-dependent 
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receptor internalisation in STEAP2 transfected HEK cells (Hasegawa et al., 2018). 

The study has detected juxtanuclear puncta after the activation of the receptor 

internalisation using an anti-STEAP2 mAb (ECL2) and has also suggested an 

endosomal localisation of the protein (Hasegawa et al., 2018). 

 

 Besides the endosomes, the chapter’s findings further indicates STEAP2 to be 

present in the lysosome organelle based on the use of Promega’s proprietary 

technology to design Ab pHAb Amine Reactive Dye Conjugates (Nath et al., 2016). 

In the lysosomes, the presence of proton pumps creates the acidic environment (pH 

4.5 – 5.5) where endocytosed macromolecules are being degraded (Nath et al., 2016). 

The specific function of STEAP2 in the lysosomes remains unknown. Yet, kinetic 

analysis of STEAP4, a member of the STEAP family, exhibited metal-specific, low 

pH dependent reductase activity demonstrated by a kinetic analysis (Gauss et al., 

2013). The protein showed maximum ferrireductase activity at the acidic pH (pH 5.0 

– 6.5) but not at basic pH levels (pH > 6.5) (Gauss et al., 2013). Therefore, this 

chapter’s finding confirms, that the ferrireductase activity of STEAP2 is dependent 

on acidic pH which is found in both the endosomal and lysosomal compartments 

(Gauss et al., 2013). In this context, STEAP2 may responsible for the metabolism of 

released ferric iron in the acidic organelles. For example, STEAP2 may be involved 

in processing intracellular ferric iron from molecules such as ferritin. Ferritin is a 

molecule that carries and stores intracellular, ferric iron (Fe3+) and thus contributes 

to the maintenance of the iron homeostasis (Lane et al., 2015). However, ferric iron 

may be released by ferritin upon lysosomal degradation (Lane et al., 2015). In this 

context, STEAP2 may be involved in the iron homeostasis given its ferrireductase 

capacity to metabolise the released ferric (Fe3+) to ferrous iron (Fe2+). Taken together 

these novel insights about the trafficking of STEAP2, its lysosomal localisation sets 

the rationale to develop more efficient STEAP2 directed Ab drugs, such as ADCs. 

Future analysis could study kinetics of the receptor internalisation of STEAP2 

STEAP2 over a desired time period. This can be achieved by live confocal imaging of 

PC3 cells and the anti-STEAP2 pHAb Amine Reactive Dye Conjugate (ECL3) 
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technology (Liao-chan et al., 2015). The major disadvantage with live confocal 

imaging is, however, that cell surface STEAP2 cannot be visualised by the addition 

of acid because this would then be indistinguishable from the acidic organelle 

visualisation Another technique, that provides more quantitative data about the 

receptor internalisation kinetics is flow cytometry analysis (Rigo & Vinante, 2017; 

Vainshtein et al., 2015). Flow cytometry analysis allows rapid receptor visualisation 

studies due to the fast sample preparation time (Rigo & Vinante, 2017; Vainshtein et 

al., 2015). However, this method is restricted to the visualisation of cell surface 

STEAP2. 

 

4.4.4 Cell viability 

 Treatment with the commercial anti-STEAP2 pAb (ECL3), at the 50 µg/ml 

and 75 µg/ml doses resulted in a decreased cell viability in 2D PC3 cells. After 

exposing the normal PNT2 cells to the anti-STEAP2 pAb (ECL3), a significant 

reduction in cell viability was observed indicating the PNT2 cells were more sensitive 

to the drug regimen than PC3 cells. It also implies, that the anti-STEAP2 pAb 

(ECL3), was cytotoxic to both PC3 and PNT2 cells at higher doses (50 – 75 µg/ml). 

In 3D PC3 spheroid cells, anti-STEAP2 pAb (ECL3) drug exposure (75 µg/ml) did 

not result in a significant effect on the cell viability. This suggests, that higher anti-

STEAP2 pAb (ECL3) doses may be required to achieve a cytotoxic effect in these 

complex culture models, that are more representative of the tissue barriers that occur 

in vivo. 

 

 Antibody-STEAP2 targeting could have reduced the cell viability of PC3 and 

PNT2 cells by inhibiting the ERK/MAPK signalling pathway thereby compromising 

cell proliferation. In prostate cancer tissue specimen, increasing pERK expression has 

been shown to substantially correlate with increasing Gleason Scores indicating 

overexpressed MAPK/ERK is linked to prostate cancer progression (Gioeli et al., 

1999). With regards to STEAP2, Wang et al. have suggested it is involved in cell 
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proliferation, while preventing cells from apoptosis via the ERK/MAPK signalling 

(Wang et al., 2010). When LNCaP cells were stimulated with Epidermal Growth 

Factor (EGF) increased pERK expression was observed compared to short hairpin-

RNA (sh-RNA) LNCaP cells with STEAP2 knock-down (Wang et al., 2010). Further, 

siRNA knock-down of STEAP2 gene expression in LNCaP cells resulted in a G0-G1 

cell cycle arrest compared to the control by flow cytometry analysis which is 

presumably regulated by affecting cell-cycle genes (e.g. Ki67) (Wang et al., 2010). 

Moreover, when STEAP2-siRNA LNCaP cells were treated with an apoptosis-

inducing drug (e.g. TRAIL) a significant increase in apoptosis versus the non-silenced 

control was observed by TUNEL analysis suggesting STEAP2 to possess anti-

apoptotic properties (Wang et al., 2010). Based on these insights, it is concluded that 

antibody-targeting of STEAP2 reduces ERK-mediated cell proliferation/ cell viability 

of PC3 cells in-vitro. In order to confirm this hypothesis, PC3 cells could be treated 

with anti-STEAP2 antibody (Ab4/ECL3) (with or without EGF) following protein 

analysis of pERK/ERK by western blotting similar to Wang et. al. and compared to 

untreated cells and siRNA STEAP2 PC3 cells.  

 

 STEAP2 is a transmembrane protein and it antibody binding may have 

triggered its conformational change, in order to allow the ion exchange or for 

intracellular signaling after ligand binding. Thus, it may be likely, that Ab binding to 

STEAP2/ECL3 may have sterically hindered binding of endogenous STEAP2 ligands 

(such as the NAD(P)H and heme) or inhibited its change to its active conformation 

leading to compromised physiological functions, which have been reflected by the 

decrease in cell viability (Gauss et al., 2013; Gomes, Maia, & Santos, 2012; Korkmaz 

et al., 2005; Ohgami et al., 2006; Porkka et al., 2002; Sikkeland, Sheng, Jin, & 

Saatcioglu, 2016). The MTT assay measures the viability of cells based on the 

quantification of their metabolic activity (Carneiro Borra et al., 2009; Riss et al., 

2016; Stoddart, 2011). The MTT assay is based on a NAD(P)H dependent reduction 

of the tetrazolium salt to produce formazan, the absorbance of which can be measured. 

The absorbance value is often indirectly considered as proportional to the viability of 
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the cells (Carneiro Borra et al., 2009; Riss et al., 2016; Stoddart, 2011). The NAD(P)H  

enzyme is present in macrophages where it is responsible for induction of ROS by 

oxygen metabolism, in order to ensure pathogen killing (Alberts, 2015). Moreover, 

NAD(P)H  is involved in the mitochondrial respiration process for energy production 

based on its oxidoreductase activity, which is used for the transport or electrons 

(Alberts, 2015). Homology analysis of STEAP2 has shown remote similarity with the 

FAD420:NADH, NOX and Yedz genes (Gomes et al., 2012; C. G. Korkmaz et al., 

2005; Ohgami et al., 2006; Sikkeland, Sheng, Jin, & Saatcioglu, 2016). The FAD gene 

exhibits NADPH oxidoreductase-like features (Challita-Eid et al., 2007; Gauss et al., 

2013; Gomes et al., 2012). The NOX gene has two binding sites for one FAD and one 

NAD(P)H  molecule and is linked to increased ROS production (Challita-Eid et al., 

2007; Gauss et al., 2013; Gomes et al., 2012). The Yedz gene is thought to be 

responsible for the electron transfer via one single heme binding (Challita-Eid et al., 

2007; Gauss et al., 2013; Gomes et al., 2012). Based on the similarity to both the 

NOX and Yedz genes, STEAP2 may be likely to exhibit NADP(H) oxidoreductase-

like properties (Challita-Eid et al., 2007; Gauss et al., 2013; Gomes et al., 2012). 

Therefore, it is hypothesized, that a functional STEAP2 protein is vital to retain the 

viability of the cells by partaking in redox reactions. The commercial anti-STEAP2 

pAb (ECL3) used in this study specifically targets a unique immunogen region on the 

ECL3 of STEAP2 (aa 413 - 432). This immunogen region is in structural proximity 

to two FAD binding sites on the protein (aa 378 and aa 395) (see Chapter3, Section 

3.3.3, Table 3.4 and Figure 3.9, UniProt: Q8NFT2_STEA2_HUMAN). The anti-

STEAP2 pAb (ECL3) binding may have sterically compromised the FAD binding of 

STEAP2, leading to a dose-dependent decrease in its FAD/NAD(P)H oxidoreductase 

capacity. Subsequently, a reduction in oxidoreductase activity of STEAP2 may have 

resulted in a decrease in cell viability. 

 

 In addition, molecular cloning and protein analysis of STEAP2 (included in 

Chapter3) has provided evidence of two heme and two iron binding sites close the 

ECL2 and ECL3 positions of the protein (Korkmaz et al., 2005; Ohgami et al., 2005). 
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Iron and cupric reductase activity tests have confirmed STEAP2 as a 

metalloreductase (Ohgami et al., 2006). The target immunogen region of the anti-

STEAP2 pAb (ECL3), is situated on the ECL3 of STEAP2 (which spans the aa 413 

- 432) and is closely located to the second iron binding site (predicted aa 409) (see 

Chapter3, Section 3.3.3, Table 3.5 and Table 3.6, UniProt: 

Q8NFT2_STEA2_HUMAN). Thus, another explanation for the reduction in cell 

viability may be due the additionally compromised ferri/cupric metalloreductase 

activity of STEAP2 as a result of anti-STEAP2 pAb (ECL3) binding. STEAP2 shares 

endosomal localisation with the transferrin receptor and is capable of taking up ferric 

iron itself or from the transferrin receptor for iron metabolism (Ohgami et al., 2005). 

STEAP2 is able to take up ferric iron (Fe3+) following the reduction to ferrous iron 

(Fe2+) in the endosomes. DMT1 is then responsible for the release of ferric iron into 

cytoplasm to store ferric iron in the labile iron pool (Bogdan et al., 2016; Vela, 2018; 

Wang et al., 2019). Iron is essential for the regulation of the cell cycle, cell proliferation 

and for DNA damage repair (Bogdan et al., 2016; Gozzelino & Arosio, 2016). 

Furthermore, iron is utilised in the mitochondria for heme synthesis, an essential co-

factor for red blood cells to carry oxygen (Barupala et al., 2017; Stehling & Lill, 2013; 

Webert et al., 2014). Thus, iron homeostasis is vital for physiological functions and 

the viability of the cells (Bogdan et al., 2016; Gozzelino & Arosio, 2016). However, 

STEAP2 may be hindered from changing its protein conformation for the ferric iron 

uptake when the anti-STEAP2 pAb (ECL3) is bound to extracellular STEAP2 

domains. Non-functional STEAP2 may have disrupted the iron metabolism in the 

endosome organelle. STEAP3 is also involved in iron transport via endosomal - 

mitochondria interaction which may serve the mitochondrial respiration (Yoo et al., 

2014). As a member of the STEAP family, a crosstalk between endosomal STEAP2 

and the mitochondria may also exist. Ab STEAP2 binding may have therefore 

impaired both the metalloreductase and the oxidoreductase activity leading to 

insufficient iron and NAD(P)H supply for the mitochondria. Thus, the lack iron may 

have compromised the mitochondria’s function, while the insufficient availability of 

NAD(P)H may explain the decreased capacity (viability) of the cells. To understand 
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the role of STEAP2 in these processes in greater detail, future studies should therefore 

investigate metalloreductase activity utilising methods as described by Gauss et. al 

after anti-STEAP2 pAb (ECL3) treatment (Gauss et al., 2013). Interestingly, the 

PNT2 cells showed a significant reduction in cell viability at all given doses (25 µg/ml, 

50 µg/ml and 75 µg/ml), as opposed to the PC3 cells, which exhibited a decrease in 

cell viability only at the 50 µg/ml and 75 µg/ml doses. This result suggests the PNT2 

cells were more susceptible to anti-STEAP2 pAb (ECL3) drug treatment. The 

difference in STEAP2 expression pattern, higher STEAP2 presence in PC3 cells and 

lower STEAP2 protein in PNT2 cells, may provide an explanation for this 

observation. Thus, physiological functions, such as the NAD(P)H-like oxidoreductase 

activity and ion metabolism may be more sensitive for disruption based on the lower 

cell-surface STEAP2 availability in the PNT2 cells. The lower STEAP2 expression in 

PNT2 cells may explain why only 1/3 (25 µg/ml) of the maximum Ab dose (75 µg/ml) 

was required to reduce the cell viability. In comparison, the PC3 cells may have 

required at least double the Ab dose (50 µg/ml) to cause a reduction in cell viability 

because of the greater abundance of STEAP2 protein in these cells. Although the 

anti-STEAP2 pAb (ECL3) was cytotoxic to both normal prostate (PNT2) and 

prostate cancer (PC3) cells in-vitro, its maximum dose (75 µg/ml) did not 

substantially affect the cell migration of the normal PNT2 cells. Together, this would 

suggest undesired side-effects may occur in other low STEAP2 expressing tissues, 

should an Ab-based treatment approach be used clinically. However, it suggests 

cancerous PC3 cells are more likely to be blocked from cell migration than normal 

PNT2 cells.  Given the cytotoxicity of the anti-STEAP2 pAb (ECL3) to both normal 

PNT2 and cancerous PC3 cells, the design of anti-STEAP2 ADC may be of advantage 

to improve the tumour cell killing-targeted approach. 
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4.4.5 STEAP2 cell-surface expression and cell viability assessment after 

anti-STEAP2 pAb (AB4/ECL3) treatment in 3D PC3 spheroid cells 

 Often drugs fail to pass pre-clinical or clinical drug development due to lack 

of drug efficacy. 3D spheroid models represent an excellent in-vitro system to 

preliminary evaluate drug potency (Huang & Gao, 2018). As only the two higher 

doses showed an effective reduction in cell viability in 2D monolayer PC3 cells, the 

highest dose (75 µg/ml) was selected to further study the  impact of anti-STEAP2 

pAb (ECL3) treatment on 3D spheroid cells. A z-stack of fluorescent-labelled STEAP2 

in 3D PC3 cells demonstrated a strong fluorescent staining with increasing depth, 

indicating excellent Ab spheroid penetration and a homogenous STEAP2 expression 

throughout the spheroid. Thus, the pre-established 3D PC3 model was considered as 

suitable in-vitro drug screening model to assess cell viability after anti-STEAP2 pAb 

(ECL3) exposure.  

 

 Interestingly, the total section depth of the spheroids was approximately 14-

fold less than the diameter. A methanol dehydration step was included in the staining 

protocol, to allow efficient Ab penetration and target binding. This is a common 

technique for antigen detection and Ab staining in tissue analysis (Miller, 2014; 

Troiana et al., 2010). Thereby, any water content is removed and replaced with 

organic methanol (Weiswald et al., 2010). The spheroids may collapse indicated by 

the formation of a rather epileptic instead of spheroid architecture as observed during 

our study (Weiswald et al., 2010). Yet, no disaggregated spheroid parts were observed 

suggesting, that the spheroid maintained its integrity with only minor alterations in 

its original spherical structure. Thus, the 3D PC3 cells represent well the 

overexpression of STEAP2 in prostate-cancer in-vitro and was suitable for anti-

STEAP2 pAb (ECL3) drug evaluation. The PI staining of the 3D PC3 cells after anti-

STEAP2 pAb (ECL3) treatment (24 h) showed, that the highest Ab dose did not 

significantly lead to a difference in cell viability compared to the untreated and IgG 
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controls. This result suggested higher anti-STEAP2 pAb (ECL3) doses or longer 

exposure times (72 – 96 h) are required to impact the  cell viability of 3D PC3 cells.  

This result is not unsurprising given that past research have reported substantial 

higher doses (up to 100-fold) are required to cause  cytotoxicity in 3D spheroid cells 

compared to 2D monolayer cells for chemotherapeutic drugs (e.g. for Doxorubicin and 

Paclitaxel), while efficacy can be enhanced by extending the treatment time (Gong et 

al., 2015; Nicholson et al., 1997). Some spheroids become more compact over the time, 

form  necrotic cores (Hirschhaeuser et al., 2010; Hoarau-Véchot et al., 2018; Huang & 

Gao, 2018). Thus, growth characteristics such as shape and diameter were monitored 

over a 14 days by Wang et. al (work within the group, unpublished). Wang et. al 

reported, that 3D PC3 cells reached its maximum cell viability within 72 h after 

seeding and a decrease in cell viability after this time point by PI staining. This study 

included untreated and IgG controls to take into account the base level of dead cells. 

Therefore, the PI staining allowed an effective Ab drug screening in 3D PC3 cells and 

the 24 h treatment time was selected to prevent false positive dead cells. 

 

 Future work may apply the CelltiterGlo test (Promega) for a more 

quantitative assessment. This assay correlates the absorbance with the cell viability 

by using a simple add and read format. Concludingly, the 3D PC3 cells are an 

excellent in-vitro drug screening prostate cancer model, which may be employed prior 

to pre-clinical testing. Future studies may require higher anti-STEAP2 pAb (ECL3) 

doses to achieve tumour cell killing effects in 3D PC3  spheroids to calculate effective 

doses (and IC50 values). 
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4.5 Conclusion 

 The data generated in this chapter provides strong evidence for the 

therapeutic value of a STEAP2.targeted pAb (ECL3) for the future clinical 

translation, potentially as a mAb or ADC. Targeting the ECL3 appears to be 

promising as the anti-STEAP2 pAb lead candidate suppressed the ability of PC3 cells 

to display invasive properties, reduced their motility and promoted cytotoxicity in 

standard 2D culture. Thus, the anti-STEAP2 pAb lead candidate (ECL3) holds 

potential for the treatment of unfavourable localised or locally advanced prostate 

cancer to possibly prevent cancer metastasis in-vivo. 
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5 “Generation and in-vitro assessment of 
anti-STEAP2 antibodies.” 

 
 

5.1 Introduction 

 Past insights into carcinogenesis on a molecular level have contributed to the 

identification of tumour specific biomarkers, which has driven the establishment of 

more targeted treatments (Schork, 2015). Examples of which include therapeutic 

antibodies, such as monoclonal antibodies (mAbs) or Antibody-Drug Conjugates 

(ADCs) (Carter & Senter, 2013; Chari et al., 2014; Siew & Garofalo, 2015). The most 

common approach to produce mAbs is the hybridoma-based technology (Köhler & 

Milstein, 2019). The hybridoma technology demands the in-vivo immunisation 

(vaccination) of animal species with a specific antigen, which then elicits the Ab 

production of plasma B-cells in-vivo. The spleen cells, containing the Ab-producing 

plasma B-cells, are then harvested and fused with myeloma cells to generate hybrid 

cells (hybridoma cell clones), that each produce a unique mAb (Greenfield, 2012; 

Holzlöhner & Hanack, 2017; Köhler & Milstein, 2019; Pandey, 2010). Linear peptide 

sequences conjugated to the Keyhole Limpet Hemocyanin (KLH) protein are 

commonly used as antigens to increase the antigen’s immunogenicity (Swaminathan 

et al., 2014; Wimmers et al., 2017; Zivny et al., 2011). Another way to enhance the 

immunogenicity of the antigens is to use a multiple branched antigen (MAP or cyclic 

antigen), which is made up of several molecules of the linear antigen (Basak et al., 

1995; Ganeshrao & Vikas, 2013). Progress in Ab discovery have contributed to a 

variety of novel Ab formats including ADCs. The mechanism of action of the ADC 

demands the ADC receptor internalisation by the tumour-antigen associated (TAA) 

cancer cells to release the cytotoxin upon lysosomal degradation (Chalouni & Doll, 

2018; Drachman & Senter, 2013; Peters & Brown, 2015). The well-studied cytotoxin 

Monomethylauristatin-E (MMAE) is a microtubule inhibitor, that blocks the 

microtubule polymerisation, thereby preventing cancer cell division and growth (Chen 
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et al., 2017; Johansson et al., 2017; Kratschmer & Levy, 2018). MMAE is a cytotoxin 

commonly used in the ADC technology and is utilised in the FDA approved ADC 

Brentuximab Vedotin (Adcetris®). Brentuximab Vedotin specifically targets CD30 

and is used to treat lymphoma (Gravanis et al., 2016). Besides STEAP2,  prostate-

specific drug targets including the Prostate-Specific Membrane Antigen (PSMA) and 

STEAP1 are currently investigated for the development of Ab therapeutics to treat 

metastatic prostate cancer (Boswell et al., 2011; Hofman et al., 2018; Patent 

Application No. 1/2019/500603, 2018; Petrylak et al., 2019; Wang et al., 2011). 

However, there is no commercial mAb or ADC available on the market, yet, which 

can be used to treat men with advanced prostate cancer specifically. Previous findings 

have demonstrated the role of STEAP2 in driving cancer invasive and migratory 

properties in-vitro underlying prostate cancer progression (Burnell et al., 2018; Wang 

et al., 2010; Whiteland et al., 2014). The previous Chapter4 has also highlighted the 

potential of a commercial, polyclonal anti-STEAP2 Ab (anti-STEAP2 pAb/ECL3) to 

block cancer invasive properties, plus the ability to trigger STEAP2 receptor 

internalisation in the cancerous PC3 cell line. 

 

  The aims of this Chapter were therefore to: 

(1) Develop a monoclonal anti-STEAP2 Ab (ECL3); 

(2) Fabricate a polyclonal anti-STEAP2-MMAE ADC (ECL3) and to evaluate its 

impact on reducing the cell viability versus the unconjugated anti-STEAP2 pAb 

(ECL3) in the cancerous PC3 cells.
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5.2 Material and methods 

5.2.1 Cell lines 

The cell lines utilised throughout the present chapter are described in Chapter2, 

Section 2.1.5. 

 

5.2.2 Cell culture 

Cell culture was maintained as described in Chapter2, Section 2.1.6. 

 
5.2.3 Polyclonal anti-STEAP2-MMAE ADC generation 

The ADC development was carried out by CellMosaic using the PerKitTM Ab MMAE 

Conjugation Kit and the Maleimidocaproyl-Valine-Citrulline Para-amino 

benzoylcarbonyl (MC-VC-PABC) linker (Cell Mosaic, USA, Cat. No. CM11409x3). 

All necessary reagents and buffers were provided by CellMosaic. The disulphide bonds 

of 3.0 mg of the commercial anti-STEAP2 pAb (AB4/ECL3) (Insightbiotechnology, 

UK) were reduced and conjugated to VC-PABC MMAE as described in Chapter2, 

Section 2.2.6 and stored at 4°C until ready for use. 

 
5.2.4 Polyclonal anti-STEAP2 ADC quality control 

Quality controls were conducted by CellMosaic to assess the anti-STEAP2 pADC 

were Size Exclusion Chromatography and the Hydrophobic Interaction 

Chromatography. 

 
5.2.4.1 Size-Exclusion Chromatography (SEC) 

SEC analysis was conducted as described in Chapter2, Section 2.2.6.1 to assess the 

Drug-to-Ab Ratio (DAR). The unconjugated anti-STEAP2 pAb (ECL3) 

(Insightbiotechnology, UK) and the free MMAE payload (provided by CellMosaic) 

were included as positive controls. As a positive control for highly purified Ab, an 

anti-mouse anti-IgG monoclonal Ab was used (Thermofisher, UK). Absorbances were 
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measured at A = 280 nm (protein e.g. IgG), A = 248 nm (MMAE) and A = 220 

(amide bonds of proteins or peptides). The DAR of 3:1 was calculated and provided 

by CellMosaic according to the Area Under the Curve (AUC) of the samples during 

SEC analysis. Test was run once by CellMosaic.  

 

5.2.4.2 Hydrophobic Interaction Chromatography (HIC) 

HIC analysis was performed as described in Chapter2, Section 2.2.6.2. Three graphs 

are presented in the data, which show the absorbances measured at A = 280 nm 

(protein e.g. IgG), A = 248 nm (MMAE) and A = 220 (amide bonds of proteins or 

peptides) (Appendix 3, Figure A3. 1 - Figure A3. 3). Test was run once by 

CellMosaic.   

 

5.2.5 Cell viability assay 

Approximately 2,000 cells were cultured per well of a 96-well plate and left to adhere 

for 24 h. The next day, cells were exposed to 0.01, 0.1, 1.0, 10.0, 100.0 and 200.0 

µg/ml of either anti-STEAP2 pAb (ECL3) (stock concentration: 1.0 mg/ml), anti-

STEAP2 pADC (stock concentration: 1.24 mg/ml), anti-IgG pAb (stock 

concentration: 1.7mg/ml), MMAE (stock concentration: 10 mM) or 0.1% Triton for 

72 h ( Table 5.1) before analysis was carried out in triplicate according to Chapter2, 

Section 2.2.5.3. 

 

 
pADC, pAb, IgG – dose [µg/ml] MMAE - dose [ng/ml] 
200.0* (excluding pADC) 1,423.0 
100.0 142.3 
10.0 14.23 
1.0 1.423 
0.1 0.1423 
0.01 0.0001423 

 

Table 5.1 Treatments to compare the efficiency of the anti-STEAP2 ADC versus 
the unconjugated anti-STEAP2 pAb in reducing the cell viability 
. MMAE doses were prepared in the ng/ml range equivalent to the MMAE molecules each 
anti-STEAP2 pADC contained with a DAR of 3:1. *: excluding the anti-STEAP2 pADC. 
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The negative controls used were untreated cells and a STEAP2-non-specific anti-IgG 

isotype Ab. Positive controls for cell viability reducing agents (cell killing) were the 

free cytotoxin MMAE (MedChemExpress, Sweden) and 0.1% Triton-X 100. During 

the dose finding experiments, the presence of the cells was checked under after 72 h 

using the AxioCam ERC55 (ZEISS, Germany). During optimisation studies using the 

dose range 0.01 – 100 µg/ml, no cells were evident under the microscope at 100 µg/ml 

after the anti-STEAP2 pADC treatment (data not shown). Therefore, the maximum 

anti-STEAP2 pADC dose was 100 µg/ml, whereas the maximum dose for the other 

treatments was increased to 200 µg/ml. The MMAE doses were prepared in the ng/ml 

range equivalent to the MMAE molecules (DAR), which each of the anti-STEAP2 

pADC doses contained (see Appendix 3, Table A3. 1). 

 

5.2.5.1 Minimal inhibiting concentration (IC50) 

Based on the data obtained from Chapter5, Section 5.2.5, a log-scaled dose-response 

curve was generated for the anti-STEAP2 pADC and anti-STEAP2 pAb following a 

dose-response-inhibition four-parameter variable slope analysis by GraphPad. 

Increasing dose points were added to extrapolate the data points (grey in Table 5.2), 

in order to determine the IC50 value. Analysis was conducted using GraphPad’s dose-

response-inhibition four-parameter variable slope analysis (Table 5.2).  

 

 
Dose [µg/ml] Log dose pADC  Log dose pAb 
0.01 -2 -2 
0.1 -1 -1 
1 0 0 
10 1 1 
100 2 2 
200 2.3 2.3 
1,000 3 3 
10,000 4 4 
100,000 5 5 

 

Table 5.2 Log-scaled doses for the IC50 assessment 
. Grey: extrapolated doses. 
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5.2.6 Monoclonal anti-STEAP2 Ab development at APS 

The monoclonal anti-STEAP2 Ab development was undertaken by Ab Production 

Services (APS), UK. Both the linear and cyclic antigen syntheses was carried out by 

APS. Eight Balb/C mice (four Balb/C mice per type of antigen) were utilised for the 

anti-STEAP2 mAb development in total, which was carried out at Ab Production 

Services, UK (Chapter2, Section 2.2.7.3). The four Balb/C mice received 5 

immunisations in total with either linear or cyclic STEAP2 antigen and a final booster 

3 days before the fusion (Phase I). Test sera1 and 2 (Phase I) were retrieved from the 

tail of the Balb/C mice for verification during. Balb/C mice were sacrificed and their 

spleens were harvested and prepared for Phase II. The hybridoma development (cell 

fusion, Phase II) was carried out by the fusion of the mouse spleen cells with mouse 

myeloma cells by Polyethylengylcol (PEG) and the initial hybridoma cell colonies 

cells were cultured (Phase II). Then, the cell culture supernatant was screened in 96-

well plates for STEAP2-positive, single mouse cell hybridoma clone by a serial dilution 

(1:100 – 1:204,800) and indirect ELISA during the Limiting Dilution step (Phase III). 

Positive mouse monoclonal anti-STEAP2 antibodies 1 – 4 were scaled up in 24-well 

plates following affinity purification by Protein-G (Phase IV). The final Ab 

concentration in the cell culture supernatant was measured by UV-VIS (A = 280 nm) 

by APS. M1 CB12 H7 F7 was referred as anti-STEAP2 mAb1 (linear) with a  

concentration of 2.0 mg/ml, M 1DG5 1 B9 A9 F7 was referred as anti-STEAP2 mAb2 

(linear) with a  concentration of 1.3 mg/ml, M1 FC7 B9 D12 was referred to anti-

STEAP2 mAb3 (linear) with a concentration of 1.8 mg/ml and M4 JA12 B9 1 D12 

was referred as anti-STEAP2 mAb4 (cyclic) with a concentration of 2.1 mg/ml. 

Names were given by APS. 

 

5.2.6.1.1.1 Nu-PAGE analysis (APS) 

2 µg of Protein-G affinity purified monoclonal anti-STEAP2 Ab was loaded per 4 - 

12% Bis-Tris gel (denaturing/ reducing conditions) provided by APS. As a negative 
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control PBS was run. The visible SeeBlue Plus2 provided by APS was used as a 

molecular weight marker. Nu-PAGE analysis was carried out by APS once. 

 

5.2.6.2 Shipping and storage of the Ab containing samples 

Test samples from Phase I – IV of the monoclonal anti-STEAP2 Ab development 

were shipped on dry ice from APS (Slough, UK) to Swansea University and stored at 

-20°C. 

 

5.2.7 Ab screening methods 

5.2.7.1 Indirect Enzyme-Linked Immunosorbent Assay (ELISA)  

The ELISAs were carried out by APS as described in Chapter2, Section 2.2.7.5.1 

while additional data analysis was conducted during this thesis. An OD ≥ 1.0mg/ml 

at 1:10,000 was determined as ideal reference point for a sufficient Ab titre (to move 

on to Phase II). As a second reference point, the ratio (cut-off point) of OD (sample): 

OD (negative control) ≥ 2 was considered as a sufficient reference. Serum from Balb/C 

mice prior to the immunisation (pre-immunised sera) was included as negative control 

during Phase I, when available due to limited volume. Test sera1 samples were 

evaluated against the type of STEAP2 antigen they were raised against. Test sera2 

was assessed for both linear and cyclic STEAP2 peptides. The anti-STEAP2 mAbs 

were assayed against the linear STEAP2 peptide. Tests were conducted in technical 

duplicate at APS. 

 

5.2.7.2 Western blotting 

Western blotting was conducted as described in Chapter2, Section 2.2.3. After 

electro-blotting, the membrane was cut into 4 pieces (Figure 5.1). 
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Figure 5.1 Cut of the PDVF-membrane for protein analysis. Membrane was cut into 
four pieces indicated by the vertical lines. Cell lysates from the PNT2 (low STEAP2 
expression) and PC3 (higher STEAP2 expression) cell lines were utilised. 1:Unstained 
molecular weight ladder; 2: pre-stained dual colour molecular weight marker; 3, 6, 9: technical 
triplicate of PNT2 cell lysate; 4, 7, 10: technical triplicate of PC3 cell lysate. 

 

Each of the membranes was first probed over night at 4°C with mouse (testing 

samples) or rabbit primary anti-beta-actin (1:1,000, CST, UK). After 3x TBST 

washes, the secondary goat anti-mouse or rabbit anti-IgG-HRP linked Ab and the 

anti-biotin-HRP-linked Ab were applied at 1:10,000 for 1 h at RT. The secondary 

goat anti-rabbit anti-IgG Ab (Abcam, UK) was applied to detect the commercial 

primary rabbit anti-STEAP2 pAb (ECL3) used as a positive control Ab for STEAP2 

protein expression. The secondary goat anti-mouse anti-IgG Ab (Abcam, UK) was 

applied to detect the testing primary mouse anti-STEAP2 antibodies (from the Test 

sera2, supernatant of the hybridoma cell colonies or monoclonal anti-STEAP2 

antibodies). The membranes were washed 3x TBST, stripped, washed 3x TBST and 

blocked for 1 h in 7.5 % BSA (Chapter2, Section 2.2.3.8 and Section 2.2.3.9). 

Membranes were re-probed with test sera (1:250), Ab supernatant from hybridoma 

colonies (1:100) or mouse monoclonal anti-STEAP2 Ab (1:100) over night at 4°C. 

First, a colorimetric image was acquired to demonstrate the membranes with pre-

stained molecular weight marker and to indicate where the membranes were cut 

exactly. Then a chemiluminescent image was acquired without moving the membranes 

and merged with the colorimetric image using the equipment described in Chapter2, 

Section 2.1.3. 
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5.2.7.3 Fluorescence microscopy 

Cells were prepared as described in Chapter2, Section 2.2.4.1. Cells were incubated 

over night at 4°C with either Test sera2 (1:200, Phase I, N = 1), supernatant from 

hybridoma colonies (undiluted, Phase II, N =1) or the purified mAbs obtained from 

the single hybridoma cell clones (undiluted, Phase IV, N = 3) or commercial 

polyclonal primary rabbit anti-STEAP2 pAb (ECL3) (1:200, Insightbiotechnology, 

UK) as a positive control. The next day, cells were washed with PBS before the 

addition of secondary polyclonal goat anti-mouse anti-IgG-Alexa Fluor-488 Ab 

(1:1,000, Invitrogen, UK) to the testing samples for 1 h at RT. The polyclonal goat 

anti-rabbit anti-IgG-AlexaFluor-488 Ab (1:1,000, Abcam, UK) was used to detect the 

commercial primary rabbit anti-STEAP2 pAb(ECL3) control for 1h at RT. The 

primary mouse monoclonal anti-golgin97 Ab (1:100, Invitrogen, UK) was used as a 

positive control for the secondary polyclonal goat anti-mouse anti-IgG-AlexaFluor-

488 Ab and was exclusively included during the mAbs (Phase IV). Samples were 

further prepared for analysis as described in Chapter2, Section 2.2.4.1 - 2.2.4.3. 

Images with three different fields of view with a 63x zoom objective were acquired per 

test sample for qualitative analysis. 

 

5.2.8 Statistical analysis 

Results were statistically analysed with GraphPad Prism (Version 8, USA). Normality 

of the data was evaluated by the Shapiro-Wilk test (N < 10). Cell viability data was 

analysed by using the one-way ANOVA post-hoc Dunnet test. A student t-test was 

used to assess the statistical significance of STEAP2 expression between the PNT2 

and PC3 cell lines during western blotting analysis. Data was considered as 

statistically significant when p-value of £  0.05 (*), p-value £  0.01 (**), a p-value of 

£ 0.001 (***) or p-value £ 0.0001 (****) were annotated with in the respective figures.  
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5.3 Results 

 In order to compare the impact of the polyclonal anti-STEAP2-MMAE Ab-

Drug Conjugate (anti-STEAP2 pADC) and the commercial polyclonal anti-STEAP2 

Ab (anti-STEAP2 pAb/ECL3) on reducing the cell viability, the MTT assay was 

performed using the prostate cancer PC3 cells. Further, the monoclonal anti-STEAP2 

Ab (anti-STEAP2 mAb/ECL3) development was carried out in collaboration with 

Ab Production Services (APS, UK). Test samples were screened for the presence of 

anti-STEAP2 mAbs during Phase I, after Phase III and after Phase IV using ELISA 

(carried out by APS and analysed at Swansea University), confocal microscopy and 

Western blotting. 

 

5.3.1 SEC to determine the DAR of the anti-STEAP2 pADC 

 The SEC analysis of the unconjugated, commercial anti-STEAP2 pAb (ECL3) 

showed two distinct peaks at approximately 7.3 min and 10 min (Figure 5.2). The 

first peak (at 7 min) indicates, that smaller molecules, such as salts like PBS or 

glycine, may be present in the formulation of the anti-STEAP2 pAb (ECL3), which 

elute first given their small molecular size (Figure 5.2). The major peak at 10 min 

suggests the later elution of the anti-STEAP2 pAb (ECL3) based on its larger 

molecular weight than the salts (Figure 5.2). The SEC analysis of the anti-STEAP2 

pADC showed three distinct peaks. The first two most abundant molecules eluted 

after 7.3 and 7.7 min (Figure 5.3).The first peak (at 7.3 min) may suggest the 

presence of smaller molecules like PBS or glycine in the formulation of the anti-

STEAP2 pADC, which elute first given their small molecular size (Figure 5.3). This 

is in alignment with the SEC data using the unconjugated, commercial anti-STEAP2 

pAb (ECL3) (Figure 5.3). 
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Figure 5.2 SEC of the unconjugated anti-STEAP2 pAb (ECL3). The data provided 
by CellMosaic shows two distinct peaks. The three graphs represent the absorbances 
measured at A 280 nm: protein (IgG) (top); A 248 nm: MMAE (middle); A 220 nm: amide 
bonds of proteins or peptides (bottom) (N = 1). 

 

 The second peak (at 7.7 min) may indicate the presence of free MMAE 

molecules, which possess a larger molecular size than the salts but is not larger than 

the anti-STEAP2 pADC (Figure 5.3). Therefore, the third and major peak at 

approximately 10 mins, may be ascribed to the anti-STEAP2 pADC, given its larger 

molecular weight. Moreover, the 94.13% main peak area implies a successful ADC 

development with little remaining, free MMAE (Figure 5.3). 
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Figure 5.3 SEC of the commercial anti-STEAP2 pADC (ECL3). The data shows two 
distinct peaks provided by CellMosaic. The three graphs represent the absorbances measured 
at A 280 nm: protein (IgG) (top); A 248 nm: MMAE (middle); A 220 nm: amide bonds of 
proteins or peptides (bottom) (N = 1). 

 

 The DAR of the anti-STEAP2 pADC was calculated based on the R-value 

(A248 nm/A280 nm) of the maximum product peak at 10.24 min as follows by 

CellMosaic: DAR = (21x0.63-9) : (1.615-0.1425xR) = 2.77 ~ 3; Where: A248 nm = 

721.2; A280 nm = 1142.7; R = 0.63. Thus, 1 molecule of anti-STEAP2 pADC 

contained about 3 MMAE molecules. 
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5.3.2 Poor anti-STEAP2 pADC cell killing efficiency in PC3 cells 

 To evaluate, if the anti-STEAP2 pADC was more efficient to specifically 

reduce the cell viability of the PC3 cells more efficiently than the commercial anti-

STEAP2 pAb, the MTT assay was applied.  

 

 At a dose of 0.01 µg/ml of drug regimen, cancerous PC3 cells exposed to MMAE 

showed a significant decrease in cell viability of 37.41% (SD = 7.9%) compared to all other 

treatments. These were the untreated control with a cell viability of 102.3 % (SD = 1.81%, 

p-value = 0.003), PC3 anti-IgG antibody treated cells with a cell viability of 109.13% (SD = 

5.18%, p-value = 0.009), anti-STEAP2 pAb treated PC3 cells  with a cell viability of pAb 

cell viability = 97.3% (SD = 8.45%, p-value = 0.025) and the anti-STEAP2 pADC treated 

PC3 cells with a cell viability of 93.85% (SD = 8.94%, p-value = 0.008). This highlighted the 

potency of the highly cytotoxic agent MMAE. 

 

 At a dose of 0.1 µg/ml of drug treatment, only the MMAE treated PC3 cells 

demonstrated a significant reduction in cell viability of 26.9% (SD = 12.96%) opposed 

to the untreated control with a cell viability of 117.62%, SD  = 12.49%, p-value = 

0.003), the anti-IgG Ab treated PC3 cells with a cell viability of 99.35% (SD = 1.8%, 

p-value = 0.009), the anti-STEAP2 pAb treated PC3 cells with a cell viability of 

99.21% (SD =1.78% , p-value = 0.025) and the anti-STEAP2 pADC treated PC3 cells 

with a cell viability of 99.21 (SD = 1,79%, p-value = 0.009) (Figure 5.4). This result 

again indicated, that only the MMAE treatment had an impact on reducing the cell 

viability of the PC3 cells at a dose of 0.1 µg/ml. 

 

 At a dose of 1.0 µg/ml of drug treatment, a similar decrease in cell viability 

was exhibited for only the MMAE treated cells (Figure 5.4). In detail, the MMAE 

exposed PC3 cells showed a significant reduction in cell viability of 40.55% (SD = 

9.06%) opposed to the untreated control with a cell viability of 99.38% (SD = 13.8%, 

p-value = 0.01) (Figure 5.4). This result indicates, that only the MMAE treatment 
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had an effect on reducing the cell viability of the PC3 cells. Moreover, the result 

suggests, that exposure of the PC3 cells to the anti-STEAP2 pAb or anti-STEAP2 

pADC did not result in any changes in cell viability. 

 

 At a dose of 10.0 µg/ml of drug treatment, the first substantial decrease in the 

cell viability of 56.73% (SD = 19.37%, p-value = 0.506) of the PC3 cells after anti-

STEAP2 pADC drug exposure was observed compared to the untreated PC3 cells, 

although not significant (Figure 5.4). In addition, PC3 cells treated with anti-

STEAP2 pAb exhibited a reduced cell viability of 79.38% (SD = 3.24%, p-value = 

0.339) compared to untreated PC3 cells, albeit not significant. MMAE treated PC3 

cells exhibited the lowest cell viability of 31.62%, SD = 5.97%, which was significantly 

lower than the cell viability of PC3 cells treated with either anti-STEAP2 pADC (p-

value = 0.009) and anti-STEAP2 pAb (p-value = 0.004) (Figure 5.4).  This result 

suggests the anti-STEAP2 pADC may be of poor quality. The data also may imply 

the anti-STEAP2 pADC could been subjected to an incomplete lysosomal degradation 

but not the cell free MMAE at a 10.0 µg/ml dose given its potent cell killing efficiency. 

 

 At 100 µg/ml of drug treatment, a significantly reduced cell viability was 

observed for anti-STEAP2 pADC treated PC3 cells with cell viability of 11.29% (SD 

= 2.79%, p-value < 0.001) compared to untreated PC3 cells (Figure 5.4).  It is 

important to mention, that based on an initial dose optimisation, the maximum dose 

of anti-STEAP2 ADC treatment was 100 µg/ml, thus no further dose increase was 

conducted (see Section 5.2.5). Further, the cell viability was significantly decreased 

to 38.66% (SD = 6.39%, p-value < 0.001) in PC3 cells exposed to 100 µg/ml of anti-

STEAP2 pAb compared to the untreated PC3 cells (Figure 5.4). Interestingly, the 

anti-STEAP2 pADC treated PC3 cells demonstrated a significantly lower cell viability 

than the PC3 cells exposed to the unconjugated anti-STEAP2 pAb (p-value = 0.022) 

at a dose of 100 µg/ml (Figure 5.4). This implies, that the anti-STEAP2 ADC had 

a stronger effect on reducing the cell viability in PC3 cells when compared to the 

unconjugated anti-STEAP2 pAb, however at extremely high doses (100 µg/ml). 
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Interestingly, 100 µg/ml of anti-STEAP2 pADC was more efficient in reducing the 

cell viability to 11.29% (SD = 2.79%) than its equivalent doses of MMAE treatment 

with a cell viability of 21.65% (SD = 11.99%), albeit not significant (p-value = 0.393) 

(Figure 5.4). This may be due to the larger error bars of the MMAE treatment at 

the equivalent dose of 100 µg/ml. Importantly, this data highlights, that the anti-

STEAP2 pADC may have delivered the cytotoxin MMAE more specifically to 

STEAP2 overexpressed PC3 cells compared to the pure MMAE alone at 100 µg/ml. 

In addition, PC3 cells exposed to 100 µg/ml of anti-IgG Ab isotype control treated 

cells showed a decreased cell viability of 83.49%, however, not significant (SD = 3.58%, 

p-value = 0.086) suggesting the cell viability was specifically reduced due to both anti-

STEAP2 pAb and anti-STEAP2 pADC.  

 

 At a dose of 200 µg/ml of drug treatment, a significant reduction in cell 

viability to 21.47% (SD = 3.14%, p-value < 0.0001) was observed after anti-STEAP2 

pAb treatment in the PC3 cells opposed to the untreated PC3 cells with a cell viability 

of 114.52% (SD = 13.62%) (Figure 5.4). PC3 cells exposed to 200 µg/ml of MMAE 

treatment demonstrated a similar substantial decrease in cell viability to 24.35% (SD 

= 7.53%, p-value = 0.0008). Interestingly, PC3 cells exposed to 200 µg/ml of anti-

IgG pAb led to a significant reduction in cell viability of 69.21% (SD = 1.35%, p-

value = 0.009) in comparison to untreated PC3 cells (Figure 5.4). This suggests, 

that the reduction in cell viability of the PC3 cells was also caused by high doses of 

the STEAP2 unspecific anti-IgG pAb, regardless of the STEAP2 specificity when 

using an extremely high dose. 

 



 173 

 

F
ig

ur
e 

5 .
4  

E
ff
ec

t 
of

 a
nt

i -
ST

E
A

P
2 

pA
D

C
 a

nd
 p

A
b 

on
 c

el
l 
vi

ab
ili

ty
 (

P
C

3 
ce

lls
) 

.  T
he

 d
at

a 
in

di
ca

te
s 

po
te

nt
ia

l M
M

A
E -

A
D

C
 c

at
ab

ol
ite

  r
es

ist
an

ce
 o

f t
he

 P
C

3 
ce

lls
. 0

.1
%

 T
rit

on
 X

 1
00

: p
os

iti
ve

 c
on

tr
ol

 fo
r 

re
du

ct
io

n 
in

 c
el

l 
vi

ab
ili

ty
 il

lu
st

ra
te

d 
as

 h
or

iz
on

ta
l l

in
e 

at
 0

 %
 t

hr
ou

gh
ou

t 
th

e 
gr

ap
h.

 S
ta

tis
tic

al
 a

na
ly

sis
 w

as
 p

er
fo

rm
ed

 u
sin

g 
an

 A
N

O
V

A
 p

os
t-
ho

c 
D

un
ne

tt
 

te
st

.  
p-

va
lu

e 
of

 £
  0

.0
5 

(*
), 

p -
va

lu
e 
£

  0
.0

1 
(*

*)
,  

p-
va

lu
e 

of
 £

 0
.0

01
 (

**
*)

( N
 =

 3
). 



 174 

5.3.3 IC50 of anti-STEAP2 pADC indicates poor quality 

 A dose-response curve was generated to compare the ability of the polyclonal 

anti-STEAP2-MMAE ADC (anit-STEAP2 pADC) and the commercial, unconjugated 

polyclonal anti-STEAP2 Ab (anti-STEAP2 pAb) on reducing the cell viability of the 

PC3 cells. No significant differences in cell viability between the anti-STEAP2 pADC 

and anti-STEAP2 pAb treatments were observed for the doses at  0.01 µg/ml, 0.1 

µg/ml, 1.0 µg/ml and 10.0 µg/ml (Figure 5.5). However, the data highlights that a 

dose of 100 µg/ml of anti-STEAP2 pADC significantly reduced the cell viability to 

11.2% (SD 2.79%), whilst PC3 cells exposed to the unconjugated anti-STEAP2 pAb 

exhibited a reduced cell viability of 38.66% (SD = 6.39%, p-value 0.022) (Figure 

5.5). 

 
Figure 5.5 IC50 values of the anti-STEAP2 pADC and pAb. IC50 values were 
estimated by a dose-response-inhibition four-parameter variable slope analysis based on the 
cell viability data (see Figure 5.4). The data indicates potential MMAE-ADC catabolite 
resistance of the PC3 cells or a poor ADC quality (N = 3). 
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 Moreover, the anti-STEAP2 pADC exhibited an IC50 of approximately 16.84 

µg/ml and the IC50 value of anti-STEAP pAb was approximately 71.07 µg/ml (Figure 

5.5). This suggested, that the anti-STEAP2 pADC was 4.3-fold more efficient than 

the unconjugated anti-STEAP2 pAb alone, however, only specifically at a dose of 100 

µg/ml. As the most prominent difference in effect between the anti-STEAP2 pADC 

and the anti-STEAP2 pAb was only observed at approximately 100 µg/ml, this data 

indicated potential drug resistance of the PC3 cells against MMAE-catabolites 

originating from the ADC. The ADC drug could also have been impaired due to an 

inefficient ADC degradation into its free MMAE drug form in the lysosomes or due 

to potential ADC instability (and loss of MMAE) in-vitro prior to the treatment. 

 

5.3.4 Test sera1 (linear) contain Abs specific to linear STEAP2 

antigen 

 During Phase I, indirect ELISAs were conducted at Ab Production Services 

to validate the specificity of the Test sera1 and Test sera2 supernatant containing 

antibodies to STEAP2. The Test sera1 of Mouse1 - 4 (linear) received an 

immunisation with the linear STEAP2 antigen and were assayed against linear 

STEAP2 antigen. The Test sera1 - Mouse1 - 4 (cyclic) was assayed accordingly with 

cyclic STEAP2 antigen. The Test sera1 - Mouse1 - 4 (linear) were ranked from the 

highest to the lowest based on their affinity to detect linear STEAP2 antigen based 

on their absorbance values (OD) starting from the serial dilution of 1:100 - 1:204,800 

as follows: Test serum1 - Mouse2 (linear) > Test serum1 - Mouse1 (linear) > Test 

serum1- Mouse3 (linear) > Test Serum1 - Mouse4 (linear) (Figure 5.6). Amongst 

the Test sera1 - Mouse1 - 4 (linear) the maximum absorbance was exhibited by the 

Test serum1 - Mouse2 (linear) which has reached an OD = 0.732 (cut-off = 14.19) at 

1:12,800 dilution (Figure 5.6). 
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Figure 5.6 Test sera1 – Mouse1 – 4 (linear) assayed against linear STEAP2 
antigen. Provided by APS (N = 1). 

 

 Test serum1 - Mouse3 (linear) exhibited the second highest absorbance, yet 

the absorbance was substantially lower compared to Test serum1 - Mouse2 (linear) 

with an OD = 0.263 (cut-off = 4.73) suggesting the test serum contained less anti-

STEAP2 antibodies than the Test serum1 - Mouse1 (linear) or the antibodies 

exhibited a low affinity to the antigen (Figure 5.6). Lower absorbances were further 

observed for Test serum1 - Mouse1 (linear) with an OD = 0.186 (cut-off = 3.34) and 

Test serum1 - Mouse4 (linear) with an OD = 0.184  (cut-off =  3.32), respectively  

(Figure 5.6). This implied, that the immunisation successfully elicited an immune 

response of the mice against the linear STEAP2 antigen by the production of anti-

STEAP2 antibodies. Importantly, the absorbance values of Test sera1 - Mouse1 - 4 

(linear) did not reach the ideal absorbance (OD ≥ 1.0mg/ml at approximately 

1:12,800) suggesting additional immunisations may be beneficial to increase their Ab 

titre prior the hybridoma development (Phase II) (Figure 5.6). 
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5.3.5 Test sera1 (cyclic) contain Abs specific to cyclic STEAP2 

antigen 

 The next step in the process involved evaluation of the Test sera1 - Mouse1 - 

4 (cyclic) during Phase I, which were ranked from the highest to the lowest based on 

their affinity to detect cyclic STEAP2 antigen. This was based on their absorbance 

values (OD) starting from the serial dilution of 1:100 - 1:204,800 as follows: Test 

serum1 - Mouse4 (cyclic) > Test serum1 - Mouse3 (cyclic) > Test serum1- Mouse2 

(cyclic) > Test Serum - Mouse1 (cyclic) (Figure 5.7). The highest absorbance was 

exhibited by Test serum1 - Mouse4 (cyclic) with an OD = 0.585 (cut-off = 10.55). 

The second strongest absorbance was detected for Test serum1 - Mouse3 (cyclic) with 

an OD = 0.175 (cut-off = 3.16). Lower absorbances were detected by Test serum1 - 

Mouse1 (cyclic)  (OD = 0.165, cut off = 3.14) and Test serum1 - Mouse2 (OD = 

0.225, cut off = 2.96), suggesting their test sera may contain lower Ab titres against 

STEAP2 than the Test serum1 - Mouse1 (cyclic) and Test serum1 - Mouse4 (cyclic) 

(Figure 5.7). 

 

 

Figure 5.7 Test sera1 (cyclic) assayed against the cyclic STEAP2 antigen. 
Provided by APS (N = 1). 
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 Whilst the absorbances of Test sera1 - Mouse1 - 4 (cyclic) did not reach the 

ideal absorbance (OD ≥ 1.0mg/ ml at approximately 1:12,800), this data suggested 

the cyclic STEAP2 antigen has successfully triggered the Ab production in-vivo. The 

data also implied additional immunisation should be administered to increase the Ab 

titres of the mice before the hybridoma development stage (Phase II). 

 

5.3.6 Test sera2 (linear) contain Abs specific to linear STEAP2 

antigen 

 During Phase I, the Test sera2 - Mouse1 - 4 (linear) were evaluated after a 

total of five immunisations of either cyclic or linear STEAP2 peptide. The Test sera2 

- Mouse1 - 4 (linear) were ranked from the highest to the lowest based on their affinity 

to detect linear STEAP2 antigen based on their absorbance values (OD) starting from 

the serial dilution of 1:100 - 1:204,800 as follows: Test Serum2 - Mouse2 (linear) > 

Test Serum2 - Mouse1 (linear) > Test Serum2- Mouse3 (linear) > Test Serum2- 

Mouse4 (linear) (Figure 5.8). This data indicated, that the Test Serum2 - Mouse2 

(linear) contained the highest anti-STEAP2 Ab titre (OD = 0.369, cut-off = 6.65), 

followed by Test Serum2 - Mouse1 (linear) (OD = 0.248, cut-off = 4.45). In addition, 

Test Serum2 - Mouse3 (linear) exhibited an OD = 0.208 (cut-off = 3.74), while the 

lowest absorbance was observed for Test Serum2 - Mouse4 (linear) (OD = 0.198, cut-

off = 3.56) ) (Figure 5.8). Further, neither of the absorbance values of the Test sera2 

- Mouse1 - 4 (linear) did exhibit the desired OD ≥ 1.0mg/ml at approximately 

1:12,800 as a reference for a strong Ab titre (Figure 5.8). Nonetheless, the minimum 

cut-off value (cut-off = 2) was met by all the Test sera2 - Mouse1 - 4 (linear) compared 

to the negative control pre-immunisation serum with no substantial absorbance values 

(Figure 5.8). Thus, the data implied the Test sera2 - Mouse1 - 4 (linear) contained 

anti-STEAP2 antibodies specific to linear STEAP2 antigen. 
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Figure 5.8 Test sera2 (linear) recognise the linear STEAP2 antigen. Provided by 
APS (N = 1). 

 

5.3.7 Test sera2 (linear) do not recognise cyclic STEAP2 antigen 

 Test sera2 - Mouse1 - 4 (linear) containing anti-STEAP2 antibodies from 

species immunised with linear STEAP2 antigen were assayed against cyclic STEAP2 

peptide. This test was conducted to determine, if the anti-STEAP2 Ab containing 

Test-Sera 2 - Mouse1 - 4 (linear) were capable of detecting cyclic STEAP2 antigen 

without the mice having had experienced any antigen exposure with cyclic peptide. 

As displayed in Figure 5.9, the data showed very low absorbance values for all Test 

sera2 - Mouse1 - 4 (linear) which were ranked from the highest to the lowest as 

follows, respectively: OD = 0.065 (cut-off = 1.17) , OD = 0.0625 (cut-off = 1.13) , 

OD = 0.0625 (cut-off = 0.0525) and OD = 0.035 (cut-off = 0.64). Thus, the Test 

sera1 - Mouse1 - 4 (linear) were substantially below the desired absorbance and cut-

off values (Figure 5.9). This suggested the anti-STEAP2 antibodies from Balb/C 

mice immunised with linear STEAP2 antigen did not possess any sufficient specificity 

to recognise cyclic the STEAP2 antigen. 



 180 

 
Figure 5.9 Test sera2 (linear) do not detect the cyclic STEAP2 antigen. Provided 
by APS (N = 1). 

 

5.3.8 Test sera2 (cyclic) contain Abs specific to cyclic STEAP2 

 The Test sera2 - Mouse1 - 4 (cyclic) were evaluated after a total of five 

immunisations of either cyclic or linear STEAP2 peptide. The Test sera2 - Mouse1 - 

4 (cyclic) demonstrated serum dilution-depended responses in absorbance values from 

1:100 - 1:208,000 (Figure 5.10). The higher the serum dilutions, the higher the 

measured OD. The ability of the Test sera2 - Mouse1 - 4 (cyclic) containing anti-

STEAP2 antibodies to bind to cyclic STEAP2 antigen was ranked from the highest 

to the lowest based on their absorbance value at all given serum dilutions as follows: 

Test Serum2 - Mouse4 (cyclic) > Test Serum2 - Mouse3 (cyclic) > Test Serum2 - 

Mouse2 (cyclic) > Test Serum2 - Mouse1 (cyclic) (Figure 5.10). Further, Test 

Serum2 - Mouse4 (cyclic) exhibited the highest OD = 0.357 with a strong cut-off = 

11.78 indicating a sufficicient high Ab titre. Test Serum2 - Mouse3 (cyclic) and Test 

Serum2 - Mouse2 (cyclic), absorbance values of OD = 0.160 (cut-off = 5.26) and OD 

= 0.090 (cut-off = 2.98) were observed, respectively (Figure 5.10). Further, both 

absorbance and cut-off values (OD = 0.057, cut-off = 1.88) reported for Test Serum2- 

Mouse1 (cyclic) indicated an insufficient Ab titre during Phase I (Figure 5.10). No 
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substantial absorbance was reported for the pre-immune test serum confirming the 

absence of specific anti-STEAP2 antibodies. Further, the absorbance values of Test 

sera2 - Mouse1 - 4 (cyclic) did not meet the reference absorbance value (OD  ≥ 1.0mg/ 

ml at approximately 1:12,800) suggesting moderate, but not strong Ab titres (Figure 

5.10). However, the desired cut-off value was met (cut-off ≥ 2) by the Test sera2 - 

Mouse2 - 4 (cyclic) (Figure 5.10). 

 

 
Figure 5.10 Test sera2 (cyclic) recognise the cyclic STEAP2 antigen. Provided by 
APS (N = 1). 

 

5.3.9 Test sera2 (cyclic) do not recognise linear STEAP2 antigen 

 Next, it was interesting to evaluate, whether the Test Serum2 - Mouse1 - 4 

(cyclic) containing anti-STEAP2 antibodies were able to detect the linear STEAP2 

peptide, apart from the cyclic peptide. Therefore, an ELISA was assayed against the 

linear STEAP2 peptide using the Test sera2 from the cyclic peptide immunisation. 

The data showed the OD values were very low as stated by their absorbance values 

at a serum dilution of 1:12,800 for Mouse1 (cyclic), Mouse2 (cyclic), Mouse3 (cyclic) 

and Mouse4 (cyclic) as follows: OD = 0.0745, OD = 0.105, OD = 0.101 and OD = 

0.19, respectively (Figure 5.11). All cut-off values for the Test sera2 - Mouse1 - 4 
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(cyclic) were substantially below < 2 for the Test sera2 - Mouse1 - 3 (cyclic) (cut-off 

= 1.34, cut-off = 1.88 and cut-off = 1.82) with an exception for Test sera2 - Mouse4 

(cut off = 3.42) (Figure 5.11). This indicated the Test sera2- Mouse1 - 3 (cyclic) 

were not capable of recognising linear STEAP2 antigen, while Test Serum2 - Mouse4 

(cyclic) may contain some antibodies, which could recognise linear STEAP2 antigen. 

 

 Based on the best performance (highest absorbances) of the Test sera2, 

Mouse1 and 2 (linear) and Mouse3 and 4 (cyclic) for the next Phase II. 

 

 

Figure 5.11 Test sera2 (cyclic) do not detect the linear STEAP2 antigen. Provided 
by APS (N = 1). 

 

5.3.10   Test sera2 (linear/cyclic) detect native STEAP2 in PC3 cells 

 After the species received a total of 5 rounds of immunisation with either the 

cyclic or linear STEAP2 peptide, the Test sera2 were examined for the presence of 

anti-STEAP2 antibodies using confocal microscopy as qualitative analysis. The PC3 

cells overexpressing STEAP2 were used as a positive control using the commercial 

anti-STEAP2 pAb (ECL3), whilst the normal PNT2 cells with low STEAP2 

expression were utilised as a negative control. The PC3 cells stained with the anti-
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STEAP2 pAb (ECL3) exhibited a green fluorescent signal at the cell periphery 

suggesting cell surface specific localisation of STEAP2 (Figure 5.12). In contrast, 

the PNT2 cells demonstrated a low fluorescent signal in form of punctuates without 

cell periphery staining (Figure 5.12). This represented the lower STEAP2 expression 

in healthy PNT2 cells with intracellular localisation in regions such as the Golgi 

apparatus. 

 

 
Figure 5.12 STEAP2 fluorescent staining by the anti-STEAP2 pAb 
(AB4/ECL3). PC3 cells: high STEAP expression; PNT2 cells: low STEAP2 expression. 
Blue: nuclei; green: STEAP2. Images were taken at a 100x objective using the LSM 710 
microscope (ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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Using the Test sera2 - Mouse1 - 4 (linear), the PC3 cells showed a low fluorescent 

signal in the form of green punctuates distributed throughout the cell with no cell 

surface specific localisation for STEAP2 (Figure 5.13). The fluorescence was ranked 

from the highest to the lowest in the PC3 cells as follows: Test Serum2 - Mouse1 

(linear) > Test Serum2 - Mouse2 (linear) > Test Serum2 - Mouse3 (linear) > Test 

Serum2 - Mouse4 (linear) (Figure 5.13). This result indicated, that the linear 

STEAP2 peptide had successfully triggered an immune response in the Balb/C mice 

to produce anti-STEAP2 antibodies. 

 

 Further, negligibly low fluorescent signals were exhibited in the normal PNT2 

cells using the Test sera2 - Mouse1 - 4 (linear) (Figure 5.14). The Test sera2 - 

Mouse1 - 4 (cyclic) were applied to the PC3 cells, where a substantially stronger 

fluorescence was detected for STEAP2 using the Test sera2 - Mouse1 – 4 (linear)  

(Figure 5.15). However, the strongest fluorescent signals for STEAP2 appeared as 

green punctuates becoming more dominant at the cell periphery for Test sera2 - 

Mouse2 – 3 (cyclic) in PC3 cells (Figure 5.15). In contrast, green fluorescent 

punctuates were observed for the Test serum1 - Mouse1 (cyclic), while the poorest 

fluorescent signal was exhibited by the Test Serum2 - Mouse4 (cyclic) in PC3 

cells(Figure 5.15). Further, minimal fluorescent signals, in the form of green 

punctuates, were observed in the lower STEAP2 expressing normal PNT2 cell line 

using the Test sera2 - Mouse1 - 4 (cyclic) ( 

Figure 5.16). This data implied, that the cyclic STEAP2 peptide had successfully 

elicited an immune response in the species to produce anti-STEAP2 antibodies. 

However, the Test sera2 - Mouse1 - 3 (cyclic) may contain more STEAP2-specific 

antibodies than the Test Serum2 - Mouse4 (cyclic) ( 

Figure 5.16). 
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Figure 5.13 Test sera2 (linear) detect native STEAP2 in PC3 cells. Blue: nuclei; 
green: STEAP2. Images were taken at a 100x objective using the LSM 710 microscope (ZEISS, 
Germany). Scale bar = 20 µm. Images were taken at a 100x objective using the LSM 710 
microscope (ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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Figure 5.14 Test sera2 (linear) detect lower STEAP2 levels in PNT2 cells. Blue: 
nuclei; green: STEAP2. Images were taken at a 100x objective using the LSM 710 microscope 
(ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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Figure 5.15 Test sera2 (cyclic) detect native STEAP2 in PC3 cells. Blue: nuclei; 
green: STEAP2. Images were taken at a 100x objective using the LSM 710 microscope 
(ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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Figure 5.16 Test sera2 (cyclic) detect minimal STEAP2 levels in PNT2 cells. Blue: 
nuclei; green: STEAP2. Images were taken at a 100x objective using the LSM 710 microscope 
(ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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5.3.11  Test sera2 (linear and cyclic) contain a heterogenous pool of anti-

STEAP2 pAbs by western blotting 

 To complement the screenings process of the Test sera2 – Mouse1 – 4 (linear 

and cyclic), Western blotting was carried out. It is important to note, that the samples 

were of limited volume (20 µl), thus one replicate (N = 1) was performed showing 

high background with no distinct signal for STEAP2 using the Test sera2 (linear and 

cyclic) (Appendix 3, Figure A3. 4 and Figure A3. 5). 

 

5.3.12  Anti-STEAP2 mAbs recognise linear STEAP2 antigen by ELISA 

 During Phase II, the mouse myeloma cells were fused with the spleen cells of 

Mouse1 and 2 (linear) and Mouse3 and 4 (cyclic) to generate the hybridoma cells, 

which resulted in four colonies of hybridoma cells. The anti-STEAP2 antibodies from 

the hybridoma cell colonies detected a protein, which was of similar size like STEAP2 

by Western blotting in both PNT2 and PC3 cells (Appendix 3, Figure A3. 6). The 

cell culture supernatant of these hybridoma colonies, containing the anti-STEAP2 

antibodies, was applied undiluted, in order to increase the Ab concentration for 

fluorescence microscopy, which demonstrated the anti-STEAP2 antibodies were not 

capable to detect naïve cell-surface STEAP2 compared to the anti-STEAP2 pAb 

(ECL3) control in PC3 and PNT2 cells (Appendix 3, Figure A3. 7, Figure A3. 8 

and Figure A3. 9). During Phase III (Limiting Dilution), the cell number of the four 

hybridoma cell colonies per well was decreased by a serial dilution step. Limiting 

dilution yielded four single cell hybridoma clones. 

 

 During Phase IV, these four single cell hybridoma clones, which all uniquely 

produced anti-STEAP2 mAbs, were expanded in cell culture and scaled up to increase 

the Ab yield uniquely. The anti-STEAP2 mAbs 1 – 3 originated from one mouse 

species (Mouse1 – linear), which had been exposed to the linear STEAP2 peptide and 

were therefore given the names: anti-STEAP2 – mAb1 (linear), anti-STEAP2 – mAb2 

(linear), anti-STEAP2 – mAb3 (linear). They were further assayed in a serial dilution 
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(1:100 – 1:12,800) against the linear STEAP2 peptide (Figure 5.17). The fourth anti-

STEAP2 mAb was obtained from one host species (Mouse4 - cyclic), which was 

immunised with cyclic STEAP2 peptide and was named anti-STEAP2 mAb4 (cyclic), 

accordingly. A serial dilution (1:100 – 1:12,800) of the anti-STEAP2 mAb4 was 

performed to evaluate its ability to detect the linear STEAP2 peptide using ELISA 

(Figure 5.17). The negative control included was the secondary anti-mouse anti-IgG 

Ab without any primary Ab. As a reference, an optimal absorbance value (OD value) 

was considered when OD > 1 at a serum dilution of 1:12,800. As a second reference, 

a cut-off point > 2 was based on the ratio of the OD of the mAbs specific against 

STEAP2 compared to the negative control. Based on the ELISA data, the anti-

STEAP2 mAbs 1 – 4 were ranked from the highest to the lowest absorbance value 

(OD) at a serum dilution of 1:12,8000 as follows: anti-STEAP2 mAb2 (linear) > anti-

STEAP2 mAb4 (cyclic) > anti-STEAP2 mAb1 (linear) > anti-STEAP2 mAb3 

(linear) (Figure 5.17). The anti-STEAP2 mAb2 exhibited the strongest OD = 1.29 

(SD = 0.087) with a high cut-off value = 12.12, suggesting it specifically detected 

linear STEAP2 peptide. Further, the second highest absorbance value was observed 

for the anti-STEAP2 mAb4 (cyclic), although it has been raised against the cyclic 

STEAP2 antigen. The OD of the anti-STEAP2 mAb4 (cyclic) was OD = 0.87 (SD = 

0.033) and did not exceed the optimal reference point of OD > 1 at 1:12,800 (Figure 

5.17). Yet, the cut-off value = 11.59 for the anti-STEAP2 mAb4 (cyclic) was 

substantially higher than the reference cut-off-value indicating the antibodies were 

specific against the linear STEAP2 peptide, as opposed to the negative control. In 

addition, a lower absorbance value was detected using the anti-STEAP2 mAb1 

(linear) with an OD = 0.5 (SD = 0.02) and a cut-off = 5.5, indicating the samples 

contained mAbs specific against a linear STEAP2 peptide when compared to the 

negative control (Figure 5.17). The anti-STEAP2 mAb3 (linear) exhibited the 

lowest absorbance value (OD = 0.172, SD = 0.012) with a cut-off value = 2.02 

(Figure 5.17). This result implied the sample contained specific mAbs against the 

linear STEAP2 peptide compared to the negative control. 
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Figure 5.17 Anti-STEAP2 mAbs recognise the linear STEAP2 antigen. The 
ELISA was provided by APS (N = 1). 

 

5.3.13  Anti-STEAP2 mAbs show distinct IgG heavy and light chains 

by Nu-PAGE analysis 

 Nu-PAGE analysis was conducted using the four Protein-G column affinity-

purified anti-STEAP2 mAbs1 - 4 to confirm the physicochemical characteristics 

specific for Immunoglobulin (IgG) molecules. The Ab samples were run alongside a 

visible marker for the identification of the molecular weight of the detected bands, 

while PBS served as a negative control. Nu-PAGE analysis of the anti-STEAP2 mAb1 

- 3 (linear) and anti-STEAP2 mAb4 (cyclic) clearly showed two major protein 

fragments (Figure 5.18 A - D). The larger fragment was detected above a molecular 

weight size of 51 kDa suggesting the presence of the IgG heavy chains (HC) fragments 

(approx. 55 kDa). The second and smaller fragment appeared below the 28 kDa 

molecular weight size indicating the presence of the light chain (LC) fragments 

(approx. 25 kDa) of the anti-STEAP2 mAb1 – 4 (Figure 5.18 A - D). This data 

showed, that the anti-STEAP2 mAbs1 - 4 possessed protein fragments which were 

characteristic for an IgG Ab. 
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Figure 5.18 Anti-STEAP2 mAbs contain HC/ LC IgG fragments by Nu-PAGE. 
A) Anti-STEAP2 mAb1 (linear). B) Anti-STEAP2 mAb2 (linear). C) Anti-STEAP2 mAb3 
(linear). D) Anti-STEAP2 mAb4 (cyclic). 1: Pre-stained molecular weight ladder; 2: PBS 
(negative control); 3: anti-STEAP2 mAb; HC: IgG heavy chain (approximately 55 kDa); 
LC: IgG light chain (approximately 25 kDa). Nu-PAGE analysis was conducted by APS (N 
= 1). 
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5.3.14  Anti-STEAP2 mAbs do not detect native STEAP2 

 The monoclonal anti-STEAP2 antibodies (anti-STEAP2 - mAb1 - 4) were 

further evaluated in PC3 cells for their ability to detect naive STEAP2 protein by 

confocal microscopy. Due to the different origin of the Balb/C mice between the 

commercial anti-STEAP2 pAb (ECL3) (rabbit) and the anti-STEAP2 mAb1 - 4 

(mouse), the anti-STEAP2 mAb1 - 4 were detected with a different secondary Ab 

species (Section 5.2.7.3). Therefore, the primary mouse anti-golgin97 mAb specific 

to the Golgi apparatus was utilised to ensure the secondary goat anti-mouse anti-IgG-

AlexaFluor-488 Ab was working appropriately. A strong fluorescent signal was 

observed with predominant localisation to the cell periphery using the commercial 

anti-STEAP2 pAb (ECL3) suggesting cell surface localisation of STEAP2 (Figure 

5.19A). In addition, multiple fluorescent punctuates within the cell but not at the 

cell periphery were detected by the anti-golgin 97 mAb used as an Ab host species 

control for the respective detecting secondary goat anti-mouse anti-IgG AlexaFluor-

488 Ab (Figure 5.19 B). The result confirmed the intracellular localisation of the 

Golgi apparatus and the suitability of the secondary goat anti-mouse anti-IgG-

AlexaFluor-488 Ab for evaluation of the anti-STEAP2 mAb1- 4. 

 

 Poor fluorescent signals were observed for the PC3 cells using the anti-

STEAP2 mAb1 - 4 compared to the strong fluorescence predominantly located at the 

cell surface using the commercial anti-STEAP2 pAb (ECL3) control (Figure 5.20 A 

– D). The data implies, that the anti-STEAP2 mAb1 - 4 are likely to be unsuitable 

for fluorescence microscopy. 
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Figure 5.19 Positive controls used for the anti-STEAP2 mAb evaluation. A) PC3 
cells + commercial anti-STEAP2 pAb (ECL3)showing high levels of cell surface STEAP2 used 
as a positive control for the matching secondary detection Ab. B) PC3 cells + anti-golgin97 
mAb showing the Golgi apparatus used as a positive control for the matching secondary 
detection Ab. Blue: nuclei; green: STEAP2. Images were taken at a 63x zoom objective using 
the LSM 710 microscope (ZEISS, Germany). Scale bar = 20 µm (N = 3). 
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Figure 5.20 Anti-STEAP2 mAbs do not recognise native STEAP2 in PC3 cells 
by confocal microscopy. Blue: nuclei; green: STEAP2. Images were taken at a 63x zoom 
objective using the LSM 710 microscope (ZEISS, Germany). Scale bar = 20 µm (N = 3). 

 

5.3.15  Anti-STEAP2 mAbs poorly detect linear STEAP2 

 In order to examine, whether the anti-STEAP mAb1 – 4 were capable 

of recognising linear STEAP2 protein, western blotting was performed. The 
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commercial anti-STEAP2 pAb (ECL3) was included as a positive control. 

Linear regression analysis following densitometry assessment determined the 

molecular weight of the detected protein specifically at 54.1 kDa with a minor 

1.84-fold increase (SD = 0.13-fold) in protein expression in the PC3 cells 

compared to the PNT2 cells by the anti-STEAP2 mAb1 (linear) (Figure 5.21 

A). Further, a 1.43-fold increase in protein expression in PC3 cells was 

detected by the anti-STEAP2 mAb2 (linear) (SD = 1.36-fold) at 46.9 kDa) 

(Figure 5.21 A). In comparison, the commercial anti-STEAP2 pAb (ECL3) 

demonstrated a 2.41-fold (SD = 0.69-fold) higher STEAP2 protein expression 

level at 52.2. kDa in PC3 cells versus the normal PNT2 cells (Figure 5.21 

A). Moreover, the anti-STEAP2 mAb3 (linear) detected a protein at 58.4 kDa 

by a 1.79-fold increase (SD = 0.94-fold) in PC3 cells opposed to the PNT2 

cells (Figure 5.21 B). In addition, the anti-STEAP2 mAb4 (cyclic) 

demonstrated a 1.76-fold increase (SD = 1.48-fold) at approximately 60 kDa 

in PC3 cells as compared to the PNT2 cells (Figure 5.21 B). In contrast, the 

commercial anti-STEAP2 pAb control demonstrated a 15.56-fold increase (SD 

= 17.23-fold) in STEAP2 expression in the PC3 cells as compared to the 

normal PNT2 cells at the molecular weight of 58.4 kDa (Figure 5.21 B). The 

data suggested, that ability of the anti-STEAP2 mAb1 – 2 to detect STEAP2 

protein by western blotting are inferior to the commercial anti-STEAP2 pAb 

(ECL3). Moreover, the results imply that extensive optimisation is required in 

the future to obtain an optimal signal for protein analysis by the anti-STEAP2 

mAb1 – 4 (Figure 5.21 A compared to Figure 5.21 B). 
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Figure 5.21 STEAP2 protein analysis using the anti-STEAP2 mAbs. A) Anti-
STEAP2 mAb1 (linear), 2 (linear) and the commercial anti-STEAP2 pAb control. B) Anti-
STEAP2 mAb3 (linear), 4 (cyclic) and the commercial anti-STEAP2 pAb (ECL3) control. 
1:Unstained molecular weight ladder; 2: pre-stained dual colour molecular weight marker; 3, 6, 
9: technical triplicate of PNT2 cell lysate; 4, 7, 10: technical triplicate of PC3 cell lysate (N = 
3). 
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5.4 Discussion 

5.4.1 PC3 cell viability following anti-STEAP2 pADC and anti-

STEAP2 pAb drug exposure 

 It was of interest to evaluate, if an anti-STEAP2 monomethyl-auristatin E 

ADC is more efficient than the unconjugated anti-STEAP2 pAb (ECL3) in reducing 

the cell viability in PC3 cells. Thus, a polyclonal anti-STEAP2 MMAE ADC (anti-

STEAP2 pADC) was commissioned from CellMosaic utilising the commercially 

available anti-STEAP2 pAb (ECL3). The effects of both the unconjugated anti-

STEAP2 pAb (ECL3) and the anti-STEAP2 pADC on the cell viability in the PC3 

cell line were then assessed using the MTT assay. 

 

 Since the cytotoxins the ADCs carry are substantially more potent than 

traditional chemotherapeutics, ADCs can be administered in low doses, while ensuring 

their efficiency in cell killing (Ducry & Stump, 2010). Multiple research findings have 

achieved significant cell killing effects using various cancer cell lines starting from as 

little as the pg/ml to ng/ml range for both the ADC and free toxin (Chari et al., 

2014; Drachman & Senter, 2013; Nasiri et al., 2018). However, both MTT and IC50 

value data implied, that the use of the anti-STEAP2 pADC only had a significant 

benefit in reducing the cell viability at extremely high doses (100 µg/ml) opposed to 

the unconjugated anti-STEAP2 pAb (ECL3). Therefore, this chapter’s data is in 

contrast with the typical (substantially lower) dose range of ADCs in-vitro. This key 

observation raised the question which the underlying cause was for the inefficiency of 

the anti-STEAP2 pADC in reducing the cell viability in PC3 cells. 

 

 The Drug-to-Antibody ratio (DAR) describes the number of payload molecules 

per antibody and plays a huge role on the therapeutic activity of ADCs in-vitro and 

in-vivo (Hamblett et al., 2004). ADCs with higher DARs cause increased cytotoxicity 

in-vitro, whilst ADCs with lower DARs are less cytotoxic (Hamblett et al., 2004). In-
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vivo, however, ADCs with lower DARs demonstrated better therapeutic activity 

which was attributed to a slower plasma clearance of the drug (Hamblett et al., 2004).  

Based on the study’s insights, a DAR of 2 - 4 is considered optimal to enhance the 

ADC efficacy (Hamblett et al., 2004). The SEC analysis conducted as quality control 

by CellMosaic suggested an average DAR of 3:1 of the anti-STEAP2 pADC meaning 

approximately three molecules of MMAE were attached per one molecule of pAb and 

was therefore within the suggested DAR range. Further, the DAR of the pADC of 

this thesis was similar compared to the one of Brentuximab Vedotin with 4:1 

(Schneider, 2017). There are two plausible explanations for the reduced cell killing 

efficacy of the pADC. Loss of conjugated MMAE payloads of the pADC may have 

resulted in a lower DAR causing less pronounced in-vitro cytotoxicity based on data 

from Hamblett et al., 2004. Another explanation for the reduced potency of the pADC 

may have been due to the aggregation of the hydrophobic MMAE payload. 

Aggregation of the MMAE payload could have masked the antigen-fragment binding 

domains of the antibody to the epitope of STEAP2 thereby reducing the cell killing 

efficacy of the pADC (Olivier Jr. & Hurvitz, 2016).The aggregation of hydrophobic 

MMAE is a common problem within the ADC technology and has been encountered 

with the design of more hydrophilic ADCs by e.g. using PEG4Mal linkers or PEG-

spacers to increase the solubility while minimising ADC aggregation (Kovtun et al., 

2010; Lyon et al., 2015). 

 

 A potential explanation may also be, that the PC3 cell line may be 

unresponsive to the microtubule inhibitor, MMAE, used in this study. However, 

equivalent doses in the ng/ml range of the free MMAE were included as a positive 

control, where it significantly decreased PC3 cell viability. Therefore, this finding 

demonstrated, that the PC3 cells are sensitive to the free MMAE but not to the anti-

STEAP2 pADC. This is in alignment with many studies, which confirmed that using 

ng/ml doses of MMAE result in substantial cell toxicity in various cancer cell lines 

(Chari et al., 2014; Chen et al., 2017; Garnock-Jones, 2013; Kratschmer & Levy, 2018; 

Staudacher & Brown, 2017). 
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 MMAE is one of the most well-studied cytotoxins used for ADC technology 

and inhibits the microtubule depolymerisation, which ultimately blocks cell growth. 

MMAE is highly hydrophobic and thus capable of passing the (plasma) membranes 

(Chalouni & Doll, 2018). To generate the anti-STEAP pADC, the MMAE was 

attached to the unconjugated  anti-STEAP2 pAb (ECL3) via a chemical, cleavable 

Valine-Citrulline (VC) linker. VC is sensitive to the proteolysis of the lysosomal 

enzyme, Cathepsin-B (Chalouni & Doll, 2018). Based on the degradation of the ADC 

in the lysosome organelle, it is anticipated that free MMAE molecules should be able 

to permeate the lysosomal membrane, entering the cytosol. Further, MMAE inhibit 

the microtubule polymerisation once they reached the cytosol and exert their 

cytotoxic effect (Chalouni & Doll, 2018). Given the capability of free MMAE to 

permeate the lysosomal membrane, it raises the question, if the PC3 cells exhibit drug 

resistance to retain free MMAE originating from the anti-STEAP2 pADC. Drug 

resistance to MMAE may be one explanation why high anti-STEAP2 pADC doses 

were required to reduce the cell viability in PC3 cells. Resistance to ADCs, containing 

MMAE, have been reported for the commercially available Brentuximab-Vedotin 

(BV, Adcetris®) (Chen et al., 2016). It is an anti-CD30 VC-PABC-MMAE ADC, 

used to treat relapsed or refractory Hodgkin lymphoma (HL) and anaplastic large cell 

lymphoma (ALCL) (Bradley et al., 2013; Garnock-Jones, 2013; Gravanis et al., 2016; 

Han et al., 2014; Senter & Sievers, 2012). One study has developed an ALCL BV 

resistant cell line, called KARPAS 299R, by previous constant or pulsatile drug 

treatment (Chen et al., 2016). A BV resistance was confirmed by the drug exposure 

to BV and MTS cell viability analysis. It was reported, that the downregulation of 

CD30 in KARPAS 299R cells but not in KARPAS 299 cells was responsible for the 

resistance to BV using gene and protein expression profiling by flow cytometry, qRT-

PCR and western blotting (Chen et al., 2016). However, a subpopulation of CD30 

overexpressing Hodgkin’s lymphoma cell line (HL cell line L428R) still exhibited BV-

resistance after drug exposure using the MTS assay (Chen et al., 2016). Additional 

qRT-PCR analysis of the BV-exposed L428R cell line showed the increased gene 
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expression of the p-glycoprotein Multi-Drug Resistance Protein1 (P-gp MDR1) (Chen 

et al., 2016). MDR1 is a member of the ATP-binding cassette transporters (ABC 

transporters), which was accounted for the efflux of MMAE, thereby causing the BV 

resistance observed in L428R cells (Chen et al., 2016). 

 

 Another study reported the liver hepatocellular cell lines HepG2, Hep3B2, the 

lung squamous cell line NCL-H226 and Hodgkin lymphoma cell line KM-H2 were less 

sensitive to free MMAE exposure (72 h) than the ovarian cancer cells OVAR3 and 

the human gastric epithelial cell line NCl-N87 by using the XTT assay (Liu-Kreyche 

et al., 2019). An approximate cell survival of 20% was observed in the KM-H2 cells 

treated with high doses of MMAE nearly the 100 µg/ml (Liu-Kreyche et al., 2019). 

Additional LC-MS analysis of the lysosomal fractions of the cell lines HepG2, Hep3B2, 

NCL-H22, confirmed the increased presence of MDR proteins. These were namely the 

Multidrug Resistance-Associated Protein2, 3 and 4 (MRP2, 3 and 4), which are family 

members of the ABC transporters (Kruh et al., 2007; Liu-Kreyche et al., 2019). To 

confirm this result, the HepG2, Hep3B2 and NCl-H226 cells were exposed to MMAE 

or a combination of MMAE and Elacridar, an inhibitor of P-gp MDR-1 and the Breast 

Cancer Resistance Protein (BCRP) (Hendrikx et al., 2014; Liu-Kreyche et al., 2019; 

Sane et al., 2012). The data showed, that the HepG2, Hep3B2, NCL-H22 cells were 

more susceptible to the combined treatment. Thus, they concluded the MMAE 

resistance was due to the expression of the MRP2, MRP3 and MRP4 (Liu-Kreyche 

et al., 2019). Currently, there is no data available on whether or not MRPs are 

expressed in the PC3 cells. One limitation of this study is that Elacridar is also a 

potent blocker of the BCRP, however its expression was not investigated and thus it 

remains uncertain, if an increased BCRP expression may contribute MMAE resistance 

(Liu-Kreyche et al., 2019). BCRP overexpression in known for the Non-Small Cell 

Lung Cell Hodgkin Lymphoma (NSCLC) and triple negative basal-like (TNBL) breast 

cancer, for instance (Dufour et al., 2015; Galetti et al., 2015). The upregulation of 

BCRP has been shown to confer MDR and chemotherapeutics like tyrosine-kinase 

inhibitors, DNA intercalators and nucleoside analogues) are proven substrates of 
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BCRP (Doyle & Ross, 2003; Westover & Li, 2015). In addition, one study has shown 

that BCRP is present in the metastatic prostate cancer line LNCaP, which causes 

resistance to the chemotherapeutic Docetaxel, a BCRP substrate (Xie et al., 2008). 

Based on these insights, further investigations are required to identify, if a potential 

MMAE resistance is present in PC3 cells and could be ascribed to the upregulation 

of both the MRP and BCRP proteins by PCR or Western blotting. 

 

 Unlike the cleavable linkers, non-cleavable linkers, the thio-ether conjugation 

chemistry, attach maytansinoides payloads such as Emtansine (DM1) present in 

Trastuzumab-DM1 (Kadcyla®) (Jain et al., 2015). Non-cleavable linkers require the 

catabolic degradation in the lysosomes, in order to release the DM1 toxin (Loganzo 

et al., 2016). Unlike MMAE, these DM1 catabolites are not capable of translocating 

across the lysosomal membrane but researchers have suggested there may be a specific 

transport mechanism in the lysosomes involved (Bissa et al., 2016; Hamblett et al., 

2015). Recently, one research group revealed, that maytansinoides, including DM1, 

are substrates of a unique lysosomal membrane protein (SLC), called SLC46A3 

(Hamblett et al., 2015). Researchers have exposed CD70+ cancerous, renal epithelial 

786-O cells to an anti-CD70-MCC-DM1 ADC, and then developed shRNA-based 

libraries. These shRNA-based libraries included both lysosomal and transporter genes, 

as well as (cell surface) membrane proteins following a phenotypic screening. Besides 

CD70, the SLC46A3 was identified as the second most common protein. Therefore, 

SLC46A3 was knocked down in the 786-O cell line and the cells were further exposed 

to either anti-CD70-MMAE/F ADC or an anti-CD70-DM1 ADC. The cell viability 

after drug exposure of the anti-CD70-DM1 ADC was significantly reduced in wild-

type 786-O cells using the CelltiterGlo. However, after SLC46A3 gene knock-down in 

786-O cells, no significant reduction in the cell viability was observed suggesting 

SLC46A3 was required for the transport of catabolic DM1 to unfold its cytotoxic 

effect. Interestingly, the cell viability of anti-CD70-MMAF ADC exposed 786-O cells 

remained unaffected indicating MMAF was not likely to be a substrate for SLC46A3 

(Hamblett et al., 2015). 
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 Another explanation for the poor efficiency of anti-STEAP2 pADC in reducing 

the cell viability of PC3 cells could be ascribed to the linker-drug instability of the 

ADC. It is possible, that the MMAE molecules may were detached from the linker 

between the time of shipping from CellMosaic (USA) to Swansea University. However, 

the anti-STEAP2 pADC was generated using the cleavable VC linker, which should 

be sensitive to Cathepsin-B, a lysosomal protease. Therefore, the anti-STEAP2 pADC 

should not have been likely for degradation when not located to the lysosomes. One 

study has tested the stability of an anti-CD30-MMAE ADC ex-vivo, using the same 

VC linker chemistry as in the present Chapter5. They exposed the anti-CD30-MMAE 

ADC to the human blood plasma in-vitro at 37°C (Francisco et al., 2003). After 10 

days, aliquots of the anti-CD30-MMAE ADC -blood plasma mixture were analysed 

by LC-MS for the free MMAE drug. It was demonstrated that only 2% of free MMAE 

was detected by LC-MS highlighting VC as a highly chemically stable linker ex-vivo 

(Francisco et al., 2003). The HIC analysis (CellMosaic) used in the current study 

showed the absence of protein aggregates after the anti-STEAP2 pADC development, 

which ruled-out potential instability issues of the ADC at this given time point. 

Therefore, the HIC analysis was in accordance with the appropriateness of the VC 

linker and its stability for use in anti-STEAP2 pADC construction. In order to clarify, 

if the low efficiency of the anti-STEAP2 pADC was due to the instability of the VC 

linker, HIC analyses should be performed on-site at Swansea University before the 

treatment in the future. 

 

 Taken together, there is evidence, that some cytotoxins used in the ADC 

technology (e.g. maytansinoides) demand a specific lysosomal transporter to unfold 

their cytotoxic effect. Other studies report drug resistance of certain cell lines to 

MMAE or DM1 due to the upregulation of certain MDR proteins, which regulate the 

efflux of the cytotoxins from the lysosome to the cytosol. It would be exciting to 

explore the presence these lysosomal membrane proteins in the PC3 cells. Based on 

these insights, it is hypothesised, that these (yet unknown) lysosomal transporters 
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could have been responsible for the efflux of any free, cytosolic MMAE indicated by 

the low efficiency of the anti-STEAP2 pADC at doses below 100 µg/ml in PC3 cells. 

Moreover, it is hypothesised that the maximal uptake capacity of this transporter 

could have been saturated at doses near the 100 µg/ml ADC dose in PC3 cells. If the 

lysosomal, efflux transporter was no longer capable to retain the free MMAE 

molecules (originating from the ADC) due to a complete occupation of MMAE ligand 

binding sites (saturation) at 100 µg/ml, the remaining, free MMAE molecules could 

have easily passed the lysosomal membrane to the cytosol unfolding their cytotoxic 

effect. Future work could utilise a validated anti-STEAP2 mAb for the fabrication of 

a more powerful monoclonal anti-STEAP2-MMAE ADC. This would enable more 

precise targeting of one specific epitope on the ECL3 of STEAP2 in comparison of 

multiple epitopes within the ECL3 domain when used by the commercial anti-

STEAP2 pAb (Ascoli, 2018; Holzlöhner & Hanack, 2017; Leenaars & Hendriksen, 

2005). It would be exciting to construct and compare the efficiency of additional anti-

STEAP2 ADCs. These ADCs could be generated by using different linker-payloads 

such as hydrazone-Ozogamycin (present in Adcetris®) or SMCC-DM1 (included in 

Trastuzumab-DM1 (Kadcyla®) (Jen et al., 2018; Verma et al., 2012). 

 

5.4.2 Anti-STEAP2 mAb development (Phase I) 

 During the Phase I (Immunisation) of the anti-STEAP2 mAb development, 

the Test sera1 and 2 were obtained from the Balb/C mice, which were exposed to 

either the linear or cyclic STEAP2 peptide. The Test sera2 (cyclic and linear) were 

further evaluated to confirm the presence of anti-STEAP2 antibodies using ELISA, 

Western blot and fluorescence microscopy. The ELISA data suggested the Balb/C 

mice produced low – moderate but not a high Ab titres. The synthesis of both linear 

and cyclic STEAP2 antigens was based on the identification of the aa sequence of the 

immunogen (Peptide 5) on STEAP2 (Chapter3, Section 3.3.4, Figure 3.13). 

According to the AbDesigner tool, Peptide 5 was considered as the most immunogenic 

peptide region amongst other peptides, albeit a moderate immunogenicity was 
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ascribed to it (Chapter3, Section 3.3.4). Thus, it was not unsurprising, that low -  

moderate immune response to both linear and cyclic STEAP2 peptides were elicited 

by the Balb/C mice. Higher immunogenicity does not ultimately guarantee the success 

of Ab generation (Pisitkun et al., 2014). 

 

 The ELISA data further implied, that Abs obtained from the Test sera2 (linear 

or cyclic) may be less likely to recognise the STEAP2 antigen of which the Balb/C 

mice have not been exposed to given the low absorbance values. The data implied, 

that the Test sera2 (linear) contained Abs specifically bind to linear but not to cyclic 

STEAP2 antigen and vice-versa. This finding is not unsurprising as the Ab production 

by the plasma B-cells is usually only stimulated once the APCs activate the T- and 

B-cell dependent humoral immune response (Di Pasquale et al., 2015). However, 

additional fluorescence microscopy results have additionally proven, that the Test 

sera2 (linear) obtained from the Balb/C mice, which were exposed to the linear 

STEAP2 peptide, were indeed capable of recognising native STEAP2 protein. This 

finding demonstrates, that native STEAP2 may better resemble the linear STEAP2 

antigen in a more sterically accessible way for the Test sera2 (linear) containing 

antibodies than the cyclic STEAP2 antigen (Figure 5.22 A, B and C). Cyclic 

antigens contain several molecules of either different (heterotrophic) or the identical, 

linear antigens (homotropic) conjugated to each other by their lysine residues 

(Ganeshrao & Vikas, 2013). This gives cyclic antigens a more dendrimer, tree-like 

antigen structure (Ganeshrao & Vikas, 2013) (Figure 5.22  B). Researchers have 

employed this form to increase the immunogenicity of antigens for the design of 

vaccines (Ganeshrao & Vikas, 2013). 
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Figure 5.22 Potential antigen structures for the in-vivo immunisation. A) linear 
antigen conjugated to KLH. B) Cyclic antigen with lysine branching points. C) Native full-
length recombinant protein structure. 3D STEAP2 image was modelled by SWISSPROT 
(date of retrieval: March 2016). 

 

 One study has used a cyclic antigen. which contains the capsid proteins (i.e. 

VP1 and VP3) of the Hepatitis A Virus to develop a vaccine against Hepatitis A 

(Haro & Pe, 2003). With regards to this current study, the 14 amino acid long, linear 

STEAP2 antigen („GWKRAFEEEYYRFY “) contains one lysine residue (see 

Chapter3, Section 3.3.4,Table 3.4). Since the lysine residue is located within the 

linear STEAP2 antigen (i.e. aa position 3), the linear STEAP2 antigen is divided into 

two parts, in order to conjugate two additional antigens. Thereby, the utilised lysine 

conjugation chemistry could have led to a loss of the original configuration of 

consecutive amino acids within the linear STEAP2 antigen. Therefore, the different 

arrangement of linear STEAP2 antigen in the cyclic STEAP2 antigen may affect the 

paratope of the antibodies which is mirrored by the ELISA data (Test sera2 linear 

against cyclic STEAP2 antigen). In contrast, the confocal data suggests, that the 

native STEAP2 protein is more likely to fully resemble the linear STEAP2 peptide 

on the cell surface of the PC3 cells without any steric compromise antigen (Figure 

5.22  C). 

 

 Further, western blot analysis was undertaken, in order to evaluate the Abs 

obtained from the Test sera2 (linear and cyclic). It was very difficult to draw any 

KLH 
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preliminary conclusions based on this data, as the detection of STEAP2 was not 

distinctive enough when using the Test sera2 (linear and cyclic). At this Phase I stage 

of the mAb development, it is known, that any Abs produced by the plasma B-cells 

of the Balb/C mice are of polyclonal origin (Greenfield, 2012). It is known, that the 

serum of mammals contains a variety of serum proteins such as albumins, which carry 

other non-soluble proteins or immunoglobulins as part of their humoral immune 

response and fibrinogens to regulate blood clotting (Hayashi et al., 2011; Sun et al., 

2018). It is important to note, that the Test sera2 (linear and cyclic) have not been 

affinity purified to obtain the Abs. Therefore, it is likely that the Test sera2 (linear 

and cyclic) contained other serum proteins apart from the primary mouse anti-

STEAP2 pAbs. This heterogenous mixture of Abs and other serum proteins may have 

impeded the Ab binding to STEAP2 during the Western blot analysis resulting in 

poor signals. Based on this data, it is generally recommended to affinity purify the 

testing samples at all stages during the mAb development, if possible. 

 

 There are several possible reasons for a lower or moderate immune response 

during Phase I. The main factors considered to affect the host species’ immune 

response are the health condition of the rodents, the time between the Phase I and 

Phase II and the use of adjuvants during immunisation. Low immune responses can 

be prevented by maintaining the Balb/C mice in good health condition by providing 

nutrition on a frequent basis and ensuring the living conditions are appropriate. In 

addition, the time between administering the final boost and before hybridoma fusion 

(Phase II) is considered to play a crucial role. Typically, the immune response of the 

Balb/C mice reaches its maximum 3 - 5 days after the final boost. It is critical to 

operate within this time frame, whilst exceeding the recommended time may result in 

a reduced immune response as well as less Ab producing plasma B-cells 

(Abdollahpour-alitappeh et al., 2017; Greenfield, 2012; Holzlöhner & Hanack, 2017; 

Page & Thorpe, 2009; Pandey, 2010; Tomita & Tsumoto, 2011). 
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 A variety of different adjuvants are also available for the vaccination 

(containing the antigen for immunisation). The function of the adjuvants shifted from 

the original stabilisation of the antigen to its role to increase the immunogenicity of 

the antigen and therefore the immune response of the host species. Adjuvants promote 

the recognition of the antigen by Antigen Presenting Cells (APC), which are required 

activate the humoral immune response. The APCs display the antigen to the T-cells. 

A specific subtype of the T-cells (i.e. CD4+ T-helper cells) release cytokines to recruit 

B-cells, which then mature to the Ab producing plasma B-cells against the exposed 

antigen (Apostólico et al., 2016; Bonam et al., 2017; Di Pasquale et al., 2015; Gregorio 

et al., 2013). The naturally occurring metalloprotein, called the Keyhole-Limpet 

Hemocyanin (KLH), originates from Megathura crenulata. KLH is a large, 

immunogenic protein, which why it is widely employed as a carrier protein for short 

antigens for the in-vivo production of mAbs (Swaminathan et al., 2014) (Table 5.3). 

Therefore, this thesis has employed KLH to generate the linear STEAP2 antigen-

KLH. There is little experience in the use of in-human approved adjuvants for the 

immunisation of laboratory animals (Apostólico et al., 2016). Besides the use of KLH, 

the vaccination of animals has been limited to the use of the Freunds (Complete) 

Adjuvant (FCA) given its proven efficiency which was therefore used in the present 

study. The FCA belongs to the oil-in-water (O/W) adjuvants. It is formulated on the 

basis of a mineral oil (paraffin), heat-inactivated, non-pathogenic Mycobacterium and 

an emulsifier (Arlacel A) to better mix the O/W emulsion (Apostólico et al., 2016; 

Bonam et al., 2017; Pohanka et al., 2016) (Table 5.3). Besides O/W emulsion-based 

adjuvants, the most common adjuvants are nowadays based on the use of mineral 

salts (e.g. aluminium-salts) or non-pathogenic virosomes. These can be found in FDA 

approved vaccines (in-human use only) (Di Pasquale et al., 2015; Gregorio et al., 

2013). 
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Table 5.3 Overview of common vaccine adjuvants. 

Adjuvant Vaccine Indication 
Mineral salts   
Aluminium hydroxide Fenderix® Hepatitis B 
Oil/ Water Emulsions    
AS03 Pandemrix® Swine flu 
AS04 Cervarix® HPV 16/-18 
Freunds Comp. Adjuvant*  Laboratory animal use 
Virosome   
Phospholipid layer HAVpur® Hepatitis A 
Other   
Keyhole-Limpet Hemocyanin -  Carrier-protein 

 

 Aluminium hydroxide can be found in the Hepatitis B (Fenderix®) or 

Diphtheria, Typhus and Pertussis combined vaccination (Di Pasquale et al., 2015; 

Gregorio et al., 2013) (Table 5.3). In addition, AS03 is an O/W adjuvant, which the 

swine flu vaccine contains. AS03 combines the naturally occurring squalene with 

tocopherol and the surfactant polysorbate (Di Pasquale et al., 2015; Gregorio et al., 

2013) (Table 5.3). Further, AS04 is an O/W emulsion made up of monophosphorylate 

lipids obtained from the lipopolysaccharide (LPS) cell wall derivate of Salmonella 

minnesota. AS04 has been efficiently used in Cervarix®, a vaccine used to prevent 

two common types of the Human Papilloma Virus (HPV-16/-18) causing cervical 

cancer (Table 5.3). Moreover, the Hepatitis A vaccine (HAVpur®) contains a 

phospholipid layer virosome, which presents the Hepatitis A specific antigens 

neuraminidase and haemagglutinin on the virosome surface (Di Pasquale et al., 2015; 

Gregorio et al., 2013) (Table 5.3). 

 

5.4.3 Anti-STEAP2 mAb development (Phase II) 

 After four suitable Balb/C mice were identified to move forward to Phase II, 

the spleens of the host species (containing the plasma B-cells which produce anti-

STEAP2 antibodies) were harvested and fused with mouse myeloma cells. Screening 

of the initial hybridoma cell colonies was performed by ELISA, which determined four 

viable hybridoma cell colonies. Yet, the number of viable hybridoma cell colonies was 

very low. The generation of antibodies using the hybridoma technology may yield 

from as little as approximately 5 - 25 viable hybridoma colonies. Thus, the poor 
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hybridoma cell colony yield in this thesis was not surprising (Greenfield, 2012). 

Potential reasons for a poor yield of hybridoma cells may be a result of chromosomal 

instability (CIS), the number of B-cells available for cell fusion or the utilised fusion 

method (Storchova, 2018; Storchova & Kuffer, 2008; Westerwoudt, 1987). 

 

 Mammalian cells are diploid but it has been reported, that the hybridoma 

development results in the generation aneuploid karyotypes by DNA and RNA 

content analysis using flow cytometry, with evidence of tetraploid (4n), pentaploid 

(5n) or hexaploid (6n) sets of chromosomes (Andreef et al., 1985). Several checkpoints 

tightly control the cell division, including the Cyclin-Dependent Kinase CDK-4/6 

complex, which detects DNA damage during G1-Phase of the cell cycle. Kinetochore, 

centromere and spindle-assembly checkpoints ensure the correct segregation of the 

chromosomes for mitosis (Delespaul et al., 2019; Potapova et al., 2013; Storchova, 

2018; Storchova & Kuffer, 2008; Wenzel & Singh, 2018). Positively selected 

hybridoma cells must not only obtain the parental chromosomes but successfully 

undergo mitosis, despite their chromosome abnormality (Westerwoudt, 1987). It is 

anticipated, that many hybridoma cells quickly undergo cell death after the cell fusion 

given their aneuploidy status, which can result in a poor yield of hybridoma cells. 

Yet, it poses the question how the remaining hybridoma cell lines actually manage to 

stabilise their genome despite their aneuploidy. One research group provided insight 

on how cancer cells adapt and overcome aneuploidy and chromosome instability using 

S. Cerevisiae (Ravichandran et al., 2018). They concluded, that the gain of the 

chromosome II substantially impacted the gene expression of SLI15, an inner 

centromere-related protein required for appropriate segregation of chromosomes 

during mitosis (UniProtKB: P38283, SLI15-YEAST) (Ravichandran et al., 2018). 

They showed, that a specific pattern (subset) of aneuploid chromosomes interaction, 

named the chromosome copy number interaction (CCNI), are either advantageous or 

disadvantageous for the survival of an optimal karyotype using Next-Generation 

Sequencing (NGS) (Ravichandran et al., 2018). 
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 There is evidence that the number and ratio of spleen cells fused with myeloma 

cells affects the number of viable hybridoma cells. The most optimal ratio for 

intraspecies cell fusion was 5:2 highlighting a substantially higher number of spleen 

cells than myeloma cells is required (Westerwoudt, 1987). This study has implied, 

that a synchronous cell cycle of both spleen cells and myeloma cells contributes to a 

higher number of hybridoma cells obtained after the cell fusion (Westerwoudt, 1987). 

This study hypothesised, that non-synchronous cell cycles lead to a delay in cell 

division and therefore impairs the further cell growth (Westerwoudt, 1987). Nowadays 

the cell cycle phase can be easily determined by analysis of the DNA content (using 

nuclei stains like PI or DAPI) by flow cytometry (Pozarowski & Darzynkiewicz, 2001). 

Cell cycle synchronization can be enforced in-vitro by transient serum starvation, 

which can be confirmed by a cell cycle arrest in G0/G1 phase by flow cytometry and 

fluorescence microscopy (Chen et al., 2007). The use of microtubule inhibitors (e.g. 

Nocodazole, is thought to block the cell cycle in the G2/M phase by inhibiting 

microtubule polymerisation (Blajeski et al., 2002; Choi et al., 2011; Yiangou et al., 

2019). Yet, both options are not feasible because the hybridoma development is 

limited to absolute sterile working conditions (Greenfield, 2012; Holzlöhner & Hanack, 

2017; Tomita & Tsumoto, 2011) 

 

 Another option to enhance the success of the hybridoma cell development is 

the use of a different cell fusion method. The most common technique, which is 

employed for cell fusion is currently based on the use of polyethylengylcol (PEG), a 

surfactant (also used in this study) (Greenfield, 2012; Knop et al., 2010). Based on 

its physicochemical properties, the membranes of single cells are brought in the 

vicinity of each other by dehydration forcing them to fuse together. Thereby, one 

mutual cell membrane evolves and results in the generation of the hybridoma cell 

(Greenfield, 2012; Knop et al., 2010). The downsides of this agent is it, that the 

dehydration can also lead to the agglomeration of the cells resulting in the generation 

of unfavoured polykaronts (Pedrazzoli et al., 2011). The use of nano-electropulses has 

been reported to be more efficient as they led to a higher number of hybridoma cells 
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(Napotnik & Miklav, 2018; Rems et al., 2013; Yu et al., 2008). The alignment and 

fusion of the cells can be induced by the use of electric pulses causing a dipole within 

the cell, which forces the fusion of the cell membranes and leads to the hybridoma 

cell development (Qian et al., 2014). Besides the higher success rate, this method is 

also considered to be more reproducible, while allowing real-time monitoring of the 

cell fusion compared to PEG-based cell fusions (Trontelj et al., 2010). 

 

5.4.4 Anti-STEAP2 mAb development (Phase IV) 

 After the Phase III (Limiting Dilution), four viable single cell hybridoma 

clones were identified and evaluated for their ability to bind linear and cyclic STEAP2 

antigen by ELISA, Western blotting and confocal microscopy. Western blotting 

analysis showed three of four anti-STEAP2 mAbs (anti-STEAP2 mAb1, anti-

STEAP2 mAb3 and anti-STEAP2 mAb4) were capable of detecting a protein with a 

similar molecular weight like STEAP2. Yet, the specificity of these anti-STEAP2 

mAbs may be inferior to the commercial anti-STEAP2 pAb (ECL3) control at this 

stage. The anti-STEAP2 mAbs detected the protein not only in the higher STEAP2 

expressing PC3 cells, but also in the normal low STEAP2 expressing PNT2 cells, 

which is does not align with the commercial anti-STEAP2 pAb (ECL3). 

 

 One hypothesis for an inferior specificity of the anti-STEAP2 mAb1 - 4 to 

STEAP2 opposed to the commercial anti-STEAP2 pAb (ECL3) could be due to the 

Ab clonality. The commercial anti-STEAP2 pAb (ECL3) is of polyclonal origin and 

was raised against an immunogen sequence on the ECL3 of STEAP2 between the aa 

positions 400 - 490 (exact immunogen sequence is not specified by the supplier). This 

commercial anti-STEAP2 pAb (ECL3) has been generated during Phase I, after the 

immunisation with the antigen without moving on to Phase II. Given its polyclonal 

nature, the commercial anti-STEAP2 pAb may bind to multiple epitopes of STEAP2 

leading to a greater signal amplification by the secondary anti-IgG-HRP linked 

conjugate. Unlike the commercial anti-STEAP2 pAb (ECL3), the anti-STEAP2 
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mAb1 - 4 were all raised against the small 14 aa long Peptide5/ECL3 of STEAP2 and 

originate from single cell hybridoma clones. Therefore, each of the anti-STEAP2 mAbs 

recognises one unique epitope region on STEAP2, which may result in a lower signal 

amplifications. 

 

 The anti-STEAP2 mAb1- 4 have not been fully optimised for their application 

in Western blot or fluorescence microscopy, yet. Unlike the Western blotting result, 

the fluorescence microscopy data showed none of the anti-STEAP2 mAb1 - 4 were 

able to detect native STEAP2, albeit neat Ab concentrations were applied and a host 

species specific primary Ab was included as control for the secondary anti-IgG 

AlexaFluor-488 detection Ab. It is a common phenomenon, that not all Ab are 

suitable for each application, which is in line with this present chapter's findings 

(Bordeaux et al., 2014; Espina & Liotta, 2012; Weller, 2018). One the one hand, an 

Ab may be useful in Western blotting, but the same Ab may not also be applicable 

for fluorescence microscopy. Examples are the commercial anti-STEAP2 pAbs 1 - 3 

used in the previous Chapter3, were only recommended by the supplier for Western 

blotting. Thus, poor signals were detected by fluorescence microscopy, which were 

improved by optimising (i.e. increasing) the anti-STEAP2 pAbs 1 - 3  concentration.
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5.5 Conclusion 

 The present Chapter5 has shown, that four monoclonal anti-STEAP2 

antibodies 1 - 4 (anti-STEAP2 mAbs 1 - 4) were developed (by Ab Production 

Services) using the hybridoma technology. The data confirmed, that both the linear 

and cyclic STEAP2 antigens are suitable for the production of anti-STEAP2 mAbs 

although having elicited a fairly moderate immune response. Future investigations are 

necessary to evaluate the specificity of the anti-STEAP2 mAb1 - 4 to STEAP2 and 

to assess the impact on reducing the cancer invasive properties in prostate cancer cells 

in-vitro compared to the commercial anti-STEAP2 pAb (ECL3). The design of a 

polyclonal anti-STEAP2-MMAE ADC (anti-STEAP2 pADC) and its subsequent 

assessment versus its unconjugated, commercial, polyclonal anti-STEAP2 Ab (anti-

STEAP2 pAb/ECL3) has highlighted the poor quality of the ADC and also suggest 

potential in-vitro processing issues of the ADC. Future studies may also determine 

the expression profile of MDR proteins in the PC3 cells, to support  an appropriate 

drug-linker selection, in order to design and investigate a panel of highly potent anti-

STEAP2 ADCs. . 
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6 General Discussion 
 

 

 Approximately 10% of prostate cancers progress to advanced or metastatic 

disease with a poor 5-year survival rate with approximately 30% (Cancer Research 

UK, 2019; NIH, 2016). The main treatment options for advanced prostate cancer are 

limited to palliative options, which can be accompanied with harsh side-effects (e.g., 

erectile dysfunction and hair loss) severely compromising patients’ quality of life 

(Cancer Research UK, 2019). Thus, more efficient, targeted drugs need to be 

established, in order to improve the clinical management of men suffering advanced 

prostate cancer. More patient-tailored strategies, including mAbs, were developed for 

oncology applications during the last two decades, since knowledge in the 

pharmacogenomics of certain cancers have been gained (Ryman & Meibohm, 2017; 

Schork, 2015). Due to the high specificity of mAbs, they can be utilised as “Magic 

Bullet” to detect cancer-associated proteins, in order to cause growth inhibition of 

cancers cells by modulating downstream signalling pathways (Bosch & Rosich, 2008; 

Strebhardt & Ullrich, 2008; Valent et al., 2016). Although progress has been made to 

introduce two immunotherapeutics (i.e. Sipuleucel-T and Pembrolizumab) to treat 

mCRPC, the clinical benefit over the standard ADT, radio- and chemotherapy has 

been debated or limited to a very narrow subset of patients (Graff & Chamberlain, 

2014; Hansen et al., 2018; Kantoff et al., 2010). An appropriate (Ab) therapy for men 

with high-risk, advanced prostate cancer is missing, to minimise side-effects and 

potentially prevent cancer progression. The cell surface protein STEAP2 is known to 

drive prostate cancer progression by modulating cancer invasive traits such as cell 

migration and invasion in-vitro. 

 

 The aim of this thesis was to determine, whether STEAP2 is a viable drug 

target with a focus on the application of therapeutic Abs and Antibody-Drug 

Conjugates (ADCs) to provide a more efficient therapy option for advanced prostate 

cancer. 
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The data of this showed (see Figure 6.1) 

(1) A low normal tissue expression profile for STEAP2 across 33 tissue specimen by 

TMA/IHC analysis (Chapter3); 

(2) Peptide5/ECL3 on STEAP2 is a promising immunogen for the generation of anti-

STEAP2 mAbs (Chapter3); 

(3) An anti-STEAP2 pAb/ECL3 reduced cancer invasive traits (e.g. cell migration, 

invasion, viability) in prostate cancer cells in-vitro and triggered STEAP2 receptor 

internalisation (Chapter4); 

(4) The suitability of the ADC technology to target STEAP2 (Chapter5).  
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Figure 6.1 Information gained during this thesis qualifies STEAP2 as a 
suitable drug target to treat prostate cancer. Antibody-targeting of 
STEAP2/ECL3 triggered receptor internalisation of the protein to the endosomes 
and presumably to the lysosomes and thus makes STEAP2 an attractive drug target 
for ADC development. Antibody treatment against STEAP2/ECL3 reduces cancer 
invasive properties of prostate cancer cells PC3 (i.e. cell migration, cell invasion and 
cell viability). TfR: Transferrin receptor; DMT1: Dimetal-Transporter1; TGN: 
Trans-Golgi Network;Anti-STEAP2 pAb: Anti-STEAP2 polyclonal antibody; 
ECL3: Extracellular Loop3 of the STEAP2 protein. 

 

 In Chapter3, a low tissue distribution of STEAP2 was observed in 33 healthy 

tissue specimen by TMA/IHC indicating off-target side-effects are less likely when 

STEAP2 is used as a drug target for Ab therapeutics. Past results reported STEAP2 

is highly expressed in the prostate cancer specimen but not in healthy prostate tissues 
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and its expression correlates with advanced prostate cancer by an increase in Gleason 

Score (Burnell et al., 2018; Porkka et al., 2002). The results herein therefore confirm 

the optimal tissue profile for STEAP2 when used as a drug target for Ab drugs and 

further imply a potential benefit over standard treatment by causing less side-effects, 

if these results will translate into in-vivo. Hence, future work should address the 

biodistribution of a validated anti-STEAP2 mAb (ECL3) in prostate cancer xenograft 

in-vivo mouse models. The biodistribution can be investigated by collecting the vital 

organs (tissues) after Ab treatment following IHC analyses for STEAP2. 

 

 During Chapter3, one anti-STEAP2 pAb (ECL3) lead candidate was identified 

based on the excellent binding ability to detect overexpressed (cell-surface) STEAP2 

by confocal microscopy and western blotting. The next step aimed to deliver proof-

of-concept in-vitro to affirm the suitability for Ab therapies, including when 

incorporated into ADCs, which might prove the most effective drug in the future 

treatment of aggressive prostate cancer. Hence, the effects of the selected anti-

STEAP2 pAb lead candidate (ECL3) on cancer invasive traits in-vitro underlying the 

metastatic cascade in-vivo were investigated (Chapter4). In order to form metastasis, 

primary cancer cells must gain the capability for an increased movement to 

disseminate and form secondary tumour sites. The metastatic cascade consists of the 

following events: (1) Development of the primary tumour, (2) local invasion, (3) 

intravasation, (4) survival in the blood circulation, (5) extravasation and (6) 

development of secondary tumour (metastasis) (Lambert et al., 2017). Tumour cells 

can alter their cell polarity during cytoskeleton remodelling for increased cell 

movement and migratory capability (Roche, 2018). By upregulating the expression of 

Matrix-Metalloproteases (MMPs) (e.g. MMP2, MMP3, MMP7, MMP9 and MMP11 

in prostate cancer), the extracellular matrix (ECM), which confines the primary 

tumour, can be degraded (Burnell et al., 2018; Escaff et al., 2010; Xie et al., 2016). 

Consequently, ECM degradation allows the tumour to infiltrate beyond the confined 

organ. During intravasation, tumour cells enter and survive in the blood circulation 

(3, 4) (Lambert et al., 2017). By ability to migrate and invade the ECM, tumour cells 
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reach the distant site during extravasation (5) (Lambert et al., 2017). Further growth 

and nourishment of the secondary tumour require increased cell proliferation and 

angiogenesis (6) (Lambert et al., 2017). 

 

 Chapter4 showed when targeting the ECL3, the anti-STEAP2 pAb lead 

candidate was indeed able to completely halt cell migration in PC3 cells (but not in 

PNT2 cells) in a dose-dependent manner, substantially reduced cancer invasion and 

led to a reduction in cell viability of PC3 cells. These Chapter4 results were in 

alignment with past work within the group, which demonstrated STEAP2 plays a 

significant role in driving cell migration, invasion and proliferation by using an siRNA 

gene knock-down (and transfection) approach of STEAP2 in PC3 (and PNT2 cells) 

(Burnell et al., 2018; Whiteland et al., 2014). Since the anti-STEAP2 pAb (ECL3) 

led to a significant reduction of cancer invasive traits in-vitro, it could potentially 

prevent advanced prostate cancer from cancer metastasis or reduce the spread of 

metastatic sites in-vivo. Indeed, a recent patent application by Regeneron 

Pharmaceuticals demonstrated the in-vivo efficiency of STEAP2-directed mAbs, 

specific to ECL2, in Severe Compromised Immune-Deficient (SCID) lymph node 

metastatic prostate cancer (C4-2) xenograft mouse models (Patent Application WO-

2018058001-A1, 2018). The anti-STEAP2 mAbs (ECL2) substantially reduced the 

tumour volume (size) when compared to the untreated control up until 3.5 months 

after tumour implantation  (Patent Application WO-2018058001-A1, 2018). Chapter4 

highlighted Ab targeting of either ECL1 or ECL3 was as equally efficient in blocking 

cancer cell migration completely in-vitro (Chapter4). Based on this data (Chapter4) 

and the findings provided by Regeneron Pharmaceuticals, it is very likely, that anti-

STEAP2 mAbs (ECL3) may also be capable of blocking tumour growth in-vivo 

(Patent Application WO-2018058001-A1, 2018). Chapter4 also showed the capability 

of the selected anti-STEAP2 pAb (ECL3) to trigger receptor internalisation of 

STEAP2. Indeed, the anti-STEAP2 pAb binding to STEAP2 provoked the uptake of 

the Ab-STEAP2 complex and suggested the localisation to the endosomes and 

lysosomes by confocal microscopy (Chapter4). Likewise, Amgen Inc. recently 
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demonstrated STEAP2 receptor internalisation upon Ab binding to STEAP2 

(Hasegawa et al., 2018). They suggested endosomal location of the Ab-STEAP2 

complex by confocal microscopy (Hasegawa et al., 2018). However, Hasegawa et. al 

employed an STEAP2-directed mAb, recognising a different domain on the ECL2 of 

STEAP2, opposed to the ECL3-specific anti-STEAP2 pAb lead candidate used in this 

thesis (Chapter4). In alignment with Regeneron’s patent application and Hasegawa 

et. al, the findings of Chapter4 affirm STEAP2 qualifies as a viable drug target for 

the application of mAbs and ADCs to treat prostate cancer in-vitro. The data set the 

premises to generate an ADC as a more efficient tumour-cell killing strategy when 

targeting STEAP2. 

 

 The next step was to fabricate and test an ADC for its in-vitro cell killing 

efficiency by using the Ab-STEAP2 pAb lead candidate. The rationale for selecting 

the VC-PABC linker and the MMAE payload was based on their proven clinical 

efficacy (e.g. Brentuximab-Vedotin, Adcetris®), which is successfully used in the 

treatment of non-solid tumours (Garnock-Jones, 2013; Gravanis et al., 2016). A 

polyclonal anti-STEAP2-MMAE ADC (anti-STEAP2 pADC) was produced by 

CellMosaic (Chapter5). This anti-STEAP2 pADC was 3-fold more efficient in 

reducing the cell viability of PC3 cells at a dose of 100 µg/ml when compared to its 

unconjugated version inferring STEAP2 is a viable drug target for ADCs to treat 

prostate cancer in-vitro. However, the free MMAE drug was effective in reducing the 

cell viability in the ng/ml dose range indicating the anti-STEAP2 pADC quality was 

poor. The low ADC efficiency could have been due to the polyclonal origin of the 

anti-STEAP2 pAb lead candidate (ECL3). Polyclonal Abs (pAbs) contain a mixture 

of antibodies, that recognise multiple epitopes within a specific immunogen region of 

the antigen (Ascoli, 2018; Leenaars & Hendriksen, 2005; Stills, 2012). Thus, pAbs are 

considered as a heterogenous pool of antibodies (Abs) (Ascoli, 2018; Leenaars & 

Hendriksen, 2005; Stills, 2012). Structural analysis of STEAP2 demonstrated Peptide 

5/ECL3 as the only accessible binding domain on the ECL3 for the pAbs to STEAP2 

given its exposure to the extracellular site (Chapter3). Hence, pAbs, that recognize 



 221 

immunogen regions on ECL3 other than Peptide 5 cannot bind to the naive STEAP2 

protein, which could explain the low ADC efficiency. In contrast to pAbs, mAbs are 

homogenous Abs as they originate from the identical parent hybridoma cell clone, 

which recognises one, single epitope (Greenfield, 2012; Stills, 2012). Regeneron 

Pharmaceuticals recently filed a patent application demonstrating the efficiency of 

STEAP2-targeted ADCs to substantially reduce the tumour volume in prostate cancer 

SCID/C4-2 mouse xenograft models up to 30 days after tumour engraftment (Patent 

Application WO-2018058001-A1, 2018). These STEAP2-directed ADCs were different 

to the anti-STEAP2 pADC used in this study herein. First, they were of monoclonal 

origin and second, the ADCs were based on the maytansinoides payload (DM1) 

compared to the MMAE payload incorporated into the anti-STEAP2 pADC in this 

thesis (Chapter4) (Patent Application WO-2018058001-A1, 2018). Regeneron 

Pharmaceuticals’ findings, including the Chapter4 data, therefore encourage the 

hypothesis, that monoclonal anti-STEAP2 ADCs against Peptide5/ECL3, may also 

be likely to exert an anti-tumour effect in-vivo. Future work should use monoclonal 

anti-STEAP2 mAbs against Peptide5/ECL3 for the fabrication of more efficient 

ADCs. A panel of different monoclonal anti-STEAP2 ADCs could be designed and 

screened for the most efficient version in-vitro and in-vivo. For example, the 

maytansinoid payload DM1 can be attached via the thio-ether linker to the mAb as 

exemplified by Regeneron Pharmaceuticals. The DM1/ thio-ether linker payload has 

also been successfully applied for the treatment of metastatic HER2+ breast cancer 

by Trastuzumab-Emtansine (Kadcyla®) (Venkatesan, 2016; Verma et al., 2012). 

Aside from this, the calicheamicin payload Ozogamycin can also be utilised in 

combination with a hydrazone linker (present in Gemtuzumab Ozogamycin, 

Mylotarg®) for the treatment of Hodgkin lymphoma (Jen et al., 2018). 

 

 The Chapter4 data encouraged the proprietary development of a hybridoma 

technology-based anti-STEAP2 mAb (ECL3) in collaboration with Ab Production 

Services (APS, UK) (Chapter5). An identified immunogen region specific to ECL3 of 

STEAP2 (Peptide5, Chapter3) was utilised as antigen for the mAb production 
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(Chapter3) and delivered four anti-STEAP2 mAbs (ECL3) (Chapter5). Future work 

requires the anti-STEAP2 mAbs to be validated for their ability to detect cell-surface 

STEAP2, to trigger receptor internalisation and their effect on abrogating cancer 

invasive traits in-vitro to identify one anti-STEAP2 mAb (ECL3) lead candidate. 

Then, the next step is to determine the therapeutic efficiency of validated anti-

STEAP2 mAbs (ECL3) in-vivo by measuring the reduction in tumour volume (size) 

over a 3-month period after tumour engraftment. The efficiency of the validated anti-

STEAP2 mAbs targeting the ECL3 could be further compared to the ECL2-specific 

anti-STEAP2 mAb of Regeneron Pharmaceuticals in-vivo. The lymph node metastatic 

(SCID/ C4-2) and bone metastatic prostate cancer xenograft mouse models can be 

utilised for future in-vivo tests. 

 

 Within the last 15 years, past research has significantly provided evidence for 

the immune system to be crucial for both protection and promotion of cancer 

development (Dunn et al., 2004). Based on these findings, the concept of „cancer 

immuno-editing“ was been established and described in three phases (Dunn et al., 

2004; Mittal et al., 2015). During the first phase, „cancer immunosurveillance“ (1), 

immune-competent immune cells are able to identify tumour cells, in order to 

eliminate these before the tumour manifests. However, the „fittest“ tumour cells 

survive within an immunocompetent tumour environment (2), which leads to tumour 

progression as the tumour escapes the immune system (3) (Dunn et al., 2004; 

Schreiber et al., 2011). Tumour cells can escape the immune system by loss of tumour 

antigenicity, immunogenicity or by exerting an immunosuppressive microenvironment 

(Beatty & Gladney, 2015). The insights on cancer immuno-editing have introduced 

„cancer immunotherapy“ as new treatment modality for oncology applications. 

Cancer immunotherapies are designed to activate the host-immune defence of T-cells 

against cancer cells to facilitate anti-tumour efficiency. Successful cancer 

immunotherapy drugs are bispecific antibodies (bsAbs), immune-checkpoint 

inhibitors (ICIs) and anti-cancer vaccines (Dahlén et al., 2018; Kantoff et al., 2010; 

Pardoll, 2016; Spiess et al., 2015). In particular, the following proteins have become 
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attractive drug targets for cancer immunotherapy: Cluster of Differentiation3 (CD3), 

Programmed-Cell Death Protein1 (PD1), Programmed-Death Ligand1 (PD-L1) and 

the Cytotoxic T-Lymphocyte-Associated Protein4 (CTLA4) (Hernandez-Hoyos et al., 

2016; Ishida et al., 1992; Leach et al., 1996; Pardoll, 2016). 

 

 IgG-type mAbs, possess two Fab-binding „arms“, which can be employed for 

bispecific-targeting of two different epitopes of drug targets to kill tumour cells 

(Dahlén et al., 2018). Based on this principle, bsAbs have been engineered to recognise 

a tumour-associated antigen (TAA) with one Fab-region, while the second Fab-

domain is used for T-cell activation to elicit anti-tumour response (Dahlén et al., 2018; 

Spiess et al., 2015; Weidle et al., 2014). CD3 is a co-stimulatory receptor on T-cells, 

that activates cytotoxic T-cells (CD8+) and T-helper cells (CD4+) for target-cell lysis 

via a Major-Histocompability ComplexI or II-dependent manner (Cantrell, 2015; 

Smith-Garvin et al., 2009). Thereby, bsAbs are capable to redirect T-cells upon 

binding to CD3 against the TAA for tumour cell elimination  (Hernandez-Hoyos et 

al., 2016; Linke et al., 2010). A recent patent application demonstrated the efficiency 

of anti-STEAP2xCD3 bsAbs to induce T-cell activation and proliferation ex-vivo by 

using human peripheral blood mononuclear cells (hPBMCs) (Patent Application WO-

2018058001-A1, 2018). hPBMC treated with  anti-STEAP2xCD3 bsAbs in the 

presence of prostate cancer lymph node metastatic C4-2 cells resulted in substantial 

cytotoxicity (Patent Application WO-2018058001-A1, 2018). If bsAbs against the 

ECL2 of STEAP2xCD3 are capable of inducing a cytotoxic effect in tumour cells, 

targeting ECL3 of STEAP2xCD3 could elicit a similar cytotoxic effect ex-vivo, which 

remains to be studied in the future. Therefore, there is evidence for STEAP2 to be 

utilised as a drug target for bsAbs as cancer immunotherapy for advanced prostate 

cancer. 

 

 Activation of T-cells is provoked upon antigen display by the APCs via the 

Major-Histocompability ComplexI/II and concurrent binding of the Cluster of 

Differentiation28 (CD28, T-cell specific) to the B7 receptor on APCs (Buchbinder & 
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Desai, 2016). This elicits the induction of cytokines (e.g. IL2 and IFNγ) causing T-

cell proliferation and immune response (Buchbinder & Desai, 2016). During T-cell 

activation, the so-called „immune-checkpoints“ serve T-cell suppression to prevent 

autoimmune reaction, a process called „peripheral tolerance“ (Buchbinder & Desai, 

2016; Cantrell, 2015; Smith-Garvin et al., 2009). Anergy of T-cells is achieved by 

inducing co-inhibitory signalling pathways via the Programmed-Death1 Protein 

(PD1) and the Cytotoxic T-Lymphocyte Associated Antigen4 (CTLA4) (Buchbinder 

& Desai, 2016). PD1 is a receptor expressed on T-cells and can be activated by its 

ligand, Programmed Death-Ligand1(PD-L1) leading to a reduced expression of 

cytokines to downregulate T-cell activity (Alsaab et al., 2017; Ishida et al., 1992). 

CTLA4 is a CD28-homologue receptor on T-cells (Kwek et al., 2012; Leach et al., 

1996). CTLA4 binding to B7 results in the suppression of T-cell proliferation by 

reducing INFγ expression  (Kwek et al., 2012). Cancer cells can upregulate the 

expression of CTLA4, PD1 or PD-L1 to harness „peripheral tolerance“, in order to 

escape cancer immunosurveillance (Buchbinder & Desai, 2016). Immune checkpoint-

inhibitors (ICIs) bind to CTLA4, PD1 or PD-L1 to suppress co-inhibitory pathways 

to re-boost T-cell activity for cancer cell elimination (Pardoll, 2016; Schweizer & 

Drake, 2014). Approved ICIs are Nivolumab and Pembrolizumab specific to PD1 for 

oncology applications, including prostate cancer, and Ipilimumab (CTLA4) to treat 

advanced melanoma (Beer et al., 2019; De Bono et al., 2018; Hansen et al., 2018; 

Johnson et al., 2015; Kwon et al., 2014; MSD, 2019; Slovin et al., 2013). Treatment 

of ADT, chemo-resistant, mCRPC with positive PD-L1 expression with 

Pembrolizumab as monotherapy versus placebo showed an improved median 

progression free survival within 12 months, albeit only effective in a small patient 

subpopulation (17.4%) (NCT02054806) (Hansen et al., 2018). Follow-on studies 

reported anti-tumour activity by Pembrolizumab in mCRPC regardless of the PD-L1 

status (NCT02787005) (De Bono et al., 2018). Another study indicated the 

combination of Enzalutamide (ADT) + Pembrolizumab was more beneficial than 

monotherapy of Pembrolizumab in a subset of mCRPC patients who have been 

unresponsive to prior Enzalutamide treatment alone (NCT023112557) (Graff et al., 



 225 

2018). Ipilimumab monotherapy against CTLA4 showed a minimally improved 

median overall survival of men with mCRPC compared to placebo (11.2 vs. 10 

months) (Kwon et al., 2014). In chemo-naive metastatic prostate cancer, progression 

free survival was increased compared to placebo (5.6 versus 3.8 months) (Beer et al., 

2019). A clinical benefit from combination therapy of Ipilimumab + radiotherapy was 

demonstrated in a subgroup of mCRPC patients of which 50% showed a stable disease 

leading to ongoing investigations (NCT00232882) (Slovin et al., 2013). These data 

infer, ICIs monotherapy of prostate cancer are beneficial to a subgroup of prostate 

cancer patients, while combination therapies of standard treatment (ADT or 

radiotherapy) appear to be more efficient than ICI therapy alone. A major drawback 

of ICIs is the lack of predictive biomarkers to risk-stratify these patients to improve 

the response rate (Spencer et al., 2016). However, the era of ICIs appears to be 

promising and it would be exciting to assess in the combination of STEAP2-directed 

mAbs and ICIs future in-vitro and in-vivo. 

 

 Another immune-boosting therapy are anti-cancer vaccines. The only 

approved agent of this drug class is Sipuleucel-T, an autologous cellular 

immunotherapy to treat mCRPC, ideally with low disease burden (Kantoff et al., 

2010; Sims, 2012). It requires the adoptive cell transfer of patients to collect the 

hPMBC, including APCs like macrophages and dendritic cells. The dendritic cells are 

then cultured and exposed to the Prostate Acidic Phosphatase (PAP)xGranulocyte 

Macrophage-Colony-Stimulating Factor (GM-CSF) recombinant fusion protein ex-

vivo for activation following reintroduction into the patients’ blood circulation 

(Kantoff et al., 2010; Sims, 2012). Sipuleucel-T significantly improved the median 

overall survival by 4.1 months versus the placebo control (25.8 vs. 21.7 months) 

(Kantoff et al., 2010). The major downsides of Sipuleucel-T treatment are the timely 

organisation and manufacturing of the vaccines, plus predictive biomarkers for 

treatment response are lacking (Graff & Chamberlain, 2014). To identify the most 

effective treatment strategy and a suitable patient subgroup, a few combinations of 
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Sipuleucel-T and sequences with standard therapies have been tested in the past 

(Antonarakis et al., 2016; Beer et al., 2011). 

 

 The research insights about cancer genetics and the role of the immune system 

in cancer development have set the rationale for the design of novel medicines to boost 

the immune system to tackle cancer. The major challenge is to define biomarkers to 

aid the risk stratification of those prostate cancer patients who are most likely to 

benefit from drug treatments such as ICIs and Sipuleucel-T. Moreover, the evaluation 

of optimal treatment sequences and the combination of ICIs and Sipuleucel-T with 

standard therapy is ongoing. Despite these advances, suitable Ab therapies for men 

with advanced prostate cancer are lacking. The findings of this thesis have provided 

proof-of-concept for STEAP2 (ECL3) as viable drug target for the application of an 

anti-STEAP pAb and anti-STEAP2 pADC in-vitro to treat aggressive prostate 

cancer. The data herein suggest STEAP2-targeted Abs represent a valuable therapy 

option tailored to men with advanced disease to potentially prevent prostate cancer 

progression, which need to be confirmed by in-vivo follow on-studies. 
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6.1 Future Outlook 

 Future studies should focus on the validation of the four delivered anti-

STEAP2 mAbs in-vitro, in order to identify the most efficient lead candidates for in-

vitro and vivo follow-on studies. Suitable anti-STEAP2 mAb lead candidates provide 

two possible avenues to take in the future: 

(1) Investigation of the anti-STEAP2 based mAb lead candidates for their therapeutic 

potential by studying the effect on reducing cancer invasive traits in-vitro, their 

biodistribution and tumour size reduction in-vivo (in combination with ICIs); 

(2) Fabrication of more powerful monoclonal anti-STEAP2 ADCs by utilising a panel 

of different mAbs, linkers and payloads following efficacy assessment (e.g. cell 

killing in-vitro and tumour reduction in-vivo). 
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6.2 Conclusion 

 The low tissue expression profile of STEAP2 implies few off-target side-effects 

are likely to occur if STEAP2 is to be utilised as a future drug target. Peptide1 - 5 

specific to the ECL1 - 3 of STEAP2 represent potential antigen regions for future 

mAb development. When ECL3 was evaluated, the anti-STEAP2 pAb lead candidate 

targeting this region was indeed capable of significantly reducing cancer invasive traits 

and triggered receptor internalisation in PC3 cells. Assessment of the anti-STEAP2 

pADC demonstrated the potential utility of the ADC technology in the future. These 

findings highlight the therapeutic value of Ab-based strategies against the ECL3 of 

STEAP2 to block cancer invasive traits underlying cancer metastasis. In summary, 

the in-vitro findings of this thesis provide proof-of-concept, that supports STEAP2 as 

a viable drug target, with a focus on Abs and ADCs, prior to preclinical in-vivo studies 

to treat men with advanced prostate cancer. The data herein set the rationale for the 

future development of Ab-based strategies for targeted tumour-cell killing, potentially 

leading to  more powerful medicines tailored to patients with aggressive prostate 

cancer to improve their clinical management.
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8 Appendices 
 
 

Appendix 1 

 

 
 
Figure A.1 1 Protein sequence alignment by BLASTp of STEAP1 and STEAP2. 
Protein sequences Q9UHE8( (STEA1_Human: STEAP1) and  Q8NFT2 (STEAP2_Human: 
STEAP2) were retrieved in FASTA format and utilised for BLASTp analysis (date accessed: 
11.03.2020; source: https://blast.ncbi.nlm.nih.gov/Blast). Sequence identity (“identities”): 
number of identical amino acids between the query STEAP1 and the subject sequence of 
STEAP2) was 43%; „+”: amino acids that are different between the query and subject 
sequences but the two residues have similar chemical properties were 63% between STEAP1 
and STEAP2. Explanations for the denotations were retrieved from 
https://community.gep.wustl.edu/wiki/images/2/28/2011_8b_BLASTrv7_rev.pdf (date 
accessed: 30.03.2020).  
 
 
 
 



 256 

 
 
Figure A.1 2 Protein sequence alignment by BLASTp of STEAP3 and STEAP2. 
Protein sequences Q658P3 ( (STEA3_Human: STEAP3) and  Q8NFT2 (STEAP2_Human: 
STEAP2) were retrieved in FASTA format and utilised for BLASTp analysis (date accessed: 
11.03.2020; source: https://blast.ncbi.nlm.nih.gov/Blast). Sequence identity (“identities”): 
number of identical amino acids between the query STEAP3 and the subject sequence of 
STEAP2) was 52%; „+”: amino acids that are different between the query and subject 
sequences but the two residues have similar chemical properties were 69% between STEAP3 
and STEAP2. Explanations for the denotations were retrieved from 
https://community.gep.wustl.edu/wiki/images/2/28/2011_8b_BLASTrv7_rev.pdf (date 
accessed: 30.03.2020). 
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Figure A.1 3 Protein sequence alignment by BLASTp of STEAP4 and STEAP2. 
Protein sequences Q687X5( (STEA4_Human: STEAP4) and  Q8NFT2 (STEAP2_Human: 
STEAP2) were retrieved in FASTA format and utilised for BLASTp analysis (date accessed: 
11.03.2020; source: https://blast.ncbi.nlm.nih.gov/Blast). Sequence identity (“identities”): 
number of identical amino acids between the query STEAP4 and the subject sequence of 
STEAP2) was 43%; „+”: amino acids that are different between the query and subject 
sequences but the two residues have similar chemical properties were 63% between STEAP4 
and STEAP2. Explanations for the denotations were retrieved from 
https://community.gep.wustl.edu/wiki/images/2/28/2011_8b_BLASTrv7_rev.pdf (date 
accessed: 30.03.2020).  
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Table A1. 1 Overview of the statistical analysis of the 33 analysed normal, 
healthy human tissues across the human body compared to the high-grade 
prostate cancer tissue specimen used as a positive control for high STEAP2 
expression. +ctrl (PCa): high-grade prostate cancer tissue specimen used as positive 
control with high STEAP2 expression. Data was analysed by a non-parametric one-way 
ANOVA post-hoc Kruskis-Wallis test for statistical significance. 

 
Comparison of tissues Significant? Summary Adjusted p-

value 
Tissue 

+ control (PCa) vs. Adrenal 
gland 

No ns 0.2432 Adrenal gland 

+ control (PCa) vs. Bladder Yes ** 0.0056 Bladder 
+ control (PCa) vs. Bone 
marrow* 

No ns >0.9999 Bone marrow* 

+ control (PCa) vs. Eye* No ns 0.1049 Eye* 
+ control (PCa) vs. Breast No ns 0.3332 Breast 
+ control (PCa) vs. 
Cerebellum* 

No ns 0.4129 Cerebellum* 

+ control (PCa) vs. Cerebral 
cortex* 

Yes * 0.0107 Cerebral cortex* 

+ control (PCa) vs. 
Fallopian tube 

No ns 0.3475 Fallopian tube 

+ control (PCa) vs. GI-
esophagus 

Yes * 0.0208 GI-esophagus 

+ control (PCa) vs. GI-
stomach 

No ns 0.1534 GI-stomach 

+ control (PCa) vs. GI-small 
intestine 

No ns 0.2829 GI-small intestine 

+ control (PCa) vs. GI-colon No ns 0.1534 GI-colon 
+ control (PCa) vs. GI-
rectum 

No ns >0.9999 GI-rectum 

+ control (PCa) vs. Heart* No ns >0.9999 Heart* 
+ control (PCa) vs. Kidney No ns 0.1448 Kidney 
+ control (PCa) vs. Liver No ns 0.8240 Liver 
+ control (PCa) vs. Lung No ns 0.1036 Lung 
+ control (PCa) vs. Ovary Yes * 0.0379 Ovary 
+ control (PCa) vs. 
Pancreas* 

Yes ** 0.0034 Pancreas* 

+ control (PCa) vs. Pituitary 
gland* 

No ns 0.7006 Pituitary gland* 

+ control (PCa) vs. Placenta No ns >0.9999 Placenta 
+ control (PCa) vs. Prostate Yes * 0.0107 Prostate 
+ control (PCa) vs. Skin Yes * 0.0107 Skin 
+ control (PCa) vs. Spinal 
cord* 

Yes * 0.0107 Spinal cord* 

+ control (PCa) vs. Spleen No ns >0.9999 Spleen 
+ control (PCa) vs. Striated 
muscle* 

No ns 0.1955 Striated muscle* 

+ control (PCa) vs. Testis Yes ** 0.0034 Testis 
+ control (PCa) vs. 
Thymus* 

Yes ** 0.0056 Thymus* 

+ control (PCa) vs. Thyroid Yes * 0.0254 Thyroid 
+ control (PCa) vs. Tonsil Yes ** 0.0034 Tonsil 
+ control (PCa) vs. Ureter Yes * 0.0208 Ureter 
+ control (PCa) vs. Uterus-
cervix 

Yes * 0.0208 Uterus-cervix 

+ control (PCa) vs. Uterus-
endometrium 

Yes ** 0.0034 Uterus-
endometrium 
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Table A1. 2 Commercial anti-STEAP2 Ab list for Ab-ECL mapping. Anti-STEAP2 
antibodies were evaluated and listed for their clonality, host species origin and recommended 
applications, immunogen regions the Ab has been raised against (if available) and supplier 
with catalogue number. Poly: polyclonal, rb: rabbit, ELISA: Enzyme-Linked Immunosorbent 
Assay; IHC: Immunohistochemistry; ICC: Immunocytochemistry; FC: Flow cytometry; WB: 
Western blotting; aa: amino acid number of immunogen; N/A: not available.  Date accessed: 
03/2016.  
Clonality Host Application Immunogen (aa) Supplier, cat. # 
Poly Rb ELISA, IF, IHC, WB N/A Abbiotec, 

# 253762 
Poly Rb FC, IHC, WB 233 – 262  Abcam, 

# ab174978 
Poly Rb ICC/IF, IHC N/A Abcam, 

# ab196661 
Poly Rb IHC N/A Abcam, 

# ab133392 
Poly Rb IHC N/A Abcam, 

# ab188809 
Poly Rb ELISA 455 – 467  Abnova Corpor., 

# PAB1062 
Poly Rb IHC, WB N/A Abnova Corpor., 

# PAB13007 
Poly Rb ELISA, ICC/IF, WB N/A Acris antibodies, 

# AP30834PU-N 
Poly Rb IHC, WB N/A Acris antibodies,  

# AP-07354PU-N 
Poly Rb ELISA, IHC, WB N/A Antibodies online, 

# ABIN500821 
Poly Rb ELISA, IHC, WB N/A Antibodies online, 

# ABIN1003201 
Poly Rb IHC 131-201 Atlas Antibodies, 

# HPA029115 
Poly Rb WB, IHC, ELISA 226 – 253  Avivasystems. 

# OAAB02995 
Poly Rb ELISA,  IF, IHC  431-480 Avivasystems,  

# OAAF02556 
Poly Rb IHC  N/A Avivasystems, 

# OALA01481 
Poly Rb IHC, WB N/A Avivasystems,  

# OALA01897 
Poly Rb ELISA, IHC, WB N/A Avivasystems. 

# OAPB00563 
Poly Rb IF, IHC, ELISA 400 – 480  Avivasystems,  

# OASG06901 
Poly Rb IHC N/A Biorbyt, 

# orb96663 
Poly Rb IHC N/A Biorbyt, 

# orb96740 
Poly Rb FC, IHC, WB 233 – 262  Creative Diagn., 

# DPABH-11394 
Poly Rb IHC N/A Creative Diagn., 

# DPABH-25313 
Poly Rb IF, IHC, WB N/A EMD Millipore, 

# ABC341 
Poly Rb ELISA, IHC, WB N/A Fitzgerald Ind., 

# 70R-21712 
Poly Rb IHC, WB N/A GeneTex, 

# GTX85648 
Poly Rb IHC N/A Invitrogen, 

# PA5-33060 
Poly Rb FC, IHC, WB 226 – 253  LifeSpan Bio, 
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# LS-C161555 
Poly Rb IHC N/A LifeSpan Bio, 

# LS-A9239 
Poly Rb ELISA,  IF, IHC 431 – 480  LifeSpan Bio, 

# LS-C119155 
Poly Rb IHC, WB N/A MyBioSource, 

# MBS241319 
Poly Rb IF, IHC, WB N/A OriGene Tech, 

# TA306464 
Poly Rb IHC N/A OriGene Tech, 

# TA341329 
Poly Rb ELISA, IF, IHC, WB N/A ProSci, 

# 4307 
Poly Rb ELISA, IHC, WB  68 – 88  Proteintech, 

# 20201-1-AP 
Poly Rb IHC, WB N/A RayBiotech, 

# 119-12134 
Poly Rb IHC N/A RayBiotech, 

# 119-17551 
Poly Rb ELISA, IF, IHC, WB N/A Santa Cruz, 

# sc-368248 
Poly Rb ELISA, IF, WB N/A Santa Cruz, 

# sc-82365 
Poly Rb ELISA, IF, WB N/A Santa Cruz, 

# sc-82367 
Poly Rb IHC 131 – 201  Sigmaaldrich, 

# HPA029115 
Poly Rb IHC, WB N/A Sigmaaldrich, 

# PRS4307 
Poly Rb IF, WB 6 - 127 Sigmaaldrich, 

# HPA055603 
Poly Rb IHC N/A Source Bio, 

# SBS401504 
Poly Rb IHC N/A Source Bio, 

# SBS401506 
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Appendix 2 

 

 
Figure A2. 1 Similar inhibition of cell migration in PC3 cells is observed by 
either single or dual Ab STEAP2 targeting. Time points at which the images were 
taken: 0h, 4h, 8h and 12h; +ctrl, untreated PC3 cells, + ctrl IgG: PC3 cells treated with 
anti-IgG isotype Ab (20 µg/ml); AB1/ECL1: single anti-STEAP2 Ab targeting an epitope 
of the ECL1 (20 µg/ml); AB4/ECL3: single anti-STEAP2 Ab targeting an epitope of the 
ECL3 (20 µg/ml); AB1+AB4/ECL1+ECL3: dual anti-STEAP2 Ab targeting of two unique 
epitopes on ECL1 and ECL3. Images were acquired using an inverted light microscope with 
a 5x objective(AxioCam ERC5s, ZEISS, Germany). Scale bar = 500 µm (N = 2). 
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Figure A2. 2 Cell migration of PNT2 cells remains unaffected after anti-
STEAP2 Ab (ECL3) exposure. Time points at which the images were taken: 0h, 4h, 
8h and 12h; +ctrl, untreated PC3 cells, + ctrl IgG: PC3 cells treated with anti-IgG isotype 
Ab (20 µg/ml); AB1/ECL1: single anti-STEAP2 Ab targeting an epitope of the ECL1 (20 
µg/ml); AB4/ECL3: single anti-STEAP2 Ab targeting an epitope of the ECL3 (20 µg/ml); 
AB1+AB4/ ECL1+ECL3: dual anti-STEAP2 Ab targeting of two unique epitopes on ECL1 
and ECL3. Images were acquired using an inverted light microscope with a 5x 
objective(AxioCam ERC5s, ZEISS, Germany). Scale bar = 500 µm (N = 2). 
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Figure A2. 3 Cellular localisation of STEAP2 is located to the cell membrane 
at the 0 min time point during receptor internalisation studies in cancerous 
PC3 cells but not in normal HFF1 cells (after fluorescence activation). Cell 
surface STEAP2 was visualised by the addition of acid (pH 5.0) before receptor 
internalisation. A) PC3 + anti-STEAP2 pHAb Amine Reactive Dye Conjugate showing  
cell surface STEAP2. B) PC3 + anti-IgG pHAb Amine Reactive Dye Conjugate: Ab isotype 
control unspecific to STEAP2 with no cell-surface fluorescence observed. C) HFF1 + anti-
STEAP2 pHAb Amine Reactive Dye Conjugate, a STEAP2 low expressing used as negative 
control cell line showing low fluorescence without cell-surface staining. Blue: nuclei, red: 
STEAP2. Images were acquired with the Confocal LSM 710 (ZEISS, Germany) at a 63x 
zoom objective. Scale bar = 20 µm (N = 2). 
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Figure A2. 4 STEAP2 receptor internalisation was triggered after Ab binding 
and accumulated accumulation in the endosomal/ lysosomal organelles. A) 0 min: 
cell surface STEAP2 was visualised by the addition of acid (pH 5.0) before receptor 
internalisation. B) 15 min: receptor internalisation was initiated. C) 30 min: first internalised 
cell surface STEAP2. (D) 240 min: fully internalised STEAP2 shown as red puncta. Blue: 
nuclei, red: internalised STEAP2 (endosomes/ lysosomal location). Images were acquired with 
a Confocal LSM 710 with a 63x zoom objective (ZEISS, Germany). Scale bar = 20 µm (N = 
2). 
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Figure A2. 5 STEAP2’s is localised in the endosomal and lysosomal organelles 
after 240 min of receptor internalisation in cancerous PC3 cells but is not 
present in normal HFF1 cells. A) PC3 + anti-STEAP2 pHAb Amine Reactive Dye 
Conjugate Ab. B) PC3 + anti-IgG pHAb Amine Reactive Dye Conjugate Ab isotype 
control. C) STEAP2 low expressing negative control cell line HFF1 + anti-STEAP2 pHAb 
Amine Reactive Dye Conjugate. Blue: nuclei, red: internalised STEAP2. Images were 
acquired with the Confocal LSM 710 with a 63x zoom objective (ZEISS, Germany). Scale 
bar = 20 µm (N = 2). 
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Figure A2. 6 Internalised cell surface STEAP2 protein did not co-localise with 
the Golgi apparatus indicating it accumulated in the endosomal/ lysosomal 
organelles after 240min of receptor internalisation in cancerous PC3. A) PC3 
cells + anti-STEAP2 pHAb Amine Reactive Dye Conjugate Ab. B) PC3 cells + anti-IgG 
pHAb Amine Reactive Dye Conjugate isotype control Ab. Blue: nuclei, red: internalised 
STEAP2, green: Golgi. Images were acquired with the Confocal LSM 710 with a 63x zoom 
objective (ZEISS, Germany). Scale bar = 10 µm (N = 2). 
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Figure A2. 7 STEAP2 protein expression and localisation in 3D PC3 cell 
spheroids using fluorescence microscopy analysis demonstrated it is evenly 
distributed throughout the spheroid and overexpressed in the PC3 cells. A) 
Protein expression of STEAP2 in 3D PC3 spheroid cells at 10x magnification showing the 
full spheroid. Scale bar = 200 µm. B) Protein expression of STEAP2 in 3D PC3 spheroid 
cells at 10x magnification with 1x standard zoom application showing a strong, evenly 
distributed protein expression evident both intracellular as well as at the cell membrane. 
Scale bar = 100 µm. C) STEAP2’s protein expression in 3D PC3 cell spheroids at 10x 
magnification showing the full spheroid with 2x standard zoom application. Scale bar = 50 
µm. Blue: nuclei, green: STEAP2 protein expression. Images were acquired with the 
Confocal LSM 710 (ZEISS, Germany) (N = 2). 
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Figure A2. 8 A z-stack of 3D PC3 cell spheroids over 50 µm depth using 
fluorescence microscopy analysis demonstrated strong STEAP2 expression 
throughout the spheroid and good Ab penetration which decreased towards the 
deeper the sections. A) 5.33 µm section depth, starting point of the z-stack. B) 10.66 µm 
section depth. C) 15.99 µm section depth. D) 21.32 µm section depth. E) 26.65 µm section 
depth. F) 31.98 µm section depth. G) 37.31 µm section depth. H) 42.647 µm section depth. I) 
47.97 µm section depth, final z-stack. Blue: nuclei, green: STEAP2 protein expression. Images 
were acquired with the Confocal LSM 710 with a 10x objective (ZEISS, Germany). The z-
stack was taken over a 50 µm depth with 5 µm interval slices.  Scale bar = 200 µm (N = 2). 
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Figure A2. 9 No difference in cell viability was observed after anti-STEAP2 Ab 
treatment in 3D PC3 spheroid cells over 24 h using the PI  staining and 
fluorescence microscopy analysis. A) Fixed 3D PC3 spheroid cells to demonstrate dead 
cells stained with PI. B) Untreated 3D PC3 spheroid cells, negative control. C) 3D PC3 
spheroid cells treated with anti-IgG isotype control Ab. D) 3D PC3 spheroid cells treated 
with 75 µg/ml of anti-STEAP2 Ab (Ab4/ ECL3 specific).  Blue: nuclei, red: PI, dead cells. 
Images were acquired with the Confocal LSM 710 with a 10x objective  (ZEISS, Germany). 
Scale bar = 200 µm (N = 2). 
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Appendix 3 

 
 
 

 
Figure A3. 1 HIC of the anti-STEAP2 pADC (CellMosaic). The three graphs 
represent the absorbances measured at A = 280 nm: protein (IgG) (top); A = 248 nm: 
MMAE (middle); A = 220 nm: amide bonds of proteins or peptides (bottom) (N =1). 
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Figure A3. 2 HIC of the unconjugated anti-STEAP2 pAb showing no evident 
protein aggregation (CellMosaic). The three graphs represent the absorbances 
measured at A 280 nm: protein (IgG) (top); A 248 nm: MMAE (middle); A 220 nm: amide 
bonds of proteins or peptides (bottom) (N =1). 
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Figure A3. 3 HIC of the human anti-IgG1 Ab control showing no protein 
aggregation (CellMosaic). The three graphs represent the absorbances measured at A 
280 nm: protein (IgG) (top); A 248 nm: MMAE (middle); A 220 nm: amide bonds of proteins 
or peptides (bottom) (N =1). 
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Calculation of equivalent MMAE doses 
 
A 10 mM (10,000 µM) MMAE stock (MedChemExpress, USA) was used to prepare 

1 ml of the maximum MMAE dose equivalent to 1,000 µg/ml pADC dose as below. 

The desired MMAE doses, equivalent to the pADC doses with a DAR of 3:1 were 

calculated based on the result of (3) (Table A3. 1). 

 

Where: MW: Molecular weight (Da); MW ADC = MW pAb + MW VC-MMAE; 

pAb: commercial polyclonal anti-STEAP2 Ab (rabbit IgG isotype); pADC: 

commercial polyclonal anti-STEAP2 ADC (rabbit IgG isotype); VC-MMAE: Valine-

Citrulline Monomethylauristatin-E (Linker-Drug). MW VC-MMAE = 717.98 Da; 

MW pAb (rabbit IgG isotype) = 150,000 Da; MW pADC = 151,316.33 Da; Drug-to-

Ab Ratio = 3:1 

 

(1) Ratio (MW ADC to number of MMAE drugs) 

= MW ADC : number of MMAE drugs 

= MW 1x ADC : MW 3x MMAE molecules 

= 151.316,33 Da : 2,153.94 Da 

= 70.251. 

 

(2) Amount of MMAE per 1 µg/ml of pADC 

1 µg/ml of pADC contains amount of MMAE [µg/ml]: 

= 1 µg/ml of pADC (containing 3x MMAE drugs) : Ratio 

= 1 µg/ml of pADC(containing 3x MMAE drugs) : 70.251 

= 0.001423 µg/ml of MMAE 

= 14,23 ng/ml of MMAE 

à 1 µg/ml of pADC contains 14,23 ng/ml of MMAE. 

 

(3) Conversion of ng/ml to nM (MMAE) 

14.23 ng/ml of MMAE x 717.98 Da = 10.27 nM of MMAE 
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à 1 µg/ml of pADC contains 10.27 nM of MMAE. 

à 1 µg/ml of pADC contains 0.01027 µM of MMAE. 

 

Cfinal x Vfinal : Cinitial 

= 20.54 µM (MMAE) x 1 ml : 10,000 µM (MMAE stock) 

= 0.002054 ml of 10,000 µM (MMAE stock) 

= 2.05 µl of 10,000 µM (MMAE stock) 

à 2.05 µl of 10 mM (MMAE stock) + 997.95 µl (DMEM) 

à 2.05 µl of 10 mM MMAE stock are required to represent an equivalent dose of 

1,000 µg/ml of pADC. 

 

Where: Cfinal: final concentration; Vfinal = final volume; Cinitial: initial concentration; 

DMEM: cell culture medium. 

 

Table A3. 1 Calculation of the MMAE doses equivalent to the MMAE 
molecules per anti-STEAP2 ADC dose (DAR of 3:1). MMAEf: final MMAE dose. 
Calculations of the MMAE doses 

pADC [µg/ml] MMAE [ng/ml] MMAE [nM] MMAE[ µM] MMAEf [ µM] 

1,000 14,230.0 (X) 10,270.0 10.27 20.54 
200 2,846.0 2054.0 2.05 4.11 
100 1,423.0 1,027.0 1.03 2.05 
10 142.3 102.7 0.11 0.21 

1 14.23 10.27 0.01 0.02 
0.1 1.423 1.027 0.001 0.002 
0.01 0.1423 0.1027 0.0001 0.0001 

Preparations of the MMAE doses 

MMAE Dose [ng/ml]*  Volume [µl] DMEM [µl]  

A 14,300.0 2.0 of stock 997.9  

B 2,846.0 17.5 of (A) 157.5  

C 1,423.0 17.5 of B 157.5  

D 142.3 17.5 of C 157.5  

E 14.23 17.5 of D 157.5  

F 1.423 17.5 of E 157.5  

G 0.1423 17.5 of F 157.5  
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Figure A3. 4 STEAP2 protein analysis using the Test sera2 (linear). A) Test 
Serum2 – Mouse1 (linear), 2 (linear), Mouse3 (linear). B) Test Serum2 – Mouse4 (linear), 
commercial anti-STEAP2 pAb control and the pre-immunisation serum used as a negative 
control. 1:Unstained molecular weight ladder; 2: pre-stained dual colour molecular weight 
marker; 3, 6, 9 (-): technical triplicate of PNT2 cell lysate; 4, 7, 10 (+): technical triplicate 
of PC3 cell lysate (N = 1). 
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Figure A3. 5 STEAP2 protein analysis using the Test sera2 (cyclic). A) Test 
Serum2 (cyclic)1, 2 and the commercial anti-STEAP2 pAb control. B) Test Serum2 (cyclic) 
3, 4 and the commercial anti-STEAP2 pAb control. 1:Unstained molecular weight ladder; 
2: pre-stained dual colour molecular weight marker; 3, 6, 9: technical triplicate of PNT2 
cell lysate; 4, 7, 10: technical triplicate of PC3 cell lysate (N = 1). 
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Figure A3. 6 STEAP2 protein analysis using the supernatant of the hybridoma 
colonies. A) Hybridoma colony 1 (linear), 2 (linear) and the commercial anti-STEAP2 pAb 
control. B) Hybridoma colony  3 (linear), 4 (cyclic) and the commercial anti-STEAP2 pAb 
control. 1:Unstained molecular weight ladder; 2: pre-stained dual colour molecular weight 
marker; 3, 6, 9: technical triplicate of PNT2 cell lysate; 4, 7, 10: technical triplicate of PC3 
cell lysate (N = 1). 
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Figure A3. 7 Fluorescent staining of STEAP2 using the commercial anti-
STEAP2 pAb control to evaluate the hybridoma colony supernatants. A) PC3 
cells + anti-STEAP2 pAb showing high STEAP2 (cell surface) expression. B) PNT2 cells 
+ anti-STEAP2 pAb showing low STEAP2 expression. Blue: nuclei; green: STEAP2. 
Images were taken at a 63x objective using the LSM 710 microscope (ZEISS, Germany). 
Scale bar = 20 µm (N = 1). 
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Figure A3. 8 The supernatants of the hybridoma colonies do not recognise 
native STEAP2 protein in the PC3 cells. Blue: nuclei; green: STEAP. Images were 
taken at a 63x objective using the LSM 710 microscope (ZEISS, Germany). Scale bar = 20 
µm (N = 1). 
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Figure A3. 9 The supernatants of the hybridoma colonies do not recognise 
native STEAP2 protein in the PNT2 cells. Blue: nuclei; green: STEAP2. Images 
were taken at a 63x objective using the LSM 710 microscope (ZEISS, Germany). Scale bar 
= 20 µm (N = 1). 

 




