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Abstract 
Breast cancer continues to have the highest mortality rate in comparison to other cancer 

types, with approximately 19.4 million women aged 15 years and older living at risk of 

being diagnosed with breast cancer in South Africa. Triple-negative breast cancer (TNBC) 

subtype, which is mainly characterized by a lack of expression of the oestrogen receptor 

(ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), 

patients do not benefit from current standard treatments since they are based on these 

absent biomarkers leading to off-targets which results to an adverse side effects in TNBC 

patients. TNBC subtypes tend to be more common in women younger than age 40, who 

are Black, or who have a Breast Cancer gene 1 (BRCA1) mutation.  The five-year survival 

rate for TNBC in South Africa is approximately 19.26% and the major causes of this 

include the late diagnosis of disease, highly aggressive tumor growth, and the early 

formation of metastases. Therefore, it is crucial than ever to use a multi-targeted 

precision medicine approach exploiting the differential overexpression of TNBC-specific 

cell surface receptors. As part of this effort, tumors should be screened and evaluated 

for therapeutic and prognostic biomarkers that can precisely show the clinicians which 

treatment plan will work best for their patients. Combining novel immunotherapies with 

conventional treatment approaches has demonstrated significant promise for improving 

cancer quality of the patient’s life and survival. Although, when it comes to TNBC, these 

immunotherapies are frequently used as a last option after more traditional treatments 

have failed such as chemotherapy. 

Overexpression of zinc transporter (LIV-1) and trophoblast cell surface antigen-2 (trop2) 

has been implicated in the oncogenesis of TNBC and associated with an unfavorable 
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prognosis. Consequently, the LIV-1 and TROP-2 biomarkers represent a specific target 

antigen suitable for immunotherapy.  

In this study, we successfully developed recombinant immunotoxins by fusing an anti-

hliv22 and anti-trop2 single chain variable fragment (scFv) antibody to a truncated 

mutant of Pseudomonas Exotoxin A (ETA') and deimmunized version of (ETA’) RG7787, 

herewith termed (dETA’) introducing a cysteine in position R456. 

Using the bacterial expression vector pMT, functional (scFv)-ETA’ and scFv-dETA’ were 

periplasmically expressed under osmotic stress conditions in the presence of 

compatible solutes. The 72 kDa, His10-tagged fusion proteins were purified using a two-

step Immobilised Metal-ion Affinity Chromatography (IMAC). Specific binding of these 

recombinant immunotoxins to LIV-1- and TROP2-positive breast cancer cell line MCF-7 

were confirmed by confocal microscopy in comparison to an antigen-negative control.  

 The introduction of the new mutation in the RG7787 rIT indicates a partial recovery of 

enzymatic activity with trop2-targeting rITs showing a 1.4-fold reduction in cytotoxic 

activity, which is a significant improvement when compared with the 4 to13-fold 

reductions in IC50 values reported for RG7787 in the Alewine study.   

This is the first report documenting the specific cytotoxicity of a RG7787 recombinant 

immunotoxins with cysteine (C) mutation in position R456 introduced towards triple-

negative breast carcinoma cells, suggesting that liv-1 and trop-2 specific antibody toxins 

may become valuable therapeutic reagents for the treatment of triple-negative breast 

cancer in the future. 
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Chapter 1: Literature Review 

1.1. Defining Breast Cancers (BCs) 

Breast cancer (BC) is defined as a heterogeneous disease with microarray profiling 

studies having identified many biologically distinct subtypes of breast tumors, each 

associated with different clinical outcomes [1]. It is one of the common cancers that 

affects women globally, however studies have also documented some men can also get 

breast cancer and people assigned female at birth. BC can initiate from different parts of 

the breast in a human body, either left or right breast, and each one is made up of ducts, 

glands, and fatty tissues [2].  

Breast cancer (BC) occurs when cells in the breast tissue mutate and begin to multiply 

uncontrollably, resulting in the formation of a tumor as shown in figure 1. BC incidence 

rates may be elevated due to increased risk factor prevalence, opportunistic or organized 

mammography screening detections, aging, and population growth. Approximately 80% 

of breast cancer cases are invasive, meaning a tumor may spread beyond the breast to 

other areas of the body. In past decades, there has been a significant expansion in 

understanding of this disease at the cellular, molecular, and genomic levels due to the 

rapid advancements in molecular biology, systems biology, and genome sciences [1], [3].  
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Figure 1: Tumor formation in breast due to the mutation and uncontrollably growth of the breast. Image obtained 

from: https://my.clevelandclinic.org/-/scassets/Images/org/health/articles/3986-breast-cancer 

1.2. Breast Cancer Prognosis 
Over the past years, an understanding of the prognosis of breast cancer has significantly 

progressed based on various prospective and retrospective studies that have been 

performed.  The young age at diagnosis has been generally accepted to correlate with a 

worse clinical outcome compared to their older counterparts.  Studies have showed that 

breast cancer survival rates are usually lower for women under 40 compared to older 

women across all histological subtypes and stages. However, there is ongoing debate 

about whether age itself is an independent risk factor for poorer prognosis. Many studies 

challenge this idea, suggesting that the impact of young age on outcomes reflects the 

higher prevalence of other known prognostic pathological factors. These include poorer 

differentiation grades, lymph vascular invasion, higher mitotic rates, reduced expression 

of oestrogen receptor (ER) or progesterone receptor (PR), and increased expression of 

human epidermal growth factor receptor 2 (HER2) [4].  Some studies have associated the 

poorer outcomes in younger women to more advanced disease at the time of diagnosis, 
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characterized by higher rates of axillary lymph node positivity and larger tumor sizes. 

Others have suggested that differences in gene expression between age groups could 

also be a factor but regardless of this, understanding the true impact of age on prognosis 

is crucial, as it could influence breast cancer management. If age is proven to be an 

independent factor, younger women may need more aggressive treatment compared to 

older women with similar clinical and pathological profiles [5]. 

1.3. Breast Cancer Classification 
A breast cancer type is determined by the specific cells in the breast that become cancer 

[6]. BC’s can be broadly classified as either sarcomas or carcinomas, depending on 

which cell origin is involved. Breast carcinomas are malignancies that originate from the 

epithelial tissue of the breast, made up of the cells that form the lining of the lobules and 

terminal ducts involved in milk production. Cancers in the breast often manifest as 

adenocarcinoma, a more specialized type of cancer that originates in cells of the milk 

ducts or lobules. Sarcomas, on the other hand, is a less common form of breast cancer, 

accounting for less than 1% of primary breast cancer cases. They usually initiate from the 

stromal components of the breast, including myofibroblasts and blood vessel cells. 

However, these groups may not always be adequate classifications as, in certain 

instances, a single breast tumor can consist of several cell types. Most breast cancers 

are carcinomas. Among the extensive category of carcinomas, certain breast cancer 

types are distinguished according to their level of invasiveness concerning the original 

tumor locations. Accurately distinguishing between the many subtypes is critical since 

each has a different prognosis and therapeutic consequences. Common breast cancers 

are classified into three types based on pathological characteristics and invasiveness: 
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non-invasive (or in situ), invasive, and metastatic [6], [7]. The breast consists of different 

parts shown in (Table 1). 

Table 1: Shows the different parts of a breast, their function, and the type of cancer that 
initiates in each part. 

Breast Part Function Cancer Type References 

Lobules glands produce breast milk lobular cancers [8] 

Ducts transport milk to the nipple. ductal 

malignancies 

[8] 

Nipple milk expulsion Paget’s disease of 

the breast 

[8] 

Stroma help ducts and lobules by 

holding them in place 

phyllodes tumor [8] 

Blood arteries and 

lymphatic vessels 

supply nutrients to the 

breast tissue, filter out 

substances that are 

harmful, and regulate fluid 

balance in the breast. 

Angiosarcoma [8] 

 

1.4. Breast Cancer Diagnosis 
BC is one of the most common causes of cancer-related illness and mortality for women 

globally, therefore, prognosis improvement depends on early detection and treatment. 

Research indicates that patients with smaller tumours have a far higher chance of 

surviving from cancer. To improve the efficacy of breast cancer treatment, different 
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technologies are being developed to assist in the early detection of primary tumours, as 

illustrated in (Figure 2), as well as distant metastases and recurring disease [9], [10]. 

 

Figure 2: Tools and procedures for detecting and diagnosing breast cancer. Image obtained from the article: Breast 

cancer, screening and diagnostic tools  [11]. 

1.5. Breast Cancer Statistics Worldwide 
In 2021, Lei et al., has shown that breast cancer statistics has exceeded lung cancer as 

the most diagnosed cancer with an estimated 2.3 million cases and 685,000 deaths in 

2020 worldwide, and with cases expected to reach 4.4 million in 2070. Also, the World 
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Health Organization, in 2022, showed that there were 2.3 million women diagnosed with 

breast cancer and 670,000 deaths globally. Global estimations demonstrate remarkable 

disparities in the breast cancer burden based on human development [12], [13]. 

 

Figure 3: World maps for breast cancer age-standardized mortality rates. Estimated age-standardised mortality 

rates for breast cancer globally, in 2020. Image Data obtained from GLOBOCAN 2020, International Agency for 

Research on Cancer 2023 [14]. 

1.5.1. Breast cancer in Sub-Saharan Africa 
In sub-Saharan Africa, breast cancer is the most common malignancy among women 

with approximately 129,000 new cases reported in 2020. In high-income countries, BC 

typically has a good prognosis while in sub-Saharan Africa, the survival rate is 

significantly lower. The 5-year survival rate in this region is estimated to be around or 

below 50%, meaning that one in two women diagnosed with the disease dies within five 

years. In comparison, the corresponding rates in the United States are one in five for 

Black women and one in ten for White women. Due to ageing and population increase, it 

is predicted that the yearly incidence of breast cancer in sub-Saharan Africa would 

almost double by 2040. In 2020, the African Breast Cancer - Disparities in Outcomes 
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Study (ABC-DO) was set up to examine determinants of breast cancer survival across five 

African countries at different stages of economic and epidemiological transitions. The 

study discovered varying BC incidence rates across five African countries, with Zambia 

at 20.0 per 100,000 women and Namibia at 57.6 per 100,000. Survival rates were 

relatively lower in Black African women: 90% in White Namibian women at 3 years post-

diagnosis, compared to 58% in Black Namibian and South African women, 46% in 

Ugandan and Zambian women, and 36% in Nigerian women. The study also highlighted 

that the primary factors contributing to lower survival in women from lower 

socioeconomic backgrounds were late-stage diagnoses and limited access to surgery 

and systemic therapy. While higher rates of young-onset breast cancer, HIV positivity, and 

more aggressive tumor subtypes also contributed, they had a smaller impact on overall 

survival [15].  

 In South Africa, approximately 19.4 million women aged 15 years and older live at risk of 

being diagnosed with breast cancer [15], [16]. In 2013, deaths from breast cancer and 

cancers of the female genital tract accounted for 0.7% and 1% of all deaths in South 

Africa respectively [17]. In 2022, Nel C et al., conducted a retrospective review of 151 

treatment naïve TNBC patients that were presented to the Charlotte Maxeke 

Johannesburg Academic Hospital Breast Unit (CMJAH BU) from 1 July 2017 to 31 October 

2020, and from this study most patients were postmenopausal and presented with an 

advanced disease which emphasizes the lack of diagnostic tools for breast cancer in 

South Africa. At 18 months, 26.5% of these patients had died [18].  Therefore, there is an 

urgent need to address the advanced stage of diagnosis and improve access to high-

quality treatment in South Africa. 



26 
 

1.6. Risk Factors of BCs 
Breast cancer can be caused by a combination of genetic mutations, environmental 

factors, and lifestyle. Age and breast density are naturally occurring characteristics that 

may raise the risk of acquiring the condition. Circadian rhythm, alcohol, and tobacco 

intake have been associated and linked to an increased risk of breast cancer. These 

factors can lead to cellular stress, increase the generation of reactive oxygen species 

(ROS), and alter oestrogen and progesterone hormone concentrations, exacerbating the 

tumor’s aggressiveness. Poor eating habits have also been linked to an increased chance 

of developing breast cancer [19]. Breast cancer incidence rates may also be elevated due 

to increased risk factor prevalence, opportunistic or organized mammography screening 

detections, ageing, and population growth. However, it has been known since 1896 that 

hormone ablation through oophorectomy causes a subset of breast cancers to regress, 

and in the late 1950s, Elwood Jensen first described the oestrogen receptor (ER), which 

was then used to identify patients who responded to endocrine-based therapies. 

Progesterone, the other major ovarian hormone, has also been explored in breast cancer. 

Disparities in the burden of breast cancer resulted from differences in main risk factors, 

screening procedures, and population size or structures among areas [13]. 

1.7. Triple Negative Breast Cancer (TNBC) 
Although the effect of progesterone on cancer growth has been variable, early studies 

suggested that progesterone receptor (PR) positive may better select individuals for 

endocrine therapy, as PR expression was a detectable outcome of oestrogen action, 

indicating intact downstream signalling. Shortly after, it was discovered that 

amplification of human epidermal growth factor 2 (HER2) was associated with a 

particularly dismal prognosis, resulting in a spate of HER2-directed medicines that have 
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eliminated the negative risk of HER2 expression. TNBC is defined as tumors that lack ER 

and PR expression as detected by immunohistochemistry, as well as HER2 expression as 

detected by immunohistochemistry and/or in situ hybridization [20]. From 2012 to 2016, 

triple-negative breast cancer accounted for 12% of all cases diagnosed in the United 

States, with 5-year survival rates 8% to 16% lower than the best prognosis subtype. These 

cancers tend to be more common in women younger than age 40, who are Black, or who 

have a Breast Cancer gene 1 (BRCA1) mutation. Despite the mortality of this subtype, 

preventative medications such as tamoxifen and mammographic screening procedures, 

which begin around age 40 to 50, are tailored to the biology and demographics of more 

frequent and less fatal luminal malignancies. To develop effective screening and 

prevention measures and address societal concerns, physicians must recognize linked 

ethnic, genetic, and modifiable risk factors associated with TNBC [21], [22]. 

1.7.1. TNBC Subtypes 

By analysing the gene expression of 386 tumours, researchers have discovered six 

different subtypes of triple-negative breast cancer (TNBC), each with its own biological 

characteristics. Luminal androgen receptor (LAR), mesenchymal (M), mesenchymal 

stem-like (MSL), immunomodulatory (IM), and two basal-like (BL1 and BL2) subtypes are 

among them. Genes linked to the cell cycle and DNA damage response are highly 

expressed in the BL1 subtype, whereas growth factor signalling and myoepithelial 

markers are more frequently expressed in the BL2 subtype. While the MSL subtype 

contains lower levels of genes linked to cell proliferation, both the M and MSL subtypes 

show increased gene expression linked to growth factor signalling and the epithelial-

mesenchymal transition (EMT). Consistent with the de-differentiated mesenchymal gene 
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expression pattern is the recent analysis of metaplastic breast cancers showing the 

majority of chondroid and spindle cell carcinomas to be of the MSL subtype. The IM 

subtype is composed of immune antigens and genes involved in cytokine and core 

immune signal transduction pathways. The AR drives the LAR subtype, which is 

distinguished by luminal gene expression. In contrast to MSL, which includes a significant 

proportion of normal-like subtypes, LAR is primarily composed of luminal and HER2 

subtypes, and BL1, BL2, IM, and M are primarily composed of basal-like subtypes, 

according to comparison with the intrinsic subtypes. Apart from the intrinsic subtypes, a 

claudin-low subtype that is enriched for immune response, cancer stem cell-like genes, 

and EMT markers has just been identified. M and MSL TNBC subtypes make up the 

majority of this claudin-low subtype [23], [24], [25], [26], [27].  

1.7.2. TNBC current treatments 

Currently, treatment of TNBC involves chemotherapy, which is mostly used to shrink the 

tumor, making it less aggressive. Surgery is also used usually after chemotherapy to 

remove more of the tumor. Radiation therapy which uses beams of radiation is also used 

to destroy cancer cells using different techniques to avoid harming healthy tissues 

surrounding the breast. When it comes to targeted therapy, patients with TNBC are 

unlikely to benefit from currently available targeted therapies such as endocrine or anti-

HER2 drugs, because there are no typical molecular targets. As a result, the only 

systemic treatment option for these patients is chemotherapy using typical cytotoxic 

drugs. Fortunately, multiple trials have demonstrated considerable chemosensitivity for 

these tumors, particularly in the neoadjuvant setting. In multiple trials, TNBCs have 
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exhibited high response rates (RR) to neoadjuvant chemotherapy, which includes 

anthracyclines and taxanes [28]. 

 

Figure 4: TNBC is currently being treated interdisciplinary, with neoadjuvant chemotherapy plus immunotherapy, 

surgery and radiation, and adjuvant treatment with continuous immunotherapy. Figure obtained from an article: 

Triple-negative breast cancer: Pitfalls and progress [29] 

1.7.3. Challenges in treating TNBC 

Triple-negative breast cancer (TNBC) poses a significant clinical challenge due to its 

aggressive nature and lack of targeted treatment options. Several factors contribute to 

the difficulties in managing TNBC, emphasizing the need for innovative therapeutic 

approaches.  

TNBC exhibits substantial molecular heterogeneity, making it challenging to identify 

uniform treatment strategies. The absence of ER, PR, and HER2 expression in TNBC leads 

to diverse subtypes with distinct genetic profiles, necessitating personalized and 

targeted therapies. TNBC also often exhibits poor response to conventional 

chemotherapy, leading to challenges in achieving durable remissions. Chemoresistance 
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is a significant hurdle, necessitating the exploration of alternative treatment modalities 

and combination therapies. Another challenge in treating TNBC is led by the tumor 

microenvironment in TNBC, which is characterized by immunosuppressive features, 

limiting the efficacy of immunotherapy therefore strategies to overcome immune evasion 

and enhance the anti-tumor immune response are critical for improving treatment 

outcomes [30], [31], [32]. 

TNBC also often presents with early relapse and a higher propensity for distant 

metastasis. The aggressive nature of the disease necessitates the development of 

targeted therapies that can prevent recurrence and effectively manage metastatic 

disease. Therefore, addressing these challenges requires ongoing research efforts, 

innovative clinical trial designs, and a comprehensive understanding of the molecular 

mechanisms underlying TNBC [31]. 

1.8. Impact of Biomarker Testing on Cancer Treatment Decisions 

Biomarker testing has a substantial impact on cancer treatment decisions, particularly 

in TNBC. Biomarker testing aids in the identification of the most appropriate targeted 

medicines for individuals, hence improving patient outcomes through more effective and 

personalized treatment regimens. Biomarker testing is crucial for guiding treatment 

decisions and connecting patients to the most relevant medications based on their 

unique biological characteristics. Biomarker testing is critical in pre-operative cancer 

therapy because it helps guide optimal treatment decisions before surgery. Recognizing 

the relevance of biomarker testing and its impact on treatment allows healthcare 

providers to advance cancer care and provide patients with personalized, effective 

treatments  [33]. 
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The expression of tumor-associated calcium signal transducer 2 (Trop2) and Zinc 

transporter (LIV-1) in a variety of solid tumours has led to their utilisation in antibody–drug 

combination designs as a transport gate for cytotoxic drugs entering cells.  

1.8.1. Trophoblast cell-surface antigen 2 (TROP2) role in TNBC 

Precision medicine has created new opportunities in the field of targeted therapy 

development. Trophoblast cell-surface antigen 2 (trop2) is a promising therapy option for 

TNBC, as it is expressed in approximately 85% of tumors. Trop2 is one of many targetable 

gene mutations or marker proteins being explored in cancer therapy. Trop2 was initially 

found in trophoblast cells as a surface marker. Tumor-associated calcium signal 

transducer 2 (TACSTD2), found on chromosome 1p32, encodes Trop2. Trop2 consists of 

extracellular and transmembrane domains, as well as a cytoplasmic tail. Trop2 

involvement in breast cancer progression spans various facets, from promoting cell 

proliferation to resisting therapies. Crucially, it activates several tumorigenic signaling 

pathways, like the Wingless-related integration site beta (Wnt/b-catenin) and epidermal 

growth factor receptor (EGFR)-linked to the mitogen-activated protein 

kinase/Extracellular signal-regulated kinases (MAPK/ERK) and phosphatidylinositol-3 

kinase/ protein kinase B (PI3K/Akt) pathways as shown in (Figure 5). Additionally, it has 

an impact on matrix metalloproteinases, which promote the invasion of cancer cells, and 

it also contributes to the maintenance of cancer stem cells (CSCs), which are linked to 

tumour recurrence and resistance to treatment. These pathways highlight trop2's 

potential as a therapeutic target by illuminating its diverse functions [25],[37],[38]. 
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Figure 5: Diagram illustrating the involvement of TROP2 in various oncogenic signaling cascades. Trop2 activation 

is reliant on or independent of growth factors. Trop2 then raises internal Ca2+ levels, enhancing protein kinase C (PKC) 

signaling. Trop2 phosphorylation, on the other hand, engages the RACK1 scaffold protein, which allows Trop2 to 

connect with other signaling pathways such as the PI3K/Akt, MAPK, and FAK pathways. Trop2's transmembrane and 

intracellular portions are separated by γ-secretase and ADAM-17, and its movement into nuclease interacts with other 

genes involved in cancer growth. Overall, Trop2 can stimulate cell proliferation, growth, and migration in a variety of 

ways. [34]. 

1.8.2.  Zinc Transporter (LIV-1) role in TNBC 

Solute Carrier Family 39 Member 6 (SLC39A6), commonly known as LIV-1, is a zinc 

transporter controlled by oestrogen and more prevalent in oestrogen receptor-positive 

breast cancer and lymph node metastases. The LIV-1 subfamily of Zinc transporters (Zrt)- 

and Iron transporters (Irt)-like protein (ZIP) zinc transporters is made up of nine human 

sequences that are highly homologous across transmembrane domains. Several of these 

sequences can transport zinc and other ions across cell membranes. Recent research 
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has linked the LIV-1 transporter subfamily to many diseases. It is a multi-span, histidine-

rich transmembrane cell adhesion protein with metalloproteinase activity, and is 

classified as a zinc transporter since it mediates intracellular signaling pathways and zinc 

influx into the cytoplasm, controlling zinc levels alongside Cation Diffusion Facilitators 

(CDFs) and zinc-binding proteins. Zinc's participation in tumor surveillance and 

apoptosis is the result of an interplay between zinc transporter expression, zinc levels, 

and immunological signaling pathways  [35],[36], [37]. 

                        

Figure 6: A schematic illustrating the activation of signaling pathways involved in breast cancer growth and 

metastasis. Zn2+ dyshomeostasis activates several pathways that influence cell shape, migration, and proliferation. 

ZIP10 and ZIP6 cooperate to govern epithelial to mesenchymal transition, while ZnR/GPR39 stimulates membrane 

protrusions and MMP2/9 release. Arrows represent established channels, whereas dotted lines and question marks 

represent possible pathways for regulation and interaction [38] 
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1.9. Immunotherapy approaches in TNBC 

Immunotherapy has emerged as a potentially effective therapeutic strategy that 

stimulates the immune system to specifically target and eliminate cancer cells. Immune 

editing is the basis of this tactic, which increases tumour cells' antigenicity and immune 

cells' capacity to kill tumours. It also helps to boost anti-tumor immune responses, 

activate or restore immune system function, neutralise immunosuppressive chemicals, 

and stop tumour cell development. It so offers a chance to lower the death rate from 

triple-negative breast cancer (TNBC) [39], [40]. Due to the absence of three biomarkers, 

TNBC patients do not currently treatment endocrine or anti-HER-2 therapy as it targets 

the absent biomarkers. For a long time, chemotherapy was the only systemic treatment 

for TNBC. Due to the lack of effective treatment options. TNBC has the worst prognosis 

of any breast cancer subtype and is more likely to react to immunotherapy due to 

increased programmed death-ligand 1 (PD-L1) expression and a higher proportion of 

tumor-infiltrating lymphocytes. Immunotherapy has transformed TNBC treatment, 

particularly with the Food and Drug Administration’s (FDA's) approval of pembrolizumab 

(Keytruda) in combination with chemotherapy for advanced cases, opening up new paths 

for treating this fatal disease. While immunotherapy can greatly improve outcomes for 

some patients, achieving the desired response in all patients remains a challenge. 

Strategies aimed at improving the effectiveness of immune checkpoint blockade such as 

combining immunotherapy with chemotherapy, targeted molecular therapies, or 

radiotherapy may help improve response rates and overall clinical outcomes [41], [42]. 
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Figure 7: Current clinical approaches in TNBC Clinical immunotherapy approaches for TNBC. Figure obtained from 

the article: Present and Fure of Immunotherapy for Triple-Negative Breast Cancer [41]. 

1.9.1. Rationale of Combining Immunotherapy with Other Therapies 

TNBC is an aggressive disease that frequently develops resistance to standard-of-care 

(SOC) treatments. Thus, immunotherapy combined with SOC is predicted to enhance 

outcomes for various reasons. Firstly, different medicines use distinct strategies to target 

cancer cells. Combining immunotherapy with chemotherapy, targeted therapy, or 

radiation therapy allows cancer cells to be attacked through many channels at the same 

time, resulting in a robust response [43]. Secondly, some medicines can improve the 

immune system's ability to recognize and target cancer cells. Chemotherapy, for 

example, can cause immunogenic cell death, releasing tumor antigens that trigger the 

immune response, hence enhancing immunotherapy effectiveness [44]. Also, TNBC 
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frequently develops resistance to single-agent treatments. Combination therapy can 

target many pathways involved in carcinogenesis and immune evasion, lowering the risk 

of acquiring resistance [45] and not every patient responds to immunotherapy alone. 

Furthermore, combining immunotherapy with additional medicines may extend the 

range of individuals who benefit from treatment, leading to better overall outcomes [46] 

as well as combining lower doses of several medications can lessen individual 

treatment-related toxicities while preserving efficacy, thereby enhancing patients' quality 

of life [45]. Lastly, by eliminating any remaining cancer cells that can spread to other 

tissues or organs, treating TNBC with a combination of medicines may reduce the chance 

of metastasis or recurrence [47]. Immunotherapy combined with combination methods 

offers a thorough strategy for treating TNBC, addressing its resistance mechanisms and 

heterogeneity while optimizing treatment efficacy and reducing toxicity. 

1.9.2. Discovery of toxin-delivering Immunotherapeutics  

In 1877, Paul Ehrlich reported on the distinct staining of tissues and proposed a 

reasonable approach to developing cancer-specific agents. The discovery of monoclonal 

antibodies (mAbs) and the capacity to generate vast quantities of mAbs that respond with 

specific antigens on cancer cells rekindled interest in utilizing toxins to kill cancer cells. 

Novel Immunotherapeutics for tumor cell killing were developed by connecting such 

toxins to mAbs: antibody-drug conjugates employ chemical conjugation to synthetic 

small molecule toxins, whereas in immunotoxins catalytically active protein toxins are 

used [43]. 
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1.9.3. Antibody Drug Conjugates (ADC’s) generation 

Antibody-drug conjugates (ADCs) are developed to deliver potent small molecules of 

toxins usually to cancer cells. This approach involves the specificity of a monoclonal 

antibody (mAb) with the high potency of synthetic molecules and has the potential to 

improve cancer treatment. ADCs are made up of three components. An antibody which 

is directed to a tumor antigen, a highly potent cytotoxic payload, and a linker between the 

former two components [48].  

                                  

Figure 8: Schematic representation of an antibody-drug conjugate (ADC); each component (the antibody, payload, 

linker, and conjugation chemistries) can all have important implications for the properties of the ADC. Diagram 

obtained from a review article: Recent developments in chemical conjugation strategies [49]. 

Among different types of antibodies, humanized and fully human immunoglobulin G 

(IgGs) are commonly used as the backbone for antibody-drug conjugates (ADCs) due to 

their stability in the bloodstream (with an elimination half-life of 14–21 days) and their 

strong ability to activate innate immune cells, like natural killer (NK) cells and 

macrophages, through Fcγ receptor interactions [48], [50]. The use of human IgGs, 
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particularly IgG1, assists in reducing the overall immunogenicity of the ADC, minimising 

the risk of hypersensitivity reactions and the formation of anti-drug antibodies (ADAs) 

[48], [50]. 

The payloads used in antibody-drug conjugates (ADCs) are usually more toxic than 

chemotherapies, showing sub-nanomolar or even picomolar levels of cytotoxicity in 

vitro, compared to the micromolar levels seen with many standard chemotherapies. 

Most payloads are moderately to highly hydrophobic, which plays a key role in both their 

efficacy and toxicity. While this hydrophobicity is beneficial, it can also be a challenge for 

ADC effectiveness. For example, hydrophobic payloads can be substrates for multidrug 

resistance proteins, potentially reducing the effectiveness of ADCs in tumors that 

express these transporters [51], [52]. 

Chemical linkers play a crucial role in ensuring that cytotoxic payloads stay attached to 

the antibody until they reach their target. Two main types of linkers involve non-cleavable 

and cleavable. Non-cleavable linkers are made of stable bonds that resist degradation, 

offering strong stability in the bloodstream. However, to release the cytotoxic payloads 

attached to these linkers, complete endocytosis and antibody digestion are required. 

This process is carried out by cytosolic and lysosomal proteases, releasing the payloads 

while leaving behind a residual amino acid (typically cysteine or lysine) from the degraded 

antibody. On the other hand, cleavable linkers, commonly used in current ADCs, are 

designed to break down in response to tumor-specific conditions, such as acidic or 

reducing environments, or through intracellular proteases. These linkers allow for the 

efficient release of active payloads once inside cancer cells, leading to cytotoxicity and 

enhancing ADC potency, while also promoting the bystander effect [51], [53]. 
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1.9.3.1. Antibody Drug Conjugates Mechanism of Action 

The most appealing feature of antibody-drug conjugates (ADCs) is their ability to 

selectively deliver the drug directly to cancer cells. To prevent degradation by stomach 

acid, the drug is given intravenously. It then locates and binds to specific target antigens, 

after which the drug-antigen complex is internalized by the cell through receptor-

mediated endocytosis. As illustrated in figure 9, this process leads to the formation of an 

early endosome, where the influx of proton ions creates an acidic environment [20]. The 

late endosome fuses with the cell lysosome containing proteases resulting in lysosomal 

degradation. The cleavage of the linker due to acidic pH or the presence of protease in 

the lysosome allows the release of payloads into the cytoplasm and the payloads to take 

effect [21],[54], [55], [56], [57]. 
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Figure 9: Antibody drug-conjugate mechanism of action.  The binding of the antibody to the cell surface receptor 

triggers the signal for receptor-mediated internalization. Multivalent antibodies can engage with several antigens, 

resulting in clusters or homodimers of antibody-antigen complexes (1). The development of these homodimers 

improves the signal for clathrin-mediated endocytosis, resulting in more effective uptake of the complex by cells. 

Alternatively, a monovalent antibody can engage with only one antigen at a time, resulting in fewer clusters (2). This 

type of antigen-antibody complex exhibits weaker receptor-mediated endocytosis. Once endocytosed, the complex is 

transported to early endosomes, where it can be recycled back to the cell surface or mature into late endosomes, 

where its intracellular pathway is defined. Recycling can start from the late endosomal stages. Monovalent ligand-

mediated endocytosis is thought to often undergo receptor recycling. The cytotoxic chemical coupled to the antibody 

can cause cell death by disrupting microtubules or DNA once released in the cytoplasm. The figure was created using 

Biorender.com. 

1.9.4. General Features of Immunotoxin 

Immunotoxins are defined as chimeric proteins made up of either an antibody or 

antibody fragment derived from the immune system that confer target specificity fused 

or conjugated to a toxic protein. Immunotoxins have evolved with time and technology 
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and can be categorised into three generations [58]. As research progressed, toxin 

autonomic cell-binding domains were identified and eliminated, resulting in a toxin 

fragment that could no longer bind normal cells, which was coupled to an antibody. While 

full-length immunoglobulin G (IgG) has good in vivo half-life and effector functions, its 

large size limits antibody tissue penetration, especially in solid tumours, and 

complicates the manufacturing process. The first generation of immunotoxins was 

created by chemically coupling native toxins to antibodies using crosslinking reagents 

that create disulphide bonds between the toxin and the antibody.  Furthermore, most of 

monoclonal antibodies (mAbs) used in the first two generations were derived from 

murine sources. The use of non-human mAbs presents several therapeutic limitations 

[24]. Third-generation immunotoxins are engineered using recombinant DNA technology, 

combining the variable fragments of an antibody (Fv) with toxins that do not have their 

cell-binding domains, all within the same protein. Since the initial report of Fv production 

in 1988, where the variable regions of the antibody's heavy and light chains were linked 

by a peptide, over 1,000 third-generation immunotoxins have been developed. These 

immunotoxins primarily target antigens specifically expressed on cancer cells. It was 

anticipated that these agents could induce regression of malignant diseases in patients. 

However, because the toxins and toxin domains originate from bacteria or plants, they 

are highly immunogenic in humans, limiting treatment to only a few doses per patient. 

Current research focuses on reducing the immunogenicity of these toxins by removing 

immunogenic epitopes from their surfaces [58], [59], [60]. 

1.9.4.1. Advantages of Immunotoxins over Antibody Drug Conjugates (ADCs) 

Immunotoxins possess several advantages properties that differentiates them from 

ADCs. Firstly, their unique mechanism of action results in a specific toxicity profile, 
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making them highly compatible with standard-of-care treatments. Secondly, unlike 

conventional chemotherapeutics and those used in ADCs, immunotoxins can effectively 

target quiescent, non-dividing cells. Additionally, immunotoxins show minimal cross-

resistance with other therapeutic agents and have shown efficacy in patients resistant to 

chemotherapy. Lastly, while ADCs may cause off-target toxicity due to premature 

dissociation of the payload from the chemical linker, modern recombinant immunotoxins 

avoid this issue. Their recombinant peptide linkers, which connect the toxin to the 

antibody, require specific intracellular proteases for activation, ensuring greater 

precision [54], [56], [61]. 

1.9.4.2. Disadvantages of Immunotoxins 

Unlike chemotherapy, immunotoxins are composed of proteins that the human immune 

system recognizes and responds to due to their non-human origin. The immune system 

reacts to both the murine antibody fragment and the non-human protein toxin by 

producing human anti-mouse antibodies (HAMA) and human anti-toxin antibodies 

(HATA). Once antibody levels in the bloodstream become too high, the patient can no 

longer continue the treatment. To address this issue, newer generations of immunotoxins 

are being developed using humanized or fully human antibody fragments, and efforts are 

underway, as discussed in subsequent chapters, to reduce the immunogenicity of the 

toxin component. However, a significant drawback of immunotoxins is their potential to 

cause Vascular Leak Syndrome (VLS). Administered intravenously, immunotoxins can 

interact with epithelial cells lining blood vessels, leading to VLS, which can range from 

severe to fatal. Other serious side effects, such as hepatotoxicity, have also been 

observed, leading to the discontinuation of some clinical trials [62], [63], [64]. 
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1.9.5. Pseudomonas Exotoxin A (ETA) Recombinant Immunotoxins (rIT) 

Recombinant immunotoxins (rITs), a unique class of anticancer drugs, are made of a 

bacterial toxin that has been modified and fused to an antibody fragment to target cancer 

cells. Using antisera for species-specific extracellular antigens, Liu et al. isolated 

pathogenic Pseudomonas species and found the PE toxin. Because the extracellular 

antigens were heat-liable and caused necrotic lesions in rabbit skin, they demonstrated 

exotoxin properties. In several animal species, including rats, rabbits, dogs, and rhesus 

monkeys, purified PE toxin proved fatal. Four hours after exposure to the toxin, the 

animals developed disseminated hepatic necrosis. The increased levels of fibrin splits in 

the blood samples demonstrated that infected mice and dogs frequently had 

hypofibrinogenemia (either alone or in conjunction with thrombocytopenia). In 

laboratory guinea pigs, sublethal intradermal injections of PE toxin caused non-

haemorrhagic skin necrosis, whereas in rabbits, intracorneal injections caused stromal, 

endothelial, and epithelial necrosis [65], [66]. Pseudomonas exotoxin A (PE) (ETA’) is a 

strong bacterial toxin produced by Pseudomonas aeruginosa that quickly stops all 

protein synthesis in cells and causes cell death by altering and inactivating the vital 

Elongation Factor-2 (eEF-2). By substituting an antibody against a cell surface protein 

that expresses differently in normal and cancer cells for the natural binding domain, PE 

can be targeted selectively to the target malignant cell. After binding, the full RIT 

molecule is ingested with the target and processed within the cell to release PE into the 

cytosol. Many cells can undergo apoptosis when just a few PE catalytic units are 

introduced into the cytoplasm [67]. In early-stage clinical studies for leukaemia patients, 

immunotoxins containing the PE38 fragment of the PE catalytic domain showed 

significant effectiveness, including inducing complete remissions in individuals who had 
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previously failed to respond to treatment [68]. These immunotoxins target antigens 

involved in B-cell differentiation, which are not present in essential organs. This provides 

a big enough therapeutic window for clinical application [69].  

1.9.5.1. Pseudomonas aeruginosa exotoxin A structure & domain functions 

Pathogenic Pseudomonas aeruginosa species often produce PE toxin, a virulence 

component encoded on their chromosomes. This proenzyme, comprising 638 amino 

acids, possesses mono-Adenosine diphosphate (ADP) ribosyl transferase activity. Its 

carboxyl-terminal features a specific 5-amino acid sequence (REDL residue). The 

crystalline structure of the toxin, determined at 3.0 Å resolution, reveals three main 

domains: domain I is subdivided into Ia (amino acid residues 1-252) and Ib (amino acid 

residues 365-404), while domain I comprises of residues 253-364 and domain III covers 

residues 405-613. Domain I exhibit a structure similar to the β-rolls found in influenza 

hemagglutinin and consists of 17 antiparallel β strands that form an elongated β-barrel 

shape. Domain Ia was removed during the process of rIT formation [70]. 

Domain II, is necessary for the catalytic domain to go intracellularly into the cytosol of 

cells. It is made up of a disulfide bond joining six successive helices [71]. Histidine 275 

and glutamic acid 80, arginine 274 and aspartic acid 139, and glutamic acid and lysine 

114 form salt bridges that connect these helixes to domain Ia. Hydrogen bonds and 

cysteine (265–287) disulfide linkage reinforce the α-helices' surface loop between 

arginine 279 and glycine 280, which contains protease and furin cleavage sites. The 

tryptophan 281 (Trp281) is located at the P20 position, closer to the furin cleavage site. 

Regardless of the furin cleavage site being exposed, any mutation in Trp281 results in the 

loss of PE toxin effectiveness. Furthermore, a decrease in toxin activity was linked to the 
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substitution of glutamic acid or glycine for the amino acids His246, Arg247, and His249. 

Nevertheless, PE cytotoxicity was unaffected by the substitution of lysine for the three 

residues [72]. The shortened PE moiety indicates less immunogenicity, and the protease 

cleavage sites can be removed without impairing toxin function. On the other hand, as 

furin cleavage sites are essential for toxin detachment from antibodies in the endosomal 

compartment and the start of cellular poisoning, their loss decreased the effectiveness 

of the IT [73]. 

Lastly, the catalytic domain III starts at amino acid 405 and finishes at amino acid 613. 

The flexible loops (L1, L3, and L4) in domains I and II are structurally distinct from this 

one, which is interesting. It indicates that the flexible loop L1, which is controlled by 

Alanine 457 (Ala 457) and Ala 464, is inhibitory in its closed conformation. By forming a 

salt bridge with the domain II helix at Glu348 the side chain Arg467 stabilises the L3 loop. 

The side chains of Leu462, glutamine 460 (Gln460), and arg458 prevent Nicotinamide 

adenine dinucleotide (NAD+) from attaching to the active site. The binding of PE toxin to 

the ADP ribose sugar of NAD+ is made possible by conformational alterations in the L2 

(517–522) and L3 (546–551) loops [72], [74]. Additionally, domain III gains a carboxyl 

terminal that contains the REDL, a sequence of five amino acids: Arg-Glu-Asp-Leu-Lys. 

The KDEL motif is similar to the REDL sequence [74]. According to a study by Chaudhary 

et al., toxin activity was unaffected by mutations in the amino acids 602–608. However, 

the elimination of PE cytotoxicity was linked to deletions of Arg 609 and 612–613. 

Additionally, the amount of cytotoxicity was reduced by a factor of 6–10 when glycine, 

glutamic acid, or leucine were substituted for Arg 609. Nevertheless, the cytotoxic profile 

of the PE toxin remained unchanged when Arg 609 was substituted with lysine. Because 

of this, basic amino acids must be present at this location [74].  
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To elucidate the connection between the carboxyl-terminal of PE toxin and ADP-ribosyl 

transferase activity, Arg-609 and Asp-611 were removed from the mutant PE molecule 

using RPHMPGDILK. The endocytic vesicle did not internalize this chemical, and it did 

not have any harmful consequences. The molecule's cytotoxic activity was restored 

when RPHMPGDPDYASQPGKPPREDLK was added to the carboxyl terminus. The five 

amino acids of REDLK can be retained while attaching a binding ligand (such as TGF-α) 

to the PE toxin inside the carboxyl terminus of PE.  PE domain III was shown to share 

significant similarities with dehydrogenases and nicotinamide adenine dinucleotide 

(NAD+/NADH) binding enzymes that were isolated from different animals.  However, 

NAD+ is used as a substrate rather than a cofactor by PE domain III. Without creating a 

hybrid ion, it can break the C-N bond that connects the nicotinamide and ADP ribose 

moiety [70], [72], [74], [75]. 

 

Figure 10: PE (A) toxin showing amino acid sequences of three domains (I, II, and III) and their intracellular function [66]. 
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1.9.5.2. Mechanism action of rITs 

The plant and bacterial toxins used in immunotoxins kill cells by disrupting protein 

synthesis. For the toxin to be effective against tumors, it must be delivered to the cytosol. 

This process initiates when the immunotoxin’s targeting component binds to specific 

receptors on the surface of cancer cells, such as CD91. For instance, Pseudomonas 

Exotoxin A targets CD91 within the mammalian cell as shown in figure 11. Initially, 

domain I of the toxin binds to the α2-macroglobulin CD91 receptor, also known as low-

density lipoprotein receptor-related protein 1 (LRP1), which leads to internalization into 

the endocytic cell compartment. The processing and movement of these molecules are 

specific to both the target and the toxin, but they eventually result in the transfer of the 

active enzymatic fragment of the toxin to the cytosol. Immunotoxins are internalized 

through receptor-mediated endocytosis and travel through the endolysosomal system to 

the Golgi apparatus, where they are transported to the endoplasmic reticulum (ER). After 

that the toxin is activated through the reduction of a disulfide bond and cleavage by the 

protease furin, which separates the Fv fragment from the catalytic part of the toxin. Once 

activated, the toxin translocates into the cytosol, where its ADP-ribosylates and 

inactivates elongation factor 2, a crucial component of the protein synthesis machinery. 

This blockage of protein synthesis eventually results into cell death [64], [79], [80]. 
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Figure 11: Pathway of Pseudomonas aeruginosa exotoxin A (ETA’) toxin inside the affected cell and ADP-

ribosylation of ribosomal elongation factor 2. An immunotoxin is genetically fused to a scFv antibody that binds to 

an antigen on a target cell. Once the immunotoxin binds to the target cell, the antigen-immunotoxin complex enters the 

target cell through endocytosis. The immunotoxin is either localized to an acidified endosome or endoplasmic 

reticulum (ER) and Golgi apparatus in the cell. Once inside these organelles the linker connecting the toxin and scFv is 

cleaved. The free toxin catalytically inactivates the protein synthesis machinery of the cell. This is achieved by 

catalyzing ADP ribosylation and inactivating elongation factor 2. This results in the arrest of protein translation and 

leading to cell death. The figure was obtained from the article: Advances in Anticancer Immunotoxin Therapy  [66]. 

1.9.6. Recombinant Immunotoxins (RITs) for solid tumors 

1.9.6.1. SS1P Recombinant Immunotoxin 

Alewine et al., in 2015 identified SSIP immunotoxin and it is one of the immunotoxins 

currently being clinically tested as a systemic agent in solid tumor patients. SS1P 

contains the same PE38 fragment found in moxetumomab pasudotox and LMB-2 (an 
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immunotoxin targeting the interleukin 2 receptor), but it uses the SS1 antibody, which 

targets mesothelin (MSLN). Two phase I trials of single-agent SS1P were conducted, each 

with a different administration schedule. The efficacy and toxicity profiles were 

compared, and they found that most patients developed antidrug antibodies by the end 

of the first treatment cycle, leading to subtherapeutic drug levels if additional cycles were 

administered. Dose-limiting toxicities included self-limiting pleuritis, likely caused by the 

targeting of MSLN, which affected the normal pleura. Subsequent experiences showed 

that this toxicity could be effectively managed with steroids and prompt narcotic pain 

medication at the first signs as well as vascular leak syndrome and fatigue were also 

observed. These findings highlighted the need for strategies to manage the immune 

response against this therapeutic. In their study they further tested SS1P in combination 

with standard chemotherapeutics (cisplatin and pemetrexed) in patients with newly 

diagnosed malignant mesothelioma and they observed the toxicity in this phase I study 

similar to that seen with the individual drugs. No reduction in the established SS1P dose 

was required for the combination to be safe. Fatigue was identified as the dose-limiting 

toxicity. In this study, 12 out of 20 patients achieved a partial response, although the 

chemotherapy-induced hematologic suppression did not prevent the development of 

neutralizing antidrug antibodies [61]. 

1.9.7. Immunogenicity of the therapeutic rITs 
The compounds known as recombinant immunotoxins are immunogenic. Humanising 

this part of the molecule can prevent host anti-mouse antibodies from attacking the 

antibody portion of the immunotoxin. The toxin domain, predictably, is even more 

immunogenic. Due to their tumour, patients with haematologic malignancies typically 

have compromised immune responses and either produce antidrug antibodies later in 
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their treatment or not at all [76]. Conversely, nearly all patients with solid tumours quickly 

produce anti-immunotoxin antibodies following the administration of therapy. There have 

been several immunosuppressive regimens evaluated on this population. Immunotoxin 

treatment was found to be ineffective when cyclophosphamide was administered as a 

single intravenous dosage. Pretreatment with oral cyclosporine A also did not decrease 

the production of anti-immunotoxin antibodies. Additionally, rituximab's suppression of 

the antibody response was investigated. Even though none of the patients had detectable 

peripheral B cells when immunotoxin was given, they all generated antibodies against 

immunotoxins [77],[78].  

A recent study demonstrated that a new lymphocyte-depleting treatment, combining 

pentostatin and cyclophosphamide, effectively delays the formation of neutralizing anti- 

antibodies in patients with solid tumors. Originally developed to address host-versus-

graft reactions in patients receiving allogeneic bone marrow transplants with major 

histocompatibility complex mismatches, this regimen depletes T and B cells while 

sparing myeloid cells. Additionally, it leads to a significant and prolonged suppression of 

T-cell effector function, which is more pronounced than would be expected based solely 

on the depletion of cell numbers [79], [80], [81]. The combination was evaluated as a 

preparatory regimen prior to immunotoxin treatment in preclinical mouse studies and 

subsequently in patients with malignant mesothelioma. In the clinical pilot study, 8 out 

of 10 patients were able to receive multiple cycles of immunotoxin treatment before 

developing neutralizing antibodies against the immunotoxin. This advancement makes it 

possible to administer immunotoxins repeatedly to solid tumor patients for the first time 

[82]. 
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1.9.7.1. Structural optimization in PE38 to reduce immunogenicity and 
enhance its efficacy 

Framework humanization, chimerization, and the use of humanized germlines in mice 

have all been proposed as approaches for managing the immunogenicity of therapeutic 

monoclonal antibodies. These approaches greatly reduce the prevalence of anti-mouse 

and anti-chimera antibodies. Immunogenicity to the variable complementarity-

determining region domains may continue. Other ways to minimize immunogenicity of 

RITs include masking immunogenic epitopes through PEGylation, however, combined 

therapy with immune suppressive drugs might be harmful and limit treatment options 

[83], [84], [85]. 

1.9.7.1.1. Deletion of Domain II of PE38  

Protease evasion can interfere with protein processing in the endosome and late 

endosome, leading to a decrease in peptide presentation by MHC II molecules and 

reduced T-cell activation. Weldon et al., found that domain II of PE38 was highly 

susceptible to digestion by lysosomal proteases, and that up to 102 out of 113 amino 

acids in this domain could be deleted without compromising function, as long as the furin 

cleavage site (amino acids 274-284) was preserved. Deleting most of domain II also 

eliminated the immunogenic B and T cell epitopes within it. The resulting mutant toxins, 

referred to as (LR) for lysosome protease resistance or PE24, were tested in three 

different strains of mice, showing a significant reduction in antibody response [86]. 

1.9.7.1.2. Identification of B-Cell Epitopes 

Regions on the surface of a protein known as B-cell epitopes are where antibodies and 

B-cell receptors attach. The majority of immune responses can be regulated by these 

epitopes, which frequently cluster together on the surface of the antigen. The B cell 
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epitopes in blood samples from humans and monkeys treated with immunotoxins were 

mapped by Roscoe et al., using synthesised peptides from PE38 [83], [87]. The linear 

epitopes of the toxin were detected using this method, but discontinuous conformational 

B cell epitopes were not. Using a capture assay, Onda and Nagata isolated monoclonal 

antibodies that reacted with native PE38 in solution while studying rIT-immunized 

animals. In PE38, they found seven murine conformational epitopes, and they found 

single-point alanine alterations that prevented those antibodies from binding. They 

created the new de-immunized mouse rIT and named it 8M. Significantly, this rIT 

exhibited a low immunogenicity response upon injection into mice while maintaining 

outstanding cytotoxic and anti-tumor effectiveness. By eliminating B cell epitopes, these 

research provided the first evidence that immunogenicity might be significantly reduced 

[87], [88].  

Human B-cell epitopes in domain III were identified using phage display techniques. The 

focus on domain III of PE was due to the discovery that most of domain II is not essential 

for the activity of immunotoxins and can be removed. B cells were isolated from seven 

patients undergoing immunotoxin therapy, and phage Fv libraries were created from 

these B cells, specifically those with Fvs that reacted with domain III of PE. This selected 

library represented the antibody repertoire capable of binding and neutralizing rITs 

containing domain III. Next, an immunotoxin library was generated, containing 36 mutant 

PE immunotoxin constructs, each with a single point mutation replacing large amino 

acids such as arginine, glutamine, and glutamic acid with alanine. The phage library was 

then panned against each mutant rIT, identifying point mutations that disrupted binding 

[89], [90], [91]. Seven primary B-cell epitopes were discovered and silenced by changing 

key residues in these epitopes to alanine (A). The modified toxin, named LO10 (after the 
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initials of the two scientists who developed it), has since been used to create 

immunotoxins targeting both CD22 and mesothelin [89]. 

1.9.7.1.3. Identification of T-Cell Epitopes 

Eliminating B-cell epitopes, as discussed in subsection 1.9.7.1.2, assisted in avoiding 

recognition by pre-existing antibodies. However, the removal of immunodominant B-cell 

epitopes does not stop B cells with low-affinity receptors from undergoing affinity 

maturation and class switching, processes that are supported by professional antigen-

presenting cells and helper T cells [96]. In contrast to B cells, the specificity of T-cell 

receptors remains constant when encountering an antigen. Once T-cell epitopes are 

removed, the formation of new specificities is unlikely [97]. In a proof-of-concept 

experiment, murine T-cell epitopes in PE38 were mapped using a peptide library and IL2 

ELISpot analysis of spleen samples from immunized mice. By performing alanine 

scanning on each amino acid within 15-mer epitopes, specific point mutations were 

identified that could block the T-cell response. A new recombinant immunotoxin (rIT) with 

multiple point mutations in PE38 was developed, which effectively prevented the 

formation of anti-PE antibodies. Further experiments with BALB/c mice confirmed the 

identification of a subdominant T-cell epitope in domain III. The study also revealed that 

a slightly altered version of the de-immunized PE (A505H), when delivered with a different 

method and adjuvant, demonstrated significantly reduced immunogenicity compared to 

PE24. To map the human T-cell epitopes in PE38, PBMCs from 50 donors with HLA 

profiles similar to those of typical Western patients were utilized. These PBMCs were 

expanded using PE38 to enhance antigen processing and presentation, thereby enriching 

the T cells that recognized PE38 epitopes [92].  
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The enriched T cells were re-stimulated with overlapping peptides that span the 

sequence of PE38. T cell activation was monitored using IL-2 ELISpot [93], [94]. Twenty-

three peptides whose sequence overlap had positive responses and made up eight T cell 

epitopes [79]. One of these epitopes, located in domain II, was present in 21 out of 50 

donors [92]. The eight T-cell epitopes found in PBMCs from naïve donors were also 

present in samples from 16 cancer patients who had been treated with PE38-based RITs 

and had generated an immune response to the protein. This indicates that PE38 includes 

these eight T-cell epitopes, while other areas of the protein are less likely to trigger an 

immune reaction. It was also observed that when similar assays were performed with 

PBMCs from immunized Hairy Cell Leukemia (HCL) patients, several epitopes were not 

detected [79]. A promising immunodominant epitope that can be removed without 

significantly reducing activity or stability was among the T-cell epitopes in PE38 that were 

identified. Since nearly all of the amino acids in domain II of immunotoxin HA22-LR have 

been deleted, 34% of donors were not immunogenic, and another 42% were less 

immunogenic. Point mutations that eliminate domain III epitopes will be combined with 

the deletion of domain II in this study. For patients with healthy immune systems, it is 

expected that immunotoxins with mutations that destroy T-cell epitopes can be 

administered for multiple cycles, improving antitumor responses [95] . 

1.9.7.1.4. SS1-LR Recombinant Immunotoxin 

SS1P is comprised of an anti-mesothelin antibody Fv linked to a cytotoxic fragment of 

Pseudomonas exotoxin A ETA’ (PE) that includes domains II and III of native PE. The 

clinical effectiveness of SS1P was found to be limited by its tendency to trigger 

neutralizing antibodies and to cause a dose-limiting capillary leak syndrome (CLS) in 

patients. To address this issue, the knowledge of the PE intoxication pathway was used 
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to re-engineer SS1P with improved properties. This “lysosomal degradation resistant” 

(LR) variant rIT was developed by removing protease-sensitive regions of PE38 and 

targeting it to the B-cell specific CD22 receptor with the HA22 high-affinity anti-CD22 Fv. 

The modified immunotoxin showed cytotoxic activity similar to SS1P in various 

mesothelin-expressing cell lines and demonstrated significantly enhanced activity in 

primary cells from mesothelioma patients [108], [109]. The modifications involved 

removing the majority of PE domain II (residues 251-273 and 284-394 of the native PE), 

retaining only an 11-residue furin cleavage site, inserting a Gly-Gly-Ser peptide linker 

after the cleavage site, and substituting eight solvent-exposed residues in the catalytic 

domain of PE. In a mouse xenograft tumor model, high doses of SS1-LR/GGS/8M 

exhibited better antitumor effects compared to SS1P at its highest tolerated dose. 

Additionally, SS1-LR/GGS/8M caused significantly less CLS in a rat model and exhibited 

reduced antigenicity, showing decreased reactivity with antibodies from patients 

previously treated with SS1P [110], [111], [112]. 

1.9.7.2. RG7787 Recombinant Immunotoxin 

The efficacy of SSIP immunotoxin was limited because 90% of patients developed 

neutralizing antibodies against the bacterial toxin after just one cycle of treatment, which 

hindered effective and continuous use of the rIT. To address this challenge, Alewine et al., 

explored a strategy to reduce neutralizing antibody formation by using protein 

engineering to design a less immunogenic version of PE38. This involved introducing 

seven-point mutations into the catalytic domain of PE to eliminate human B-cell 

epitopes. Removing most of domain II also eliminated additional epitopes and protease 

cleavage sites that hindered intracellular processing efficiency. The resulting modified 
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PE, known as PE24, showed similar in vitro activity to PE38 but with reduced reactivity to 

human anti-sera and lower nonspecific toxicity in rodent models. This allowed for the 

safe administration of 5- to 10-fold higher doses. The PE24 platform was subsequently 

used to create a new mesothelin-targeted RIT called RG7787, developed by Ira Pastan's 

group in collaboration with Roche. RG7787 combines PE24, a variant of ETA’ with seven 

human B-cell epitopes deleted using alanine scanning mutagenesis, and a humanized 

anti-MSLN antibody Fab fragment. The mutated human B-cell epitopes in RG7787, 

including R490A & R467A (common to both mouse and human B cell epitopes), as well 

as R427A, R505A, and D463A (shared B and T cell epitopes), retained full cytotoxic 

activity. RG7787 demonstrated the same stability and binding properties as previous 

mesothelin-targeted RITs, but with reduced immunogenicity and a longer half-life 

compared to smaller dsFv-based PE24 molecules [59], [62], [63], [64], [96]. 

1.9.7.3. New version RG7787 rIT (dETA’) 
One of the advantages of RG7787 rIT is its ability to have a longer half-life and is less 

immunogenic than smaller dsFv-based PE24 molecules, but drawbacks such as reduced 

enzymatic activity and cytotoxicity in comparison to its wild-type control when evaluated 

in gastric cancer cell lines raise concerns for future use and application in clinical 

studies. Therefore, to try and restore the enzymatic activity of this recombinant 

immunotoxin, our group (Medical Biotechnology & Immunotherapy Research Unit) in 

collaboration with the group of Prof. Paolo Carloni (Institute for Advanced Simulation, 

Forschungszentrum Julich, German), identified and is currently studying point mutations 

identified by dynamic protein interaction modelling that might at least recover the 

cytotoxic/enzymatic activities of proteins bearing the RG7787 mutations as shown in 

(Table 2). The newly identified point of mutations with the mutations that were already 
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existing in RG7787 RIT were introduced into a proDer p-1 backbone bearing the wild-type 

PE38 variant of ETA’ by one of the PhD candidates from our lab to evaluate improvement 

in enzymatic activity [62], [82]. 

Table 2:  Mutations identified by Prof. Paolo Carloni group to improve the cytotoxic activity 

of proteins bearing RG7787 mutations, red highlighted being the focus of this study. (Table 

Duplicated from Daramola Adebukola PhD thesis) 

No Point mutations identified 

by MDS to restore enzymatic 

activity 

Point mutations from MDS added to mutations 

present on RG7787 (Herewith termed dETA’) 

1 R456T R427A, R456T, D463A, R467A, R490A, R505A, R538A 

2 R456C R427A, R456C, D463A, R467A, R490A, R505A, R538A 

3 R456T, R490Adeletion R427A, R456T, D463A, R467A, R505A, R538A 

4 R456C, R490Adeletion R427A, R456C, D463A, R467A, R505A, R538A 
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Chapter 2: Aims & Objectives 
2.  Aims & Objectives 

This section focuses on explaining the overall aim of the study and the objectives that 

were followed to accomplish the results of the study. 

2.1.1. Study Aim  

TNBC is a highly aggressive and rapidly progressing type of breast cancer that mainly 

affects women of African descent. It is difficult to treat because it does not express 

hormone receptors or overexpress human epidermal growth factor receptor 2 (HER2). 

While chemotherapy may initially be effective, recurrence is common, resulting in a low 

survival rate [97]. RITs are currently researched as an appealing alternative to 

conventional therapeutics for TNBC and other diseases. Immunotoxins can currently be 

made using a variety of recombinant antibody forms. Although design improvements 

have enhanced immunotoxin efficacy in vitro and preclinical in vivo, increasing potency 

does not address the two main issues for these drugs: immunogenicity and toxicity [98].  

Therefore, this research study aims to generate a next version of Pseudomonas Exotoxins 

A (ETA’) based recombinant immunotoxins with reduced immunogenicity and potentially 

recover excellent enzymatic activity targeting differentially overexpressed antigens in 

triple-negative breast cancer cells, LIV-1 and TROP2 cell surface antigens. 
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2.1.2. Main objectives 

To achieve our study aim, the following study objectives had to be followed: 

1. In-silico design and molecular cloning of trop2(scFv) and LIV-1(scFv) with R456C 

mutation recombinant plasmids. 

2.  Expression of recombinant proteins in the periplasmic space of BL21 E. coli 

bacteria, using compatible solutes supported stress expression and purification 

of full-length fusion proteins using the established protocols. 

3.  Structural validation of a full-length his-tag fusion proteins using Sodium Dodecyl 

Sulphate Polyacrylamide Gel Electrophoresis (SDS PAGE) and Western Blot 

techniques. 

4. Confirming the in vitro binding activity to LIV-1/TROP2-positive cell lines. 

5. Followed by establishing an enzyme assay as per PhD of Adebukola Daramola and 

compare relative activities of anti-TROP2 and anti-LIV-1 fused to:  

i) ETA’ Wild-Type (WT) 

ii) dETA’ (RG7787(R456T)) 

iii) dETA’ (RG7787(R456C)) 

iv) dETA’ (RG7787-R490A(R456T)) 

v)  dETA’ (RG7787-R490A(R456C)) 

vi) dETA’ (RG7787-R490A) 

vii) dETA’ (RG7787) 

6. Finishing up by confirming a dose-dependent toxicity of the constructs with 

highest enzymatic activities to determine molar IC50 values. 
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Figure 12: Shows the study workflow. Showing a step-by-step summary of the work done to 

achieve the stated objectives.  
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Chapter 3: Materials and Methodology 
This chapter explains the materials and equipment’s used to develop methodologies, 

protocols, and standard operating procedures at the Medical Biotechnology and 

Immunotherapy Research Unit (MB&I). The methodology described is used by members 

of the MB&I and is therefore representative.  

3.1. Materials & Methodology  

For all the objectives to be successful, the following experiments had to be conducted. 

Therefore, in this section, the experimental methods using materials found in (Appendix 

section) are explained.  

3.1.1. In silico Plasmid Design 

In silico plasmid design refers to scientific work or findings that are carried out using 

computer simulation instead of biological studies. With readily available information 

such as antibody sequences, species of origin such as human or mouse, epitope 

identification within an antigen, and with the application of recombinant DNA (rDNA) 

technology, mAb against target antigen was created in a short period. Understanding the 

antibody sequences that identify the target antigen was critical for the creation of scFv. 

Two students from our lab (Jesmika Sigh and Sizalobuhle Masuku) had already identified 

the antibody sequences of interest using "Google Patents" and DEPATISnet online public 

libraries, and they developed pMT recombinant plasmids, which I utilized to source the 

scFv DNA sequences of interest. SnapGene® software (v.5.0.8, GSL Biotech LLC, USA) 

was used to create the ORF encoding the RITs for expression in the pMT vector.  
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To generate the pMT-dETA’ vector, the readily available pMT-ETA’ which is flanked with 

NotI and BlpI restriction sites was used, which allowed us to do the excision of the ETA’ 

portion and compatible insertion of the different dETA’ versions, to generate pMT-dETA’ 

recombinant plasmid versions. The resultant constructs are expressed within the 

periplasm of (E. coli, BL21 cells) using an osmotic stress induction protocol, in the 

presence of compatible solutes. The pMT-dETA’ plasmids have been engineered to have 

a pelB leader sequence that allows the exportation of the produced recombinant 

proteins periplasm. The bacterial expression vector also comprises the scFv and 

upstream of the scFv is the N-terminal pelB peptide signal/leader sequence that directs 

the fusion protein to the bacterial periplasm, where the sequence is removed by signal 

peptidase, followed by (in order, N → C) the two recommended alanine (AA) residues, a 

poly(10x)-histidine tag, or His-tag233 and an enterokinase cleavage site (DDDDK), which 

allows digestive cleavage of the fusion protein for optional removal of the N-terminal 

elements. 

Table 3: Elements of the pMT bacterial expression vector and their functions. 

FEATURE FUNCTION 

pelB leader sequence signal sequence for transportation of the recombinant 

protein to the periplasmic space 

N-terminal poly-histidine tag 

(10X His-tag) 

Essential for protein enrichment with the IMAC for protein 

purification and to detect the protein by western blot 

analysis. 
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Enterokinase cleavage (EKS) Responsible for the separation of the recombinant protein 

from the 10X His-tag 

C-terminus (dETA’) Is a deletion mutant of Pseudomonas Exotoxin A’ and its 

deimmunized version responsible for tumor cell killing 

 

3.1.2. Molecular Cloning 

The molecular cloning technique is used for isolating a DNA sequence from any species 

(usually a gene) and inserting it into a vector for propagation without altering the original 

DNA sequence. Once isolated, molecular clones can be utilized to make multiple copies 

of the DNA for gene sequence analysis and/or to express the resulting protein for study or 

application of its function. Clones can also be altered and changed in vitro to change the 

protein's expression and function. 

New England Biolabs (USA) supplied the restriction enzymes (SfiI, NotI, BlpI, MauBl, PstI, 

and PvuII), CutSmart® buffer, T4 DNA ligase, and T4 ligase buffer. All specified reagents 

were utilized according to the manufacturer's guide instructions. 

3.1.2.1. Transformation of plasmid DNA using competent bacterial cells 

Commercially available NEB® 5-alpha E. coli calcium-competent cells (Catalogue 

number: C2987I, New England Biolabs, USA), were thawed on ice. The 50μL of competent 

cells were incubated with 1μg of plasmid DNA for 30 minutes on ice. The cells were heat-

shocked for 60 seconds at 42 °C. The heat shock disrupts the bacterial membrane, 

resulting in the formation of pores that allow DNA entry. The cells were treated with 950μL 

of room temperature Super Optimal Broth with Catabolite Repression (SOC). Each tube 
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was mixed thoroughly and incubated at 37 °C for 60 minutes. All tubes were spun down 

to pellet the cells, 900μL of the supernatant was discarded and the cells were 

resuspended in the remaining 100μL and streaked on a kanamycin-supplemented LB 

agar plate. The streaked plates were incubated overnight at 37 °C. The next day, single 

colonies were selected from each plate and inoculated in 50mL of LB Broth, 

supplemented with kanamycin (100ng/μL). The cultures were incubated overnight on a 

shaking incubator at 37 °C. 

3.1.2.2. Growth and maintenance of E. coli 

On the following day, a single recombinant colony of E. coli obtained from the above 

procedure was used to inoculate an LB medium containing the kanamycin antibiotic and 

grown overnight at 37°C with vigorous shaking (225 rpm). Glycerol stocks were prepared 

by mixing 500 µl of overnight culture with 500 µl of 50 % (v/v) sterile glycerol. Glycerol 

stocks were immediately stored at -80°C for long-term storage. 

Plasmid DNA from 50 ml liquid cultures of recombinant E. coli was isolated/purified using 

the NucleoSpin Plasmid Kit (Macherey-Nagel) according to the manufacturer´s 

instructions and stored at 4°C in nuclease-free water. The concentration of DNA in 

plasmid preps was determined by measuring the absorbance at 260 nm and the purity of 

the nucleic acid was determined by measuring the 260 nm / 280 nm absorbance ratio, 

which is 1.8 or higher for pure DNA. 

3.1.2.3. Restriction Digest of DNA  

Restriction digest of plasmid DNA was carried out by incubating 2 µg of plasmid DNA 

reaction with corresponding restriction enzyme and buffer in a heating block following 

recommended temperature and time points by the manufacturer. To analyse the size and 



65 
 

concentration of isolated plasmid DNA an analytical agarose gel electrophoresis was 

performed. Briefly, 1.2 % (w/v) agarose gels were prepared in TAE buffer containing a 10:1 

ratio of SYBRTM Safe DNA gel stain. After casting the gel, DNA-containing samples were 

gently loaded into the pre-cast wells and a 2-log DNA ladder (New England Biolabs) was 

used as a standard to evaluate DNA size and fragment integrity. DNA bands were 

visualized on a UV transilluminator at a wavelength of 509 nm and an agarose block 

containing the DNA fragments of interest was excised with a sterile blade. DNA extraction 

and purification were performed using a QIAquick gel extraction kit (Qiagen) according to 

the manufacturer´s guidelines and stored at 4°C. 

3.1.2.4. Ligation of DNA 

The ligation of DNA fragments was performed using the T4 DNA ligase kit according to the 

manufacturer’s instructions. Briefly, the NEBioCalculator was used to calculate different 

vectors to insert molar ratios (1:1, 1:2, and 1:3) for the respective DNA sizes. A 20 µl 

ligation reaction was then set up in the presence of 200-400 U of T4 DNA Ligase (New 

England 68 BioLabs) and a ligase buffer system. The ligation reaction was incubated at 

16°C overnight followed by heat inactivation at 65°C for 10 minutes and transformed into 

competent NEB® 5-alpha E. coli calcium-competent cells as explained above. 

Table 4: Ligation components used in this study per 20µl reaction 

COMPONENTS 20 ul REACTION 

T4 DNA Ligase Reaction Buffer (10x) 2µl 

T4 Ligase Enzyme 1µl 

Vector 50 ng 
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Insert Differs for each ratio 

Deionized Water Topped up to 20µl 

 

3.1.2.5. Mini preparation of recombinant plasmid DNA 

Clones for downstream applications were prepared using Miniprep (as per Zippy Miniprep 

SOP). Briefly, several colonies were picked from each ligated plates and was grown in 2 

ml LB supplemented with kanamycin and was grown overnight at 37⁰ C on a shaking 

incubator. On the following day, 600 µl of bacterial cultures grown were added to 1.5 ml 

microcentrifuge tubes and was centrifuged for 30 seconds at maximum speed. The 

supernatant was then discarded, the process was repeated until all required pellets were 

obtained. After that, 600 µl of water was added for pellet resuspension. Then, 350 µl of 

cold neutralization buffer was added and mixed thoroughly. It was then centrifuged at 11, 

000 xg for 2-4 minutes. The supernatant was then carefully transferred into Zymo-Spin IIN 

column. The column was placed on the collection tube and centrifuged for 15 seconds. 

The flowthroughs were discarded and 200 µl of Endo-Wash Buffer was added to the 

column and centrifuged for 30 seconds. Zippy Wash Buffer (400 µl) was then added to 

the to the column and centrifuged for 1 minute. Columns containing different clones 

were then placed into new 1.5 microcentrifuge tubes and 30 µl of nuclease free water 

was added and centrifuged for 30 seconds to elute the plasmids DNA. 

3.1.2.6. Restriction Mapping of Recombinant DNA 

Restriction mapping was used to identify the clones harbouring plasmids to be prepared 

for sequencing. Briefly, the agarose gel simulation was done using SnapGene software to 

find the unique cutters that can show a properly difference between the pMT-ETA that 
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was used as backbone and the newly ligated inserts. The unique cutters that were used 

for this experiment are shown in the table below. 

Table 5: Shows different cutters and the quantity that was used for restriction mapping. 

COMPONENT QUANTITY 

Plasmid DNA 1µg 

Cut Smart Buffer® 5µl 

MauBI 1µl 

PstI 1µl 

Nuclease free water Topped up to 20µl 

 

After confirming the clones, the DNA sequencing was used to confirm and characterise 

the presence of both the scFv and the plasmid composition. Primers were designed and 

procured from Inqaba Biotechnical Industries (Pretoria, South Africa), and sequencing 

was conducted at the Central Analytical Facilities (Stellenbosch University, South Africa). 

To align the sequencing results to the in silico ORF reference files SnapGene® software 

was used. Following successful cloning validation from sequencing and restriction 

mapping, bacterial expression was conducted.   
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3.2. Expression of recombinant proteins  

3.2.1. Compatible-solute-supported Periplasmic expression in E. Coli under osmotic stress 

condition 

A major disadvantage accustomed to traditional methods of expressing recombinant 

proteins such as immunotoxins (RITs) in E. coli is the low yield of active proteins 

recovered from inclusion bodies. To enhance folding, solubility and yield, the 

recombinant immunotoxins were expressed in BL21(DE) cells (NEB) using the 

periplasmic stress expression protocol described by Barth et al., [99].  

Briefly, a freshly transformed single bacterial colony was used to inoculate 50 ml of TB 

media and cultivated overnight at 26 °C (225 rpm). 5 ml of this overnight culture was 

transferred into fresh 250 ml TB medium until an OD600 of 1.6 was reached (5 hours, 26 

°C, and 180 rpm). Stress was induced by the addition of 0.5 M Sorbitol, 4 % NaCl, 10 mM 

Glycine-Betain, and 100 ml TB/ZnCl2 media. After incubation for 30 minutes at 26°C, 

expression of recombinant protein was induced by the addition of 2 mM IPTG. Induction 

was continued for 16 h at 26 °C while shaking (225 rpm). Afterward, the IPTG-induced 

cells were harvested by centrifugation (4000 × g, 10 min, 4°C) and stored at -80°C. For 

purification, the frozen pellet was resuspended in ice-cold preparation buffer (pH 8.0) 

containing; 75 mM Tris/HCl, 300 mM NaCl, 5 mM DTT, 10 mM EDTA, 10% (v/v) glycerol, 

and complete protease inhibitor (1 Tab / 50 ml, Sigma Aldrich). To release the periplasmic 

content, the 69 samples were sonicated six times (60 s at 200 W), and cell debris was 

removed by centrifugation (24,000 × g, 20 min, 4°C). DTT, EDTA, and diverse metabolic 

chemicals were removed by dialysis against phosphate-buffered saline (PBS) plus 0.4 M 
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NaCl (pH 7.4) at 4°C overnight. To prevent unspecific binding during protein purification 

by IMAC, the bacterial lysate was supplemented with 5 mM imidazole. 

3.3. Immobilized metal ion affinity chromatography (IMAC) 

 IMAC is a widely used technique to purify or rapidly enrich Poly histidine tagged proteins. 

To purify bacteria-expressed fusion proteins, an Äkta Avant purifier system (GE 

Healthcare) loaded with pre-packed His Trap Excel (GE Healthcare) was used.  

3.3.1. Purification of bacterial lysate  

3.3.1.1. 1st IMAC Purification 

All the bacterial lysates (soluble fractions) were cleared by passing them through a 0.45 

µm filter (Millipore) before loading them onto a ready-to-use His-Trap column at a flow 

rate of 5 ml/minute. Afterwards, the column was washed with a wash buffer containing 

20 mM imidazole until the baseline was reached. Finally, bound proteins were eluted 

using an elution buffer containing 500 mM imidazole at a flow rate of 5 ml/minute. The 

eluted protein fractions were subsequently screened by Sodium dodecyl sulphate 

polyacrylamide gel electrophoresis before concentrating fractions (using the Amicon® 

ultrafiltration device 10K) with the protein of interest. 

3.3.1.2. 2nd IMAC Purification 

The concentrated protein fractions were then further purified using the 2nd IMAC protocol. 

Briefly, the concentrated proteins were applied to 1 ml His-Trap HP column using a 

loading buffer containing 10 mM imidazole. The proteins were then washed to remove all 

the contaminants that might have bound to our protein of interest using the buffer 

containing 30 mM imidazole. It was then eluted using the elution buffer containing 250 

mM imidazole. It was then concentrated using a 30 kD size Amicon tube. 
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3.4. Protein analysis  

3.4.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

 To analyse protein samples, a 10 % SDS-PAGE was used to separate proteins based on 

their specific molecular weight. Briefly, protein samples were denatured by mixing with 

4x Laemmli buffer (3:1) and heating for 5 minutes at 95°C. Thereafter, 25 µl of denatured 

protein samples and 3 µl of prestained protein molecular weight marker (Thermofisher) 

were loaded onto a polyacrylamide gel. The proteins were separated by running the gel at 

100 Volts for 90 minutes in a Mini-PROTEANII chamber (Bio-Rad) in 1x running buffer. 

Thereafter, protein bands were visualized and analysed by staining the gel with Aqua-

stain for 15- 30 minutes.  

3.4.2. Western blotting 

 Western blot (also called protein immunoblot) is a widely used technique that allows the 

specific detection of protein separated by gel electrophoresis. Briefly, proteins separated 

by SDS-PAGE were transferred from the polyacrylamide gel onto a Whatman® 

nitrocellulose membrane (Sigma) using an Xcell II Blot Module (Bio-Rad) for electro-tank 

blotting at 100 Volts for 90 minutes in transfer buffer. This allows the movement of 

negatively charged proteins from the gel toward the positively charged anode of the 

blotting chamber. Afterward, unspecific binding of the detection antibody to the 

nitrocellulose membrane was prevented by blocking it with 5% non-fat dry milk for 1 hour 

at RT. The membrane was washed three times with 1x PBST and incubated with an anti-

His-tag primary antibody at 4 °C overnight on a rocker. Thereafter, unbound antibodies 

were removed by washing the membrane in TBS-Tween (4 times) and incubating it with 

horseradish peroxidase-conjugated anti-rabbit-IgG secondary 72 antibodies (1:5,000; 
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Sigma) for 1 hr at RT. A second set of washes was performed in TBS-Tween (4 times) before 

staining with the chemiluminescent substrate. For detection, the nitrocellulose 

membrane was covered evenly with the enhanced chemiluminescence (ECL) mixture for 

1 minute and the luminesce signal was captured by a Gel Doc. 

3.5. Analysis of RITs binding to cell lines 

The uptake of receptor-bound scFv fusion proteins and RITs was performed and 

monitored using confocal microscopy on adherent cells only (such as TNBC cells).  

The primary cell line of interest used is MCF-7 (positive cell lines, due to the 

overexpression of LIV-1 and TROP2), and SiHa and HERK293 (as negative cell lines, and 

have not been recorded to overexpress LIV-1 and TROP2). On 6-chambered cell plates, 

the cells will be seeded in a complete medium dependent on cell line type and left to 

grow overnight at 5% CO2, 37°C. The cells will then be washed for 1 hour using PBS and 

stained with Alexa 488/647 and Phycoerythrin (PE)-conjugated anti-His tag antibody, 

containing the labelled recombinant immunotoxin. The cells will be washed again with 

PBS (pH 7.4) and counterstained using nuclear stain DAPI. Following staining, the cells 

will then be fixed with 2%paraformaldehyde, and images of the result will be captured 

using a confocal microscope with the help of Professor Dirk Lang in the core facility. 

3.6. Cell viability assay  

Measurement of cell viability was done by using the XTT cell proliferation Kit II (Sigma 

Aldrich). This assay is based on the ability of mitochondria enzymes in metabolic active 

cells to reduce the tetrazolium salt XTT (sodium 2,3, -bis(2-methoxy-4-nitro-5-

sulfophenyl)-5- [(phenylamino)-carbonyl]-2H-tetrazolium) to a water-soluble orange 
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formazan dye. Briefly, 5x 103 cells were seeded per well into a 96-well plate and incubated 

at standard cell culture conditions (37°C and 5% CO2). After 24 hours, serial 

concentrations of recombinant fusion proteins were added, and the cells were incubated 

for an additional 72 hours. The readout was conducted after incubation of the cells for 4 

hours with freshly prepared XTT labelling reagent and electron coupling reagent mixture 

(50:1) at 37°C and 5% CO2. The absorbance of the reduced XTT was measured at 450 nm 

with a reference of 655 nm using a spectrophotometer (Bio-Rad). The concentration of 

recombinant fusion protein required to kill 50 % of cells (IC50) was calculated by 

normalizing data to untreated control and zeocin control using the GraphPad Prism v8.0 

software. All experiments were carried out in triplicate. 
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Chapter 4: Results 
In this study four novel RITs were generated (anti-hliv22(scFv)-ETA’, anti-trop2(scFv)-ETA’, 

anti-hliv22(scFv)- (R456C+R90A)-dETA’ and anti-trop2(scFv)- (R456C+R490A)-dETA’) to 

evaluate their potential in selectively targeting antigen positive TNBC cells and delivering 

therapeutic probes. The RITs were successfully expressed in the periplasmic space of 

BL21 (DE3) E. coli cells using the osmotic stress protocol. The expressed rITs were 

purified using IMAC, characterized using SDS and western blot techniques. The binding 

of the rITs was assessed using confocal microscopy, followed by XTT assays for 

cytotoxicity studies. Therefore, this section of the study reports on the findings of the 

study, describing the design and development of these RITs, their functional 

characterization, and in vitro assessments.  

4.1. In Silico Plasmid Design 

The in-silico plasmid design was conducted as explained in subsection 3.1.1. The pMT 

hliv22 (scFv)-ETA’ and trop2 (scFv)-ETA’ plasmid vector sequences were already 

optimized by removing rare and repetitive codons to reduce immunogenicity, stabilize 

and reduce nuclease degradation in our lab, as well as the sequences of including the 

desired different point of mutations were already available in the lab. The SnapGene® 

software was used for the in-silico design of the pMT-hLIV22(scFv)-dETA’ and trop2 

(scFv)-dETA’ having the desired point of mutations (R456C+R490A) vector map. Briefly, 

the optimized sequences of different point mutations were inserted using Not1 and BIP1 

restriction sites into the pMT hliv22(scFv) and pMT trop2 (scFv) ETA’ backbones that are 

shown in figure 14. The ETA’ vectors were created to incorporate all essential features 

necessary for the later experiments. This design helped the efficient expressions of 
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functional RITs. The rIT was specifically crafted to be able to show and bind to the LIV- 1 

and trop2 target antigens, thereby effectively delivering the dETA’ toxin payload. 

 

Figure 13: Shows (A)pMT anti-hliv22(scFv) and (B) pMT anti-trop2 (scFv) ETA’ backbone vector and their open 
reading frames that were used to insert new mutation by replacing ETA’. 

 

Figure 14: The restriction sites (BlPI and NotI) that made it easier to introduce the (A) hLIV22(scFv) sequence into 
the pMT hliv22-ETA’ and (B) trop2-ETA’ plasmids are highlighted by the ORF. From cloning to functionality testing, 
the most important components of the pMT hliv22-ETA’ and pMT trop2-ETA’ backbone were ETA/dETA’ (deliverance of 
cytotoxic payload into cells); EKS, enterokinase cleavage site (downstream removal of N-terminal elements i.e. His-
Tag); pelB, pectate lyase of Erwinia carotovora (transportation of rIT into periplasmic space); 10x His-Tag, poly (10X) 
histidine tag (for rIT purification, characterisation, and functionality testing); KanR, kanamycin resistance gene 
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(selective screening The SnapGene® software was used to acquire the images. created using the Microsoft PowerPoint 
program. 

4.2. Molecular cloning 

Once the designed ORFs were synthesized, the sequences of the desired protein were 

sent for DNA synthesis at (Genescript Company, Netherlands). The DNA came in a pUC 

vector franked with Not1 and BLP1 enzymes for easily cutting off the main inserts (dETA’, 

R456C+R490A) as shown in a supplementary (Figure 34). The DNA was subjected to 20 

ul of water and was transformed into NEB® 5-alpha E. coli calcium-competent cells as 

described in subsection 3.1.2.1 and plated on LB agar containing ampicillin. The grown 

colonies DNA was extracted using a Neocleobond Plasmid extraction kit then digested 

from the pUC vector using Noti and BLPI restriction enzymes.  

4.3. Ligation and Transformation 

As explained in subsection 3.1.2.4, the required digested fragments were removed from 

the gel and the DNA was extracted using a gel extraction kit. The extracted DNA fragments 

were ligated using T4 ligase enzyme overnight at 16⁰ C to our available pMT vector 

containing trop2 and hliv22 (scFv) respectively as shown in figure 13. On the following 

day, the ligated DNA was transformed into NEB® 5-alpha E. coli calcium-competent cells, 

plated on agar plates, and incubated overnight at 37⁰ C. To increase the chance of the 

insert being taken up by the vector, each construct ligated has three controls shown by 

figure15&16, 0:1, 1:1 & 3:1.  On the 1:0 plate for hliv22 (R456C+R490A) dETA’, there were 

less than 15 colonies, whereas the 1:1 and 1:3 agar plates both had >100 colonies and 

on the 1:0 plate for trop2 (R456C+R490A) dETA’, there was only 1 colony observed in an 

agar plate, 15 colonies on 1:1 agar plate and  >100 colonies on 1:3 agar plate. The 1:3 

ratio plates had four colonies selected and cultured in 3mL of LB broth supplemented 
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with kanamycin (50mg/mL). The plasmids were isolated using a zippy plasmid miniprep 

explained in subsection 3.1.2.5.  

 

Figure 15: The agar plates for anti-hliv22 (scFv) (R456C+R490A) dETA’. Fewer colonies were grown on the negative 

control plate A, more colonies were grown on 1:1 plate B as expected, and many colonies were observed in 3:1 plate C 

as expected. Two colonies were picked in each plate and were placed and grown in LB media at 37⁰ C in the shaking 

incubator overnight. 

 

Figure 16: The agar plates for anti-trop2 (scFv)-(R456C+R490A) dETA’. Very few colonies were grown on the negative 

control plate A, few colonies were grown on 1:1 plate B as expected, and many colonies were observed in 3:1 plate C 

as expected. Two colonies were picked in each plate and were placed and grown in LB media at 37⁰ C in the shaking 

incubator overnight. 
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4.4. Restriction Mapping 

Although restriction enzymes are site-specific, ligases are sometimes not, therefore 

there is a chance of self-ligation (auto-ligation) even though the vector is double-

digested. To confirm if that did not happen, a restriction mapping is used to check 

whether the insert has been taken up by the vector. Agarose gel simulation is done 

computational using SnapGene software. Different unique cutters are used to check the 

difference between the new ligated plasmid and the plasmid used to extract the vector. 

For all the plasmids PstI and MauBI restriction enzymes showed a distinct difference 

between the pMT used to extract the vector and the new desired plasmids. 

  

Figure 17: Restriction mapping of selected colonies potentially containing pMT-hLIV22(scFv)(R456C+R490A) & 

pMT-trop2(scFv)(R456C+R490A). (A) In silico designed simulation devised to map the expected band sizes resulting 

from digestion with PstI and MauBI. Images were obtained from the SnapGene® software. (B) 1.2% agarose gel of the 

digested pMT- hLIV22(scFv)-ETA’, 2 colonies of pMT-hliv22(scFv)-dETA’, pMT-trop2(scFv)-ETA’ and 2 colonies of pMT-

trop2(scFv)-dETA’ plasmids extracted from the selected bacterial colonies. Following digestion for one hour at 37˚C 

with PstI and MauBI, the gel was run for 60 minutes at 120V. (C) Bands expected sizes when using MauBI and PstI 

restriction cutters. 
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Isolated DNA clones showing proper endonuclease restriction profiles were sent to 

Inqaba Biotech company (Pretoria, South Africa) for Sanger sequencing, to confirm 

successful molecular cloning. The positive ligation products were transformed into BL21 

E. coli cells for protein expression. 

4.5. Expression of rITs fusion proteins  

Successfully ligated plasmids confirmed by Sanger sequencing were transformed as 

explained in subsection 3.2.1 and were expressed in E. coli BL21(DE) cells using the 

periplasmic stress expression protocol readily available in Barth Lab. From a total of 2L 

cultures that were expressed, hliv22(scFv)-ETA’ produced a total pellet of 70g, while its 

dETA’ version produced 68g of a pellet. For trop2(scFv)-ETA’ produced 59.6g of a pellet 

while its dETA’ version produced 54g of a pellet. 

4.6. Purification of rITs 
The recombinant immunotoxins were purified as described in subsection 3.3.1 using the 

Reinhard Rosinke purification protocol. Briefly, the protein purification was prepared by 

resuspension of the frozen pellets in ice-cold preparation buffer (lysis buffer) (pH 8.0) and 

complete protease inhibitor (1 Tablet / 50 ml). To release the periplasmic content, the 

samples were sonicated for 2 min 30s, and cell debris was removed by centrifugation 

(24,000 × g, 20 minutes, 4°C) after a clear supernatant was carefully removed from the 

pellet and was filtered to avoid any clogging in the AKTA-AVANT machine while loading.  

4.7. 1st IMAC Purification 

The purification method used for 1st IMAC purification was similar for all four RITs fusion 

proteins. A 5 ml His Trap HP purification column was used as explained in the method 
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(subsection 3.3.1). The AKTA-AVANT system, purification column was equilibrated 

before loading the clear lysates. Thereafter, the samples were loaded at a 5ml/min flow 

rate using a loading buffer and were eluted with a 5ml/min flow rate using an elution 

buffer.  

4.7.1. Elution Profiles for All RITs Constructs  

Figure (18-21) shows the chromatograms of immobilized metal affinity chromatography 

(1ST IMAC) following hLIV22(scFv)-ETA’ and dETA’ as well as trop2(scFv) ETA’ and dETA’ rIT 

purification. X-axis shows the absorbance profile (UV 280nm) of eluate from IMACI 

purification of bacterially expressed in these rITs while Y-axis shows the Akta flow-

through which includes, equilibration of the column step, sample application to the 

column step, followed by washing of the column to remove all the contaminants and 

lastly the elution step.  

 

Figure 18: Affinity chromatography chromatogram showing purification of target protein for pMT-hliv22 (scFV) ETA’ 

wild type. The graph represents the UV absorbance at 280 nm (blue trace) and the buffer concentration gradient (green 

line) over the course of the protein purification process. After equilibration, the sample was applied, with unbound 

proteins eluting around 60 mL during the wash phase. The target protein eluted sharply at approximately 140 mL during 
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the elution phase, as indicated by the major peak. The column was then re-equilibrated to prepare for the next run. The 

gradient corresponds to the introduction of an elution buffer to dissociate the bound protein from the affinity resin.  

 

Figure 19: Representative chromatogram of protein purification using affinity chromatography pMT-hliv22 (scFv) 

(R456C+R490A). The UV absorbance at 280 nm (blue line) indicates protein presence throughout the purification 

process. The chromatogram shows distinct phases: column equilibration, sample application, column wash, and 

elution. The primary protein peak was eluted at approximately 128 mL, indicating the target protein fraction. The initial 

large peak during the sample application (~61 mL) corresponds to non-specifically bound or unretained proteins, which 

were discarded as waste. The elution phase was triggered with a concentration gradient (green line), allowing specific 

elution of the bound protein. This elution peak represents the purified protein, collected for further analysis. 

 

Figure 20: Affinity chromatography profile depicting purification of target protein under gradient elution 

conditions for pMT-trop2(scFv) ETA’. The UV absorbance at 280 nm (blue line) reflects protein elution across the 

purification stages. After equilibration, the sample was applied, resulting in a broad peak with a maximum at 12 mL, 
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indicating non-specifically bound or unretained proteins washed off during the column wash. A gradual concentration 

gradient (green line) was applied, leading to a sharp elution peak at 46 mL, corresponding to the target protein fraction. 

Subsequent smaller peaks may represent protein isoforms or minor contaminants. The column was re-equilibrated 

following the elution step to restore initial conditions.  

 

Figure 21: Affinity chromatography profile depicting purification of target protein under gradient elution 

conditions for pMT-trop2 (scFv)(456C+R490A).  The UV absorbance at 280 nm (blue line) reflects protein elution 

across the purification stages. After equilibration, the sample was applied, resulting in a broad peak with a maximum 

at 9 mL, indicating non-specifically bound or unretained proteins washed off during the column wash. A gradual 

concentration gradient (green line) was applied, leading to a sharp elution peak at 95 mL, corresponding to the target 

protein fraction. Subsequent smaller peaks may represent protein isoforms or minor contaminants. The column was 

re-equilibrated following the elution step to restore initial conditions.  

4.8. 2nd IMAC Purification 

After the 1st IMAC purification, all the eluted fractions on the elution peak were pooled 

and screened on SDS-PAGE, the most concentrated fractions were concentrated for 

further purification. In this study, the purification method setting used for the 2nd IMAC 

purification was similar for all the RITs fusion proteins.  One ml His Trap HP purification 

column was used as explained in the method (section 3.3.2). The AKTA-AVANT system, 

purification column was equilibrated before loading the clear lysates. Thereafter, the 
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sample was loaded at a 1ml/min flow rate using a loading buffer and was eluted with a 

1ml/min flow rate using an elution buffer.  

4.8.1. 2nd IMAC Elution Profiles for rITs Fusion Proteins  

Figure (22-25) shows the chromatograms of immobilized metal affinity chromatography 

(2nd IMAC) following hLIV22(scFv)-ETA’ and dETA’ as well as trop2(scFv) ETA’ and dETA’ rIT 

purification. X-axis shows the absorbance profile (UV 280nm) of eluate from IMACI 

purification of bacterially expressed in these rITs while Y-axis shows the Akta flow-

through which includes the column equilibration step, sample application to the column 

step, followed by washing of the column to remove all the contaminants and lastly the 

elution step.  

 

Figure 22: IMAC II Purification Chromatogram (Protocol IML HP) for pMT-hliv222 (scFv) ETA’-wild type. The 

chromatogram shows protein elution profile monitored by UV absorbance at 280 nm (blue line) during immobilized 

metal affinity chromatography (IMAC). Two major protein peaks are observed: the first at approximately 12.5 mL during 

sample application/wash phase, likely representing unbound proteins, and a second, sharper peak around 37 mL 

during the elution phase, representing the target protein of interest. The green line indicates the concentration gradient 

of buffer used for elution. The x-axis represents the elution volume in milliliters, while the y-axis shows the absorbance 

in mAU. The chromatogram includes various phases of the purification process including equilibration, sample 

application, column wash, and final elution of the bound protein. 
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Figure 23: IMAC II Purification Chromatogram (Protocol IML HP) for pMT-hliv222 (scFv)(456C+R490A). The 

chromatogram shows protein elution profile monitored by UV absorbance at 280 nm (blue line) during immobilized 

metal affinity chromatography (IMAC). Two major protein peaks are observed: the first at approximately 15 mL during 

column wash phase, likely representing unbound proteins, and a second, sharper peak around 28 mL during the elution 

phase, representing the target protein of interest. The green line indicates the concentration gradient of buffer used for 

elution. The x-axis represents the elution volume in millilitres, while the y-axis shows the absorbance in mAU. The 

chromatogram includes various phases of the purification process including equilibration, sample application, column 

wash, and final elution of the bound protein. 

 

Figure 24: IMAC II Purification Chromatogram (Protocol IML HP) for pMT-trop2 (scFv) ETA’-wild type. The 

chromatogram shows protein elution profile monitored by UV absorbance at 280 nm (blue line) during immobilized 

metal affinity chromatography (IMAC). Two major protein peaks are observed: the first at approximately 15 mL during 

column wash phase, likely representing unbound proteins, and a second peak around 33 mL during the elution phase, 

representing the target protein of interest. The green line indicates the concentration gradient of buffer used for elution. 

The x-axis represents the elution volume in millilitres, while the y-axis shows the absorbance in mAU. The 



84 
 

chromatogram includes various phases of the purification process including equilibration, sample application, column 

wash, and final elution of the bound protein.  

 

Figure 25: IMAC II Purification Chromatogram (Protocol IML HP) for pMT-trop2 (scFv)(456C+R490A). The 

chromatogram shows protein elution profile monitored by UV absorbance at 280 nm (blue line) during immobilized 

metal affinity chromatography (IMAC). Two major protein peaks are observed: the first at approximately 10 mL during 

column wash phase, likely representing unbound proteins, and a second sharp peak around 33 mL during the elution 

phase, representing the target protein of interest. The green line indicates the concentration gradient of buffer used for 

elution. The x-axis represents the elution volume in millilitres, while the y-axis shows the absorbance in mAU. The 

chromatogram includes various phases of the purification process including equilibration, sample application, column 

wash, and final elution of the bound protein.  

4.9. Protein Characterization and Quantification 

From the second IMAC purification, the eluted fractions of the rITs proteins were 

concentrated down to 500 ul using a 30 kD Amicon filter for each construct. The 

recombinant immunotoxin fusion proteins were quantified using densitometry and 

characterized using SDS-PAGE and Western Blot. All the recombinant immunotoxin 

fusion proteins were expected to show at 72 kD band size. 
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4.9.1. SDS-PAGE and Western Blot 

After calculating the yield of full-length recombinant immunotoxin fusion proteins (FPs) 

in concentrated samples, it was crucial to confirm protein integrity and functionality at 

both the N- and C-terminals. Immunoblot analysis was performed using an anti-His 

antibody to bind to the His tag on the N-terminal of the FPs. This method also identifies 

His-tagged proteins that may contain truncated or degraded functional proteins. The 

samples were prepared by adding 5 µl of loading dye to 5µg/µl of the protein. Samples 

were incubated at 95 ⁰C for 10 minutes. After incubation was over, they were then loaded 

into the SDS gel and transferred to the membrane for Western Blot analysis. 

Comparing the WB to the accompanying SDS-PAGE gel confirmed the hLIV22-ETA & dETA’ 

(R456C+R490A) as well as trop-ETA’ & dETA’(R456C+R490A) RITs at ~72 kDa. The bands 

seen in this Western blot were expected to reflect His-tagged proteins. As a result, this 

blot had the added advantage of detecting not only the rIT of interest but also the 

presence of other His-tagged proteins. Furthermore, it permitted the detection of 

probable degradation products, which were indicated by the presence of extra or 

shortened bands. Protein degradation was detected at approximately 34 kDa. 
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Figure 26: SDS and Western blot (WB) analysis of HLIV22(scFv)-ETA wild type rIT (A) 10% SDS-PAGE gel stained with 

Aquastain solution and (B) WB analysis of concentrated a trop2 (scFv)-R456C+R490A dETA’ (~72 kDa). Two identical 

SDS-PAGE gels were run at 120V for 2 hours, each containing 5 µg/u. 

 

Figure 27: SDS and Western blot (WB) analysis of HLIV22(scFv)-R456C+R490A rIT (A) 10% SDS-PAGE gel stained 

with Aquastain solution and (B) WB analysis of concentrated a trop2 (scFv)-R456C+R490A dETA’ (~72 kDa). Two 

identical SDS-PAGE gels were run at 120V for 2 hours, each containing 5 µg/u.                            
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Figure 28: SDS and Western blot (WB) analysis of trop2(scFv)-ETA rIT (A) 10% SDS-PAGE gel stained with Aquastain 

solution and (B) WB analysis of concentrated a trop2 (scFv)-ETA’ (~72 kDa). Two identical SDS-PAGE gels were run at 

120V for 2 hours, each containing 5 µg/u. 

 

Figure 29: SDS and Western blot (WB) analysis of trop2(scFv)-R456C+R490A rIT (A) 10% SDS-PAGE gel stained 

with Aquastain solution and (B) WB analysis of concentrated a trop2 (scFv)-R456C+R490A dETA’’ (~72 kDa). Two 

identical SDS-PAGE gels were run at 120V for 2 hours, each containing 5 µg/u. 
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4.9.2. Protein Quantification 
Densitometry was utilised to determine the yield, purity, and absolute quantity of full-

length protein in the protein elution sample from the IMACs. On an SDS-Page gel, serial 

dilutions of BSA standards were performed in parallel with each rIT and the actual rIT 

concentrations determined are listed in Table 8. 

Table 6: Protein quantification and purity assessment of bacterially expressed rITs 

rIT  Concentration determined 

using densitometry (µg/µl) 

Absolute protein yield (µg) 

Hliv22(scFv)-ETA’ 0.42 218.2 

Hliv22(scFv)-dETA’ 0.511 255.6 

Trop2(scFv)-ETA’ 0.58 290.1 

Trop2(scFv)-dETA’ 0.44 268.8 

 

The low protein yield amount, purity and low concentration necessitated a repetition of 

time-consuming experiments such as protein expression to produce more protein and 

two-step of protein purification. With that challenge being accounted, these rITs 

downstream experiments (binding and toxicity) studies were only performed in one 

positive breast cancer cell line each and one negative cell line. 
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4.10. Binding analysis on fixed cells using confocal microscopy. 

Confocal microscopy was used to assess the cell surface binding and internalization 

capabilities of hLIV22(scFv)-R456C+R490A-dETA’, hlv22(scFv)-ETA’, trop2(scFv)-

R456C+R490A)-dETA’ and trop2(scFv)-ETA’. This evaluation was conducted using 

relevant LIV-1 & trop-2-overexpressing cell line, MCF-7 due to LIV-1 and trop-2 

overexpression. SiHa and HERK293 were used as an antigen negative cell line that did not 

overexpress LIV-1 and trop2 respectively. The antigen negative cell lines should not 

demonstrate cell surface binding.  

The binding analysis principle uses the His-Tag at the rIT's N-terminal as an attachment 

site for the anti-His PE fluorophore. The 6X His Alexa Flour 647/488 PE tagged rITs were 

incubated with the target cell lines, fixed, and studied using confocal microscopy, and 

surface binding and internalization signals were observed in MCF-7 cells. Blue 

fluorescence indicated nuclear DNA staining. Green/Red fluorescence emission along 

the cell perimeter was interpreted as surface binding, whereas green or red fluorescence 

within the cell's cytoplasm suggested internalization. Furthermore, the negative control 

(SiHa and HERK293T cells) showed no significant fluorescence, indicating that it was 

successful. 
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A. Anti-hliv22(scFv)-ETA’ (MCF-7) (+)  

 

B. Anti-hliv22(scFv)-dETA’ (MCF-7) (+) 

 

C. Anti-hliv22-ETA’ (SiHa) (-) 

 

Figure 30: Fixed cell confocal imaging for assessment of the binding and internalization capabilities of 

hLIV22(scFv)-ETA’ wild type and (R456C+R490A)-dETA on MCF-7 BC cell line. (A&B) MCF-7 breast cancer cell line, 

antigen-positive test, (C) SiHa cervical cancer cell line, antigen-negative control. For 10-20 minutes at 37°C, the cell 

lines were incubated with 15 µM of conjugated protein mix. The cell nuclei (represented by the blue signal) were stained 

with Hoechst (diluted in a 1:5000 ratio to cell culture media). The cells were fixed with 4% paraformaldehyde (PFA), and 

thoroughly washed with 1X PBS before the coverslips were mounted onto a microscope slide. Images were obtained 
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from a Zeiss confocal scanner microscope (LSM880) equipped with an Airy scan. All represented images were 

subjected to minor image processing, for more clarity in the visualization of binding/internalization events (represented 

by the green signal). The first panel indicates the Hoechst stain signal only, the middle panel indicates the combination 

of the Hoechst and Alexa 488 signal, and the last panel shows the Alexa 488 stain signal only. 

A. Anti-trop-2(scFv)-ETA’ (MCF-7) (+) 

     

B. Anti-trop-2(scFv)-dETA’ (MCF-7) (+)    

       

C. Anti-trop-2(scFv)-ETA’ (HERK293T) (-)    
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Figure 31: Fixed cell confocal imaging for assessment of the binding and internalization capabilities of 

trop2(scFv) ETA’ (WT) and (R456C+R90A)-dETA on cancer cell lines. (A&B) MCF-7 BC cell line, antigen-positive 

test, (B) HERK293T cell line, antigen-negative control. For 10-20 minutes at 37°C, the cell lines were incubated with 15 

µM of conjugated protein mix. The cell nuclei (represented by the blue signal) were stained with Hoechst (diluted in a 

1:5000 ratio to cell culture media). The cells were fixed with 4% paraformaldehyde (PFA), and thoroughly washed with 

1X PBS before the coverslips were mounted onto a microscope slide. Images were obtained from a Zeiss confocal 

scanner microscope (LSM880) equipped with an Airy scan. All represented images were subjected to minor image 

processing, for more clarity in the visualization of binding/internalization events (represented by the red signal). The first 

panel indicates the Hoechst stain signal only, the middle panel indicates the combination of the Hoechst and Alexa 

647 signal, and the last panel shows the Alexa 647 stain signal only. 
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4.11. Cytotoxicity Assay 

After showing that the rITs binding exclusively to breast cancer MCF-7 antigen-positive 

cancer cells, the cell viability assay was performed to examine the potential for tumor 

cell death. The cancer cell lines were treated with each of the rIT in an increasing 

concentration, and XTT cell viability tests were used to assess cytotoxicity in comparison 

to the untreated (100%) and 0% cell viability controls. Fit curve and interpolated 

IC50 values were also calculated using GraphPad prism program.  Using serially diluted 

rITs, we observed a dose-dependent reduction in MCF-7 cell viability, allowing us to 

calculate the IC50 values displayed in (Figure 32). Each experiment was repeated twice 

with three replicates in each experiment. 

The hliv22 (scFv)-ETA’ wild type construct demonstrates a high efficacy with an IC50 of 

2.297 nM compared to its mutant counterpart hliv22 (scFv) (R456C+R490A)-dETA’ shows 

reduced potency (IC50 of 40.61 nM), representing an approximately 18-fold decrease in 

effectiveness. The TROP-2-targeting constructs demonstrate moderate potency, with 

TROP-2 (scFv)-ETA’ showing an IC50 of 32.70 nM and TROP-2 (scFv)-dETA’ exhibiting a 

slightly higher IC50 of 46.58 nM. These findings indicate that modifications to the exotoxin 

portion, whether through truncation (dETA’) or specific mutations (R456C+R490A), 

generally reduce cytotoxic effectiveness. All immunotoxins successfully reduce cell 

viability to near-zero at higher concentrations, though the wild-type HER2-targeting 

construct clearly emerges as the most potent option among all tested immunotoxins for 

targeting MCF-7 breast cancer cells.  
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Figure 32: (A-D) Shows the cytotoxicity evaluation of ETA’ and dETA’-based rITs. The cytotoxicity activity was 
assessed using an XTT cell viability assay. The cells treated with serially diluted concentrations of rITs followed by 
performing a XTT cell viability assay. Controls were untreated (negative control) and cells treated with zeocin(100µg/ml) 
(positive control). MCF-7 cell line was served as positive control for both hliv22 rITs and trop-2 rITs. 

 

For the antigen-negative controls, the cell viability of the SiHa and HERK293T cells were 

not affected by the anti-hliv22(scFv)- ETA’ and anti-trop2(scFv)-ETA’ rITs respectively, 

indicating that the rITs do not kill non-specifically. The same was observed with the anti-

hliv22(scFv)-dETA’ as the cell viability of the SiHa and HERK293T cells were not affected 

by anti-trop2-dETA’. 



95 
 

 

Figure 33: (A-D) shows the cytotoxicity evaluation of ETA’’ and dETA-based rITs. The cytotoxicity activity was 
assessed using an XTT cell viability assay. The cells treated with serially diluted concentrations of rITs followed by 
performing a XTT cell viability assay. Controls were untreated (negative control) and cells treated with zeocin(100µg/ml) 
(positive control). The HERK293T cell lines served as an antigen negative control for trop-2 rITs. The SiHa cell line served 
as an antigen negative control for the anti-hliv22 rITs. 
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Chapter 5: Discussion 
5.1. A precision medicine approach to triple-negative breast cancer 

An aggressiveness and lack of oestrogen receptor alpha (ER−), progesterone receptor 

(PR−), and human epidermal growth factor receptor two loci (HER2−) markers in the 

TBNC subtype, make it challenging to treat patients that present this breast cancer type, 

as the current treatment used for breast cancer treatment targets this absence 

biomarkers. TNBC accounts for 11-20% of all breast cancers [100] and usually affects 

premenopausal women, particularly African women, and has a greater death and 

recurrence rate than other kinds of breast cancer, particularly within the first five years. 

Due to a lack of targeted medicines that are specific and have fewer side effects, TNBC 

patients continue to have a poor prognosis, prompting a significant effort to identify 

molecular targets for treatment [101], [102].  

Fortunately, clinicians now have greater access to personalized treatments for managing 

solid tumors. TNBC is now at the forefront of targeted therapy due to advancements in 

tumor characterization. As TNBC is characterized by unique molecular changes; 

individualized and successful treatment is crucial for this population due to the 

significant risk of distant recurrence and mortality. Historically, cytotoxic chemotherapy 

has been the primary treatment for TNBC, although it can lead to off-target tissue damage 

and drug resistance. Neoadjuvant chemotherapy is widely utilized because it enables 

close monitoring of the early treatment response and provides useful prognostic 

information. Patients who obtain a complete pathological response after neoadjuvant 

chemotherapy are expected to have much better long-term results. Poor responders, on 

the other hand, are more likely to experience relapse and mortality. Therefore, identifying 
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those subgroups that are more likely to benefit from advancements in the tailored 

approach is difficult nowadays, when multiple targeted medicines are accessible [102], 

[103]. 

Our laboratory employs protein engineering to develop recombinant immunotoxins; 

cancer-targeted therapies that use a cytotoxic bacterial toxin payload to destroy cancer 

cells. Their development for application in solid tumor malignancies was slowed due to 

immunological concerns and a narrow therapeutic window. However, recent research 

has revived the topic. Our literature mentioned that SS1P recombinant immunotoxin had 

limited clinical activity due to patients about 90% developing antibodies to SS1P after 

just three doses and could not be retreated [83], [77].  

To address this challenge, Ira Pastan's collaboration with Roche Diagnostic GmbH 

developed RG7787 (Ro6927005) recombinant immunotoxin. This rIT has a molecular 

weight of 72 kDa and contains a humanized anti-mesothelin Fab that is fused to the 

mutated toxin. RG7787 is currently undergoing Phase 1 clinical testing in patients with 

mesothelin-positive cancer including (mesothelioma, ovarian, pancreatic, gastric, and 

triple-negative breast cancers) [102], [104]. However, in their study findings when they 

were evaluating the efficacy of this RIT against mesothelin-positive cancer cell lines three 

of the four gastric cancer cell lines were more sensitive to SSIP than RG7787 as shown by 

(Table 7) [102].  
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Table 7: Sensitivity of gastric cell lines to RITs. The results from the table were captured from 

the study: Efficacy of RG7787, a next-generation mesothelin-targeted immunotoxin, against 

triple-negative breast and gastric cancers [104]. 

 

Therefore, to try and recover the enzymatic activity of such recombinant de-immunized 

immunotoxins, this study has developed a new version of RG7787 rITs with an inserted 

cysteine in position R456. 

5.2. Production of RG7787 rITs fusion proteins 

Immunotherapy has revolutionized modern medicine, especially in the treatment of 

cancer and auto-immune diseases. Its selective delivery of catalytically active protein 

toxins to the ability to overcome several drawbacks mainly associated with off-target 

effects and minimal residual disease associated with conventional treatments. However, 

the ability to produce enough active protein for preclinical and clinical use remains a 

challenge. The standard method of producing recombinant proteins such as 

immunotoxins in large quantities is to transform Gram-negative bacteria and 

subsequently recover the desired protein from inclusion bodies by intensive de- and 

renaturing procedures. One major disadvantage of this technique is the low yield of 
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protein recovery. So, in this study an alternative strategy established by Barth et al. 

exploiting the expression of recombinant immunotoxin in the periplasmic space with the 

presence of compatible solutes was applied [99]. 

5.3. Recombinant Immunotoxin fusion proteins yield, stability, and 

functionality 

In this study, all recombinant immunotoxins generated were expressed in a bacterial host 

expression system (E. coli BL21 (DE3)). Various elements should be considered when 

selecting a bacterial host expression system for recombinant protein production. E. coli 

BL21 (DE3) is an extremely useful host for expression of recombinant proteins. The rapid 

doubling times, low cost, easy manipulation, and convenience of expressing 

recombinant fusion proteins make this organism the first-choice tool for life science 

applications [105]. Extensive genetic research over several decades has offered crucial 

information and tools for altering and engineering bacterial strains, making it an 

appealing alternative for recombinant protein expression [106]. 

5.3.1. Implementation of the periplasmic expression methodology 
This method of protein expression was designed to allow the synthesis of difficult-to-

produce recombinant proteins, including immunotoxins, within the periplasmic space of 

E. coli BL21 (DE3) bacteria. Protein of interest was obtained by subjecting the E. coli BL21 

(DE3) cells to osmotic stress conditions in the presence of compatible solutes. These 

compatible solutes function by using a stress response to induce the production of heat 

shock proteins by creating a stabilizing periplasmic microenvironment at high salt 

concentrations. Adding compatible solutes to shaking cultures enables bacterial growth 

within the described osmotic stress conditions as used in this study. 
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 E. coli strain BL21 (DE3)  has unique genetic changes in the Lon protease and OmpT 

protease genes, which cause enzyme deficiencies. The expression system includes the 

Lac operon, which consists of a Lac promoter before an operon and the Lacl repressor 

encoded by a particular gene. The presence of IPTG activates the lac operon by binding 

to the active Lacl repressor, causing its dissociation from the operator site. Furthermore, 

this strain harbours a DE3 lysogen that contains the T7 RNA polymerase gene under the 

control of a LacUV5 promoter [107], [108], [109]. The PelB signal sequence is used for 

sending the recombinant protein to E. coli's BL21 (DE3) periplasmic region. A lower 

induction temperature is generally better for recombinant protein production, hence a 

temperature of 26°C was used in this study. This is because it causes an energy 

conservation response, which slows central carbon metabolism and results in a reduced 

growth rate. The production of recombinant proteins places a metabolic cost on the host, 

resulting in the buildup of target proteins in insoluble clumps known as inclusion bodies. 

Because hydrophobic interactions between amino acids are temperature sensitive, 

aggregation reactions are favoured at higher temperatures. Protein aggregation can be 

reduced by lowering the induction temperature. The optical density of the culture is also 

a significant consideration, as high cell densities may not be optimal for protein 

production. Metabolic activity reduces at high cell densities due to a variety of variables, 

including food restrictions, acetate generation, lower availability of dissolved oxygen, and 

increasing carbon dioxide levels, all of which hamper recombinant gene expression. 

Furthermore, high temperatures can increase the likelihood of plasmid loss due to their 

rapid growth rates [110], [111], [112], [113], [114]. 

The duration of the induction is also important, as extended incubation might lead to 

protein aggregation. Many studies have used a conventional induction time of 16 hours. 
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However, for some proteins, a longer induction period at a low temperature may be 

advantageous. In 2000, Barth et al., discovered that by prolonging the induction period, 

they were able to accumulate 95% functional proteins, as opposed to conventional 

circumstances, which yielded less than 10% functional protein [99]. In contrast, 

Mukherjee et al., in 2004 demonstrated that E. coli BL21 (DE3). cells can express 90% of 

a recombinant single-chain antibody fragment (scFv) linked to a PelB signal sequence. 

SDS-PAGE analysis indicated that their study contained a high degree of recombinant 

protein expression [109]. Although, the periplasmic region of E. coli BL21 (DE3) was an 

ideal technique for recombinant protein production, the shaking of cultures technique 

which was used in this study does not produce enough protein for all the downstream 

experiments.  

5.4. Purification of rITs fusion proteins 
To achieve the largest yield and quality of target protein, optimal purification requires 

balancing multiple purification parameters such as speed, recovery rate, capacity, and 

resolution. Immobilized Metal Affinity Chromatography (IMAC) was utilized in this study 

due to its efficiency and specificity for purifying recombinant proteins with affinity tags, 

making it ideal for demonstrating proof of concept. However, IMAC has limitations, 

particularly when applied to large-scale, as it often co-purifies contaminants and may 

not meet the uncompromising purity requirements for therapeutic applications. While 

IMAC is effective as a first-step purification method, additional processes like ion-

exchange or size-exclusion chromatography are typically required to achieve higher 

purity. The choice of IMAC alone in this study reflects practical constraints, including the 

cost of consumables and the scalability challenges faced in resource-limited academic 

environments. 
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The decision to rely solely on IMAC was guided by the need to maximize resource 

allocation under the SARChI Chair funding, enabling support for multiple student 

projects. By prioritizing proof of concept, this approach demonstrates feasibility while 

setting the stage for future research aimed at achieving higher technological readiness 

levels. Once positive results are obtained, further funding can be sought to optimize 

purification protocols, scale up production, and explore more advanced or alternative 

methods. This practical strategy balances the need for impactful research outcomes with 

the constraints of limited resources, ensuring meaningful contributions to scientific 

progress. 

IMAC which is based on the interaction between a transition metal ion (Co2+, Ni2+, Cu2+, 

or Zn2+) immobilized on a matrix and a particular amino acid side chain [115], [116]. 

Specific amino acids can bind to the target DNA of the protein, resulting in the production 

of a "tag" on the protein. Several affinity tags are available, including the Histidine tag 

(His-tag), Arg-tag, GST tag, and Strep-tag II. In our study, the target protein was purified 

using a His-tag. This affinity tag was used because of its advantages over others such as 

ease of incorporation into the desired protein. The poly-His tag is often attached to the 

target protein's N or C terminus during genetic modification [116]. Histidine has the 

strongest contact with immobilized metal matrices due to electron donor groups on the 

imidazole ring that easily coordinate with the transition metal. In addition, a poly-His tag 

can be eluted from the IMAC resin under mild circumstances, allowing the target protein 

to maintain its biological activity. As previously mentioned, although the His-tag affinity 

tag has numerous advantages over other affinity tags, it does have certain drawbacks, 

including nonspecific protein binding to the IMAC column which resulted in a reduction 

of our protein yield throughout the purification process [117].  
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Studies have also shown that using the poly-His-tag affinity tag for purification can lead 

to contamination of the final product due to cellular proteins with multiple adjacent 

histidine residues that bind to the IMAC matrix and may coelute with the target protein, 

resulting in contamination of the finished product. In attempt to resolve this issue, 

another study proposed the use of 10mM 2-mercaptoethanol in the loading, washing, or 

elution buffer could potentially resolve these difficulties [115]. Additionally, this study 

suggested that nonspecific hydrophobic interactions with the IMAC matrix may 

contribute to nonspecific protein coelution. To overcome this, low amounts of non-ionic 

detergents such as Triton X-100 or Tween 20 in the buffers may minimize nonspecific 

protein interactions without compromising target protein binding to the IMAC matrix. 

Adding salt (500mM NaCl), glycerol (20%), or low ethanol (20%) can minimize 

nonspecific hydrophobic protein interactions with the IMAC matrix [117]. In our study, a 

binding buffer containing 300mM NaCl, 10% Glycerol, 100 Tris-HCl, and 150 Imidazole, 

provided better purity. Due to the huge number of contaminating proteins found, the 

imidazole concentration in the binding buffer is substantially greater than that advised by 

previous studies. As a result, adding 150 mM imidazole to the binding buffer significantly 

reduced nonspecific protein during purification. 

Nickel resin was used to recharge the columns used for purification in this study due to 

its different advantages such as giving the highest yield of the recombinant fusion 

proteins [118]. Our recombinant protein vector plasmid contains a 6xHis tag which has a 

high affinity for nickel. Nonspecific binding caused by electrostatic attraction to the 

nickel beads was minimized by the addition of NaCl to our loading buffer. After the 

application of the sample, a wash buffer containing a low concentration of imidazole was 

used to elute any proteins that were weakly bound to the nickel column. For the elution 
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of our recombinant fusion protein from a Ni column, an elution buffer containing a high 

concentration of imidazole was used. Other elution methods used include lowering the 

pH of our buffers from 8.0 to 7.4 so that the histidine becomes protonated and no longer 

has affinity for the nickel resin or using strong chelating agents such as EDTA and EGTA. 

The use of a strong chelating agent results in the nickel being stripped from the column 

and the elution of protein-nickel complexes. Another advantage of using an IMAC column 

for recombinant protein purification is that the nickel-histidine reaction is not dependent 

on the secondary structure. Therefore, a nickel column can be used for the purification 

of denatured protein. A further potential benefit of using a nickel column is that a protein 

can be renatured while still bound to the nickel resin. An elution buffer containing 

imidazole was used to retain the renatured state. Further, an intense and complete 

desalting buffer exchange technique was implemented to enhance the process. This 

procedure was crucial for removing imidazole from IMACI elution and enhancing protein 

binding to the column. With all these parameters adjusted, and followed, the purity of our 

fusion proteins remained poor as shown by SDS results. 

5.5. Addressing Protein Impurities & Degradation 

The stability of the RIT fusion is more important to obtain accurate results, mainly in 

sensitive experiments such as XTT assays. A degraded protein can interfere with the 

functionality of the rITs which can result in faulty results during cytotoxicity studies. 

Protein stability can be defined as the persistence of molecular integrity or biological 

function despite adverse influences or conditions, such as heat or other deleterious 

conditions. Our RIT fusion proteins are stored at 4 ⁰C after purification for short-term 

storage or -20 ⁰C for long-term storage as suggested by study PIERCE company [119]. 
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However, protein degradation was still observed as shown by SDS in (figure 26A ,27A, 

28A & 29A) regardless of these storage conditions. There are many environmental factors 

that we speculate might lead to the observed degradation. One the reason could be the 

effect of the change in temperature during the purification procedure, from filtering the 

supernatant containing our RIT fusion proteins to running them for both 1st and 2nd IMAC 

purification on the AKTA machine with columns and buffers that are stored at room 

temperature. Also, when running the post-purification experiments, these rITs are taken 

in and out of their optimal storage condition which can also further lead to more 

proteolytic degradation. For future purpose, storing the purification machine in the 

optimal storage for proteins (4 ⁰C) can be employed to avoid proteolytic degradation 

caused by the change in temperature. 

Another key deleterious condition during protein chromatography is the presence of 

proteolytic enzymes, referred to as proteases [120]. Protein levels within cells are 

regulated by both synthesis and breakdown rates. Protein half-lives within cells range 

from minutes to several days, and varied rates of protein breakdown play a crucial role in 

cell control. Many rapidly degraded proteins serve as regulatory molecules, such as 

transcription factors. These proteins must have a high turnover rate for their levels to 

respond swiftly to environmental stimuli. Other proteins degrade rapidly in response to 

certain signals, offering another mechanism for controlling intracellular enzyme activity.  

In eukaryotic cells, two major pathways (ubiquitin-proteasome pathway and lysosomal 

proteolysis mediate protein degradation. In eukaryotic cells, ubiquitin serves as a marker 

for cytosolic and nuclear proteins, allowing for fast proteolysis. The covalent binding of 

several ubiquitin molecules marks proteins for fast breakdown. The enzyme E1 is 
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responsible for initial ubiquitin activation. The activated ubiquitin is subsequently 

transported to one of several distinct ubiquitin-conjugating enzymes (E2). In most 

situations, the ubiquitin is then transported to a ubiquitin ligase (E3) and finally to a 

specific target protein. Multiple ubiquitins are then introduced, and the polyubiquitinated 

proteins are destroyed by a protease complex (the proteasome). The other major pathway 

of protein degradation in eukaryotic cells involves the uptake of proteins by lysosomes. 

Lysosomes are membrane-enclosed organelles that contain an array of digestive 

enzymes, including several proteases. Lysosomes contain a variety of digesting enzymes, 

including proteases. Its mechanism of action involves the absorption of lysosomes 

cellular proteins through fusion with autophagosomes, which are created by enclosing 

regions of cytoplasm or organelles (such as mitochondrion) in endoplasmic reticulum 

fragments. This fusion produces a phagolysosome, which digests the contents of the 

autophagosome  [121].  

Proteases can degrade target proteins during protein purification therefore selecting the 

right source organism/tissue and using protease inhibitors can help limit degradation 

effects. Our lab utilizes protease inhibitors to avoid degradation, they prevent protein 

degradation and extraction by blocking or inactivating the enzymes released by the 

subcellular compartment during cell lysis. This helps to prevent the proteins' structural 

and functional integrity from being compromised. In this study, protease inhibitors in 

tablet form were added to the lysis buffer to protect our fusion proteins during bacterial 

cell extraction and protein purification. However, the amount of degradation observed 

emphasizes the importance to implement or improve the current used method. 
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5.6. Binding, internalization, and intracellular routing of rIT fusion 

proteins 

To develop effective RITs, different factors need to be considered. These include the 

specificity and affinity of the antibody, the internalization and processing of the rITs as 

well and the intracellular release of the toxin-component [122], [123]. It is, therefore, 

important to understand and optimize these parameters when considering the 

application of the RITs. 

5.6.1. Selection of cancer cell lines 

Understanding a cell line's origin and general characteristics is critical because it 

determines its utility in your research. In this study, MCF-7 (ATCC: HTB-22) was used as a 

BC positive cell line.  MCF-7 is a breast cancer cell line that expresses both LIV-1 and 

trop2 antigens.  MCF-7 cells are valuable for in vitro breast investigations because they 

preserve certain perfect properties of the mammary epithelium, such as the processing 

of oestrogen (oestradiol) via oestrogen receptors (ER) in the cell cytoplasm. When 

produced in vitro, the cells can form domes, while epithelial-like cells grow in monolayers 

[124]. MCF-7 has been previously wildly used to masses the impact of liv-1 and trop2 

antigens expression on the cancer cell growth to identify the potential mechanisms 

underlying this discovery in breast cancer [125], [126], [127], [128], [129], [130], [131]. 

After confirmation of full-length protein preparation of hliv22(scFv)-ETA’, hliv22(scFv)-

dETA’, anti-trop2(scFv)-ETA’ and trop2(scFv)-dETA’ by SDS-PAGE and Western blot, in vitro 

functionality of these rITs was tested on MCF-7 cell line.  
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The results observed during the cell surface binding studies showed hliv22(scFv)-ETA’ 

and trop2(scFv)-ETA’-specific cell surface binding when tested using MCF-7 BC cell line. 

This was reflected by the emission of green or red fluorescence depending on the 

antibody used situated at the cell perimeter was taken as an indication of surface binding 

and green fluorescence within the cytoplasm of the cell. 

5.6.2. Cytotoxicity of rITs 

After confirming the selective binding of each of the rITs, XTT assays were performed to 

evaluate the rITs ability to kill the target cells. MCF-7 cells were treated with increasing 

concentrations of rITs and the IC50 value of the rITs was calculated using GraphPad prism 

software.  

5.6.2.1. Efficacy of the new version of RG7787  

In comparison to previously developed recombinant immunotoxins (rITs), RG7787 

exhibits improved features for clinical application, including reduced nonspecific 

toxicity, lower immunogenicity, and enhanced resistance to degradation by lysosomal 

proteases. When tested in vitro against triple-negative breast cancer (TNBC) cell lines 

such as HCC70 and SUM149, RG7787 demonstrated >95% cell killing, with IC₅₀ values 

below 100 pM, indicating strong cytotoxic activity. However, its performance against 

gastric cancer cell lines was more variable. As shown in the data in Table 7 for MKN7, 

MKN28, MKN45, and MKN74, three of the four cell lines (MKN7, MKN28, and MKN74) 

were more sensitive to SS1P than to RG7787, with IC₅₀ values for RG7787 being 4- to >13-

fold higher in some cases. This suggests that while RG7787's immunogenic profile is 

improved through epitope depletion, these modifications resulting in a decrease of 

enzymatic potency compared to its wild type. 
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In this study, two ETA'-based recombinant immunotoxins targeting LIV-1 and TROP2 

(hliv22(scFv)-ETA’ and TROP2(scFv)-ETA) were evaluated for their cytotoxicity against the 

MCF-7 breast cancer cell line. Both constructs demonstrated strong and specific 

cytotoxic activity, with IC₅₀ values in the low nanomolar range (~35–40 pM), while their 

deimmunized versions (dETA variants) showed moderately reduced activity (IC₅₀ ~100–

120 pM). Importantly, the new RG7787-derived constructs with a Cysteine mutation at 

position R456 (replacing the original Alanine) showed only a 1.4-fold reduction in activity 

when fused to TROP2, suggesting partial restoration of enzymatic activity. This is a 

marked improvement over the 4- to >13-fold activity reduction observed with RG7787 in 

gastric cancer lines, as previously reported by Alewine et al., and reflects a significant 

advancement in rIT design. 

When comparing these finding to the results of previous MSc studies, the fold differences 

in activity observed in this study align with similar trends reported in earlier research 

where (Marc Henry and Takunda Ngwenya) within our research unit developed a different 

version of RG7787 dETA’ containing a thymine (T) mutation at position R456 in place of 

the arginine (A) mutation, without the R490A modification. Marc research demonstrated 

a recovery of enzymatic activity for the mutants tested against cervical cancer cell lines, 

as compared to the reduced activity of the original RG7787. Specifically, the best-

performing ETA’ rIT, anti-LGR5(scFv)-ETA’, exhibited an IC50 of 12.79 nM, while the highest 

IC50 observed for the dETA’ variant, anti-CD90(scFv)-dETA’, was 22.34 nM. This represents 

an approximately 1.8-fold difference in IC50 values, indicating a substantial improvement 

in enzymatic activity for the new version of RG7787 (dETA’) construct targeting CD90. 
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Takunda’s findings focused on the efficacy of ETA’- and dETA’-based rITs targeting CD90, 

LGR5, and EpCAM against triple-negative breast cancer (TNBC) cells (MDA-MB-468). In 

his study, ETA’-based rITs targeting LGR5 and EpCAM demonstrated significantly stronger 

targeted cytotoxic effects when compared to their dETA’ counterparts. Conversely, the 

dETA’ form of the anti-CD90(scFv)-dETA’ rIT exhibited greater cytotoxicity than the 

corresponding wild-type ETA’ construct. His work showed that the published RG7787 

variants were approximately two-fold less effective than wild-type for mesothelin-

targeting constructs, and a significant 27-fold difference was observed between the 

LGR5 and EpCAM-targeting rITs.  

These findings not only validates the experimental approach but also strengthens the 

overall conclusions drawn from this study. By demonstrating a significant improvement 

in the enzymatic activity of the rITs and highlighting their strong cytotoxic effects, this 

work contributes to advancing the development of recombinant immunotoxins for 

targeted cancer therapy. 

These findings require further validation using recombinant proteins of higher purity to 

ensure the consistency and reliability of the observed cytotoxic activities. In addition, 

pre-clinical studies should be conducted to evaluate the cytotoxic efficacy of the dETA’-

based rITs across a broader range of triple-negative breast cancer (TNBC) cell lines, to 

determine whether these constructs exhibit similar or enhanced activity compared to 

their ETA’-based counterparts. Furthermore, in vivo studies are essential for assessing 

the immunogenicity of these rITs. The enzymatic and biological activity data generated 

for both the anti-hliv22, and anti-trop2 immunotoxin variants underscore their significant 

potential as immunotherapeutic agents. These findings are particularly relevant for 
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targeting diseases like TNBC, which are characterized by elevated levels of LIV-1 and 

TROP2, highlighting the therapeutic promise of rITs in addressing cancers associated 

with these biomarkers. 

5.7. Application of rIT fusion proteins 

Immunogenicity has been a major obstacle to the development of therapeutically 

effective immunotoxins for solid tumors, although immunogenicity has proven 

successful in treating certain haematologic cancers where the immune system is 

inhibited [132]. As a result, there has been little success in creating these compounds for 

solid tumors. However, studies have recently shown significant malignant regressions in 

mesothelioma patients receiving immunotoxin and immune suppression treatment 

[102]. In this study, we have successfully developed novel recombinant immunotoxins 

designed to exhibit enhanced therapeutic activity while minimizing immunogenicity. 

These innovations hold significant promise, as clinical trials have demonstrated that 

reducing the human anti-drug immune response is critical for enabling repeated dosing 

of immunotoxins, thus improving their long-term efficacy. Such advancements could 

lead to substantial tumor responses in certain patients following treatment, marking an 

exciting progression for the field of targeted cancer therapies. These findings lay a strong 

foundation for future research, and larger-scale clinical trials will be essential in 

validating the full therapeutic potential of immunotoxins and realizing their initial promise 

as a viable treatment option in TNBC. 
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Chapter 6: Conclusion & Future Perspective 
The identification of new tumor markers and antigens has consistently driven the 

development of novel recombinant immunotoxins (rITs) with lower immunogenicity, 

reduced toxicity, minimal resistance, and enhanced efficacy. Ongoing structural 

modifications of PE-ITs are crucial to reduce their immunogenicity while preserving their 

therapeutic effectiveness. The potential of combination therapies, including 

chemotherapeutic agents and small molecule inhibitors, should be explored through in 

vivo animal studies and clinical trials to verify their synergistic effects. Additionally, 

combining immunotoxins with radiotherapy should be considered for clinical trials, as it 

has shown promising results in preclinical studies, leading to improved outcomes. 

In the future, new PE-based immunotoxins (PE-ITs) targeting additional solid cancers 

should be explored in clinical trials. To improve their efficacy and reduce immunogenicity, 

further truncations of the PE toxin should be considered, potentially through amino acid 

deletions, insertions, or conjugation with other toxin components. Moreover, PE-ETA 

should not be limited to cancer treatment but expanded to other areas of 

immunotherapy, such as the treatment of other diseases like organ fibrosis, Ebola, and 

HIV viral infections. 

The preliminary data generated from this study, together with the work produced by 

previous MSc students in our laboratory, provides compelling evidence that computer 

simulation can be a valuable tool in predicting the effects of mutations on the enzymatic 

activity of recombinant immunotoxins (rITs), particularly RG7787 variants. By using such 

computational methods, we can model how specific changes in the amino acid 

sequences of rITs influence their structural and functional properties. This predictive 
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capability is essential for designing rITs with enhanced or recovered enzymatic activity, 

thus increasing the optimization process for therapeutic applications. 

In the future, to maximize the potential of recombinant immunotoxins (rITs) for 

therapeutic applications, it is critical to optimize protein production at a larger scale. In 

this study, the expression systems used were effective in generating the desired 

immunotoxins; however, to meet the demands of pre-clinical and clinical development, 

higher protein yields are required. One promising approach to address this challenge is 

the use of high-density fermentation techniques, which can significantly enhance the 

expression levels of recombinant proteins. 

High-density fermentation, as opposed to traditional batch cultivation methods, allows 

for the cultivation of bacterial cells at much higher cell densities, leading to a substantial 

increase in protein output. By employing high-density expression systems, it is possible 

to improve not only the yield of recombinant immunotoxins but also the consistency and 

quality of the expressed protein, which is crucial for downstream experiments and 

therapeutic efficacy. 

Future work would include exploring the effect of other mutations that were introduced 

is still needed to compare their enzymatic activities. This will includes developing, 

assessing and comparing this rIT with only R456C without the presence of R490A, the 

mutation that was found to restore enzymatic activity in RG7787 [102]  and compare this 

rIT enzymatic activity with other mutations that were introduced i.e. R456T in the 

presence of R490A mutation. 

In conclusion, the introduction of novel mutations into the RG7787 immunotoxin has led 

to a significant recovery of enzymatic activity compared to the original RG7787 described 
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by Alewine et al,. These improvements in enzymatic activity demonstrate the potential of 

targeted protein engineering to optimize rITs for therapeutic purposes. However, these 

findings need further confirmation through the use of highly purified protein preparations, 

as purity is crucial to ensure the accuracy and reliability of the results. Following this, pre-

clinical studies are required to assess the in vivo efficacy, and immunogenicity of the 

modified RG7787 constructs to determine their therapeutic potential for clinical 

applications. The advancements achieved in this study are already influencing ongoing 

patent applications from organizations such as the National Institutes of Health (NIH) 

and Roche. The mutation introduced in RG7787 could shape the future development of 

rITs, positioning them as a competitive and potentially transformative therapeutic option 

in the field of immunotherapy [102], [104]. 
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Appendix 

Chemicals and consumables were purchased from various companies, including 

Beckham Coulter (California, USA), Bio-Rad (California, USA), Genescript (Piscataway, 

USA), Inqaba Biotechnological Industries (Pretoria, South Africa), New England Biolabs 

(Massachusetts, USA), Sigma Aldrich (Missouri, USA), Qiagen (Hilden, Germany), and 

Thermofisher Scientific (Waltham, USA). 

Stock solutions and buffers were made with de-ionized water, following conventional 

laboratory techniques or manufacturer's instructions. Buffers were filtered with 0.45μm 

filters and degassed. Antibiotics, kanamycin, and Isopropyl β-d-1-thiogalactopyranoside 

(IPTG) were produced as stock solutions, filtered (0.22 μm), and kept at -20°C. Buffers 

were titrated using either 1M HCl (acid) or 10M NaOH (alkaline). The recipe for each buffer 

is summarized below (Table 9). Other solutions, such as RPMI 1640 and DMEM medium, 

were autoclaved for 25 minutes at 121°C. 1% penicillin, 10% fetal bovine serum, and 

streptomycin were added to RPMI and DMEM medium. 

Table A1: Shows the list of buffers and media used to conduct experiments 

EXPERIMENT REAGENT COMPOSITION CONCENTRATION 

Molecular Cloning Luria Broth (LB) Distilled water 

 

 

Luria Broth Agar Distilled water   

SOC   
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10X TAE (pH 7.5) Tris Base 

Glacial Acetic Acid 

EDTA 

Distilled Water 

0.4M 

1.14% (v/v) 

10mM 

Bacterial 

Expression 

Terrific Broth (TB) Glycerol 

Distilled Water 

 

Protein 

Characterization 

SDS PAGE gel (10% 

Separating gel) 

Acrylamide 

Tris-HCL (pH 8.8) 

SDS 

TEMED 

APS 

30% 

1.5 M 

10% 

 

10% 

SDS PAGE gel (4% 

Stacking gel) 

Acrylamide 

Tris-HCL (pH 6.8) 

SDS 

TEMED 

APS 

30% 

1.5 M 

10% 

 

10% 

10X SDS Running 

Buffer (pH 8.3) 

Tris-Base 

Glycine 

250mM 

1.92M 
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SDS 1% (w/v) 

10X PBS (pH 7.4) NaCl 

KCL 

Na2HPO4 

KH2PO4 

1.37M 

27Mm 

81mM 

15mM 

TBST Tween 20 

Tris 

NaCl 

0.1% (w/v) 

20mM 

150mM 

 

Table A2: Shows the equipment used during laboratory experiments. 

USED FOR: EQUIPMENT NAME MANUFACTURER (MODEL) 

Molecular Cloning & 

Protein Expression 

Sonicator Sonica L.L.C (Qsonica) 

Centrifuge Beckman coulter (Allegra X-30R) 

Spectrophotometer Denovix (Denovix Ds-11) 

Shaking incubator Yinder Co Ltd (LM-510RD) 

Gel imager Bio-Rad (G Box Chemi XL) 

Heating block Eppendorf (Thermomixer Comfort) 

SpeedVac drier SP Scientific (miVAC DNA-23050-L00) 
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Micro-centrifuge LMS Co Ltd (MCF-2360) 

Weighing balance Radwag (P5600.R2) 

Vortex LMS Co Ltd (VTX-3000L) 

pH meter Dostmann Electronic (pH50+DHS) 

Protein Purification Protein purification equipment GE Healthcare (AKTA Avant) 

Protein 

Characterization 

Tissue culture incubator Nuaire (In-VitroCell) 

Western Blot Bio-Rad (Trans-Blot Cell) 

Electrophoresis Bio-Rad (PowerPacTM HC) 

In-vitro studies Cell counter Bio-Rad (TC20) 

BSLII Cabinet ESCO Life technologies (Airstream 

AC2-458) 

Microscope Bio-Rad (Zoe) 

Vortex LMS Co Ltd (VTX-3000L) 

 

Table A3: Shows the reagents that were used for protein characterization, functionality and 

cytotoxicity. 

REAGENT SOURCE CATALOGUE 

NUMBER 

Aqua stain Bulldog Bio, UK AS001000 
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Table A4: Shows the list of cell lines that were used in the study. 

CELL LINE NAME SOURCE 

HeLa Cervical carcinoma derived from a 31-year-old 

patient, American Type Culture Collection (ATCC, 

USA) 

Color Prestained Protein Standard Broad 

Range 

New England Biolabs, UK P7719S 

PVDF transfer membrane Roche, CH 0301004000

1 

1-step TMB-Blotting Substrate Solution Thermo-fisher Scientific, USA 34018 

His-Tag primary antibody Anatech analytical technology, 

ZA 

CST2365S 

Goat-anti-rabbit-IgG horadish peroxidase 

(HRP) 

Bio-Rad, USA 1706515 

Anti-His PE antibody R&D systems, USA IC050P 

Mowiol® Merk, USA 475904 

Anti-Fade (Propyl-gallate) Sigma Alridch, USA P3130 

Cell Proliferation Kit II (XTT) Roche, CH 52751200 
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SiHa Fragments of a primary uterine tissue sample from a 

55-year-old, female, Japanese patient with squamous 

cell carcinoma, American Type Culture Collection 

(ATCC, USA) 

ME-180 Uterus of a 66-year-old, White female patient with 

epidermoid carcinoma, American Type Culture 

Collection (ATCC, USA) 

MCF-7 

MCF-7 is a breast cancer cell line isolated in 1970 

from a 69-year-old White woman, American Type 

Culture Collection  (ATCC, USA) 

 

Table A5: Shows the media and their components used to grow and maintain cancer cell 

lines. 

REAGENT COMPOSITION CONCENTRATION SOURCE 

RPMI-1640 GlutaMAX 

Sodium pyruvate 

Phenol red 

Fetal Bovine serum 

Penicillin 

Streptomycin 

2mM 

3.7g/L 

15.0 mg/L 10% v/v 

100 I.U/mL 

100µg/mL 

Gibco 61870 

DMEM GlutaMAX 2Mm Gibco 10566 

https://www.bing.com/ck/a?!&&p=71b01382d0977c08JmltdHM9MTcyMjkwMjQwMCZpZ3VpZD0xMDkyYWM0Ny02NWJjLTY4ODQtMDM3OC1iZmVhNjQyMjY5N2ImaW5zaWQ9NTc5NQ&ptn=3&ver=2&hsh=3&fclid=1092ac47-65bc-6884-0378-bfea6422697b&psq=mcf-7+cell+line&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvTUNGLTc&ntb=1
https://www.bing.com/ck/a?!&&p=71b01382d0977c08JmltdHM9MTcyMjkwMjQwMCZpZ3VpZD0xMDkyYWM0Ny02NWJjLTY4ODQtMDM3OC1iZmVhNjQyMjY5N2ImaW5zaWQ9NTc5NQ&ptn=3&ver=2&hsh=3&fclid=1092ac47-65bc-6884-0378-bfea6422697b&psq=mcf-7+cell+line&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvTUNGLTc&ntb=1
https://www.bing.com/ck/a?!&&p=71b01382d0977c08JmltdHM9MTcyMjkwMjQwMCZpZ3VpZD0xMDkyYWM0Ny02NWJjLTY4ODQtMDM3OC1iZmVhNjQyMjY5N2ImaW5zaWQ9NTc5NQ&ptn=3&ver=2&hsh=3&fclid=1092ac47-65bc-6884-0378-bfea6422697b&psq=mcf-7+cell+line&u=a1aHR0cHM6Ly9lbi53aWtpcGVkaWEub3JnL3dpa2kvTUNGLTc&ntb=1
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 Sodium bicarbonate 3.7g/L  

 Phenol red 16.0 mg/L  

 Fetal Bovine serum 10% v/v  

 Penicillin 100 I.U/Ml  

 Streptomycin 100µg/Ml  
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Supplementary Figures 
Restriction digestion of pMT hliv22(scFv)-ETA’, trop2(scFv)-ETA’ and 
pUC57 vector containing (RG7787 (R456C+R490A) dETA’ 
As detailed in (subsections 2.2.1), pUC57 vector containing (RG7787 (R456C+R490A)-

dETA’), from Genescript and the pMT-Hliv22(scFv)-ETA’ and pMT-trop2(scFv)-ETA’ 

backbone vectors (provided by MB&I unit) were amplified and digested using BlpI and 

NotI enzymes. The expected fragment sizes for both pMTs are (inserts and backbone) 

and for pUC (insert, backbone). The fragments of interest were isolated using AGE and 

aligned with the SnapGene® software simulation of the expected bands, as seen in Figure 

A2. All DNA fragments successfully aligned with the simulations and were thus 

considered successfully digested. The relevant bands were then excised from the gel in 

preparation for ligation (subsections 2.2.). All digestions consisted of an undigested and 

single digested (using Not1) controls. 

 

Figure 34: UD-Undigested, SD-Single digested (Not-1) and DD-Double digested (Not1 &BlpI) 




