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Abstract 

Acute Leukemia comprising of acute myeloid leukemia (AML) and acute lymphoblastic leukemia 

(ALL), represents a clonal malignant transformation of hematopoietic cells originating in the bone 

marrow or lymphoid organs. This is often associated with fundamental genetic abnormalities, and these 

malignancies are also characterised by persistent proliferation of hematopoietic progenitor cells or 

maturation arrest at a particular developmental stage, which is specific to each subtype of leukemia. 

The treatment strategies for acute myeloid leukemia include chemotherapy, bone marrow 

transplantation, radiotherapy, and immunotherapy, with current research focusing on antibody-based 

immunotherapy because of its advantages including higher tumour selectivity and increase of drug 

tolerability. 

Acute leukemia is diagnosed by combining information from the patient's past medical records, clinical 

presentations and laboratory results from the studies performed by a pathologist. Pathologist-led 

studies include haematological investigations like the total blood count, meticulous peripheral blood 

film review and bone marrow aspiration smear examination. Specific genetic abnormalities linked to 

AML can be identified through molecular genetic tests, including chromosomal analysis, next-

generation sequencing, real-time polymerase chain reaction and cytogenetic analysis. 

Immunophenotyping by flow cytometry and immunohistochemistry can be used to identify specific 

proteins or antigens upregulated in AML. 

In low and middle-income countries, particularly Africa, AML diagnosis is primarily based on 

leukemic cells or blast morphology, which has significant drawbacks in terms of providing accurate 

and timely diagnosis. This method utilizes the identification of myeloid blasts primarily through their 

visual characteristics under the microscope and counting them in bone marrow aspirate samples stained 

with a suitable Romanowsky stain, such as the Wright-Giemsa stain. Additionally, molecular genetic 

testing, mostly (RT) polymerase chain reaction (PCR), is also being utilized for AML diagnosis. 
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Using advanced technologies like flow-cytometric immunophenotyping and immunohistochemistry is 

limited due to the current costs of antibody-based diagnostics in these already strained developing 

countries’ economies Utilizing immunophenotyping by flow cytometry and immunohistochemistry 

would allow clinicians to clearly define each subtype of acute leukemia, timely diagnose the disease, 

and initiate therapy on time. These methods utilise monoclonal antibodies targeting uniquely 

overexpressed markers on leukemic blasts. To address the challenges posed by the costs and limited 

availability of antibody-based immunodiagnostics in Africa, an alternative approach would be the use 

an easy-to-tailor fashion of smaller antibody fragments (single chain variable fragments) coupled with 

a SNAP-tag, which can be readily produced recombinantly under cost-controlling conditions. 

SNAP-tag is a modified version of the human DNA repair enzyme alkylguanine-DNA alkyltransferase 

(AGT), which reacts specifically with O6-benzylguanine (BG)-modified molecules via irreversible 

transfer of an alkyl group to a cysteine residue within its active site. Benzylguanine can be chemically 

attached to a variety of synthetic labels, such as fluorophores. SNAP-tag can be coupled to scFvs 

(single chain variable fragments), forming unique SNAP-tag antibody fusion proteins which undergo 

self-labelling covalent conjugation reactions with benzylguanine derivatives, and this provides an 

innovative alternative approach to develop next-generation recombinant immunodiagnostics targeting 

different biomarkers upregulated in AML. 

Therefore, this study aimed to explore SNAP tag-based antibody fusion proteins as supplementary or 

companion diagnostic tools for acute myeloid leukemia targeting cluster of differentiation 14 (CD14), 

myeloperoxidase (MPO), and the human leukocyte antigen DR (HLA-DR) which are antigens 

overexpressed on leukemic cells. The variable gene sequences encoding for scFv antibody fragments 

were obtained from publicly available resources (patents, journals, and antibody databases) and were 

fused to SNAP by in-silico expression plasmid design. The SNAP fusion protein encoding open 

reading frames (ORFs) were then cloned into the pCB plasmid vector backbone, containing all the 

unique features for protein expression in mammalian systems. Following that, scFv-SNAP fusion 
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proteins were generated by transfecting mammalian HEK 293T cells with the recombinant plasmids 

containing an Ig-Kappa leader, which allowed secretion of the proteins into the cell culture supernatant. 

After extraction, proteins were purified using immobilised metal affinity chromatography (IMAC) and 

characterised by SDS-PAGE and western blot before being conjugated to BG Alexa fluorophores. 

Proof of binding of the generated fluorescently labelled SNAP fusion proteins was demonstrated in 

vitro using leukemic cell lines for CD14 and MPO, while peripheral blood mononuclear cells were 

used for HLA-DR through confocal microscopy and flow cytometry. 

The results of the study demonstrated specific binding of the newly generated SNAP fusion proteins, 

confirming their suitability for diagnostic applications. The future direction of the study will involve 

testing the generated fusion proteins on South African leukemia patient samples to determine the 

disease subtypes and comparing them with already existing tools. Additionally, developing new 

bivalent formats to increase affinity is a potential avenue for future research. In summary, the use of 

SNAP fusion proteins promotes local development and invention of next generation 

immunodiagnostics and therapeutics in Africa, and this could be considered as a cost-containment 

strategy for cancer remedies which are being priced for the first-world markets. 
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Chapter 1: Literature review 

1.1 Leukemia 

Leukemia, which includes acute and chronic leukemias, refers to a group of malignant blood disorders 

that arise due to genetic abnormalities in the bone marrow or lymphoid organs (1) (2). This is often 

associated with fundamental genetic abnormalities such as chromosomal translocations, gene 

mutations and gene amplifications. These genetic abnormalities disrupt normal cell proliferation, 

differentiation and apoptosis regulation resulting in the development and progression of leukemia (3). 

Despite their wide genetic heterogeneity, leukemia’s have  limited set of typical cancer hallmarks 

including poor differentiation, enhanced cell survival, uncontrolled proliferation and immune system 

evasion (4). These distinct features lead to the accumulation of immature and dysfunctional cells, 

which compromise the physiological functions of normal haematological cells (5). Acute 

lymphoblastic leukemia, acute myeloid leukemia, chronic lymphoblastic leukemia, and chronic 

myeloid leukemia are the four most frequently diagnosed types of leukemia (2).  

1.2 Epidemiology 

Currently, leukemia accounts for approximately 5% of all human cancers globally (6), with acute 

myeloid leukemia accounting for around 20-25% of acute leukemia cases and ranks as the 15th most 

prevalent cancer worldwide, causing the 11th highest number of cancer-related deaths (7). Acute 

leukemia is often thought to be predominant in children than in adults, but it is diagnosed 10 times 

more in adults than in children. (8) (9). The incidence rates of  acute leukemia varies geographically, 

with sub-Saharan African countries, particularly those with a high prevalence of HIV, having the 

highest number of new cases in Africa, and is currently estimated to be 30–40 thousand per year 

(10,11).  South Africa is one of the countries with the highest incidence and mortality rates of leukemia, 

as illustrated in Figure 1. In many parts of Africa, timely diagnosis, and treatment of acute leukemia 

is a challenge due to limited healthcare infrastructure and resources. As a result, the mortality rate is 
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higher in the African continent compared to many parts of the world (12). However, despite these 

challenges, ongoing efforts are being made to improve early detection and access to treatment for acute 

leukemia to alleviate the disease burden on the continent. 

 

Figure 1. Estimated number of leukemia cases in selected African countries by gender and age group. GLOBOCAN, 

a global observatory for cancer trends, reported an incidence of 32,138 cases and 23,891 deaths in Africa, with 

Egypt, Ethiopia, Nigeria, and South Africa having the highest incidence and mortality rates (7). 

1.3 Leukemia Classification 

Leukemia is a type of cancer that can be categorized into two distinct types, acute and chronic, 

depending on the rate of progression of dysfunctional cells (blasts) and how quickly they leave the 

bone marrow and replace healthy cells, leading to the rapid onset of symptoms in patients (2) (13). 

Furthermore, it is classified as  lymphoid or myeloid depending on the haematopoietic cells of origin 

(14). Acute leukemia’s are fast growing cancers that progress quickly without treatments. This 

category includes acute myeloid leukemia (AML) and acute lymphoblastic leukemia (ALL). AML 



Masters Thesis                                                               14                                                         Tatenda L Bvudzijena                                            
 

develop from myeloid stem cells and myeloblasts, these cells represent immature white blood cells, 

which ultimately develop into red blood cells, platelets, monocytes, and granulocytes as illustrated in 

Figure 2 (5) (15). On the other hand, ALL targets lymphoid stem cells and lymphoblasts that 

differentiate into either B cells or T cells (16). Under chronic leukemia’s, which are slow-growing 

cancers that can be governed by treatments, we have chronic myeloid leukemia (CML), which 

primarily affects myeloid stem cells and granulocytes responsible for compacting infections (15). On 

the other hand, chronic lymphocytic leukaemia (CLL) affects B lymphocytes which are responsible 

for generating antibodies (17). 

    

Figure 2. Blood cells development.  The bone marrow produces blood stem cells (immature cells) that becomes 

mature over time. These stem cells may assume a form of myeloid stem cell or a lymphoid stem cell. Myeloid 

stem cells are transformed to red blood cells (RBC), platelets and myeloblasts (AML can develop from these 

cells). These cells later differentiate into white blood cells granulocytes (eosinophils, basophils, and neutrophils) 

and monocytes. Lymphoid stem cells turn into lymphoblasts (ALL can develop from these cells) and these later 

differentiate into white blood cells including B lymphocytes, T lymphocytes and Natural killer cells (NK cells). 

Siddhika, 2020 (5)(14) (24). 



Masters Thesis                                                               15                                                         Tatenda L Bvudzijena                                            
 

1.3.1 Aetiology of acute myeloid leukemia 

Genetic mutations in hematopoietic stem cells are the first stage in the development of AML (18). 

These mutations are usually due to congenital anomalies and environmental risk factors, which have 

been the subject for various studies (19) (20) (21).  

1.3.1.1 Congenital anomalies 

 A few congenital abnormalities have been associated with an elevated risk of acquiring AML (22) 

(23). According to the National Cancer Institute, children with Down syndrome have a cumulative risk 

of developing acute leukemia of around 2.1% by the age of 5 years and 2.7% by the age of 30 years 

(24). These rates reflect a 20- to 30-fold greater risk of ALL and a 100-fold increased risk of AML 

(25,26). The specific explanation for this is unknown, however it is thought that the presence of trisomy 

or on  extra copy of chromosome 21 leads to increased proliferation of megakaryocyte progenitors 

(MKPs) and children with Down syndrome are more likely to develop acute megakaryoblastic 

leukaemia (AMKL) (27). AMKL exhibit immunophenotypic markers including  CD33, CD117 and 

CD34 as illustrated in Table 1 (28). Similarly, other genetic disorders such as Klinefelter syndrome 

(29), Li-Fraumeni syndrome (30) , Fanconi anaemia (31), and neurofibromatosis have all been linked 

to an increased chance of developing AML (32). 

1.3.1.2 Environmental factors  

Environmental factors including prolonged exposure to ionising radiation has been recognised as a 

risk factor for AML. According to studies on survivors of the Japanese atomic bomb blasts, the highest 

prevalence of AML was developed 5-7 years after exposure (33) (34). AML risk has also been related 

to repeated exposure to chemicals such as benzene, pesticides, ethylene oxide, embalming fluids, and 

other potentially toxic agents (35) (36). The relationship between smoking and the development of 

AML, particularly the M2 subtype (Table 1) in those over the age of 60, is widely debated (37). 
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1.3.2 Acute myeloid leukemia pathophysiology 

Acute myeloid leukemia is characterised by mutated cells, due to their genetic self-renewal advantage, 

have the ability to multiply more quickly and survive longer compared to normal stem cells (18). 

Consequently, an imbalance arises in the production of mature cells, as the unchecked self-renewal of 

mutated cells leads to an accumulation of aberrant cells. This buildup of immature or undifferentiated 

cells in the bone marrow disrupts the normal maturation of blood cells at various stages (38). 

Additionally, the mutated stem cells undergo clonal expansion, overpowering the population of healthy 

cells and interfering with their normal development (39). In advanced stages of AML, the aberrant 

cells can invade tissues and spread to other organs through the bloodstream or lymphatic system. This 

process, known as metastasis, does not only affect multiple organs but also worsens the prognosis. 

During metastasis, the aberrant cells may establish secondary growths in distant locations including 

the central nervous system and the liver (40).  

Some of the most common mutations observed in AML include Nucleophosmin 1 (NPM 1) mutations, 

which are present in approximately 25% to 35% of AML patients (41). The NPM 1 gene encodes for 

a protein involved in the transportation of proteins within the nucleus. Mutations in NPM 1 can disrupt 

this nuclear transport mechanism, leading to impaired function and increased cell survival (42). In 

patients with NPM 1 mutations, it has been observed that they are highly responsive to aggressive 

chemotherapy, regardless of age (43). This sensitivity to chemotherapy is seen in both young and older 

patients, indicating a favourable treatment response (44). 

Another frequently occurring mutation in AML is observed in the FLT3 gene, which is abundantly 

expressed in hematopoietic stem cells. The FLT3 gene plays a crucial role in cell survival and 

proliferation. In approximately 30% of AML cases and 30% to 45% of cases with normal cytogenetics 

(CN-AML), internal tandem duplications (ITD) and tyrosine kinase domain (TKD) mutations in the 

FLT3 gene are detected (45). These mutations lead to increased activation of the FLT3 receptor, 

thereby enhancing the proliferation and survival of leukemic cells. FLT3 mutations can result in a 
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condition called severe leucocytosis, characterized by an abnormally high number of white blood cells 

(46). Furthermore, AML patients with FLT3-ITD mutations have an increased risk of disease 

recurrence, highlighting the prognostic significance of these mutations (47). 

Similarly, the Runt-related transcription factor (RUNX1) translocation is observed in approximately 

12% of all AML cases and is generally associated with a poor prognosis (48). RUNX1 is located on 

chromosome 21 and frequently translocate with the ETO (eight two one)/RUNX1T1 gene on 

chromosome 8q22, resulting in AML-ETO or t(8;21) (q22;q22) AML (49).RUNX1 is an essential 

component of haematopoiesis, the process of blood cell formation (50).  

Other mutations occurring in AML include Isocitrate dehydrogenase 1 or 2 (IDH) genetic alterations 

found in about 20% of AML patients. These mutations occur in the IDH1 or IDH2 genes, which encode 

enzymes involved in glucose metabolism (51). Mutations in IDH1/2 can lead to the production of 

abnormal metabolites that promote the growth of AML cells (52). Moreover, approximately 10% of 

AML patients exhibit mutations in the CEBPA gene (53).  This gene encodes for a transcription 

factor crucial for the differentiation of blood cells. Mutations in CEBPA disrupt this process, leading 

to uncontrolled proliferation of AML cells (54). Lastly, about 8% of AML patients also reveal TP53 

mutations. Which is a tumour suppressor gene responsible for detecting and repairing DNA damage. 

Mutations in TP53 impair its function, resulting in uncontrolled growth of AML cells (55). 

Understanding the various mutations in AML is very important in the diagnosis and development of 

new targeted therapies. 

1.3.3 FAB classification of acute myeloid leukemia 

In the 1970s, leukemia specialists from France, the United States, and Britain classified AML into 

eight subtypes from M0 to M7 based on the maturity level of the cells and the type of cells in which 

leukemia originates (1) (56). This classification was primarily governed by the appearance of leukemia 

cells under the microscope after routine staining, as shown in  Table 1 (57) (58) (59). Several important 

factors need to be considered for the classification and accurate diagnosis of AML. 
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Table 1.   FAB classification of acute myeloblastic leukemia 

FAB 

Subtype 

% of adults with AML 

and Cytogenetics (60). 

Morphology(61) Immunophenotype (61). 

AML-M0 

 

 

5% Acute myeloblastic leukemia with minimal 

differentiation: Characterised by medium sized 

blasts, round nucleus with fine chromatin, 

cytoplasm is basophilic and non-granular, and they 

have prominent nucleoli. 

CD11b+, CD15+, 

CD33+, CD11c+ 

 

AML-M1 

 

15% Acute myeloblastic leukemia with minimal 

differentiation: The blasts are medium sized and 

have a high ratio of nucleus to cytoplasm. They 

possess rounded nuclei with immature, dispersed 

chromatin and one or more prominent nucleoli. The 

cytoplasm may contain fine azurophilic 

granulation or isolated Auer rods. 

 

CD117+, MPO+, 

CD33+, CD34+/-, 

CD13+ 

AML-M2 

 

t(8;21) (q22;q22), 

t(6;9) 

25% 

Acute myeloblastic leukemia with maturation: 

Cells are small to medium-sized with a high 

nucleo: cytoplasm ratio, rounded nuclei that 

contain immature and dispersed chromatin with 

one or more prominent nucleoli. The cytoplasm is 

basophilic and may contain traces of azurophilic 

granulation or isolated Auer rods. 

CD34+/-, CD15+, 

CD13+, MPO+, Sudan 

Black +, HLA-DR+/-, 

CD117+/- 

AML-M3 

 

t(15;17) 

10% 

Promyelocytic leukemia: Cells with abundant 

azurophilic granulation, the nucleus is usually 

monocytic in appearance and either irregular or 

bilobed with a cleft on it, scarcely basophilic 

cytoplasm due to abundant azurophilic granules. 

CD13+, CD33+,  

CD34-, HLA-DR- 

AML-M4 

 

inv(16)(p13q22), 

del(16q) 

20% 

Acute myelomonocytic leukemia: Cells are larger 

in size and have a moderate nucleo: cytoplasm 

ratio. The nucleus can be round, kidney-shaped or 

irregular and the nucleoli are typically prominent. 

CD13+, CD64+, 

CD11c+ CD11b+, 

CD15+, CD33+ 
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AML-M5 del (11q), t(9;11), 

t(11;19) 

10% 

M5a Acute monoblastic leukemia: large blasts 

with round nuclei, immature chromatin that is 

dispersed and Auer rods in the cytoplasm. 

M5b Acute Monocytic leukemia: nuclei of 

promonocytes are rounded and their cytoplasm is 

less basophilic and highly granulated. 

CD14+, CD11c+,  

HLA-DR+, CD64+ 

AML-M6: 

 

5% M6a Acute erythroid leukemia with mixed blast 

multiplication: red blood cells appearance in the 

blood is significantly changed with the presence of 

schistocytes. The blood contains more than 50% 

erythroid progenitor cells and 30% myeloblasts. 

M6b Erythroid Leukemia Pure: Cells contains 

80% erythroid cells and 3% myeloid cells. 

Glycophorin A+, 

CD33+, CD13+, 

CD15+ 

AML-M7 

 

t(1;22) 

5% 

Acute megakaryocytic leukemia: The blasts are 

polymorphic and highly immature, with scattered 

and reticular nuclei and dispersed chromatin. The 

cytoplasm is non-granular. 

CD13+, CD33+, 

CD34+, CD42+, 

CD41+, CD61+, 

CD117+ 

Adapted from W. Ladines-Castro et al. 2016 (61). 

1.3.4 WHO classification of AML 

The World Health Organization (WHO) expanded the classification of AML in 2001 from the FAB 

Classification to include genetic and molecular abnormalities present in the leukemic blast cells (62). 

The latest classification published in 2016 includes six major classes, with the aim of integrating the 

latest advancements in the diagnosis and treatment of AML (63). Table 2 provides an overview of the 

different WHO classifications of AML. 
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Table 2. WHO classification of AML 

Subtype  Description (64) (65)  

AML with recurrent 

genetic abnormalities:  

AML in this category is distinguished by chromosomal abnormalities, such as translocations 

or inversions examples include: 

• AML with t(8;21) (q22;q22) 

RUNX1-RUNX1T1 

• AML with inv(16) (p13q22) or 

t(16;16) (p13;q22); CBFB-MYH11 

• APL with t(15;17) (q22;q12)  PML-

RARA 

• AML with t(9;11) (p21.3;q23.3); 

MLLT3-KMT2A 

• AML with t(6;9) (p23;q34.1) DEK-

NUP214 

• AML with inv(3)(q21.3q26.2) or t(3;3) 

(q21.3;q26.2); GATA2, MECOM 

• AML (megakaryoblastic) with t(1;22) 

(p13.3;q13.3); RBM15-MKL1 

• AML with BCR-ABL1 (provisional entity) 

• AML with mutated NPM1 

• AML with biallelic mutations of CEBPA 

• AML with mutated RUNX1 (provisional 

entity). 

 

Myelodysplasia related 

AML:   

This category includes AML that consists of myelodysplastic syndrome (MDS) features 

including abnormal blood cell counts or abnormal chromosomes before progressing to 

AML. This is due to deletions or loss of chromosomes examples include: del(5q)/t(5q),  

i(17q)/t(17p), del(11q), del(12p)/t(12p), and translocations between chromosomes: 

t(11;16)(q23.3;q13.3), t(3;21)(q26.2;q22.1), t(1;3)(p36.3;q21.2). 

Therapy Related AML:  AML cases that develop due to prior treatment with chemotherapy or radiation therapy. 

AML, not otherwise 

specified:  

AML cases that do not fit into any of the other classes Including AML with minimal 

differentiation, AML without maturation, AML with maturation, Acute myelomonocytic 

leukemia, Acute monoblastic/monocytic leukemia, Acute erythroid leukemia, Pure 

erythroid leukemia, Acute megakaryoblastic leukemia, Acute basophilic leukemia and 

Acute panmyelosis with myelofibrosis 

Myeloid sarcoma: These are AML cases in which the cancerous cells develop a solid tumour outside of the 

bone marrow  

Myeloid proliferations 

related to Down 

syndrome: 

This category includes cases of AML that develop in people with Down syndrome and have 

recognisable genetic abnormalities. 

Blastic plasmacytoid 

dendritic cell neoplasm: 

This unusual form of AML involves the abnormal proliferation of specific white blood cells 

known as plasmacytoid dendritic cells. 
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The classification of AML according to FAB and WHO is crucial for clinicians to comprehend the 

morphological disparities in blast cells, helping them determine appropriate treatment and monitoring 

prognosis (66). Various subtypes respond differently to treatment, and some have better or worse 

prognoses compared to others (62).  

1.4 A succinct description of the different AML treatment options 

1.4.1 Chemotherapy 

Chemotherapy, a medical approach involving the use of chemical substances, particularly cytotoxic 

drugs to destroy fast-growing cancer cells (67), is used in the treatment of AML. Currently, the 

standard of care for AML is seven days of cytarabine-based chemotherapy followed by three days of 

either daunorubicin or anthracyclines (68), and this is done  to achieve complete remission (CR). This 

“7 + 3” regimen has remained unchanged since its first introduction in 1973 and it has yielded 

unsatisfactory results in many patients, and does not benefit older patients (69). As a result, the current 

research in this field is focused on developing new chemotherapeutics for AML and improving the 

usage of current regimens. Other drugs are being tested to improve the efficacy of standard 

chemotherapy drugs when used in combination therapy. Preclinical data now demonstrate that 

venetoclax has anti-leukemic effects in AML, as well as synergistic effects when combined with 

hypomethylating or chemotherapeutic agents (cytarabine) in the elderly with newly diagnosed AML 

(70). Fortunately,  the US Food and Drug Administration (FDA) recently granted approval for the 

combined use of Venetoclax, in combination with azacitidine, decitabine, or low-dose cytarabine 

(LDAC), as a treatment option for newly-diagnosed AML in adults aged 75 years or older, or those 

who have underlying health conditions that make them ineligible for intensive induction chemotherapy 

(71). The efficacy of this treatment was confirmed through two randomized, double-blind, placebo-

controlled trials. These trials clearly showcased a notable 30% rate of improvement in achieving 

complete remission (72). In contrast to these recent advancements, conventional chemotherapy is 
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generally cytotoxic to most cells, including healthy cells and this can lead to dose-limiting off-target 

effects and inherent drug resistance, which can result in inefficient eradication of leukemic blasts and 

their survival after remission (73). In other words, minimal residual disease is the term used to describe 

the small number of cancer cells that remain in the body after treatment and is the leading cause of 

recurrence. Therefore, more specific and efficient approaches are needed to eradicate malignant cells 

while sparing healthy cells as well as clearing the minimal residual disease which causes disease 

recurrence. 

1.4.2 Bone Marrow transplantation 

Bone marrow transplants are medical procedures where healthy blood-forming stem cells are 

introduced into the body to replace bone marrow stem cells that are no longer capable of producing 

enough healthy blood cells. Relapse after conventional chemotherapy remains a major problem in 

patients with myeloid malignancies such as AML, and the major cause of death after diagnosis of AML 

is from relapsed disease (74). The only potentially curative treatment option currently available is 

allogeneic hematopoietic stem cell transplantation (allo-HSCT), which through its graft-vs.-leukemia 

effects has the ability to eliminate residual leukemia cells. The use of bone marrow transplants in AML 

treatment dates back to 1956, when a medical breakthrough occurred in Cooperstown, New York, that 

changed the landscape of cancer treatment. It was there that, Dr. E. Donnall Thomas achieved the first 

successful bone marrow transplant, a procedure that has since become a critical tool in the fight against 

AML and other blood cancers (75). This remarkable breakthrough was achieved through bone marrow 

transplantation of healthy stem cells from an identical twin to another twin suffering from leukemia. 

Nowadays, bone marrow transplants are used in combination with chemotherapy (76). Healthcare 

professionals can now administer increased doses of chemotherapy medications to eradicate a higher 

number of cancerous cells. In conjunction, healthy stem cells are collected from the donor and 

transplanted into the patient’s bone, allowing the healthy stem cells to repopulate the recipient’s bone 

marrow. This process aids patients in recuperating from chemotherapy treatment (77). However, 
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despite the success of bone marrow transplants, relapse following allo-HSCT is still a major challenge 

and is associated with poor prognosis. Furthermore, there are several other limitations associated with 

this treatment including the availability of suitable donors, risks of complications associated 

comprising of graft-versus-host disease, stem cell (graft) failure, organ damage, infections, and 

development of new cancers (78).  

1.4.3 Targeted therapy 

1.4.3.1 Genetic targeted therapies 

Genetic targeted therapies work by specifically inhibiting or modifying the activity of proteins or 

pathways changed in cancer cells due to genetic mutations. Recent advancements in next-generation 

sequencing have enabled a deeper understanding of the pathogenesis of acute myeloid leukemia 

(AML)  (46), particularly the development of small molecules that target the disease at the molecular 

level (45).  

FLT3 inhibitors 

The FLT3 gene encodes a receptor tyrosine kinase (RTK) expressed on normal hematopoietic stem 

cells. RTK, upon binding to receptor-specific ligands, it activates the intracellular tyrosine kinase 

domain (TKD) and these processes require adenosine triphosphate (ATP) (79). Activation of TDK 

causes phosphorylation of downstream molecules, thereby activating signalling cascades that promote 

transcription of genes regulating survival, proliferation and differentiation of cells (79). When a 

mutation occurs in the FLT3 gene, it causes immature blood cells to multiply uncontrollably resulting 

in a more aggressive form of AML that is more likely to relapse after treatment and has a lower survival 

rate (47). As mentioned in section 1.3.2 above, these mutations are detected in approximately 30% of 

patients with AML and this has led to the development of new targeted therapies for this subgroup of 

patients (46). FLT3 inhibitors work by inhibiting or interacting with the ATP-binding site of the 

intracellular tyrosine kinase domain (TKD) and competitively block ATP binding. This mechanism 
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prevents receptor autophosphorylation and the activation of downstream signalling pathways thereby 

regulating proliferation of AML cells. In 2017, Midostaurin (Rydapt) became the first FDA drug 

approved for the treatment of adult patients with newly diagnosed FLT3-mutated AML (80), in 

combination with chemotherapy drugs such as cytarabine and daunorubicin (47). A year later in 2018, 

Gilteritinib became the second drug to receive approval from the FDA and is used to treat relapsed or 

refractory AML with FLT3 mutations (46) (81) . Recently, in July 2023 the FDA granted approval to 

quizartinib for the treatment of adult patients who have newly been diagnosed with acute myeloid 

leukemia (AML) characterized by the FLT3 internal tandem duplication (ITD) genetic mutation (82). 

IDH inhibitors 

Isocitrate dehydrogenase (IDH) enzymes IDH1 and IDH2 play a pivotal role in converting isocitrate 

into alpha-ketoglutarate as part of the tricarboxylic acid cycle as mentioned above (1.3.2). Alterations 

of specific amino acids at conserved sites result in abnormal enzymatic activity and the production of 

an oncometabolite known as 2-hydroxyglutarate (R-2-HG) (83). This metabolic shift triggers DNA 

hypermethylation, disrupts gene expression, promotes cell proliferation, and interferes with normal 

cell differentiation. Within the context of AML, approximately 20% of AML patients exhibit mutations 

in either IDH1 or IDH2 enzymes which contribute to the development and progression of AML (51) 

(84). In recent years, innovative therapies targeting mutant IDH have emerged as a promising avenue 

for treating AML patients with these mutations. IDH inhibitors function by obstructing the activity of 

mutant IDH proteins, causing leukemia cells to differentiate normally (84). In 2017, the FDA granted 

approval for enasidenib, a small molecule IDH2 inhibitor effective against IDH2 R140 and IDH2 R172 

variants, for the treatment of relapsed or refractory AML(85) (86). A year later in 2018, ivosidenib 

was also approved to treat relapsed or refractory AML cases associated with IDH1 mutations (87) (88).  

Recently in December 2022, olutasidenib gained FDA approval for adult patients with relapsed or 

refractory AML harbouring susceptible IDH1 mutations, as confirmed by an FDA-approved diagnostic 
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test (89). This drug has been approved for the treatment of both treatment-naïve and relapsed or 

refractory AML cases. 

BCL-2 inhibitors 

B cell lymphoma 2 (BCL-2) family proteins play a crucial role in regulating apoptosis, a process 

involving both inhibitors and inducers of cell death (90). These proteins regulate and facilitate the 

intrinsic apoptosis pathway, in which mitochondria contribute to cell death (91). When BCL-2 

mutations occur, it causes a significant increase in BCL-2 expression, these proteins  block the cells 

from triggering apoptosis (92). When this happens, cancer cells do not self‑destruct and as a result, 

they build up in the body. To address this challenge, specific inhibitors like venetoclax have emerged 

as promising therapeutic options, these drugs target BCL‑2 proteins and attach to them resulting in 

restoration of apoptosis allowing cancerous cells to self-destruct (93). Initially, this drug was approved 

in April 2016 for the treatment of patients with chronic lymphocytic leukemia (CLL) who have a 

chromosomal abnormality called 17p deletion and who have been treated with at least one prior therapy 

(94). Subsequently, it received accelerated approval in 2018 for its use in acute myeloid leukemia 

(AML), with full approval granted in 2021 (71).  

Hedgehog (Hh) pathway inhibitors 

The Hedgehog (Hh) pathway is a crucial signalling pathway involved in normal embryonic 

development that also plays an important role in adult tissue maintenance, renewal, and regeneration 

(95). In this pathway, binding specific ligands to the transmembrane receptor patched (PTCH1) 

promotes activation of the transcriptional regulators GL11, GL12 and regulation of gene expression 

via SMO-mediated signalling (96). The Smoothened (SMO) receptor has been implicated in several 

aspects of AML stem cell development, maintenance, and growth. As a result, various Hh pathway 

inhibitors have been developed targeting the SMO receptor, a transmembrane protein crucial for Hh 

signal transduction, influencing both cellular differentiation and cancer growth (97). Glasdegib was 

approved by the FDA in November 2018 for the treatment of newly diagnosed AML patients 75 years 
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of age or older and those with comorbidities that exclude them from undertaking aggressive induction 

chemotherapy (98). 

1.4.3.2 Immunotherapy 

Immunotherapy, which is defined as the manipulation of human immune system components to 

selectively target diseased cells, represents a highly promising approach within the realm of precision 

medicine (99). Over the past decade, it has transitioned from a hopeful concept to a robust clinical 

reality. Notably, many immunotherapeutic methods have gained approval from the FDA for the 

treatment of cancer patients, while others are currently in the pipeline for approval either as standalone 

therapies or in combination with standard treatments (100). Cancer immunotherapy can be broadly 

categorized into two main types of interventions: passive and active, based on their underlying 

mechanisms. Passive immunotherapy involves the administration of ex vivo-generated immune 

elements including monoclonal antibodies. While active immunotherapy aims to stimulate the host’s 

immune system or a specific immune response to a disease (101). This includes the administration of 

cancer vaccines, chimeric antigen receptor T-cell (CAR-T) therapy, checkpoint inhibitors, peptide-

based therapies, and natural killer cell therapies (102). 

Passive Immunotherapy 

The first FDA approved therapeutic antibody was muromonab-CD3 (Orthoclone OKT3) in 1986 (103) 

(104). This comprises of a naked murine mAb against T cell expressed CD3 that functions as an 

immunosuppressant for the treatment of acute transplant rejection (105). Naked antibodies operate 

without directly delivering potent cytotoxic drugs, instead they function through binding to specific 

antigens on the cell, blocking a particular signalling pathway, triggering the immune system or 

recruiting immune cells to combat diseased cells (104).  Whereas, antibody drug conjugates (ADCs) 

are bifunctional molecules combing the monoclonal antibody targeting specific antigens on diseased 

cells with a cytotoxic drug with a cell killing ability (105). To date, more than 100 mAbs have been 
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approved since 1985, and new additions are regularly approved for the treatment of cancer and 

immunological diseases (106). These new drugs have been approved because of the development of 

promising new treatments resulting from a better understanding of disease pathophysiology and 

heterogeneity. In comparison to conventional chemotherapeutic bioactive compounds, the use of 

antibody drug conjugates has benefits including increased cell-killing potential, higher tumour 

selectivity, improved drug tolerability, and limited systemic exposure (107) (108). 

The FDA approved gemtuzumab ozogamicin (Mylotarg) in May 2000 for CD33-positive patients with 

relapsed AML and older patients 60 years of age or older who were not candidates for conventional 

chemotherapy (109). Mylotarg is a humanised anti-CD33 monoclonal antibody covalently conjugated 

to a semisynthetic component of calicheamicin, a potent cytotoxic antibiotic agent that blocks the 

growth of cancerous cells and causes cell death (110). In 2010, it was voluntarily withdrawn from the 

market following the Southwest Oncology Group (SWOG) S0106 phase III trial which yielded 

disappointing results, indicating that there was no additional benefit to combining gemtuzumab 

ozogamicin with chemotherapy compared to chemotherapy alone. Moreover, the trial revealed an 

increase in treatment-related mortality associated with the combined therapy (111). Based on this data 

and other unfavorable results from phase III studies, Pfizer decided to voluntarily withdraw 

gemtuzumab ozogamicin from the market in 2010, a decade after it was originally approved (112). 

Gemtuzumab ozogamicin was granted reapproval by the FDA in September 2017 for treating adults 

with newly diagnosed CD33-positive AML, as well as for relapsed or refractory CD33-positive AML 

in patients aged 2 years and above (113). The FDA specifically mentioned changes to the dosing 

regimen that improved the safety and efficacy of gemtuzumab ozogamicin and led to its reapproval.  

Current research is focusing on different markers upregulated on AML cells including the pan-

leukocyte antigen CD45 and the glycoprotein CD66, as potential unique targets against for AML 

treatment (114) (115). Despite its potential, the current ADC technology has several limitations. One 

such limitation is the stoichiometrically undefined chemical linkage of the cytotoxic payload, which 
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can affect the efficacy and specificity of the ADC. Another limitation is the potential immunogenicity 

of toxins derived from bacteria and plants, which can limit their clinical utility (116). SNAP-tag 

antibody fusion proteins offer a promising alternative approach by enabling the production of 

homogeneous, recombinant ADC products and next-generation recombinant fusion proteins that have 

reduced immunogenicity. This innovative technology offers a potential solution to some of the 

limitations associated with current ADC technology (117).  

Active Immunotherapy 

Checkpoint inhibitors using monoclonal antibodies to block immune checkpoints have proven to be 

highly effective in AML immunotherapy targeting the bone marrow microenvironment (118). These 

antibodies  act to block inhibitory receptors on the surface of T cells and other cells of the immune 

system (119). Notably, immune checkpoint inhibitors like Programmed Death-ligand 1 (PD-1/PD-L1) 

and Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) inhibitors have demonstrated safety and efficacy 

across various cancer types, earning approvals from regulatory authorities for use in solid tumours and 

certain lymphoid malignancies (120). It’s worth emphasizing that PD-1 inhibitors, including drugs like 

pidilizumab, nivolumab, pembrolizumab, durvalumab, and atezolizumab, have seen extensive 

development and application in AML patients (121). Additionally, CTLA-4 inhibitors such as 

ipilimumab have shown promise, particularly in high-risk AML and patients with myelodysplastic 

syndromes (MDS), including those that have relapsed after allogenic-hematopoietic stem cell 

transplants (122). Furthermore, ongoing research is exploring new T-cell checkpoints like TIM-3, 

LAG-3, and the CD47 macrophage checkpoint in AML patients. These investigations aim to uncover 

additional avenues for enhancing the immune response against AML (123). 

In the field of adoptive therapy, chimeric antigen receptor (CAR) T cells that target CD19 have shown 

remarkable success in treating certain B-cell malignancies. Extensive efforts are underway to extend 

this success to myeloid malignancies. The first clinical trial demonstrating CAR T cell activity in AML 

used second-generation CD28-CAR T cells targeting the Lewis Y antigen (124). While the trial 
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showed limited efficacy, it was significant because it established CAR T cell biological activity in 

AML patients without causing significant harm to healthy blood-forming tissues. Substantially, CAR 

T cell therapy has emerged as a powerful tool in the arsenal of immunotherapy and is currently 

undergoing clinical testing for AML. Currently, there are over twenty CAR T cell clinical trials 

actively enrolling AML patients and these trials are primarily focusing on targeting CLL-1, CD33, or 

CD123 (74). The CD33 and CD123 antigens are attractive targets due to their high upregulation on 

AML blast cells, although they are also present at lower quantities on normal hematopoietic stem and 

progenitor cells (HSPCs) (125). Nevertheless, this method faces certain limitations primarily based on 

the absence of leukemia-specific antigens that would allow CAR T cells to unleash their full 

therapeutic potential. Many AML antigens are commonly expressed on both leukemia cells and normal 

HSPCs.  

1.5 Diagnosis 

The diagnosis of acute leukemia cases is made through clinical features, hematological investigations 

like the full blood count, meticulous peripheral blood film review and bone marrow aspiration smears 

examination (125). Although the clinical appearance of AML differs from person to person, there are 

some shared signs and symptoms including anemia which is caused by a decrease in normal blood cell 

synthesis. This renders AML patients to be more prone to fatigue, weakness, and shortness of breath 

(126). Infections and recurrent fevers are particularly common in individuals with AML because their 

immune systems are weakened. AML also disrupts the normal synthesis of platelets which aid in blood 

clotting, increasing the likelihood of bruising and bleeding. This might result in easy bruising, 

prolonged bleeding from injuries, and nosebleeds on a regular basis (127). These symptoms 

collectively help clinicians in diagnosis of AML and determining the specific characteristics of the 

disease.  
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AML requires timely diagnosis for effective treatment and in high-income countries, acute leukemia 

survival rates have improved dramatically over the last few decades (128). Unfortunately, most African 

countries (low-income countries) lack up-to-date statistics on the prevalence of various leukemia 

subtypes. As a result, treatment outcomes remains poor due to poor registry, misdiagnosis and 

interpretation, therapy related mortalities and therapy neglection (129) (130) (61). Namazzi and 

colleagues demonstrated in their work on enhancing the diagnosis and treatment of acute leukemia that 

in order to achieve the best results, it is essential to have access to biological data and be able to 

diagnose patients quickly and accurately (128). Many AML patients in Africa face significant 

difficulties in getting good healthcare facilities and diagnosis is delayed which leads to unfavorable 

treatment outcomes compared to developed countries (131) (132). At this point, there is a need for 

improvement in AML diagnosis and the most commonly used diagnosis methods for AML include 

leukemic cell or blast morphology, molecular genetic testing, and immunophenotyping by confocal 

microscopy and flow cytometry. 

1.5.1 Leukemic cell or blast morphology 

This method employs morphological classification of leukemia cells by identification of specific 

cellular features, such as cell size, shape, and the presence or absence of granules to make a diagnosis 

(133). As well as, determining the type of leukemia by looking at the traits of the cell line and figuring 

out its stage of differentiation (61), adhering to the 1976 agreement that produced the FAB 

classification (Table 1). This method has significant drawbacks in providing accurate and timely 

diagnosis and is mostly used in low and middle-income countries, particularly Africa. Although, 

morphology may be useful in identifying leukemia subtypes and describing how these affect the 

prognosis of the patient. Small numbers of leukemia cells in the disease’s early stages or blast cells 

that remain in the bone marrow after treatment cannot be identified using this diagnostic technique. In 

other words, minimal residual disease (MRD) refers to the small number of cancerous or leukemic 

cells that remain in the bone marrow but are not detectable by standard morphological (134) (135). 
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Hence, there is still a need for more sensitive approaches to accurate and timely diagnose AML in low 

and middle income countries for improved treatment outcomes. 

1.5.2 Molecular genetic testing 

The identification of specific genetic abnormalities associated with AML is a crucial part of the 

diagnostic process of the disease (136). There are several types of molecular genetic tests used in AML 

diagnosis including chromosomal analysis, which involves examining the chromosomes in AML cells 

to identify any mutations in the form of translocations, inversions, and deletions (137). Adding to that, 

fluorescence in situ hybridization (FISH) can also be utilized in AML diagnosis and by using 

fluorescent probes, detection of specific genetic abnormalities in AML cells becomes feasible (138). 

Furthermore, next-generation sequencing (NGS) has also been a powerful tool in sequencing the entire 

genome or specific genes in AML cells and identifying mutations in genes that are associated with 

AML, such as DNMT3A and IDH1 (139).  Lastly, real-time polymerase chain reaction (PCR) 

techniques have shown to be more sensitive compared to cytogenetic techniques like karyotyping or 

FISH, which are insufficiently sensitive for monitoring minimal residual disease (MRD) (140). This 

method can be used to detect mutations in genes that are associated with the disease, such as NPM1 

and FLT3 (141). For AML patients, molecular genetic testing is very important and can guide 

clinicians on treatment choices and predict a patient’s prognosis since they know that certain genetic 

abnormalities are usually associated with poor prognosis (142). 

1.5.3 Immunophenotyping 

In recent years, technological advancements in immunophenotyping have allowed successful 

development of monoclonal antibodies for selective identification of diseased cell populations 

including tumour cells in cancer patients (143). This novel idea entails the discovery of a surface 

membrane antigen or protein that is highly specific or overexpressed on diseased cells. It also includes 

the use of antibody derivatives that recognize and bind to the identified surface membrane antigen or 
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protein for targeting diseased cells. Selective identification of diseased cell populations is feasible 

when immunoconjugates are attached to the specific moiety (73) (144) (145) (146) (147) (148).  

Immunophenotyping is useful for categorising various leukaemia subtypes based on the distinct 

proteins that are upregulated on the surface of the diseased cells, and this can be done by using confocal 

imaging or flow cytometry. 

1.5.3.1 AML Immunophenotyping by confocal microscopy 

Immunophenotyping by confocal microscopy is a specialised method that enables examination of cells 

at a high resolution and allows identification of different markers upregulated in AML cells and over 

the years it has shown to be an effective diagnostic approach (149). Confocal imaging utilises a laser 

light source which excites fluorescent molecules conjugated to monoclonal antibodies, causing them 

to emit light, by directing a laser beam at a particular area on the specimen. It also contains a pinhole 

located in front of the detector which excludes out-of-focus light and detects only light emitted from 

the focal point. As a result, the high-contrast images produced for this imaging lacks  background noise 

or optical aberrations which is a most common issue associated with the conventional microscopy 

(150). Immunophenotyping of AML cells by confocal microscopy has remained a reliable technique 

providing adequate information in diagnosis of haematological malignancies. 

1.5.3.2 AML immunophenotyping by flow cytometry 

The use of advanced technologies like flow-cytometric immunophenotyping allows clinicians to 

clearly define each subtype of acute leukemia and reveal the rare biphenotypic and bilineage of acute 

leukemia (151). Flow cytometry is a helpful tool for analyzing cell maturation phases, differentiation 

pathways and unusual features which are relevant for the diagnosis of hematological cancers. Using 

fluorescently labelled antibodies, flow cytometry can identify and quantify specific intracellular and 

or surface markers, revealing clinically relevant information about the composition of cell populations 

in a sample (152) (153). The detection of hematological cancers can be aided by the identification of 
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abnormal cell populations and the monitoring of modifications in cell differentiation and maturation, 

using flow cytometry we can recognize a single leukemic cell amongst 10000 normal cells (0.01%) 

(154). At this time, detection of minimal residual disease (MRD) through immunophenotypic analysis 

is performed by defining abnormal expressions of certain markers denoted as Leukemia-Associated 

Phenotypes (LAPs) (134). This type of diagnosis would also help in identification of patients that are 

likely to benefit from emerging targeted immunotherapeutics.  

Table 3. Summary of the current AML diagnostic methods, benefits, and limitations 

Method Advantages Limitations 

Bone marrow 

aspiration and 

biopsy: 

The most definitive diagnostic test for AML. Provides 

samples of bone marrow cells, that can be analysed under 

a microscope to look for abnormal cells. It Can also be 

used to measure the number of blasts in the bone marrow 

and to collect cells for further testing, such as flow 

cytometry. 

Invasive surgery might cause pain 

and discomfort. Complications 

such as bleeding or infection may 

occur. This method has limitations 

in making accurate and timely 

diagnosis (155) (156). 

Cytogenetic analysis: Can identify changes in the chromosomes of AML cells. 

These changes can help to determine the prognosis of the 

leukemia and to select the best treatment. 

Can be difficult to interpret. Not all 

labs have the expertise to perform 

cytogenetic analysis (137) (157). 

Fluorescence in situ 

hybridization: 

A molecular test that can detect specific genetic changes 

in AML cells. This can be used to confirm the diagnosis 

of AML and to identify specific subtypes of the leukemia. 

Can be expensive and time-

consuming. Not all labs have the 

necessary equipment to perform 

FISH (138)[128] . 

Molecular testing: 

 

 

Can identify genetic changes that are associated with 

AML. This can be used to predict the risk of relapse and 

to select targeted therapies. 

Can be expensive and time-

consuming. (158). 

Immunophenotyping 

by confocal 

microscopy: 

It allows for high-resolution imaging of leukemia cells, 

providing detailed information about their surface 

markers and spatial distribution. This aids in precise 

subtyping and identifying minimal residual disease. 

Confocal microscopy is time-

consuming and the antibodies used 

for staining are expensive (149). 

Immunophenotyping 

by Flow cytometry: 

Can identify and quantify different types of cells in the 

blood and bone marrow. This can be used to distinguish 

between AML and other types of leukemia, as well as to 

identify specific subtypes of AML. 

Can be expensive and not all labs 

have the necessary equipment to 

perform flow cytometry (128) 

(151).   
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Methods used to diagnose AML can vary depending on the patient and the resources available. Some 

methods are less sensitive than others, and some are more expensive. Immunophenotyping using 

fluorescently tagged antibodies is a sensitive method, but it is also expensive (159). Therefore, there 

is a need to develop new immunodiagnostic methods that are both cost-effective and sensitive for the 

diagnosis of AML. 

1.6 Biomarkers for immuno-diagnosis of AML 

In cancer cells, a number of biomarkers may be upregulated or overexpressed, and the identification 

of these biomarkers may have diagnostic, prognostic, or therapeutic effect (160) (161). Based on where 

they are found, these biomarkers may be divided into two groups which are: cell surface antigens and 

intracellular antigens. Cell surface antigens are often used for both therapeutic and diagnostic 

applications (160). Antibodies conjugated to fluorophores attach to these surface antigens, making it 

possible to identify and detect cancer cells. AML cell surface biomarkers include CD34, CD33, CD13, 

CD117, CD14, CD89, CD32, CD45 CD123 and HLA-DR as shown on Table 1 (162) (163) (161). 

Alternatively, intracellular antigens can also be employed for the diagnosis of AML. These biomarkers 

can be found within cancer cells and the enzyme myeloperoxidase (MPO), which is produced by AML 

cells, is an example of an intracellular antigen utilized in AML detection (164) (165). Above all, it is 

important to note that various subtypes of AML and individual patients might exhibit variable levels 

of these biomarkers’ expression. CD14, MPO and HLA-DR are used in AML diagnosis due to their 

relevance and effectiveness in detecting and characterizing acute myeloid leukemia cells (166) (167) 

(168). These biomarkers are included in the diagnostic panel because they provide valuable 

information about the phenotypic and differentiation state of AML cells. These combinations as well 

as other relevant biomarkers, assist hematologists in effectively diagnosing AML patients. 
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1.6.1 Human leukocyte antigen-Dr (HLA-DR) 

In cases where the diagnosis is unclear based on additional clinical and laboratory findings, HLA-DR 

expression can be used as a diagnostic marker for acute leukemia. HLA-DR is a member of the major 

histocompatibility complex (MHC) Class II molecules and is composed of an alpha and beta chain 

heterodimer, which binds to peptides inside the cell and transports them to the cell surface for 

presentation (169) (170). This is a cell surface receptor that is expressed on B cells and dendritic cells. 

The differential expression of HLA-DR in AML has diagnostic and prognostic implications. High 

HLA-DR expression is associated with better prognosis, while low HLA-DR expression is linked to 

poor prognosis (171). This is supported by the 2017 and 2022  ELN (European LeukemiaNet) 

recommendations from an international expert panel, which both state that HLA-DR is a precursor 

marker for AML diagnosis (172) (173). This supports the use of HLA-DR as a biomarker for the 

diagnosis and prognosis of AML. This marker has also been pursued for antibody-based 

immunotherapy in a number of hematologic and solid tumours due to the fact that, it is expressed on 

a variety of these tumour types.  However,  there are safety concerns with this approach because the 

antigen is expressed on normal cells (174) (175). Several methods, including flow cytometry and 

immunohistochemistry can be used to detect the presence of HLA-DR on cells and flow-cytometry is 

widely used since it allows for the rapid and sensitive analysis of large numbers of cells (176) (177) . 

The clinical implications of HLA-DR overexpression in leukemia remain unclear. Several AML 

subtypes have been reported to express HLA-DR at varying levels, with the M3 subtype having the 

lowest levels of HLA-DR expression in comparison to other AML subtypes (168) (171). The reduced 

expression of HLA-DR in these cases may further contribute to the poor prognosis by impairing the 

immune system’s ability to recognize and eliminate the cancer cells (178). The M5 subtype of AML, 

on the other hand, is known to have HLA-DR overexpression, which increases immune response 

against leukemia cells and may lead to better outcomes for patients because the immune system may 
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be better able to recognize and eliminate leukemia cells. More research is needed to fully comprehend 

the role of HLA-DR overexpression in leukemia and its clinical implications (162). 

1.6.2 Cluster of differentiation antigen 14 (CD14) 

CD14 is a glycoprotein found on the surface of myeloid cells such as monocytes, macrophages, and 

granulocytes that plays a role in innate immune responses. It exists as both membrane-bound CD14 

(mCD14), which is glycosylphosphatidylinositol (GPI)-anchored and shredded soluble CD14 

(sCD14), which lacks the glycosylphosphatidylinositol anchor but has the same amino acid sequence 

as mCD14 (179). In response to bacterial LPS, membrane-bound CD14 (mCD14) acts as a co-receptor 

for Toll-like receptor 4 (TLR4). When LPS binds to mCD14, it triggers an immune response by 

activating a signaling cascade that results in the generation of inflammatory cytokines (180). Soluble 

CD14 (sCD14) is found in blood as well as other bodily fluids such as cerebrospinal fluid and breast 

milk (181). Proteolytic cleavage by enzyme Phospholipase C on mCD14 releases sCD14 into the 

extracellular space where it circulates in the blood performing its immunoregulatory functions. sCD14 

binds to LPS and other bacterial components, rendering them inactive and preventing them from 

interacting with mCD14, this aids in the regulation of the immune response and the reduction of 

excessive inflammation (182).  CD14 is highly expressed in acute myelomonocytic leukemia (AML-

M4) subtype and acute monocytic leukemia (AML-M5) subtype and therefore it is used to distinguish 

between monocytic AML  and non-monocytic AML (AML-M0 to AML-M3) (183). The identification 

of CD14 differential expression on AML cells can be done by flow cytometry and confocal imaging 

using fluorescently tagged antibodies.  

1.6.3 Myeloperoxidase (MPO) 

During the myeloblast stage of myeloid cell differentiation, the glycoprotein known as 

myeloperoxidase (MPO) manifests itself in the azurophil (primary) granules of myeloid cells (184). 

This enzyme belongs to the peroxidase family and is abundant in immune cells including macrophages, 
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neutrophils and on the other hand, it is not expressed in lymphoid cells (185). Myeloperoxidase (MPO) 

is the hallmark enzyme of the myeloid lineage.  The presence of MPO in the blood or bone marrow 

can be used to diagnose AML and distinguish it from other forms of leukemia. According to the 

French-American-British (FAB) classification of AML, the presence of > 3% MPO-containing blasts 

is considered a positivity for AML, although most blast cells are MPO negative in M0, M5, and M7 

(62) (165). The highest levels of MPO are seen in the M3 subtype and the M1 subtype, whereas the 

M2 subtype shows low MPO expression. This disparity arises from the different lineages of cells that 

give rise to M1 and M2 subtypes of AML (186). The M1 subtype is thought to originate from early 

myeloid progenitors, while M2 AML arises from more mature myeloid progenitors (167). The 

differential expression of MPO in AML has diagnostic and prognostic implications. A few studies 

have previously shown the prognostic significance of MPO in AML and low expression levels of MPO 

are associated with poor prognosis (187) (188). Likewise, intracellular MPO can be detected through 

flow cytometry and confocal imaging, employing fluorescently labelled antibodies after cell 

permeabilization, which eliminates additional cellular membrane lipids, enabling larger molecules 

such as antibodies to penetrate the cell (189). 

1.7 Structure and diversity of antibodies 

Antibodies are proteins produced by the immune system in response to the presence of foreign 

antigens. These proteins are produced by B lymphocytes and consist of two identical light chains and 

two identical heavy chains (190). Antibodies have a very diversified structure, with specific antigen-

binding sites or paratopes that recognise and bind to unique molecular structures on the surface of 

pathogens (epitopes) (191). These molecules are divided into three functional domains: The first two 

are antigen-binding domains (Fab) that are linked by a very flexible hinge domain as shown in Figure 

3. The variable region of the antibody contains the complementarity determining regions (CDRs) and 

the framework regions (FRs) (192). The FRs plays a pivotal role in scaffolding and maintaining the 

overall structure of the variable domains whereas, the CDRs contribute to antigen recognition (193). 
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Both the heavy and light chains of antibodies variable domains consisting of three complementarity-

determining regions (CDRs), denoted as CDR1 CDR2 and CDR3 and among these CDRs, CDR3 

exhibits the highest degree of variability contributing to antibody specificity (194) (195). The key 

mechanism that produces antibody diversity is through the recombination of V(D)J genes, a process 

in which T cells and B cells randomly assemble different gene segments known as variable (V), 

diversity (D), and joining (J) segments (196) (197). This process generates unique receptors that 

recognize and bind to different antigens which results in the creation of a functional coding sequence 

for either the variable light (by joining their V and J gene segments) or the variable heavy region (by 

joining the V, D, and J gene segments) of the antibody (197). (198) (196). The third domain is the 

antibody’s fragment crystallizable (Fc) domain, which can interact with various cell receptors as well 

as components of the complement system (193) (199). This allows the antibody to perform its effector 

functions for example exerting antitumour effects through a variety of mechanisms, including 

apoptosis and antibody-dependent cellular death (200).  

                                                        

Figure 3. Antibody molecular structure. The heavy and light chains in antibodies are both identical and are joined 

by disulfide bonds. These two heavy and light chains, respectively, contain the fragment binding region (Fab) 

and the constant region (Fc). The Fab region contains the variable heavy and light domains, which make up an 

antibody’s binding parts. Additionally, the variable domains VH and VL contain complementary determining 

regions (CDRs) that contain the antigen-binding residues as well as the framework regions that surround the 

CDRs to enable proper protein folding and expose the antigen-binding residues to the epitope. They also contain 

a constant domain that controls the biological functions of the antibody. Adapted from Biteghe et al. 2020 and 

created using BioRender (200). 
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Building upon the binding abilities and specificity of antibodies in our immune system, scientists have 

developed diagnostic and therapeutic monoclonal antibodies, which are synthetic molecules that bind 

and target disease specific intracellular markers or cell surface antigens on diseased cells (192). Most 

FDA approved mAbs belong to the immunoglobulin G (IgG) isotype or class (193). This classification 

is differentiated by the heavy chain constant region of the antibody, which in turn determines its 

effector functions. There are five different antibody isotypes including IgM, IgA, IgE, IgD and IgG. 

The IgG isotypes have a molecular weight of 150 kDa with two identical heavy and light chains joined 

by disulfide bonds (194) (195). 

1.7.1 Development of monoclonal antibodies 

The birth of monoclonal antibodies (mAbs) developments dates back to the 1970s, with Georges 

Köhler and César Milstein receiving much credit on their invention of the traditional mouse hybridoma 

technique (201). This innovation involved selecting B-cells that produce antibodies. These B-cells 

were isolated from mice that were immunized with a specific antigen. Since these B-cells are short 

lived, they were fused with immortal myeloma cell lines to create hybrid cells known as hybridoma 

cell lines, which continuously produce specific monoclonal antibodies (202). By using this as a 

stepping stone, new techniques emerged including the single B cell technique, phage display and 

use of transgenic mice as illustrated in Figure 6 (104) (202). 
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Figure 4. Techniques for developing monoclonal antibodies.  (A)  The mouse hybridoma technique, which starts 

with injecting mice with the antigen of interest to initiate an immune response. Following that, splenocytes are 

harvested and fused with myeloma cells to develop hybridoma cells that secrete antibodies of interest. After 

screening, selected mouse antibodies are used to create chimeric or humanised antibodies. (B)  The phage 

display technique which is used to isolate human-derived monoclonal antibodies from a large repertoire of 

immunoglobulin (Ig) genes. It entails screening libraries for peptides or proteins that bind to a target of interest, 

as well as genetic fusion of a library of peptides to a bacteriophage coat protein, allowing for the selection of 

binders through successive rounds of selection and amplification. (C)  The use of transgenic mouse, which 

involves inserting human immunoglobulin loci into the germline of mice to generate transgenic mice that 

produce fully human antibodies. (D) The single B cell technique is a powerful method that relies on the direct 

amplification of VH and VL region encoding genes from single human B cells. It begins by isolating B-cells 

from an animal immunised with a specific antigen, then fusing the B-cells with myeloma cells to create 

hybridoma cells, which can produce identical monoclonal antibodies specific to the antigen. The image was 

adapted from Ruei-Min et al. 2020 (104). 

1.7.2 Engineered antibody formats 

Antibody technologies encompass a wide range of techniques and methods for creating and 

manipulating antibodies. When combined with protein engineering, it has resulted in derivatives that 

allow for  optimization of affinity, tumour penetration, and internalisation of the antibody-based 
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moiety while retaining mAbs specificity (203). Reduced size is thought to improve tumour penetration 

(204), leading to the development of various smaller antibody derivatives that maintain their specific 

affinity, including the most commonly used formats such as the antigen-binding fragment (Fab), 

crystallizable fragment (Fc), and single-chain variable fragment (scFv) as shown in Figure 5 (205) 

(206). 

                  

Figure 5. Schematic diagram showing the structure of the IgG molecule and the various antibody formats 

constructed. The scFv is formed by joining the variable heavy and light chains with a flexible short peptide 

linker. A diabody fragment is formed by joining two different single chain variable fragments by a short peptide 

linker and the tribody fragment is also formed by joining three separate single chain variable fragments. The 

Fab fragment contains the variable domains of an antibody but lacks the Fc region which is responsible for the 

antibody’s effector functions. The F(ab)₂ contains two Fab fragments of an antibody joined together with 

disulphide bonds. A bispecific IgG antibody is an engineered format that has two different antigen binding sites 

and simultaneously binds to separate antigens. VHH are derived from heavy chain only antibodies and is 

approximately one-tenth the size of a conventional antibody and VHH-Fc is an engineered format that combines 

the two variable heavy chains of a nanobody joined to a human Fc domain for certain effector functions. The 

image was adapted from Jin et al. 2022 and altered using BioRender (206). 
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1.7.3 Engineered antibodies for therapeutic application  

The first therapeutic applications of monoclonal antibodies utilized mouse-derived antibodies. While 

early studies with these monoclonal antibodies yielded remarkable results (207), immunogenicity 

(neutralisation by the body’s natural immune response) limited the dosages of therapies that could be 

administered in a safe way (208). To overcome these limitations, researchers have utilized molecular 

engineering and humanization techniques to develop chimeric, humanized and fully human antibodies. 

These methods involve modifying the structure of antibodies to make them less immunogenic and 

more compatible with the human immune system (Figure 6) (209).  

 

 

Figure 6. Developing chimeric, humanised derived from murine antibodies and fully human antibodies. (A) The grey 

parental murine monoclonal antibody with the variable and constant regions from mouse origins. (B) A chimeric 

monoclonal antibody with a variable region from mouse origins (grey) and a constant region of human origin 

in place of the murine constant region (blue). This was done by replacing the mouse constant region with the 

human constant region through the process of chimerization. (C) Humanized monoclonal antibody: merely the 

CDRs are of mouse origin, while the framework and constant regions are of human origin. This was done by 

incorporating the mouse CDRs into the human antibody scaffold by CDR grafting and SDR grafting. (D) Human 

monoclonal antibody: Fully human antibody produced by phage display, transgenic mice, or immortalised B-

cells. The image was adapted from Shepard et al. 2017 and modified using BioRender (210). 
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1.7.4 SNAP-tag technology as a novel approach for generating fluorescently tagged 

antibodies 

SNAP-tag is an engineered mutant of 06-alkylguanine-DNA alkyltransferase (AGT) that specifically, 

rapidly, and irreversibly reacts with 06-benzylguanine (BG) derivatives by transferring the benzyl 

moiety to its active site through a nucleophilic substitution reaction with release of the free guanine as 

shown in Figure 7 (211). This reaction occurs via the BG irreversible alkyl group transfer to a cysteine 

residue at position 145 on the SNAP-tag (211). This is the same cysteine residue that AGT uses to 

catalyse alkylated DNA repair (117) (212). Benzylguanine is structurally identical to guanine, one of 

the four nucleotides that make DNA. It nevertheless happens to have a benzyl group attached to it, 

making it more reactive than guanine (117). SNAP-tag exhibits increased catalytic reactivity to BG-

modified substrates, reduced binding to DNA, fewer amino acid residues and improved folding under 

oxidative conditions (213). SNAP-tag reacts with BG modified substrates in a 1:1 stoichiometry, which 

means that, each SNAP-tag protein may attach to one BG substrate molecule (117) (214). 

SNAP-tag was later further modified to SNAPf a faster labelling variant, when compared to the 

original SNAP-tag, SNAPf has considerably higher reactivity to BG substrates. This increase in 

reactivity enables more efficient and quick protein labelling using BG-modified substrates  (215) 

(214). The SNAP-tag can be used as an efficient tool for the site-specific labelling of recombinant 

antibody fragments (213). 

The potential applications of antibody SNAP-tag fusion proteins include in vitro cellular imaging, the 

investigation of protein functionality, live-animal imaging, single-molecule tracking, and the analysis 

of protein-protein interactions using commercially available BG-modified fluorophores (216). In 

recent years, SNAP-tag proteins have been genetically fused to ligands and recombinant antibodies 

including scFvs that specifically bind or target tumours associated antigens (217) (218). These studies 

have shown that SNAP-tag fusion proteins can be expressed effectively in mammalian systems while 

maintaining their capability to bind to their specific antigens. Specificity, folding stability, and binding 
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affinity are all parameters that contribute to the diagnostic value of antibody fragments (117) (219). 

The ability to visualise binding with SNAP-tag-based antibody fusion proteins labelled with BG-

modified fluorophores offers a promising approach for AML diagnosis.  

 

Figure 7. Schematic of SNAP-tag fusion proteins conjugated to O6 -benzylguanine (BG) modified fluorophores. 

When BG is incorporated into a solution containing SNAP-tag proteins, it triggers a nucleophilic substitution 

process with the SNAP-tag, involving a cysteine residue. The cysteine residue of the SNAP-tag attaches to the 

benzyl group of the benzyl guanine molecule, forming a covalent bond between the two molecules. As this 

covalent bond is stable and irreversible, the SNAP-tag and benzyl guanine cannot be separated after they have 

reacted. Adapted from Dreyer et al. 2023 (211). 
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1.8 Aims and objectives 

Aute myeloid leukemia is a malignant blood disorder that arises due to genetic abnormalities in the 

bone marrow or lymphoid organs. It is categorized into various subtypes by the FAB and WHO 

classification systems, which consider the morphologic, genetic, molecular, and immunophenotypic 

characteristics of AML blast cells. Understanding these AML blast cell characteristics is crucial in 

aiding clinicians to achieve accurate diagnosis, determine suitable treatment options, and monitor 

prognosis effectively. In high-income countries, the landscape of acute leukemia, particularly AML, 

has witnessed a remarkable transformation over the past few decades. Advances in diagnostic 

approaches, therapeutic interventions, and supportive care have led to a substantial improvement in 

the survival rates associated with AML. On the other hand, in lower income countries particularly 

those in Africa, most countries lack up to date statistics of different leukemia sub-types prevalence’s 

due to poor registry and limited diagnostic tools. Leukemic cells or blast morphology is mostly utilized 

in diagnosis of acute leukemia in many parts of Africa, and this has serious limitations in making 

accurate and timely diagnoses. The use of morphological examination for leukemia diagnosis is not 

able to detect a small number of leukemia cells during the disease’s early stages or that remain in the 

bone marrow after treatment [15]. 

Since timely diagnosis has great influence on overall treatment outcomes and prognosis monitoring, 

the use of advanced technologies like flow-cytometric immunophenotyping and immunofluorescence 

microscopy imaging would allow to timely diagnose and clearly define each subtype of acute 

leukemia. Technological advancements in immunophenotyping have allowed successful development 

of highly sensitive monoclonal antibodies for selective diagnosis of diseased cell populations (tumour 

cells) in patients. However, the current costs of antibodies are likely to limit their availability and 

applicability in already strained developing countries’ economies.  
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To overcome this challenge, an alternative approach is to use smaller antibody fragments such as scFvs 

coupled with a self-labelling protein tag (SNAP-tag). This can be done recombinantly under cost-

controlling conditions, making it a more cost-effective method of AML diagnosis in resource-limited 

settings. Despite the potential of scFv fragments for diagnostic purposes, more research needs to be 

done to fully understand their capabilities and limitations. Nonetheless, this approach shows promise 

as a more accessible and cost-effective way of diagnosing various diseases in developing countries. 

 

Figure 8. The scFv-SNAP fusion protein selectively targeting unique markers overexpressed on acute myeloid 

leukemia cells. The variable heavy and light chains are joined together with a linker to form an scFv. The scFv 

is coupled to a SNAP-Tag enzyme which is then conjugated to 06-benzylguanine chemically attached to a 

fluorophore. The labelled scFv-SNAP fusion protein is used to target specific antigens upregulated in acute 

myeloid leukemia blast cells. Diagram created using BioRender. 

This study aimed to explore SNAP-tag-based antibody fusion proteins as supplementary or companion 

diagnostic tools for acute leukemia and the targets of interest included the following antigens 

overexpressed on leukemic cells: cluster of differentiation antigen 14 (CD14), myeloperoxidase 

(MPO) and the human leukocyte antigen DR (HLA-DR). Exposure to molecular cloning, recombinant 

antibody technologies, protein engineering and protein expression promotes local development and 

invention of next generation immunodiagnostics and therapeutics in Africa, and this could be 
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considered as a cost-containment strategy for cancer remedies that are being priced for the first-world 

markets. The research specific objectives included: 

a) Performing in-silico design and engineering of single chain antibody fragments (scFv)- SNAP 

fusion constructs.  

b) Generating CD14, MPO and HLA-DR specific (scFv)-SNAP fusion proteins.  

c) Conjugation of purified SNAP fusion proteins from b) to BG-modified fluorophores.  

d) Establishing a method for multiparameter flow cytometry and immunofluorescence microscopy 

imaging to confirm in vitro proof of binding on leukemic cell lines. 

Figure 9. Flow chart illustrating the project workflow. The first step is Insilico engineering and design of 

expression plasmids using publicly available antibody sequences, followed by molecular cloning, protein 

expression in mammalian, protein purification by IMAC, conjugation of SNAP fusion proteins to Benzyl 

guanine (BG)-modified fluorophores and binding analysis using flow cytometry and confocal microscopy. 
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Chapter 2: Methods 

This chapter provides information on the materials and devices used to develop and establish methods, 

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 thus 

representative of MB&I background and know-how as documented by standard operation procedures, 

student’s theses, and original publications. 

2.1 In silico engineering and design of mammalian expression plasmids  

To procure new monoclonal antibody sequences, a combination of literature search, software tools, 

and publicly available resources was used to identify and analyse potential monoclonal antibody amino 

acid sequences. Publicly accessible variable gene (V-gene) sequences were attained from a variety of 

sources including patents, journals, and antibody databases. The amino acid V-gene sequences 

obtained from these sources were then reverse translated into their corresponding nucleotide sequences 

using the Gene Infinity Back Translation Tool, which is a software tool developed by Gene Infinity 

LLC, San Diego, CA (http://www.geneinfinity.org/sms/sms_backtranslation.html). To analyse the 

obtained nucleotide sequences and compare them to existing germline V-gene sequences of 

immunoglobulins that are homologous to the obtained sequences, the IgBLAST tool was used and this 

is accessible through the National Centre for Biotechnology Information (NCBI) (available at: 

https://www.ncbi.nlm.nih.gov/igblast/). Once the framework regions (FR) and complementarity 

determining regions (CDRs) were identified for each using IgBLAST, all variable heavy (VH) and 

variable Light (VL) sequences were codon optimised for mammalian expression using the IDT codon 

optimisation tool (available at: https://eu.idtdna.com/pages/tools/codon-optimization-tool). To 

confirm if there were alterations in the corresponding amino acid sequencies after optimisation, the 

nucleotide sequences were  translated into amino acid sequences using the ExPasy Translate Tool 

(available at https://web.ExPasy.org/translate/). The amino acid sequences were then aligned to  their 

parental antibody sequences using EMBL-EBI Clustal Omega a multiple sequence alignment tool 

http://www.geneinfinity.org/sms/sms_backtranslation.html
https://www.ncbi.nlm.nih.gov/igblast/
https://eu.idtdna.com/pages/tools/codon-optimization-tool
https://web.expasy.org/translate/
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(available at: https://www.ebi.ac.uk/) and this was done for quality control purposes. To assemble the 

confirmed codon optimised V-gene nucleotide sequences into a single chain variable fragment (scFv), 

the variable heavy and variable light nucleotide sequences were joined together with a short peptide 

glycine-serine linker (G₄S)₃ (sequence: 5’-GGTGGCGGTGGATCC-3’) and flanked with Sfi1 and 

Not1 restriction sites.  SnapGene software (version 3.1.1, GSL Biotech, Chicago) (available at 

www.snapgene.com) was used for designing of the mammalian plasmid vector system for transient 

expression as well as incorporating the newly designed single chain variable fragments into the custom 

vector backbone simulating molecular cloning (section 3.1). Once the integrity of the open reading 

frames (ORFs) was confirmed, the scFv sequences including the SfiI and NotI restriction sites, were 

sent for synthesis in a pUC-57 plasmid (GenScript; New Jersey, USA).  

2.2 Molecular cloning 

2.2.1 Liquid transformation of competent cells 

The plasmid DNA of interest synthesized in pUC-57 from GenScript, along with the pCB-Annexin V-

SNAP plasmid (plasmid backbone housing SNAP), which was already available at MB&I, were 

introduced into chemically competent DH5α Escherichia coli (E. coli) cells (these cells are of the K12 

strain and have the genotype fhuA2 (argF-lacZ) U169 phoA glnV44 80 (lacZ)M15 gyrA96 recA1 

relA1 endA1 thi-1 hsdR17) (New England Biolabs, MA USA). To initiate the transformation process, 

DH5α competent E. coli cells were thawed on ice for 10 minutes. Plasmid DNA was then diluted to a 

final concentration of 100n g/μl, and 5 μl of the diluted plasmid DNA was added to 50 μl of competent 

DH5α E. coli cells. The mixture was then thoroughly mixed by flicking the tube and incubated on ice 

for 30 minutes. After incubation, the E. coli cells were then subjected to a heat shock treatment using 

a heating block (Benchmark Scientific, USA) at 42°C for 60 seconds, followed by a 5-minute cooling 

period on ice. Subsequently, 950 μl of Super Optimal Broth (SOC) with catabolite repression was 

added to the mixture and incubated for 60 minutes at 37°C. The entire content was then transferred 

https://www.ebi.ac.uk/
http://www.snapgene.com/
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into conical flasks containing 50 ml of Luria-Bertani (LB) broth plus 200 μg/ml ampicillin antibiotic 

(Sigma-Aldrich, USA) and incubated at 37°C on a shaker for 16 hours to promote bacterial growth 

(section 3.2.1). 

2.2.2 Purification of plasmid DNA from DH5α E. coli cells 

The plasmid DNA was isolated from E. coli cultures and purified using the NucleoBond® plasmid 

purification kit (Product number: 740573, Macherey-Nagel, United Kingdom) according to the 

manufacturer’s instructions with some minor modifications (220). The principle of this assay relies on 

the alkaline lysis of bacterial cells for the extraction of plasmid DNA. The DNA is bound to an anion-

exchange resin in the NucleoBond® column, from where it is eluted off and precipitated using 

isopropanol. In the last step, 30 µl of molecular grade water (pre-heated at 50°C for 10 minutes) was 

used to resuspend the DNA pellet instead of TE buffer. This step was done because the presence of 

chemicals in TE buffer (EDTA and Tris) can affect the quality of the DNA samples that are meant to 

be used in downstream applications. The amount of DNA recovered was then quantified using a 

spectrophotometer Denovix NanoDrop™ ND-2000 (Thermo Fisher Scientific, USA) (section 3.2.1). 

During quantification, the purity of the bulk-prepped plasmid DNA was evaluated using absorbance 

values obtained from the spectrophotometer. The nucleic acid to protein concentration, 260/280 ratios 

which signifies the ratio of nucleic acid to protein absorbance and a value of approximately 1.8 shows 

that the DNA is pure and uncontaminated with substances such as phenol, protein or other 

contaminants that strongly absorb at or near 280 nm. As well as the 260/230 ratio which shows the 

presence of contaminants that absorb at 230 nm, such as EDTA and a ratio of approximately 2.0-2.2 

shows that the nucleic acids are not contaminated. These values were used  to confirm the suitability 

of the purified DNA samples for downstream applications. 
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2.2.3 Restriction enzyme digestion 

The New England Biolabs (NEB) double digest protocol and materials were used to perform restriction 

enzyme digests. Plasmid DNA, which was isolated and purified from E. coli using the NucleoBond 

Plasmid Purification Kit, was initially diluted to a concentration of 1000ng/μl. One microliter of the 

diluted plasmid DNA equates to one microgram. To carry out the double digest, plasmid DNA samples 

in pUC-57 (housing the sequences encoding for the scFv) and pCB-AnnexinV-SNAP (pCB vector 

backbone housing SNAP) were digested sequentially with SfiI for 4 hours at 50°C, followed by NotI 

overnight incubation (16 hours) at 37°C on a heating block. The digests were performed using a 

reaction mixture illustrated in Table 4 below. Following incubation with restriction enzymes, the 

reaction was rendered inactive by incubating it at 65°C for 20 minutes and this was done to denature 

the enzymes. Subsequently, the samples were left to cool at room temperature on the bench before 

being subjected to separation via agarose gel electrophoresis. 

Table 4. Restriction enzymes digest reaction mixture 

Component Amount 

10x NEB cutsmart buffer  5 μl 

Sample DNA  2 μg (2 μl) 

Not1 (37°C overnight) 1 μl 

Sfi1 (50°C for 4 hours) 1 μl 

Nuclease free water 41 μl 

Total Volume 50 μl 

2.2.4 Agarose gel electrophoresis 

The agarose gel electrophoresis method was employed to separate the DNA fragments after the 

restriction digest. A 1.2% (w/v) agarose gel was prepared according to the manufacturer’s instructions 

by dissolving  1.2g agarose powder in 100 ml of 1x TAE buffer with a pH of 8.5 (40 mM Tris, 20 mM 
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acetic acid, and 1 mM EDTA). A 1:10000 dilution of SYBR® Safe DNA gel stain (Thermo Fisher 

Scientific, South Africa) was added to the agarose gel to enable visualization and tracking of the DNA 

bands. As a reference, 5 µl of Quick-Load 1kb DNA ladder (New England Biolabs) was used. The 

digested DNA samples and controls were mixed with 2 µl of 6x Purple Gel Loading Dye (Thermo 

Fisher Scientific, USA). Electrophoresis was conducted at 100 volts for 60 minutes using Wide Mini 

Sub-Cell systems (Bio-Rad, USA). The gels were visualised and images were captured using the Gel 

Doc™ XR System (Bio-Rad, USA) which uses Image Lab (v6.1.0) software (section 3.2.2). 

2.2.5 Recovery of DNA fragments from agarose gels 

To purify the DNA fragments of interest from the agarose gel, the QIAquick Gel Extraction Kit 

(QIAgen, Hilden, Germany) was used according to  the manufacturer’s instructions with some 

modifications. First, the bands were excised using a sterile sharp scalpel from the agarose gel and then 

pooled or placed in 1.5 ml microcentrifuge tubes. To solubilize the agarose gel, three volumes of Buffer 

QG (calculated based on the size of the excised DNA fragments) were added fully submerging the 

excised agarose gel slices containing the DNA. The tubes were incubated at 50°C for 10 minutes, 

ensuring that the gel was completely dissolved. Vortexing was periodically performed to aid 

dissolution. One volume of isopropanol was added, and the solution was placed in a spin column inside 

a collection tube. The column was centrifuged for 60 seconds at 15000 rcf, and the flowthrough was 

discarded. To wash the column, 750 μl Buffer PE was added, and the column was centrifuged for 60 

seconds at 15000 rcf. The columns were placed in clean microcentrifuge tubes and 50 μl preheated 

nuclease-free water at 50°C was added to the centre of the filter. The tubes were then incubated at 

50°C for 5 minutes to facilitate solubilization of the DNA before being centrifuged for 60 seconds at 

15000 rcf to elute the DNA. 
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2.2.6 T4 DNA Ligation 

The digested pCB vector backbone and the insert were ligated using the T4 DNA Ligase kit (New 

England Biolabs, USA) according to the manufacturer’s instructions  (221). Reactions were set up as 

indicated in Table A3 and incubated overnight at 16°C. The amount of insert required for a 1:1 and 

1:5 (vector: insert) ratio was calculated using the NEBioCalculator 

(https://nebiocalculator.neb.com/ligation) (section 3.2.3). Vector-only (no insert) controls were 

included to determine vector self-ligation. After the overnight incubation, the T4 DNA ligase was then 

inactivated at 65°C for 10 min and chilled on ice for 5 minutes. 

2.2.7 Bacterial transformation of ligated recombinant plasmids 

Plasmid DNA was introduced into calcium competent DH5α E. coli cells through transformation as 

described in section 2.2.1.  Here, 1 μl of the ligated plasmids were added to 50 μl of competent DH5α 

E. coli cells. Thereafter, 950μl of room temperature SOC was added to the mixture, which was then 

incubated shaking in a 37°C incubator for 60 minutes. After the incubation period, the cells were mixed 

thoroughly by gently flicking and inverting the tube. A small volume (50 μl) of the mixture was plated 

on an LB agar plate containing 200 ng/μl ampicillin and incubated overnight at 37°C. Controls 

consisting of vector-only and bacteria-only were also included (section 3.2.3). After incubation, 

transformation efficiencies were calculated by dividing the number of transformants (colonies that 

grew on the selective medium) by the amount of DNA used for the transformation using the following 

formular:  

        Transformation efficiencies = (Number of colonies / Mass of plasmid DNA) x Dilution factor 

2.2.8 Miniprep (Small-Scale) DNA isolation 

Three individual colonies were selected from each plate from section 2.2.7 above and each colony was 

transferred to separate 2 ml of LB broth medium in 10 ml conical tubes. The tubes were placed on a 

shaker and incubated overnight at 37°C. After incubation, recombinant plasmids were isolated from 

https://nebiocalculator.neb.com/ligation
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the DH5α E. coli cells using the Zyppy Plasmid Miniprep Kit (Zymo Research, CA USA) on a small 

scale (10 ml cultures) according to the manufacturer’s instructions with slight modifications (222). To 

avoid contamination of plasmid DNA with chemicals present in the Zyppy Elution Buffer, elution was 

performed using 30 μl of sterile nuclease-free water preheated to 50°C. Following that, the columns 

were incubated at 50°C for 5 minutes to aid in the solubilization of the DNA, rather than allowing 

them to stand at room temperature for 60 seconds. Subsequently, the concentration of the eluted DNA 

was measured using a spectrophotometer (Denovix NanoDrop™ ND-2000, Thermo Fisher Scientific). 

2.2.9 Restriction mapping 

Restriction mapping was done to distinguish between colonies that had been successfully transformed 

with the desired ligated plasmids of interest from section 2.2.7  and those containing products of vector 

self-ligation or products of partial digestion from section 2.2.3. In this experiment, SnapGene software 

(version 3.1.1, GSL Biotech, Chicago) was used to predict the cutting patterns of Pme1 and Blp1 

enzymes on the pCB-AnnexinV-SNAP and the ligated plasmids from section 2.2.6. To verify the 

accuracy of the predictions, 50 μl reactions were set up using 2 μg DNA, 5 μl CutSmart Buffer and 1 

μl of the enzyme (Pme1 and Blp1). The reactions were then incubated at 37°C for 16 hours (overnight). 

After incubation, agarose gel electrophoresis was performed to separate the DNA fragments based on 

their sizes (section 3.2.4). The gels were then analysed to confirm the correct ligation of recombinant 

plasmids, as predicted by the simulations. The gels were visualised and images were captured using 

the Gel Doc™ XR System (Bio-Rad, USA) 

2.2.10 DNA sequencing 

Recombinant clones that had been confirmed via restriction mapping were subjected to bulk 

preparation and purification using the NucleoBond Plasmid Purification miniprep protocol, as 

previously described in section 2.2.2. To confirm the accuracy of the restriction mapping open reading 

frame (ORF) sequence, samples were sent to Inqaba Biotec™ (South Africa). The universal T7 
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promoter forward primer (5'-TAATACGACTCACTATAGGG-3'), universal SNAP internal forward 

primer (5'-CAAGGACTGCGAGATGAAGAGAACCACCC-3'), and the universal SNAP reverse 

primer (5'-GAACGCCAGCACATGGACA-3') were used in this experiment. These primers facilitated 

the amplification of the ORF sequence from the T7 promoter up to a region after SNAP-tag and this 

includes the Igκ leader, 10His-tag, Enterokinase site and scFv which are in between the two regions. 

The resulting sequencing data were analysed using SnapGene software (version 3.1.1, GSL Biotech, 

Chicago). Open Reading Frames (ORF) sequences generated in silico (section 2.1) were used as the 

reference sequence (section 3.2.5). 

2.3 Cell Culture 

2.3.1 Seeding HEK 293T cells 

The experiment involved producing recombinant proteins using a eukaryotic expression system, 

specifically mammalian human embryonic kidney T-cells (HEK 293T; ATCC: CRL-3216). This was 

performed in a Biosafety Level 2 (BSL2) facility in a strictly sterile biosafety cabinet. HEK 293T cells 

were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco, USA) supplemented 

with 10% foetal bovine serum (FBS; Gibco, USA) and 100 µl/ml penicillin-streptomycin  (Gibco, 

USA) at 37 °C with 95% humidity and 5% CO₂. The ZOEᵀᴹ Fluorescent Cell Imager (Bio-Rad, USA) 

was used to visualize cells and check cell confluence. The medium was changed every four days, and 

cells were passaged (split 1:5) when they reached 90% confluency. 

2.3.2 Transfection and protein expression in HEK293T cells 

Transfection refers to the artificial method of introducing DNA into cultured mammalian cells, 

typically achieved through chemical or physical techniques (223). In this context, chemical-aided 

transfection was carried out using the sequenced DNA plasmids from section 2.2.10. To initiate this 

process, HEK293T cells were plated at 70% confluency two days prior in 35 mm x 10 mm round cell 

culture dishes (Sigma-Aldrich, USA)  and grown in supplemented RPMI-1640 medium. The 
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XtremeGENE HP DNA Transfection Reagent Quick Protocol (Sigma-Aldrich, USA) was used 

following the manufacturer’s instructions with some modifications (224). The transfection master mix, 

consisting of 188 μl of unsupplemented RPMI media, 9μl of transfection reagent, and 3 μg of DNA in  

1:3 ratio (v/v) was prepared and evenly distributed in the seeded HEK 293T cells in a dropwise manner. 

A negative control was also included, consisting of cells that were not transfected. The transfected 

cells were then  incubated at 37°C with 95% humidity and 5% CO₂. 72 hours post-transfection, eGFP 

expression was detected by examining the cells on a ZOEᵀᴹ Fluorescent Cell Imager (Bio-Rad, USA). 

2.3.3 Determination of transfection efficiencies, Zeocin selection and cell culture 

supernatant collection 

Transfection efficiencies of the cells were evaluated through both qualitative and quantitative methods. 

Qualitative assessment was performed through microscopic visualization of enhanced green 

fluorescent protein (eGFP) expressed by the transfected cells using a ZOEᵀᴹ Fluorescence Cell Imager 

(Bio-Rad, USA) at a magnification of 175x (section 3.3). For quantitative determination, 1 ml of 

successfully transfected cells and non-transfected controls were taken from 35mm dishes in culture for 

flow cytometry analysis using the  BD LSRFortessa™ Cell Analyzer (BD Biosciences, USA). After 

flow cytometry acquisition, data was analysed using FlowJo software (version 10.9.0; BD Biosciences, 

USA) as described in section 2.7.3.5. Transfection efficiencies were calculated as the proportion of 

eGFP-positive cells in the total cell population. Thereafter, 4 days post-transfection cells were 

transferred to a T25 cell culture flask (SPL Life Sciences, USA). To enrich the eGFP-expressing 

population, the cells were first treated with a lower concentration of Zeocin (100 mg/ml) for a period 

of four weeks before being subjected to a higher concentration of 150 mg/ml for two weeks. This was 

done until over 90% the cells were expressing the eGFP and the assessment was performed through 

microscopic visualization using a ZOEᵀᴹ Fluorescence Cell Imager (Bio-Rad, USA). Following that, 

cells were then transferred from T25 flasks to T175 flasks and this was done to increase protein 

production. These cells were then grown at 90% confluency and the cell culture supernatant containing 
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the secreted protein of interest, was harvested every 4 days until 1 litre of the CCSN (Cell Culture 

Supernatant) was collected. The collected supernatant was pooled, centrifuged at 4500 x g for 5 

minutes to remove cellular debris, and then stored at  4°C until protein purification. 

2.4 Protein purification 

2.4.1 Immobilised metal affinity chromatography 

Immobilised metal affinity chromatography (IMAC) was used for the enrichment of his-tagged SNAP 

fusion proteins using the ÄKTA Avant protein purification system (GE Healthcare, USA). The 

secreted 10 his-tagged fusion proteins in cell culture supernatant were mixed with 4x incubation buffer 

(200 mM NaH₂PO₄, 1.2 M NaCl and 10 mM C₃N₂H₄, pH 8.0). The mixture was then filtered using the 

Nalgene™ vacuum filtration system (Sigma-Aldrich, South Africa) containing a 0.45 μm Durapore® 

membrane filter (Millipore, USA) to exclude any microcellular debris, before being loaded into the 

ÄKTA Avant protein purification system. IMAC was carried out by using a Ni²⁺ Sepharose affinity 

resin (with in a HisTrapᵀᴹ Excel column, GE Healthcare, USA) following the steps illustrated on Table 

5. In the process, His-tagged recombinant SNAP fusion proteins bound to the HisTrap™ Excel column 

during the loading step. To prevent contaminating proteins with lower nickel affinity from binding to 

the column, a low concentration of 10mM imidazole (C₃N₂H₄) was used, this however still allowed 

SNAP fusion proteins to the interact with the column. Subsequently, during the column wash, a slightly 

higher concentration of 40 mM imidazole was used to wash away contaminating proteins that had 

lower affinity for nickel. Following this, elution of the SNAP fusion proteins was carried out using an 

elution buffer with a higher concentration of 250 mM imidazole. Since imidazole has a higher affinity 

for nickel compared to the His-tagged recombinant SNAP fusion protein. This higher concentration of 

imidazole was used to displace the recombinant SNAP fusion proteins by interacting with the nickel 

present on the column (section 3.4). Throughout the IMAC process, 2 ml fractions were collected from 

the elutes, allowing for the identification and isolation of the desired SNAP fusion proteins. 
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Table 5. IMAC purification of SNAP fusion proteins from mammalian cell culture supernatant 

Step Composition          Flow rate Volume 

Step 1: Equilibration: Equilibration Buffer: 

50 mM NaH₂PO₄, 300 mM NaCl 

    5 ml/min 5 CV              

(25 ml) 

Step 2: Loading: 

 

750 ml cell culture supernatant 

and 250 ml incubation buffer: 

200 mM (NaH₂PO₄), 1.2 M 

(NaCl), 10 mM (C₃N₂H₄). 

    1 ml/min I litre 

Step 3: Column Wash 

 

Wash Buffer: 

50 mM (NaH₂PO₄), 300 mM 

(NaCl), 

40 mM (C₃N₂H₄). 

    1 ml/min 20 CV    

(100 ml) 

Step 4:  Elution 

 

Elution Buffer: 

50 mM (NaH₂PO₄),  300 mM 

(NaCl), 

250 mM (C₃N₂H₄). 

     1 ml/min 5 CV        

(25 ml) 

Step 5: Equilibration: Equilibration Buffer: 

50 mM (NaH₂PO₄), 300 mM 

(NaCl). 

     5 ml/min 10 CV      

(50 ml) 

Abbreviations and molecular formulars: CV (Column Volume), Sodium Phosphate Monobasic (NaH₂PO₄), 

Sodium Chloride (NaCl), Immidazole (C₃N₂H₄). 

2.4.2 Examining IMAC fractions for the presence of SNAP fusion protein. 

The eluted IMAC fractions were analysed for the presence of SNAP fusion proteins by sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This technique utilizes 

electrophoresis to separate proteins based on their size under reducing conditions (225). Firstly, the 

theoretical molecular weight of SNAP fusion proteins was determined using the conversion calculator 

(available at https://www.aatbio.com/tools/calculate-peptide-and-protein-molecular-weight-mw). For 

sample preparation, 5 µl of 4x Laemmli protein-loading dye (Bio-Rad Laboratories, USA) 

supplemented with 10% (v/v) 2-mercaptoethanol (Sigma-Aldrich, South Africa) was mixed with 15 

https://www.aatbio.com/tools/calculate-peptide-and-protein-molecular-weight-mw
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µl of the recombinant SNAP fusion protein samples from the eluted fractions making a final volume 

of 20 µl. Thereafter, all samples were heated at 95°C for 5 minutes and allowed to cool for 10 minutes 

at room temperature. A 10% SDS gel was prepared and protein samples were loaded onto the gel 

alongside 5 µl of protein molecular weight ladder (P7719S New England Biolabs). The gel was then 

run for 90 minutes at 150 volts using the Mini Protein Tetra Cell System (Bio-Rad, USA). Thereafter, 

protein bands were visualized by staining gel with Aqua Staining Solution (Vacutec, South Africa) 

and the Gel Doc™ XR System (Bio-Rad, USA) was used for image capture (section 3.4.1).  

2.5 Protein Analysis 

2.5.1 Quantification of purified protein 

Firstly, an Amicon column with a 100 kDa molecular weight cut off (MWCO) (Sigma-Aldrich, USA) 

was used to remove contaminating proteins which had a molecular weight above of 100 kDa from the 

eluted IMAC fraction. This was done by centrifugation at 4500 x g for 20 minutes at 4°C. Following 

that, the purified proteins were then concentrated using a second Amicon column with a 10 kDa 

MWCO (Sigma-Aldrich, USA) by centrifugation at 4500 x g for 20 minutes at 4°C. This was repeated 

until all the selected fractions had been concentrated into ~500 μl. Thereafter, buffer exchange 

(removal of residual imidazole from IMAC elution buffer which interferes with the enzymatic activity 

of the SNAP-tag) was carried out by adding 5 ml of  1x PBS (pH 7.4) into the Amicon column and 

washing down to a concentrated volume of ~500 µl. Quantification of the concentrated protein samples 

was done using a Denovix NanoDrop™ ND-2000 (Thermo Fisher Scientific, USA) by UV 

spectrophotometry, and further quantification was done by densitometry analysis (section 3.4.2). 

 For densitometry quantification, 5 µl of the concentrated protein samples were diluted with 15 µl of 

1x PBS making a final volume of 20 µl. Thereafter, 5 µl of 4x Laemmli protein-loading dye (Bio-Rad 

Laboratories, USA) supplemented with 10% (v/v) 2-mercaptoethanol (Sigma-Aldrich, South Africa) 

was mixed with the 20 µl of the diluted protein samples making a final volume of 25 µl. A two-fold 
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serial dilution of BSA standard protein (Thermo Fisher Scientific, South Africa) was also prepared in 

parallel as shown in Table 6. Following that, all samples were heated at 95°C for 5 minutes and 

allowed to cool for 10 minutes at room temperature. A 10% SDS gel was prepared and all protein 

samples were loaded onto the gel alongside 5 µl of protein molecular weight ladder (P7719S New 

England Biolabs). The gel was then run using the same equipment and conditions as described in 

section 2.4.2. 

Table 6.  Amount (ug) of BSA standard and SNAP fusion proteins used for densitometry analysis. 

Sample Lane Volume   1x PBS  4x loading dye Total Volume 

1. Molecular weight ladder 5 μl 0 μl 0 μl    5 μl 

2. SNAP fusion protein 5 μl 15 μl 5 μl   25 μl 

3. BSA (16 μg) 16 μl 4 μl 5 μl   25 μl 

4. BSA (8 μg) 8 μl 12 μl 5 μl   25 μl 

5. BSA (4 μg) 4 μl 16 μl 5 μl   25 μl 

6. BSA (1 μg) 1 μl 19 μl 5 μl   25 μl 

 

To determine the quantity, yield and percentage purity of the SNAP fusion proteins, densitometry 

measurements were performed using ImageJ software (https://imagej.nih.gov/ij/download.html). This 

software compared the optical densities of SNAP fusion protein bands with the corresponding positive 

control Bovine Serum Albumin (BSA) bands on the same gel. As a result, Microsoft Excel software 

was used to plot a standard curve of optical colour intensity against the quantity of protein (µg) using 

BSA standards. This standard curve allowed for the calculation of the concentration of SNAP fusion 

proteins in each sample (section 3.4.3). 

2.5.2 Western blot. 

To confirm for the integrity of the N-terminal poly-Histidine tag of SNAP fusion proteins, a western 

blot analysis was used. Two duplicate 10% SDS gels were prepared, and 5 μg of protein samples were 

https://imagej.nih.gov/ij/download.html
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loaded onto each gel, following the procedure described in section 2.4.2. However, it's worth noting 

that one of the gels was not stained and was used for immunoblotting, while the other gel was stained 

with AcquaStain. This allowed for a precise comparison between the results obtained from the 

immunoblot and the denaturing polyacrylamide gel. For immunoblotting, protein bands were 

transferred from the unstained SDS gel to a nitrocellulose membrane (PVDF transfer membrane, 

Roche, Switzerland) using a Mini Trans-Blot Cell system (Bio-Rad, USA), set at 25V for 7 minutes. 

The membrane was then blocked with fat-free milk for 60 minutes at room temperature, followed by 

incubation with a 1:1000 dilution of an anti-his rabbit primary antibody (Qiagen, Hilden, Germany) at 

4°C overnight. The following morning, the membrane was rinsed 3 times with TBS-T at 5 minutes 

intervals. Thereafter,  the membrane was incubated with a goat anti-rabbit horseradish peroxidase 

(HRP)-conjugated secondary antibody (Bio-Rad, USA) dissolved in fat-free milk (1:5000) for 60 min 

at room temperature, and then washed 3 times with TBS-T at 5 minutes intervals. To detect the HRP-

bound proteins, 4 ml of TMB-Blotting Solution substrate (Bio-Rad, USA) was added to the 

nitrocellulose membrane for 1 minute, followed by washing with Type 1 dH₂O and this was done to 

stop the reaction. Thereafter, image capture was done using the Gel Doc™ XR System (Bio-Rad, 

USA) (section 3.5.1).  

2.6 Labelling of SNAP fusion proteins with BG derivatives 

Conjugation reactions with benzyl guanine (BG) derivatives were conducted to verify the functionality 

of the enzymatic SNAP-tag component on the C-terminus of SNAP fusion proteins. Firstly, the 

micromolar concentrations of the SNAP fusion protein were calculated using an online conversion tool 

(available at https://www.bioline.com/media/calculator/0104.html) which converts mg/ml to µM. 

Following that,  SNAP fusion proteins (5 µM) were mixed with 10 µM of SNAP-Surface® Alexa 

Fluor® 488 (BG-Alexa Fluor) from New England Biolabs (MA, USA), 1mM dithiothreitol (DTT, a 

reducing agent that improves the stability of SNAP-tag) (Sigma-Aldrich, South Africa) and 1x PBS 

buffer to a final volume of 20 µl (Table A6). The mixture was incubated in the dark at 37°C for 60 
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minutes. The fluorescently labelled proteins were then run on an SDS-PAGE gel as described in 2.4.2, 

and the fluorescent signal was visualized using a Dark Reader Transilluminator (Clare Chemical 

Research, USA) upon exposure to blue light excitation (3.5.2). 

2.7 Binding studies 

2.7.1 Leukemic cell line culture 

In this experiment, leukemic cell lines (THP-1 and HL60), along with HEK 293T cells, were seeded 

in a T25 flask (SPL Life Sciences, USA). The cells were incubated in RPMI-1640 medium (Gibco, 

USA)  supplemented with 10% foetal bovine serum (Gibco, USA) and 100 µl/ml penicillin-

streptomycin  (Gibco, USA) at 37 °C with 95% humidity and 5% CO₂. The medium was changed after 

every 4 days and it is important to note that, THP-1 and HL60 cell lines are suspension cells. 

Consequently, upon reaching 90% confluency, cells were passaged by removing 4 ml of the old 

medium, retaining 1 ml, and replacing the discarded 4 ml with fresh supplemented RPMI medium. 

2.7.2 Confocal microscopy 

Live cell imaging using confocal microscopy was conducted on tumour cell lines to assess the binding 

abilities of the newly generated SNAP fusion proteins (section 3.6.1). This method allowed for high-

resolution imaging of cells and target antigens, revealing details about the antigen location, 

distribution, and expression levels. SNAP fusion proteins were first labelled SNAP-Surface® Alexa 

Fluor® 647 (Table A7) using the same procedure as described in section 2.6. Thereafter, unconjugated 

fluorophore was removed by centrifugation at 1500 rcf for 2 minutes using Zeba™ Spin desalting 

columns (Thermo Fisher Scientific, SA) with a 7 kDa molecular weight cut off.  Thereafter, the 

labelled SNAP fusion proteins were stored at 4°C until they were used for staining cells. 
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2.7.2.1 Staining cell surface antigens (CD14) 

 Approximately 1x10⁴  THP-1 cells (CD14+) and HEK 293T cell (CD14-) in cell culture medium were 

aliquoted into the FACs tubes (Fluorescence-activated cell sorting tubes; Sigma-Aldrich, USA) and 

centrifuged at 932 x g (Beckman Coulter Allegra™ X-12R) for 5 minutes at 4°C. Thereafter, the 

supernatant was discarded and  cells were washed with 2 ml of 1x PBS by centrifugation at 932 x g 

for 5 minutes at 4°C.  The cell pellet was resuspended in 200 µl of 1:5000 dilution of Hoechst nuclei 

stain (Thermo Fisher Scientific, South Africa) and incubated for 10 minutes at room temperature in 

dark. After incubation,  excess dye was removed by washing the cells with 2 ml of FACs buffer 

(containing 2% (v/v) FBS and 0.1% (v/v) sodium azide in 1x PBS). Thereafter, cells were then 

incubated with 50 µl (containing 20 µg) of SNAP fusion proteins conjugated to Alexa Flour 647 for 

60 minutes at 4°C in the dark. After incubation, cells were washed twice with 1 ml of 1x PBS before 

being resuspended in 250 µl of 1x PBS. Cells were then transferred to live cell imaging dishes (SPL 

Life Sciences, USA) and kept on ice until taken for live cell imaging using the Zeiss LSM880 Airyscan 

(Oberkochen, Germany). 

2.7.2.2 Staining intracellular antigens (MPO) 

Approximately, 1x10⁴ HL60 (MPO+) and HEK 293T (MPO-) cells were aliquoted into the FACs 

tubes, centrifuged at 932 x g for 5 minutes at room temperature. Thereafter, the supernatant was 

discarded and  cells were washed with 2 ml 1x PBS by centrifugation at 932 x g for 5 minutes at 4°C. 

For intracellular MPO staining, cells were first fixed by incubation with 100 µl of Fix/Perm buffer 

(BD Biosciences, USA) and mixed thoroughly by vortexing for approximately 10 seconds before being 

incubated for 20 minutes at room temperature in the dark. Following that, cells were washed with 2 

ml 1x Perm/Wash buffer (BD Biosciences, USA) by centrifugation at 932 x g for 5 minutes at room 

temperature. Thereafter, Cells were then incubated with 50 µl (containing 20 µg) of SNAP fusion 

proteins conjugated to Alexa Flour 647 for 60 minutes at 4°C in the dark. Unbound conjugated fusion 

proteins were removed by washing with 2 ml of 1x Perm/Wash buffer for 5 minutes at room 
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temperature. Following that, cells were then incubated with 200 µl of 1:5000 Hoechst nuclei stain 

(Thermo Fisher Scientific, South Africa) for 10 minutes in the dark at room temperature. Excess dye 

was removed by washing the cells twice 1 ml of 1x PBS before being resuspended in 250 µl of 1x 

PBS. Cells were then transferred to live cell imaging dishes (SPL Life Sciences, USA) and kept on ice 

until taken for live cell imaging using the Zeiss LSM880 Airyscan (Oberkochen, Germany). 

2.7.3 Flow cytometry 

Flow cytometry was used to further confirm the binding abilities of the newly generated recombinant 

SNAP fusion proteins and this also allows for the relative quantitation of receptor expression status in 

a population of tumour cells (section 3.6.2). This procedure facilitated the examination of different 

antigens and the differentiation of different cell populations based on their surface markers or 

intracellular antigens. In these studies, SNAP fusion proteins were first labelled SNAP-Surface® 

Alexa Fluor® 488 (Table A7) using the same procedure as described in section 2.7.2. 

2.7.3.1 Antibody titration 

Antibody titration was used to determine the optimal antibody concentration that yields the highest 

signal from the positive population while minimizing the background signal from the negative 

population (226). Background fluorescence typically arises from cell autofluorescence, spectral 

overlap, and undesirable antibody binding due to the use of high antibody concentrations. In this study, 

antibody titrations were performed using different serial dilutions of the SNAP fusion proteins  

conjugated to BG Alexa Flour 488 as shown in Figure 10. At first, 8 microcentrifuge tubes were 

loaded with 50 µl of 1x PBS. In the first tube, 50 µl (containing 100 µg of labelled SNAP fusion 

proteins) were added and the tube was vortexed for approximately 10 seconds. Subsequently, 50µl of 

diluted proteins were drawn from the first tube and titrated into the remaining seven tubes, each 

containing 50 µl of 1x PBS, resulting in the final concentrations used for staining as illustrated in 

Table 7. 
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                50 µl scFv-SNAP-Alexa Flour 488 

                            

Figure 10. Antibody 2-fold dilution series for titration. This method is used to determine antibody concentration in 

solution. Every tube having half concentration of antibody from the previous tube. The ideal concentration is 

the one that generates the brightest and most precise staining while reducing non-specific binding, as this can 

cause increased background noise signal and affect the accuracy of the analysis. 

Table 7. Example of antibody titration concentrations used for staining 

SAMPLE scFv-SNAP Alexa Flour 488 Cells 

Tube 1        500 µg/ml 5 x 105  

Tube 2 250 µg/ml 5 x 105     

Tube 3 125 µg/ml 5 x 105          

Tube 4 62.5 µg/ml 5 x 105  

Tube 5 31.25 µg/ml 5 x 105  

Tube 6 15.6 µg/ml 5 x 10⁵  

Tube 7 7.8 µg/ml 5 x 10⁵  

Tube 8 3.9 µg/ml 5 x 105  

 

2.7.3.2 Preparation of compensation controls 

Compensation in flow cytometry studies was done to correct for spectral overlap between 

fluorochromes or dyes used in the experiments (227).  This was done since more than two different 

dyes were used in every flow cytometry session. Firstly, the compensation beads were vortexed 

thoroughly before use (to avoid clumping) and thereafter, 1 drop of negative control compensation 

particles and another 1 drop of anti-mouse IgK compensation particles (BD Biosciences, USA) were 
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added to each tube. The corresponding stain (1 µl of fluorescently tagged commercial antibodies) was 

added directly onto the compensation particles as illustrated in Figure 11. The samples were then 

incubated for 30 minutes in the dark at 4°C before being washed with 2 ml 1x PBS by centrifugation 

at 932 x g for 5 minutes at 4°C. The supernatant was discarded and the beads were then resuspended 

in 200 µl of 1x PBS and kept in the dark at 4°C until data acquisition.  

                       

Figure 11. Preparation of compensation controls for a multicolour flow cytometry. Compensation beads were used 

to set spectral unmixing parameters on flow instruments, additionally adjust flow cytometers and setting up 

voltages. The anti-mouse IgK compensation particles (positive comp beads) binds to the Fc chain of 

fluorescently tagged mouse antibodies and these are combined with non-antibody binding beads (negative comp 

beads). This allows to create simulated positive and negative populations that are comparable to the 

heterogeneous populations of cells in a sample that are negative or positive for a particular antigen. 

2.7.3.3 Staining cell surface antigens (CD14 and HLA-DR). 

Regarding the staining of cell surface antigens, approximately 5x10⁵ cells in RPMI-1640 medium 

(Gibco, USA)  supplemented with 10% foetal bovine serum (Gibco, USA) and 100 µl/ml penicillin-

streptomycin  (Gibco, USA) were aliquoted into FACs tubes and centrifuged at 932 x g for 5 minutes 

at 4⁰C. Thereafter, the supernatant was discarded, and the cells were washed with 2 ml of 1x PBS. 

After decanting the supernatant, the cell pellet was resuspended in 50 µl of a 1:1000 dilution of 

LIVE/DEADᵀᴹ Fixable Violet Dead Cell Stain (Product number: L34963, Thermo Fisher Scientific, 

South Africa) and incubated at room temperature for 20 minutes in the dark. Cells were then washed 

with 2 ml of FACs buffer (containing 2% (v/v) FBS and 0.1% (v/v) sodium azide in 1x PBS) and 
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centrifuged at 932 x g for 5 minutes at 4⁰C. The cell pellets were then resuspended in the dead volume 

and incubated with 50 µl of Alexa Flour 488 conjugated scFv-SNAP fusion proteins for 60 minutes at 

4°C. After incubation, cells were then washed twice with 1 ml FACs buffer. Subsequently, to fix the 

cells, each cell pellet was resuspended in 300 µl of 1% (v/v) Paraformaldehyde (PFA) solution and 

incubated for 10 minutes at room temperature in the dark. The cells were then washed twice with 2 ml 

of 1x PBS, resuspended in 200 µl of 1x PBS and kept in the dark at 4⁰C until data acquisition using 

the BD LSRFortessa™ Cell Analyzer (BD Biosciences, USA). 

2.7.3.4 Staining intracellular antigens (MPO) 

Similarly, for staining intracellular antigens, approximately 5 x 10⁵ cells in RPMI-1640 medium 

(Gibco, USA)  supplemented with 10% foetal bovine serum (Gibco, USA) and 100 µl/ml penicillin-

streptomycin  (Gibco, USA) were aliquoted into FACs tubes and centrifuged at 932 x g for 5 minutes 

at room temperature. Thereafter, the supernatant was discarded, and the cells were washed with 2 ml 

of 1x PBS by centrifugation at 932 x g for 5 minutes at room temperature. Following that, cell pellets 

were then resuspended in 50 µl of a 1:1000 dilution of LIVE/DEADTM Fixable Violet Dead Cell Stain 

(Thermo Fisher Scientific, South Africa) and incubated at room temperature for 20 minutes in the dark. 

After incubation, excess dye was removed by washing the cells with 2 ml of 1x PBS. For staining 

intracellular MPO, cells were resuspended in 100 µl of Fix/Perm buffer (BD Biosciences, USA) and 

mixed thoroughly by vortexing for approximately 10 seconds before being incubated for 20 minutes 

at room temperature in the dark. This was done to fix the cells thereby avoiding leakage of the antigens 

upon permeabilization of the cell membrane which allows for the passage of labelled SNAP fusion 

proteins into the cell. After incubation with Fix/Perm buffer, cells were then washed with 2 ml 1x 

Perm/Wash buffer (BD Biosciences, USA) and centrifuged at 932 x g (Beckman Coulter Allegra™ X-

12R) at 932 x g for 5 minutes at room temperature. The supernatant was discarded and 50 µl of the 

labelled Snap fusion proteins were added into the tubes and incubated for 60 minutes at in the dark at 

4°C. After incubation, stained cells were washed with 2 ml Perm/Wash buffer (BD Biosciences, USA) 
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before being, resuspended in 200 µl of 1x PBS and keep in the dark at 4°C until data acquisition using 

the BD LSRFortessa™ Cell Analyzer (BD Biosciences, USA). 

2.7.3.5 Flow cytometry data analysis 

Data analysis was conducted using FlowJo software (version 10.9.0) from BD Biosciences in the USA. 

This involved creating pseudocolor plots with a specific gating strategy employed. Statistical analysis 

was performed to generate antibody titration curves for signal-to-noise ratio, staining index, and 

median fluorescence intensity (MFI) of the stained cells. The signal-to-noise ratio measures the 

difference in fluorescence between positive and negative cell populations, while the staining index 

assesses the relative brightness of the fluorochrome detected by the flow cytometer. The following 

equations were used to calculate the signal to noise ratio and staining index: 

Signal-to-noise ratio = MFI (positive population) / MFI (negative population) 

Staining index = MFI (positive population) – MFI (negative population) / 2*x Robust standard 

deviation (negative population) 

Thereafter calculation, bar graphs were generated to compare the distribution of antigens across target 

cell lines. Statistical analyses were performed using Student’s t-tests relative to the negative and 

positive populations to identify any statistically significant differences. 

 

 

 

 

 

 



Masters Thesis                                                               69                                                         Tatenda L Bvudzijena                                            
 

Chapter 3: Results 

This study aimed to generate innovative molecules in the form of SNAP-tag fusion proteins, 

specifically L243(scFv)-SNAP, 2F9(scFv)-SNAP, and 8E2(scFv)-SNAP, designed for the selective 

diagnosis of AML. This chapter, therefore, describes the design and generation of these  SNAP fusion 

proteins in human embryonic kidney cells (HEK293T), their functional characterisation and in vitro 

assessment. This chapter is structured as follows: The first two sections (sections 3.1–3.2) explain the 

in silico expression plasmid design and molecular cloning strategies employed, the next 3 sections 

(sections 3.3–3.5) provide a summary of the generation and characterization of these SNAP fusion 

proteins. The final section (section 3.6) presents the comparative binding to leukemic cell lines and 

PBMCs. 

3.1 In silico engineering and expression plasmid design  

During this experiment, new anti-CD14 (2F9), anti-HLA-DR (L243) and anti-MPO (8E2) antibody 

sequences, were extracted from: HLA-DR (AU2006218454B2), CD14 (CN102260350A), and MPO 

(Journal PMID:11034396) (228) (229) (230) (231). Afterwards, for evaluation of their heavy and light 

chain variable region sequences, Ig-BLAST analysis of the sequences, against preexisting 

immunoglobulin germline variable region gene sequences was carried out using both the IMGT/V-

QUEST tool and GenBank for quality control purposes as described in section 2.1. The results of the 

analysis indicated a high degree of similarity which was above 95%, between the extracted sequences 

and the known germline variable region gene sequences as exemplified for the HLA-DR light chain 

sequence shown in Figure 12. Also, this Ig-BLAST analysis confirmed the existence of intact and 

complete CDRs and FR regions for all the attained v-gene sequences. Subsequently, the homology of 

their CDR sequences was confirmed by aligning them with their parental sequences using EMBL 

Clustal Omega tool (available at http://www.ebi.ac.uk) and ExPasy (accessible at 

https://www.expasy.org).  
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Figure 12. illustrates the results of the IgBLAST analysis performed on the variable heavy chain of anti-HLA-DR 

antibody (L243) sequences: The extracted v-gene sequences were compared to pre-existing immunoglobulin 

germline variable region gene sequences. The analysis enabled the identification of both intact CDRs, FR 

regions and overall sequence homology greater than 95%. Any variations from the germline sequence were 

highlighted in pink. 

The variable heavy chains (VH) of all antibody sequences identified were paired with their 

corresponding variable light chains (VL) by using a linker sequence, resulting in assembled scFv 

constructs. These were flanked by Sfi1 and Not1 restriction sites at their 3’- and 5’-prime ends for 

molecular cloning purposes. The newly designed scFv(L243), scFv(2F9), and scFv(8E2) sequences 

were then each inserted into the pCB expression plasmid vector (initially housing AnnexinV-SNAP) 

through in silico restriction enzyme digestions with SfiI and NotI. These sequences were subsequently 

ligated into the pCB-AnnexinV-SNAP digested plasmid yielding the desired pCB-L243(scFv)-SNAP, 

pCB-2F9(scFv)-SNAP, and pCB-8E2(scFv)-SNAP plasmids (after replacement of the AnnexinV with 

sequences encoding for the scFv) using SnapGene software (version 3.1.1, GSL Biotech, Chicago)  as 

shown in Figure 13. 
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A. L243 (scFv)-SNAP plasmid map.                      B. 2F9 (scFv)-SNAP plasmid map. 

      

C. 8E2 (scFv)-SNAP plasmid map                        D.   Open reading frames (ORFs)   

        

Figure 13. A schematic representation of mammalian expression vectors used in the generation of antibody scFv-

SNAP fusion proteins and their corresponding open reading frames (ORFs). The figure includes: (A) plasmid map 

for pCB-L243(scFv)-SNAP, which targets HLA-DR. (B) plasmid map for pCB-2F9(scFv)-SNAP, which targets 

CD14. (C) plasmid map for pCB-8E2(scFv)-SNAP, which targets MPO. (D) shows the ORFs of the scFv-SNAP 

fusion proteins. 
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Table 8. pCB-Antibody (scFv)-SNAP fusion proteins expression plasmid components 

Component Description 

1. Igκ leader: A signal peptide that facilitates secretion of the fusion protein into the cell culture 

supernatant (232).  

2. 10His-tag: Enables high-affinity binding to Ni²⁺-chelating resin for purification purposes (233). 

3. Enterokinase site: Encodes for cleavage site DDDDK for recognition with specific cleavage proteins 

(234). 

4. scFv- SNAP-tag®: Single-chain variable fragment which binds to specific antigens and is fused to a C-

terminal self-labelling SNAP-tag protein (213). 

5. Chimeric intron: Efficient and rapid export of mRNA out of the nucleus significantly enhancing 

transgene expression (235). 

6. IRES: Enables the initiation of translation (236). 

7. eGFP: Enables the recognition of the translated protein in HEK293T cell (237). 

8. bGH Poly(A) signal: Ensures efficient transcription termination and polyadenylation of mRNA (238). 

9. F1 origin:  Facilitates rescue of single-stranded DNA (239).  

10. SV40 promoter: Facilitates high-level expression of the hygromycin resistance gene and allows for 

episomal replication specifically in cells expressing the SV40 large T antigen (240). 

11. EM7 promoter: A promoter of bacterial origin that allows for constant expression of the antibiotic 

resistance gene in Escherichia coli (241). 

12. bleO: Bleomycin resistance gene for selection of transfected HEK293T cells (242). 

13. SV40 Poly(A): 

signal 

Ensures efficient transcription termination and polyadenylation of mRNA (243). 

14. M13 rev:  A single-stranded oligonucleotide that has 5ʹ-hydroxyl and 3ʹ-hydroxyl ends, along 

with a selection of four fluorescent labels, and it is commonly used in polymerase 

chain reaction (PCR) protocols. Another term used for M13 rev is 5ʹ-CAG GAA ACA 

GCT ATG ACC-3ʹ (244). 

15. lac operator A DNA sequence that binds to the Lac repressor protein, controlling the expression of 

genes downstream in the lac operon (245). 

16. lac promoter Controls transcription of lac operon genes (245).  

17. AmpR: The gene providing resistance to the antibiotic ampicillin in E. coli used for selection 

of transformed bacteria (246). 

18. CMV promoter DNA regulatory element used for efficient and high-level expression of recombinant 

protein (247).  

19. T7 promoter Allows for in vitro transcription in the sense orientation and sequencing through the 

insert (248). 
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3.2 Molecular cloning 

3.2.1 Liquid transformation, NucleoBond Midi prep DNA isolation and purification of 

plasmids from E. coli 

Plasmids received from GenScript (pUC57-L243(scFv), pUC57-2F9(scFv), and pUC57-8E2(scFv) 

carrying the open reading frames that encode for all the single chain variable fragments were 

effectively introduced into competent E. coli cells (described in section  2.2.1). After the plasmids 

were extracted and purified using the NucleoBond midi prep kit, Table 9 shows quantification of all 

pUC57 plasmids following the resuspension of the 4 µg DNA pellets from GenScript, recorded as 

initial concentration and quantification after bulk-prep which was recorded as final concentration. 

Table 9. Quantification of pUC57-scFv plasmids following bulk-prep 

        Construct Nuclease-Free Water Initial Concentration Final Concentration 

pUC57-L243 (scFv) 40 µl 207 ng/µl 2823 ng/µl 

pUC57-2F9 (scFv) 40 µl 188 ng/µl 3286 ng/µl 

pUC57-8E2 (scFv) 40 µl 229 ng/µl 2317 ng/µl 

 

During quantification, the purity of the bulk-prepped plasmid DNA was evaluated using absorbance 

values obtained from a spectrophotometer. Table 10 displays the nucleic acid to protein concentration, 

260/280 ratio and 260/230 ratio. All the purified plasmid samples fell within the acceptable ranges 

between 1.80-1.90 for 260/280 ratio and 2.0-2.2 for 260/230 ratio, confirming that the DNA was pure 

and suitable for downstream applications (section 2.2.2). 

Table 10. Nucleic acid to protein absorbance ratio using the spectrophotometer 

         Construct 260/280 260/230 

pUC57-L243 (scFv) 1.90 2.21 

pUC57-2F9 (scFv) 1.83 2.22 

pUC57-8E2 (scFv) 1.85 2.21 
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3.2.2 Restriction enzyme digestion and agarose Gel electrophoresis 

The endonuclease digestion with SfiI and NotI restriction enzymes for all the constructs in pUC57 as 

well as the pCB vector backbone was successfully performed (section 2.2.3). The use of these enzymes 

for digestion resulted in sticky ends on both the enconding for the scFv and the pCB vector backbone 

which allowed for ligation. To separate scFv from the pUC57 backbone as well as, the pCB vector 

backbone from AnnexinV, an agarose gel electrophoresis was performed (section 2.2.4). Clear bands 

of the expected sizes for the digested DNA fragments were observed under UV light, indicating 

successful digestion as shown in Figure 14. The resulting DNA fragments were then purified and 

subsequently used for ligation. 

            A.                                                                            B.  

                

Figure 14. Displays the results of agarose gel electrophoresis after restriction enzyme digestion. (A) Shows a 

simulation of the expected gel results using SnapGene software. (B) Presents the actual gel with a 1 kb DNA 

ladder used as a molecular weight marker in lane labelled MW. The lanes labelled UD (undigested pCB-

AnnexinV-SNAP backbone) with a size of 8234 bp, SD (single digested pCB-AnnexinV-SNAP backbone with 

Sfi1), and DD (double digested with Sfi1 and Not1) shows pCB vector backbone separated from AnnexinV  

highlighted in red with a size of 7272 bp. The last four lanes show double digested commercial pUC57 vectors 

with Sfi1 and Not1. The bands highlighted in green shows: L243 scFv (753 bp), 2F9 scFv (747 bp) and 8E2 

scFv (756 bp). 
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3.2.3 Gel extraction, ligation, and transformation into E. coli cells 

After DNA extraction from the agarose gel (section 2.2.5), ligation of pCB vector backbone with the 

insert DNA on a 1:1 and 1:5 (vector to insert) ratios (section 2.2.6) and bacterial transformation into 

E. coli cells (2.2.7). Positive colony growth was observed on ampicillin-supplemented plates, 

containing the ligated plasmids as illustrated in Figure 15. On the other hand, the digested pCB-

backbone only and bacteria control showed no growth, confirming that the ligation was successful and 

bacterial growth was determined by the presence of ampicillin resistance in the ligated plasmids.                                          

    

Figure 15. Shows the growth of E. coli cells transformed with potential recombinant plasmid DNA. Different ratios 

of vector to insert were used in the transformation: 1:1 and 1:5. (A) Bacteria only contamination control. (B) 

pCB-vector backbone-only control to evaluate the efficiency of restriction digestion and the presence of partial 

digestion. (C and D) Shows pCB-2F9(scFv)-SNAP vector to insert ligation ratios 1:1 and 1:5 respectively. (E 

and F) Shows pCB-L243(scFv)-SNAP ligation ratios vector to insert ligation 1:1 and 1:5 respectively. (G and 

H) Shows pCB-8E2(scFv)-SNAP ligation ratios vector to insert ligation 1:1 and 1:5 respectively. 
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Further analysis on transformation efficiencies showed that the lowest vector to higher insert DNA 

ratio resulted in the most successful ligation as shown in Table 11. This suggests that a lower ratio of 

vector to insert may be more efficient for ligation in this system. 

Table 11. Ligation and total number of colonies after transformation 

Ligation Product 

 

Ligation 

Ratio 

Backbone Mass 

(pCB-SNAP) 

Insert Mass 

(scFv) 

Transformation 

efficiencies (cfu/µg) 

1. pCB-2F9-SNAP 1:1 50 ng 5.13 µg 1.97 x10³ 

1:5 50 ng 25.68 µg 2.36 x10³ 

2. pCB-L243-SNAP 1:1 50 µg 5.18 µg 2.06 x10³ 

 1:5 50 µg 25.93 µg 2.43 x10³ 

3. pCB-8E2-SNAP 1:1 50 µg 5.19 µg          2.25 x10³ 

 1:5 50 µg 25,9 µg 2.97 x10³ 

4. pCB-Backbone 

Only Control 

1:0 50 µg 0 0 

 

3.2.4 Restriction Mapping 

Because of these ideal results in comparison to the controls, a total of six colonies were picked per 

construct in each plate and used for restriction mapping (section 2.2.9). The results of the restriction 

mapping analysis showed successful cloning of the recombinant plasmids. A combination of different 

restriction enzymes was used to map specific locations on the plasmids and the resulting fragments 

were separated using agarose gel electrophoresis. The pattern of fragments and band sizes observed 

on the gel matched the expected pattern based on the simulated agarose gel image generated using the 

SnapGene software, confirming the successful incorporation of inserts into the pCB-backbone (Figure 

16).  

.  
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Figure 16. Comparison between a simulated agarose gel image generated using the SnapGene software and actual 

1.2% agarose gel images. (A) Shows a simulated agarose gel image indicating what was expected from the actual 

gel. (B, C and D) Shows the actual 1.2% agarose gel images of pCB-Annexin V-SNAP, pCB-L243-SNAP, 

pCB-2F9-SNAP, and pCB-8E2-SNAP obtained after restriction endonuclease digestion using Blp1 and Pme1 

enzymes respectively. The lanes labelled UD (undigested pCB-AnnexinV-SNAP backbone) with a size of 

8032bp, SD (single digested pCB-AnnexinV-SNAP backbone with Pme1), and DD shows double digested 

pCB-Annexin V-SNAP plasmid with Pme1 and Blp1, this produced three bands of sizes 5312 bp, 1675 bp, and 

1045 bp. For the pCB-L243-SNAP plasmid, the expected band sizes after digestion with Pme1 and Blp1 were 

6357 bp and 1675 bp, as shown in lanes A-C of the gel on  B. Secondly, The expected sizes of pCB-2F9-SNAP 

digested with Pme1 and Blp1 were 6357 bp and 1675 bp, as shown on C. Lastly, the expected sizes of pCB-

8E2-SNAP digested with Pme1 and Blp1 were 6357 bp and 1675 bp, as shown on D. 

A.                                                                         B. 

               

        C.                                                                          D.                                                            

           

           

                                                                                                          



Masters Thesis                                                               78                                                         Tatenda L Bvudzijena                                            
 

3.2.5 Plasmid DNA sequencing. 

The positive clones from restriction mapping were sent to Inqaba Biotechnical Industries for Sanger 

sequencing of recombinant plasmid DNA (section 2.2.10). To aid in the sequencing of the cloned 

product the universal SNAP reverse primer, universal T7 promoter and universal SNAP internal 

forward primers were used for sequencing and  the resulting sequences were analysed using SnapGene 

software (version 3.1.1, GSL Biotech, Chicago). Figure 17 depicts the plasmid maps that were created. 

All clones were nearly identical (approximately 100% homology) to their in silico ORF sequences, 

confirming correct ligations for all constructs generated (section 3.1). 

A. pCB-L243(scFv)-SNAP     

 
B. pCB-2F9(scFv)-SNAP 

 
C. pCB-8E2(scFv)-SNAP. 

   

Figure 17. Plasmid maps produced after aligning sequences received from Sanger sequencing with the 

corresponding in silico sequences. (A) pCB-L243(scFv)-SNAP plasmid map, (B) pCB-2F9(scFv)-SNAP 

plasmid map and (C) pCB-8E2(scFv)-SNAP map. The red arrows indicate the forward primers and the blue 

arrows indicate the reverse primers. 
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3.3 Expression of the fusion proteins in HEK 293T cells 

Following confirmation of the ORF sequence, recombinant plasmids (pCB-L243(scFv)-SNAP, pCB- 

and pCB-8E2(scFv)-SNAP) were transfected into HEK 293T cells as described in 2.3.2. Positively 

transfected cells were identified by visualisation of cytosolic enhanced green fluorescent protein 

(eGFP) expression using a ZOEᵀᴹ Fluorescence Cell Imager (Bio-Rad, USA). Flow cytometry was 

then used to quantitatively assess the transfection efficiencies of recombinant plasmids into HEK293T 

cells (section 2.3.3). As shown in Figure 18 the transfection efficiencies after analysing the frequencies 

of eGFP positive cells were: pCB-L243(scFv)-SNAP (68.8%), 2F9(scFv)-SNAP (70.6%), and pCB-

8E2(scFv)-SNAP (67.2%). 

A. 2F9(scFv)-SNAP                B. L243(scFv)-SNAP             C. 8E2(scFv)-SNAP        D. Non-transfected control 

    

Figure 18. Flow cytometry plots depicting the eGFP expression profiles of transfected HEK293T cells. (A) Represents 

the eGFP expression profile for L243(scFv)-SNAP, (B) Represents the eGFP expression profile for 2F9(scFv)-

SNAP, (C) Represents the eGFP expression profile for 8E2(scFv)-SNAP and (D) Represents the eGFP 

expression profile of HEK293T cells non-transfected control. 

To enrich the transfected eGFP-positive cell population carrying the bleomycin resistance gene, zeocin 

selection was used. The first round of zeocin selection was carried out with a 100 µg/ml concentration 

of the antibiotic for a period of four weeks, followed by a one-week break. After the break, a second 

round of zeocin was added at a concentration of 150 µg/ml for two weeks. As a result, the eGFP 

expression was enhanced and the cells were grown until the cell culture supernatant containing the 

target fusion proteins was ready for collection four days after the last round of zeocin and 8 weeks post 

transfection  (Figure 19).  
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        A. L243(scFv)-SNAP 

 

        B. 2F9(scFv)-SNAP. 

 

C. 8E2(scFv)-SNAP. 

 



Masters Thesis                                                               81                                                         Tatenda L Bvudzijena                                            
 

Figure 19. eGFP expression in HEK293T cells transfected with the recombinant plasmids.  (A) pCB-L243 (scFv)- 

SNAP, (B) pCB-2F9(scFv)-SNAP and (C) pCB-8E2(scFv)-SNAP. Images were captured in both brightfield 

(no green florescence) and greenfield (eGFP expression). The images were taken at varying stages of cell 

culture: before transfection (without eGFP expression on the green field), 72 hours post-transfection with the 

recombinant plasmids before zeocin selection (with the green fluorescence on the green field) and 8 weeks post-

transfection and 4 days after zeocin selection (with enhanced green fluorescence). 

3.4 Purification of scFv-SNAP recombinant fusion proteins 

After collecting a total of  1 litre cell of culture supernatant for all the constructs, immobilised affinity 

chromatography (using the N-terminal 10His-tag) was used to enrich fusion proteins from cell culture 

supernatant (section 2.4.1). This method utilizes the use of immobilised metal ion (Nickel ion: Ni²⁺) 

affinity beads and the SNAP fusion proteins have the N-terminal 10 His-tag which has affinity for 

Ni²⁺. Because of this reason, recombinant proteins specifically bound to the column (Ni²⁺). Following 

that, the elution of recombinant SNAP fusion proteins from the column was achieved by using 

imidazole, which has a higher affinity for Ni²⁺ than the 10 His-tag. This led to a competitive binding 

scenario between SNAP fusion proteins and imidazole, resulting in the displacement of SNAP fusion 

proteins from the column during the elution process. The collection of eluted fractions containing the 

SNAP fusion proteins was continuously monitored at a wavelength of 280 nm (Figure 20). 

A. L243(scFv)-SNAP IMAC Chromatogram. 
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B. 2F9(scFv)-SNAP IMAC Chromatogram.        

                     

C. 8E2(scFv)-SNAP IMAC Chromatogram.        

                         

Figure 20. IMAC-purified chromatograms of three different fusion proteins. (A)L243(scFv)-SNAP, (B) 

2F9(scFv)-SNAP and (C) 8E2(scFv)-SNAP. The y-axis represents the elution buffer percentage, indicating the 

strength of the elution buffer used. On the x-axis, we have the AKTA flow-through volume, which corresponds 

to the progression of time during the purification process. The blue line in each chromatogram represents the 

elution profile of the respective fusion protein, indicating its release from the column. The green line represents 

the imidazole concentration gradient applied during the purification process. The initial peaks seen in blue in 

each chromatogram represent the removal of contaminating proteins during the sample application stage using 

10 mM imidazole, followed by a column washing step with 4 0mM imidazole and the red arrows indicate the 

elution peaks of the SNAP fusion proteins. The final elution step was performed using 250 mM imidazole which 

allowed for the specific release of the target fusion proteins from the column. 
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3.4.1 SDS-PAGE analysis of IMAC fractions 

The fractions corresponding to each individual peak on the chromatogram were subjected to sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to identify protein bands 

corresponding to the theoretical sizes of L243(scFv)-SNAP (51.26 kDa), 2F9(scFv)-SNAP (51.18 

kDa) and 8E2(scFv)-SNAP (51.92 kDa) (section 2.4.2). Using the protein molecular weight ladder, 

the thick bands observed at around 55 kDa of the 10% SDS gel were predicted to be our protein of 

interest (Figure 21). 

A.                                                                                B. 

     

C. 

 

Figure 21. SDS-PAGE analysis of scFv-SNAP protein fractions from pre-concentrated IMAC eluates. (A) 

L243(scFv)-SNAP (51.26 kDa), (B) 2F9(scFv)-SNAP (51.18 kDa) and (C) 8E2(scFv)-SNAP (51.92 kDa). The 

molecular weight of the protein in each band was determined using a protein ladder (M). The red arrows indicate 

SNAP fusion proteins with a molecular weight around 55 kDa and the black arrows indicate fractions of elution 

peaks screened for the presence of the proteins of interest. 
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3.4.2 Densitometric quantification of concentrated purified protein fractions 

Firstly, contaminating proteins that had a molecular weight above 100 kDa were removed using an 

Amicon column with a 100 kDa MWCO as described in section 2.5.1. Following that, protein fractions 

from IMAC elution were then concentrated using an Amicon column with a 10 kDa molecular weight 

cut-off. Subsequently, concentrated proteins were first quantified using a Denovix NanoDrop™ ND-

2000 (Thermo Fisher Scientific, USA), which measures the total protein content within the sample 

including contaminating proteins. As a second quantification step specific to SNAP fusion proteins, 

densitometry was used to determine the actual amount of SNAP fusion proteins in a sample and this 

also allowed for the calculation of percentage purity (Table 12). For this purpose, a two-fold serial 

dilution of the BSA standard protein was prepared and alongside with 5 µl of the concentrated proteins 

were loaded and run on a 10% SDS-PAGE gel (Figure 22).                                                                                              

A. L243(scFv)-SNAP                                                   B. 2F9(scFv)-SNAP 

        

C. 8E2(scFv)-SNAP 
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Figure 22. Estimation of protein concentration from an SDS-PAGE gel using densitometry. (A) L243(scFv)-SNAP, 

(B) 2F9(scFv)-SNAP and (C) 8E2(scFv)-SNAP. The red arrows indicate SNAP fusion proteins and the black 

arrows indicate the BSA standard protein with a twofold serial dilution. 

3.4.3 Generation of a BSA standard curve for determining the protein concentration 

Aqua stained  SDS-PAGE gel images were analysed using ImageJ (NIH) software, a public domain 

program from the National Institutes of Health that allows image processing. This software was used 

to measure the optical colour intensity for BSA standard protein bands and as a result, a BSA standard 

curve was generated using Microsoft Excel (Figure 23). 

         

Figure 23. Development of a BSA standard curve for determining the protein concentrations. Following the 

measurement of optical colour intensity for the BSA standard bands (using ImageJ software), a graph of optical 

colour intensity (in units) versus the corresponding amount of protein (in µg) was created. The amount of SNAP 

fusion proteins in the total protein sample was estimated using the resulting graphical equation, allowing 

determination of the protein yield and percentage purity (Table 12). 

The protein yield and percentage purity determined by densitometry data varied across constructs as 

shown in Table 12. L243(scFv)-SNAP had the highest yield with 16.1 mg/l, followed by 2F9(scFv)-

SNAP with 12.4 mg/l and lastly 8E2(scFv)-SNAP with 8.9 mg/l of purified cell culture supernatant, 

suggesting that the cells producing L243(scFv)-SNAP were more confluent and efficient in protein 

production compared to others. 
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Table 12. Determination of the percentage purity and total full length protein yield 

Sample volume Peak Area Densitometry 

Concentration 
Denovix NanoDrop   

Concentration 

%Purity Total Protein 

Purified 

5 µl L243(scFv)-SNAP    25467.43    4.3 µg/µl      6.7 µg/µl     61 16,1 mg/l 

5 µl 2F9(scFv)-SNAP    24698.78    4.0 µg/µl      7.1 µg/µl    56.3 12.4 mg/l 

5 µl 8E2(scFv)-SNAP    22765.57    3.1 µg/µl      5.6 µg/µl    55.4 8.9 mg/l 

 

3.5 Confirmation of full-length protein by Western blot analysis and conjugation 

3.5.1 Western blot analysis 

Following protein quantification, western blot analysis was used to confirm the presence of a 

functional 10 His-tag on the N-terminus of scFv-SNAP fusion proteins as described in section 2.5.2. 

The His-tag protein was detected by chemiluminescence using an anti-His-tag antibody conjugated to 

HRP. As shown in Figure 24, two identical SDS PAGE gels were run and the first one was stained 

with aqua stain, whereas the second one was transferred onto the PVDF membrane for western blot 

analysis and all SNAP fusion proteins were confirmed to have the 10 his-tag.  

    A. L243(scFv)-SNAP                                                       B. 2F9(scFv)-SNAP                                                
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C. 8E2(scFv)SNAP 

 

Figure 24. Confirmation and analysis of a functional 10 His-tag on the N-terminus of scFv-SNAP fusion proteins. (A) 

Anti-HLA-DR antibody L243(scFv)-SNAP, (B) Anti-CD14 antibody 2F9(scFv)-SNAP and (C) Anti-MPO 

antibody 8E2(scFv)-SNAP.   Proteins were analysed using western blot by using an anti-His antibody and a 

secondary anti-Goat-Rabbit HRP antibody. These were used to detect the proteins after they had been 

successfully transferred onto the PVDF membrane. On both the SDS-GEL and the membrane lane (M) is the 

molecular weight ladder, Lane 1 and 2 contains the tested scFv-SNAP fusion proteins in two replicas. The red 

arrows indicate the scFv-SNAP fusion proteins.  

3.5.2 Conjugation of the generated SNAP fusion proteins to BG-modified substrates 

After confirmation of the 10His-tag by western blot on the N-terminus of the SNAP fusion proteins, 

conjugation with BG-Alexa Fluor 488 was used to confirm for the presence of functional SNAP-tag 

enzyme on the C-terminus (section 2.6). The conjugated proteins were run on an SDS gel and exposed 

to blue light (380-500nm wavelength). Since Alexa Fluor 488 is excitable at a 488nm wavelength, 

which falls within the blue light spectrum. All the generated SNAP fusion proteins were successfully 

conjugated with Alexa Fluor 488 as shown in Figure 25. 
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A. L243(scFv)-SNAP                                              B.   2F9(scFv)-SNAP                                                                                                                                        

           

C. 8E2(scFv)-SNAP 

  

Figure 25. Conjunction of the SNAP fusion proteins to BG-Alexa Flour 488. (A) L243(scFv)-SNAP, (B) 2F9(scFv)-

SNAP, and (C) 8E2(scFv)-SNAP. The lanes labelled (M) indicate the molecular weight ladder. The blue arrows 

indicate the unconjugated scFv-SNAP fusion proteins used as controls (UN-L243, UN-2F9 and UN-8E2). The 

red arrows indicate the BG Alexa Four 488 conjugated scFv-SNAP fusion proteins exposed to blue light, 

enabling the excitation of the fluorophore at a 488nm wavelength. The green arrows indicate excess BG-Alexa 

Flour 488 showing complete saturation of the SNAP enzyme with the substrate. 
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3.6 Analysing the binding abilities of SNAP fusion proteins conjugated to BG-Alexa Fluor 488 

and BG-Alexa Fluor 647 to antigen positive cells 

3.6.1 Confocal microscopy 

Confocal microscopy imaging was used to test for the binding abilities of the newly generated anti-

CD14 antibody 2F9(scFv)-SNAP conjugated to Alexa Flour 647 using THP-1 cell line (section 

2.7.2.1). The antibody specifically bound to CD14 on the surface of antigen-positive cells (THP-1 cell 

line) in a punctate pattern since the antigen was expressed on the THP-1 cells in a clustered or patchy 

manner. On the other hand, there was no binding observed on HEK 293T cells, which do not express 

the CD14 antigen as shown in Figure 26A. Similarly, HL60 cells were used to test for the binding 

abilities of anti-MPO antibody 8E2(scFv)-SNAP conjugated to Alexa Flour 647 (section 2.7.2.2). The 

antibody specifically bound to MPO in the cytoplasm of HL60 cells in a granular pattern corelating to 

the packaging of MPO in lysosomes. HEK 293T cells, which are MPO negative did not show any 

signal when incubated with the antibody (Figure 26B). 

                   A. 2F9(scFv)-SNAP  

                          Hoechst Stain         Alexa Flour 647              Merge 
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                B. 8E2(scFv)-SNAP 

                        Hoechst Stain       Alexa Flour 647            Merge    

                         

Figure 26. Confocal microscopy imaging of cell surface CD14 positive and intracellular MPO. (A) shows HEK 293T 

cells which are CD14 negative and THP-1 cells expressing CD14 incubated with 2F9(scFv)-SNAP 

conjugated to Alexa Flour 647. The blue signal indicates the Hoechst nuclei stain (1:5000 dilution in media) 

and the red signal indicated by the green arrow indicates the surface binding of 2F9(scFv)-SNAP-Alexa Flour 

647 to CD14 on the surfaces of THP-1 cells. (B) HEK 293T cells which are MPO negative and HL60 cells 

expressing MPO were incubated with 8E2(scFv)-SNAP conjugated to Alexa Flour 647. The blue signal 

indicates the Hoechst nuclei stain and the red signal indicated by the white arrow shows the binding activity of 

8E2(scFv)-SNAP-Alexa Flour 647 on MPO. All the images were captured using a Zeiss confocal-scanner 

microscope (LSM880) with Airyscan at magnifications of 20 µm and 10 µm. 

3.6.2 Flow cytometry 

To further confirm the binding activity and the signal observed from confocal imaging, the newly 

generated anti-CD14 antibody 2F9(scFv)-SNAP, anti-MPO antibody 8E2(scFv)-SNAP and anti-HLA-

DR antibody L243(scFv)-SNAP were conjugated to Alexa Fluor 488 and used for flow cytometry 

staining. THP-1 cells (CD14+) were stained for CD14 using 2F9(scFv)-SNAP and HL60 cells were 

stained for MPO using 8E2(scFv)-SNAP. An anti-CD33 hP67.6(scFv)-SNAP antibody conjugated to 

BG Alexa Fluor 488 (already available at MB&I) was used as a positive control for both THP-1 cells 

and HL60 cells since they express the CD33 cell surface receptor (249) (250) while HEK 293T cells 

served as the negative control for CD14 and MPO since they lack the target antigens. PBMCs were 

stained for HLA-DR using the L243(scFv)-SNAP antibody, with a focus on B cells, which are HLA-
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DR positive but CD4 negative. The parental murine version of anti-HLA-DR L243 antibody 

(Biolegend, USA) was used as a positive control and the anti-CD4 antibody SK3 (Biolegend, USA) 

was used as a B cells negative control (251).  

3.6.2.1 Determining the ideal concentrations of 2F9(scFv)-SNAP-AF 488 for CD14 staining 

Following a twofold antibody titration as described in section 2.7.3.1, ideal antibody concentrations 

for staining CD14 on THP-1 cells and HEK 293T cells (CD14 negative cells) were determined by 

taking into consideration factors including: (i) the MFI values indicating the fluorescence intensity of 

the stained cells and higher values suggest stronger signal intensity, (ii) signal-to-noise ratio which 

measures the difference in fluorescence between the CD14 negative and positive cell populations, (iii) 

Staining Index which is a normalised measure of staining performance that considers both signal and 

background noise (usually from cell auto-florescence), and  (iv) frequencies indicating the percentage 

of both the CD14 negative and positive cells. Figure 27 shows the optimum antibody concentrations 

for HEK 293T cells were 62.5 µg/ml and THP-1 cells were 500 µg/ml. 

                                                                                  

A.                                  B.                                    C.                                     D. 

       

                                                                       

A.                                   B.                                   C.                                   D 

 

HEK 293T      

THP-1  
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Figure 27. Titration of anti-CD14 antibody 2F9(scFv)-SNAP-Alexa Flour 488. THP-1 and HEK 293T cells were 

incubated with increasing concentrations of antibody ranging from 3.9 µg/ml to 500 µg/ml. The experiments 

were done in replicates (A) Shows the signal-to-noise ratio indicating the separation between the signal and the 

background noise. (B) Stain index showing the separation between positive and negative populations. (C) 

Median Fluorescence Intensity indicating the fluorescence strength of the stained population. (D) Concatenated 

pseudocolor plot showing combined multiple flow cytometry samples in a single plot. The red boxes indicate 

the chosen antibody concentrations for HEK 293T cells (62.5 µg/ml) and THP-1 cells (500 µg/ml). 

3.6.2.2  CD14 staining on THP-1 cell line 

After determining the ideal antibody concentration to achieve the best staining quality, a gating 

strategy employed prior allowed for calculation of the proportion of cells expressing the CD14 

antigen. As illustrated in Figure 28, the first inclusion gate was used for selecting cells that met 

specific criteria based on SSC-A (Side Scatter Area) and FSC-A (Forward Scatter Area) parameters 

while excluding debris at the bottom of the scale. Secondly, a singlets gate was implemented to ensure 

that only single cells were analysed, excluding doublets or aggregates. Thirdly, using the Live Dead 

gate, dead cells were kept out of the analysis and cells that were positive for the live dead/ aqua stain 

were recognised and excluded. Lastly, the CD14 positive and negative gate was used to separate cells 

that were positive and negative for the target antigen and the threshold was determined on unstained 

cells. This gating strategy enabled us to quantify the distribution of receptors among antigen-positive 

and antigen-negative cell lines based on Median Fluorescence Intensity by calculating the proportion 

of cells expressing the antigen. 
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A. hP67.6(scFv)-SNAP-AF 488 binding to CD33 on THP-1 cells (positive control) 

 

B. 2F9 (scFv)-SNAP binding to CD14 on THP-1 cells 

 

C. 2F9 (scFv)-SNAP staining HEK 293T cells CD14 negative control 

 

Figure 28. Representative flow cytometry plots depicting the gating strategy after staining THP-1 cells and HEK 

293T cells. The first inclusion gate was used to incorporate cells that met the desired criteria based on the SSC-

A (Side Scatter Area) and the FSC-A (Forward Scatter Area) excluding debris, a singlets gate was used to 

exclude doublets or aggregates and select only single cells for analysis based on the FSC-A and FSC-H 

(Forward Scatter Height), and the Live Dead gate was used to exclude dead cells population that were positive 

for the live dead aqua stain. (A) Shows the gating strategy for CD33 staining using hP67.6(scFv)-SNAP-AF 
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488. A concentration of 250 µg/ml had 89% binding to CD33 on THP-1 cells. of antibody and this was used 

as a positive control. (B) Show CD14 staining using 2F9(ScFv)-SNAP-AF 488 and the optimum staining 

concentration was determined to be 500 µg/ml (50 µg protein in 100 ml staining volume) which had 65% 

binding on THP-1 cells. Reducing the amount of antibody was corelating to the percentage binding. (C) No 

binding was observed on HEK 293T cells negative control. 

Lastly, frequencies of the CD14 populations were calculated for THP-1 cells and HEK 293T as shown 

in Figures 29A and B. Histograms were generated showing the separation of CD14 negative and 

positive cells (Figure 29 C). Bar graphs were generated showing the comparisons of the negative 

HEK 293T cells and positive THP-1 cells in relation to frequencies of the positive cells and the MFI 

(Figure 29D and E). 

A.                                                 B.                                       C.  

 
D.                                                             E.  

    

Figure 29. An illustration of a summary of CD14 expression on THP-1 cells and negative HEK 293T cells. (A and B) 

Antibody titration curves showing the frequency of the Alexa Flour 488-positive population at the optimal 

antibody concentration (indicated by the red box). © Histograms displaying the relative fluorescence of the 

Alexa Flour 488-positive and negative populations. (D and E) Bar graphs showing the frequency of the Alexa 

Flour 488-positive population and the median fluorescence intensity (MFI). Student’s t-tests were used for 

statistical analysis (*p 0.05, **p 0.01, ***p 0.001, ns (not significant)). 
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3.6.2.3 MPO staining in HL60 cell line 

Ideal antibody concentrations for 8E2(scFv)-SNAP-AF 488 were determined based on the same 

factors used for 2F9(scFv)-SNAP-Alexa Flour 488 as described above in section 3.6.2.1. The optimum 

concentrations chosen for staining HL60 cells (250 µg/ml) and HEK 293T cells (62.5 µg) taking into 

consideration of the staining index, median fluorescence intensity, signal-to-noise ratio and frequencies 

of MPO positive and negative cells (Figure A1). A similar gating strategy was also used which allowed 

quantitative analysis of the proportion of cells expressing the antigen and to examine receptor 

distribution across cells as described in 3.6.2.2.  As illustrated in Figure 30, the first gate was the 

inclusion gate, followed by the singlets, live cells, and antigen-positive and antigen-negative 

population gates.  

 

 

 

 

 

 

 

 

 

 

 

 



Masters Thesis                                                               96                                                         Tatenda L Bvudzijena                                            
 

A. hP67.6(scFv)-SNAP-Alexa Flour 488 binding to CD33 on HL60 cells (positive control) 

 

A. 8E2(scFv)-SNAP binding to MPO on HL60 cells 

   

B. HEK 293T cells MPO negative control 

 

Figure 30. Representative flow cytometry plots depicting the gating strategy after staining HL60 cells and HEK 293T 

cells. The gates include the inclusion gate, a singlets gate, the Live Dead gate, and antigen positive and negative 

gates. (A) Anti-CD33 hP67.6(scFv)-SNAP-Alexa Flour 488 was used as a positive control and  had a 78% 

binding on HL60 cells. (B) 8E2(ScFv)-SNAP-Alexa Flour 488 with the optimum staining concentration of 250 

µg/ml (25 µg protein in 100 ml staining volume) having 88% binding and reducing the amount of antibody was 

corelating to binding. (C) No binding was observed on HEK 293T cells negative control. 
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Frequencies of the MPO positive cells were calculated using the MPO positive cell line, HL60, and 

the MPO negative cell line, HEK 293T as shown in Figure 31A and B. Histograms were used to show 

the separation of MPO negative and positive cells (Figure 31C). Bar graphs were used to compare the 

negative and positive cells in relation to frequencies of the positive population and MFI (Figure 31D 

and E). 

A.                                 B.                                        C. 

 

C.                                                               E.  

 

Figure 31. An illustration of a summary of MPO expression on HL60 cells and negative HEK 293T cells. (A and B) 

Antibody titration curves demonstrating the frequency of the Alexa Flour 488-positive population at the optimal 

antibody concentration (indicated by the red box). © Histograms displaying the relative fluorescence of the 

Alexa Flour 488-positive and -negative populations. (D and E) Bar graphs showing the frequency of the Alexa 

Flour 488-positive population and the median fluorescence intensity (MFI). Student’s t-tests were used for 

statistical analysis (*p 0.05, **p 0.01, ***p 0.001, ns (not significant)). 
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3.6.2.4 HLA-DR staining on PBMCs (B cells) 

Similarly, ideal antibody concentrations for L243(scFv)-SNAP-Alexa Flour 488 were determined 

based on the same factors used for 2F9(scFv)-SNAP-Alexa Flour 488 as described in section 3.6.2.1. 

The optimum concentrations chosen for staining PBMCs were 50 µg/ml taking into consideration of 

the staining index, median fluorescence intensity and signal-to-noise ratio as shown in Figure A2 and 

Figure 32 is showing the gating strategy employed. 

A. L243 commercial antibody binding to HLA-DR on B cells 

 

B. L243(scFv)-SNAP binding to HLA-DR on B cells 
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Figure 32. Representative flow cytometry plots depicting the gating strategy used after staining PBMCs. The gates 

include the singlets gate, the Live Dead gate, lymphocytes gate and the CD4 and HLA-DR positive gates. (A) 

Anti-HLA-DR L243 commercial antibody conjugated to Phycoerythrin (PE) was used as a positive control and 

anti-CD4 SK3 commercial antibody conjugated to BV786, was utilized for discriminating CD4+ lymphocytes 

and HLA-DR positive B cells. (B) The optimal concentration for staining HLA-DR with L243(scFv)-SNAP, 

conjugated to BG Alexa Fluor 488 was determined to be 50 µg/ml (5 µg of protein in a 10 0ml staining volume). 

It’s worth noting that a reduction in antibody concentration correlated with decrease in binding. Importantly, no 

binding was detected on lymphocytes that were positive for CD4.  

Similarly, frequencies of the HLA-DR positive B cells were calculated for newly generated 

L243(scFv)-SNAP conjugated to Alexa Flour 488 as shown in Figure 33A. Histograms were used to 

show the separation between HLA-DR negative and positive cells for both the commercial L243 

antibody conjugated to PE and L243(scFv)-SNAP (Figure 33B and C). Bar graphs were used to 

compare the commercial L243 antibody and L243(scFv)-SNAP in relation to frequencies of the 

positive population and MFI (Figure 31D and E). 

A.                                                       B.                                                  C. 

         

D.                                                               E. 
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Figure 33. Summary of L243(scFv)-SNAP binding to HLA-DR on B cells in comparison to L243 commercial 

antibody. (A) Antibody titration curves demonstrating the frequency of the L243(scFv)-SNAP Alexa Flour 488-

positive population and the optimal antibody concentration is indicated by the red box. (B and C) Display 

histograms illustrating the separation between HLA-DR positive and negative populations after staining with 

the commercial antibody clone L243 and newly generated L243(scFv)-SNAP. (D and E) Bar graphs showing 

the frequency of the Alexa Flour 488-positive population and the median fluorescence intensity (MFI). 

Student’s t-tests were used for statistical analysis (*p 0.05, **p 0.01, ***p 0.001, ns (not significant)). 

In summary, the outcomes of the flow cytometry data unequivocally validate the successful binding 

of 2F9(scFv)-SNAP to CD14 on the surfaces of THP-1 cells, as well as the binding of 8E2(scFv)-

SNAP to intracellular MPO in HL60 cells. Notably, HEK 293T cells, serving as the negative control, 

exhibited minimal to negligible labelling, conclusively demonstrating the absence of nonspecific 

binding for both 2F9(scFv)-SNAP and 8E2(scFv)-SNAP, thus confirming the remarkable specificity 

of these fusion proteins. Furthermore, the effective binding of L243(scFv)-SNAP to HLA-DR positive 

B cells was also confirmed on PBMCs, further supporting the validity of the experimental results. 
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Chapter 4: Discussion 

4.1 Antigens upregulated in AML necessitate the development of new, highly sensitive 

detection and quantitative analysis methods 

AML is a highly heterogeneous disease with different subtypes characterized by the upregulation of 

leukemia associated antigens (LAA) (252). These antigens expression levels changes over time during 

the disease progression and treatment hence, highly sensitive methods are recommended for diagnosis 

and monitoring of the disease in order to detect even trace quantities of these LAAs in AML disease 

(163) (253). Flow cytometry and immunohistochemistry are among the highly sensitive diagnostic 

techniques used in AML diagnosis and they utilise the use of monoclonal antibodies conjugated to 

chromogenic or fluorescent labels (254) (255). Specifically, flow cytometry allows for quantitative 

assessment of antigen expression on individual cells and this provides detailed information about 

antigen profiles, including expression levels and patterns across different cell populations (256). On 

the other hand, IHC allows for visualisation of antigen expression at the cellular level as well as 

providing comprehensive information on the localization and quantification of antigen expression 

(257). These methods allow for timely and accurate detection, multiparametric and quantitative 

analysis of leukemic cells which enables a more comprehensive characterization of different AML 

subtypes (258). Additionally, they are capable of detecting minimal residual disease, aiding in the early 

detection of relapse (258). Accurate and early-stage diagnosis of AML is crucial for effective treatment 

and taking into consideration that the current novel passive immunotherapies (ADCs) target leukemia-

specific or leukemia-associated antigens to induce apoptosis of cancer cells  via various mechanisms 

(259). Flow cytometry and immunohistochemistry allow for precise identification of these antigens, 

which may be targeted and used for making personalised treatment plans for AML patients which 

improve therapeutic outcomes (260).  
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To date, CD33, CD123, CD14, CD11c, HLA-DR, MPO, CD89, and CD45 are amongst the identified 

potential diagnostic and therapeutic targets for AML (166) (261) (262) (263) (167) . Their differential 

expression on leukemic cells compared to normal hematopoietic cells holds promise for targeted 

therapies and accurate disease monitoring. This study specifically focused on CD14, MPO, and HLA-

DR, which are differentially expressed biomarkers across AML subtypes. CD14,  is a cell surface 

receptor expressed on neutrophils and monocytes, which is involved in recognizing bacterial 

lipopolysaccharides (264) (265). In primitive AML (M0, M1 and M2) characterised as the AML 

subtypes where the leukemic cells are less mature and have not undergone significant differentiation 

into specific myeloid cell types, CD14 expression is low due to the immature nature of the AML cells. 

On the other hand, in matured AML which is regarded as the AML subtype where by the leukemic 

cells have undergone further differentiation and maturation towards specific myeloid cell types 

including monocytes or macrophages the expression of CD14 increases (266). The AML-M4 and M5 

subtypes exhibit the highest CD14 expression across the different subtypes (267). In a study conducted 

in 2016 by Lubna Alattia and her colleagues to assess the significance of CD14 expression in core 

biopsies for diagnosing the AML-M4 subtype using immunohistochemistry, their findings indicated 

that out of the 40 AML-M4 patients examined, 77% exhibited immunoreactivity for CD14 (268). 

Therefore, building upon the existing literature and considering the WHO and FAB classifications of 

AML which supports the use of CD14 as a marker for the diagnosis of AML-M4 and M5 subtypes 

(60)  (166) (266) (269). In this study, we have generated an anti-CD14 antibody (2F9(scFv)-SNAP) 

and tested for its binding abilities on the THP-1 cell line. This cell line was derived from the peripheral 

blood of an acute monocytic leukemia patient (270). It is a well-established model for studying AML 

and resembles primary monocytes and macrophages with regards to morphology and differentiation 

properties, which is why the cells express the CD14 cell surface receptor (271–273). 

Simillar to CD14, myeloperoxidase (MPO) is also a differentially expressed biomarker in different 

AML subtypes. This is an enzyme expressed on neutrophils that plays a role in generating reactive 
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oxygen species to combat bacterial infections (274). In AML (M1, M2 and M3 subtypes), it has been 

found that more than 80% of the blasts show MPO activity (275) and its expression varies across 

subtypes depending on the maturation levels of myeloid progenitors. For instance, in M1 and M2 AML 

subtypes, MPO expression is generally low, whereas the AML M3 subtype shows the highest levels 

of MPO expression (186). However, in a study conducted by Suchita Pant and Misra in 2020 to 

evaluate the role of immunohistochemistry in diagnosing and subtyping acute leukemia’s, they 

observed that MPO was positive in M1 to M6 subtypes, with a 100% positivity in the M3 subtype 

(276). Although, blast morphology still remains the gold standard for MPO detection using paraffin 

embedded bone marrow trephines in countries with limited recourse settings, immunohistochemistry 

and flow cytometry staining have become an integral part of the diagnostic workup in cases of 

hematologic malignancies (276). Building upon the existing evidence in the literature and considering 

the WHO classification of AML which emphasizes the role of myeloperoxidase (MPO) detection as 

the only requirement for assigning myeloid lineage to a blast population in AML diagnosis (277) (278). 

For this reason, we generated an anti-MPO antibody (8E2(scFv)-SNAP) which holds promise for 

potential applications in the diagnosis of AML. The HL-60 cell line was used to test for the antibody’s 

binding abilities to intracellular MPO. This is a human cell line derived from the peripheral blood 

lymphocytes of a 36-year-old woman suffering from acute promyelocytic leukaemia (279). It 

expresses MPO and has been used as a model to study the cellular and molecular events involved in 

the proliferation and differentiation of leukemic cells (280). 

Similarly, HLA-DR is also highly expressed in AML cells derived from myeloid precursor cells, 

particularly myeloblasts and promyelocytes. Normally, HLA-DR is a cell surface receptor that is 

expressed on B cells and dendritic cells (281). It plays a crucial role in antigen presentation to the 

immune system. The differential expression of HLA-DR in AML has diagnostic and prognostic 

implications. High HLA-DR expression is associated with better prognosis, while low HLA-DR 

expression is linked to poor prognosis (171). The use of HLA-DR for AML diagnosis was supported 



Masters Thesis                                                               104                                                         Tatenda L Bvudzijena                                            
 

in the 2017 and 2022 European LeukemiaNet (ELN) recommendations from an international expert 

panel, both of which state that HLA-DR is a precursor marker for AML diagnosis (172) (173). 

However, more research still needs to be done to further confirm the use of HLA-DR in the clinical 

setting. Within the scope of this research, we generated an anti-HLA-DR antibody L243(scFv-SNAP 

and assessed its binding abilities to B cells using PBMCs. It's noteworthy that PBMCs constitute a 

heterogeneous population of immune cells, encompassing T cells, B cells, natural killer cells, 

monocytes, and dendritic cells. HLA-DR is primarily found on antigen-presenting cells (APCs), such 

as B cells among the lymphocytes (282) (283). In conclusion, the use of CD14, MPO, HLA-DR and 

other relevant markers represents a promising set of biomarkers for establishing a diagnostic panel for 

AML. Accurate identification and quantification of these upregulated antigens on leukemic cells using 

IHC and flow cytometry is crucial for precise diagnostic and disease monitoring (173). 

4.2 SNAP-tag based fusion proteins conjugated to fluorophores as novel approach for AML 

diagnosis 

Innovative ways to diagnose diseases such as AML are critical for early detection and effective 

treatment. New methods for diagnosing diseases involving linking antibodies with fluorophores are 

being developed. These antibody-fluorophore conjugates can be employed in the identification of 

diseased cells through techniques such as immunohistochemistry and flow cytometry, providing 

innovative pathways for disease diagnosis (284). Consequently, with the advances in protein 

engineering, several site-specific conjugation strategies have been developed, capitalizing on the 

introduction of unnatural amino acids into the antibody to drive the controlled chemical conjugation 

of compounds (285). This coupling process relies on precise interactions between functional groups 

present on both antibody and fluorophore components for example the amino-succinimide reaction, 

which involves reacting the primary amines on the antibody (typically lysine residues) with the NHS 

(N-hydroxysuccinimide) ester of the fluorophore (286). The reaction forms a stable amide bond 

between the antibody and the fluorophore. The most common NHS ester fluorophores include FITC 
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(fluorescein isothiocyanate) and  cyanine dyes (287). Additionally, Thiol-Reactive coupling is also 

widely used for antibody conjugation. This approach utilises the thiol groups (sulfhydryl groups) on 

cysteine residues of the antibody to react with maleimide-functionalized fluorophores including Alexa 

Fluor dyes and DyLight dyes (288). Furthermore, the click chemistry is one of the most widely used 

bioconjugation reactions that are highly specific, fast, and efficient. This utilizes the use of copper-

catalysed azide-alkyne cycloaddition (CuAAC), where an azide-functionalized fluorophore reacts with 

an alkyne-modified antibody in the presence of a copper catalyst (289). Once conjugated, these probes 

can be used for flow cytometry or immunocytochemistry, which are both powerful techniques for 

detecting and analysing cells (256). Nevertheless, self-labelling tags such as SNAP-tag, genetically 

fused to antibodies or their fragments, are gaining momentum in the development of recombinant 

immunodiagnostics (217) (290). SNAP-tag is a self-labelling engineered mutant of the human O(6)-

alkylguanine-DNA alkyltransferase enzyme, capable of specifically and covalently reacting with any 

BG-substrates, in an irreversible manner to generate homogeneous conjugates in a 1:1 stoichiometric 

reaction (291). It offers advantages ranging from the simplicity of the reaction, the specificity and short 

duration of conjugation (reacts only with BG-modified substrates for 30 mins for fluorochromes) 

(213), no requirement for activating substrates, as well as a predictable 1:1 stoichiometric reaction 

with the generation of homogeneous products (292) (217). In addition to its application in a variety of 

experimental settings, the versatility of this technology is further validated through the emergence of 

recombinant SNAP-tag based fusion proteins (scFv-SNAP) bearing specificity towards tumour-

associated antigens (293)  (218). As such, this class of immunodiagnostics demonstrates cutting-edge 

advancements in various aspects: (1) they can be produced in different expression systems (bacteria 

and mammalian) with high yields, (2) antibody functionality is maintained (SNAP-tag provides distant 

conjugation away from the paratope, creating a spacer between the antibody and the effector molecule) 

(294) (295) (296). Taken together, the above arguments provide the rationale behind the stipulated 

aims and objectives of this study. The novelty in this research lies in genetically fusing SNAP-tag to 
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three different single chain variable fragments (targeting CD14, MPO and HLA-DR) for the 

development of immuno-diagnostic tools for AML. 

4.3 Production of recombinant SNAP-tag based fusion proteins 

Producing recombinant SNAP-tag-based fusion proteins involves genetic engineering techniques to 

generate a fusion between the SNAP-tag protein and an scFv or target protein of interest (213). In this 

study, recombinant proteins were generated by genetically fusing the SNAP-tag enzyme with the 

sequences encoding for anti-CD14, anti-MPO and anti-HLA-DR scFvs. Firstly, the sequences 

encoding for the scFvs were extracted and analyzed on Ig-BLAST for quality control purposes. 

Following that, codon optimization was done by exchanging codons which are rarely found in the 

mammalian host organism with more frequently observed codons. This was done to improve gene 

expression and increase the translational efficiency, which ultimately resulted in higher protein 

production (297). The optimized sequences were then attached to SNAP and cloned in silico using the 

pCB plasmid backbone, yielding an in-frame sequence free of stop codons that would interfere with 

DNA transcription (Figures 12 and 13). As a result, the generated sequences were used to create the 

inserts ordered from GenScript, which were then used in molecular cloning.  

During molecular cloning, restriction endonuclease digestion for both the pUC57 plasmid (housing 

the insert DNA) and pCB-SNAP plasmid backbone was done. The visualised agarose gels 

demonstrated the effectiveness of the restriction enzyme digests in this process (Figure 14). Despite 

this accomplishment, we experienced several unanticipated hurdles throughout the process. One 

noticeable issue was partial digestion and vector re-ligation, as shown in Figure 14, where bands with 

lengths more than 8000 bp were present. It is anticipated that presence of the 5'-phosphate groups from 

vector molecules resulted in vector self-ligation  (298) or that partial restriction digestion of the 

plasmid vectors by the restriction enzymes might have contributed to the observed result. We made 

certain modifications to solve this issue and improve the separation of DNA fragments on the gel. 
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First, we ran the agarose gel at a lower voltage during electrophoresis to minimise the heat generated 

during the run, which prevents DNA bands from diffusing and merging, we also increased the running 

time of the gel electrophoresis which increased time for DNA fragments to separate (299) (300). As a 

result, distinguishing between partially digested and fully digested fragments became easier, enabling 

the subsequent ligation reaction to proceed. After ligation, the existence of bacterial colonies on LB 

agar test plates, as well as the absence of colonies on the bacteria-only and vector-only control plates, 

gave strong evidence that the ligation step was successful, showing that all colonies carried the ligated 

pCB-scFv-SNAP plasmid vector (Figure 15). Although, transformation efficiencies with highly 

competent DH5α E. coli cells are expected to be ranging from 1-3 x 10⁹ cfu/g (301), the transformation 

efficiencies observed from the ligated plates varied from 1.97-2.97 x 10³ cfu/g (Figure 15 and Table 

11). Variations in growing conditions, plasmid size, and purity are potential reasons for this variance, 

which may have affected our ligated plate's transformation efficiency (302).  

The plasmid's validity was then confirmed through restriction mapping and DNA sequencing as the 

final step in the cloning procedure. Upon digestion with restriction enzymes, the ligated clones 

exhibited distinct fragment patterns compared to the original vector. The original pCB vector was 

initially housing Annexin-V, which was subsequently replaced with the inserts encoding the scFvs of 

interest. The observed band sizes on the agarose gel confirmed the successful integration of the inserts 

into the vector backbone (Figure 16). Additionally, DNA sequencing confirmed the validity of the 

plasmids (Figure 17). The sequences generated by sanger sequencing aligned with the original 

sequences developed in silico, with a close to 100% homology as well as no missense, nonsense, or 

frameshift mutations were identified.  

Following cloning, the recombinant plasmids were transfected into HEK293T cells, these cells were 

chosen for protein expression due to the multiple benefits they possess over other expression systems. 

Notably, their high transfection efficiency simplifies the introduction of new foreign DNA into the 
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cells (303) (304). In this study, transfection efficiencies were determined by qualitative evaluation of 

eGFP intracellular expression levels alongside quantitative flow cytometry and were found to be close 

to 70%. (Figures 18 and 19). A colleague within our MB&I group Uslar, has also reported similar 

findings to these results (unpublished doctoral thesis). Similarly, Mungra et al, 2023 specifically 

documented transfection efficiencies of 70-80% when introducing recombinant anti-CSPG4-SNAP 

expression plasmids into HEK 293T cells (305). As an alternative to the lipid-based transfection 

approach using transfection reagents utilized in this study, electroporation has the potential to achieve 

significantly higher transfection efficiencies, potentially exceeding 80%. A different approach that 

could be utilised is calcium phosphate precipitation, which may produce transfection efficiencies close 

to 100% depending on the cell line used which is relatively higher compared to the 70% recorded in 

this study (306) (307). Consequently, occasional Zeocin selection was then used to improve the GFP-

positive state by eliminating the non-transfected cells, resulting in a high percentage of cells expressing 

the recombinant proteins which allowed proceeding to collection of the cell culture supernatant 

containing the protein of interest. 

After collection of the supernatant from the HEK293T cells, a protein purification process was carried 

out using IMAC. In this method, SNAP fusion proteins were specifically captured by their 10 His-tag, 

which is fused to the N-terminal peptide sequence. This 10 His-tag was chosen because of its modest 

size as well as its ability to facilitate successful purification without interfering with the folding, 

structure, and function of the proteins of interest (308). The decision to adopt this specific fusion tag 

was further strengthened by its higher affinity for Nickel in comparison to the previously used 6 His-

tag at the MB&I. This is due to the fact that the 10 His-tag is longer in length and has a higher number 

of histidine residues compared to 6 His-tag thus contributing to its higher affinity for nickel during 

IMAC (309). Capitalising on the higher nickel affinity of the 10 His-tag, a lower concentration of 

imidazole was used in the washing steps of IMAC to eliminate loosely bound protein impurities from 
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the supernatant on the nickel column. Subsequently, a higher concentration of imidazole was used for 

the elution step, allowing for the efficient purification of SNAP fusion proteins (Figure 20). 

SDS-PAGE and western blot analysis were utilized to verify the presence of SNAP fusion proteins 

after purification corresponding to the size of the construct using a protein molecular weight ladder. 

However, the findings from SDS-PAGE and western blot analysis of the recovered SNAP fusion 

proteins highlighted that relying solely on IMAC purification as the initial enrichment step was 

insufficient to achieve the desired high purity levels of greater than 90%. The main issue with IMAC 

purification was its tendency to bind and co-elute contaminants that had endogenous histidine residues 

or metal-binding motifs as illustrated on the bands at around 72 kDa and close to 100 kDa (Figure 21). 

Amicon columns with a molecular weight cut-off were incorporated to improve the protein purity, 

although the desired protein purity was not reached. Densitometry analysis utilized for protein 

quantification and calculation of percentage purity, confirmed protein purity at close to 60% (Figures 

22 and 23) Although the precise impact of the contaminants on protein binding and activity remained 

uncertain, it was speculated that the increasing amounts of contaminants, which might include 

degradation products containing a functional scFv portion without SNAP, could potentially interfere 

with the binding affinities of the fluorescently tagged recombinant antibodies through competitive 

binding (310). These contaminating proteins are shown on the SDS-PAGE gel with bands at around 

34 kDa (Figure 24A) and 43 kDa (Figures 24B and C) on the western blot indicating his-tagged 

proteins.  To address these challenges, it was suggested that an ideal purification process would involve 

multiple steps, starting with IMAC, followed by size exclusion chromatography (SEC) and 

incorporating ion exchange chromatography as the final purification step (311) (312). In a study 

conducted by Wang et al., the combination of IMAC, ion exchange chromatography, and SEC 

achieved protein purities of up to 96% during the purification of his-tagged recombinant kinesin 

proteins produced in E. coli (313).  Moreover, incorporation of protease inhibitors in the cell culture 

supernatant for storage as well as purified protein samples is a way to prevent protein degradation 
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(314). Recombinant protein purity is important because it can affect the outcome of subsequent 

experiments, as contaminants in purified proteins can interfere with in vitro and in vivo research, 

leading to misinterpretations of fusion protein functionality (310). 

Following densitometry-based protein quantification, the absolute amount of purified fusion proteins 

was determined to be 8.9 mg, 12.4 mg, and 16.1 mg per 1 litre of supernatant for 8E2(scFv)-SNAP, 

2F9(scFv)-SNAP, and L243(scFv)-SNAP, respectively (Table 12). Previous studies conducted by 

Hussain et al, reported similar yields in the range of 10-20 mg/l when purifying cell culture 

supernatants using IMAC purification (296). Woitok et al, also conducted a study involving the 

production of SNAP-tag recombinant fusion proteins in mammalian systems, where they achieved an 

absolute protein yield  of 30 mg/l (294). It's worth mentioning that typical yields for transient 

transfections typically fall between 10 to 30 mg/l. However, it's important to note that these yields can 

vary, sometimes reaching lower or higher values depending on the specific methodology used or the 

expression capabilities of the specific proteins (315). The variations in protein yield in our study are a 

result of the incomplete optimization of transient mammalian expression protocol. Hence, there's a 

clear requirement to develop approaches that can enhance protein production while being mindful of 

resource constraints. This improvement can be attained through, refining the environmental conditions 

during culture or exploring alternative production cell lines like Chinese hamster ovary cells, yeast, or 

insect cells (316) (317). In summary, the results of this study highlight that, despite lacking industrial 

production processes which increase protein yield and using IMAC for purification of SNAP-tag 

fusion proteins which does not reach the desired protein purity of greater 95%.  Preliminary binding 

analysis of the newly generated SNAP fusion proteins could be used as proof-of-concept studies at 

university level.  
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4.4 scFv-SNAP based fluorophores selectively target antigen positive cells 

Firstly, conjugation with the BG-Alexa 488 fluorophore was used to confirm the self-labelling 

capability of the SNAP-tag on the terminus of the generated fusion proteins. This step effectively 

confirmed that the SNAP-tag maintained its labelling capability after purification (Figure 25). The 

SNAP-tag technology offers a distinct advantage in that it allows for conjugation at a remote location 

from the paratope (antigen binding site). By introducing a spacer between the antibody and the effector 

molecule, the potential drawbacks linked to direct conjugation are mitigated. These drawbacks often 

encompass adverse effects on the structure, function, and binding affinity of the antibodies (296) (217). 

Furthermore, the functionality of the Alexa Fluor 488 effector molecule remained intact throughout 

the conjugation process.  

A comprehensive investigation into the binding capabilities of the newly developed antibodies:  anti-

CD14 2F9(scFv)-SNAP and the Anti-MPO antibody 8E2(scFv)-SNAP conjugated to Alexa Flour 647 

was conducted using confocal microscopy. We aimed to elucidate their specific interactions with target 

antigens, shedding light on their potential diagnostic applications. The anti-HLA-DR L243(scFv)-

SNAP was not included in the initial confocal experiments due to the absence of HLA-DR positive 

cell lines but was included in the flow cytometry analysis using PBMCs. 

Our findings on the anti-CD14 antibody revealed specific binding of the antibody to the CD14 antigen 

present on the surface of THP-1 cells. Notably, this binding interaction was visibly absent on CD14 

negative HEK 293T cells, confirming the specificity of the antibody (Figure 26). A punctate binding 

pattern was observed on the surfaces of THP-1 cells, which corresponds with the similar patterns 

depicted in the studies by Carine et al, 1998 and Marie et al, 2015  this suggests that the CD14 antigen 

is expressed on these cells in a clustered or patchy manner (318) (319). The limited or absence of 

binding observed on other CD14 positive THP-1 cells in Figure 26 was likely attributed to the low 

expression of the antigen on those cells. Therefore, it is worth contemplating the application of 
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Phorbol-12-myristate 13-acetate (PMA) treatment to enhance CD14 antigen expression in these cell 

lines (320). 

In our investigation, we successfully extended our study to include the anti-MPO antibody 8E2(scFv)-

SNAP conjugated to Alexa Flour 647, which demonstrated a specific binding to the myeloperoxidase 

antigen present in the cytoplasm of the HL60 cell line. This binding interaction was particularly evident 

in the form of a distinctive granular pattern, which corresponded to the localisation and packaging of 

MPO within the lysosomes as shown in Figure 26 (321). This granular binding pattern validates the 

antibody's specificity to its target, as it aligns with the expected subcellular localization of MPO. 

Similar observations were observed by Nicchi S et al, 2022 when HL60 cells were stained using 

commercially available anti-myeloperoxidase  antibodies clone 2C7  (322) (323). Comparatively, the 

lack of signal observed when incubating the antibody with MPO-negative HEK 293T cells further 

emphasizes its specificity. This specific lack of binding in MPO-negative cells serves as a crucial 

control, strengthening the credibility of the antibody's performance and substantiating its potential 

diagnostic relevance. 

Subsequently, we employed flow cytometry as an additional method to validate the binding capacities 

of the generated SNAP fusion proteins. This approach also enabled the quantification of relative 

surface expression levels of target receptors within the live cell population. We examined the binding 

capabilities of 2F9(scFv)-SNAP on THP1 cells, 8E2(scFv)-SNAP on HL60 cells and the anti-HLA-

DR L243(scFv)-SNAP on PBMCs targeting the B cells.  

To account for potential effects arising from low protein purity and to optimize the separation between 

antigen-positive and negative cell populations, we performed antibody titrations which is a crucial step 

in development and optimisation of multicolour flow cytometry assays (Figure 27). This step was 

taken to mitigate the potential impact of protein purity on the binding potential of the scFv-SNAP 

fusion proteins. It also facilitated the determination of the optimum antibody concentration that would 
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yield maximal staining of the target receptor, while minimizing any background signal interference 

(324). Having determined the optimal concentrations of SNAP fusion proteins for staining, the Median 

Fluorescence Intensity (MFI) values were calculated. These values signify the average fluorescence 

intensity of a specific parameter (in this  case, the Alexa Flour 488 channel). This was used to 

distinguish between cells that are positive for a particular marker and those that are negative (325). It's 

important to note that even negative control cell populations can generate MFI values, mainly due to 

background fluorescence. However, positive cells typically display higher MFI values compared to 

negative cells and therefore this could be used to differentiate them. 

In the case of CD14, approximately 60% of the THP-1 cells exhibited the presence of the CD14 antigen 

validating the initial confocal microscopy results (Figure 26), which confirmed the binding of the 

newly developed anti-CD14 2F9(scFv)-SNAP to THP-1 CD14-positive cells. Importantly, these 

CD14-positive cells displayed Median Fluorescence Intensity (MFI) values of 507 that exceeded those 

of the negative control HEK 293T cells of 222 (Figures 28 and 29). Notably, the higher MFI values 

in CD14-positive cells compared to the HEK 293T negative control cells suggested a more abundant 

presence of CD14 antigen on the surface of THP-1 cells. Comparable observations were reported in 

the studies by Shen DY et al, in 2014 when they developed a chimeric antibody 2F9, which displayed 

specific binding to CD14 antigen on PBMCs (monocytes population) and no detectable binding was 

observed when tested against the negative control line, NALM-6 (326). However, CD14 expression is 

higher in differentiated THP-1 cells compared to undifferentiated cells (327) (320). In a 2020 study 

conducted by Jimenez-Duran et al., when they were investigating for the regulators of macrophage 

differentiation, it was observed that after subjecting THP-1 cells to PMA treatment, there was a notable 

increase in both the percentage of CD14 positive cells and the MFI of CD14 expression per cell, in 

comparison to the isotype controls (320). Thus, it is worthwhile to consider treating THP-1 cells with 

PMA to enhance CD14 expression. 
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In the case of MPO, our analysis revealed that approximately 80% of the HL60 cells exhibited the 

presence of  MPO. Importantly, these MPO-positive cells displayed MFI values of approximately 9194 

that exceeded those of the negative control HEK 293T cells of approximately 2859 (Figures 30 and 

31). The higher MFI values observed in MPO-positive HL60 cells in comparison to the HEK 293T 

negative control cells indicated a more abundant presence of the antigen in HL60 cells which exhibited 

a relatively strong binding. Similar findings were reported by Kazunori Nakase and colleagues in their 

study to demonstrate the reliable detection of MPO in the cytoplasm of leukemic cells, which also 

involved the HL60 cell line using  antibody MPO-7 (Dako) (328). 

Similarly, the newly developed anti-HLA-DR antibody (L243(scFv)-SNAP) conjugated to BG Alexa 

Fluor 488 was used to stain PBMCs. The results observed showed binding to HLA-DR-positive B cells 

and no binding was observed on CD4-positive lymphocytes, as well as CD4 and HLA-DR negative 

lymphocytes (which could encompass CD8+ cytotoxic T cells) as shown in Figure 32. To establish a 

positive control, a commercial anti-HLA-DR antibody clone L243 conjugated to PE (Biolegend, USA) 

and an anti-CD4 commercial antibody clone SK3 conjugated to BV786 (Biolegend, USA) were used. 

This allowed for the discrimination of lymphocytes positive for both CD4 and HLA-DR (Figures 32 

and 33). While the staining results demonstrated specific binding to HLA-DR expressing lymphocytes 

(i.e., B-cells) and a comparable distribution pattern between the L243 commercial antibody and the 

L243(scFv)-SNAP. However, it should be noted that the brightness of the staining was lower for 

L243(scFv)-SNAP than the commercial L243 antibody, which could be due to higher numbers of 

fluorochromes on the commercial antibody which resulted in a more distinct separation between the 

negative and positive populations. Adding to that, the commercial L243 antibody was conjugated to 

PE, which generally emits a brighter signal than Alexa Fluor 488, leading to a more enhanced 

fluorescence intensity (329).  Furthermore, the commercial antibody is a full monoclonal antibody 

consisting of two antigen binding sites, compared to the monovalent scFv with a single antigen binding 

site. As a result, the commercial antibody had a higher affinity for the antigen, thereby facilitating 
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better separation between the HLA-DR negative and positive populations (330). Considering these 

findings, it is highly recommended to explore the development of a new bivalent version of the newly 

generated antibody L243(scFv)-SNAP. This involves the genetic attachment of a second antigen 

binding arm to the L243(scFv)-SNAP antibody, creating a bivalent antibody (L243(scFv)-SNAP-

L243(scFv)). Notably, this technology was already established by Maryam Karran, a former master’s 

student at the Medical Biotechnology and Immunotherapy Research Unit, when she generated an 

CSPG4 bivalent scFv fusion protein to increase the binding affinity of the monovalent version of the 

antibody (data not published). Secondly, by leveraging the antibody's precision in targeting cells 

expressing HLA-DR it can be speculated that increasing the number of fluorochromes conjugated 

SNAP tag-based antibody fusion proteins by protein engineering may be another advantageous avenue 

to enhance the MFI. 

Chapter 5: Conclusion and future work 

In conclusion, we successfully developed and demonstrated selective binding of 2F9(scFv)-SNAP, 

8E2(ScFv)-SNAP and L243(scFv)-SNAP to antigen positive cells. Moreover, the absence of binding 

observed on antigen negative cells, further confirms the antibody specificity. This specificity is a key 

factor which opens possibilities for the developed antibodies diagnostic applications. Further 

investigations involving primary cancer cells and clinical samples are required for the developed 

antibodies to establish clinical relevance. 

Future work offers an array of interesting possibilities to expand our research, but before exploring 

future research possibilities, we need to improve the productivity of our SNAP fusion proteins in HEK 

293T cells. To achieve this, we aim to establish industrialized production processes through tight 

collaboration with biopharmaceutical companies. Secondly, our focus lies on refining purification 

methodologies to attain the desired protein purities exceeding 95%, by incorporating multiple protein 

purification steps. Furthermore, we need to evaluate the newly developed antibodies on a wide range 

of alternative cell lines that express CD14, MPO, and HLA-DR before moving to patient samples. This 
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expansion of our tests will provide a full understanding of the antibodies' specificity, sensitivity and 

overall performance in multiple circumstances, verifying their adaptability and possible clinical 

usefulness. Expanding on the antibody design strategy, we plan to develop bivalent versions of the 

antibodies derived from the single-chain variable fragments (scFv). This entails combining two scFv 

units to increase their affinity for target antigens. We hope to improve the accuracy and efficiency of 

our detection method by strengthening the interaction between the antibody and its intended target, 

which is particularly critical in scenarios with low antigen concentrations or complex sample matrices.  

Similarly, we will investigate the possibility of increasing fluorescence signal strength by conjugating 

multiple fluorochromes to a single antibody molecule. This approach has the potential to significantly 

boost the emitted fluorescence, potentially leading to more robust and sensitive detection capabilities. 

We anticipate reaching a level of signal enhancement comparable to that of commercial antibodies by 

improving the conjugation process and carefully selecting the most appropriate fluorochromes, thereby 

pushing the boundaries of our detection technology. Incorporating these proposed strategies into our 

research endeavours would not only strengthen the scientific foundation of our work but will also pave 

avenues for innovative applications in AML diagnosis and treatment.  
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7. Appendices. 

1. Determining the ideal concentrations for 8E2(scFv)-SNAP-Alexa Flour 488 

 

Figure A1. Titration of Anti-MPO antibody 8E2(scFv)-SNAP-Alexa Flour 488. HL60 and HEK 293T cells were 

incubated with increasing concentrations of antibody ranging from 3.9 µg/ml to 500 µg/ml. The experiments 

were done in replicates (A) Signal to noise ratio indicating the separation between the signal and the background 

noise. (B) Stain index showing the separation between positive and negative populations. (C) Median 

Fluorescence Intensity showing the fluorescence strength the stained population. (D) Concatenated pseudocolor 

plot showing combined multiple flow cytometry samples in a single plot. The red boxes indicate the chosen 

antibody concentrations for HEK 293T cells (62.5 µg/ml) and HL60 cells (250 µg/ml). 

2. Determining the ideal concentrations for L243(scFv)-SNAP-Alexa Flour 488 

 

Figure A2. Titration of Anti-HLA-DR antibody L243(scFv)-SNAP-Alexa Flour 488. PBMCs cells were incubated 

with increasing concentrations of antibody ranging from 0.3 µg/ml to 50 µg/ml. (A) Signal to noise ratio 

indicating the separation between the signal and the background noise. (B) Stain index showing the separation 
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between positive and negative populations. (C) Median Fluorescence Intensity indicating the fluorescence 

strength the stained population. (D) Concatenated pseudocolor plot showing combined multiple flow cytometry 

samples in a single plot. The red boxes indicate the chosen antibody concentration of 50 µg/ml. 

3. Analysing the staining of HLA-DR on Monocytes 

A.                                                                                B. 

 

Figure A3. Representative flow cytometry plots showing HLA-DR staining on monocytes. The same gating strategy 

was use as mentioned above in figure 32. (A) Commercial L243 antibody was binding to monocytes with 96%. 

(B) L243(scFv)-SNAP was binding to monocytes with 66.4%. 

4. Summary of buffers and media used for experiments in this study, including their 

compositions. 

Liquid transformation materials: 

Plasmid DNA 

DH5α calcium competent cells (E. coli) 

Luria-Bertani (LB) broth 

(SOC) at room temperature 

Heating block 

Microfuge 

Incubator with shaker 

Nuclease free water 

1.5 ml microfuge tubes  

15 ml culture tubes 

50 ml centrifuge tubes 
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LB agar plates 

Glycerol (50%) 

Ampicillin  

Pipette, Pipette tips 

Spectrophotometer (Denovix NanoDrop™) 

Table A1. Buffer recipes and composition for DNA extraction 

Buffer/Reagent Description  Composition 

LB Broth 

 (1L, pH 7) 

Bacterial culture media 35g LB agar powder 

dH₂O-top up to 1litre 

LB Agar 

(20 ml) 

Bacterial culture media 35g LB agar powder 

dH₂O-top up to 1litre 

Ampicillin  

(100 mg/ml) 

Antibiotic - selection for plasmids 

containing ampicillin resistance gene 

(AMPR) 

1g ampicillin 

10 ml dH₂O 

50% Glycerol 

(100 ml) 

Freezing down of bacterial  

culture 

50 ml 100% Glycerol 

50 ml dH₂O 

 

Agarose Gel Electrophoresis materials:  

Agarose powder  

1x TAE buffer SYBR™ safe  

Microwave  

250 ml beaker  

Scale, spatula 

dH₂0  

Bio-Rad buffer tank  

Gel casting tray, Gel comb  

6X purple loading dye  

Pipettes, Pipette tips  

100 bp and/or 1000 bp DNA ladder  
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UV gel documentation system 

Table A2. Buffer recipes and composition for Agarose Gel Electrophoresis  

Reagent/Buffer  Composition 

10x TAE buffer(1 litre): 48.5g Tris Base  

20 ml 0.5M EDTA (pH8.0)  

1.4 ml glacial acetic acid  

dH₂O - top up to 1 litre 

1x TAE buffer(1 litre):  100 ml 10x TAE buffer  

900 ml dH₂O 

Agarose gel 1.2g agarose:  100 ml 1x TAE buffer  

10 µl SYBR™safe (after cooling) 

 

DNA Ligation reaction materials: 

Insert DNA and Backbone DNA  

Zyppy miniprep purification kit  

T4 DNA Ligase 

T4 DNA Ligase Buffer  

Nuclease free water 

SOC at room temperature 

LB broth 

 Ampicillin (100 mg/ml) 

1L flask, 15 ml culture tubes, 

 LB agar plates  

1.5 ml microfuge tubes   

Pipette, Pipette tips 

Incubator with shaker 

Heating block  
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Table A3. Reagents for T4 DNA Ligation 

Component Amount  

Vector DNA 50ng 

Insert DNA Varies depending on fragment 

size.  

(use NEBio Calculator) 

T4 DNA ligase buffer 2 µl 

T4 DNA ligase 1 µl (added last) 

Nuclease free water Adjust to final volume of 20 µl 

 

Protein purification  

Materials needed:  

ÄKTA Avant  

Cell culture supernatant 

Incubation buffer, Equilibration buffer, Elution buffer, Wash Buffer 

96-deep well plate  

PVDF membrane  

5 ml His-Trap™ excel.  

100kDA and 10kDa Amicon® Ultra 15 ml Centrifugal Filter 

Table A4. Buffer recipes and for protein purification. 

Buffer Composition 

Equilibration: 

 

50 mM NaH₂PO₄  

300 mM NaCl 

Incubation: 

 

200 mM (NaH₂PO₄)  

1.2 M (NaCl), 

10 mM (C₃N₂H₄) 

Wash: 

 

50 mM (NaH₂PO₄) 

 300 mM (NaCl) 

40 mM (C₃N₂H₄) 

Elution: 

 

50 mM (NaH₂PO₄)  

300 mM (NaCl), 

250 mM (C₃N₂H₄) 
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SDS-PAGE & WB  

Materials needed:  

Mini-PROTEAN® system (Bio-Rad)  

Micropipettes and tips Microfuge tubes  

Acrylamide 

 10% SDS solution and 10% APS solution  

TEMED  

TRIS-HCl buffer (0.5M, pH 6.8)  and TRIS-HCl buffer (1.5M, pH 8.8)  

dH₂O 

1x Running Buffer  

4x Laemmli sample loading dye (1:9 ratio, 2-mercaptoethanol: Laemmli sample buffer)  

Protein Ladder  

Acqua Stain Protein Gel Stain (Vacutec, South Africa)  

Tween® 20  

1x Transfer Buffer  

1x Tris-buffered saline, 0.1% (w/v) Tween®20(TBST) 

Table A5. Buffer recipes and composition for SDS PAGE and Western Blot Analysis 

Buffer Composition 

10% Ammonium per sulphate (APS) Ammonium per sulphate powder (5g)  

dH₂O (50 ml) 

10% SDS SDS powder(10g)  

dH₂O (100 ml) 

10x Running Buffer Tris Base (30.3g)  

SDS (10g)  

Glycine (144g)  

dH₂O (fill up to 1litre) 

1x Running Buffer 10x Running Buffer:  

dH₂O (1:9) 
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10x Transfer Buffer  Tris Base (30g)  

Glycine(144g) 

1x Transfer Buffer  10X Transfer Buffer: 

 100% Methanol: 

 dH₂O (1:2:7) 

10x Tris-buffered saline (TBS)  Tris Base(200mM) 

 NaCl (1.5M)  

dH₂O  

1x TBS-Tween(TBST)  TBS: dH2O (1:9)  

1 ml Tween®20 

 

Conjugation 

Materials needed: 

Dimethyl sulfoxide (DMSO) 

1x PBS 

BG- Alexa Flour 488 

BG- Alexa Flour 647 

Heating block 

Dithiothreitol (DTT) 

SNAP fusion protein. 

SDS-PAGE apparatus 

Table A6. Conjugation reaction composition 

Component Stock Concentration Final Concentration 

PBS 1x  

Dithiothreitol DTT 10 mM 1 mM 

BG-Alexa Flour 488/  

BG-Alexa Flour 647 

25 µM 5 µM 

SNAP fusion protein 50 µM 5 µM 

Total volume    20 µl 
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Table A7. Conjugation reaction for live cell imaging and flow cytometry staining 

Component Initial Concentration Final Concentration 

PBS 1x  

Dithiothreitol (DTT) 50 mM 1 mM 

BG-Alexa Flour 647/488 250 μM 5 μM 

SNAP fusion protein 50 μM 5 μM 

Final volume  200 μl 

 

Table A8. The cell lines that were obtained and used in this study, the supplier and catalogue information, 

along with the medium they were cultured in is provided 

Cell lines Origin Media Species Description 

DH5α New England 

Bio-Labs (C2987) 

Luria-Bertani 

broth and agar 

E. coli K12 strain and genotype fhuA2 (argF-

lacZ) U169 phoA glnV44 Φ80 (lacZ)M15 

gyrA96 recA1 relA1 endA1 thi-1 hsdR17 

HEK293T ATCC(CRL-

3216) 

RPMI-1640 Human Human embryonic kidney cell 

THP-1 ATCC (TIB-202) RPMI-1640 Human       Acute monocytic leukemia 

HL60 ATCC (CCL-240)  RPMI-1640 Human Acute promyelocytic leukemia 

PBMCs SATVI N/A Human Peripheral blood mononucleated cells  

 




