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Abstract: 
 
Immunotherapy using bispecific monoclonal antibodies (BiMAb) is a promising cancer therapy. 

Such BiMAbs bind simultaneously to immune effector cells and to a cancer-specific antigen on 

tumour cells, resulting in killing of the latter. 

The heterogeneity of tumour associated antigen (TAA) expression in a tumour as well as poor 

infiltration of the T cells into the tissue can pose challenges to the use of BiMAb in solid 

tumours, raising the need for mechanistic insights into the mode of BiMAb-dependent cell 

killing. It has been shown that IFNγ secreted by antigen specific T cells can act on bystander 

tumour cells resulting in contact independent cell killing; for efficient eradication of tumours a 

bystander effect is essential. 

Placental alkaline phosphatase (PLAP) is an enzyme expressed on the cell surface only in the 

placenta not in other normal tissues. PLAP is ectopically expressed in some tumours such as 

ovarian tumours, seminomas, and about 20% of colon carcinoma, making it a good target for 

BiMAb immunotherapy. 

Colorectal cancer (CRC) causes one of the highest numbers of cancer-related deaths worldwide. 

That emphasises the urgency to find an effective treatment to treat colon cancer. We have a 

collection of 116 different CRC cell lines in our lab, well characterised in terms of gene 

expression and mutations, providing a reliable tool to test potential therapeutic agents.  

The specificity of an anti-PLAP monoclonal antibody (H17E2) produced by our lab was used to 

develop a BiMAb that binds to T cell co-receptor CD3ε chain and to PLAP (CD3 x PLAP 

BiMAb (RPLP3)). 
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Microarray analysis of our CRC cell lines showed that 21.5% of them express PLAP. 

Interestingly, immunofluorescence and FACS analysis showed that some of the lines are 

heterogeneous in their expression, with levels ranging from PLAP-negative to PLAP-high. 

We found that the CD3-PLAP BiMAb induced specific killing of PLAP-positive colorectal 

cancer cell lines cultured with peripheral blood mononuclear cells (PBMCs) as source of T cells, 

and that the killing depends on PLAP expression.  

Moreover, we found that the effect of CD3-PLAP BiMAb (RPLP3) treatment was extended to 

PLAP-negative cells, when co-cultured with PLAP-positive ones, indicated a bystander effect. 

The bystander effect on PLAP-negative cells is only visible after 48 hours of treatment, 

suggesting a different mechanism for the indirect killing. Understanding the mechanism behind 

the bystander killing would be key to improving antibody therapy for colorectal cancer. As well 

as understanding the cause of PLAP expression on CRC cell lines. 
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1.1 Colorectal cancer CRC 

1.1.1 Definition 

Colorectal cancer (CRC) is a cancer of the large bowel which can affect the colon, the 

rectosigmoid junction, and the rectum (Vieira et al., 2021) . Colorectal cancer is initiated 

from adenomas which can develop into carcinomas (Cappell, 2008a) . The colorectum is 

nearly five feet long and consist of four parts: the descending colon and the ascending 

colon, the transverse colon, and sigmoid colon and the cecum (Azzouz & Sharma, 

2023).The main function of the colon as part of the gastrointestinal tract is metabolizing 

food as well as absorbing and producing vitamins, water, electrolytes and vitamins, and 

forming faeces (Sulaiman & Marciani, 2019)(Azzouz & Sharma, 2023). 

 

1.1.2 Colorectal cancer incidence  

Colorectal cancer is considered as the cancer with the third highest occurrence and is the 

second deadliest cancer worldwide (Bray et al., 2018). Colorectal cancer is ranked as the 

third most frequent cancer for men and the second most common for women (Maida et 

al., 2017). The percentages of death caused by colon or rectal cancer is estimated to 

increase to 60% of colon cancer, and to 71.5 % for rectal cancer by 2035 (Araghi et al., 

2019a). 
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1.1.3 Colorectal cancer causes 

Key factors which influence the incidence of colorectal cancer are age and environmental 

influences, especially diet (Dekker et al., 2019) . Family history showing genetic 

inheritance is also a factor that contributes to colorectal cancer incidence (Henrikson et 

al., 2015). Obesity has been suggested as a highly associated factor influencing the 

incidence of colorectal cancer in women (Thrift et al., 2015). To reduce the mortality rate 

caused by the disease, an early screening for colorectal cancer is strongly suggested 

(Ransohoff, 2005).  

 

1.1.4 Colorectal cancer genetics 

Common genetic mutations seen in sporadic colorectal cancer are in the APC 

(Adenomatous polyposis coli) gene, occurring with up to 70% being the first mutated 

gene in all colorectal cancers (Armaghany et al., 2012). Both KRAS (Kirsten rat sarcoma 

virus) and, TP53 genes (Tumour Protein P53) being the next commonest (Armaghany et 

al., 2012) (W. F. Bodmer, 2006). Familial adenomatous polyposis (FAP) as a dominantly 

inherited susceptibility that occurs in about 1 per 8,000 of the population and so accounts 

for about 25% of all colorectal cancers and is caused by mutations in the APC gene (W. 

Bodmer & Bodmer, 1999; W. F. Bodmer, 2006;)  . The APC gene is also the most mutated 

gene in non- familial sporadic colorectal cancer and due to APC mutations occurring in 

most Familial adenomatous polyposis and sporadic colorectal cancer patients, it is 

considered as primary factor for cancer formation (W. F. Bodmer, 2006). Other genes 

found in colorectal cancer that are relatively commonly mutated or methylated include: 

CNNBT (beta catenin), CDH1 (E-Cadherin), TCF7L2, hMSH2, hMSH6 ATM, CDKN2A, 

FBXW7, ERBB2 (W. Bodmer & Golubovskaya, 2023a). 
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1.1.5 Different treatments used for colorectal cancer: 

The treatment of colorectal cancer depends on the stage of the disease  (Araghi et al., 

2019b). Different treatments are used for colorectal cancer, either surgical, radiotherapy, 

or targeted therapy (W. Zhao et al., 2022a). Surgery is often curative, if the colon cancer 

is not metastatic and at an early stage, by removing the tumour, including surrounding 

tissues around the colorectal cancer site (Biller & Schrag, 2021) (Thanikachalam & Khan, 

2019).  Laparoscopic surgery is now a commonly used method of surgical treatment for 

metastatic or primary cancer (Kuipers et al., 2015). Considering the patient’s age or 

cancer’s stage, doctors can select the type of treatment; patients with stage I and stage II 

are mostly treated and cured by surgery and, patients with stage III colorectal cancer can 

be treated with a combination of chemotherapy and surgery, metastatic cancer can be 

treated with chemotherapy alone or with a combination of therapies (Papamichael et al., 

2015). The combination of two adjuvant therapies (levamisole and fluorouracil) is potent 

treatment to improve the survival of colorectal cancer patients with stage III by 33% and 

can lower the disease recurrence up to 41% (Moertel et al., 1990). Radiotherapy in 

combination with chemotherapy is a common method of treatment for CRC cancer 

patients in stage II/III, using radiotherapy is effective in reducing the size of tumour and 

reducing the recurrence of the tumour (Shi et al., 2023) (Benson et al., 

2022).  Immunotherapies is type of targeted therapy to a specific site of the tumours and 

the immune cells, it can be in form of nanoparticles, antibodies or cell-based therapy 

(Wang et al., 2017).  
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1.1.6 Challenges for colorectal cancer treatment  

Early screening, detection, and treatment of colorectal cancer, for example by the removal 

of adenomatous polyps, can increase survival rate which reduce death caused by the 

disease, however, many countries lack the facilities to provide suitable health care 

(Araghi et al., 2019b). Due to the difficulties of diagnosing and screening colorectal 

cancer at early stages, many cancers are diagnosed at later stages when they have obvious 

symptoms, which limits the effectiveness of currently available treatments (W. Zhao et 

al., 2022b). There are also unpleasant side effects of current chemotherapy (André et al., 

2004). All these factors urge the development of novel therapy. The mutations or 

epigenetic changes in tumour cells create the differences between cancer cells, and normal 

cells which can then be potentially targeted by targeted therapy such as 

immunotherapy(Mellman et al., 2023). 

1.2 The immune system and cancer immunology  
 

The immune system protects the body from pathogens carrying foreign antigens (Parkin 

& Cohen, 2001b; Tomar & De, 2014). The mammalian immune system consists of the 

innate and adaptive immune systems(Parkin & Cohen, 2001b; Tomar & De, 2014). The 

innates system usually attacks first by recognising features commonly found on different 

pathogens allowing time for the adaptive system to recognise particular foreign features 

on particular pathogens (Parkin & Cohen, 2001a). The innate immune system is rapid and 

fast to provide the initial defence against a new pathogen by making chemical, physical 

and cellular defence mechanism, while adaptive immune system takes time for 

developing its defence, its defence using B lymphocytes to produce antibodies to the 

foreign components and cytotoxic T cells to kill infected pathogens by recognising 

foreign antigens on the surfaces of infected cells (Parkin & Cohen, 2001a).The innate 
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immune system encompasses of physical barriers such as skin, gut and lung, as well 

cellular like polymorphonuclear leukocytes, mast cells and macrophages, their immune 

recognition to the antigens through pattern recognition receptors located on the 

bloodstream and on the cell surface or inside the cells (Janeway & Medzhitov, 2002).The 

adaptive immune system may also recognise foreign chemical features of cancers as if 

they were pathogens and so may play an important role in naturally attacking cancers and 

developing novel tools for the treatment of cancers (Netea et al., 2011) 

 

1.2.1 Cancer immunology  
 

The relation between the immune system and cancer has long been of interest (Mellman 

et al., 2023). To what extent does the adaptive immune system play a natural role in 

attacking cancers? (Ribas, 2015). There are many different mechanisms by which a cancer 

can escape immune attack so that in general the immune system does not protect much 

against cancers except for certain cancers that have large numbers of mutations, for 

example, due to the effects of sunlight on skin, of cigarette smoking on lung cells and 

mutations in certain types of DNA repair genes  (Mellman et al., 2023) (Jiang et al., 2021; 

N. Liu et al., 2024 ) .  There is different mechanism which cancer can trigger to attack or 

suppress the immune system activation, as well immune system can help in initiation or 

prognosis of the tumour through different mechanisms such chronic inflammation, or 

through dysfunctional humoral which help in cancer initiation or cancer prognosis, 

investigating the relation between them can improve the direction of immunotherapy  

(Prestwich et al., 2008). Immunotherapy in cancer principles started back in the 19th 

century, when William Coley started testing the idea in 1881 of used bacterial toxin as an 

immunotherapy on patient suffering from sarcoma (COLEY, 1891). 
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1.3 Types of Immunotherapies 
 

1.3.1 Monoclonal antibody therapy for cancer (mAbs). 
 
Monoclonal antibody (mAbs) therapies to treat cancer are diverse and designed to target 

different types of markers or trigger different immune cells to kill cancer cells 

(Samaranayake et al., 2009). The work on developing mAbs is promising and advances 

the scope for cancer treatment (Samaranayake et al., 2009).  

Monoclonal antibody therapy has been used for cancer therapy either based on their 

ability, for example, to block key receptor functions, such as the interaction between the 

epithelial growth factor (EGF) and its receptor (EGFR), or on their ability to mediate 

immune-based killing of antibody targeted cancer cells by different populations of 

lymphocytes (Silberstein et al., 2015).  

Most direct killing by straightforward humanized antibodies is mediated by NK cells, for 

example, the hPR1A3 anti- Carcinoembryonic antigen (CEA) antibody has been shown 

to mediate antibody-dependent cellular cytotoxicity on panel of colorectal cancer cell 

lines (Conaghan et al., 2008). Recently a newer type of immunotherapy, pembrolizumab, 

which is a humanized antibody that acts as an anti- PD-1 immune check point inhibitor, 

gives promising results for mismatch repair defective colorectal cancers, these are CRCs 

with genetic mutations leading to microsatellite DNA instability caused by accumulating 

of various somatic mutations comparing to mismatch proficient colorectal cancer which 

has a lower respond to pembrolizumab  (Le et al., 2015).  
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Vascular endothelial growth factor monoclonal antibody immunotherapy (Bevacizumab) 

has also shown positive effects in the treatment of colorectal cancer in combination with 

chemotherapy (Hurwitz et al., 2004) (Cappell, 2008b). Immune checkpoint blocking by 

mAbs such as anti-CTLA4 and anti-PD-L1 increase anti-tumour activity (Iwai et al., 

2002)  (Leach et al., 1996). The Anti- CTLA4 mAbs ipilimumab and tremelimumab have 

been approved by the FDA as anti-tumour treatments (Pardoll, 2012). 

The advancement of mAb-based cancer treatment faces challenges such as mAb 

production costs and choice of novel mAb targets (Samaranayake et al., 2009). There are 

also side effects due to unwanted immunoreactions, but these are not usually very serious 

(Silberstein et al., 2015). With a wide variety of new methods for engineering mAbs, 

more advanced antibodies can, for example, be engineered to bind to more than one 

epitope, as described in the next section (Hosseini et al., 2021).  

 

1.3.2 T cell engaging bispecific monoclonal antibody immunotherapy. 

The first engineered monoclonal antibody approved for the human therapeutics of 

transplanted rejection was muromonab-CD3 (OKT3) in 1985, followed by the 

monoclonal anti CD20 (+), rituximab, for non-Hodgkin lymphoma treatment in 1997 

(Kyriakidis et al., 2021). There are now more than 27 antibodies approved for the 

treatment of different types of diseases (Z. Wu & Cheung, 2018).  

Monoclonal antibody production in the mouse by the hybridoma technology was invented 

by Hans Kohler and Caesar Milstein (Köhler & Milstein, 1975). Alfred Nisonoff had 

earlier initiated the idea of engineering the antibody antigenic binding sites (Nisonoff & 

Rivers, 1961).  Antibody engineering, including for example humanisation of mouse 

monoclonal antibodies is now applied in a wide variety of ways to the development of 
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bispecific antibody designs with multiple binding and recognition sites (Fischer et al., 

2004).  

Bispecific T cell attracting monoclonal antibodies (BiMAb) are antibodies that bind a 

cancer target antigen, for example, CEA, and a T cell attracting target, usually the epsilon 

chain of CD3(CD3ε) found on nearly all T cells (Bacac et al., 2016a).  The T cells are in 

this way attracted to the immediate vicinity of the target tumour cells and are thereby 

activated to kill the tumour cells not dependent on a T cell receptor TCR engagement 

signal, or a co-stimulation signal  (Klinger et al., 2016a) . At the T cells and cancer cell 

synapse, the T cell activation releases cytolytic granules and induces apoptosis of cancer 

cells, this mechanism is explained in following section (Huehls et al., 2014a). The 

structures of such bispecific antibodies can be engineered in a variety of ways Figure 1-1 

(Hosseini et al., 2021b) (Runcie et al., 2018a). 
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Figure 1.1: Structure of therapeutic IgG 1like bispecific antibodies.  
A. Quadroma formatted by fusing heavy chain and light chain of two monoclonal 
antibodies. (B) Knobs into holes is technology design by inserting mutation on CH3 
used to format the bispecific antibody with preventing the mispairing chains in 
bispecific antibody production. (C) Dual-Specific Antibody is a format of bispecific 
antibody that has dual specificity due to fusing two variable domains of two antibodies. 
(D) CrossMab is technology to format the bispecific antibody for enhancing the light 
chain interaction by swapping CH1 and the constant domain. (E) Bispecific antibody 
with chemotherapy payload has two unique antigen-binding sites and a chemotherapy 
payload attached to the constant domain (F) A Trispecific antibody is formatted to have 
three antigenic binding sites (Runcie et al., 2018b). 
 
 

There are over 60 formats for designing therapeutic bispecific antibodies (Spiess et al., 

2015). They are usually first derived from a suitable mouse anti-human target, such as 

CEA (CEACAM5), whose antigen recognition sequences are incorporated into a human 

framework antibody (Bacac et al., 2016a). This is then engineered to include an anti-

human CD3ε antibody and mutations in the Fc portion of the overall structure to prevent 

unwanted Fc mediated activity (Bacac et al., 2016a). (See Figure 1.2 A).  The 

simultaneous binding of BiMAbs to a tumour associated antigen on cancer cells and to 

CD3ε on T cells results in redirection and activation of T cells and subsequent tumour 

cell cytotoxicity as illustrated in (Figure 1-2 A) (Bacac et al., 2016b) (Klinger et al., 

2016b).  
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Almost 30 antibodies have been approved by the Food and Drug Administration (FDA) 

of the USA as cancer treatment (Suurs et al., 2019a). Blinatumomab is a type of targeted 

immunotherapy showing higher survival by 31% compared to chemotherapy 12% on 

adult patients with relapsed or refractory B-cell precursor ALL (Kantarjian et al., 2017). 

Catumaxomab is an example of a bispecific antibody immunotherapy at first approved 

for cancer therapy, it is designed to bind to Epithelial cell adhesion molecule (EpCAM) 

on one arm and bind to CD3 on another arm but removed from use following unacceptable 

side effects. (Seimetz et al., 2010). 

 
Figure 1.2: Diagram of CD3 X CEA  1bispecific monoclonal antibody. 
A.CD3 X CEA BiMAb has one CD3-, two CEA-binding sites, and an engineered silent 
Fc region. It consists of four peptides; two (red) heavy chains bind to CEA. Its 
specificity comes from CEA (CEACAM5) (Bacac et al.,2016a). The blue part of the 
heavy chains from CEA (CEACAM5) and anti CD3 antibodies. B. CD3 X CEA BiMAb 
recruits T cells to CEA positive cancer cells, resulting in T cell activation, release of 
cytolytic granules and subsequent apoptosis of CEA Positive cancer cells (Bacac et al., 
2016b). 
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Therapeutic antibodies can be formatted to be antibodies, which target one antigen or 

target two antigens on two different  cells cancer cells and T cells and named as T cell 

engagers, or they can be formatted to target two antigens on the same cell, called  non T 

cell engager such as Amlvantamab which binds to EGFR (epidermal growth factor 

receptor)  and MET (Hepatocyte growth factor receptor), or therapeutic antibodies ca be 

conjugated with toxin or radioisotopes for their therapeutic function (Figure 1.3) (Paul et 

al., 2024). 

 

 

Figure 1.3: The three formats  1of therapeutic antibodies depending on their 
therapeutic process.  
A. Monospecific antibodies. B. Bispecific antibodies, C. Drug-conjugated, toxin-
conjugated or radioisotope-conjugated antibodies (Paul et al., 2024). 
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1.3.3 Chimeric Antigen Receptor T (CAR T) cell Immunotherapy: 
 
The Chimeric Antigen Receptor T (CAR T) cell immunotherapy innovation is a 

personalized therapy, which is based on utilizing patients’ immune cells to induce killing 

of cancer cells, that by introducing genetic engineering changes on patients’ T cells by 

attaching the recognition portion of a monoclonal antibody which has specificity to an 

antigen on certain cancer cells (W. Bodmer & Golubovskaya, 2023b). This recognition 

induces immune-mediated tumour killing instead of the usual T cell receptor antigenic 

recognition of cells which is dependent on HLA- associated peptide recognition (Figure 

1.4) (W. Bodmer & Golubovskaya, 2023c). The first generation of CAR T cells involve 

has one intracellular domain (CD3ζ), the second generation of CART cells has one 

additional costimulatory domain, and third generation CART cell has two costimulatory 

domains (Maus et al., 2014). CAR T cell therapy has proved to be potent treating blood 

cancer but not solid cancers (Golubovskaya & Wu, 2016).  There are CAR T cell therapies 

already undergoing clinical study including CART cells targeting of Le-Y, CD7, CD33, 

CD38, CD70, CD123, CLL-1, FLT3, CD44, NKG2D, NKG2D ligand, and CD33 

(Putnam et al., 2023).  Although, CART cell therapy is potent therapy, it has limitations 

including cost and manufacture production and lack of effectiveness so far on solid 

tumors (Sterner & Sterner, 2021)s (Maus et al., 2014). 
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Figure 1.4: The CART cell immunotherapy  1production. 
 (W. Bodmer & Golubovskaya, 2023c) . 
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1.3.4 T Cell Receptor Mimic Antibodies—TCRms immunotherapy: 
 
T Cell Receptor Mimic Antibody (TCRms) immunotherapy is targeted therapy designed 

to target intra-cellular cancer antigens which are recognised on the cell surface through 

peptides derived from the intra-cellular protein that are attached to the surface HLA 

proteins (Dubrovsky et al., 2015). This works by having TCRms antibodies that recognise 

the combination of peptide with HLA protein on the cell surface (Dubrovsky et al., 2015). 

These antibodies can then be used, as already described, to engineer T cell engaging of 

cancer cells (W. Bodmer & Golubovskaya, 2023c). The antigens which are located inside 

the cell are processed to be expressed on the surface of the cancer cells as shown in figure 

1.5 (Chang et al., 2016). The TCRms recognize the cancer antigen mimicking the 

recognition by TCR on T cells as shown in figure 1.6 A and B (D. Li et al., 2017a). 

 

 

Figure 1.5: The fundamental approach 1 of TCRms immunotherapy mimicking the 
recognition of TCR of T cells.  
 (Chang et al., 2016). 
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Figure 1.6: A. T cell recognizes 1peptides attached to MHC-1 through a T cell 
receptor (TCR). B. TCRm antibody recognizes the peptide attached to MHC-1 
similarly to TCR recognition (D. Li et al., 2017b). 
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1.4 T Lymphocytes  

T Lymphocytes (T cells) are a key part of adaptive immune system (Medzhitov, 2007b). 

T cell development and production occur in the bone marrow (BM) and the thymus (Sun 

et al., 2023a). The T cell activation and functions are triggered by binding to antigen 

presenting cells (APC) through T cell antigen receptor (TCR) and antigenic peptide 

incorporated in human leukocyte antigens (HLA)  (Murphy, 2017). 

Naïve T cells differentiate to specialized T cells either regulatory, or memory cells 

(Sallusto et al., 2004). Specialized effector T lymphocytes such as CD8+ after antigen 

recognition proliferate and eliminate the pathogens by TCR recognition or secretion of 

cytokines directly inducing death, and specialized CD4+ T helper cells coordinate the 

immune invasion(Sun et al., 2023b). Subsets of T cells become long lived memory cells 

which turn out to be faster and better performing in fighting pathogens when later exposed 

to the same pathogen Figure 1-7 (Yatim & Lakkis, 2015).  

T cell antigen receptor (TCR) on T cells is the responsible part of T cell activation, 

proliferation or resting in combinations of cofactor molecules CD3 (Wange & Samelson, 

1996). CD3 is a key component of nearly all T cells that controls their recognition of 

antigens by the T cell receptor, It consists of 4 polypeptides CD3 ε, δ, γ and ζ which are 

important for TCR expression on  the cell surface of T cells and for signal transduction 

due to their immunoreceptor tyrosine-based activation motifs (ITAMs) (Guy & Vignali, 

2009).T cells induce death of virus infected cells by different methods: through granule 

exocytosis releasing perforin and granzymes which induce pores on the membrane of 

infected cells, and by releasing death ligands, such as FAS ligand (FASL) or TNF related 

apoptosis inducing ligand (Sutton et al., 2000).  The main subtypes of T cells are the 
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cytotoxic CD8+ T cells, the helper T cells CD4+, and γδ T cells, each type having a 

different main function (Ashby & Hogquist, 2023).   

 

 

 

Figure 1.7: Schematic overview of 1 lymphocyte immune response in two 
dimensions. 
Firstly, lymphocytes are exposed to antigens, causing activation and proliferation and 
specialization to be either helper T cells or effector T cells. Secondly, after elimination of 
the pathogen, the majority of lymphocytes undergo programmed cell death and some 
become memory lymphocytes (Yatim & Lakkis, 2015) 
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1.4.1 Cytotoxic T lymphocytes CD8+ T cells 

Cytotoxic T lymphocytes are powerful effector cells and are targeted to help in the field 

of cancer immunotherapy (Sun et al., 2023b). The development and selection of CD8+ 

cells targets occur in the thymus (Ashby & Hogquist, 2023). The immature CD8+ become 

mature CD8+ or active through Interleukin 2 (IL2) activation, which leads to CD8+ 

proliferation, and the activation of CD8+ is induced through the recognition of antigenic 

peptide bound to MHC type I on antigen presenting cells like dendric cells (Ashby & 

Hogquist, 2023) (Vacca et al., 2018). CD8+ Cytotoxic T lymphocytes (CTLs) cells clear 

abnormal cells such as virus-infected cells, or sometimes certain types of cancer cells, by 

inducing apoptosis through secreted cytokines such as tumour necrosis factor-alpha 

(TNF-α), and interferon-gamma (IFN-γ)(Vacca et al., 2018) (Kaech & Cui, 2012). The 

Second method of inducing apoptosis in infected cells is through their interaction with 

Fas ligand and Fas receptor, and the third, through the secretion of perforin and 

granzymes (Chen et al., 2024). After CD8+ cells have first killed infected a subset of the 

activated CD8+ cells become memory CD8+ T cells that can later induce killing of 

infected cells with the same pathogen and so produce long-term immunity against that 

pathogen (Reina-Campos et al., 2021). As CD8+ T cells are powerful in clearing infected 

cells, their activities cannot be indefinitely and can be regulated through inhibitory 

mechanisms such as inducing apoptosis to the active CD8+ cell or surrounding cells, 

inducing the expression of check point inhibitors, or inducting autophagy mechanism 

(Chen et al., 2024) 
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1.4.2 Helper T cells CD4+ 

CD4+ T cells called T helper cells (Th) recognise antigens on antigen-presenting cells 

through their T cell receptor restricted to recognising peptides attached to MHC II 

(Carpenter & Bosselut, 2010). The T CD4+T cells induce killing of infected cells 

indirectly through activation of other immune cells in the immune system, like 

macrophages, B cell antibody production, and CD8+T cells (Wik & Skålhegg, 2022). 

 The CD4+ T cells subtypes are Th1, Th2, Th9, Th17, Treg, and Tr1 and they differ in 

their function and secreted cytokines (Geginat et al., 2014). The development and 

specialization of naive CD4 T cell subtypes are regulated by the source of the pathogens 

(Zhu et al., 2010). The Th1 cells produce a high amount of interferon-γ (IFNγ) and 

interleukin (IL)-2, IL-10, and tumour-necrosis factor (TNF), while the Th2 cells produce 

IL-4, IL-5, IL-6, IL-13, IL-10 (Abbas et al., 1996). The Th9 cells secrete IL9.(J. Li et al., 

2017). 

The CD4+ induction of apoptosis of infected cells works through the binding FAS and 

FAS ligand, and through secretion of perforin and granzymes (Juno et al., 2017).The 

subtype of CD4+ Treg cells that express FOXP3 help in inhibiting the autoimmunity 

against self-antigen (Fontenot et al., 2003). They also help in reducing the autoimmunity 

by C8+ cells by expressing immunosuppressive secretion such as IL-10 and TGF-β (Chen 

et al., 2024). 
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1.4.3 γδ T cells 

γδ T cells are a unique subset of T cells representing about 1-5% of the total CD3 T cells  

(Pistoia et al., 2018). The γδ T cells specialize or develop in the thymus to express the T 

cell receptor γδ (TCR γδ) (Prinz et al., 2013a). γδ TCR consist of γ chain and δ chain and 

γδ T cells have multiple subgroups depending on their function and their TCR chain 

combinations of γ chain and δ chain, δ chain has four types (δ1, δ2, δ3, δ5) each bind with 

the γ chain to make main four subgroups of γδ T cell (Y. Zhao et al., 2018).  γδ T cells 

function is to recognize rapidly multiple antigens bypassing the recognition of MHCI or 

MHCII unlike αβ T cells which are restricted to MHC for their recognition (Prinz et al., 

2013b). γδ T cells have been suggested to have useful activity against cancer cells as the 

cancer cells often lose or downregulate the expression of MHC I and MHC II as 

mechanism of immune scape, which is not needed for γδ T cells immune invasion since 

their target recognition does not depend on HLA(Hayday et al., 2024)  (Smyth et al., 

2006).  

IFNγ or TNFα secretion, granzyme B and perforin generation, or membrane bound 

TRAIL and Fas (CD95) ligands are all approaches that have been suggested to be used 

by activated γδ T cell   to induce killing of cancer cells (Saura-Esteller et al., 2022). 

However, other workers suggest different ways in which γδ  T cells could influence 

tumour growth such as secretion of interleukin 17 (IL-17) or myeloid derived suppressor 

cells (MDSCs) which induce tumour advancement in colorectal cancer, breast cancer, 

oesophageal cancer, non-small cell lung carcinoma, gastric cancer, gall-bladder cancer, 

and many other types of tumours (Y. Zhao et al., 2018). 
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1.5 Apoptosis  
 
Apoptosis is programmed cell death (Elmore, 2007a). It is an essential mechanism in 

the development of healthy tissues in the processes of building differentiated tissues or 

maintaining the balance between building healthy cells and destroying damaged cells 

(Elmore, 2007b). Apoptosis can be initiated by external or intracellular factors lead to 

morphological changes such cells shrinking or chromatin become pyknotic, and 

biochemical changes such as DNA breakage (Majno & Joris, 1995). Apoptosis is an 

irreversible process and considered as a cell defense mechanism which takes place 

during immune activity, disease, aging and development (Elmore, 2007a). There are 

many ways of inducing apoptosis such as by chemotherapy, radiation, hormones like 

corticosteroids (Elmore, 2007b).  

Apoptosis is initiated through activation of a family of cystine protease enzymes called 

caspases (J. Li & Yuan, 2008). During of apoptosis, cell membranes change through 

phosphatidylserine (PS) exposure to the outer leaflet, this becomes a signal for 

phagocytosis by macrophages, which is used as an early signal of apoptosis by staining 

with Annexin V (Hengartner, 2001; Prestwich et al., 2008). Apoptosis is classified 

either as an extrinsic caspase pathway, an intrinsic mitochondria pathway, or perforin 

and granzyme pathway (Pistritto et al., 2016), (Kashyap et al., 2021). 
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1.5.1 Apoptotic perforin and granzyme pathway 
 
The Apoptotic perforin and granzyme pathway initiated by granzyme A (GzmA) and 

granzyme B (GzmB), the serine protease granzymes which are secreted in the form of 

granules by cytotoxic T lymphocytes (CTLs) and natural killer cells (NK) as they immune 

attack unhealthy cells like cancer cells or virus infected cells (Kuhla et al., 2009) (Prager 

et al., 2019). Perforin helps this process by inducing pores on the cell membrane of 

unhealthy cells allowing the entrance of granzyme into the cells leading to cell apoptosis 

(Kashyap et al., 2021). 

 

1.5.2 Apoptotic intrinsic pathway 

 The Apoptotic intrinsic pathway is initiated by factors that induce internal cellular 

signals, this is regulated by two groups of proteins: Proapoptotic which help inducing 

apoptosis such as BAX and BAK, and antiapoptotic proteins which inhibit apoptosis 

(Danial & Korsmeyer, 2004).  The Apoptotic intrinsic pathway is initiated by attack of 

the mitochondrial transmembrane leading to release of cytochrome C to the cellular 

cytosol leading to activation of a cascade of caspases leading to cell death (Elmore, 

2007c). 
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1.5.3 Apoptotic extrinsic pathway 

The extrinsic pathway is initiated by extracellular factors through binding cellular 

receptors with the following ligands : tumor necrosis factor receptor (TNFR) binding to 

tumour necrosis factor (TNF), TNF-related apoptosis-inducing ligand receptor TRAILR 

binding to TNF-related apoptosis-inducing ligand (TRAIL), and FAS binding to its FAS 

ligand which induces the activation of inactive caspase 8 to active caspase 8, this in turn 

induces activation of caspase7 and caspase 3 which cleave cellular substrates leading to 

cell death (Igney & Krammer, 2002).   

1.5.4 Methods for apoptosis detection: 
 
There are different methods for studying apoptosis cell death as induced, for example, by 

BiMaB T cell immunotherapy (see section 1.3). One commonly used method is the 

quantitative measurement of caspase cleaved product keratin 18 (ccK18) by using the anti 

M30 antibody Apoptosense® ELISA  (De Haas et al., 2008). The ccK18 is an early 

biomarker for cell apoptosis (Caulín et al., 1997). ccK18 is generated after caspase 

cleavage of protein Keratin 18, which is recognized by the antibody M30, ELISA M30 is 

used to measure the soluble cck18 released from dying cancer cells (De Haas et al., 2008).  

 

An alternative method for detecting apoptosis is through the measurement of cell health 

and growth can also be carried out by xCELLigence Real-Time Cell Analysis (Ke et al., 

2011). It measures the real-time killing of cancer cells mediated by effector T cells (Peper 

et al., 2014a). The principle of the method is by measuring the adherent cancer cells 

detachment from an E plate which is attached to an electrode and the detachment is 

measured as a cells index (CI.) This is a measured unit of the calculation of impedance 

recording the number and/ or the size of cells detached in each well, the reading is 

normalized by the background reading of the wells before adding the cells  (Ke et al., 
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2011) . Cancer cells are seeded on an E plate which is attached to an electrode at the 

bottom of each well, upon adherence of cancer cells, the electrical impedance increases, 

when the adherent cancer cells detach due to immune induced killing the electrical 

impedance decreases, and this is measured by xCELLigence Real-Time Cell Analyzer 

(Peper et al., 2014b).  

 

Apoptosis can also be measured by detecting the cleaved Caspase-3 staining using by IF 

or FACS analysis. Procaspase 3 is cleaved into two subunits, one of which is the active 

form of caspase 3, formed when the cells undergo apoptosis (Nicholson et al., 1995).  

 

1.6 Proteins targeted by T cells engaging bispecific antibodies used in this thesis. 
 

1.6.1 PLAP 
 
Placental alkaline phosphatase (PLAP), a plasma membrane-bound glycoprotein, is one 

of the four members of the alkaline phosphatase isozyme family (ALP) (Sharma et al., 

2014). The four-isozymes are distinguished according to their tissues expression, 1) 

placenta alkaline phosphatase, ALPP  2) germ/testis cell alkaline phosphates, ALPPL2, 

3) intestinal alkaline phosphatase and 4) the tissue non-specific liver bone kidney alkaline 

phosphatase (Millán, 2006).  The testis-specific enzyme ALPPL2 is very similar to ALPP 

(Durbin et al., 1988) (Durbin, Tucker, et al., 1988) . Placenta alkaline phosphatase, testis 

alkaline phosphates, and intestinal alkaline phosphatase are closely linked genes on the 

same chromosome while the liver bone kidney enzyme is on a different chromosome (Le 

Du et al., 2001). PLAP is encoded by the ALPP gene at chromosome 2q37.1 (Reiswich 

et al., 2021). PLAP is glycolipid-bound membrane protein (Yekehfallah et al., 2022). It 

is a metalloenzyme that has two Zn2+ ions and one Mg2+ ion and its function is 
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hydrolysis of phosphomonoesters (Bassi et al., 2021). PLAP is expressed on 

syncytiotrophoblasts in placenta and has not been detected in other normal tissues (Tucker 

et al., 1985). It has been shown that PLAP is released into the serum of patients with 

PLAP expressing tumours such as testis tumours (Jacobsen & Norgaard-Pedersen, 1984; 

Lange PH, 1990). 

 

 When PLAP is expressed ectopically in cancers, such as ovarian or colon carcinomas, it 

is essentially cancer specific and therefore an excellent target for immune-based antibody 

therapy (Orsaria et al., 2016) (Harmenberg et al., 1991). PLAP was found in the blood 

circulation of smokers, where RNA expression of PLAP has been found at low levels in 

lung (Lonsdale et al., 2013; Williams et al., 1986). 

 

 CAR T cell immunotherapy targeting PLAP shows beneficial effects on colorectal cancer 

in vitro and in animal testing  (X. Li et al., 2020).  Monoclonal antibody anti-PLAP is a 

useful tool to stain and localise the tumours that express it (Koshida et al., 1998).  

 

1.6.2 Epithelial Cell Adhesion Molecule (EpCAM) 
 
The epithelial cell adhesion molecule (EpCAM) is 40 kDa intramembrane-expressed 

glycoprotein (Linnenbach et al., 1993)(Aiman Mohtar et al., 2020). EpCAM may help in 

cell-cell adhesion, but its function is not yet well defined (van der Gun et al., 2010). 

EpCAM is expressed on essentially all epithelial cells in all the different epithelial tissues 

(Gires et al., 2020). The first anti- EpCAM was generated in 1979 but was identified as 

anti- EpCAM by several investigators over the years (Herlyn et al., 1979) (Gires et al., 

2020).The antibody used in our laboratory, AUA1, was first produced in 1980, first used 



 
 

 

43 

43 

for pathology in 1982, and further characterised (Pervez et al., 1988) (Durbin et al., 1990) 

(Spurr et al., 1986). 

 

EpCAM is expressed on different types of tumours and is found in normal epithelial tissue 

such as colon cancer, liver cancer, breast cancer, and prostate cancer (Went et al., 2004). 

Silencing EpCAM in breast cancer has a positive outcome of inhibiting or preventing the 

proliferation of breast cancer cells in vitro (Osta et al., 2004). A bispecific antibody CD3 

- EpCAM Bispecific T-cell Engager (BiTE) to treat uterine and ovarian carcinosarcomas 

(CS) showed effective results on a chemotherapy resistant tumour (Ferrari et al., 2015). 

The EpCAM - specific BiTE (MT110) developed to kill pancreatic cancer showed 

positive effects in vitro and in animal models (Cioffi et al., 2012). 

1.7 Colorectal cancer heterogeneity. 
 
In cancers selected changes in the genome gene sequences and epigenetic changes are 

drivers of cancer progress, however, there are also huge numbers of gene mutations that 

have no significant functional effect found in any somatic cells including in cancers 

(Zellmer & Zhang, 2014). These can be cancer specific antigens that could be used for 

immunotherapy targeting though not for functional based therapies since in many cases 

they may be novel mutations in proteins derived peptides are presented on cell surface 

attached to HLA on cancer cells (Prestwich et al., 2008).  

Cancer heterogeneity can be both intertumoural heterogeneity and intratumoural 

heterogeneity (Dagogo-Jack & Shaw, 2017). Intertumoural heterogeneity is the 

differences between cancer cells from different patients reflecting the variety of possible 

driver changes, and intratumor heterogeneity is the differences between cancer cells 

within a patient’s tumour  (Dagogo-Jack & Shaw, 2017).  This tumour heterogeneity is 

mostly not caused by genomic instability and seems often to be variation in gene 
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expression that may, for example, be caused by transient methylation changes (Dagogo-

Jack & Shaw, 2017)(Polyak, 2007). The tumour heterogeneity can be seen in the 

structural characteristics associated with differentiation or expansion of cancer cells 

within tumour (Hanahan & Weinberg, 2011).  

 

Next generation DNA sequencing technology is tool used to understand the heterogeneity 

within a tumour due to different stages in the clonal outgrowth of tumours driven by 

different combinations of driver genetic changes (Gerlinger & Swanton, 2010a).  

 

Tumour microenvironment has been suggested as factor influencing tumour 

heterogeneity, such as due to myofibroblasts influencing cancer growth patterns by 

released products such as TGFbeta (Bissell & Hines, 2011). The tumour heterogeneity 

causes clinical complications due to different intratumoural clones responding differently 

to potential therapies, this could sometime be dealt with by developing cancer therapies 

that target subpopulations of tumours (Gerlinger & Swanton, 2010b) (Fidler, 1989). 

Intratumoural heterogeneity may also arise from selection for genetic changes that resist 

a given treatment, such resistance is always a serious problem associated with any single 

treatment whether some form of chemotherapy or different forms of immunotherapy, as 

will be discussed later (Kwak et al., 2015)(Gerlinger & Swanton, 2010b). 
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1.8 Aims  

The initial aims of the project were: 

- Using our panel of colorectal cancer cell lines and the PLAPh3 BiMAb and 

EpCAM CD3 BiMab antibodies, study their immune mediated-killing ability as a 

function of level of the PLAP expression.  

- Study to what extent PLAP3 BiMaB and EpCAM CD3 BiMaB can mediate 

killing of bystander cells (PLAP-negative cells or EpCAM-negative cells), and 

what is the underlying mechanism for this. 

- Study the effect of T cell subtypes on BiMaB dependant cellular toxicity.  

- Characterize the CRC cell lines in terms of PLAP expression and try to understand 

what regulates its expression.  

- Study the expression of PLAP in Human normal lung tissues. 
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Chapter 2: Material and methods 
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2.1 List of reagents and chemicals  
 
All the reagents and chemicals used throughout this work are specified in corresponding 

text, including the manufacturing details information. 

 

2.2 Methods of cell culture 
 

2.2.1 Colorectal cancer cell lines  
 
The panel of colorectal cancer (CRC) cell lines used throughout this work was obtained 

from the source of the cryogenic storage of the Cancer and Immunogenetics Laboratory 

(CIL) at the Weatherall Institute of molecular medicine (WIMM) in Oxford, UK 

(Mouradov et al., 2014a).(Bacac et al., 2016b). The original sources of all the CRC cell 

lines used in this thesis are listed in Table 2.1. The pmCherry-C1(addgene:632524) 

mCherry stable transfected celllines CC20, HCT116 and LS180 were generated by Dr. 

Djamila Ouaret. The pLV-eGFP (addgene: 36083) stable transfected cell lines (DLD1 

and COLO678) were generated by a collaborating laboratory (Swietach Group, 

Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford). 
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Table 2.1: x CRC cell lines used for PLAP 1 and EpCAM killing analysis in this 
thesis and the original sources. 
Cell line name Source 

CACO2 Received   from ATCC (American Type Culture Collection) 

CC20 Received from A.R. Kinsella 

CCO7 Received from JT Immunotech,USA 

DLD1 Received   from ATCC (American Type Culture Collection) 

COLO678 Received   from ATCC (American Type Culture Collection) 

HCA7 Received from Dr. S.Kirkland, Royal Postgrad School, London 

HCT116 Received   from ATCC (American Type Culture Collection) 

HT29 Received   from ATCC (American Type Culture Collection) 

LOVO Received   from ATCC (American Type Culture Collection) 

LS180 Received from B.H.TOM, NW Uni Med Centre, Chicago 

LS123 Received   from ATCC (American Type Culture Collection) 

OXCO3 Received from Prof. Vincenzo Cerundolo, Weatherall Institute of 

Molecular Medicine, University of Oxford, Oxford OX3 9DS

 ATCC 

SW620 Received   from ATCC (American Type Culture Collection) 

OXCO1 Received from Prof. Vincenzo Cerundolo, Weatherall Institute of 

Molecular Medicine, University of Oxford, Oxford OX3 9DS 

CL14 Received   from ATCC (American Type Culture Collection) 

ISCEROL Received from Pr. Richard Hamelin, INSERM U434-CEPH, 75010 

Paris, France 

CAR1 Obtained by the W.F. Bodmer laboratory  

PCJW Received from Prof. Christos Paraskeva, Department of Pathology 

and Microbiology, University of Bristol, UK 
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C32 Obtained by the W.F. Bodmer laboratory 

OUMS23 Obtained by the W.F. Bodmer laboratory 

VACO429 Received from Dr Elizabeth Zborowska under an MTA, Case 

Western reserve University, Cleveland, Ohio 

JHCOLOY1 Obtained by the W.F. Bodmer laboratory 

C10 Obtained by the W.F. Bodmer laboratory 

HCC2998 Received from NCI-FREDERICK CANCER DCTD tumor/cell line 

repository, vial designation: 0507244 

HDC114 Received from Prof. Manfred Schwab under an MTA, DKFZ, 

Hedelberg, Germany 

HDC8 Received from Prof. Manfred Schwab under an MTA, DKFZ, 

Hedelberg, Germany 

RW2982 Received from Dr John Mariadason, Montefiore Medical Center, 

111 E210th St. Department of Oncology, Bronx NY 

HDC143 Received from Prof. Manfred Schwab under an MTA, DKFZ, 

Hedelberg, Germany 

HDC9 Received from Prof. M, Schwab (DKFZ, Germany) 

VACO4A Received from Dr. J.A. McBain (University of Wisconsin School of 

Medicine, Madison, WI) 

 

 

 

2.2.2 Peripheral blood mononuclear cell (PBMC) isolation and preparation. 
 
The PBMCs used were isolated from whole blood leukocyte cones provided by the NHS 

Blood and Transplant john Radcliffe Hospital university of Oxford, Oxford. The PBMCs 



 
 

 

50 

50 

isolation after recovery from the cones was carried out by using Ficoll-Paque PLUS 

density gradient media (catalogue number 17144002 Cytiva), according to the 

manufacturer’s instructions. After PBMC purification, PBMCs were aliquoted in freezing 

medium (heat inactivated FBS+ 10% Dimethyl sulfoxide (DMSO)). PBMCs were 

cultured in Roswell Park Memorial Institute (RPMI) medium Gibco™ (catalogue number 

11875093) supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) 

(catalogue number A5256701) and 1% penicillin antibiotics penicillin 200 IU/ml and 

streptomycin 200ug/ml (Gibco/ Invitrogen) (catalogue number 15140122). 

 

2.2.3 CRC cell lines routine culture and maintenance. 
 
The CRC cell lines were cultured adherent in different sized cell culture plates (96, 24, 

48 or 6 well-plates and in 100mm Corning dishes ®). Cells were grown in complete 

Dulbecco's Modified Eagle Medium (DMEM) Gibco™ (catalogue number 52100047) 

supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) and 1% penicillin-

streptomycin antibiotics in a humidified incubator with 10% CO2 at 37°C. The cell lines 

were cultured and maintained in a sterile environment in a laminar flow hood. Passaging 

CRC cell lines was done when cells reached their 80% confluency, usually either split 

once or twice a week. Cells were passaged by washing with 1X PBS then added 0.5% 

Trypsin/Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich) (catalogue T4049) for 

5-10 minutes at room temperature or at 37°C. Then, cells were collected in 10ml of 

complete media to neutralize the activation of trypsin and then centrifuged at 300 g for 5 

minutes. The cell pellets were resuspended in fresh complete medium, and the cells 

counted for the experiment’s purpose or passage in 1:5 or 1:3 ratios according to the 

growth rate of each cell line. 
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2.2.4 Co-culture assay 
 
2.2.4.1 Co-culture of CRC cell lines  
 
Different combinations of CRC cell lines were used CC20, DLD1, COLO678, HCT116 

and LS180. Two CRC cell lines were cultured in varying proportions, based on the total 

cell number in each well. The PLAP/ EpCAM positive and PLAP/ EpCAM negative CRC 

cell lines were maintained each separately. Cells were washed by 1X PBS then trypsin 

EDTA added for 5-10 minutes and collected in a 15 ml tube in 10 ml complete medium. 

Cells were counted by a cell counter before seeding to cell culture plates in the desired 

percentage mixtures of the cell lines (50%, 50%), (25%, 75%), and (5%, 95%).  The 

mixture of cells was aliquoted equally to each well in either 96 well or 24 well plates. 

 

2.2.4.2 Co-culture of CRC cancer cell lines and PBMCs 
 
The selected CRC cell line or the mixture of two CRC cell lines were seeded as described 

earlier for overnight. The frozen aliquoted PBMCs were defrosted in a quick manner. 

PBMCs were transferred to a 15 ml tube with warm complete RPMI. PBMCs 

centrifugation was for 10 minutes at 300g. PBMCs were counted and added to adherent 

CRC cells in the ratio of cancer cell to PBMC 1:10. 

2.2.5 Cell lines cryopreservation  
 
When the CRC cell lines were growing healthy and reached their 70-85% confluency, 

cells were washed with PBS and treated with 0.5% trypsin EDTA for 5-10 minutes, then 

the cells were collected by centrifugation for 5 minutes at 300 g. Cell pellets were 

collected in 1 ml of freezing medium (heat inactivated FBS+ 10% Dimethyl sulfoxide 

(DMSO Thermo Scientific Chemicals catalogue J66650.AE)). Cells were collected in the 
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cryovial tube (corning®), then placed at -80 °C freezer overnight. Cryovials were 

transferred for the long-term storage to the liquid nitrogen tank at -196 °C. 

 

2.2.6 Retrieving frozen cells.  
 
The frozen cells in cryovial tubes were defrosted quickly to maintain their viability. The 

cryovial tube was placed in a 37 °C water bath and gently swirled for less than a minute 

and immediately after defrosting the frozen cells transferred to 10 ml of warm complete 

medium in a 15 ml tube. Cells were collected by centrifugation for 5 minutes at 300 g and 

the medium was removed. The cell pellet was resuspended in new 10 ml complete media. 

 

2.2.7 Cell counting  
 
After cells were collected in 10 ml fresh medium, a 20 ul of the cell’s solution was taken 

from the cell suspension and placed in a cell counting chamber and placed on a Cellometer 

Auto T4 cell counter (Nexcelom Biosciences, USA). This method determines the count 

of the number of cells per 1 ml. 

 

 

2.2.8 Cell condition and contamination 
 

Cells and cell cultures were routinely checked under microscope. Cells were 

tested for Mycoplasma contamination using mycoplasma chambers test (MycoStrip™ 

InviviGen mycoplasma detection Kit), following the manufacture’s procedures. 
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2.2.9 5-Aza-2’Deoxycytidine (5-aza) Treatment 
 
5-aza-2’deoxycytidine (sigma catalogue number A3656) was prepared by dissolving it 

into DMSO to make the stock concentration 5mM and stored at -20 °C. Cells were treated 

with 10 µM 5aza and control conditions were treated with DMSO for 24 hours, 48 hours 

and 72 hours. Every day of treatment the cells were treated with fresh 10 µM of 5-aza or 

control with DMSO. The cells were tested for the level of protein expression by flow 

cytometry or Immunofluorescence staining. 

 

2.2.10 Phospholipase C treatment 
 
COLO678 cells were seeded for treatment with 0.5 or 1 unit of phospholipase C 

(phospholipase C, phosphatidylinositol-specific, Sigma-Aldrich catalogue P8804) for 30 

minutes or 1 hour at 37° C. The cells were washed with 1X PBS three times then fixed 

with 4% Paraformaldehyde fixative (PFA) (VWR Chemicals) for immunofluorescence 

staining. 

2.2.11 Internalization assay 
 
COLO678 and HT29 were cultured in a 96-well plate (10.000/ well) for overnight. Cells 

were incubated with in house Anti-PLAP for 1 hour at 37 °C in a humidified CO2 cell 

culture incubator. Primary antibody washed by PBS three times and cells were incubated 

with secondary antibody Alexa fluor 488 (1:500) for 30 minutes. Secondary antibody was 

washed with PBS three times and fresh medium was added to cells. After 4 hours the cells 

were fixed with 4% Paraformaldehyde (PFA) (VWR Chemicals) for 20 minutes. The cells 

membranes were permeabilize by 0.2% triton X100 (Sigma-Aldrich, catalogue number 

1.08643) in PBS for 5 minutes. Cells were washed three times with PBS.  Cells were 

incubated with blocking solution (1% Bovine Serum Albumin (BSA), Sigma-Aldrich 

catalogue number A7030) for 1 hour at room temperature. Primary antibody (rabbit anti 
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human LAMP1) was then added for 1 hour at room temperature. After washing step, cells 

incubated with anti-rabbit secondary antibody Alexa fluor 568(1:500). DAPI (sigma 

D9542) (1:10000) added to cells for 5 minutes and then cells washed with PBS three 

times. The cells were imaged by using a Zeiss Observer z1, Carl Zeiss (ZEISS Axioscan 

7 Microscope Slide Scanner, 2024.) (Oncology Microscopes, WIMM, University of 

Oxford). 

 

2.2.12 Transient siRNA transfection  
 
Cells were prepared for siRNA transfection by washing the cells with 1X PBS and then 

trypsinising with trypsin EDTA for 5 -10 minutes. For measuring the protein expression 

by immunofluorescence, 1x104 cells seeded in a 96 well plate, or 1x105 cells in 24 well 

plate for Flow cytometry assay. 

 Pre-designed sequences of siRNAs of ALPP, ALPPL2 and VGLL1 were used (shown in 

Table 2.2 (source and catalogue number)).  The siRNAs were dissolved in RNAase free 

water on arrival. The stock prepared to 10 μM and stored at -20°C. The concentration 

used was 20nM siRNA (ALPP, ALPPL2, VGLL1) treated to the cells. The solution of 

mixture of 10 μl of siRNA (10 μM) and 10 μl of Lipofectamine® 2000 (Life 

Technologies/Thermo Fisher Scientific catalogue number: 11668019) was dissolved in 

100μl Opti-MEM Gibco™ (catalogue number 31985062) then incubated for 10 minutes 

at room temperature, then added to 400 μl DMEM medium (no FBS or antibiotics). The 

mixture was added to the cells and incubated with cells for 6 hours. The DMEM medium 

(no FBS or antibiotics) was replaced with complete DMEM (with FBS and antibiotics). 

Protein expressions was analysed after 72 hours by immunofluorescence staining. Control 

of the transient siRNA transfection was scrambled siRNA.  
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Table 2. 2: siRNAs used in this work 1and their sources. 
siRNA target Source Catalogue number Assay ID 

number 

siRNA ALPPL2 Thermo Fisher AM16708 114955 

siRNA ALPP Thermo Fisher 4392420 s1301 

siRNA VGLL1 Dharmacon™ 017939-00-0005 51442 

 

scrambled 

 

Thermo Fisher 4351372 Dm01815567_s1 

 
 

2.2.13 Overexpression 
 
The ALPP plasmid (catalogue number RC210504) and ALPPL2 plasmid (catalogue 

number SC123000) were predesigned and received from OriGene Technologies, Inc. The 

plasmids were prepared by dissolving it in 100 µl distilled water on arrival to make the 

final concentration 100 ng/µl and then frozen in -20 °C.  

The plasmid transfection to the cells was added to seeded cells overnight in 6 well plate 

(250.000 cells/ well). The 500 ng of total plasmid either, ALPP or ALPPL2 or both 

together mixed with Polyethylenimine (PEI, Sigma-Aldrich) in ratio 1:1 and added to 100 

µl of DMEM medium without FBS or antibiotics. The mixture solution was incubated at 

room temperature for 10-15 minutes. The mixture was then added to 500 ul medium 

without FBS or antibiotics. The plasmid mixture was added to the cells for 6 hours in the 

cell culture incubator. The medium was replaced after 6 hours with complete medium 

(with FBS and antibiotics). Protein expression was measured after 72 hours by 

immunofluorescence staining. 
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2.3 Antibodies: 
 

2.3.1 Antibodies used in immunofluorescence, Immunohistochemistry (IHC), and 
fluorescence-activated cell sorting (FACS)/Flow cytometry staining. 
 
The list of antibodies including primary and secondary antibodies used in this work and 

their source and working concentration are given in Table 2 2: siRNAs used in this 

work and  2. 

 
Table 2.3: Antibodies and their sources. 
Antibody-Primary /Secondary Source Concentration  

H17E2  

(Mouse monoclonal antibody) 

In house 1:100 

HD8B6  

(Mouse Monoclonal antibody) 

In house  1:100 

AUA1  

(Mouse monoclonal antibody) 

In house  1:200 or 1:200 

Rabbit Anti-cleaved caspase 3  

(Rabbit monoclonal antibody) 

cell signalling technology 

(Catalogue number 9661T)  

1:250 

Isotype iGg mouse  BD pharmingen 

(Catalogue number 14-

4714-82) 

1:100 

CD45 

APC anti-human CD45 antibody  

Biolegend 

(Catalog number 304011) 

1:100 

CD8 

Alexa Flour 700 anti-human 

CD8 antibody 

Biolegend 

(catalogue number 

344723) 

1:100 
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CD3 

Brilliant Violet 711 anti Human 

CD3 antibody  

Biolegend 

(catalogue number 

317327) 

1:100 

CD4 

Brilliant Violet 510 anti-human 

CD4 antibody  

Biolegend 

(Catalogue number 

300545) 

1:100 

PE/Cyanine7 anti-human CD94 

Antibody 

Biolegend 

(Catalogue number 

305515) 

1:100 

ICAM 

Brilliant Violet 421 anti-mouse 

CD54 

Biolegend 

 

Antibody (catalogue 

number 116141) 

1:100 

FAS  

PE anti-human CD95 (Fas) 

Antibody  

Biolegend 

(Catalogue number 

305607) 

1:100 

FAS-L 

PE/Cyanine7 anti-human 

CD178 (Fas-L)  

Biolegend 

(Catalogue number 

306417) 

1:100 

LFA-1 

FITC anti-human CD11a/CD18 

(LFA-1)  

Biolegend 

Antibody-(catalogue 

number 363415) 

1:100 

Alexa flour 568 donkey anti 

rabbit 

 

Invitrogen 

(Catalogue number 

A10042) 

1:500 
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Alexa flour 488 goat anti mouse Invitrogen 

(Catalogue number A-

11001) 

1:500 

 

Alexa Fluor 488 Goat anti 

human 

Invitrogen 

(Catalogue number A-

11013) 

1:500 

LAMP-1  

Rabbit polyclonal to LAMP1 - 

Lysosome Marker 

Abcam 

(Catalogue number 

ab199946) 

1:200 

Goat anti-Mouse IgG (H+L) 

Secondary Antibody, HRP 

Invitrogen 

(Catalogue number 31430) 

1:500 

 

2.3.2 Bispecific monoclonal antibodies construct and mRNA-Lipid Nanoparticle 

(LNPs) 

The bispecific monoclonal antibodies for immunotherapy used in this work are PLAP-

CD3 BiMAb(RPLP3) construct, received from our collaborators Roche and ProMab, 

which is a humanised engineered construct derived from H17E2. The EPCAM-CD3 

BiMAb were received from Promab and humanised and engineered from AUA1. The 

LNPs used in this work either PLAP-CD3 BiMAb LNP, EPCAM-CD3 BiMAb LNP were 

received from Promab (Golubovskaya et al., 2023a).  

 

 

 

2.4 Immunofluorescence staining  
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For immunofluorescence staining of the cells, they were first washed with 1X PBS three 

times. Cells were then treated with fixative solution 4% Paraformaldehyde (PFA) for 20 

minutes. Cells were next washed with PBS three times and treated with 0.2% Triton X100 

(Sigma-Aldrich, catalogue number: HFH10) in PBS for 5 minutes. Cells were then 

washed three times with PBS. Blocking solution (1% Bovine Serum Albumin (BSA), 

Sigma-Aldrich) in PBS was added to the cells for 1 hour at room temperature. Cells were 

then incubated with primary antibody in antibody solution (1% BSA in 1 XPBS), refer to 

table 2.3 for primary antibody concentrations used. Primary antibody was incubated for 

1 hour. After cells were washed then were incubated with secondary antibody (refer to 

table 2.4). Cells were stained with DAPI ((4′,6-diamidino-2-phenylindole) thermoFisher 

(1:10000)) for 5 minutes, then washed with PBS three times. Cells were imaged by using 

Zeiss Observer z1, Carl Zeiss (Oncology Microscopes, WIMM, University of Oxford). 

For immunofluorescence by LNPs or BiMAbs cells were incubated with BiMABs or 

LNPs at the treatment concentration for 1 or 4 hours or 1-3 days depending on the 

experimental purpose either in a 37 °C cell culture incubator or at room temperature. The 

BiMABbs or LNPs washed with PBS three times and cells were fixed with 4% PFA for 

20 minutes. Cells were stained with secondary antibody (goat anti human alexa flour 488) 

for 30 minutes. After washing by PBS the cells were stained with DAPI for 5 minutes, 

then washed and imaged using Zeiss Observer z1, Carl Zeiss (Oncology Microscopes, 

WIMM, University of Oxford). The image was processed by FIJi (Schindelin et al., 2012) 

. 
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2.5 Fluorescence-activated cell sorting (FACS) analysis: 
 

2.5.1 Flow cytometry staining analysis 
 
To stain protein for protein expression or for single cell sorting, cells were collected by 

trypsin EDTA and washed with PBS. Cells were counted by cell counter and then 

suspended in FACS solution (3% FBS in 1X PBS). Then cells were incubated on ice with 

primary antibody or IGg isotype or conjugated antibodies for 30 minutes at room 

temperature. Cells were then washed twice with FACS solution (3% FBS in PBS) and 

incubated with secondary antibody for 30 minutes. Cells were washed twice with FACS 

solution. Cells were stained with DAPI and analysed on Attune™ NxT Flow Cytometer. 

FlowJo software was used for data analysis FlowJo™ Software (Mac) [flowjo] 

Version10. Ashland, OR: Becton, Dickinson and Company; 2019. 

 

2.5.2 Flow cytometry sorting 
 
Cells were stained with primary antibodies for PLAP, EPCAM, or CD45 which are 

surface marker by washing the cells with PBS then cells were stained for preparation for 

FACS sorting.  Cells were suspended in FACS solution (3% FBS in 1X PBS) then 

incubated with primary antibody for 30 minutes. Cells then washed with PBS and stained 

with secondary antibody in dark for 20 minutes. Cells washed with PBS for three times. 

Cells collected in fresh complete medium and sent to the FACS sorting facility to perform 

the sorting. The cell lines sorted were CACO2, CCO7, DLD1, CC20, and OXCO3, 

selected according to their protein expression. For PLAP sorting, cells were sorted were 

10% high, 10% medium, and 10% low populations from their PLAP fluorescence level 

of expression in the whole cell line population. Cells were stained with H17E2, and 
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control stained with IGg mouse isotype. The sorted population was seeded in 96 well 

plate for the purpose of the experiment.  

2.6 Human Formalin-Fixed Paraffin-Embedded tissues (FFPE) staining 
 

2.6.1 Immunofluorescence staining of human Formalin-Fixed Paraffin-Embedded 

tissues (FFPE) samples 

 
Pararafin embedded tissue slides (FFPE) were all obtained from company or other 

laboratories at the University of Oxford, refer to list in Table2.4. To process the protein 

staining on FFPE, dewaxing step was first carried out by immersing the slides in xylene 

for 10 minutes twice. Next, the rehydration process was done by immersing the slides in 

ethanol with different concentrations in the following order: 100% ethanol for 5 minutes, 

next 90% ethanol for 5 minutes, and lastly 70% ethanol for 5 minutes. The slides were 

washed with dH2O for 5 min on a shaker three times. The antigen retrieval step was by 

incubating slides in retrieval solution (0.05% trypsin + 0.1 CaCl₂ at 37°C for 10 minutes). 

Tissue slides were then washed with dH2O for 5 minutes three times. They were immersed 

in Sudan black B solution (Sigma Aldrich Catalogue number 26150) for 10 minutes. 

Washing steps were performed with dH2O for 5 minutes three times.Circles were drawn 

around tissues on the slides for antibody incubation using a PAP Pen (Sigma-Aldrich 

Gillingham). The blocking solution, 10% Bovine serum albumin (BSA) in 1 X PBS, was 

added for 1 hour at room temperature.  

The primary antibodies used were in-house AUA1 (1:500) antibody and anti-RPLP3 

(PLAP X CD3 BiMaB) (5nM). The slides were incubated with the primary antibodies 

overnight at 4 °C. The stained tissue slides were then washed three times with 1X PBS 

and 0.1% TWEEN® sigma-Aldrich (PBST) for 5 minutes. The stained slides were then 
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incubated with secondary antibodies (Goat anti Mouse 647 Alexa fluor and Goat anti 

Human 488 Alexa fluor) (1:250). 

Finally, mounting medium with DAPI (catalogue number ab104139) was added to the 

slides and cover slips. Tissues were scanned using ZEISS Axioscan and the scans were 

analysed using Qupath(ZEISS Axioscan 7 Microscope Slide Scanner, n.d.)   (Bankhead et 

al., 2017) . 

2.6. 2 Immunohistochemistry (IHC) staining of human FFPE tissue samples 
 

The FFPE slide source is listed in Table 2-4 To dewax the paraffin embedded tissue 

sections, the slides were first incubated twice in two different containers of xylene for 10 

minutes each. Slides were dehydrated by using 100% ethanol, then 90% ethanol, followed 

by 70% ethanol for 5 minutes each. Next, they were washed in dH2O for 5 min three 

times. The 3% hydrogen peroxide solution sigma-aldrich (10 ml of 30% hydrogen 

peroxide in 90ml Methanol (Sigma Aldrich)) was then added to the FFPE tissue slides. 

Slides were washed on a shaker by dH2O for 5 minutes three times. The slides were 

incubated with blocking solution (10% BSA in 1X PBS) for 1 hours.  

The slides were incubated overnight with primary antibodies (AUA1 1:500) and (HD8B6 

1:50) in 1% BSA in 1 X PBS at 4°C. The slides were washed with 0.1% tween in 1X PBS 

(PBST) three times for 5 minutes. The tissue slides were incubated with secondary 

antibody (HRP-conjugated goat anti mouse secondary antibody, Invitrogen) in 1% 

BSA/1X PBS for 1 hour at room temperature. The tissue slides were washed with PBST 

(Phosphate Buffered Saline and 0.1% Tween 20) three times each for 5 minutes. DAB 

(3,3 ́-diaminobenzidine tetrahydrochloride) (Abcam catalogue number 34002) was added 

to the slides and the oxidation reaction due to DAP and HRBP enzyme create insoluble 

brown precipitate which indicate the presence of our antigen of interest, which is PLAP 
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or EpCAM, this was monitored under the microscope, then stopped by immersing slides 

in dH2O.  

The nuclei were stained using haematoxylin (Thermo Scientific Chemicals Catalog 

number:047223.14) for 15 seconds then the slides were washed using dH2O three times.  

A coverslip was added, and the tissue was scanned using Aperio slide scanner at the 

Oncology department (University of Oxford). Tissue staining scans were analysed using 

Qpath (Bankhead et al., 2017) (Anatomical Pathology Equipment & Workflow Solutions: 

Leica Biosystems, 2025.). 

Table 2.4: The FFPE tissues and sources  1 used in this work. 
Tissue type source 

Human Placenta FFPE tissues Prof. Manu Vatish  

University of Oxford, Women’s Center 

John Radcliff Hospital, Oxford, UK 

Normal Human Colon FFPE and Human 

colorectal cancer FFPE tissues patients’ 

sample  

Dr. David Church  

University of Oxford, Oxford, UK 

Norma Human lung FFPE SuperBioChips 

62/M  

Catalogue number 0028000B 

Norma Human testis FFPE US Biomax 

Catalogue number: HuFPT151 

Normal Human Lung (Smoker, 

Nonsmoker) 

amsbio  

Catalogue number AMS28006-SC 
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2.7 PLAP x CD3 BiMAb(RPLP3) and EPCAM x CD3 and LNPs mediated cell 

killing assays 

2.7.1 BiMAbs and LNPs mediated cell killing assay by ELISA M30 
 
For testing cytotoxicity on CRC cell lines or bystander of co-culture of positive and 

negative cells in different ratios, cancer cells were seeded in 96 wells plates (3000 

cells/well) and allowed to attach overnight. On the following day, the culture medium 

was replaced with RPMI containing PBMCs at a ratio of 1:10 (cancer cells: PBMCs) and 

treated with 20nM PLAP-CD3 BiMAb (RPLP4) or 8 nM EPCAM-CD3 BiMAb or 1 µl 

LNP in 100 µl total culture media for 24 hours or 48 hours.  

Controls were used in different wells containing either cancer cells or cancer cells with 

PLAP-CD3 BiMAb, EPCAM-CD3 BiMAb or 1 µl LNP and cancer cells co-culture with 

PBMC. Cell killing was detected by measuring caspase cleaved Keratin 18 (K18) as an 

apoptosis marker by M30 Apoptosense® ELISA (PEVIVA®) and following the 

manufacturers' protocol.  

 

2.7.2 Both BiMAbs and LNPs mediated cell killing assay by immunofluorescence.  
 

For immunofluorescence, the staining protocol as described earlier was used. Killing was 

detected by staining for cleaved caspase 3 by anti- cleaved caspase 3 antibody and 

secondary antibody. Images for immunofluorescence were acquired by using a 

microscope Zeiss Observer z1, Carl Zeiss (Oncology Microscopes, WIMM, University 

of Oxford) and image processing by FIJi (Schindelin et al., 2012). 
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2.7. 3 BiMAbs mediated cell killing assay by xCELLigence analyser 
 
Cells were seeded in a 96 well E PLATE (10.000 cells /well) overnight in xCELLigence 

Real-Time Cell Analysis - Multiple Plates (RTCA MP) from Agilent’s analyser in the 

Oncology department, University of Oxford, Oxford (Ke et al., 2011b). The next day the 

cells were cocultured with PBMCs and treated with BiMAbs using the concentrations 

described earlier. Data generated was analysed using RTCA Software Pro (Ke et al., 

2011b).  

 

2.8 T cell subpopulation isolation 
T cell subpopulations were used separately for some immune cell mediated cell killing 

assays. Isolation of T cell subpopulations (CD3 MicroBeads catalogue number 130-097-

043, CD4 MicroBeads catalogue number 130-097-048, CD8 MicroBeads catalogue 

number 130-045-201, CDγ/δ MicroBead catalogue number 130-050-701) was carried out 

using MicroBeads for positive selection by direct magnetic beads from Miltenyi Biotec. 

The isolation was carried out according to the manufacturers' protocol. The T cells were 

then washed and resuspended in RPMI and co-cultured with CRC cell lines. 

 

2.9 Statistical methods 
 

2.9.1 Bimodal gene analysis by Gaussian Mixture Modeling (GMM) 
 
Gaussian Mixture Modelling (GMM) is a probabilistic modelling using an expectation-

maximization algorithm to show whether gene expression profiles of our cell line panel 

or human samples are unimodal or bimodal. If bimodal, the intersection of the two fitted 

normal distributions defines the dividing line between low or absent and high expression. 

The details of the GMMchi procedure as applied to the cell line and TCGA data are 

described by Liu et al 2022(T. C. Liu et al., 2022), briefly discerption added on the 
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figures. I am grateful to Dr.Jeff (Ta-Chun) Liu and his work for providing the GMMchi 

algorithm analysis used in this thesis.  

 

2.9.2 Flow Jo and FACS Diva software v 8.0.3:  
 
The analysis of the data obtained from flow cytometry were analysed by Flow Jo 10 

software and FACS sorting data by FACS Diva software v 8.0.3 (BD Bioscience) 

FlowJo™ Software (Mac) [flowjo] Version10. Ashland, OR: Becton, Dickinson and 

Company; 2019. 

2.9.3 RTCA Software Pro: 
The analysis of data from using xCELLigence Real-Time Cell Analysis - Multiple Plates 

(RTCA MP) from Agilent’s analyser was carried out using RTCA Software Pro (Ke et 

al., 2011b). 

2.9.4 Fiji and Qpath: 
 
Images obtained from IF or IHC staining were processed using Fiji and Qpath(Bankhead 

et al., 2017; Schindelin et al., 2012). 

2.9.5 General data analysis: 
 
All the data presented in this work are based on the mean of triplicate values and ± 

standard error mean (SEM).  The standard t- Test was used to calculate P values and refer 

to (p<0.05) for significance when appropriate. The graphs were created using (Microsoft 

Excel 2021, Microsoft Corporation, USA).  
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Chapter 3: Placental alkaline phosphatase (ALPP) and placental-like 2 
(ALPPL2) alkaline phosphatase expression in a panel of human 
colorectal cancer derived cell lines. 
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3.1 Introduction  
 
PLAP is Glycosylphosphatidylinositol (GPI) anchored on the human trophoblast cell 

membrane, and it is an enzyme which has function toward phosphoethanolamine, 

pyridoxal 5’-phosphate and inorganic pyrophosphate, as well as the IgG transplacental 

transportation depends on it (Lin et al., 2005). Placental alkaline phosphatase (PLAP) is 

one of the four alkaline phosphatase isozyme family (Crofton, 1982) . The testis specific 

alkaline phosphatase isoenzyme, Alkaline phosphatase, placental-like 2 (ALPPL2), is 

very similar to the placenta specific alkaline phosphatase, PLAP (ALPP), and the anti-

PLAP antibodies often cross react with ALPPL2, but that does not abrogate their cancer 

specificity (Su et al., 2020a). The protein Placental alkaline phosphatase PLAP is encoded 

by the ALPP gene and expressed in human normal placenta, and ALPPL2 is encoded by 

the gene ALPPL2/ALPG and expressed in human normal testis (S. Liu et al., 2019; 

Yekehfallah et al., 2022b).  ALPP and ALPPL2 are located on chr 2 and have very similar 

gene and amino acid sequences (Raimondi et al., 1988; Su et al., 2020a).   

 

Placental alkaline phosphatase and Alkaline phosphatase, placental-like 2 are ectopically 

expressed in colorectal cancer as well as a range of other adenocarcinomas, and so are 

potential targets for bispecific monoclonal antibody immunotherapy to treat cancer 

(Yekehfallah et al., 2022b) (Su et al., 2020b).  
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 The focus of this chapter is on PLAP expression screening on colorectal cancer (CRC) 

and will mainly be based on mRNA and protein levels within a well characterised panel 

of over 100 colorectal cancer cell lines (Mouradov et al., 2014b).  The Cancer Genome 

Atlas (TCGA) is collection of databases for cancer patients, including genetic, mutation, 

methylation and clinical information, TCGA databases are a useful tool to screen for 

cancer specific targets for bispecific antibody immunotherapy on a range human cancer 

patient, including CRC (Weinstein et al., 2013).  

 

As PLAP is targeted by bispecific antibody therapy and for the therapy successes, testing 

the antibody against all normal tissues including testis is important. Since both enzymes 

have very similar amino acid sequences, this chapter focusses on the recognition of the 

in-house anti PLAP antibodies (H17E2 and HD8B6) to PLAP and ALPPL2 (Durbin, 

Milligan, et al., 1988; Travers & Bodmer, 1984a). 
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3.2 Results: 
 

3.2.1 ALPP and ALPPL2 expression on human colorectal cancers 
 
 
ALPP and ALPPL2 expression was examined on panel of colorectal cancers using RNA-

seq data provided by the TCGA database. The results shown here are in whole or part 

based upon data generated by the TCGA Research Network: 

https://www.cancer.gov/tcga. Kaplan-Meier survival curves show the effect of ALPP 

expression on colorectal cancer patients’ survival by plotting ALPP 25% highest-

expressing patients versus those with the 25% lowest expression (Kaplan & Meier, 1958). 

Patients with high ALPP expression have lower survival rate compared to lower ALPP 

expressing patients. For ALPPL2, by plotting the 25% lowest expressed and 25% highest 

expressed, it shows patients with high expression have lower survival rate compared to 

the lower expressing of colorectal cancer patients. That indicates the prognosis of 

colorectal cancer is decreased in relation to the elevated expression of both ALPP and 

ALPPL2. (Figure 3.1 A). 

 

We used GMMchi to describe the ALPP and ALPPL2 expression on 698 patients’ samples 

of colorectal cancer obtained from the TCGA database (Figure 3.1.B). Both genes ALPP 

and ALPPL2 have bimodal distributions among the patients’ samples. Blue bars represent 

the positive expressed samples compared to the yellow and pink which represent samples 

with low or negative expression. The red dotted lines in the middle define thresholds 

delineating high versus low expression as analysed by the GMMchi algorithm Liu et al 

2023 (T. C. Liu et al., 2022) The relation between the expressions of the two genes ALPP 

and ALPPL2 in the TCGA colorectal cancers patients’ is shown in the 2x2 Table 3.1.  
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The 22 colorectal cancer patients co-expressed both genes and 593 patients are negative 

for both genes. The 8 patients are only ALPP positive, and 75 patients are only ALPPL2 

positive. That indicated a very strong correlation between ALPP and ALPPL2 with more 

colorectal cancer patients expressing ALPPL2 than ALPP. 

 
 

 
 

 
Figure 3.1: ALPP and ALPPL2 expression of colorectal cancer patients using TCGA 
RNA-seq data. 
 A. The Kaplan-Meier survival curve for 517 patients of colon and rectal primary 
tumours.  The RNAseq data expression for ALPP and ALPPL2 expression. Both curves 
for both genes represent top high (red) 25% expressed and 25% low (blue) expressed for 
ALPP or ALPPL2. B. GMMchi analysis of ALPP and ALPPL2 expression on TCGA 
RNA-seq dataset. Both histograms of both genes show bimodal distributions, y-axis 
displays the number of samples and X- axis shows the gene expression calculated on log2 
scale. Pink bars represent the background level which calculated from the estimation of 
independent analysis of the measurement of overall gene expression. The yellow 
represents the samples close to the background. Blue bars represent the positive expressed 
patients of each gene. Dashed blue bars are normal samples tissue obtained from a small 
subset of the TCG cancer samples. The red cut-off line defines the point of intersection 
of two fitted normal distribution of two groups of ALPP/ALPPL2 positive, and 
ALPP/ALPPL2 negative/ low. 
Table 3.1 2x2 table obtained by GMMchi of 1 TCGA RNA-seq data for both genes 
ALPP and ALPPL2. 
 

 P value =0.00516 P-value =0.00690 

B. 

A. 

ALPP
L2 

ALPPL2 

25% Highest 

25% Lowest 
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3.2.2 The expression of ALPP and ALPPL2 on colorectal cancer cell lines 
 

ALPP and ALPPL2 mRNA expression on a panel of over 100 colorectal cancer cell lines 

is shown in figure 3.2. The mRNA expression values for ALPP and ALPPL2 of the panel 

of colorectal cancer cell lines are listed in appendix 1. The expression of the two genes is 

very similar in that if ALPPL2 high ALPP is also high. The majority of the CRC cell lines 

are low for both ALPP and ALPPL2 expression. There are some exceptions where the cell 

lines have higher expression for ALPP compared to ALPPL2 expression, for example 

CL14.  

The GMMchi analysis of 78 of the cell lines for the expression of ALPP and ALPPL2 is 

shown in Figure 3.3. It shows that both ALPP and ALPPL2 have bimodal distributions. 

ALPP is expressed in 20.50% of the cell lines, and ALPPL2 is expressed in 10% of our 

cell lines. Referring to 2x2 table (table 3.2), both genes are highly expressed in 7 cell lines 

and negative for 62 cell lines. There are no ALPPL2 positive cell lines which are negative 

for ALPP. That depends on where you draw the cut7off between - and +. 9 cell lines out 

of 78 cell lines are positive for ALPP and negative for ALPPL2. In comparison to human 

colorectal cancer patients’ samples, more ALPPL2 positive compared to patients’ 

samples which are positive for ALPP. 
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Figure 3.2: ALPP and ALPPL2 mRNA expression of panel of over 100 colorectal 
cancer cell lines. 
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Figure 3.3: GMMchi analysis of ALPP, and ALPPL2 cell lines. 
 A. shows the GMMchi analysis for each of ALPP and ALPPL2 in 78 cell lines all 
representing different CRCs, giving a bimodal distribution for each expression. As 
before, in each case the x axis gives the log2 expression levels and the Y axis the 
number of lines with a given level of expression. The dotted black lines are the two 
fitted normal distributions, and the red vertical lines define the estimated thresholds 
between high and low expression. The ALPP+ cell lines are identified by the colored 
boxes. The similar positions of these cell lines in the ALPPL2 analysis confirms the 
strong association between the two expressions. B shows the estimation of the 
number of high and low expressing cell lines, 20.51% high for ALPP and 10.26% 
for ALPPL2.  
 
 
 
 
 
 

A 
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Table 3.2: The 2x2 table obtained by GMMchi 1 of CRC cell lines mRNA data for 
the association between ALPP and ALPPL2 expression. 
 

 
 
 
 

3.2.3 Cleavage and internalization of PLAP 
 
PLAP is, as already discussed, a phospholipid attached membrane bound glycoprotein 

protein. COLO678 cells were treated with phosphatidylinositol-specific phospholipase c 

used at a concentration of 0.5 or 1 unit for 30 minutes or 1 hours at 37.2°C to cleave 

PLAP from the cell surface. PLAP was labelled with anti PLAP antibody and secondary 

antibody so that the cleavage was detected using immunofluorescences staining.  The 

signal of PLAP on the surface was reduced by the treatment with 0.5-unit phospholipase 

c for 30 minutes and strong reduction of the signal after the treatment for 1 hour.  

The PLAP cleavage were studied using FACS staining of PLAP. COLO678 and CC20 

were treated with 1 unit phospholipase c for 1 hour, signal was reduced on COLO678. 

CC20 is PLAP negative see Figure 3.4.A.B  

 



 
 

 

76 

76 

 
 
 

 
Figure 3.4: PLAP cleavage by phospholipase C.  
Immunofluorescence staining of PLAP in COLO678 cells after treatment with 
phospholipase C for 30 minutes or 1 hour A. FACS staining of PLAP on COLO678 
treated with phospholipase C 1uM for one hour B. 
 

B. 

A. 



 
 

 

77 

77 

3.2.4 Internalization of anti PLAP antibody 
 
The internalization of PLAP into COLO678 was traced by staining with anti-PLAP 

antibody (H17E2) by immunofluorescence. Cells were stained with anti PLAP (H17E2) 

and labelled with fluorescence secondary antibody and the internalization measured after 

6 hours. There was antibody internalization and to localize the antibody inside the cells, 

cells were stained with LAMP1 (Lysosomal-associated membrane protein 1 antibody). In 

PLAP positive COLO678 show colocalization of anti-PLAP and LAMP1. The PLAP-

negative cell line HT29 show staining for LAMP1 only figure 3.5. 

To confirm PLAP expression, cells were incubated with H17E2 anti-PLAP for 6 hours 

then washed. Cells incubated with anti-mouse Alexa fluor 568 for 30 minutes and washed 

away. Cells then incubated with 5nM RPLP3 (humanized H17E2) for 4 hours. Next cells 

fixed and stained with anti-human Alexa fluor 488 then cells washed. 

 PLAP were expressed back on the cell’s membrane. To confirm the location of antibody 

inside the lysosome in the cells. Cells were stained with LAMP1 (Lysosomal-associated 

membrane protein 1 antibody). In PLAP positive COLO678 show colocalization of anti 

PLAP and LAPM1. In PLAP negative HT29 show staining for LAMP1 only Figure 3.5. 
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Figure 3.5: Internalization of anti PLAP antibody (H17E2).  
A. Anti PLAP (H17E2) was labelled with secondary antibody and the internalization 
of the antibody after incubation for 6 hours on COLO678 shown by image of live 
cells in a fluorescence microscope. Fixed COLO678 stained with humanized H17E2 
(RPLP3) B. C. Anti-PLAP (H17E2) internalization tested on COLO678 (PLAP+) 
and HT29 (PLAP -) by immunofluorescence staining and the localization detected 
by staining the cells with anti LAMP1, the green dots inside the cells could indicate 
the fragmentation of secondary antibody. 
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3.2.5 In-house antibodies cross react with ALPPL2 and PLAP 
 
PLAP consists of 535 amino acid and ALPPL2 consists of 532 amino acids and their 

sequence alignment shows that the similarity is 96.99% (Bateman et al., 2023) (Figure 

3.6).  

 
 
Figure 3.6: The amino acid sequencing alignment of human ALPP and human 
ALPPL2 The sequences obtained from uniport and aligned using uniport alignment 
tool.  
The stars indicate the similarity and gaps indicates the differences in the sequences in 
both genes. Overall, the sequence alignment is 96% similarity. 
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Due to their high similarity, it is likely that the in-house anti-PLAP antibodies (mouse 

anti- human antibodies H17E2 and HD8B6) will cross-react with both proteins. To test 

both antibodies reactivity, co-staining was done by using both HD8B6 and RPLP3 (the 

humanized form of H17E2). The co-staining of both antibodies shows the similar 

antigenic site on PLAP/ALPPL2 positive cell lines COLO678, CAR1 and LS123, and 

negative for the PLAP/ALPPL2 negative cell line HDC75 see Figure 3.7. 

 

 
 
Figure 3.7: Immunofluorescence co-staining CRC cell lines with HD8B6 and RPLP3 
(humanized form of H17E2).  Co-staining of the ALPP/ ALPPL2 positive CRC cell 
lines LS123, COLO678 and CAR1 and the ALPP/ ALPPL2 negative HDC75. Co-
staining with mouse anti-PLAP HD8B6 and human anti-PLAP PLAPh4. Co-
staining shows the overlap of recognition of both antibodies. 
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To study the specificity or cross reactivity of the antibodies to PLAP and ALPPL2 we 

carried out transient transfection with siRNAs for PLAP and ALPPL2 on cell lines with 

positive expression. For example, COLO678 is a PLAP/ALPPL2-positive CRC cell line. 

After siALPP knockdown, we observed a reduction of protein expression by using H17E2 

and HD8B6 antibodies compared to the protein expression of the control (siScramble). 

Also, siALPPL2 knockdown on COLO678 show reduction of the signal of protein 

expression by using both antibodies. However, performing siALPP and siALPPL2 

knockdown together on COLO678 cells shows a more complete reduction of protein 

signal by using both anti-PLAP antibodies. By using siALPP and siALPPL2 it reduces 

the expression of both genes on COLO678. siRNA knockdown of one gene left some 

expression of the other genes. That suggests that, both antibodies recognize equally both 

PLAP and ALPPL2 see figures3. 8A and3. 8B. 

 

The second method to study the recognition site of in-house antibodies (H17E2, HD8B6) 

is by the over expression of ALPP or ALPPL2 on ALPP/ALPPL2-negative cell lines 

(HT29 and LS180) for 72 hours. ALLP and ALPPL2 over-expression in both cell lines 

show an increase of protein expression and negative expression on control un-transfected 

cells. Protein expression was examined by using anti PLAP antibodies (H17E2 and 

HD8B6) by Immunofluorescence see Figure 3.9.A, B. GFP plasmid transfected on HT29 

as control condition of transfection method see Figure 3.9.C. 
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 Third method to study the reactivity of both antibodies is to stain normal human testis 

and normal human placenta by both antibodies using immunohistochemistry and 

immunofluorescence. ALPP is placental specific enzyme and ALPPL2 is testis specific 

enzyme. Both antibodies show reactivity on both human tissues type, placenta and testis. 

See figure 3.10). 
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Figure 3.8: siALPP,and siALPPL2 Knockdown in PLAP positive cell line 
COLO678.siALPP and siALPPL2 Knockdown Experiment in COLO678. 
 (A) IF staining using in house H17E2 (anti PLAP). B. IF staining using in house 
HD8B6 (anti PLAP). siRNA used 20uM for 72 hours. siALPP or siALPPL2 
knockdown alone each shows reduced the expression compared to the siRNA 
scramble. Knock down by both siALPP and siALPPL2 shows complete reduction of 
signal. 
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Figure 3.9: Over expression of ALPP and ALPPL2 on negative cell lines (LS180, 
HT29).  
ALPP or ALPPL2 overexpression on HT29. A.C staining protein for both genes by 
anti PLAP H17E2 antibody and for both are showing positive staining. B D staining 
protein for both genes by anti PLAP HD8B6 antibody and for both are showing 
positive staining. E GFP overexpression on HT29 as control for the efficiency of 
transfection condition of the experiment. The immunofluorescent bulk not specific 
membrane staining indicated in yellow circle suggested an overexpression of 
PLAP/ALPPL2 due to might be aggregation of signal or overexpression and 
saturation of the protein or misfolding of the protein inside the cells. 
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Figure 3.10: Human placenta and human testis tissues stained with HD8B6 and 
RPLP3 (humanized form of H17E2).  
A. Immunohistochemistry staining with HD8B6 on human placenta and human testis, 
shows positive staining compared to negative control (secondary antibody) only B. 
Immunofluorescence staining of human placenta and human testis with RPLP3 
(humanized H17E2), shows positive staining for both tissues compare to negative control 
placenta and control testis stained with secondary only (Rabbit anti-human). The tissues 
were blocked with serum to reduce nonspecific binding and placenta, and testis controls 
are secondary antibody only used as control to recognize nonspecific binding or any 
autofluorescence. 
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3.2.6 PLAP protein expression on panel of CRC cell lines  
 
We next investigated the protein expression of PLAP and ALPPL2 on a panel of CRC 

cell lines and compared it the mRNA level. The expression of ALPP and ALPPL2 varies 

between cell lines based on their mRNA and protein level. The ALPP protein expression 

was tested by using FACS and immunofluorescence staining. The panel of CRC cell lines 

selected varies in their ALPP mRNA expression as seen in Table 3.3. The CRC cell lines 

selected are categorized according to three mRNA level (Figure 3.11, A. PLAP high, B. 

PLAP medium and C. PLAP low). PLAP high CRC cell lines based on mRNA level are 

CACO2, LS123, C14, in agreement with their protein expression by IF and FACS. The 

PLAP medium expressing CRC cell lines are DLD1, CCO7, OXCO1 and SW620, in 

agreement with their protein expression by IF and FACS. PLAP-low expressing CRC cell 

lines are VACO5, LS180, and HT29.  

 

In comparison of ALPPPL2 with ALPP expression CACO2, LS123 and OXCO3 are both 

high mRNA expressing cell lines. CL14 has higher expression of ALPP than APPL2. 

CCO7 and OXCO1 and SW620 have low ALPP and ALPPL2 mRNA expression but their 

protein staining on IF and FACS show a subset of positive staining. HT29 and LS180 and 

VACO5 are low expressing for both genes and have no positive staining by IF and FACS.  

PLAP expression distribution within the cell lines is varied. In PLAP positive expressing 

CRC cell lines, there is heterogeneity of PLAP expression within cell lines 

 That cannot be detected on mRNA expression as it is bulk mRNA analysis. In case of 

The LS123 cell line for example shows a unimodal high distribution of PLAP by FACS 

staining. For PLAP low CRC cell lines the distribution of PLAP staining and the isotype 

are generally overlapping. 
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Table 3.3: mRNA ALPP and ALPPL2 expression 1 in a selected subset of CRC cell 
lines. 

CRC cell lines 

alkaline 
phosphatase, 
placental 
(ALPP) 

alkaline 
phosphatase, 
placental-like 
2 (ALPPL2) 

CACO2 657 412 
CL14 2664 266 
LS123 3100 1163 
OXCO3 749 439 
DLD1 260 143 
CCO7 34 79 
SW620 69 65 
OXCO1 51 89 
HT29 35 82 
LS180 51 85 
Vaco5 51 58 
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 Figure 3.11: PLAP expression in CRC cell lines by immunofluorescence and FACS.  
PLAP expression was analysed by immunofluorescence and FACS on selected CRC cell 
lines. CACO2, CL14 LS123, and OXCO3 cells lines have high levels of PLAP expression 
(a), DLD1, CCO7, SW620 and OXCO1 have low levels (b). HT29, VACO5 and LS180 
are PLAP-negative (c). 
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3.3 Discussion: 
 
 
 
ALPP and ALPPL2 are promising targets for cancer bispecific monoclonal antibody 

immunotherapy for colorectal cancer and other types of tumours(X. Li et al., 2020a). 

ALPP is express in placenta and ALPPL2 expressed in testis but neither have been 

detected on other normal tissues, except for low expression on some lung tissues as will 

be discussed later, which make them a potent target for cancer immunotherapy (X. Li et 

al., 2020a; Su et al., 2020c). Both genes have been used as cancer specific antigens for 

immunotherapy (Su et al., 2020c).  

 

Their high expression indicates the poor prognosis of cancer as is suggested from 

analysing ALPP/ALPPL2 expression using the Kaplan-Meier survival curve on 517 

patients of colon and rectal primary tumours. The top high 25% expressed compared to 

low expressed cancer for ALPP or ALPPL2 had lower survival. The presented analysis 

shows almost 15% of colorectal cancer patients express ALPP or ALPPL2 or both out of 

the 698 colorectal cancer patients.  

 

Our panel of colorectal cancer cell lines shows that almost 20% of the CRC cell lines 

express ALPP or ALPPL2 or both.  To compare both analyses, we found from cancer 

patients and cancer cell lines they are both agreed with the correlation between both genes 

expression making the panel of colorectal cancer cell lines good model to study colorectal 

cancer. The panel of CRC cancer cell lines is a good model to study the expression of 

cancer specific genes for immunotherapy for colorectal cancer.  
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PLAP is glycoprotein anchored to the plasma membrane and is cleaved by the 

phospholipase C enzyme (Berger et al., 1987). It is detected in the serum of cancer 

patients whose tumours express PLAP and so is a potent biomarker in the serum of the 

patients (Neumann et al., 2011). The internalization of anti-PLAP antibody shows the 

trafficking and degradation of anti-PLAP antibody by lysosomes. It suggests the PLAP/ 

ALPPL2 itself gets pulled inside the cells which could limit its availability on the cell 

surface to be targeted by therapy. As well as binding the bispecific antibody to PLAP/ 

ALPPL2 both get pulled inside the cells could limit the presence of bispecific antibody 

to attached to immune cells. 

 

ALPP and ALPPL2 are members of the alkaline phosphatase family which have high 

similarity and many antibodies produced have cross reactivity to both genes (Su et al., 

2020d). In this thesis the in-house mouse monoclonal antibodies H17E2 and HD8B6 have 

similar antibody recognition sites. Both antibodies were produced in our laboratory 

(Durbin, Milligan, et al., 1988; Travers & Bodmer, 1984a). From our earlier work, there is 

cross reactivity of ALPP and ALPPL2 using H17E2 however here more tests have been 

done to confirm the cross reactivity of both ALPP and ALPPL2. Also, from the previous 

work there is clearly no obvious cross reaction with ALPPI (Travers & Bodmer, 1984a). 

Here we show the cross reactivity of HD8B6 with both genes as well, however as it was 

made to recognize fixed conformation of protein, it cannot be used for the bispecific 

antibody therapy. Detecting ALPP from ALPPL2 is challenging, as any of the panel of 
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cell lines that don’t express ALPP also does not express ALPPL2, which suggests both 

genes are regulated by the same expression control. 

 

The study of the panel of colorectal cancer cell lines’ mRNA expression patterns gives a 

starting point for testing targeted immunotherapy on any interesting genes. Here we 

screen ALPP and ALPPL2 mRNA expression and mostly the protein expression staining 

agreed on mRNA expression. However, some CRC cell lines show heterogeneity of 

ALPP and ALPPL2 protein expression, which cannot be observed on mRNA bulk 

analysis. Understanding the cause of expression cancer specific antigens on solid tumour 

and understanding the expression pattern and the heterogeneity are key to optimizing 

bispecific antibodies for therapy as will be discussed further in chapter 8. 
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Chapter 4: Testing PLAP-CD3 bispecific monoclonal antibody 
(RPLPh3) and EpCAM-CD3 bispecific monoclonal antibody as 
immunotherapy treatments for colorectal cancer. 
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4.1 Introduction 
 
Bispecific T cell engaging monoclonal antibodies (BiMAb) are targeted immunotherapies 

based on antibodies that bind specifically a cancer target antigen and CD3 on T cells, 

through this, an artificial synapses are created between two cells; T cells and cancer cells, 

bypassing HLA recognition leading to T cell activation and killing the cancer cells 

(Herrera et al., 2024)  (Klinger et al., 2016b). Engineering and developing the structure 

of antibodies can be done using different ways (Hosseini et al., 2021c). This is then 

engineered to include an anti-human CD3ε antibody and mutations in the Fc portion of 

the overall structure to prevent unwanted Fc mediated activity  (Bacac et al., 2016c). The 

simultaneous binding of BiMAbs to a tumour associated antigen on cancer cells and to 

CD3ε on T cells results in redirection and activation of T cells and subsequent tumour 

cell cytotoxicity (Bacac et al., 2016b) (Klinger et al., 2016b). T cells induce cancer cell 

apoptosis by two mechanisms: through granule exocytosis releasing perforin and 

granzymes, and by releasing death ligands, such as FAS ligand (FASL) or TNF related 

apoptosis inducing ligand (TRAIL) (Martínez-Lostao et al., 2015).  

In this work three bispecific T cell attracting antibodies were tested on a panel of 

colorectal cancer cell lines: PLAP-CD3 BiMAb HIN FC, EpCAM-CD3 BiMAb KIN FC, 

and EPCAM-CD3 BiMAb (BITE). These antibodies were also delivered as mRNA -lipid 

nanoparticles (LNPs). EpCAM-CD3 hFc mRNA-LNPs, EpCAM-CD3 bite mRNA-

LNPs, and PLAP-CD3 mRNA LNPs were tested on a panel of colorectal cancer cell lines. 

PLAP is an antigen which has been detected on colon cancer (Harmenberg et al., 1991b). 

EpCAM is often over expressed in epithelial cell cancers and has been used as target for 

targeted therapy (Macdonald et al., 2018). 
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4.1.1 The Anti-PLAP-CD3 BiMAb (PLAPh3) and mRNA LNP delivered Anti-

PLAP-CD3 BiMAb 

 
A T cell attracting anti-PLAP bispecific monoclonal antibody (RPLP3) has been 

developed and received from our collaborators ProMab and Roche. The bispecific 

antibody against the PLAP target was developed from our in-house mouse anti- human 

PLAP (H17E2)  (Travers & Bodmer, 1984, see chapter 3)  (X. Li et al., 2020b) . The 

mouse anti-PLAP (H17E2) was humanized and engineered to be human T cell attracting 

antibody by Roche similarly to the approach used for our in-house anti CEA mAb (Bacac 

et al., 2016c).  The anti-PLAP bispecific monoclonal antibody (RPLP3) is IgG1 and has 

two binding sites to PLAP bivalently on the membrane of cancer cell to increase the 

avidity to PLAP, and univalent to the CD3 epsilon chain on T cells. This is a key feature 

to avoid excess binding to T cells which might cause unwanted reactions and releasing 

excess of cytokines (Bacac et al., 2016c). The presence of an inactive Fc region on 

RPLP3, due to the introduced mutations, prevents unwanted effects of having a 

functionally active Fc region, while preventing rapid degradation by proteolytic enzymes 

in the blood giving the antibody a much longer half-life once it is delivered to a patient. 

(Bacac et al., 2016c)  .The PLAP-CD3 BiMAb mRNA /LNP was received from ProMAb.  
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4.1.2 The Anti-EpCAM-CD3 BiMAbs / mRNA LNP delivered Anti-EpCAM-CD3 

BiMAb 

 
The T cell attracting anti EpCAM bispecific monoclonal antibodies have been developed 

by our commercial collaborator ProMab. The development of the bispecific antibody 

against EpCAM was based on our in-house mouse anti human EpCAM (AUA1) 

(Ntouroupi et al., 2008). (Durbin et al., 1990b). EPCAM is used as a target for the in vitro 

killing studies alongside PLAP because it is expressed on essentially all epithelial cells 

and so in most epithelial based cancers (adenocarcinomas) it is expressed by all the cells 

in the cancer. The mouse anti EpCAM antibody, AUA1, was humanized and engineered 

to be a human T cell attracting BiMAb by ProMab (Durbin et al., 1990b). Anti-EPCAM 

X CD3 BiMAb used in this work are used in two formats with same specificity: BiMAbs 

EpCAM-CD3 (BITE) and EpCAM-CD3 hFC. They have different formats as shown in 

Figure 4.1. The EpCAM-CD3 BiMAb mRNA /LNP was received from ProMAb.  
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Figure 4.1: Diagram of CD3 X EPCAM bispecific monoclonal antibody formats.  
A. CD3-EPCAM hFC BiMAb has one CD3-, two EPCAM-binding sites, and an 
engineered silent Fc region. It consists of four peptides; two black and grey heavy 
chains, labelled (As I have already emphasized both the heavy and the light chains 
that contribute to binding the antigen, in this case EpCAM.); its specificity comes 
from AUA1 mouse anti-EpCAM. The white part of the heavy chain on one arm 
binds to CD3 epsilon and its specificity comes from the anti CD3 antibody. Light 
chains from the anti EpCAM and anti CD3 antibodies are labelled L. B. EpCAM-
CD3 (BITE) BiMAb has monovalent binding site to EpCAM and monovalent 
binding to CD3(Golubovskaya et al., 2023b).  
 

The effector cells from peripheral blood mononuclear cells (PBMC) from blood buffy 

coat cones of healthy donors were received from the blood bank at the John Radcliff 

hospital, Oxford, UK. PBMCs were purified using density-based centrifugation (refer to 

chapter 2 materials and methods for details). The percentage of T cells in PBMCs was 

between 45-70% of total PBMC (Lozano-Ojalvo et al., 2015). The T cell mediated killing 

of the CRC cell lines was measured in this thesis using the methods described in chapter 

2 Materials and methods.  

 

 

 

A B 



 
 

 

99 

99 

4.2 Results 

4.2.1 The specificity of mouse anti-PLAP antibody was used to design PLAP-CD3 

BiMAb (RPLP3) 

 
The PLAP-CD3 BiMAb was designed using the specificity of the mouse anti-PLAP 

(H17E2). The staining of individual antibodies or co-staining of both antibodies using 

RPLP3 and H17E2 was tested on PLAP positive and PLAP negative colorectal cancer 

cell lines. The aim was to test the overlap of staining of both antibodies to prove the 

similarity of the epitope antigen recognition of both antibodies. COLO678, a PLAP 

positive colorectal cancer cell line, was tested for both antibodies’ against PLAP. 

COLO678 cells were stained with H17E2 alone and stained with RPLP3 alone, or co-

stained with both antibodies or isotype and analysed using FACS. Cells were stained with 

H17E2 and secondary anti mouse antibody Alexa fluor 568. Cells were stained with 

RPLP3 and secondary anti-human Alexa fluor 488 84.5% of the COLO678 cells were 

labelled with H17E2 and 85.6% of the cells with RPLP3. Overlap of staining by the two 

antibodies was clearly seen   84.6% of the cells (Figure 4.2). 

 

Figure 4.2: H17E2 and RPLP3 staining specificity for PLAP positive COLO678 cells 
by FACS analysis. 
 Flow cytometry analysis of staining of COLO678 with Isotype IgG and anti-PLAP 
(H17E2), and RPLP3 separately.  As well co-staining COLO678 with both anti-
PLAP antibodies (H17E2 and RPLP3) and both secondary antibodies (anti-Alexa 
fluor 488 and anti-human Alexa fluor 568).  
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4.2.2 Human anti-PLAP (PLAP-CD3 BiMAb (RPLP3) binds competitively to same 

epitope site as Mouse anti PLAP (H17E2)  

 
We next aimed to test whether the engineered bispecific antibody still reacted with the 

H17E2 target on which it was based. We used two procedures: to stain the cells first with 

H17E2, then with RPLP3, or to stain the cells with RPLP3 first and then with H17E2. 

First, COLO678 incubated with H17E2 in different concentrations (1:1000), (1:500), 

(1:200), (1:100), and (1:10) for one hour. The cells were washed and then incubated with 

5nM RPLP3 for 1 hour. The cells were fixed and stained with secondary antibodies. There 

was saturation of PLAP binding by H17E2 at a 1:10 concentration as shown by the lack 

of RPL3 binding at that concentration of H17E2. (Figure 4.3 A). 

Secondly, COLO678 were stained with 5nM of RPLP3 for 1 hour, then the cells were 

washed and stained with different concentrations of H17E2 (1:1000), (1:500), (1:200), 

(1:100), and (1:10). The cells were fixed and stained with secondary anti-human Alexa 

fluor 568 and anti-mouse Alexa fluor 488. While there was evidence for some blocking 

of H17E2 by RPL3 it was not as clear cut as the other way round, suggesting that the 

effective concentration of RPLP3 was higher or that it was binding more strongly. (Figure 

4.3.B) 
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Figure 4.3: Binding of H17E2 and RPLP3 on the same antigenic site.  
COLO678 were seeded in 96 well plates and stained using different conditions as 
labeled. A. COLO678 were incubated with H17E2 for 1 hour and washed, then 
stained with RPLP3 for 1 hour. The cells were washed and then fixed and stained 
with secondary anti-human Alexa fluor 568 and anti- mouse Alexa fluor 488. B. The 
cells were incubated with 5nM RPLP3 then washed and incubated with H17E2 with 
a different antibody dilution then fixed and stained with secondary antibodies anti-
human Alexa fluor 568 and anti-mouse Alexa fluor 488. 
 
 
 

B. 
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4.2.3. RPLP3 and H17E2 staining on colorectal cancer cell lines. 
 

We next validated the binding of anti-PLAP antibodies (H17E2 and RPLP3) to PLAP 

positive colorectal cancer cell lines and PLAP negative colorectal cancer cell lines. 

Immunofluorescence and flow cytometry staining of PLAP-positive and PLAP negative 

colorectal cancer cell lines with anti-PLAP antibodies H17E2 and RPLP3 was carried 

out. The PLAP-positive cell lines used were COLO678, DLD1 and LOVO.  PLAP 

expression on these cell lines was recognized by immunofluorescence staining with 

RPLP3 as well as H17E2. The PLAP negative cell lines used were HT29, SKCO1, and 

LS180. No PLAP expression was detected using either anti-PLAP antibodies (H17E2 and 

RPLP3) (Figure 4.4.A).  

We used flow cytometry analysis to test the specificity of RPLP3 on PLAP-positive CRC 

cell lines and PLAP-negative cell lines. The PLAP positive cell lines used were CACO2, 

LOVO, and HCA7 and PLAP-negative CRC cell lines used were HCC56, CX1, and C99 

RPLP3 staining was positive on PLAP positive cell lines and negative for PLAP negative 

cell lines (Figure 4.4.B).  
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Figure 4.4: 5 Colorectal cancer cell lines PLAP staining with RPLP3.  
A. Immunofluorescence staining of PLAP using RPLP3 and H17E2 on PLAP 
positive (COLO678, DLD1, LOVO) and PLAP negative CRC cell lines (SKCO1, 
HT29, and LS180). B. Flow cytometry staining of PLAP using RPLP3 on PLAP-
positive (CACO2, HCA7 and LOVO), and negative on PLAP-negative CRC cell 
lines (HCC56, C99, and CX1), CACO2 staining shows positively unimodal 
continuous distribution for most population are positive except some of the 
population overlap with isotype could indicate negative or low expressed cells which 
are indistinguishable by the staining  but no obvious shoulder presented, LOVO and 
HCA7 staining is continuous distribution with shoulder overlap with isotype control  
suggest subpopulation with low or negative population and there is heterogeneity of 
PLAP expression on these cell lines. 
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4.2.4 PLAP positive but not PLAP negative colorectal cancer cells lines were killed 

by T cells in the presence of RPLP3 

 
We selected CRC cell lines with different PLAP expression levels to test the efficacy of 

RPLP3 immune mediated cell killing:  COLO678, LOVO, and DLD1 are PLAP high 

expressed cell lines, and SKCO1 is low in PLAP. HT29, HDC75 and LS180 are negative 

CRC cell lines for PLAP expression. The cells were treated with 5nM RPLP3 and PBMCs 

were used as source of T cells. A ratio of cancer to PBMC cells of 1:10 was used and cell 

death was analysed by Apoptosense® ELISA M30 assay (PEVIVA).  

 

PBMCs used in this work were obtained from healthy donors and the PBMC isolation 

was carried as method described in chapter 2 (material and methods).  The percentage of 

CD3+ T cells within the PBMC population from healthy donors varies slightly, for 

example between 45.3% and 55.8% out of total PBMC population were CD3 positive 

(Figure 4.5 A).  

 

As shown in Figure 4.5 B, RPLP3-mediated cell killing occurred in the PLAP positive 

cells, but not in PLAP negative cells, in agreement with their PLAP expression levels. 

There was a correlation between PLAP expression and RPLP3 mediated killing. Refer to 

table 4.1 for the level of mRNA expression of selected cell lines. There was no toxicity 

induced by the co culture CRC cell lines and PBMC or CRC cell lines and RPLP3.  
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Despite the sensitivity of using ELISA M30 as method to measure apoptosis there are 

some points need to be considerered. This method measures the amount of ccK18 which 

is released from cells undergoing apoptosis so if the positive cell line divides and 

increases the number of cells the amount of ccK18 will increase reflecting to the number 

of cells being killed. This does quantitatively compare the amount of killing between cell 

lines as this varies depending on their rate of division. Here, DLD1 divides rapidly as 

compared to LOVO. This shown by the difference in the amount killing measured by 

ELISA M30 of DLD1 being higher than for LOVO. The results show that this method of 

measuring killing is quite sensitive and so may often give overall killing of the cells even 

when some cells only express low levels of PLAP. If the cell line is heterogeneous in its 

level of PLAP expression, the variation of killing within the cell line will not be shown 

in this method. 

 

Cell death was also measured by staining with the early apoptosis marker cleaved caspase 

3 using immunofluorescence (Figure 4.6). The cleaved caspase 3 staining is positive on 

PLAP-positive cells COLO678, LOVO, and DLD1 but negative on PLAP negative cell 

lines HT29, LS180. Even the low expressed DLD1 cells show killing indicating the 

sensitivity of RPLP3 detection of PLAP with respect to killing. 

The limitation of using this approach is that when cells undergo apoptosis, they lose their 

attachment to the bottom of the well. This makes it challenged to quantify the killing 

using IF staining of death markers. Cells also lose their morphology when undergoing 

apoptosis so staining the cells with cell membrane marker PLAP could be challenging as 

well. Nevertheless, this method can show the killing of heterogeneous populations within 

the cell lines. 
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Figure 4.5: PLAP-positive and not PLAP-negative colorectal cancer cell lines are 
killed by T cells in the presence of RPLP3. 
 A. CD3-positive T cell percentage in the PBMC population from 3 different donors. 
PBMCs were stained by FACS with anti-CD3 antibody and BV755 isotype a. 45.3% 
of CD3+ cells and b. 55.8% CD3+ cells within the PBMC population. B. CRC cell 
lines were treated with 5nM RPLP3 and co culture with PBMC in ratio effector cells 
to cancer cells (1:10). Killing was measured after 24 hours as indicated in the graph, 
using a M30 ELISA kit. Blue nothing; Orange only RPLP3; Gray only PBMC 
added; Yellow PBMC + RPLP3. 
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Table 4.1 mRNA expression of ALPP, ALPPL2 1 on selected CRC cell lines. 
CRC cell lines ALPP ALPPL2 

COLO678 2998 601 

DLD1 260 143 

SKCO1 63 85 

HCA46 46 112 

HCC56 30 90 

LS180 51 85 

CC20 50 77 

LOVO 693 831 

HT29 35 82 
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Figure 4.6: PLAP-positive (Lovo, COLO678, DLD1) and not PLAP-negative 
colorectal cancer cell lines (HT29, LS180) are killed by T cells in the presence of 
RPLP3.  
CRC cell lines were treated with 5nM RPLP3 and co-culture with PBMC in a ratio of 
effector cells to cancer cells (10:1). Killing was measured after 24 hours, analyzed using 
immunofluorescence staining of cleaved caspase 3. The proportion of killing stained by 
cleaved caspase 3 is not a reliable quantitively measurement as when cells go under 
apoptosis they detached get washed off. 
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4.2.5 PLAP positive but not PLAP negative colorectal cancer cells lines were killed 

by T cells in the presence of RPLP3 for 24 hours and 48 hours. 

 
We selected CRC cell lines with different PLAP expression levels to test the efficacy of 

RPLP3 immune mediated cell killing:  COLO678, and DLD1 were used as PLAP high 

cell lines, and SKCO1 is low in PLAP. CC20, and LS180 are negative CRC cell lines for 

PLAP expression. The cells were treated with 5nM RPLP3 and PBMCs were used as 

source of T cells for 24 hours and 48 hours. A ratio of cancer to PBMC cells of 1:10 was 

used and cell death was analysed by Apoptosis ® ELISA M30 assay (PEVIVA). As 

shown in Figure 4.7, RPLP3-mediated cell killing occurred in the PLAP positive cells 

even with low expressed cells, but not in PLAP negative cells, in agreement with their 

PLAP expression levels. There was a correlation between PLAP expression and RPLP3 

mediated killing. As mentioned earlier the killing induced by RPLP3 on low expressed 

cells as high expressed cells indicate the sensitivity of RPLP3. The effect of RPLP3 

induced killing increased with the time of the treatment and the killing increased almost 

double for the treatment of 48 hours. 
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Figure 4.7: PLAP-positive and not PLAP-negative colorectal cancer cell lines are 
killed by T cells in the presence of RPLP3 CRC cell lines were treated with 5nM 
RPLP3 and co culture with PBMC in ratio effector cells to cancer cells (1:10).  
Killing was measured after 24 hours and 48 hours as indicated in the graph, using a 
M30 ELISA kit. There were differences between samples treated with RPLP3 and 
control cells (PBMC only), the differences were statistically significance (P< 0.05 T-
test). 
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4.2.6 The Colorectal cancer cells lines that have ALPPL2 higher expression than 

ALPP were killed by T cells in the presence of RPLP3 for 24 hours and 48 hours. 

 
We selected CRC cell lines with different ALPP and ALPPL2 expression levels to test the 

efficacy of RPLP3 immune mediated cell killing:  COLO678, and DLD1 were used as 

ALPP and ALPPL2 high cell lines, their mRNA expression is above the threshold, and 

HCC56 and HCA46 expressed ALPPL2 higher than ALPP (below the threshold for ALL 

and above the threshold, indicated by GMM refer to chapter 3). CC20 is negative CRC 

cell lines for ALPP and ALPPL2. SKCO1 is low for both genes but has heterogeneity in 

its expression as seen in IF staining. The mRNA level of the selected cell lines is given 

Table 4.1.   

 The cells were treated with 5nM RPLP3 and PBMCs were used as source of T cells for 

24 hours and 48 hours. A ratio of cancer to PBMC cells of 1:10 was used and cell death 

was analysed by Apoptosense® ELISA M30 assay (PEVIVA). As shown in Figure 4.8, 

RPLP3-mediated cell killing occurred in the ALPP and ALPPL2 positive cells (COLO678 

and DLD1), but not in PLAP negative cells (CC20), in agreement with their ALPP, 

ALPPL2 expression levels. In the ALPPL2 expressing cell lines, HCA46 and HCC56, 

with ALPPL2 expression higher than ALPP, there was some killing at 24 hours treatment 

which was significantly increased after 48 hours treatment. This clearly shows that the 

RPLP3 antibody will kill low expressing ALPPL2 cell lines even in the absence of ALPP 

expression. 
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Figure 4.8. ALPP, ALPPL2 - positive and  1and not ALPP, ALPPL2-negative 
colorectal cancer cell lines are killed by T cells in the presence of RPLP3. 
ALPP, ALPPL2 - positive and not ALPP, ALPPL2-negative colorectal cancer cell lines 
are killed by T cells in the presence of RPLP3 CRC cell lines were treated with 5nM 
RPLP3 and co culture with PBMC in ratio effector cells to cancer cells (1:10). Killing 
was measured after 24 hours and 48 hours as indicated in the graph, using a M30 
ELISA kit. 
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4.2.7 The expression of EpCAM in colorectal cancer cell lines  
 
EpCAM mRNA expression on a panel of 78 of colorectal cancer cell lines is shown in 

Figure 4.9. Nearly all of the CRC cell lines express EpCAM. The GMMchi algorithm on 

78 of the cell lines was used to show the expression of EpCAM (Figure 4.10) It shows 

that EpCAM has a unimodal distribution and that all but one (CC20) of the cell lines 

express EpCAM, with a few with low EpCAM expression (e.g. CCO7, OXCO1). 

 

 
Figure 4.9: The analysis by using Gaussian 1Mixture Modeling (GMM) to draw the 
distribution of expression and the identification of EpCAM negative or weakly 
positive cell lines. 
The GMM analysis shows the microarray expression of 78 CRC cells lines for EpCAM. 
The GMM distribution shows the number of cell lines positive as well negative or low 
expression for EpCAM. The GMMchi algorithm was created by Dr. Ta-Chun Liu 
(description in chapter 2 the materials and methods). The GMM histogram description 
explained in chapter 1. 
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4.2.8 EpCAM positive, but not the EpCAM negative colorectal cancer cell lines 

were killed by T cells in the presence of EpCAM antibody 

 
CRC cell lines with high EpCAM expression levels (COLO678, DLD1, HCA46, HCC56, 

and LS180) were selected to test the efficacy of EpCAM CD3 BiMAB in immune 

mediated cell killing. CC20 was used as the example of an EpCAM negative cell line.  

The cells were treated with 8 nM EpCAM-CD3 BiMAb and PBMCs as source of T cells 

in a ratio of effector to cancer cells of 10:1. Cell death was analysed by Apoptosense® 

ELISA M30 (PEVIVA). As shown in Figure 4.10, the EpCAM-CD3 BiMAb mediated 

cell killing of EpCAM positive cells, but not the EpCAM negative cell line, in agreement 

with their EpCAM expression levels.  

 

Cell death was also measured by staining for the early apoptosis marker cleaved caspase 

3 by immunofluorescence (Figure 4.11). DLD1 cells were transfected to stably express 

GFP and CC20 were transfected to stably express mCherry. DLD1cells are EpCAM 

positive and CC20 cells EpCAM negative. Both cell lines were treated with 8 nM of 

EpCAM-CD3 BiMAb and PBMC for 24 hours.  
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Figure 4.10: EpCAM-positive and not EpCAM 1-negative colorectal cancer cell lines 
are killed by T cells in the presence of EpCAM CD3 BiMAb. 
CRC cell lines were treated with 8 nM BiMAb and co culture with PBMC in ratio 
effector cells to cancer cells (1:10). Killing measured after 24 hours and 48 hours, then 
were analyzed using a M30 ELISA. 
 
 
 
 
 



 
 

 

117 

117 

 
 
Figure 4.11: EpCAM-positive DLD1 but not 1 EpCAM-negative CC20 colorectal 
cancer cells are killed by T cells in the presence of EpCAM CD3 BiMAb.  
CRC cell lines were treated with 8 nM BiMAb and co culture with PBMC in ratio effector 
cells to cancer cells (10:1). Killing measured in 24 hours, then were analyzed using 
immunofluorescence staining of cleaved caspase 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

118 

118 

4.2.9 PLAP CD3 BiMAb mRNA delivered to cells in a CRC cell line by LNPs 

shows antibody produced by the cells binds to PLAP on the cell’s membrane. 

 
We next tested the effectiveness of LNP based delivery of mRNA coding for the antibody 

to CRC cell lines for production by the targeted cells of the antibody. mRNA/LNPs were 

incubated with PLAP positive cell lines and stained with secondary anti human antibody 

to test the binding of BiMAb secreted from the cells due to LNPs treatment. 

LOVO is a PLAP positive cell line and CC20 is a PLAP negative cell line. Both were 

incubated with PLAP-CD3 BiMAb /LNP (1:100) for 24 hours, then stained with anti-

human alexa fluor 488. The binding was tested by immunofluorescence. LOVO shows 

positive binding by PLAP CD3 BiMAb, but not CC20 (figure 4.12). 

To test the secreted PLAP-CD3 BiMAb from the treatment of LNP on CC20, after 

incubation for 24 hours, the supernatants were added to fresh LOVO cells for 1 hour. 

Afterwards, the cells were stained using immunofluorescence and show positive binding 

to LOVO (Figure 4.12). Cells were stained with H17E2 as well to confirm the specificity 

of PLAP-CD3 BiMABb released. 
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Figure 4.12: Colorectal cancer cell lines 1PLAP staining with PLAP-CD3 mRNA 
LNPs.  
Immunofluorescence staining using mRNA LNPS delivered PLAP-CD3 BiMAb on 
PLAP positive LOVO and PLAP negative CC20 cells. Cells were seeded in a 96 well 
plate and treated with mRNA LNPs for 24 hours. Cells washed and incubated with 
1:100 H17E2. The cells were fixed and stained with secondary antibodies (anti mouse 
Alexa fluor 568 and anti-human Alexa fluor 488. LOVO cells were stained with PLAP-
CD3 collected from the supernatant of CC20 prior treatment with mRNA LNPs for 1 
hour and H17E2 for 1 hour. The cells were then washed and stained with secondary 
antibodies. 
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4.2.10 EpCAM CD3 BiMAb mRNA delivered to cells in a CRC cell line by LNPs 

shows antibody produced by the cells binds to EpCAM on the cells in the cell line. 

 
We next tested the effectiveness of LNP based delivery of mRNA coding for the antibody 

to CRC cell lines for production by the targeted cells of the antibody. mRNA/LNPs were 

incubated with EpCAM positive cell lines and stained with secondary anti human 

antibody to test the binding of BiMAb secreted from the cells due to LNPs treatment.  

HT29 is an EpCAM positive cell line and CC20 is an EpCAM negative cell line. Both 

were incubated with EpCAM-CD3 BiMAb LNP (1:100) for 24 hours, 48 hours and 96 

hours then stained with anti-human alexa fluor 488. The binding was tested by 

immunofluorescence. HT29 show positive binding to EpCAM CD3 BiMAb, but not 

CC20 figure 4.13. The longer time incubation shows stronger staining. 

To test the secreted PLAP-CD3 BiMAb from the treatment of LNP on CC20, after 

incubation for 24 hours, the supernatants were added to fresh HT29 cells for 1 hour. 

Afterwards, the cells were stained using immunofluorescence and show positive binding 

to HT29 Figure 4.13. Cells were stained with anti EpCAM mouse antibody (AUA1) as 

well to confirm the specificity and as positive control. of PLAP-CD3 BiMABb released 

(Figure 4.13).  
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Figure 4. 13: Colorectal cancer cell lines 1 EpCAM staining with EpCAM-CD3 
mRNA LNPs. Immunofluorescence staining using mRNA LNPS delivered EpCAM-
CD3 BiMAb on EpCAM positive HT29 and EpCAM negative CC20. 
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4.2.11 EpCAM positive, but not the EpCAM negative colorectal cancer cell lines 

were killed by T cells in the presence of LNP based delivery of mRNA coding for 

the antibody EpCAM BiMaB 

 
We next tested the effectiveness of LNP based delivery of mRNA coding for the EpCAM 

CD3 BiMaB antibody to CRC cell lines killing. LNPs were incubated with EpCAM 

positive cell line CCO7 and CC20 EpCAM negative. The cells were treated with 8 nM 

EpCAM-CD3 BiMAb and PBMCs as source of T cells in a ratio of effector to cancer 

cells of 10:1 and incubated with EpCAM- CD3 BiMAb LNP (1:100). Cell death was 

analysed by Apoptosense® ELISA M30 (PEVIVA) after the treatment for 24 hours and 

48 hours. As shown in Figure 4.14 A, the EpCAM-CD3 BiMAb mediated cell killing of 

EpCAM positive cells, but not the EpCAM negative cell line, in agreement with their 

EpCAM expression levels. The killing by EpCAM CD3 BiMab on EpCAM positive cells 

was higher compared to the killing by EpCAM CD3 BiMaB LNP. With longer time 

treatment at 48 hours treatment the killing by both EpCAM CD3 BiMab and EpCAM 

CD3 BiMaB LNP was similar. EpCAM negative cell line CC20 did not get killed by 

either EpCAM CD3 BiMab or EpCAM CD3 BiMaB LNP. 

Killing was measured by xCELLigence Real-Time Cell Analysis on EpCAM positive 

CCO7 Figure 4.14 B. The cells were not affected with LNP incubation with cells. 
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Figure 4.14: A. EpCAM CD3 biMAB mRNA LNP 1induced killing in the EpCAM 
positive colorectal cancer cell line (CCO7), but not in EpCAM negative CRC cell 
line (CC20).  
Killing was measured by M30 ELISA A. B. EpCAM CD3 biMAB mRNA LNP delivered 
induced killing in the EpCAM positive colorectal cancer cell line (CCO7) killing 
measured by xCelligence Real-Time Cell Analysis. 
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4.3 Discussion  
 
The current study shows the effectiveness of testing targeted bispecific monoclonal 

antibody therapy for colorectal cancer in vitro. Despite the challenges faced by bispecific 

monoclonal antibody therapy on solid tumours, this study could be a promising solution 

for solid tumour treatment in refined parameters.  

 

The choice of cancer antigen is a critical aspect of bispecific monoclonal antibody 

therapy, so selecting a compatible target is key for the therapy’s success. Here we used 

PLAP and EpCAM as cancer antigens for bispecific antibody therapy. PLAP is 

ectopically expressed in CRC and not in normal tissues, therefore, it is a good target for 

bispecific monoclonal antibody immunotherapy to treat colon cancer (X. Li et al., 2020a). 

The present data shows specific binding of RPLP3 on PLAP positive CRC cell lines and 

not PLAP negative CRC cell lines. There was good immune mediated killing of PLAP 

expressing CRC lines by RPLP3, a T cell engaging bispecific monoclonal antibody 

produced by commercial collaborators, Roche and ProMab based on the mouse mAb anti 

PLAP, H17E2. The extent of killing was dependent on the level of PLAP protein 

expression, which varies both within and between cell lines. The level of cancer antigens 

presented on cancer cells affects the response of bispecific antibody therapy. 

 

The presented data found that CRC cancer cells lines are different in their PLAP 

expression. The sensitivity of different cancer cell lines to RPLP3 is varies due to the cell 

line differences such as resistance mechanism and anti-apoptotic signally, but overall, 

there were effective T cell mediated cytotoxicity induced by RPLP3 on the PLAP 

expressed cell lines within 24 hours or 48 hours. 
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Some cell lines were not killed completely with RPLP3 treatment, suggesting 

heterogenous PLAP expression or resistance that could be a limitation for BiMaB 

therapy. Studying precisely the antigen density at the protein level and threshold of 

triggering T cells activation for bispecific antibodies will be effective for predicting the 

response of the therapy. 

 

There are some methodological limitations that need further optimisation such as 

quantifiable measurement of antigen density on cancer cells. Measurement of killing by 

biological methods can be limited. Using death marker staining can be challenging as the 

cells lose their attachment when they die.  The measurement of cell death marker by using 

Elisa M30 is not reflect the level of individual cell killing in the cell line. Further 

optimizations are needed to evaluate the killing taking into account intra cell line 

heterogeneity of expression and development of resistance to the killing.  

 

The other cancer target antigen used is EpCAM which is expressed on most of our CRC 

cell lines. EpCAM has been studied widely as target for targeted immunotherapy such as 

CAR T cells (D. Li et al., 2023).  EpCAM CD3 BiMAb shows a specific binding to 

EpCAM positive CRC cell lines. EpCAM CD3 BiMAb induces specific killing in 

EpCAM positive CRC cell lines and not EpCAM negative CRC cell lines.   

The mRNA of BiMAb encapsulation in lipid nanoparticles (LNPs) is a novel approach 

for delivering antibody to tumours may overcome some of the obstacles faced by BiMAb 

therapy such as extending the BiMAb in circulation with lower production costs compare 

to direct BiMAb delivery  (L. Wu et al., 2021). The approach of using mRNA LNP 

delivered BiMAb may bypass the microenvironment restriction on BiMAb susceptibility 

to solid tumours (Thakur et al., 2018).  The mRNA /LNP delivered EpCAM CD3 BiMAB 
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produced by commercial ProMab added to the cells showed good antibody production 

and release of EpCAM CD3 BiMAb binding to EpCAM positive cells as well as inducing 

killing to EpCAM positive cells. Using mRNA /LNP delivered PLAP CD3 BiMAb added 

to cells PLAP positive and PLAP negative cells release PLAP CD3 RPLP which show 

good specific binding to PLAP positive cells.  
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Chapter 5: Heterogeneity of PLAP expression on CRC cell lines 
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5.1 Introduction  
 
Cancer specific antigens on solid tumour are heterogeneous both intertumoural and 

intratumorally which causes a challenge for targeted immunotherapy (Dagogo-Jack & 

Shaw, 2018). Intertumoral heterogeneity refers the heterogeneity or variation of cancer 

cells of deferent patients of the same tumors type, the differences influenced due to the 

personalize either genetic or epigenetic or environmental factors. Intratumoural 

heterogeneity is the heterogeneity of cancer cells in the same cancer of the patient  

(Dagogo-Jack & Shaw, 2017). Genetic or epigenetic alternation can cause cancer 

heterogeneity (Jamal-Hanjani et al., 2017).  Cancer evolution and development are not 

yet fully understood (Graham & Sottoriva, 2017) . Cancers escape immune attack of 

target antigens by evasion due to selection for loss of the target antigen by mutation or 

stable epigenetic changes (O’Donnell et al., 2018) 

 

PLAP expression patterns between colorectal cancer cell lines and within colorectal 

cancer cell lines as cancer specific antigen expression are an interesting observation and 

discussed in chapter 3 and are discussed further in this chapter. In this chapter, we study 

further the heterogeneity of PLAP expression on CRC cell lines, what controls the PLAP 

expression and what causes the heterogeneity of PLAP expression within cell lines. As 

well we investigate the killing induced by RPLP3 of heterogenous PLAP expressed cell 

lines. 
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5.2 Results 
 

5.2.1 Analysis of heterogeneity of PLAP expression within cell lines over time. 
 
The pattern of PLAP expression on CRC cell lines, what triggers the PLAP expression 

and what causes the heterogeneity of PLAP expression within cell lines over time was 

investigated using a small panel of lines with different patterns of expression. 

CACO2 and OXCO3, are PLAP high expressing colorectal cancer cell lines at the mRNA 

level. Looking to their protein expression by IF and FACS in chapter 3, they are 

heterogeneous cell lines with high to negative PLAP expression within their population. 

CACO2 and OXCO3 were stained with anti-PLAP antibody (H17E2) and sorted by 

FACS sorting according to their PLAP expression. The sort was in three levels, the 10% 

highest, 10% medium, and 10% lowest expressing cells Figure 5.1A. The sorted cells 

were cultured for one and three weeks to follow their PLAP expression changes and see 

whether they kept the same expression levels over time or returned to their original 

heterogenous expression pattern. The PLAP expression in each category of the sorted 

population after one week in culture studied by immunofluorescence showed that cells 

kept their PLAP levels of expression for the first week (Figure 5.1 B). 

The other timing point was 3 weeks culture to follow further the PLAP expression 

changes of the sorted cells. The cell sorted populations after three weeks were stained 

with anti-PLAP antibody (H17E2) by FACS then analysed to see whether they kept the 

same expression levels over time or returned to their original heterogenous expression 

pattern (Figure 5.1 C). 
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The results show that high and medium selected PLAP-expressing populations of 

OXCO3 were similar to the original population for their PLAP expression while for 

CACO2 they were somewhat lower. However, the low 10% PLAP-expressing cells 

remained different and very low for the OXCO3 cell line. For CACO2, while the majority 

of the 10% low population kept their low PLAP level, there was a significant subset 

distributed towards the higher level. These rather unexpected results raise the question of 

what is maintaining the persistence of low-level expression, and for how long this 

remains. One possible explanation is that the low PLAP expression level population of 

cells was more differentiated and did not contain the cancer stem cells of the cell line. 
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Figure 5.1: Analysis of heterogeneity of 1 PLAP expression in CACO2 and OXCO3 
cell lines over time.   
(A). CACO2 and OXCO3 cell lines were sorted into 10% high, 10% medium- and 10% 
low- PLAP groups. (B) Sorted populations are analysed by Immunofluorescence after 
one week’s culture. (C) FACS analysis of PLAP expression three weeks after sorting. 
10% PLAP high ,10% medium and 10% Low sorted. The cells are analysed for their 
PLAP expression and compared to PLAP expression in the original population. The 10% 
high and 10% medium sorted cells returned to their original expression profiles for 
OXCO3 but not completely for CACO2. The majority of 10% sorted, however, cells kept 
their PLAP low expression levels for both cell lines. 
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5.2.2 Analysis of PLAP expression on single cells sorted from heterogeneous 

CACO2. 

 
As discussed earlier, CACO2 is a PLAP high expressed cell line and has heterogeneous 

PLAP expression ranging from high expressed to low express cells within the population. 

Staining of CACO2 with anti PLAP (H17E2) by IF shows the heterogeneity in figure 

5.2.A. CACO2 original population stained with anti PLAP (H17E2) and by comparing to 

the isotype control the gates of PLAP high, low expressed are created: Figure 5.2B. Cells 

were single cell sorted from these three PLAP expression categories.  

Single cells were sorted onto 96 wells plate each well seeded with one cell. The single 

cells were sorted from the 10% highest PLAP expressed, 10% low PLAP expressed 

population and single cells from the original population. The single cell colonies for these 

sorted cells were then checked to see whether the single cell sorted colonies keep their 

expression or return to their original population in single cell level. Single cell colonies 

were stained with anti PLAP (H17E2) after two weeks culture. The colonies growing 

from the 10% highest PLAP expressed kept their expression as high. The size of the 

colonies was smaller compared to the colonies generated from the single cells from 

original population. Low PLAP expressed single cell colonies kept their expression as 

PLAP low. The size of the colonies is small. Figure 5.2C shows images of PLAP IF 

staining of representative fields of single cell colonies from triplicate experiments. 

 

 

 

 

 

 



 
 

 

133 

133 

 

 
 
 
 
 
 
 
 
 

B. 

A. 

 



 
 

 

134 

134 

 
Figure 5.2: Analysis of PLAP expression 1 on single cell colonies from the 
heterogeneity of PLAP expressing CACO2.  
A. IF staining of CACO2 with anti-PLAP. B FACS sorting histogram of CACO2 with 
anti-PLAP and highlights showing the sorting gate’s location on the histogram of sorted 
high and sorted low PLAP expressed on the level of PLAP signal distribution. C. IF 
staining of single cell colonies from CACO2, sorted high, low, and original population 
stained with anti- PLAP. 
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5.2.3 Colony formation of sorted cells from heterogeneously PLAP expressing cell 

lines. 

 
To investigate the ability of single cells sorted from high or low PLAP expressed cells 

within PLAP expressed CRC cell lines to form colonies. CACO2, CCO7 and DLD1 are 

PLAP positive cell lines, and they have heterogeneous expression of PLAP. The single 

cells sorted by FACS according to their PLAP expression are marked on the histogram 

distribution as H (high) 10% highest and L (Low) as 10% of the lowest PLAP of each cell 

lines separately (Figure 5.3). 

CACO2, a high expressing cell line, was sorted by the method described on Figure 5.3. 

CACO2 high and Low sorted, and in bulk, for immunofluorescence staining confirmed 

the level of PLAP expression after sorting compared to the original population and shows 

that the cells kept their original level of expression Figure 5.4A. 

Single cells sorted from CACO2 High, and Low population seeded in 96 wells plate after 

one- week single cells colonies were counted with the results shown in Figure 5.4 B. The 

number of single cell colonies formed from CACO2 Low is less compared to those from 

the high and original population (Figure 5.4B). 

 

DLD1 is a medium expressing cell line with a more homogeneous PLAP expression. 

DLD1 single cells were sorted by the method described on Figure 5.3. The DLD1 high 

and Low sorted populations stained in bulk by immunofluorescence agreed with the level 

of PLAP expression after sorting compared to the original population. (Figure 5.5A). The 

numbers of colonies formed from the single cells sorted from DLD1 High, and Low 

population seeded in 96 wells plates, after one-week's growth, are given in Figure 5.5 B. 

The number of colonies formed from DLD1 high has higher number of colonies sorted 

from single cells, the number colonies from low DLD1 is clearly less. 
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CCO7 is a low PLAP expressing cell line but with a subset of PLAP high expressing 

cells. CCO7 single cells were sorted by the same method described in Figure 5.3. As for 

the previous two cases, CCO7 sorted populations stained in bulk kept their original level 

of expression (Figure 5.6A). As for CACO2, the number of colonies from the low PLAP 

sorted group of sorted single sorted cells of gave significantly fewer colonies than those 

sorted from the high population (Figure 5.6 B). 

 

The number of single cells colonies of PLAP - low were significantly less compared to 

the number of single cells colonies generated from PLAP – high sorted cells for all the 

three cell lines (CACO2, DLD1, CCO7). 
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Figure 5.3: Method of cell sorting by FACS 1on CACO2, DLD1 and CCO7.  
CRC cell lines CACO2, DLD1, CCO7 and CC20 stained with anti-PLAP and secondary 
antibody goat anti-mouse Alexa flour 488. Cells were sorted from the 10% highest and 
10% lowest PLAP expressed cells indicated in the histogram of each cell. 
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Figure 5.4 The colonies formation of sorted 1sorted CACO2. 
. IF of cells sorted from high, low and original CACO2 A. The number of colonies from 
single cells sorted of CACO2 by FACS based on their PLAP expression, high, and low 
B. The experiment is done three times.   
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Figure 5.5: The colonies formation of sorted CACO2 1. 
IF of cells sorted from high, low and original CACO2 A. The number of colonies from 
single cells sorted of CACO2 by FACS based on their PLAP expression, high, and low 
B. The experiment is done three times. 
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Figure 5.6: Colony formation of sorted CCO7 1 cells.  
IF of cells sorted from high, low and original CCO7 A. The number of colonies from 
single cells sorted of CCo7 by FACS on their PLAP expression, high, and low B. The 
experiment is done three times. 
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5.2.4 RPLP3 induces killing of low PLAP expressing cells in a CRC cell line with 

heterogeneous PLAP expression  

The effect of variations in the patterns of PLAP expression on RPLP3 killing was studied 

by sorting from FACS into three groups: the highest 10% PLAP expressing cells, the 10% 

lowest and the original population. Selected cell lines were CACO2 for high PLAP 

expressing cell line, DLD1 for medium PLAP expressing cell line and CCO7 for low 

PLAP expressing cell line. All three cell lines are EpCAM positive and to compare the 

complete killing of the cells in each group, the cells were treated with both BiMABs 

(RPLP3 and EpCAM-CD3 BiMAb). The sorting of cells according to their PLAP 

expression are discussed earlier in this chapter. 

Cells from each sorted population were seeded at a density of 3000 cells per well in a 96 

well plate. The cells were co-cultured with PBMC (1:10 ratio) and treated with RPLP3 or 

EpCAM CD3 BiMAb separately. Killing was measured by M30 ELISA. As seen in 

Figure 5.7, cells from each cell line the high and original population are killed as is 

expected. Even the sorted low population was killed by both biMABs with longer time of 

incubation. The amount of killing on low populations is less than on high or original. That 

could be due to the lower growth rate of low population compared to the other 

populations. ELISA M30 measurement of cell killing reflects the number of cells killed. 

- For high PLAP expressed cell line CACO2, the selected populations were treated 

with RPLP3 and EpCAM BiMAb. The killing induced by RPLP3 on 10% high 

PLAP sorted was higher than the killing on the original population after 24 hours 

treatment and 48 hours. That is due to the high level of expression of PLAP 

leading to the stronger binding or effect of RPLP3 induce killing. On the other 

hand, PLAP low expressed cells had less killing after 24 hours and the killing 

increased after 48 hours treatment.  
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To compare the killing of RPLP3 to the killing induced by EpCAM BiMaB, on 

high PLAP expressed cells the amount of killing measured by RPLP3 was less 

compared to EpCAM BiMAb for 24 hours treatment but increased after 48 hours 

treatment. For the original population the killing induced by RPLP3 was less than 

killing induced by EpCAM BiMAb. Lastly, the low PLAP expressed cells were 

killed by RPLP3 BiMab less than the killing by EpCAM BiMaB on 24 hours 

treatment but increased on the treatment for 48 hours.  

 

The killing of all the subsets of sorted cells was dependent on PLAP expression 

by RPLP3 for 24 hours treatment and 48 hours treatment and killing increased 

with longer time treatment. As the whole subset of cells expresses EpCAM the 

killing might be expected to be similar in all subsets however on PLAP low there 

was less amount of killing induced by EpCAM BiMAb suggested due to the 

growth rate of PLAP low as shown in this chapter Figure 5.7. 
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Figure 5.7: RPLP3 induced killing on low 1PLAP expressing or heterogeneous 
PLAP expressing cell lines, CACO2.  
Cells were sorted by FACS according to their PLAP expression 10% high, 10% low and 
original population. Cells seeded in a 96 well plate each well with 3000 cells. Cells were 
co-cultured with PBMC and treated with 5nM RPLP3 and 8nM EpCAM CD3 BiMAb for 
24 hours and 48 hours. Killing was analysed using M30 ELISA. 
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- For medium expressed cell line DLD1, were sorted into 10% high, 10% low PLAP 

and original and treated with RPLP3 and EpCAM BiMAb. The killing induced by 

RPLP3 on 10% high PLAP sorted was the same as the killing measured on the original 

population after 24 hours treatment and 48 hours. That is due to PLAP expression on 

DLD1 being nearly homogenous. Still the high-level expression of PLAP lead to a 

stronger binding or effect of RPLP3 induced killing. The low PLAP expressed cells 

had less killing after 24 hours but the killing increased after 48 hours treatment. 

 

To compare the killing of RPLP3 to the killing induced by EpCAM BiMaB, on high 

PLAP expressed cells the amount of killing measured by RPLP3 was less compared to 

EpCAM BiMAb for 24 hours treatment but increased after 48 hours treatment. For the 

original population the killing induced by RPLP3 was less than killing induced by 

EpCAM BiMAb. Lastly, the low PLAP expressed cells were killed by EpCAM BiMab 

less than the killing by EpCAM BiMaB on 24 hours treatment but increased on the 

treatment for 48 hours.  

 

The killing by RPLP3 for 24 hours treatment and 48 hours of all the subset of sorted cells 

were dependent on level of PLAP expression, and the time of treatment. The killing 

increased with longer time treatment. As all the cells are EpCAM positive the killing was 

expected to be similar in all subsets; however, on PLAP cells there was less killing 

induced by EpCAM BiMAb suggested due to the growth rate of PLAP low as shown in 

this chapter Figure 5.8. 
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Figure 5.8: PLP3 induced killing on low  1PLAP expressing or heterogeneous PLAP 
expressing cell lines, DLD1.  
Cells were sorted by FACS according to their PLAP expression 10% high, 10% low and 
original population. Cells seeded in a 96 well plate each well with 3000 cells. Cells were 
co-cultured with PBMC and treated with 5nM RPLP3 and 8nM EpCAM CD3 BiMAb for 
24 hours and 48 hours. Killing was analysed using M30 ELISA.  
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For low expressed cell line CCO7, cells were sorted into 10% high, 10% low PLAP and 

original and treated with RPLP3 and EpCAM BiMAb. The killing induced by RPLP3 on 

10% high PLAP sorted was higher than the killing measured on the original population 

after 24 hours treatment and 48 hours. The low PLAP expressed cells showed little or no 

killing at 24 hours presumably due to low PLAP expression on CCO7, but the killing 

increased markedly after 48 hours treatment.  

 

To compare the killing of RPLP3 to the killing induced by EpCAM BiMaB, on high 

PLAP expressing cells the amount of killing measured by RPLP3 was less compared to 

EpCAM BiMAb for 24 hours treatment but increased after 48 hours treatment. For the 

original population the killing induced by RPLP3 was less than killing induced by 

EpCAM BiMAb.  

Lastly, the low PLAP expressed cells were not killed by EpCAM BiMab after 24 hours 

treatment. 48 hours treatment increased killing by both BiMaBs. For both time points 

there were significant differences between the killing induced by EpCAM and RPLP3  

(P < 0.01). 

 

The killings of all the subsets of sorted cells were dependent on PLAP expression by 

RPLP3 for 24 hours treatment while at 48 hours treatment killing increased substantially 

with longer treatment. As all the subsets of cells express EpCAM the killing might be 

expected to be similar for all subsets. However, on PLAP low expressing cells there was 

less killing induced by EpCAM BiMAb which could be due to the lower growth rate of 

PLAP low expressing cells as shown earlier in this chapter. The PLAP low express cells 

grow less compared to other populations and the underlying mechanism is not clear. 
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Figure 5.9: RPLP3 induced killing on low 1PLAP expressing or heterogeneous 
PLAP expressing cell line CCO7.  
Cells were sorted by FACS according to their PLAP expression 10% high, 10% low and 
original population. Cells seeded in a 96 well plate each well with 3000 cells. Cells 
were co- cultured with PBMC and treated with 5nM RPLP3 and 8nM EpCAM CD3 
BiMAb for 24 hours and 48 hours. Killing was analysed using M30 ELISA. 
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5.3 Discussion: 
 

As shown, PLAP is heterogeneous within CRC cell lines and between CRC cell lines. 

What induces PLAP expression on cancer is yet unknown (X. Li et al., 2020a). From 

the results presented in chapter 3, the mRNA expression of PLAP does not necessarily 

correspond to what is seen in protein expression. For example, SKCO1 is PLAP low 

expressed cell line but after staining it with anti PLAP antibody we can see detectable 

staining. As well as applying RPLP3 treatment on SKCO1 shows good killing. That 

shows that mRNA expression levels are not enough for studying the homogeneity of the 

protein expression of a gene of interest.  

It is shown here that CCO7 has more heterogeneity of PLAP expression than DLD1, just 

like some cancers are more heterogeneous than others. This reveal the advantage of our 

panel of colorectal cancer cell lines is a good model for studying cancer heterogeneity 

(Haffner et al., 2020). 

 

As shown PLAP has heterogeneous expression from high to low expressed cells within 

the cell lines, nevertheless applying RPLP3 can mediate killing of low expressing cells. 

This shows the sensitivity of RPLPR3 killing on low PLAP expressed cells. The killing 

observed on low expressed cells which were sorted from the lower end of PLAP 

expression happened after longer incubation. That brings up the issue of whether the cells 

have completely negative or low expressed, or whether they induce PLAP expression 

over time. The expression of low expressed cells after a period of time goes back to the 

heterogeneity of original population. 
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 The low PLAP expressed cells have slower growth rates as well low colony forming 

ability compared to the original population. That could suggest they have less stemness 

and are more differentiated. Scanning limited cancer samples for cancer antigens 

sometimes may not be adequate because the samples isolated from patients may not 

represent the entire pattern of a tumour's antigen expression.  What controls the PLAP 

expression alterations in the cell lines, and so in the cancers from which they are derived 

is investigated further in chapter 8. 
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Chapter 6: RPLP3 (PLAP-CD3) and EpCAM CD3 BiMAb induce 
bystander killing on PLAP and EpCAM negative cell lines. 
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6.1 Introduction: 
 
The previous chapter showed the efficacy and specificity of RPLP3 and EpCAM CD3 

BiMAb killing of PLAP or EpCAM positive cells. BiMAbs bind to T cells and the 

positive tumour cell at the tumour site, so the binding will make them close enough to 

trigger the immune reaction,  then it binds to T cells through CD3 which contributes to 

the activation of T cells, upon T cell binding and activation T cells release cytokines 

which induce apoptosis in antigen positive cancer cells(Z. Wu & Cheung, 2017) .  The 

results show that RPLP3 or EpCAM CD3 BiMaB induces immune based killing even on 

low PLAP expressing cells. However, since cancer is heterogeneous in its expression of 

targeted protein by BiMaB therapy, some cells might lack expression of the targeted 

antigen and so limit the complete eradiation of a tumour (Kailayangiri et al., 2020) . 

The effect of activated T cells on surrounding negative cancer cells of the targeted antigen 

was therefore investigated by studying the killing by BiMaBs with PBMCs of mixtures 

of cultures of cancer antigen positive with cancer antigen negative cells in different ratios.  

This killing of neighbouring target negative cells by target positive activated T cells is 

called "bystander killing". The bystander killing was also investigated using purified 

CD8+, CD4+ and gamma delta T cells rather than just PBMCs. 

Activated T cells, as already mentioned, release cytokines such as interferon gamma and 

TNF alpha which, in addition to their role in killing target positive cells, induce the 

expression of FAS and ICAM1 on the cancer cells, which are thought to be the targets of 

the activated T cells on cancer cells that do not express the original targets of the BiMaB, 

such as PLAP and EPCAM  . Here the aim of this chapter is to study the effect of 

bystander killing induced by BiMaB and the mechanism of bystander killing and what 

induces the activation of T cells to effect bystander killing (see Figure 6.1). 
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Figure 6.1: Diagram of bispecific monoclonal 1monoclonal antibody induces killing 
of TAA positive tumour cell and later induced bystander killing on TAA negative 
tumour cells.  
TAA X CD3 BiMAb has one CD3-, two TAA-binding sites, it recruits T cells to TAA-
positive cancer cells resulting in T cell activation, release of cytolytic granules and 
subsequent apoptosis of TAA-positive cancer cells. Activated T cells induce killing on 
TAA-negative cancer cell (bystander killing) independent of BiMaB binding. 
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6.2 Results  
 

6.2.1 Bystander killing of PLAP negative by RPLP3 
 

To investigate bystander cell killing induced by PLAP CD3 BiMAb PLPh3, we co-

cultured PLAP-positive (LOVO) and PLAP negative (HT29) cells in different ratios and 

treated them with RPLP3 and PBMCs for 24 hours and 48 hours. The cell death was 

measured by Apoptosense® ELISA M30 (PEVIVA®) (see Figure 6.2), and by cleaved 

caspase-3 immunofluorescence (see Figure 6.3). As shown in Figure 6.2 and Figure 6.3.  

The RPLP3 mediated cell killing of the PLAP positive (LOVO) cells, and not the PLAP 

negative cells (HT29) was clear especially after 48 hours and 48 hours of treatment.  

 

Bystander killing seen after 48 hours treatment is shown in (Figure 6.2) by killing of the 

co-culture of 50% LOVO with 50% HT29 by nearly as much as total killing for 100% 

LOVO, and the killing was higher than the killing on 50% LOVO alone. Similarly, the 

killing of co-culture 25% LOVO with 75% HT29 was higher than killing of 25% of 

LOVO alone. These data clear suggest bystander killing of PLAP negative HT29. 

Immunofluorescence staining of cleaved caspase 3 also clearly shows the bystander 

killing of HT29 PLAP negative cells in Figure 6.3. These are identified by cells that stain 

red for the caspase 3 cleaved but not green for PLAP, as indicated by the yellow arrows. 
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Figure 6.2: Bystander killing mediated by 1RPLP3 measured by ELISA M30.  
PLAP- positive (LOVO) and PLAP negative (HT29) cells were seeded in 96 well plate 
and co-cultured with PBMCs in a ratio of 1:10 and treated with RPLP3 for 24 hours and 
48 hours. The conditions are target cells alone and, target cells with PBMC and target 
cells with PBMC and RPLP3. PLAP- positive LOVO and not PLAP-negative HT29 
colorectal cancer cell lines are killed by T cells in the presence of RPLP3. After 24 hours 
the amount of PLAP positive (LOVO) cell killing is correlated with the number of PLAP 
positive percentage. 100% LOVO treatment released higher amount of M30 than 50% 
LOVO treated, and the treatment on LOVO 25% and 5% LOVO. However, at 48 hours 
treatment RPLP3 induces killing of PLAP-negative (HT29) bystander cells when PLAP- 
positive and PLAP-negative cells were co-cultured at various ratios as shown by the 
higher level of killing when 50% HT29 are added to 50% LOVO and similarly for 25% 
added HT29 to 25% LOVO. After 48 hours treatment the killing difference on 50% 
LOVO + 50% HT29 is significantly higher than the 50% LOVO alone killing, as well as 
25% LOVO + 75% HT29 killing is significantly higher than the 25% LOVO killing (p < 
0.05). 
 
  

 

24 hours 48 hours 



 
 

 

155 

155 

 

 

100% 

100% 

24 hours 



 
 

 

156 

156 

 

Figure 6.3. Bystander cell killing mediated 1by RPLP3 measured by 
immunofluorescence.  
For both (A) 24 hours RPLP3 treatment and (B) 48 hours RPLP3 treatment. In each 
case the first row is control (target cells and PBMC with no RPLP3) and the second row 
is targeting cells and PBMC with RPLP3. Cell death was analysed by staining for 
cleaved Caspase 3 as an apoptosis marker using immunofluorescence. The bystander 
killing is shown by red stained cleaved caspase3 killed cells that are not green, and so 
PLAP-ve cells, as shown by the yellow arrows. The bystander killing is clearly stronger 
after 48 hours than after 24 hours treatment. At 24 hours treatment PLAP-positive 
(LOVO) and a few PLAP-negative (HT29) colorectal cancer cell lines are killed by T 
cells in the presence of RPLP3. The bystander killing in (B), with 48 hours treatment by 
RFLP3, is clearly shown by the killing of PLAP-negative cells. 
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6.2.2 Bystander killing combining RPLP3 and EpCAM CD3 BiMaB 
 
To investigate bystander cell killing induced by PLPh3 on different PLAP negative CRC 

cell lines, we co-cultured PLAP-positive and PLAP negative CRC cell lines in different 

ratios and treated them with RPLP3 and PBMCs for 24 hours and 48 hours, with control 

treatment by the anti- EpCAM antibody, EpCAM CD3 BiMaB. As nearly all of our cell 

lines express EpCAM, killing by EpCAM CD3 BiMaB should serve as a positive control 

of complete killing of cells in CRC EpCAM positive cell lines. 

The cell death was measured by Apoptosense® ELISA M30 (PEVIVA®), 

Immunofluorescence and xCELLigence Real-Time Cell Analysis. 

The cell lines used in this analysis are listed in table 6.1 with their mRNA levels of PLAP 

and EpCAM. 

 

 

Table 6.1: mRNA expression (log2) of ALPP 1 EpCAM in CRC cell lines used to 
study bystander killing. 

Cell lines ALPP EpCAM 

LOVO 693 9016 

DLD1 260 10532 

HCT116 50 5432 

HT29 46 10379 

CC20 50 38 

LS180 51 6902 
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The expression of PLAP and EpCAM on cell lines DLD1 and CC20 is shown in Figure 

6.4. The PLAP and EpCAM killing of different ratios of cell lines DLD1 and CC20, as 

measured by the M30 assay, following 24 hour or 48 treatments with antibodies RPLP3 

and EpCAM CD3 BiMAb is shown in Figure 6.5. At both times DLD1 shows almost 

equal killing by the two antibodies suggesting that the anti PLAP, RPLF3, is killing all, 

or at least nearly all cells. as expected, CC20 alone is not killed at all. As expected from 

the previous results shown in Figure 6.2, bystander killing is shown for both antibodies 

for 50:50 and 25:75 mixtures of DLD1 and CC20 at 24- and 48-hours treatment, but with 

a much stronger effect after 48 hours treatment, especially with the anti EpCAM antibody. 

This is probably due to the bystander killing requiring at least 48 hours for a clearly 

significant effect and possibly also the substantially higher level of EpCAM than PLAP 

expression in DLD1. The overall higher level of killing at 48 hours treatment is due to 

the larger number of cells after 48 hours of growth. The bystander killing induced by 

EpCAM BiMAb is higher than the killing induced by RPLP3. As well when the 

percentage of positive cells are in higher percentage in the mixture with negative cells 

there are more bystander killing seen. The bystander killing on mixture of positive 50% 

and negative 50% is higher than the mixture of 25% positive and 75% negative, the 

mechanism is not clear. 
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Figure 6.4 PLAP and EpCAM staining on DLD1 and CC20 1.  
A. Cells were stained with H17E2 anti-PLAP and secondary anti-mouse Alexa fluor 
488 secondary antibodies. PLAP expressions were analysed by immunofluorescence 
and flow cytometry. B Cells were stained with AUA1 anti-EpCAM and secondary anti-
mouse Alexa fluor 488 secondary antibodies EpCAM expression were studied by flow 
cytometry. 
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Figure 6.5: Bystander cell killing mediated by RPLP3 measured by ELISA M30  1.  
PLAP-positive, EpCAM-positive (DLD1) and not PLAP-negative, EpCAM-negative 
(CC20) colorectal cancer cell lines are killed by T cells in the presence of RPLP3 and 
EpCAM CD3 BiMaB. Both BiMaBs induce killing of PLAP-negative, EpCAM-
negative bystander cells at 48 hours of treatment when both cells are co-cultured at 
various ratios. Cell death was analysed by ELISA M30. After the 48 hours treatment 
with both BiMabs the killing on 50% DLD1+50% CC20 is significantly higher from the 
50% DLD1 killing, and 25% DLD1+ 75% CC20 killing is significantly higher from the 
25% DLD1 killing (p < 0.05). 
 
 
 
 
 
 
In a different experiment, mixtures of DLD1 cells labelled with GFP and CC20 cells 

labelled with mCherry were used for treatment by RPLP3 and EpCAM CD3 for 48 hours 

and stained for cleaved caspase3 as a measure of killing (see Figure6.6). As expected, 

DLD1 stained for cleaved caspase 3 while CC20 did not. In the mixed culture however 

both DLD1 and CC20 showed cleaved caspase 3, clearly demonstrating bystander killing 

of CC20. 
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Figure 6.6 Bystander killing mediated by 1RPLP3 BiMaB measured by 
Immunofluorescence staining. 
CC20 -mCherry alone treated with RPLP3 in the presence of PBMC for 48 hours showed 
no purple staining of cleaved caspase 3 while DLD1 clearly stained positive for cleaved 
caspase 3. Co-culture 50% DLD1 and 50% CC20 mCherry showed positive staining of 
Cleaved caspase 3 on red cells, CC20 mCherry, and on green cells DLD1 GFP. 
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A final experiment using mixed cultures was carried out using killing measured by 

xCELLigence Real-Time Cell Analysis, see Figure 6.7. The DLD1 PLAP, EpCAM 

positive cell line DLD1 was mixed with the double negative line CC20, seeded in 

different proportions and treated with RPLP3 and EpCAM CD3 BiMAB in the presence 

of PBMC. Killing was measured over the time of incubation. As shown clearly in Figures 

6.7A, C, and D, for DLD1, alone all cells were killed by both antibodies, while for CC20 

(figure 6.7B) no cells were killed by either antibody. Figures 6.7 E, F and G show the 

results for different ratios of DLD1 to CC20, ranging from 50:50 through 25:75 to 5:95. 

In all cases it appears, that even for a 5% DLD1 to 95% CC20 ratio both antibodies killed 

all the cells. Similar experiments were carried out using COLO678, a strongly PLAP 

positive and EpCAM positive cell line and LS180, a PLAP negative but EpCAM positive 

cell line, with CC20 as a totally negative control (Figure 6.8). The 50:50 mixture of 

COLO678 and LS180 (Figure 6.8 D) showed complete killing by the anti PLAP antibody, 

as also shown by both antibodies in the combinations of COLO678 and CC20. These 

results support very clear bystander killing of LS180 by the anti PLAP antibody and also, 

again, by anti EpCAM in the killing of CC20 cells by both antibodies. 
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Figure 6.7 Bystander cell killing mediated  1by RPLP3, EpCAM CD3 BiMAB 
measured by xCELLigence Real-Time Cell Analysis.  
Cell lines DLD1 and CC20, both alone and together, were seeded in 96 well E-plates 
and after 24 hours, PBMCs and 5nM RPLP3 or 8 ng EpCAM CD3 BiMAb was added 
to the cells.  A. PLAP-positive, EpCAM-positive (DLD1) were killed with both 
BiMAbs over time. B. PLAP-negative, EpCAM-negative (CC20) was not killed by 
either BiMAb. C, D. 50% DLD1 and 25% DLD1 alone were killed by both BiMABs. E, 
F, G the co-culture of DLD1 and CC20 in different ratios show the bystander killing of 
CC20 starting after 24 hours treatment by both BiMabs. 
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Figure 6.8 Bystander cell killing mediated 1by RPLP3, EpCAM CD3 BiMAB 
measured by xCELLigence Real-Time Cell Analysis.  
Cell lines COLO678, PALP and EpCAM positive, CC20, PLAP and EpCAM both 
negative, and LS180, PLAP negative and EpCAM positive, were cultured separately or 
co-cultured pairwise, either COLO678 with LS180, or Colo678 with CC20.  Cells were 
seeded in 96 well E-plates and after 24 hours, PBMCs and 5nM RPLP3 or 8 ng EpCAM 
CD3 BiMAb added to the cells.  A, B, and C: PLAP-positive, EpCAM-positive 
COLO678 cells alone were eventually killed with both BiMAbs. F: LS180 cells alone 
were only killed by the anti EpCAM antibody and not the anti PLAP antibody. G: CC20 
cells alone were not killed by either antibody. D and E: PLAP-negative, and EpCAM-
positive LS180 cells co-cultured with COLO678 in different ratios - there was killing by 
RPLP3 compared to LS180 treated with RPLP3 alone showing no killing, especially at 
50:50 ratio.  H and I: killing of all cells by both antibodies at COLO678:CC20 ratios of 
50:50 and 25:75. 
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6.2.3 Killing assay using supernatant transfer of activated T cells or cell free 

medium 

To study the cause of bystander killing by either activated PBMC or cell free supernatant, 

DLD1 cells were treated with RPLP3 or EpCAM CD3 BiMAb for 48 hours. The 

supernatants were divided in two: 0.2μM filtered medium or PBMC cells collected by 

centrifugation. Each was then added to PLAP negative CRC cell lines and killing 

measured after 24 and 48 hours by ELISA M30 (see Figure 6.9).  

 

CC20, which is negative for both PLAP and EpCAM, was not killed initially after 24 

hours. However, after 48 hours treatment CC20 cells were killed by the PBMC activated 

transferred cells but not by the cell free supernatant (Figure 6.9A). HCT116 (PLAP 

negative but EpCAM positive) cells were killed by treatment with EpCAM CD3 BiMAb 

in the control, as expected but not by the anti PLAP antibody, RPLP3. The HCT116 cells 

were, however, killed after 48 hours treatment by the transferred activated PBMCs cells 

that were pre-treated with DLD1 cells and PLAP antibody, Figure 6.9B. A similar result 

was obtained using LS180 cells as PLAP negative targets, Figure 6.9C. There was no 

effect of treatment of the three sets of cells with the cell free filtered supernatants. 
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Figure 6.9 Activated T cells and filtered 1medium treatment of negative cells for 24 
hours and 48 hours. 
DLD1 cells were treated with PBMC and RPLP3 or EpCAM CD3 BiMAb for 48 hours. 
The resulting supernatants filtered by 0.2μM filters, and activated PBMCs, were added to 
cell lines as follows. A. CC20, PLAP and EpCAM negative B. HCT116, PLAP negative 
and EpCAM positive. D. LS180, PLAP negative, EpCAM positive. Killing was measured 
by the ELISA M30 assay. Control killing is given in each case in the third set of columns. 
 
In another experiment, cells from DLD1 and COLO678, which are both PLAP positive 

cell lines, were treated with RPLP3 and PBMC for 48 hours. The resulting activated 

PBMC cells were collected and added to CC20-mCherry (negative for PLAP) cells for 

48 hours followed by immunofluorescence staining for cleaved caspase 3. The control 

was treating CC20 mCherry cells with RPLP3 and not activated PBMC, where no killing 

was detected (Figure 6.10). The co staining for mCherry and caspase 3 with either 

COLO678 or DLD1 activated PBMCs is, again, direct evidence for bystander killing of 

the CC20 PLAP negative cells.  
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Figure 6.10 Killing by activated T cell  1treatment of negative cells for 48 hours 
assessed by cleaved caspase 3 staining.  
DLD1, and COLO678 were treated with PBMC and RPLP3 for 48 hours. The activated 
cells were collected and added to negative mCherry-CC20 cells and killing assessed by 
immunofluorescence staining with cleaved caspase 3. Negative control is the third row 
mCherry-CC20 treated with RPLP3 and not activated PBMC for 48 hours. 
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6.2.4 Bystander killing by activated subtypes of T cells (CD4, CD8, Gamma delta 

(γδ) T cells) 

 
The aim was to explore the efficacy of isolated subtypes of T cells (CD3, CD4, CD8, 

Gamma delta (γδ) T cells) in bystander killing rather than the PBMC mixture of different 

immune cell types. Each subtype of T cells was isolated from PBMC using appropriately 

targeted magnetic beads the selection was positive selection for CD8 T cells were using 

antibody against CD8, and for CD4 T cells used antibodies against CD4, and for Gamma 

delta (γδ) T cells) we used antibody for Gamma delta receptor (γδR)),  and added to cells 

from the PLAP and EpCAM positive line DLD1 or the PLAP and EpCAM negative CC20 

cell line in 1:5 ratios of cell line cells to T cells. This mixture was then treated with RPLP3 

or EpCAM CD3 BiMaB for 48 hours. The isolated T cell subtypes were stained with anti- 

CD3, anti CD4, anti-CD8, and anti-Gamma delta T cell antibodies for flow cytometry 

analysis to confirm they had been effectively purified. The purified T cell subtypes were 

then used instead of a PBMC mixture to show their bystander killing effectiveness. The 

overall results for the three T cell subtypes are shown in Figure 6.11. The FACS analyses 

show that each subtype purification was quite effective, with only small numbers of cells 

not fitting under the main peak distribution given by the relevant antibody. The clear cut 

killing of DLD1 alone by both antibodies for each of the three T cell subsets shows that 

each T cell subset is an effective mediator of BiMab based killing of target positive cells. 

The modest difference between the anti EpCAM and anti PLAP killing again suggests 

that a high proportion of all DLD1 cells are killed by the RPLP3 antibody after 48 hours 

treatment and that perhaps a longer treatment might kill nearly all the cells. Lastly all 

three T cell subsets show the excess killing with the 50:50 DLD1:CC20 cells compared 

to the 50% DLD1 only cells, indeed a level of killing that almost matches the 100% DLD1 

killing. This shows the efficacy of all three T cell subsets also for bystander killing. For 



 
 

 

177 

177 

CD8+ or Gamma delta (γδ) T cells, the 48 hours treatments with both BiMabs, shows the 

killing difference on 50% DLD1:50% CC20 is significantly greater that the killing of 

50% DLD1 alone (p < 0.05). For the CD4+ T cells treatment with EpCAM on DLD1 50% 

DLD1 alone or in combination, the killing was not significantly different compared to the 

killing with RPLP3 on DLD1 50% alone compared to the combination of both cell lines 

P<0.05 (Figure 6.11 A,B,C). 
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Figure 6.11 Suggested bystander killing  1measured by the ELISA M30 assay using 
T cell subsets. DLD1 is PLAP, EpCAM positive and CC20 is PLAP and EpCAM 
negative.  
Isolated T cell subtypes were used in a 5:1 ratio for treatment of DLD1 and CC20 cells 
alone or in 1:1 mixture for 48 hours with RPLP3 and EpCAM BiMAB.  Bystander 
killing was assessed, as before, by comparison of the killing of DLD1 alone and with 
that in mixtures of DLD1 and CC20. The figures for each T cell subtype give their 
verification by FACs and then their bystander killing efficacy A.CD4 T cells, B. CD8 T 
cells C.γδ Τ cells. 
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6.2.5 IFNγ and TNFα induce the expression of ICAM and FAS on bystander cells. 
 
It has been suggested that bystander killing might be affected by T cell recognition of 

expression or increased expression of ICAM1 and FAS on the cancer cells induced by 

cytokines such as IFNγ and TNFα released by activated T cells (Ross et al., 2017a). To 

pursue this possibility the direct effect of added IFNγ and TNFα on cancer cell expression 

of ICAM1 and FAS and the effect of this on bystander killing was investigated.  Thus, 

IFNγ and TNFα recombinant proteins were added to cells of various different cell lines 

and ICAM1 and FAS expression measured by flow cytometer antibody-based staining.  

HCT116 and CC20 are cell lines that both have low expressions of FAS and ICAM (table 

6.2). In each case ICAM1 expression increased after the treatment with 10ng of IFNγ and 

increase of FAS expression after the treatment of 10 ng IFNγ and 10 ng TNFα. (Figures 

6. 12 and 6.13). 

                       
Table 6.2: mRNA expression of ICAM1 and  1 FAS on selected CRC cell lines. 

ICAM1 
(intercellular 
adhesion 
molecule 1) 

Fas(TNF 
receptor 
superfamily, 
member 6) 

Cell lines 

103 173 CC20 

486 1060 COLO678 

398 89 DLD1 

169 85 HCT116 

123 31 HT29 

170 281 Lovo 

182 104 LS180 
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Figure 6.12 Upregulation of FAS and ICAM1 1 on CRC cell line on response to 
incubation with IFNγ and TNFα.  
Recombinant 10ng IFNγ and 10 ng TNFα were added to HCT116 for 24 hours and FAS 
and ICAM1 expression were analysed by flowcytometry. A ICAM1 expression. B. FAS 
expression. 
 
 

A. 
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Figure 6.13 Upregulation of FAS and ICAM 1on CRC CC20 cell line on response to 
incubation of IFNγ and TNFα incubation. 
Recombinant 10ng IFNγ and 10 ng TNFα were added to CC20 for 24 hours and FAS 
and ICAM1 expression were analysed by flowcytometry. A ICAM1 expression. B. FAS 
expression 
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6.2.6 IFNγ and TNFα released from activated T cells in the presence RPLP3 or 

EpCAM CD3 BiMaB induces the expression of ICAM and FAS on bystander non-

target cells.  

 
To investigate the effect of IFNγ and TNFα released from activated T cells on bystander 

cells and their effect on bystander killing, DLD1(EpCAM +) cell line (positive) was co-

cultured with CC20 (EpCAM-) in a ratio of 50% DLD1 and 50% CC20 and the mixture 

treated with RPLP3 or EpCAM CD3 BiMaB together with PBMC. The control was 

targeting cells with only PBMC. After 48 hours treatment, cells were harvested and 

stained with anti-ICAM and anti FAS antibodies and analyzed using Flow cytometer 

staining (Figure 6.14). When the anti EpCAM antibody was added with PBMC there was 

clear increase in both ICAM1 and FAS expression on the double negative cell line CC20. 

This was presumably due to cytokines released by the T cells activated by interaction 

with the cell line DLD1 and the antibody to a positive target on DLD1. The effect of the 

anti PLAP antibody was small for ICAM1 and hardly noticeable for FAS. This could be 

due to the low level of PLAP on DLD1 and a not sufficient time for activation and 

subsequent cytokine production. 
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Figure 6.14: Upregulation of FAS and ICAM1 1 on CC20 when it was co-cultured 
with DLD1 50% CC20 and 50% DLD1 and antibodies and PBMCs.  
A co -culture of 50% DLD1 and 50% CC20 was incubated with PBMC as a control or 
treated with RPLP3 or EpCAM CD3 BiMAb and PBMCs for 48 hours. A. Flow 
cytometry staining of ICAM1 expression on CC20. B. Flow cytometry staining of FAS 
expression on CC20. In each case + PBMCs means only treatment with PBMC, 
+RPLP3 the only treatment and EpCM BiMab the only treatment. The results show that 
both antibodies in the mixture induce expression of both FAS and ICAM1 in CC20 
through the production of cytokines by T cells activated by the combination of 
antibodies and T cells with EpCAM and PLAP positive DLD1. 
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6.2.7 Blocking bystander killing by blocking IFNγ or TNF alpha receptor and so 

blocking increased expression ICAM1 and FAS.  

 

As shown above, IFNγ and TNF alpha can increase the cellular expression of FAS and 

ICAM1. The effect of IFNγ and TNF alpha alone did not induce killing on cells.  

To investigate the role of FAS and ICAM1 on bystander killing on the presence of 

activities T cells, DLD1 was treated with RPLP3 or EpCAM CD3 BiMAb and PBMC for 

48 hours and the activated cells were added to CC20 which had been pre- incubated with 

either anti-IFNγ receptor antibody or anti-TNF alpha antibody or both. CC20 cells were 

also pre incubated with either anti-ICAM1 or Anti FAS neutralizing antibodies or both. 

In all cases the killing of CC20 was measured by ELISA M30 (see figure 6.15). The 

killings by activated transferred cells were higher than killing after blocking IFNγ 

receptor and TNF alpha as well FAS and ICAM1 neutralizing antibodies. In each case 

one or more of the blocking antibodies has what seems to be a significant effect on the 

bystander killing of CC20 by the activated T cells. This suggests that activated T cell 

bystander killing most probably does involved killing through FAS and other TNF 

receptors as originally suggested by (Ross et al., 2017a)  .  
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Figure 6.15: The effect of blocking ICAM1 1, FAS, IFNγ or TNFR on suggested 
bystander killing of CC20.  
DLD1 was treated with RPLP3 and EpCAM CD3 BiMAB in the presence of PBMC for 
48 hours. The supernatant media and activated cells were collected and added to CC20 
for assessment of killing as measured by the Elisa M30 assay. Each triplicate was pre-
treated by one of the blocking antibodies, as indicated, for 24 hours before adding the 
activated cells. Killing of CC20 was assessed after 48 hours treatment. There is 
significance of reduction of killing in the presence of antibody blocking compared the 
killing by the activated cells alone ***P< 0.05. 
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6.3 Discussion: 
 
The earlier data showed that the RPLP3 antibody is capable of inducing killing on low 

PLAP expressed cells in a mixture of heterogeneous population. Here in this chapter this 

bystander killing has been investigated. To study bystander cell killing we co-cultured 

PLAP positive and PLAP negative CRC cell lines and found presumptive killing of the 

PLAP negative cells. The anti EpCAM antiboy EpCAM CD3 BiMaB also showed strong 

bystander killing on EpCAM negative cells when they are co cultured with EpCAM 

positive cells. It was also shown that the T cells subtypes, defined as CD4, CD8 and 

gamma delta T cells, were, on their own probably effective, in inducing direct BiMab 

mediated killing and bystander killing of target negative. T cells activated by the anti 

PLAP antibody, RPLP3 were slightly less effective for bystander killing possibly due to 

lower cell surface antigen concentration of PLAP than EpCAM. 

 

The bystander killing of TAA negative cells, induced by Bi-specific T-cell engagers 

(BiTEs) has been detected earlier when negative cells were cocultured with TAA positive 

cells and T cells, suggesting the production of cytokines, which induce the expression of 

ICAM and FAS on TAA negative cells, making them sensitive to T cells contact-

dependent killing (Ross et al., 2017b). It has also been shown that IFNγ secreted by 

antigen-specific T cells can act on bystander tumour and stromal cells, resulting in 

contact-independent cell killing (Harjes, 2020).  
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 IFNγ and TNF alpha proteins induced the expression of ICAM1 and FAS expression on 

some tested cell lines. This suggests that such cytokine secretion by activated cells may 

enable bystander killing on target negative cancer cells through targeting ICAM1- 

leukocyte function associated antigen-1 (LFA-1), and FAS to its FAS ligand (FASL) (Bui 

et al., 2020) (Volpe et al., 2016). Preliminary experiments showed that the bystander 

killing by activated T cells was inhibited at least to some extent by blocking IFNγ or TNF 

receptors in agreement with these earlier reports. However, blocking only ICAM1 and 

FAS was not enough to completely block bystander killing so that there is still a need for 

further research to properly understand bystander killing. Exploring the effect of CD8+, 

CD4+ or gamma delta T cells separately using blocking antibodies could give further 

knowledge of controlling the bystander killing. As well studying other molecules in T 

cells cancer cells synapse and their function on bystander killing.  Understanding 

bystander killing is very important for achieving ultimately successful cancer 

immunotherapy.   
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Chapter 7: Expression of PLAP and EPCAM on Human FFPE tissue 
samples 
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7.1 Introduction: 
 

Placenta alkaline phosphatase (PLAP) is highly expressed in the syncytiotrophoblasts of 

the placenta, and been shown by other researchers that PLAP is expressed in many 

cancers including colon, testis and ovarian cancer (see (X. Li et al., 2020c) . Another 

study showed the expression of PLAP on metastatic melanoma (Frieling et al., 2014) A 

study on 16,000 cancer samples shows a correlation between PLAP high expressed 

colorectal cancer samples and advancement of disease (Reiswich et al., 2021) .Bispecific 

monoclonal antibody immunotherapy is targeted therapy, so it is necessary to examine a 

patient’s sample for the cancer specific antigen of interest prior administrating the therapy 

to the patient. Studying the expression of PLAP on normal tissue is important to avoid 

side effects of cytotoxicity on normal non-cancerous tissues. 

Epithelial cell adhesion molecule (EpCAM) is highly expressed in the membrane of all 

epithelial cells and so essentially on all epithelial cancer cells (Keller et al., 2019). In 

cancer PLAP is expressed on the cell membrane of cells as it is normally in the placenta 

(Reiswich et al., 2021). EpCAM is used in this chapter as a reference marker for 

localization of epithelium cell membrane to study the expression of PLAP on colorectal 

cancer samples and normal tissue. As discussed in chapter 3, PLAP is expressed in around 

20% of human colorectal cancer derived cell lines and the pattern of the expression within 

cell lines varies between high, low and negative and so is heterogenous within the cell 

lines. The focus of this chapter is to study the pattern of PLAP expression in human 

colorectal cancer tissue samples, and human normal lung tissues by using two PLAP 

antibodies (HD8B6 and RPLP3 BiMaB) and to localize epithelium cells by staining for 

EpCAM using the in house (AUA1) antibody. 
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7.2 Results: 
 

7.2.1 PLAP is expressed in primary human colorectal cancer samples. 
 
Human colorectal cancer patients’ samples, and normal colon slides were kindly provided 

by Prof. David Church. Human placenta tissue was received from Prof. Manu Vatish. 

Tissue slides were immunofluorescence stained with anti-EpCAM (AUA1) and anti-

PLAP (RPLP3 BiMaB) antibodies. EpCAM was used as reference marker for epithelial 

cells in the staining. Human placenta tissue samples were used as positive control for 

PLAP expression. Negative control for staining was normal colon Formalin-fixed 

Paraffin-embedded (FFPE) tissues slides stained with both secondary antibodies (goat 

anti-mouse Alexa fluor 568 and rabbit anti-human 488 Alexa fluor). 5 out of 20 human 

colorectal cancer samples were positive for PLAP. The expression of PLAP on the cell 

membrane of epithelium cells of colorectal cancer FFPE slides is shown in Figure 7.1 for 

PLAP positive cancers and Figure 7.2 for PLAP negative cancers.  Corresponding tissue 

slides were also stained using immunohistochemistry (Figure 7.3). The staining patterns 

for colorectal cancer FFPE slides using immunofluorescence and immunohistochemistry 

agreed. 
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Figure 7.1: Subset of human colorectal cancer 1FFPE slides which are positive for 
PLAP. 
FFPE slides were stained with anti-PLAP (RPLP3) and anti-EpCAM (AUA1) 
antibodies. Human placenta is a positive control for PLAP expression. Negative control 
for staining is human normal colon stained with secondary antibodies goat anti-mouse 
Alexa fluor 568 and rabbit anti human 488 Alexa fluor. 
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Figure 7.2: Subset of human colorectal cancer 1FFPE samples which are PLAP 
negative. Human normal colon is PLAP negative.  



 
 

 

194 

194 

 
Figure 7.3: IHC staining for PLAP by HD8B6 1on human placenta and on Human 
colorectal cancer samples.  
The samples which are PLAP positive are VT11401, VT11389, VT11294. PLAP- 
negative samples are VT11385, VT11282 and normal colon. 
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7.2.2 Quantification of PLAP expression on PLAP positive cancer patient tissue 

slides. 

 
PLAP expression on the 5 colorectal cancer patients varies from high to low. Also, there 

is heterogeneity of PLAP expression within colon cancer patient sample. The degree of 

heterogeneous expression varies between samples (Table 7.1). 

The areas measured by QuPath (including Tissue Area μm^2, EPCAM Positive area 

μm^2,  

EPCAM negative area μm^2, PLAP Positive area μm^2, PLAP Negative area μm^2) et 

al., 2017). 

The calculation of the heterogeneity of PLAP was as follows:  

- EPCAM Positive % = EPCAM Positive area μm^2 / Tissue Area μm^2 *100 - EPCAM 

Negative % = EPCAM Negative area μm^2 / Tissue Area μm^2 *100  

(Bankhead  

• -  % of PLAP positive = PLAP Positive area μm^2/ Tissue Area μm^2 *100  

• -  % of PLAP negative = PLAP Negative area μm^2 / Tissue Area μm^2 *100  

• -  % of PLAP on EPCAM positive (Heterogeneity %) = % of PLAP positive / 

EPCAM Positive % *100  

  

 
 

 

 

 

 

 



 
 

 

196 

196 

 
 
 
 
Table 7.1: table shows the quantification of 1 of EpCAM and PLAP expression on 
colorectal cancer patients’ samples. It shows the percentage of PLAP expression out 
of EpCAM positive staining. 
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7.2.3 Clinical outcome: 
 
There was no correlation between PLAP expression in patients’ samples and clinical 

outcomes. There was no correlation with sex, age and grade or stage of cancer and no 

relation between the presence of mutations in kras, braf, etc and PLAP expression on 

colorectal cancer patients (Table 7.2). 
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Table7.2 Clinical data tumour sample donors 1 
sample
_tumou
r 

trial_no sex age grad
e 
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s 
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1 0 0 0 0 1 No 
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1 

2 1 0 0 0 0 Yes/lo
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7.2.3 Expression of PLAP in Human normal lung tissues 
 
PLAP expression was studied in human normal lung tissue samples. Data from Human 

protein atlas shows PLAP mRNA expression detected on alveolar cell type 1 (Pontén et 

al., 2008) (Figure 7.4) but there is substantial disagreement about whether PLAP is 

expressed in the normal lung. To examine this question at the protein level, PLAP was 

stained on human lung tissues. The staining was done by using RPLP3 and HD8B6 to 

study PLAP expression and AUA1 to study the expression of EpCAM. Human lung 

staining showed some limited positive staining for PLAP, which was located on some 

small bronchioles (Figure 7.5). The cells were positive for EpCAM as well. Staining was 

carried out by using IHC on corresponding tissue slides and the finding was in agreement 

with the fluorescence staining (figure 7.6). The area of PLAP/EpCAM expression of the 

slides is highlighted in Figure 7.7. 

 
 

 
Figure 7.4: Single cells expression data 1for PLAP on human tissues. It shows PLAP 
mRNA expression on alveolar cell type 1 in lung (Pontén et al., 2008). The data is 
obtained from Human Protein Atlas (https://www.proteinatlas.org). Image credit: 
Human Protein Atlas.ALPP gene page: 
(https://www.proteinatlas.org/ENSG00000163283-ALPP/tissue#rna_expression) 
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Figure 7.5: Human lung staining with RPLP3 1and AUA1 in different positive areas 
(a). (b) is negative control for staining on human lung tissue slides stained with 
secondary antibodies only (goat anti mouse Alexa fluor 568 and rabbit anti human 
488 Alexa fluor).  
 
 

 
Figure 7.6. IHC staining for PLAP using  1anti-PLAP HD8B6 and anti-EpCAM 
AUA1 on human lung tissue. 
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Figure 7.7: FFPE sample of human normal  1lung. The red circles indicate the area 
of PLAP/ EpCAM expression. PLAP is green and stained with anti-PLAP mouse 
anti PLAP (HD8B6) and secondary anti mouse alexa fluor 488.  
 
 

7.2.4 PLAP expression in lung of cigarette smokers and non-smokers. 
 
It has been known for a long time that smokers can have PLAP in their serum but the 

reason for this is not known (See e,g. Vengerov et al., 1988). It was therefore decided to 

see whether the PLAP expression seen in some normal human lung tissue could be 

connected with smoking. A panel of FFPE tissue slides from normal lungs from smokers 

or nonsmokers was therefore used to study PLAP expression in relation to smoking. 

Tissues were received from a company (refer to chapter 2 materials and methods) with 

data about the donors, including their smoking habits. (Table 7.3)  

Immunofluorescence staining of PLAP/ EpCAM on normal lung using AUA1 and RPLP3 

is shown in figure 7.8 . The staining shows 5 out of 9 samples of smoker FFPE were 

positive for PLAP and 2 out of 7 of non-smoker samples were positive, but clearly less 

so. There was no correlation between PLAP expression and age or gender (table 7.3). 
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Table 7.3: Clinical and smoking data from 1 normal lung donors of FFPE slides used 
for PLAP staining 
 

Sample ID Smoking 
Status Age Gender PLAP 

expression 
198729 Smoker 60 Female yes 
198730 Smoker 80 Male yes 
198731 Smoker 62 Male Yes 
198732 Smoker 64 Male No 
198733 Smoker 60 Female No 
198734 Smoker 62 Male yes 
198735 Smoker 61 Male yes 
198736 Smoker 53 Female No 
198737 Smoker 62 Male No 

198738 Non 
Smoker 66 Male yes 

198757 Non 
Smoker 45 Male No 

198759 Non 
Smoker 59 Male No 

198760 Non 
Smoker 53 Female No 

198763 Non 
Smoker 45 Male No 

198764 Non 
Smoker 63 Male No 
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Figure 7.8 Immunofluorescence staining of 1PLAP/EPCAM on Human normal lung 
of smoker or nonsmoker samples.  
A. positive control staining of RPLP3 using human placenta including secondary alone 
control. Staining of FFPE of non-smoker samples of PLAP/EpCAM. C. Staining of 
FFPE of smoker samples of PLAP/EpCAM. 
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7.3 Discussion: 
 

It been studied that PLAP expressed in almost 20% of colorectal cancer. Our finding 

demonstrates the expression of PLAP on some of colorectal cancer samples. As well 

clearly showing heterogeneity of PLAP expression on patients’ samples. The staining of 

FFPE slides from colorectal cancer patients matched what was seen in the cell lines. The 

efficient staining and the sensitivity of anti PLAP antibodies used, the data is showing 

clearly that this could be used for screening patients' biopsies to see whether they are 

eligible for anti PLAP BiMab treatment. Some of the samples expressed very low amount 

of PLAP but were detected. The heterogeneity of PALP expression on cancer patients can 

be challenges for the histological staining efficiency. 

 

Cancer antigens for targeted immunotherapy such as bispecific antibody ideally to be 

highly expressed in cancer not on other normal tissues. From our findings earlier in 

chapter 3, our antibodies including RPLP3 are cross react with ALPPL2, meaning 

applying the therapy to male patients could do toxicity. From our staining on normal 

colon there were no cross reactivity with ALPI. Other normal tissues could be tested 

especially female tissues such as cervix. As been studied before PLAP was detected in 

serum of smoker and testicular patients. Our interest is in the presence of PLAP 

expression in normal lung. The presence of PLAP expression in normal lung seems 

clearly to be largely associated with smoking. The pattern of PLAP expression in the two 

non-smokers was much less, and less clear cut, than that in the smokers. To be super 

cautious against possible side effects of PLAP BiMab therapy for CRC patients one could 

exclude smoker patients.  
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However, it seems unlikely that such a low expression even in the lungs of smokers would 

be likely to give rise to serious side effects. In any case, a carefully managed Phase 1 

escalation trial would soon pick up any side serious effects on the lungs of PLAP CD3 

RPLP3 BiMab treated patients. Further studies would be needed on larger samples of 

normal lung tissue from smokers and non- smokers, ideally with data on how long it is 

since former smokers stopped smoking and relate this to the extent of PLAP expression 

in the lung alveolar cells. Molecular analysis of the expression profile of PLAP expressing 

cells in smokers would also be of interest. 
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Chapter 8: What controls the ectopic expression of PLAP? 
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8.1 Introduction 
 
Successful bispecific antibody therapy depends highly on the target antigens and cancer 

antigens can be over expressed or mutated but cannot be expressed in high amount in 

normal tissues (Huehls et al., 2014b). Finding appropriate genes and studying their 

regulation in cancer is crucial for the successful outcome of bispecific antibody therapy 

(Sonar et al., 2024). Gene expression can be controlled genetically or epigenetically 

(Dhatchinamoorthy et al., 2021).  Epigenetic regulation can affect the expression of a 

specific gene without altering its DNA sequence, for example by DNA methylation (Kulis 

& Esteller, 2010). DNA methylation is a process of adding methyl (-CH3) group to 

cytosine bases at CpG islands that can lead to suppression of gene expression (Sonar et 

al., 2024). 

 

PLAP has valid properties of specificity as a cancer antigen, but nevertheless it is 

heterogeneous within tumours and between different tumours. There have also been some 

claims that PLAP may sometimes be expressed in lung tissue as discussed in the previous 

chapter.  Understanding the reason for its mainly ectopic expression and finding out why 

it may sometimes be expressed in the lung, may help improve the use of PLAP for 

targeted bispecific antibody immunotherapy of a significant subset of many common 

cancers. 

In this chapter, we studied the possibility of epigenetic control of PLAP in colorectal 

cancer cell lines. We also searched for genes whose expression is associated with PLAP 

expression in colorectal cancer cell lines. 
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8.2 Result: 
 

8.2.1 5-azacytidine treatment effect on PLAP expression 
 

Blocking DNA methylation by 5-azacytidine treatment is a common approach to seeing 

whether the stable control of altered expression of a gene might be due to stable 

methylation, as is the basis for important aspects of the control of differentiation, rather 

than mutation. To study if PLAP expression on colorectal cancer cell lines is controlled 

by methylation mechanism or if the methylation mechanism has control of the PLAP 

expression heterogeneity within cell lines, negative PLAP expressing CRC cell line CC20 

was treated with 5-azacytidine treatment for 24 hours, 48 hours and 72 hours. PLAP 

expression was measured at each time point by the anti- PLAP antibody H17E2 using 

FACS analysis (see Figure 8.1). There is a small effect of on PLAP expression after 24 

hours treatment relative to the control and this increases with time from 48 to 72 hours. 

The effect of 5-Aza treatment on PLAP expression in CRC cell lines with different PLAP 

levels of expression was next studied (Figure 8.2) 

In the low PLAP expressing CRC cell lines LS10, HT29 and CCO7, there is upregulation 

of PLAP expression from more or less zero to a clearly detectable level after treatment 

with 5- azacytidine. 

To study the effect of methylation mechanism on PLAP expression within cell lines, the 

top 10% high and 10% low were sorted in the cell lines CACO2, CCO7 and DLD1 by the 

method described in Figure 6.3. Each subset of cells was treated with 5-azacytidine for 

72 hours and then stained with anti-PLAP. The results are shown in Figure 8.3. 
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Figure 8.1:5-AZA treatment of CC20 for different 1times. FACS staining of PLAP 
of CC20 PLAP- negative cell line treated with 10uM of 5-Aza and an untreated 
control with anti-PLAP (H17E2). Red is control and blue is 5- Aza treated.  
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Figure 8.2: 5-azacytidine treatment of CRC 1cell lines. IF staining of PLAP on CRC 
cell lines after treatment with 10uM 5aza for 72 hours. 
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Figure 8.3: 5-azacytidine treatment to subsets 1of sorted cells from high, low, and 
original population of CRC cell lines.  
IF staining of PLAP on high, low, and original population of DLD1 after treatment with 
5-azacytidine for 72 hours. B. IF staining of PLAP on high, low, and original population 
of CACO2 after treatment with 5-azacytidine for 72 hours. C.IF staining of PLAP on 
high, low, and original population of CCO7 after treatment with 5-azacytidine for 72 
hours. For DLD1 each subset shows a very striking high increase of PLAP expression. 
CC07 shows a clear increase at a lower level but less at other PLAP levels. 
 
 

C. CCO7 
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For DLD1 all three groups show clear increase in PLAP expression. For CACO2 the low 

and original are increased, but the high is not further increased. For CCO7 the high 

selected show the largest increase with much lesser increase for the original and low 

selected groups. 

Thus, in all three cell lines there is a clear effect of 5Aza treatment leading to increased 

PLAP expression, though it seems that there are subsets of cells within cell lines for which 

5Aza treatment has a greater effect. Overall, these 5Aza cell line treatment data strongly 

suggest that at least part of the drive of PLAP ectopic expression is due to changes in 

methylation of DNA sequences controlling PLAP expression rather than mutations in 

protein coding genes. 

 

8.2.2 Identifying candidate genes closely related to PLAP expression in CRC cell 
lines.  
 
To search for genes whose expressions are closely associated with PLAP expression in 

CRC cell lines a volcano plot was obtained comparing the overall differences in gene 

expression between PLAP positive and PLAP negative cell lines. A volcano plot of gene 

expression differences between high and low PLAP expressing cell lines is shown in 

Figure 8.4. The volcano plot is derived from the expression data of the two sets of lines 

given in table 8.1. Genes with expression differences of interest are encircled in the plot. 

These data were obtained by Dr Jeff Liu using the GMMchi algorithm. 

 

The GMMchi analysis of the cell lines for selected genes of interest chosen from the 

volcano plot are shown in Figure 8.5: 8.5A for positively associated genes and 8.5B for 

those negatively associated. The position of high PLAP expressed cell lines, identified by 

GMMchi analysis for PLAP, is shown by hashed blue bars. 
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Table 8.1 CRC cell line lists of PLAP positiv1and low/negative PLAP CRC cell lines 
used to generate the volcano plot. 
 
 

PLAP 
positive 
CRC cell 
lines 

PLAP 
negative CRC 
cell lines 

DLD1 VACO429 
ISCEROL JHCOLOY1 
CAR1 C10 
PCJW HCC2998 
C32 HDC114 
LOVO CCO7 
CACO2 HDC8 
OXCO3 RW2982 
OUMS23 HDC143 
CL14 COLO320DM 
COLO678 HDC9 
LS123 VACO4A 
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Figure 8.4: Volcano plot of genes associates 1with ALPP and ALPPL2 positive 
mRNA expression (right hand) versus negative expression (left hand). Genes with 
strongly associated expression difference are encircled.  
 
Table 8.2 Genes are 1 are associated with ALPP positively or negatively. The genes 
positively associated are SLC2A3 and VGLL1 and genes negatively associated are 
RNASE4, LRRC31, METTL7A, AGR3 and OLFM4.  
 

Genes  P-V 
SLC2A3+  4.71E-07 
VGLL1+  8.40E-05 
RNASE4-  1.30E-05 
LRRC31-  1.41E-03 
METTL7A-  1.52E-03 
AGR3-  1.66E-03 
OLFM4-  1.10E-02 
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Figure 8.5: GMMchi of genes that are correlated 1with PLAP.  
Blue bars are cell lines positive for the indicated gene expression and blue hashed are 
PLAP positive cell lines. Pink is negative and yellow bars are low PLAP expressed cell 
lines. GMMchi analysis was carried out as described before see Liu et al 2022. The 
vertical green dotted line indicates the threshold estimated by GMMchi for the 
distinction between high and low expression of the relevant gene. The 4 genes 
METTL7A, LRRC31, RNASE4 and AGR3 are predominantly expressed in low PLAP 
expressing cell lines while the cell lines expressing SLC2A3, SLC2A14 and VGLL1 are 
all skewed to high PLAP expression. Genes are associated with ALPP positively or 
negatively. The genes positively associated are SLC2A3 and VGLL1 and genes 
negatively associated are RNASE4, LRRC31, METTL7A, AGR3 and OLFM4. 
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8.2.3 The VGLL1 association with ALPP expression in CRC cell lines. 
 
VGLL1 is highly positively associated with ALPP expression in the CRC cell lines. 60 of 

CRC cell lines are negative for both genes and 6 CRC cell lines are positive for both 

genes. 2 CRC cell lines are positive for VGLL1 and negative for ALPP, and 10 CRC cell 

lines are positive for ALPP and negative for VGLL1, see table 8.3.  For the ALPPL2 

association with VGLL1 on CRC cell lines 65 of CRC cell lines are negative for both 

genes and 5 CRC cell lines are positive for both genes. 6 CRC cell lines are positive for 

VGLL1 and negative for ALPPL2, and 2 CRC cell lines are positive for ALPPL2 and 

negative for VGLL1: see table 8.3.and 2 CRC cell lines are positive for ALPPL2 and 

negative for VGLL1: see table 8.3.  

 

We compared our findings of 2X2 tables of gene association in our cell lines to colorectal 

cancer patient data obtained from The Cancer Genome Atlas (TCGA). For ALPPL2 

association with VGLL1 on CRC patients, 590 of CRC patients are negative for both genes 

and 11 CRC patients are positive for both genes. 11 CRC patients are positive for VGLL1 

and negative for ALPPL2, and 86 CRC patients are positive for ALPPL2 and negative for 

VGLL1 - see table 8.4.  

For ALPP association with VGLL1 on CRC patients, 652 of CRC patients are negative 

for both genes and 6 CRC patients are positive for both genes. 16 CRC patients are 

positive for VGLL1 and negative for ALPP, and 24 CRC patients are positive for ALPP 

and negative for VGLL1 -see table 8.4. 
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Having shown upregulation of PLAP by 5-Aza it seemed worth testing to see what the 

effect of 5-Aza treatment was on VGLL1 expression. VGLL1 negative CRC cell lines 

were treated with 10uM 5-azacytidine for 72 hours then stained with anti-VGLL1 and the 

VGLL1 expression tested by FACS (Figure 8.6). There is very slight upregulation of 

VGLL1 on COLO678 and CC20, and somewhat more on DLD1 and HT29, which have 

lower normal levels of PLAP expression than COLO678. 

To study the direct effect of VGLL1 on PLAP expression on CRC cell lines, Si VGLL1 

was used to knock down VGLL1 expression on COLO678 but with no obvious effect 

(Figure 8.7). 

 
 
Table 8.3 12x2 table associations of VGLL1 to ALPP, ALPPL2 on CRC cell lines  
Gene 1 Gene 2 -/- -/+ +/- +/+ p-value 
ALPP VGLL1 60 2 10 6 0.0001 
ALPPL2 VGLL1 65 6 2 5 0.0004 

 
 
Table 8.4 2X2  1 table association of VGLL1 to ALPP, and ALPPL2 on Colorectal 
cancer patients’ data obtained from TCGA data. 
gene1 gene2 -/- -/+ +/- +/+ P-value 
ALPP VGLL1 652 16 24 6 0.0001735

2 
ALPPL2 VGLL1 590 11 86 11 4.13E-05 

 
 
 

 
Figure 8.6 5-Aza treatment of CRC cell  1lines for 72hours. FACS staining of 
VGLL1 in CRC cell lines treated with 10uM of 5-Aza (blue) compared with 
untreated control (red). 
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Figure 8.7 VGLL1 siRNA knock down on PLAP 1positive COLO678. IF staining of 
PLAP and VGLL1 with siScramble as control. 
 
 

8.2.4 The SLC2A3 association with ALPP expression in CRC cell lines. 
 
SLC2A14 is very similar to SLC2A3 in terms of sequence and the two genes are not 

distinguished by the microarray mRNA detection system used on our cell lines. 52 CRC 

cell lines are negative for both genes and 12 CRC cell lines are positive for both genes. 

10 CRC cell lines are positive for SLC2A3 and negative for ALPP, and 4 CRC cell lines 

are positive for ALPP and negative for SLC2A3 see table 8.5.  

For ALPPL2 association with SLC2A3 on CRC cell lines 61 of CRC cell lines are 

negative for both genes and 6 CRC cell lines are positive for both genes.10 CRC cell lines 

are positive for SLC2A3 and negative for ALPPL2, and 1 CRC cell line is positive for 

ALPPL2 and negative for SLC2A3 see table 8.5. Both these associations are highly 

significant. 

Table 8.5 1 SLC2A3 association with ALPP and ALPPL2 expression in CRC cell lines 
Gene 1 Gene 2 -/- -/+ +/- +/+ p-value 

ALPP SLC2A3 52 10 4 12 2.34E-05 

ALPPL2 SLC2A3 61 10 1 6 0.0002 
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8.3 Discussions 
 
The cancer antigen alterations of in a cancer can be a challenge for cancer targeted 

immune therapy. Studying the expression pattern of cancer antigens can help the 

understanding of immune therapy responses to cancer.  It helps predicting the outcome 

of therapy as well helping personalized treatment. As discussed, earlier cancer antigen 

expression can be heterogeneous and therefore understanding the control of 

heterogeneous expression can help for managing and improving the therapy and 

overcoming treatment resistance. 

 

It is not clear what controls ectopic PLAP expression in the CRC lines and in other 

cancers. The effects of 5-Aza treatment on PLAP expression in many of the cell lines 

clearly suggests a role for methylation control of expression in some form. The results 

show the effect on the sorted population suggesting the role of methylation on the 

heterogeneity of PLAP within cell lines. Gene methylation can be dynamic and can be 

affected by many factors. Further work is needed to study the methylation effect on 

upregulation of PLAP expression.  Methylation can be directly or indirectly affected if 

only assessed by 5-Aza treatment. 

The 2X2 table study showing the highly associated genes can help predicting which genes 

may be involved in the control of PLAP expression in the cell lines. The finding of the 

mainly testis expressed transcription factor VGLL1 showing an association with PLAP 

expression is intriguing and may be a contributing factor to the PLAP ectopic expression, 

but that possibility needs further investigation. VGLL1 is a transcription factor that seems 

to control aspects of placental gene expression and so when switch on might contribute 

to PLAP expression (Sonnemann et al., 2023).  Such control of tissue specific gene 

expression is mostly by stable methylation. 
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Also of interest is the strong association between the SLC2A3,14 expression and ectopic 

PLAP expression. Both SLC2A3 and SLCA14 are very similar and their sequences 

similarity is 95%, and so their difference is hard to pick up by our microarray probe-based 

assay (Mueckler & Thorens, 2013).   As solute carriers for glucose and other sugars the 

expression of SLC2A3/14 could be a driver of cancer growth selected for as a byproduct 

of switching on ectopic placental and testis expression patterns in cancers (Gao et al., 

2021). The variation in colony forming ability relating to some extent to PLAP expression 

levels could be a function of variation in differentiation patterns in different cancers, the 

less the differentiation, the greater the proportion of stem cells and so the greater the rate 

of cell division. 
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9. General discussion  
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9.1 Discussion  
 

9.1.1 Placental alkaline phosphatase (PLAP) expression on colorectal cancer and 
other normal tissues. 
 

This thesis work illustrates the promising results of in vitro studies of using RPLP3 or 

EpCAM CD3 BiMab on colorectal cancer cell lines suggesting its effectiveness as an 

immunotherapy for colorectal cancer. PLAP is ectopically expressed in almost 20% of 

our panel of colorectal cancer cell lines and this agrees with what been found in studies 

of PLAP expression in around of colorectal cancers (X. Li et al., 2020c). PLAP is not 

expressed in most normal tissues other than placenta, and through on spermatocytes, 

and so is a good target for bispecific monoclonal antibody immunotherapy to treat colon 

cancer (X. Li et al., 2020a). Our data showed the expression of PLAP on some alveolar 

cells on lung tissue samples. Further studies suggested the expression of PLAP was 

mainly, if not only, on lung from smokers. This is consistent with the idea that 

expression of PLAP in the lung could be induced because of smoking and so explain the 

presence of PLAP in the blood of smokers(Williams et al., 1986). Additional studies 

should focus on PLAP expression in alveolar lung tissues and its associated expression 

in blood using a larger number of donors than studied in this thesis.  
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The expression of PLAP on lung could lead to toxicity which might limit the clinical 

application of RPLP3, but this as at a very low level. One solution that could be used for 

antigens with expression on normal tissue is to use a new technology for delivering 

bispecific antibody to the tumour site avoiding its presence in blood circulation, namely 

injecting the tumour with Lipid nano particles (LNP) delivering mRNAs coding for 

bispecific monoclonal antibodies  (Wang et al., 2021). 

 

RPLP3 might induce toxicity to male patients as it recognizes ALPPL2 which expressed 

on the testis, but this could mostly be acceptable for an effective anti -cancer therapy.  

Cross reactivity of the antibody with the testis ALPPL2 has the advantage of covering a 

wider range of ectopic expression on cancers (X. Li et al., 2020a)(Su et al., 2020e). 

 

IgG designed bispecific antibodies have been used and approved by FDA especially for 

the treatment of blood cancers (Suurs et al., 2019b). However, effective development for 

treating solid tumors will depend on the selection of appropriate cancer antigen targets 

for immune therapy that are not highly expressed on normal tissues (Gu et al., 2024). 

Sometimes detecting low expression of a promising target cancer antigen on either the 

cancers or normal tissues could be a problem. Also, it is difficult to positively diagnose 

cancer patients if their tumor has low PLAP expression. The major problem is if the 

expression is heterogeneous in the cancer, and perhaps even not expressed on the cancer 

stem cells. Any proposed cancer target antigen will need to be extensively tested on all 

normal tissue types. The level of bispecific monoclonal antibody sensitivity needed to 

induce killing in relation to the level of antigen expression will also need to be established. 

Studying the threshold of bispecific monoclonal antibody therapy sensitivity and 

specificity to its antigens should enable prediction of efficiency of the therapy  
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A suggested method for diagnosing PLAP cancer patients who can receive the therapy 

could be by detecting the presence of PLAP in serum of cancer patients as a biomarker, 

as well labeling PLAP with radiolabel particles indium-111 for cancer imaging (Epenetos 

et al., 1985) (X. Li et al., 2020a). 

 

9.1.2 Overcome Cancer antigen heterogeneity  
 

Cancer antigen heterogeneity of expression can cause difficulties for diagnosis or 

treatment of cancer. It can cause treatment resistance or preventing the therapy from 

reaching to cancer. 

Variation of cancer cell expression within a tumour result in non-uniform treatment of 

the whole tumour by BiMAB targeted therapy. The development of cancer treatment 

resistance is a dynamic response can result from selection of genetic or epigenetic 

changes. Within cell line variation in PLAP expression was subcategorize according the 

PLAP expression level. These categories tended to return to their original expression 

levels after period of time in culture. There was no distinct genetic variation but there is 

some evidence that methylation-based control of PLAP expression within cell lines may 

be a cause of heterogeneity of expression, since demethylation treatment of some PLAP 

negative cell lines by 5aza increases expression of PLAP mRNA. Stable DNA 

methylation could be a mechanism for cancer immune resistance. Further exploration of 

these mechanisms should give answers as to how the genes giving rise to resistance to 

treatment are switched on and off. 
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Further studies are also needed to understand the control of PLAP expression, for 

example, by methylation DNA sequencing of the ALPP promoter region in PLAP 

negative cell lines to explore if the PLAP expression is controlled by methylation of the 

ALPP promoter region DNA sequence. Single cell mRNA analysis may also help to find 

whether changes in the expression of other genes are involved in the control of PLAP 

expression. These studies may open up the possibility of short-term treatments of patients 

to increase the levels of PLAP before antibody treatment. 

 

9.1.3 Implication of BiMabs therapy 
 

The data presented in this thesis shows promising result of using BiMAb-mediated 

immune killing of PLAP expressing CRC lines by PLAP x CD3 BiMAb (RPLP3) as 

well as EpCAM CD3 BiMAb. The barriers to biMAbs therapy are due to the 

heterogeneity of cancers as well as the immune suppressive microenvironment, which 

can reduce the level of immune attack on the cancer.  For effective cancer treatment it is 

important to kill all the cancer cells within the tumour whether they are positive or 

negative.  Killing the stromal cells might also help. The results of this thesis show clear 

and convincing evidence of killing of bystander PLAP/EpCAM negative cells in co-

cultures of PLAP/EpCAM positive and negative cell lines. Bystander killing was clearly 

seen in the killing of the mixture of 5% positive cells with 95% negative cells. 

Bystander killing of PLAP/EpCAM negative cells was induced by T cells activated by 

prior incubation of PBMCs and BiMAbs for treatment of PLAP/EpCAM positive cell 

lines. It was shown that the activated T cells produced cytokines which induce the 

expression of ICAM and FAS on PLAP negative cells, making them sensitive to 

activated T cell killing. There was no killing induced by the secreted cytokines by the 
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activated T cells. The three major subsets of T cells (CD4, CD8, gamma delta T cells), 

when purified, were equally effective in direct and bystander killing. 

However more work with advanced methodologies, for example by studying the 

activation of each T cell subtype or exploring differences in their roles for inducing 

bystander killing. 

 

There are various laboratory methodologies for detection or measuring the killing 

induced by BiMAbs. Here we used ELISA M30, Immunofluorescence staining and 

xCELLigence real time assay technology. Each provided evidence of bystander killing 

yet cannot easily provide quantitative measurements of levels of bystander killing. We 

developed a method to quantify bystander killing by flow cytometry staining. We 

distinguished different cell types by making stable transfected cells with difference 

colours (GFP-DLD1, mCherry CC20), while PBMC were stained with CD45 and then 

killing was measured by levels of cleaved caspase 3.  

We also did preliminary cloning studies showing at most 1% colony formation after 

applying RPLP3 or EpCAM on PLAP or EpCAM positive cells compared to almost 

50% colony formation of PLAP or EpCAM negative CRC cell lines. That suggested 

more or less complete killing by using RPLP3 or EpCAM CD3 BiMAb. 

Following up these results will need to include studying the effects of stromal, cells 

such as myofibroblasts, on bystander killing. The experiments described for 

understanding EpCAM CD3 BiMAb or RPLP3 -mediated cancer cell killing will all be 

relevant to the preclinical development of T cell engaging bispecific antibodies to new 

targets. Although bystander killing is a positive aspect for solid tumor treatment by 

BiMAB, it might induce immune medicate toxicity so understanding the mechanism 

behind bystander killing for clinical application is important. 
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9.1.4 Future of Bispecific monoclonal antibody therapy 
 

Combination therapies are a way to maximize the effect of BiMAb therapy. There is 

increasing evidence in animal models for increased killing when check point inhibitors, 

such as anti PDL-1 antibodies, are combined with the T cell engaging bispecific 

antibodies (Cui et al., 2021). The reason for this is presumed to be the induction of PD-1 

and PDL-1 expression in both the effector T cells and the target cancer cells (Ray et al., 

2015). Further study of the mRNA profiles of INFy treated cell lines and the relationship 

of this to induced levels of PD-1, PDL-1 and other relevant receptors will help to develop 

reliable in vitro cell culture models for studying such combination therapies. The role of 

expression of check point receptors, such as PDL-1, in myofibroblasts which are major 

cells in the tumour microenvironment, will be explored by, for example, exploring the 

effect on cell killing of simply adding the myofibroblasts to the antibody/cancer 

cell/effector cell mixture (Z. Zhao et al., 2023).  

 

T cell receptor mimic antibody therapy (TCRm mAb) is designed to mimic the 

recognition by T cell receptors of peptides attached to -HLA on target cells (D. Li et al., 

2017a). The proposed development and characterization of TCRm to the HLA-

A2b2m/MAGE3A peptide will provide experience for the general potential for 

developing TCRm-based BiMAbs for the treatment of CRC and other cancers.  

 
The candidate cancer specific testis antigen, MAGEA3, will be further investigated in our 

cell lines as the basis for our TCRm project. Cancer testis antigens, such as MAGE3A are 

expressed in some CRCs and so in some of our CRC lines (see Figure 9.1). They are a 

potentially important source of new targets for bispecific monoclonal antibody 
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immunotherapy development  (Zajac et al., 2017). Through collaboration with the 

McMichael laboratory, we now have access to an HLA-A2/b2m/MAGE3A peptide 

construct which can be used to produce a TCRm specific for MAGE3A peptides attached 

to HLA-A2. 

 

 
Figure 9 1: GMMchi of MAGEA3. Blue hashed 1bars are MAGEA3 positive cell 
lines.  
Pink are MAGEA3 negative. GMMchi analysis was carried out as described before, see  
(T. C. Liu et al., 2022). The vertical green dotted line indicates the threshold estimated 
by GMMchi for the distinction between high and low expression of the relevant gene. 
The second green line indicates a third subset of more highly MAGEA3 expressing cell 
lines. 
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9.1.5 Concluding remarks: 
 
 
In summary, the in vitro studies presented in this thesis show promise for BiMAb-

mediated immune killing of PLAP and EpCAM expressing CRC lines by RPLP3 or 

EpCAM CD3 BiMAbs. Here we show strong evidence of bystander killing of 

PLAP/EpCAM negative cells in co-cultures of PLAP/EpCAM positive and negative 

cell lines. The bystander killing increases with the increasing the proportion of positive 

cells to negative cells. The bystander killing of PLAP negative cells was induced by T 

cells activated by prior incubation of PBMCs and RPLP3/ EpCAM CD3 BiMAbs for 

treatment of PLAP positive cell lines. It was shown that the activated T cells produced 

cytokines which induce the expression of ICAM and FAS on PLAP negative cells, 

making them sensitive to activated T cell killing. There are other factors behind 

bystander killing that need to be explored to optimize the therapeutic effect of BiMAb 

treatment. 
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Supplementary S1 ALPP and ALPPL2 mRNA expression values for a panel of 114 
colorectal cancer cell lines ordering the cell lines according to the mRNA expression 
of ALPP from low to high. 

CRC cell lines 

alkaline 
phosphatase, 

placental 
(ALPP) 

alkaline 
phosphatase, 
placental-like 

2 (ALPPL2) 

LIM1863 12 50 

JHCOLOY1 23 55 

VACO429 23 43 

C10 25 55 

RW2982 26 58 

HCC2998 28 71 

HDC114 28 56 

HDC54 30 90 

HDC143 32 86 

HDC9 33 61 

KM20L2 33 81 

HDC8 33 57 

LIM2405 34 70 

CCO7 34 79 

HT29 35 82 

RW7213 36 74 

CX1 37 81 

GP2D 37 45 

VACO4S 38 94 

CW2 38 68 

HCT116 38 74 

CL40 40 127 

LS174T 41 70 
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Colo320 41 101 

HDC73 41 60 

HDC57 42 82 

SW1463 42 68 

Colo201 42 77 

C106 42 63 

T84 44 83 

SNU479 44 69 

SNUC1 46 103 

VACO400 46 82 

HDC111 46 73 

SNU1746 46 135 

HCA46 46 112 

SW403 47 84 

SNU1684 47 74 

HDC142 48 95 

C75 48 38 

GP5D 49 63 

SNU1235 50 95 

HCT15 50 74 

SW48 50 88 

CC20 50 77 

Vaco5 51 58 

LS180 51 85 

OXCO1 51 89 

HRA19 52 94 

NCIH548 52 91 

CCK81 53 132 
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SW948 53 84 

LIM1215 54 97 

COLO205 54 96 

C2284 55 79 

RKO 57 96 

C99 57 93 

SNU70 57 73 

OXCO2 57 118 

NCIH747 57 78 

SNU1406 60 94 

NCIH498 60 76 

NCIH716 60 81 

C80 61 89 

LS411 61 99 

HCC56 61 70 

SNU1411 63 95 

SKCO1 63 85 

WIDR 63 81 

Colo206 63 69 

LIM1863 64 90 

NCIH508 64 102 

HT55 64 79 

SW1222 64 85 

C84 64 83 

OXCO4 65 80 

C4054 65 98 

SNU254 69 91 

SW620 69 65 
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LS1034 71 79 

C3953 74 80 

Gp2D 75 99 

LS513 76 74 

C70 77 87 

SW1222 80 81 

HDC135 85 79 

CL11 86 115 

C125PM 88 83 

SNUC2B 90 104 

SW480 92 85 

SW837 96 125 

C105251 109 142 

HCT8 124 157 

RCM1 128 99 

c2bbe1 144 147 

SW1417 146 111 

SNU1544 161 219 

HCA7 170 125 

HDC82 188 111 

SW1116 196 97 

SNU1181 214 124 

SNU977 253 196 

DLD1 260 143 

TTITKB 262 167 

ISCEROL 271 145 

JHSKREC 332 223 

CaR1 402 119 
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C32 482 158 

PCJW 484 170 

CACO2 657 412 

Lovo 693 831 

OXCO3 749 439 

OUMS23 2040 757 

CL14 2664 266 

COLO678 2998 601 

LS123 3100 1163 
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