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Immunotoxins are hybrid molecules comprised of a protein toxin molecule and a monoclonal 
antibody that selectively delivers the toxin to antigen expressing cells. These therapeutics are 
under investigation as agents for the treatment of cancers, but their clinical development has 
been hampered by a number of off-target, dose limiting toxicities particularly vascular leak 
syndrome. A number of plant derived triterpenoid saponins significantly augment the cytotoxicity 
of saporin based immunotoxins, possibly by increasing the endolysosomal escape of the toxin into 
the cytosol. This would have the effect of quantitatively increasing toxin availability to target 
ribosomes whilst avoiding its degradation by lysosomes. This may help to widen the therapeutic 
window of immunotoxin therapy. 
  The primary objective of the work presented in this thesis was to investigate the mechanism(s) 
by which saponin augments immunotoxin cytotoxicity against lymphoma and leukaemia cells. The 
work focuses primarily on the potential roles that different endocytic processes and the 
endolysosomal escape of the immunotoxin into the cytosol play in the augmentation process. The 
work in this thesis presents evidence for the possible involvement of various endocytic pathways 
in saponin mediated augmentation of immunotoxin cytotoxicity and suggests that an acidic 
endolysosomal lumen is a requirement for augmentation. Also presented is evidence that 
membrane repair processes are not involved in the augmentation of immunotoxin cytotoxicity. 
  Part of this thesis describes the development of a novel flow cytometric method to measure the 
endolysosomal escape of a fluorescently labelled immunotoxin into the cytosol. This assay 
revealed that treatment of target cells with saponin increased the endolysosomal escape of the 
immunotoxin into the cytosol and allowed a quantitative assessment of the effects of 
pharmacological inhibitors of endocytic processes on this escape. The effect of these agents on 
the saponin mediated endolysosomal escape of the immunotoxin correlated with their effect on 
the augmentation of immunotoxin cytotoxicity by saponin. This offers further evidence that 
endolysosomal escape is at least one of the mechanisms by which augmentation occurs. 
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Chapter 1 

1 

Chapter 1 Introduction 

1.1 Advances in Cancer Therapy 

Chemotherapeutic agents for the treatment of cancers were first discovered in the 1940s with the 

introduction of nitrogen mustard[1]. Since then great progress has been made in the 

development of a range of potent, small-molecule anticancer drugs. These include alkylating 

agents, anti-metabolites, anti-microtubule agents and anti-tumour antibiotics[2]. These agents 

act systemically to disrupt the cell cycle and are particularly cytotoxic in rapidly dividing cells such 

as tumour cells. Alongside surgical excision and radiotherapy, chemotherapy is a central pillar of 

cancer therapy and plays a major role in the treatment of haematological malignancies and 

primary or metastatic cancers. However, despite decades of research most of these drugs are 

non-specifically toxic and also affect non-cancerous, rapidly dividing cells. This gives them a 

narrow therapeutic window and results in side effects which limit their efficacy. The requirement 

for prolonged treatment at lower dose levels can also lead to the development of resistance.  

In recent years there have been exciting advances in two areas of cancer therapy, targeted 

therapy and immunotherapy. Immunotherapy involves the stimulation and targeting of the 

patients own immune response to clear tumours. These can involve cancer vaccinations, cell-

based therapies such as chimeric antigen receptor (CAR) T cells and the use of monoclonal 

antibodies (mAb) in immune checkpoint inhibition[3]. Targeted therapy involves the specific 

targeting of tumour cells with reduced effects upon normal tissues. These include tyrosine kinase 

inhibitors such as imatinib[4], which inhibit the deregulated protein kinases involved in the 

proliferation of certain cancers, and mAb therapies.  A brief review of CAR-T cell and mAb 

therapeutics is presented here. 

1.1.1 CAR-T Cells 

CAR-T cell therapy is a form of adoptive cell therapy (ACT) where immune cells are taken from the 

patient, expanded in vitro and then reinfused back into the patient to improve the immune 

response to a tumour. Early successes with ACT came with the use of lymphokine activated killer 

(LAK) cells, cytotoxic effector lymphocytes activated in the presence of interleukin-2 (IL-2), in 

patients with metastatic melanoma, colon cancer and renal cell carcinoma[5].  The identification 

of a subpopulation of tumour antigen-specific T cells isolated from within tumours offered 

increased therapeutic potency. These cells, known as tumour infiltrating lymphocytes (TIL) were 

extracted from a patient's excised tumour and expanded in IL-2 before being injected back into 
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the patient[6]. Trials with TILs have shown promising responses in patients with metastatic 

melanoma[7].  

The aim behind the development of CAR-T cells was to combine the effector functions of T cells 

with the antigen targeting specificity and greater affinity of an antibody[8]. Autologous T cells are 

extracted from the patient and isolated by leukapheresis. These cells are genetically modified by 

viral or non-viral methods to express the CAR, expanded and then infused back into the patient. 

The CAR consists of an extracellular antigen-binding single chain variable fragment (scFv), a fusion 

of the variable heavy (VH) and light (VL) chains of a humanized monoclonal antibody, connected 

via a peptide spacer to an intracellular signaling domain responsible for T cell activation. In the 

first generation of CAR-T cells the intracellular domain was composed of the T-cell receptor (TCR) 

CD3-ζ fragment which is sufficient to activate downstream signalling pathways[9]. Whilst the 

signal strength from CD3-ζ alone was enough to stimulate lytic activity it was insufficient to drive a 

cytokine response, patients were given exogenous IL-2[10], or to elicit T cell expansion. As a 

result, the persistence of first-generation CAR-T cells was poor in most patients[11]. The second 

generation of CAR-T cells incorporated a co-stimulatory molecule such as CD28 or 4-1BB into the 

intracellular domain which improved the proliferation, cytotoxicity and lifespan of the cells[12] 

[13]. Third generation CAR-T cells have combined multiple signaling domains but have not yet 

demonstrated improved patient outcomes over second generation CAR-T cells[14]. CARs allow T 

cell recognition of surface bound antigens without the need for processing and presentation via 

the major histocompatibility complex (MHC). This enables recognition of a wider range of target 

antigens including carbohydrate and glycolipid structures and, by bypassing MHC class restriction, 

means that CD4+ and CD8+ CAR-T cells can be recruited[15]. Removing the requirement for MHC 

presentation also means that CAR-T cells are not affected by tumour cell MHC depletion. 

The clinical efficacy of CAR-T cells has so far been demonstrated most in haematological 

malignancies. Trials of anti-CD19 CAR-T cells in Acute Lymphoblastic Leukaemia (ALL), Chronic 

Lymphocytic Leukaemia (CLL) and B-cell Non-Hodgkin’s Lymphoma (NHL) have shown high rates 

of complete remission[16-18]. Reduced levels of success have been seen in solid tumours. This is 

likely due to the immunosuppressive microenvironment of the tumour, tumour heterogeneity, 

poor infiltration of CAR-T cells into the tumour and loss of target antigens[19,20]. The problem of 

antigen loss and the development of tumour escape variants has also been observed in 

leukaemias treated with anti-CD19 CAR-T cells. CD19 epitope loss is estimated to occur in 10-20% 

of pediatric B-cell ALL patients resulting in resistant tumour populations[21,22]. The use of CAR-T 

cell therapy has also been limited by a number of potentially severe toxicities. The most common 

of these are cytokine release syndrome (CRS) and a range of neurotoxicities[23].  
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1.1.2 Monoclonal Antibody Therapies 

The development of monoclonal antibody (mAb) therapies to selectively target cancer hopes to 

realise Paul Ehrlich's concept of a ''magic bullet'', conceived over 100 years ago[24,25]. This was 

initially made possible by the production of mAbs by hybridomas[26]. These antibodies were 

murine in nature and their clinical utility was limited by their immunogenicity and poor immune 

effector recruitment in humans[27,28]. The subsequent development of humanisation 

processes[29] that graft murine variable domains or complementarity determining regions onto 

human IgG produced chimeric or humanised antibodies respectively. Incorporating a human Fc 

domain, these antibodies have largely overcome the problems that were initially encountered 

with murine mAb. 

MAb therapies have been developed to act on a range of therapeutic targets. MAbs can target 

tumour specific antigens in order to effect cell death or block the activity of growth factors. They 

can also be used to target the more general tumour microenvironment or immune cells to combat 

tumour induced immunosuppression via immune checkpoint blockade. Modified antibodies 

including bispecific antibodies and antibody conjugates further expand their potential therapeutic 

effects. 

1.1.2.1 Cytotoxicity of Tumour Cells 

By targeting tumour cell specific surface antigens mAbs present the opportunity for a therapy that 

can specifically target and kill cancer cells with minimal systemic toxicity. The therapeutic effect of 

these antibodies is primarily exerted by engaging immune effectors. Antibody-dependent cellular 

cytotoxicity (ADCC), antibody dependent cell phagocytosis (ADCP) [30], complement-dependent 

cytotoxicity (CDC) and complement-dependent cell mediated cytotoxicity have all been implicated 

in the immune response to these mAbs [31-33].  

For ADCC mediated immunotherapy, the binding of IgG mAb to surface antigens enables the 

targeting of innate immune effector cells including: Natural killer (NK) cells, macrophages and 

neutrophils to kill tumour cells. Of these, NK cells are the primary ADCC effectors and kill their 

target cells via exocytosis of cytotoxic granules containing perforin and granzymes or via the 

engagement of death receptors on the target cell, such as Fas, resulting in apoptotic cell 

death[34].  

ADCC is activated by the interaction of bound mAbs to Fc receptors on effector cells. Fc receptors 

include the high affinity FcγRI (CD64) and lower affinity FcγRIIa (CD32a), FcγRIIc (CD32c) 

and FcγRIIIa (CD16a).  Multiple FcγR are expressed by macrophages, neutrophils, eosinophils and 



Chapter 1 

4 

dendritic cells, although  FcγRIIc is only expressed in 7-15% of the population[35,36]. FcγRIIIa is 

the key receptor activating NK cells [37-39]. ADCC has been demonstrated to play a role in the 

anti-tumour activities of the anti-CD20 mAb rituximab, used in the treatment of Non-Hodgkin’s 

lymphoma and CLL and of trastuzumab which targets anti-HER2/neu for the treatment of breast 

cancer[40-42]. 

ADCP has been shown to be a major mechanism by which macrophages contribute to the anti-

tumour effect of mAbs [30]. Gül et al used intravital imaging of a murine melanoma model to 

demonstrate that mAb opsonised tumour cells were phagocytosed by Kupffer cells [43]. This 

phagocytosis was shown to be dependent on FcγRI. ADCP has been shown to be a contributing 

factor to the effector mechanisms of a number of therapeutic antibodies against a range of 

antigenic targets [30], including anti-CD20 rituximab [44,45]. 

In addition to the activation of cellular effectors, IgG molecules also activate the classical 

complement pathway. This effect is highly dependent on the IgG isotype. IgG3 shows the greatest 

complement fixing activity, followed by IgG1 and IgG2, with IgG4 being unable to fix complement 

[46,47]. Surface bound IgG recruits C1q to its Fc domain, initiating the complement cascade that 

results in the formation of the membrane attack complex and subsequent lysis of the tumour cell. 

Complement cascades also produce the chemotactic agents C3a and C5a which help recruit 

leukocytes to the tumour location[48]. CDC plays a role in the clinical efficacy of many mAb 

including rituximab[49,50]. 

In the absence of immune effector mechanisms some mAbs have been shown to be capable of 

cytotoxic activity. A number of in vitro studies with malignant B-cell lines demonstrate that 

rituximab and other anti-CD20 antibodies can induce apoptosis[51,52]. Binding of rituximab to 

CD20 leads to cross-linking and activation of protein tyrosine kinases. These in turn activate 

phospholipase Cγ (PLCγ) resulting in Ca2+ release from the endoplasmic reticulum, activation of 

caspase 3 and initiation of apoptosis. 

1.1.2.2 Ligand Binding and Signal Blockade 

Members of the epidermal growth factor receptor (EGFR) family are often overexpressed in solid 

tumours. These tyrosine kinases are important for cell growth and their upregulation can be 

critical for abnormal proliferation of malignant cells. The anti-EGFR mAb cetuximab is used for the 

treatment of metastatic colorectal cancer. Cetuximab binding to the EGFR extracellular domain 

prevents binding of its activating ligands and promotes EGFR internalisation[53,54]. Blockade of 

EGFR signalling in this way results in cell cycle arrest in G1[55].  
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Another member of the EGFR family, HER2, is overexpressed in 20-30% of breast cancers and is 

associated with poor clinical outcomes[56]. HER2 has no known ligands and is instead activated 

by receptor homo- or hetero-dimerisation leading to its autophosphorylation and the subsequent 

triggering of several downstream pathways including the PI3K/Akt regulator of cell growth and 

survival. The anti-HER2 mAb trastuzumab can interfere with HER2 dimerisation and trigger 

receptor internalisation and degradation. This inhibits PI3K/Akt and MAPK pathways and leads to 

cell cycle arrest and a reduction in cell growth[57]. 

1.1.2.3 Targeting the Tumour Microenvironment 

The specific, targeted nature of mAbs means that they can also be used to target aspects of the 

tumour microenvironment. An example that has made its way into clinical practice revolves 

around tumour angiogenesis.  Many solid tumours secrete vascular endothelial growth factor 

(VEGF) in response to hypoxia[58]. VEGF binds to its receptor on the vascular endothelium to 

stimulate new blood vessel growth and its upregulation is associated with poorer prognosis. The 

mAb Bevacizumab selectively binds to circulating VEGF and prevents it binding to its receptor. 

This reduces the growth of blood vessels into the tumour limiting its blood supply[59]. As a 

tumouristatic agent, Bevacizumab is approved for combination use with chemotherapy in a 

number of solid tumours including metastatic colon cancer[60,61]. 

1.1.2.4 Targeting the Immune System: Immune Checkpoint Blockade 

The aim of immune checkpoint blockade is the removal of inhibitory signals that regulate T cell 

activation and are responsible for T cell exhaustion. This enhances the patient’s own T cell 

mediated anti-tumour responses[62]. Two immune checkpoint receptors have so far been 

targeted by clinical therapies, CTLA4 and PD-1. The first immune checkpoint inhibitor, ipilimumab, 

which targets the T cell negative costimulatory molecule CTLA4, was approved by the FDA in 2011 

for the treatment of metastatic melanoma. Since then, a number of immune checkpoint blockade 

therapies targeting the PD-1/PD-L1 system have been approved for a range of different cancer 

types.  

 CTLA4 is upregulated to the T cell membrane in response to T-cell receptor stimulation[63]. Here 

it competes with the positive co-stimulatory molecule CD28 for its ligands on antigen presenting 

cells; B7-1 (CD80) and B7-2 (CD86)[64]. CTLA4 binds with a higher affinity and avidity to these 

ligands than CD28[65]. By competing with CD28, CTLA4 reduces its activation of downstream 

signalling via PI3K and AKT[66,67] and therefore attenuates the effect of CD28 on T cell 

activation. CTLA4 is crucial for tolerance and the regulation of T cell activation. This is 
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demonstrated in Ctla4 knockout mice which exhibit massive and lethal lymphoproliferation 

[68,69]. CTLA4 primarily exerts its immunosuppressive effect via synergistic downregulation of 

CD4+ helper T cells and activation of regulatory T cell activity[70]. Blockade of CTLA4 by the 

humanised antibody ipilimumab prevents its binding to B7[71] and enables CD28 positive co-

stimulation allowing for increased effector T cell activation. Ipilimumab treatment also results in a 

depletion of intratumoural regulatory T cells[72] and this combination of effects leads to an 

enhancement of T cell anti-tumour activity. Ipilimumab treatment has shown significant 

improvements in overall survival in patients with metastatic melanoma[73]. 

In contrast to CTLA4, PD-1 acts primarily in the periphery to regulate local T cell responses and 

minimise tissue damage[74,75]. PD-1 expression is induced in T cells upon their activation[76]. Its 

ligands, PD-L1 and PD-L2 are widely expressed in non-lymphoid tissues in response of IFN-γ and 

act to inhibit T cell activation[77,78]. Activation of PD-1 by its ligands directly inhibits T cell 

activation by recruitment of the phosphatase SHP2 which dephosphorylates CD28 and inactivates 

its signaling [79,80]. Persistent PD-1 signaling leads to T cell exhaustion via metabolic 

restriction[81], resulting in poor effector function and preventing tumour clearance[82].  

There are currently six FDA approved PD-1/PD-L1 axis inhibitors: pembrolizumab, nivolumab and 

cemiplimab target PD-1 whilst atezolizumab, avelumab and durvalumab target PD-L1. Agents are 

approved for a range of tumour types including melanoma, non-small cell lung cancer, renal cell 

carcinoma and Hodgkin’s lymphoma[83]. PD-1/PD-L1 axis blockade prevents activation of the 

downstream negative signaling pathway and can lead to the reinvigoration of subsets of the 

exhausted T cell population[84] re-enabling immune mediated anti-tumour responses. 

Both CTLA-4 and PD-1 blockade are associated with a number of inflammatory side effects known 

as immune-related adverse events[85,86]. These events can affect a wide variety of different 

organs and include colitis, hepatitis, pneumonitis and dermatitis. It is thought that these events 

are related to the mechanism of action of these drugs. By blockading inhibitory signals which play 

an important role in immune tolerance and T-cell regulation, these therapies may increase the 

opportunity for autoimmune response in normal tissues. 

The distinct mechanisms by which CTLA4 and PD-1 inhibit T cell activation allows for synergistic 

combination treatment. Blockade of both pathways results in improved therapeutic efficacy 

compared to individual therapies[87,88]. A recent 4 year follow up to a phase III trial in advanced 

melanoma reported a 53% overall survival rate for a combined ipilimumab and nivolumab 

therapy[89]. However, the use of combination therapy has been shown to increase the likelihood 
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of patients developing immune-related adverse events which may lead to the discontinuation of 

treatment [90,91]. 

1.1.2.5 Bispecific T cell Engagers 

Bispecific antibodies possess two distinct variable regions each targeting a different antigen. By 

simultaneously targeting epitopes on tumour and immune cells, bispecific antibodies can direct 

the effector function of NK cells, macrophages and T cells. Those that target T cells are known as 

Bispecific T cell engagers (BiTEs) [92]. BiTEs enable T cell activation without the requirement for 

TCR-MHC interaction. This allows activation of T cells even in the face of MHC downregulation, a 

common mechanism of tumour cell immune escape and means that T cell immune responses are 

no longer dependent on the generation of specific T cell clones. BiTEs have been shown to 

activate both CD8+ cytotoxic T cells and CD4+ cells, in which there is upregulation of granzyme 

B[93]. Clinical success has been seen with the CD19/CD3 BiTE blinatumomab in the treatment of 

non-Hodgkin’s lymphoma and ALL[94,95]. 

1.1.2.6 Antibody Conjugates 

There is now a well described stable of naked antibodies against defined targets such as CD20 

that exert cytotoxicity against antigen expressing target cells. However, many naked antibodies 

lack any obvious cytotoxic activity. Malignant cells are often resistant to apoptosis and 

immunocompromised patients lack the necessary competent immune effectors for effective 

treatment. This has been a major limiting factor in their development[96]. One way to confer on 

or potentially improve on the therapeutic action of mAbs is to directly link them to a radioisotope, 

cytotoxic drug or protein toxin. These conjugates offer the specificity of an antibody but aim to 

provide a greater potency.  

Radioimmunoconjugates, consist of a mAb conjugated with a radioisotope such as yttrium 90. 

These aim to deliver a high dose of radiation directly to a tumour with minimal off target 

toxicities. Trials with radioimmunoconjugates showed impressive results in B-cell lymphomas 

including good responses in non-Hodgkin lymphoma patients that did not otherwise respond to 

unconjugated antibodies or chemotherapy [97,98]. Two radiolabelled antibodies have received 

FDA approval but have not found widespread use in clinical practice due to requirements for 

specialists in nuclear medicine to administer the therapy and concerns about dose limiting 

toxicities including prolonged myelosuppression [99,100]. More recently, advancements in pre-

targeted radioimmunotherapy (PRIT), which offers improvements in therapeutic index, hope to 

overcome these problems. PRIT involves a multistage delivery of reagents, starting with 

administration of a bispecific antibody or an antibody-streptavidin conjugate. This antibody is 
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given 24-48 hours to accumulate in the tumour before a radionucleotide containing chelating 

agent is given. With bispecific antibodies, one chain recognises a tumour specific antigen whilst 

the other targets the chelating agent. For antibody-streptavidin conjugates the chelating agent is 

biotinylated. This process allows for the slow distribution of the antibody to be completed before 

administration of the small radionucleotide which is distributed much more rapidly before being 

trapped by its association with the antibody. Unbound radioactive reagents are quickly cleared via 

the urine reducing off-target toxicities[98,100,101]. 

Monoclonal antibodies conjugated to cytotoxic drugs are termed antibody-drug conjugates 

(ADCs). The antibody enables localisation of the drug to the tumour, reducing its off-target effects 

and allowing the delivery of more potent drugs that could not normally be used systemically 

without severe side effects [102,103]. The cytotoxic domain of the majority of ADCs approved 

and in development are anti-tubulins which prevent microtubule organisation and bring about cell 

death by mitotic arrest[104]. A whole range of ADCs utilising different cytotoxic payloads have 

been or are being developed [103,105]. The developmental predecessors to these ADCs are 

immunotoxins (ITs) where the mAb is instead conjugated to a protein toxin. These were first 

described in 1970 by Moolten and co-workers[106] and have undergone a great deal of 

development since then. Immunotoxins are part of a wider group of targeted anticancer therapies 

utilising protein toxins known as targeted toxins. 

1.2 Targeted Toxins 

Targeted Toxins open up the possibility of a highly tumour specific and potent cancer therapy. 

These are hybrid molecules comprised of two parts, a protein toxin molecule with enzymatic 

activity and a cell binding domain such as a cytokine, growth factor or an antibody (Immunotoxin) 

responsible for targeting the toxin to tumour associated or specific antigens. Targeted toxins offer 

several advantages over ADCs. They do not rely on disrupting mitosis and are therefore able to 

effectively kill slowly or non-dividing cells. Because their method of toxicity is different from other 

forms of chemotherapy they have little cross-resistance with other cytotoxic agents and could be 

combined with standard therapy for potential synergy.   

Essential to the development of any targeted toxin is the identification of an appropriate target 

antigen. Unlike naked mAb therapies that in some instances partly rely on ADCC, antibodies used 

as a part of an IT need to bind to an antigen that is rapidly endocytosed into an appropriate 

intracellular compartment after ligand binding. To improve the specificity and therapeutic efficacy 

of the targeted toxin the target antigen should be one over-expressed by the cancer cell and 

expressed at low levels or not at all by normal life sustaining tissues.  
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The majority of developed targeted toxins incorporate either bacterial toxins such as 

pseudomonas exotoxin A  (ETA) or diphtheria toxin (DT) , or plant derived ribosome inactivating 

protein (RIPs) toxins such as saporin or ricin A chain[107]. These toxins act to irreversibly arrest 

protein synthesis, though bacterial and plant derived toxins do so by different mechanisms. This 

review will focus mainly on targeted toxins incorporating the RIP saporin, though some brief 

consideration will be given to others. 

1.2.1 Bacterial Toxins 

The bacterial toxins ETA and DT enzymatically ADP-ribosylate the histidine-699 of elongation 

factor 2 (EF2) [108,109]. This inhibits its activity and thus halts protein synthesis at the elongation 

step. Bacterial toxins fall outside the scope of this work and will not be discussed further in this 

thesis, for a recent review on their use in targeted toxins see Zahaf et al[110]. 

1.2.2 Ribosome Inactivating Proteins 

Ribosome inactivating proteins are a group of cytotoxic proteins initially identified in plants and 

thought to be involved in defence against viral attack. RIPs are produced by a large number of 

different plant species, both mono- and di-cotyledons. Prominent examples include abrin (Abrus 

precatorius), agrostin (Agrostemma githago), dianthin (Dianthus caryophyllus), gelonin (Gelonium 

multiflorum), saporin (Saponaria officinalis) and ricin (Ricinus communis)[111]. Other RIPs 

including Shiga toxins are produced by pathogenic bacteria as a virulence factor[112]. 

All RIPs possess an N-glycosidase activity (EC 3.2.2.22) which enzymatically cleaves a specific 

adenine (A4324) from the highly conserved alpha-sarcin/ricin loop, a GAGA tetranucleotide loop, 

located in the 28S ribosomal RNA [113,114].  This depurinates the 60S ribosomal subunit and 

prevents its interaction with the elongation factor EF-2 [115]which is required for translocation of 

the tRNA between the A-site and the P-site of the ribosome. This permanently blocks translation 

and a single molecule of ricin is capable of inactivating over a thousand ribosomes per 

minute[116] leading to severe disruption of protein synthesis and subsequent cell death[117]. 

Whilst it is this inhibition of protein synthesis that is considered to be the principle mechanism 

behind the cytotoxicity of RIPs, many of these toxins have also demonstrated the ability to induce 

cell death by apoptosis[118-121].  This has been shown to occur via the intrinsic pathway 

[120,122] and involves activation of caspase 9 and caspase 3. Inhibition of caspase 3 in cells 

exposed to saporin inhibited apoptosis demonstrating the caspase-dependency of saporin 

induced cytotoxicity[123]. The same group also showed that the initiation of apoptosis in 
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response to an isoform of saporin occurs prior to detectable protein synthesis inhibition[123]. 

Upregulation of the mitochondrial anti-apoptotic protein Bcl-2 has been shown to have a 

protective effect against apoptotic cell death caused by abrin [119] and ricin [124]. 

A number of different pathways have been implicated in RIP induced apoptosis and these may not 

be mutually exclusive or involved in all cell types. Iordanov et al first showed that rRNA 

depurination of the 28s rRNA by ricin and α-sarcin activated Stress Activated Protein Kinases 

(SAPK) and JNK1[125]. This activation was independent of protein synthesis inhibition and the 

authors proposed that the 28s rRNA acts as a sensor for ribosomal stress and is responsible for 

activating the signalling pathway that activates SAPK/JNK1, although the mechanism by which this 

occurs is unknown. A ribotoxic stress response has also been shown to be triggered by Shiga 

toxin, resulting in activation of p38 MAPK and JNK1[126]. JNK has been shown to play a role in 

other forms of stress induced apoptosis triggered by mitochondria[127]. 

The involvement of mitochondria in RIP induced apoptosis has been demonstrated by a number 

of studies. Exposure of HeLa cells to Shiga toxin resulted in damage to mitochondrial membranes 

leading to a reduction in mitochondrial membrane potential and release of cytochrome c[128].  

The RIP abrin has also been shown to trigger apoptosis via a mitochondrial pathway with loss of 

mitochondrial membrane potential, release of cytochrome c, activation of caspase 9 and an 

increase in reactive oxygen species (ROS) production. Shih et al proposed that this was due to an 

interaction between abrin and the mitochondrial anti-oxidant protein 1 (AOP1) which reduced its 

antioxidant activity[129]. It has also been reported that RIPs can activate the mitochondrial 

pathway of apoptosis via enhancement of poly(ADP-ribose) polymerase (PARP) activity resulting 

in depletion of NAD+ and ATP[130]. Saporin and gelonin have been shown to directly depurinate 

auto-modified PARP and Barbieri et al proposed that this would result in inhibition of DNA repair 

and depletion of NAD+[131]. 

There is some evidence to suggest that the N-glycosidase activity of Saporin is not the only route 

by which the toxin can lead to apoptosis. Some toxin mutants lacking RIP activity were still able to 

initiate apoptosis, although to a lesser degree than the native toxin, and it was proposed that this 

is due to internucleosomal DNA fragmentation[132]. However, this is a controversial issue and it 

has been suggested that the apparent DNase-like activity of some RIPs is in fact a consequence of 

contamination[133] as no such activity was observed with a recombinant saporin isoform[134]. 

RIPs can be divided into two groups, Type I and Type II. Type II RIPs, including ricin and abrin exist 

as holotoxins consisting of an enzymatically active A-chain and a B-chain containing a cell binding 

domain which is responsible for mediating endocytic cell entry[135]. Type I RIPs including saporin 
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and dianthin are comprised of only a single 30kDa [136,137] [138] enzymatic protein chain and 

therefore lack an efficient means of cell entry, making them significantly less cytotoxic than Type 

IIs. 

For the N-glycosidase activity of a RIP to be exerted, the toxin must first gain access to the cell's 

cytoplasm. In the case of Type II RIPs such as Ricin, internalisation is initiated by binding of the 

toxin B chain, a lectin like peptide, to cellular surface galactose or N-acetylgalactosamine 

[139,140] which results in endocytosis of the holotoxin. Once within the endosomal 

compartment the ricin holotoxin undergoes retrograde transport to the golgi[141] and 

endoplasmic reticulum where the A and B chains dissociate due to the activity of protein 

disulphide isomerase[142] and thioredoxin reductase[143]. The released ricin A chain (RTA) is 

partially unfolded and is marked by the cell for degradation by the proteasome in the cytoplasm. 

The ER-associated protein degradation (ERAD) process[144] delivers the RTA into the cytoplasm 

[145,146] where the toxic A chain is refolded into its active form which can then act directly on 

the ribosome. 

Type I RIPs such as Saporin do not possess a cell binding subunit and their exact mechanism of 

endocytosis is unknown. There is some evidence for an interaction between saporin and the 

alpha-2 macroglobulin receptor (a2MR), also known as low density lipoprotein receptor related 

protein (LRP)[147] and it was proposed that this may play a role in the toxin’s endocytosis. This is 

supported by work showing that another type I RIP, trichosanthin, also binds to a2MR and that a 

competitive ligand inhibited entry of trichosanthin into the cell[148]. However, there does not 

appear to be any correlation between the expression of a2MR by a particular cell line and the 

toxicity of a saporin isoform for that cell line. This suggests that this receptor is not solely 

responsible for the internalisation of saporin-6 and that other endocytic mechanisms may be 

involved[149]. In the case of targeted toxins incorporating a Type I RIP, the targeting peptide or 

antibody is largely responsible for binding to the cell leading to subsequent endocytosis. 

Post endocytosis the intracellular trafficking of saporin is incompletely understood but it appears 

that unlike RTA the toxin does not undergo retrograde transport through the golgi apparatus 

[150]. Confocal microscopy studies that followed fluorescently labelled saporin showed co-

localisation with pHrodo Red dextran, a marker for acidic endosomes and lysosomes [151,152] 

and also with immunofluorescent staining for the lysosomal marker LAMP-1 and the late 

endosomal marker LBPA[152]. 

For the development of targeted toxins, the cell binding domains of Type II RIPs increase the risk 

of the targeted toxin binding non-specifically to and being endocytosed by off-target cells leading 
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to unwanted cytotoxicity. Type I RIPs or the isolated A-chain of Type II RIPs, which lack a cell 

binding domain, are therefore preferable in the development of a highly specific targeted 

therapy. 

1.2.3 Saporin 

Saporin is a Type I RIP produced by Saponaria officinalis L. (common soapwort) which belongs to 

the Caryophyllaceae family[153]. At least nine different isoforms of saporin proteins have been 

identified in soapwort leaves, roots and seeds [154] and these vary in their biological properties. 

Of the seed isoforms, Saporin 6 (Sap-SO6) is the commonest and makes up about 7% of the total 

seed protein[153]. Isoforms are named by the peak number from which they were obtained by 

HPLC of the crude extract, thus Sap-SO6 is from peak 6 of the seed preparation. Sequencing 

showed that this peak contains at least four different isoforms, with heterogeneity at position 48, 

either Asp or Glu, and at position 91, either Arg or Lys[136]. Sap-SO6 is highly active in both cell 

line and cell-free systems and this along with its abundance has led to it being the most well 

studied and utilised isoform of saporin. 

Sap-SO6 is highly stable; it is resistant to denaturation by urea or guanidine, high temperatures 

and to proteolysis[155]. In addition to this, the chemical modifications used in the conjugation 

process do not significantly affect the catalytic activity of SO6[156]. These factors, in combination 

with its high enzymatic activity and its poor cell entry in its unconjugated form make it an 

excellent candidate for the development of targeted toxins. 

1.2.4 Saporin Based Targeted Toxins 

The first Sap-SO6 based IT was created in 1985 following its conjugation to a murine anti-Thy 1.1 

mAb, OX7 and its F(ab’)2 fragment by Thorpe and co-workers[157]. Since then Sap-SO6 has been 

incorporated into a number of different targeted toxins directed against a range of solid and 

haematological malignancies [158-160]. Conjugation of Sap-SO6 to mAbs or other ligands greatly 

increases its selective cytotoxicity towards target antigen expressing cells with in vitro IC50 values 

commonly at nanomolar concentrations or less[158]. In preclinical studies with xenotransplanted 

immunocompromised mice, saporin based immunotoxins have demonstrated significant 

therapeutic effects [157,161-163]. 
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1.2.5 Clinical Trials with Targeted Toxins 

The first clinical trial with a Sap-SO6 linked IT used an anti-CD30-saporin to treat four patients 

with advanced, refractory Hodgkin’s lymphoma. A substantial (50-75%) but transient reduction in 

tumour mass was observed[164]. Subsequent small, pilot clinical trials involved anti-CD22 

bispecific antibodies (BsAbs), whose second Fab was targeted to different epitopes on Sap-SO6. 

These antibodies were complexed with the toxin prior to administration to patients with low-

grade, end-stage B-cell lymphomas. Short term, rapid and beneficial responses were observed in a 

number of these patients [165-167]. These trials had minimal toxic side effects including myalgia, 

pyrexia and weakness with a small number of patients showing signs of hepatotoxicity.  

Two Phase I clinical trials have been undertaken with the anti-CD19 IT, BU12-Saporin. The first, 

conducted in patients with relapsed Non-Hodgkin Lymphoma showed minimal toxicity but only 

minor responses to treatment (Flavell et al. Unpublished results 1996). The second, in paediatric 

patients with relapsed pre-B-cell acute lymphoblastic leukaemia was closed prematurely due to 

the poor health of the patient population (Flavell et al. Unpublished results 2002). 

Another Phase I trial with the anti-CD38 IT, OKT10-Saporin, in patients with myeloma was also 

closed prematurely due to concerns about off-target toxicities. Minor responses in some of the 

treated patients treated with OKT10-Saporin were observed (Flavell et al. Unpublished results 

2001). In all of these trials the maximum tolerated dose was never reached. 

More widely, a number of immunotoxins incorporating ETA, DT or deglycosylated ricin A chain 

(dgA) have undergone Phase I and II clinical trials against a range of malignancies with varying 

degrees of success. Responses in haematological malignancies have generally been significantly 

better than those achieved in solid tumours presumably because is easier for the IT to gain access 

to malignant haematological cells and patients are more immunosuppressed, reducing the 

chances for immunogenicity 

The previous clinical development of targeted toxins has been hampered by a number of 

problems. The most major of these being immunogenicity and dose limiting toxicities particularly 

vascular leak syndrome (VLS). Antibodies against both the monoclonal antibody and against the 

toxin component of ITs occur in up to 40% of patients with haematological tumours and between 

50% to 100% of those with solid tumours after a single cycle of IT therapy[168]. This difference in 

immune response is likely due to the immunocompromised state of patients with haematological 

tumours in comparison to those with solid tumours. Neutralising antibodies, that block the 

cytotoxicity of the IT either by blocking antibody binding to its target antigen or neutralising the 

RIPs active site, greatly reduce their efficacy and can prevent repeat treatment. Measures to 
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avoid immunotoxin immunogenicity[169] have included non-specific immunosuppression [170] 

and modification of the toxin by mutagenesis [171] or PEGylation [168,172]. 

The development of side-effects including VLS, hepatotoxicity and rhabdomyolysis has, in some 

trials, limited the maximum tolerated dose of IT that can be administered. It is believed that these 

toxicities are the result of nonspecific uptake into off-target cells[173-175]. In VLS, damage to 

vascular endothelial cells leads to interstitial oedema, hypoalbuminaemia and weight gain. In 

some of these trials severe and even fatal cases of VLS have occurred with hypotension and 

pulmonary oedema [176-178]. Identification of toxin motifs responsible for VLS has enabled the 

production of recombinant toxins including RTA[179] and ETA[180] which have reduced off-

target toxicity. 

Because of these hurdles only two targeted toxins have thus far been approved by the FDA for 

treatment of malignancy. The first of these, denileukin diftitox, which comprises a recombinant 

human interleukin-2 fused to diphtheria toxin [107,181] is indicated for the treatment of 

cutaneous T cell lymphoma and was approved in 1999. Purification and production issues led to 

its discontinuation in 2014. The second, moxetumomab pasudotox, is an anti-CD22ETA containing 

IT which showed a high degree of activity against hairy cell leukaemia (HCL) in Phase I/II trials and 

recently completed a Phase III trial (NCT01829711) before being approved by the FDA in 

September 2018[182]. Moxetumomab pasudotox demonstrated a 75% objective response rate 

and 41% complete response rate in patients with HCL[183]. 

There is therefore a need to widen the therapeutic window for targeted toxins so that a 

therapeutic effect can be achieved at lower dose levels that do not lead to significant off-target 

toxicity. Whilst coupling the toxin to a targeting domain confers specificity it does not guarantee 

clinical efficacy. Several obstacles to the efficient delivery of toxins into the cytosol have been 

identified. These include but are not exclusive to, poor internalisation of the immunotoxin[184], 

recycling of the immunotoxin back to the cell surface[185] and poor endosomal escape to the 

cytosol resulting in trafficking of the toxin component to the lysosome and subsequent 

degradation[151,152] 

Several different approaches have been used in an effort to augment targeted toxin cytotoxicity, 

most of which act to improve the escape of the toxin from the endolysosomal pathway into the 

cytosol. This includes small molecule chemical enhancers such as the lysosomotropic amines[186] 

and carboxylic ionophores[187]. Both of these classes of chemicals act by raising the lysosomal 

pH and therefore inhibit the degradation of internalised targeted toxins by lysosomal enzymes 

that are active at low pH. Specific combinations of targeted toxins and various enhancer 
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molecules have demonstrated up to 50,000 fold increases in cytotoxicity in vitro [186,188]. 

Virally derived peptides[189] have also demonstrated limited enhancement of targeted toxin 

cytotoxicity with more significant enhancing effects seen with living adenovirus 

preparations[190]. The anti-CD20 antibody rituximab augments the cytotoxic effect of an anti-

CD19 immunotoxin, suggesting that combination therapy of immunotoxins and certain antibody 

therapies may have a synergistic therapeutic effect[191]. In vivo, combinations of two or more 

different ITs targeting different antigens show superior therapeutic outcomes[161]. It is 

speculated that a cocktail of ITs overcomes heterogeneity of single antigen expression within a 

tumour population ensuring that a lethal dose of toxin is delivered to all tumour cells in the 

population.  

The cytotoxicity of some ITs is proposed to involve synergistic action between the toxin following 

intracellular delivery and NK-cell mediated ADCC induced by antibodies bound to the target cell 

surface[192,193]. Activation of NK-cells and potentially macrophages by poly-inosinic-cytidylic 

acid, a synthetic dsRNA TLR3 agonist improved the therapeutic activity of the anti-CD7 IT HB2-

Saporin in a SCID mouse model[194] suggesting the possibility of combining an 

immunotherapeutic approach with IT therapy to achieve a more robust outcome in the patient. 

Arguably the most promising augmentative agents described to date are the saponins, 

constitutive secondary metabolites produced by plants. In vitro saponins derived from Gypsophila 

species have been shown to augment various targeted toxins with increases in cytotoxicity 

ranging from 3,000 fold to 31,000,000 fold[195-197]. 

1.3 Saponins 

Saponins are a diverse group of structurally related molecules found in a large number and variety 

of plant species covering almost 100 families [198,199]. They are also produced by a number of 

marine animals [200,201]. They are so named from the Latin word ‘sapo’ for soap because of 

their ability to produce stable soap-like foams in aqueous solution. Widely used for their 

haemolytic and membrane permeabilising properties, their biological role is thought to be part of 

the plant's defence system as many exhibit antimicrobial, fungicidal, insecticidal and molluscicidal 

abilities[202]. Saponins consist of a hydrophobic aglycone core, called a sapogenin, to which is 

attached one or more hydrophilic sugar chains (Figure 1). This structure makes them amphiphilic 

and gives rise to their detergent-like, surfactant properties. 
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Figure 1. Structure of SA1641 

An example of an oleanane type, bidesmosidic, triterpenoid saponin. This saponin 

possesses a gypsogenin aglycone core and has two carbohydrate side chains attached 

to C3 and C28. Fuc: Fucose (6-deoxy-galactose), Gal: galactose, GlcA: Glucuronic acid, 

Qui: Quinovose (6-deoxy-glucose), Rha: Rhamnose (6-deoxy-mannose), Xyl: Xylose. 

The structural diversity of saponins arises from both the sapogenin core and the attached sugar 

chains.  The primary classification divides saponins into two main classes, steroidal and 

triterpenoid saponins[203] based on the type of sapogenin core.  Further sub-classification by the 

sapogenin leads to eleven major classes. This includes steroidal saponins, further subdivided into 

5-ring furostane and 6-ring spirostane sapogenin skeletons and ten classes of pentacyclic and 

tetracyclic triterpenoid saponins[198]. All sapogenin cores are derived from the C30 precursor 

oxidosqualene[204] with steroidal saponins losing three methyl groups to become C27 
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compounds and triterpenoid saponins retaining all 30 carbon atoms. Over 100 different steroidal 

sapogenins and more than 360 triterpenoid sapogenins have been identified so far[205]. 

In addition to the number of different sapogenin cores, structural diversity is greatly increased by 

the differences in the number, composition and branching of attached sugar chains. The majority 

are monodesmosidic with one sugar chain, normally attached to the C3 hydroxyl group on the 

sapogenin.  Those saponins with two sugar chains are defined as being bidesmosidic with the 

additional sugar usually attached to the C26 or C28 position. More rarely, tridesmosidic saponins 

possess three sugar chains attached to the sapogenin[206]. Individual sugar chains vary between 

1 and 8 residues in length and can be linear or branched[198]. These chains generally contain 

common sugars such as glucose, fructose, galactose and fucose alongside others such as 

rhamnose and quinovose. 

Thousands of different saponins have so far been isolated and characterised, each possessing a 

wide range of biological activities. These include a number of pharmacological activities that 

include  anti-inflammatory, hypocholesterolemic, immunomodulatory, hypoglycaemic, 

expectorant, vasoprotective and anti tumour effects[202]. 

1.3.1 Activity of Saponins on Cell Membranes 

The haemolytic and associated membrane permeabilising activity of saponins is generally 

attributed to their amphiphilic nature, which is hypothesised to allow their incorporation into the 

lipid bilayer.  For the majority of saponins reported in the literature, the presence of membrane 

cholesterol is necessary for permeabilisation of liposomes or lipid monolayers [207-211] and the 

permeabilising activity of saponinum album (SA), a mixture of saponins from Gypsophila species, 

on living cells was recently demonstrated to be plasma membrane cholesterol dependent by 

Smith et al[212]. 

A similar cholesterol dependence has also been demonstrated for haemolysis[213] and for the 

cytotoxicity[207] exerted by hederagenin based saponins, with removal of membrane cholesterol 

conferring protection against lysis. However, for a small number of described bidesmosidic 

saponins membrane permeabilisation appears to be cholesterol independent [209,214]. 

Early electron microscopic imaging studies by Bangham et al[215] and Glauert et al[216] with 

cholesterol planar monolayers exposed to saponin, showed the formation of hexagonal ring like 

structures. These were proposed to be micellar-type complexes formed between saponins and 

cholesterol which, it was speculated, were responsible for the formation of membrane pores. 

Transmission electron microscopy and freeze etch microscopy revealed the presence of deep 
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invaginations and pit formation in the membranes of erythrocytes exposed to the saponin 

Holothurin A from the sea cucumber Actinopyga assagizi[217]. Since then several alternative 

mechanisms for saponin induced membrane permeabilisation have been proposed, including the 

formation of tubular aggregates similar to those observed with monodesmosidic 

glycoalkaloids[208] and pore formation via induction of a positive curvature strain on the external 

monolayer[207]. 

Liposomal models have been used to investigate the membrane permeabilising activity of 

triterpenoid, monodesmosidic saponins based on the hederagenin sapogenin and the cholesterol 

dependence of this activity[207]. In these models the saponin was found to produce a 

cholesterol-dependent permeabilisation which increased over time. Work by the same group 

using liposomes containing the fluorescent cholesterol analogue, dehydroergosterol (DHE), 

indicated that exposure to saponin caused the DHE to enter a more hydrophobic environment 

with the suggestion that the saponin was forming aggregates or micelles in the membrane[207]. 

1.3.2 Structure-Activity Relationships of Membrane Permeabilising Saponins 

Haemolysis is the most described activity studied across the range of saponin species and 

consequently most of the structure-activity relationship (SAR) work has been performed in 

erythrocytes, with a smaller number of studies performed in liposomes. This makes it difficult to 

draw specific conclusions with regards to their membrane permeabilisation characteristics 

towards nucleated mammalian cells. 

The haemolytic effects of saponins are primarily attributed to the aglycone structure as many 

sapogenins are themselves haemolytic[218] and early work suggested that post absorption into 

the membrane, deglycosylation and release of the aglycone is necessary for membrane 

permeabilisation. Differing aglycone cores have a large effect on the haemolytic activity of the 

saponins based upon them. A study by Gauthier et al showed that whilst pentameric triterpenoid 

oleanane type saponins tend to exhibit a strong haemolytic effect, lupane type saponins did not at 

the maximum concentration tested. This lack of haemolytic activity was irrespective of the 

number or type of attached sugar chains[219]. The same study also demonstrated a significant 

correlation between the haemolytic activity and membrane permeabilising activity of oleanane 

saponins. Esterification of the aglycone appears to be essential for haemolysis and hydrolysis to 

an un-esterified saponin removes all haemolytic activity[218,220]. It has been suggested that this 

esterification increases the lipophilicity of the saponin which may enable penetration of the cell 

membrane and pore formation[220]. 
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The role of the attached sugar chains is less well characterised as the large variety of potential 

sugar chains can have greatly differing effects on the haemolytic activity of the sapogenin. This is 

further complicated because the effect on haemolytic activity of a specific sugar chain is not 

preserved between different aglycones[221]. Despite this, the number of sugar chains along with 

their length and structure can have large effects on the membrane permeabilising and haemolytic 

activities of saponins and some general conclusions can be drawn. Increasing the length of the C3 

sugar chain increases the haemolytic effect with trisaccharides and disaccharides being more 

haemolytic than monosaccharides attached to the same aglycone core [211,222,223]. Increasing 

the length of the sugar chain also increases permeabilisation of liposomes[207]. For sugar chains 

that contain more than one sugar residue the linkages between the sugar residues may also be 

important. One study found that disaccharides with 1→ 4 linkages were more haemolytic than 

those with 1→ 6 linkages[224]. Saponins with branched chains seem to be more active than those 

with straight ones[223]. Evidence for the effect of additional sugar chains on haemolysis is 

inconsistent, some studies have reported that monodesmosidic saponins are generally more 

haemolytic than bidesmosidic ones [225,226], whilst others have reported the opposite [214]. It 

is likely that differences in the aglycone and the composition of the sugar chains is responsible for 

this variation. 

 Interestingly, it has been reported by some studies that there is little correlation between the 

haemolytic and cytotoxic activity. Saponins showing similar levels of haemolytic activity can 

greatly differ in their cytotoxic activity and those with similar cytotoxic activities can have 

disparate haemolytic activities. Similarly, high levels of either cytotoxic or haemolytic activity are 

not indicators of strong activity in the other [219,222]. 

1.4 Saponin Augmentation of Targeted Toxin Cytotoxicity 

The interest in saponins as augmentative agents began when it was first noticed by Hebestreit 

and coworkers that the toxicity of the seeds of Agrostemma githago was due to a highly 

synergistic effect between the saponin agrostemmasaponin 1 and the Type I RIP agrostin[227].  

Further work by Melzig et al revealed  that the augmentation of agrostin cytotoxicity was not 

specific to agrostemmasaponin and was also observed with saponins from Gypsophila and Quillaja 

species[228].  Around the same time it was shown that Gypsophila saponins could also augment 

the cytotoxicity of the Type I RIP saporin both in its native form and coupled to epidermal growth 

factor (EGF) as part of a targeted toxin[229]. Investigation of a wider range of toxins revealed that 

the augmentative effects of saponins were highly toxin specific. The greatest levels of 

augmentation were seen in the type I RIPs agrostin and saporin, with a much lower degree of 
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augmentation seen with the type II RIPs, RTA and nigrin b, and the bacterial toxin microcystin LR. 

No augmentation was observed for DT or diphtheria toxin A chain (DTA)[230]. This toxin 

specificity was maintained when toxins were incorporated into range of EGF based targeted 

toxins. The application of the gypsophila saponin SA1641 augmented EGF-saporin and EGF-

dianthin-30 (a type I RIP) cytotoxicity by over 4,000,000 fold, whilst for DT , ETA and for RTA the 

augmentation was effectively only up to 16 fold[195]. 

1.4.1 Structure-Activity Relationships of RIP Cytotoxicity Augmenting Saponins 

There are only a limited number of studies investigating the SAR of saponins augmenting the 

cytotoxicity of RIPs. Melzig et al investigated the effect of nine saponins from a variety of 

Caryophyllaceae species on the cytotoxicity of agrostin. Bidesmosidic saponins showed greater 

levels of augmentation than a monodesmosidic saponin with the same aglycone core. Within the 

bidesmosidic saponins those with a trisaccharide at C3 exerted a greater effect than saponins with 

a monosaccharide at this position[228]. A larger study of 56 oleanane saponins by Böttger et al 

also concluded that bidesmosidic saponins augmented the cytotoxicity of saporin more than 

monodesmosidic saponins. They demonstrated the importance of carbohydrate side chain length 

with saponins containing six or more total sugars being the strongest augmenters especially those 

with branching side chains[231].   

1.4.2 Mechanism of Augmentation 

There is now a body of independent experimental evidence clearly demonstrating that some 

saponin molecular species significantly augment the cytotoxicity of some RIP-based targeted 

toxins (Table 1). However, the precise mechanism driving this augmentative process is not fully 

understood. 

As described above, the cytotoxicity of RIPs is largely ascribed to their catalytic N-glycosidase 

activity against ribosomes. Saponins could bind to or otherwise influence the active site of saporin 

leading to a direct enhancement of this activity. In experiments using adenine release from 

herring sperm DNA by saporin or RTA as an indicator of N-glycosidase activity, no increase in 

activity was observed with the addition of saponin SA1641[232]. The inactivation of ribosomes by 

RIPs requires that the toxin reaches the cytosol. Augmentation of these toxins’ activities by 

saponins might therefore involve an increased efficiency of cytosolic delivery. The most direct way 

for a saponin to achieve this would be through a limited, non-lethal permeabilisation of the 

plasma membrane that would allow direct access of soluble extracellular saporin into the cytosol. 

However several studies have shown that augmentation of toxin activity continues to be seen 
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even at saponin concentrations that are non-permeabilising, as assessed by influx of propidium 

iodide (PI) [195,212] or by cellular impedance[233]. 

These observations led to the proposal that saponins might exert their augmentative effect by 

increasing the endocytic uptake of the toxin or targeted toxin.  Initially some very limited confocal 

evidence from Weng at al appeared to show that a mixture of Gypsophila saponins (SA) increase 

the uptake of a fluorescently labelled saporin[234]. However this finding is suspect as later 

studies from the same group using flow cytometry[152] or a radiolabeled saporin failed to 

confirm these earlier results[235]. 

Table 1. Augmentation of RIP Based Targeted Toxins by Saponins 

Effect of different saporins on TT cytotoxicity in a range of cell lines. EC50 refers to 

half maximal viability compared to untreated cells. EGF: epidermal growth factor; 

EGFR: EGF receptor; NIH-3T3: embryonic mouse fibroblasts; HER14: NIH-3T3 cells 

stably transfected with human epidermal growth factor receptor; PHCC: human 

cervical carcinoma cells; SiHa: human cervical squamous carcinoma cells; HeLa: 

human cervical adenocarcinoma cells; CaSki: human cervical epidermoid carcinoma 

cells; MDA-MB-435S: human breast carcinoma cells; MCF-7: human breast 

adenocarcinoma cells; Ramos: human Burkitt's lymphoma cells; Daudi: human 

Burkitt's lymphoma cells; HSB-2: human lymphoblastic leukaemia cells.  
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Toxin Targeting Domain Target Saponin Cell Line EC50 without Saponin (nM) EC50 With Saponin (nM) Enhancement Factor Reference 

RTA EGF  SA1641 HER14 >1000 61 >16.3 [195] 
Dianthin EGF  SA1641 HER 14 0.45 <0.0000001 >4000000 [195] 

 EGF  SA1641 HER14 57 <0.0000001 >4000000 [195] 
    PHCC1 80 1.1 76000  
    PHCC2 24.5 2.7 9000  
    SiHA >300 0.12 2500000  

 EGF  SA CaSki 5 0.13 38000 [197] 
    NIH-3T3 30 0.6 50  
    HER14 2.5 0.9 2800  
    MDA-MB-435S 206 12 17100  
  EGFR  HeLa 53 0.7 38000  
    HER14 2.5 0.0009 2800 [236] 
    NIH-3T3 30 0.6 50  
   SA HER14 2.4 0.00067 3560 [229] 
 Adapter-EGF   MCF-7 1040 0.0027 385000  
    HER14 2.4 0.00018 13647  
    NIH-3T3 27.7 0.014 1977 [237] 
   Quillaja Saponin HER14 2.4 0.0017 1434  
    NIH-3T3 27.4 0.013 2113  

Saporin Rituximab CD20   7 0.01 700  
 Anti-CD22 CD22 SO1861 Ramos 0.5 0.003 170 [232] 
 Anti-CD25 CD25   1 0.04 25  
    Daudi 139 0.31 448  
 HB2 CD7  Ramos 1000 0.89 1130  
    HSB-2 0.5 0.0036 146  
    Daudi 965 0.00003 31500000  
 BU12 CD19  Ramos 0.96 0.00095 1730  
    HSB-2 212 0.075 3140  
    Daudi 0.0138 0.0000226 615  
 4kB128 CD22 SA Ramos 0.127 0.00003 4521 [196] 
    HSB-2 1000 25.5 39  
    Daudi 0.0532 0.000222 242  
 OKT10 CD38  Ramos 1.11 0.00038 2890  
    HSB-2 0.177 0.00064 276  
    Daudi 0.0143 0.0000413 346  
 DF1513 CD71  Ramos 0.716 0.00035 2020  
    HSB-2 0.025 0.00015 174  
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The ability of saponins to augment the cytotoxicity of both the native toxin and toxin incorporated 

in a wide range of different targeted toxins, including immunotoxins, suggests that the 

augmentative effect is not dependent on any single endocytic pathway for internalisation of the 

toxin. This contention is supported by experimental data obtained for an EGF based targeted toxin 

by Bachran et al[236]. The internalisation of EGF switches from a purely clathrin dependent 

mechanism at low concentrations of EGF to both clathrin dependent and independent 

mechanisms at higher concentrations[238]. This transition did not affect augmentation by SA 

although it should be kept in mind that at higher concentrations of EGF there is still clathrin 

dependent uptake of the growth factor confounding any meaningful interpretation of these 

results. 

The current assumption, based on the above uncorroborated experimental evidence, is that 

saponins do not increase the rate of targeted toxin endocytosis. This correlates with evidence 

that, for a number of targeted toxins and immunotoxins the rate limiting step in the process of 

intoxication is not their internalisation into the cell but rather their escape from the endosomal 

lumen into the cytosol[239]. Instead the targeted toxin is trafficked to the endolysosomal 

compartment where it is degraded. Reducing lysosomal degradation and simultaneously 

improving endosomal escape of the toxin is the mechanism of action of many other classes of 

enhancer molecules[188]. 

Evidence for saponins causing the increased endosomal escape of saporin has been presented by 

Weng et al[152], using a fluorescent, Alexa Fluor coupled saporin to track the effect of saponin on 

the toxin’s cellular location. The fluorescently labelled toxin was detected by live cell confocal 

microscopy in discrete perinuclear vesicles after a six-hour exposure period in ECV-304 cells. 

Subsequent addition of the saporin SA1641 and observation of the cells over a sixty minute period 

appeared to show a massive escape of the saporin from these vesicles into the cytoplasm[152]. 

However, caution should be used in the interpretation of these results as the internalisation and 

trafficking of the saporin may have been influenced by its conjugation to the fluorescent probe 

used. The endosomal escape of saporin seen by these workers was inhibited by preincubation 

with chloroquine which diffuses into the endosome and becomes protonated thus directly 

increasing luminal pH[240]. This suggests that this increased endosomal escape is dependent on 

the acidification of the endosome[152]. This finding is supported by evidence showing that the 

treatment of cells with chloroquine or with bafilomycin A1, an inhibitor of the vacuolar H+ 

ATPase[241], greatly reduces the augmentation of EGF-Saporin toxicity by a saponin but does not 

affect the toxicity of the targeted toxin alone[236]. 
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As previously discussed, the augmentative effect of these saponins is toxin specific. The reason for 

this is likely to be vital to ascertaining the precise mechanism of augmentation. This review will 

focus on the difference between the augmentable Type I RIPs saporin and dianthin and the non-

augmentable Type II RIP RTA as these are amongst the mostly frequently used in targeted toxins 

and share a common N-glycosidase activity. Alignment of the amino acid sequences for these 

toxins revealed that there is a 72% sequence homology between saporin and dianthin-30, but 

only a 23% homology with RTA and it has been suggested that there may be a direct non-covalent 

interaction between saporin and saponin that is necessary to achieve the augmentative 

effect[195].  

An interaction between saponin and saporin has been observed using surface plasmon resonance 

(SPR) measurements with a His-tagged saporin bound to a carboxymethylated gold surface and 

then exposed to SA1641[152]. Results from this study suggested that there was a pH dependent 

interaction between the two. Binding was greatly increased by reducing the pH from a neutral pH 

7.5 to an acidic pH 5. Similar binding effects have also been observed with a soapwort (Saponaria 

officinalis) derived saponin, SO1861[152]. The nature of the association is unknown, but it has 

been suggested that it may involve an electrochemical interaction between the two. At pH 5-6 

Saporin is positively charged because of its very high isoelectric point (IP) of ~9. Whilst both of the 

tested saponins contain a glucuronic acid which is negatively charged at the same pH, RTA (IP~5), 

which was shown not to be significantly augmented by saponins, did not interact with these 

saponins under the same acidic conditions. However, in the same paper by Weng et al it was also 

demonstrated that the type I RIP gelonin (IP ~9) did not associate with either SA1641 or SO1864 

at pH5 suggesting that if there is an association it may not be entirely electrochemical[152]. It is 

unknown whether the toxic activity of gelonin is augmented by saponins. The pH dependency of 

the binding between saporin and certain saponins may be relevant to the mechanism of 

augmentation due to the acidification of the late endosome and lysosomal compartments into 

which the saporin is trafficked. Progression along the endolysosomal degradation pathway sees 

the endosomal contents exposed to increasingly acidic pH from the early endosome (pH 6.1-6.8) 

through the late endosome (pH 4.8-6) and ultimately to the lysosome (pH 4.5)[242].  The route of 

saponin internalisation is unknown but confocal imaging presented by Wang et al showed that a 

fluorescent conjugate of the spirostane saponin dioscin accumulated in the lysosomal 

compartment of HeLa cells[222]. 

It is therefore suggested that there is co-localisation of saporin and the saponin within the same 

endolysosomal compartment[196]. Here the saponin facilitates the endolysosomal escape of the 

saporin into the cytosol in a currently unknown way. It is possible that there is an accumulation of 
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saponin within the endolysosome so that a permeabilising concentration is achieved even when 

the extracellular concentration is sub-permeabilising. It may also be the case that the endosomal 

membrane is more susceptible to permeabilisation by saponins and does not possess the 

membrane repair mechanisms that operate to protect the plasma membrane. An alternative 

hypothesis suggests that a pH dependent association of saporin and saponin occurs within the 

endolysosomal compartment and that this association enables the endolysosomal escape of the 

saporin into the cytosol, possibly through a conformational change that renders the hypothetical 

saponin-saporin complex lytic on the endolysosomal membrane from the luminal side [196]. This 

hypothesis also concurs with the experimental evidence showing that inhibitors of endosomal 

acidification inhibit both augmentation and endosomal escape of saporin.   

1.4.3 Endocytosis of Saponins 

This co-localisation hypothesis requires that both saporin and saponin are trafficked to the same 

endolysosomal vesicle. The internalisation and trafficking of saponin species has not yet been 

determined and it is unknown whether saponins are internalised in the fluid phase or whilst 

integrated into portions of the plasma membrane that are subsequently endocytosed. It is also 

currently unknown whether saponins are internalised independent of the toxin or as part of the 

same process that leads to the toxin’s endocytosis. Here I present the background to the potential 

endocytic routes that might be involved in delivering saponin into the endosomal pathway, 

together with the existing experimental evidence for their direct involvement in the 

augmentation of saporin by saponins. 

1.4.3.1 Clathrin Mediated Endocytosis 

Clathrin mediated endocytosis (CME) is the most well studied endocytic pathway. With well-

defined molecular processes and cargo specificity it is ubiquitous in eukaryotic cells. Endocytosis is 

triggered by signals from a wide range of transmembrane receptors which can be stimulated by 

ligand binding or be constitutive. Binding of the cytosolic adaptor protein 2 (AP2) either directly to 

the cargo or to cargo specific adaptor proteins leads to recruitment of clathrin to the inner leaflet 

of the cell membrane and the formation of clathrin coated pits[243].  The subsequent 

polymerisation of dynamin-2 at the neck of the pit pinches off the pit into a clathrin coated vesicle 

[244,245]. Once detached from the cell membrane the clathrin coat is disassembled allowing the 

uncoated vesicle to be trafficked to and fuse with early endosomes[246]. 

There are several well described small molecule pharmacological agents that inhibit endocytic 

processes. One of these is chlorpromazine, a cationic amphipathic drug which causes clathrin and 
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AP2 complex assembly on endosomal membranes, thus depleting them from the plasma 

membrane and inhibiting CME[247]. Weng et al reported that along with other CME inhibitors, 

imipramine and cyclosporine A, chlorpromazine was able to reduce the cytotoxicity of saporin and 

saponin used in combination against ECV-304 cells[234]. The effect on the toxin alone was not 

investigated by these workers. Chlorpromazine also caused a significant decrease in the 

augmentation of the saporin-EGF targeted toxin (SE) by SA without affecting the cytotoxicity of SE 

used alone[236]. However, this drug has been demonstrated to have variable efficacy and toxicity 

when used against different cell lines and inhibition of clathrin independent endocytosis has been 

observed in some cell lines treated with chlorpromazine [248,249], making meaningful 

interpretation of these findings difficult. 

1.4.3.2 Clathrin Independent Endocytosis 

Clathrin independent endocytosis is less well understood and encompasses several different 

endocytic routes. These include small scale (<200nm) pathways as well as larger, micrometre 

scale pathways such as macropinocytosis[250].The small scale processes are commonly divided 

between those that are dynamin dependent and those that utilise other molecular machinery. 

Of the dynamin dependent pathways, the best studied is the caveolar endocytic system. Caveolae 

are lipid raft domains that appear as 50-100nm flask shaped invaginations of the plasma 

membrane. Their formation involves a number of caveolin and cavin proteins. Caveolae have 

been implicated in lipid homeostasis, protection against mechanical stretching and 

endocytosis[251]. Caveolae have been shown to bud from the membrane but evidence for 

specific protein cargoes is incomplete [251,252]. Other small-scale endocytic processes including 

those involving, RhoA, Flotillin, cdc42 or Arf6 are less well understood[250]. Investigation of the 

role of dynamin in the augmentation of saporin-EGF by saponin was done by transfecting HeLa 

cervical carcinoma cells with a mutant, inactive copy of dynamin-2. This led to a considerable 

reduction in SE cytotoxicity in the presence and absence of saponin but interpretation of results 

was confounded as transfection  was also shown to reduce the surface expression of the 

EGFR[236].  

1.4.3.3 Macropinocytosis 

Macropinocytosis is an actin-dependent, dynamin independent endocytic process which is 

responsible for the non-selective bulk internalisation of extracellular fluid. Here actin cytoskeleton 

rearrangement leads to the formation of membrane ruffles which can fold back on themselves 

and fuse with the base of the plasma membrane forming large macropinosomes[253]. 
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Macropinocytosis can be induced by the stimulation of growth factor receptors or as a 

constitutive process in some cell types such as dendritic cells[254]. Once formed, 

macropinosomes are either recycled back to the plasma membrane or undergo maturation 

joining the late endocytic pathway to the lysosome[255], making this a potential candidate 

mechanism for saponin internalisation either in fluid phase or bound to the membrane. 

Use of the actin polymerisation inhibitor latrunculin A has been shown to reduce the 

augmentation of SE cytotoxicity by saponin but similar to chlorpromazine had no effect on the 

cytotoxicity of the TT alone[236]. As a marker for endocytosis actin may not be very specific, 

being implicated as playing a role in both clathrin mediated endocytosis and the majority of 

clathrin independent pathways[256].  

1.4.3.4 Membrane Repair Processes 

The endocytosis of caveolae has been shown to play an important role in plasma membrane 

repair processes[257]. Damage to plasma membrane integrity is potentially lethal to the cell and 

must be repaired. In the case of damage caused by pore forming toxins such as streptolysin O 

(SLO); the protein toxin lines the outer edge of the pore and membrane repair requires more than 

the addition of new phospholipids and a subsequent reduction in membrane tension. Instead 

repair can only be achieved by removal of the pore from the membrane. The influx of calcium ions 

into the cell down a concentration gradient through the pore initiates this repair process[258] by 

triggering lysosomal exocytosis [259,260] and thus reducing membrane tension. It also releases 

the lysosomal enzyme, acid sphingomyelinase onto the outer leaflet of the membrane[261]. This 

converts sphingomyelin in the plasma membrane into ceramide, a lipid with a smaller, less 

hydrated head group. This in turn leads to a condensation of the outer leaflet and segregation of 

the ceramide molecules into a domain. Spontaneous negative curvature of this domain, along 

with the area difference between the two leaflets, induces membrane invagination[262]. These 

invaginations strongly resemble caveolae and are rapidly endocytosed. Internalised SLO pores are 

subsequently found in vesicles containing caveolin[257]. Interestingly, the caveolar endocytosis 

implicated in membrane repair appears to be dynamin independent[257]. In B-cells, which do not 

express caveolin-1 constitutively and appear to lack caveolae[263], repair is proposed to occur via 

lipid raft mediated endocytosis[264]. 

Such endocytic processes have been termed MEND (massive endocytosis [265] and have been 

shown to internalise SLO pores and traffic the toxin to multivesicular bodies (MVBs), late 

endosomes and ultimately lysosomes [266] for degradation. It is also theorised to be a route of 
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entry for some non-enveloped viruses such as human adenovirus[267] and for Clostridium 

botulinum C2 toxin[268].  

As discussed earlier, saponins possess a membrane disrupting activity. Whilst augmentation of 

saporin or IT cytotoxicity by saponins occurs at a concentration below that required for detectable 

membrane permeabilisation it is possible that a low level of limited membrane damage occurs 

and that this is subsequently repaired by the cell through a MEND-like mechanism that results in 

the endocytosis of portions of damaged membrane containing saponin. This process may be 

partially or wholly responsible for the intracellular delivery of saponins into vesicles that later fuse 

with endocytic vesicles containing targeted toxin, thus bringing both into a common endocytic 

vesicle. 

1.5 Objectives 

Saporin-based immunotoxins hold the potential to offer a highly specific and potent cancer 

therapy, but their clinical development has been hindered by dose-limiting off-target toxicities. 

Triterpenoid saponins have been shown to augment the cytotoxicity of saporin and saporin based 

immunotoxins. The mechanism behind this augmentation is not fully understood but is 

hypothesised to involve the internalisation of both the toxin/IT and the saponin to the lumen of 

the same endolysosomal compartment. Here the saponin in some way enables the endolysosomal 

escape of the toxin/IT into the cytosol where it’s ribotoxic effect can be exerted. This thesis aimed 

to investigate the mechanism(s) involved in the saponin-mediated augmentation of the 

cytotoxicity of saporin and saporin-based ITs. To achieve this a number of sub goals were defined. 

1. To investigate whether or not exposure of cells to a sub-toxic, but augmentative 

concentration of saponin results in a low level permeabilisation of the plasma membrane 

and, if so, whether subsequent membrane repair processes are involved in the 

internalisation of the saponin and its augmentative activity on the cytotoxicity of the 

saporin based IT, OKT10-SAP. 

2. To investigate the role of different endocytic processes and endosomal acidification in the 

saponin-mediated augmentation of saporin and OKT10-SAP cytotoxicity. 

3.  The development of a reporter assay to study the endolysosomal escape of saporin and 

OKT10-SAP into the cytosol. This assay will be used to confirm the action of saponin as an 

endolysosomal escape enhancer and to investigate the role played by different endocytic 

processes and endosomal acidification in this activity. 
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Chapter 2 Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

2.1.1.1 Ribosome Inactivating Toxins 

• Saporin S06 previously extracted and purified by members of this research group [160] 

from the seeds of Saponaria officinalis L. (Soapwort) (Chiltern Seeds, Ulverston, Cumbria, 

United Kingdom) as described elsewhere [153]. 

• Gelonin from Gelonium multiflorum (kindly provided by Professor Andrei Bolognesi, 

University of Bologna) 

2.1.1.2 Immunotoxins 

An IgG1 murine monoclonal antibody (OKT10) against human CD38 had been previously produced 

from cultures of the OKT10 hybridoma cell line by Flavell et al and purified by standard ion 

exchange and gel filtration chromatography. 

OKT10 was covalently coupled to the SO6 isoform of saporin using the cross-linking reagent 

SPDP[162] to produce the OKT10-SAP IT. The purity and molecular weight was determined by 

SDS-PAGE and the immunospecific cytotoxic activity on Daudi cells determined as described 

[162]. OKT10-SAP was filter sterilised through a 0.2µm filter and stored at -80oC in 1ml aliquots at 

0.5mg/ml. 

2.1.1.3 Saponinum Album 

Saponinum Album (SA), a root extract containing saponins from Gypsophila paniculata L. and 

Gypsophila arrostii Guss., was obtained from Merck (Darmstadt, Germany). SA contains a mixture 

of saponin species with the same aglycone core but varying carbohydrate side chains [269]. The 

most abundant of these are SA1641 and SA1657, whose structures are shown in Figure 3. 
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Figure 2. Molecular Structures of SA1641 and SA1657 

Two major saponin species from saponinum album. 

2.1.1.4 Pharmacological Inhibitors 

• Amitriptyline hydrochloride (Sigma, MO, USA) 

• Bafilomycin A (Cayman Chemical Company, MI, USA) 

• Chloroquine (Sigma, MO, USA) 

• Chlorpromazine (Sigma, MO, USA) 

• Cytochalasin D (Invitrogen, CA, USA) 

• Ethylisopropylamiloride (EIPA) (Sigma, MO, USA) 

• Nocadazole (Acros Organics, NJ, USA) 

2.1.1.5 Antibodies 

• Anti-human LAMP-1/CD107a antibody. Monoclonal Mouse IgG2B Clone 508921 

(R+D Systems, MN, USA) 

• Anti-ceramide antibody. Monoclonal Mouse IgM Clone MIB 15B4 (Sigma, MO, 

USA) 

• Anti-EEA1 Polyclonal Chicken IgY (Sigma-Aldrich Company Ltd., Gillingham, UK) 

• IgM Isotype Control Clone 1E11 (Invitrogen, CA, USA) 

• IgG2b Isotype Control Clone eBMG2b (Invitrogen, CA, USA) 

• Goat anti-mouse IgM:FITC (102002)(Bio-Rad, CA, USA) 

• Rabbit F(ab’)2 Anti-mouse IgG:FITC (STAR9B) (Bio-Rad, CA, USA) 

• Goat anti-mouse IgG Alexa Fluor 568 (ab175473) (Abcam, Cambridge, UK)  
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• Goat anti-chicken IgY (H+L) Alexa Fluor 555 (A21437) (Thermofisher Scientific, 

Loughborough, UK). 

• Rabbit anti-mouse IgG:HRP (Dako, Glostrup, Denmark) 

• Rabbit anti-cyclophilin B polyclonal IgG (Bio-Rad, CA, USA) 

• Goat anti-rabbit IgG (H/L):HRP (Bio-Rad, CA, USA) 

2.1.1.6 siRNA Transfection 

• INTERFERin (Polyplus Transfection, Illkirch, France) 

• ON-TARGETplus Control siRNA (Dharmacon, CO, USA) 

• siGLO Cyclophilin B siRNA (Dharmacon, CO, USA) 

• siGLO Green Transfection Indicator (Dharmacon, CO, USA) 

2.1.1.7 Gel Electrophoresis 

• Precision Plus Protein All Blue Standards (Bio-Rad, CA, USA) 

• RunBlue 20x SDS Run Buffer TEO-Tricine-SDS (Expedeon, Cambridge, UK) 

• RunBlue LDS Sample Buffer 4x (Expedeon, Cambridge, UK) 

• RunBlue SDS Gel 12% (Expedeon, Cambridge, UK) 

2.1.1.8 Western Blot 

• Pierce ECL Western Blotting Substrate (Thermofisher Scientific, Loughborough, 

UK). 

• Protran 0.45 µl Nitrocellulose transfer membrane (GE Healthcare, IL, USA).   

2.1.1.9 Cell Culture 

• Calcium free Dulbecco’s modified Eagle’s Media (Gibco, NY, USA) 

• Dulbecco’s modified Eagle’s Media (DMEM), high glucose (Sigma, MO, USA) 

• Foetal Calf Serum (Sigma, MO, USA) 

• Glutamine (Sigma, MO, USA) 

• RPMI-1640 medium (Sigma, MO, USA) 

• RPMI-1640 medium without phenol red (Sigma, MO, USA) 

• Sodium Pyruvate (Sigma, MO, USA) 

2.1.1.10 Fluorescent Dyes 

• Alexa-Fluor 488- tetrafluorophenyl ester (TFP) (Life Technologies, OR, USA) 

• bisBenzimide Hoechst 33342 trihydrochloride (Sigma, MO, USA) 
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• Propidium Iodide (PI) (Life Technologies, OR, USA) 

2.1.1.11 Other Chemicals 

• Adenine (Sigma, MO, USA) 

• Agarose, Low Gelling Temperature (Sigma, MO, USA) 

• 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) 

(Sigma, MO, USA) 

• Calcium Chloride (Fisher Chemical, Loughborough, UK) 

• Chelex-100 resin (Bio-Rad, CA, USA) 

• DER 736 Diglycidylether of Polypropylene glycol (Agar Scientific, Stansted, UK) 

• 1,4-Dithiothreitol (DTT) (Roche Diagnostics, Mannheim Germany) 

• ERL 4221(Agar Scientific, Stansted, UK) 

• Ethanol (Fisher Brand, Loughborough, UK) 

• Glutaraldehyde (TAAB Laboratories Equipment, Aldermaston, UK) 

• Glycerol (VWR, PA, USA) 

• Herring sperm DNA (Promega, WI, USA) 

• Hydrogen Peroxide (Sigma, MO, USA) 

• Lead Nitrate (Agar Scientific, Stansted, UK) 

• Nonidet P40 (VWR, PA, USA) 

• NSA (Nonenyl Succinic Anhydride) redistilled (Agar Scientific, Stansted, UK) 

• Osmium tetroxide (Oxkem, Reading, UK) 

• Phenazine-methosulphate (PMS) (Sigma, MO, USA) 

• Protease Inhibitor Cocktail 100x (Thermofisher Scientific, Loughborough, UK) 

• S-1 (Dimethylaminoethanol) (Agar Scientific, Stansted, UK) 

• Sodium Acetate (VWR, PA, USA) 

• Sodium Alginate (Thermofisher Scientific, Loughborough, UK) 

•  Sodium azide (Acros Organics, Geel, Belgium) 

• Sodium Cacodylate (Agar Scientific, Stansted, UK) 

• Sodium Carbonate (Fisher Chemical, Loughborough, UK) 

• Sodium Chloride (Fisher Chemical, Loughborough, UK) 

• Sodium Deoxycholate (Sigma, MO, USA) 

• Sodium hydrogen carbonate (VWR, PA, USA) 

• Streptolysin O from Streptococcus pyogenes (Sigma, MO, USA) 

• Tris(hydroxymethyl)methylamine (VWR, PA, USA) 

• Triton X-100 (Merck, NJ, USA) 
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• Tween-20 (VWR, PA, USA) 

• Uranyl Acetate (Agar Scientific, Stansted, UK) 

2.1.1.12 Kits 

• Amplite Colorimetric Calcium Quantitation Kit (AAT Bioquest, CA, USA) 

• Pierce BCA Protein Assay Kit (Thermofisher Scientific, Loughborough, UK) 

• Screen Quest Fluo-8 No Wash Calcium Assay Kit (AAT Bioquest, CA, USA) 

2.1.2 Consumables 

• Amicon Ultra-0.5 Centrifugal Filter Devices 3000 nominal molecular weight limit 

(NMWL) (Merck Millipore, Carrigtwohill, Ireland) 

• EM grids (Cu/Pd) (EM Resolutions, Sheffield, UK) 

• Eppendorf tubes 1.5 ml (Fisher Brand, Loughborough, UK) 

• Glass (for glass knives) (Agar Scientific, Stansted, UK) 

• Minisart 0.2 µm filter units (Sartorius Stedim, Göttingen, Germany) 

• Nunclon Delta Surface 96 well plates (Thermo Scientific Nunc, Roskilde, Denmark) 

• Nunclon Delta Surface cell culture flasks (Thermo Scientific Nunc, Roskilde, 

Denmark) 

• Nunclon MaxiSorp 96 well plates (Thermo Scientific Nunc, Roskilde, Denmark) 

• Razorblades (Fisher Brand, Loughborough, UK) 

• SEM stubs (EM Resolutions, Sheffield, UK) 

• Slide-a-lyzer G2 Dialysis Cassettes. 10000 MWCO (Thermo Scientific, IL, USA) 

• µ-Slide 8 well Glass Bottom (Ibidi GmbH, Martinsried, Gemany) 

2.1.3 Instruments and Devices 

• Centrifuge 5702 (Eppendorf, Hamburg, Germany) 

• Chemidoc XRS chemiluminescence detection system (Bio-Rad, CA, USA) 

• Cytoflex flow cytometer (Beckman Coulter, Brea, CA, USA) 

• FEI Quanta 250 Scanning Electron Microscope (Thermofisher Scientific, 

Loughborough, UK) 

• FluoStar Omega microplate reader (BMG Labtech, Offenburg, Germany) 

• Hera cell 150 Incubator (Thermo electron corporation, MA USA) 

• Hera Safe Cell Culture Hood (Thermo electron corporation, MA USA) 

• Hitachi U1100 Spectrophotometer (Hitachi, Tokyo, Japan) 
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• Leica TCS SP5 (Leica Microsystems, Wetzlar, Germany) 

• Leica TCS SP8 (Leica Microsystems, Wetzlar, Germany) 

• Megafuge 1.0 (Heraeus, Hanau, Germany) 

• Microcentaur (Sanyo, Osaka, Japan) 

• Nanodrop ND-1000 (Thermofisher Scientific, Loughborough, UK) 

• Neubauer Chamber (Marienfield, Lauda-Königshofen, Germany) 

• Q150T ES Turbomolecular pumped coater (Quorum, Laughton, UK) 

• Reichert Om3-U3 Ultramicrotome (Leica Reichert, Germany) 

• Technai T12 Transmission Electron Microscope (Thermofisher Scientific, 

Loughborough, UK) 

2.1.4 Software 

• CytExpert (Version 2.1.0.92, Beckman Coulter Life Sciences, Indianapolis, IN, USA) 

• GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA)  

• LAS AF Lite (Leica Microsystems, Wetzlar, Germany) 

• MARS Data Analysis Software (BMG Labtech, Offenburg, Germany) 

• SigmaPlot 13.0 (Systat software Inc, San Jose, CA, USA) 

2.2 Chemistry Methods 

2.2.1 Calcium Ion Depletion of Foetal Calf Serum 

In order to perform cell-based assays in the absence of extracellular Ca2+ it was necessary to 

remove Ca2+ from the FCS used to supplement culture medium. In brief, 20 g Chelex-100 chelating 

resin (Biorad) was resuspended in 500 ml of water and the pH adjusted to 7.4 with concentrated 

HCl. The resin was then filtered and added to 50 ml FCS. The mixture was stirred for 3h at room 

temperature before filtering to remove the resin. The filtered FCS was then sterilized via a 0.2 µm 

filter. 10 ml Ca2+ free FCS was added to 100 ml Ca2+ free Dulbecco’s Modified Eagle’s Media 

(DMEM) (Gibco) containing 2 mM glutamine and 2 mM sodium pyruvate. Supplemented Ca2+ 

depleted media hereafter known as CFD10. 

2.2.2 Ca2+ Quantitation 

Ca2+ concentration of FCS and media was determined using a chromogenic Ca2+ indicator (Amplite 

Colorimetric Calcium Quantitation Kit, AAT Bioquest). The assay was run following the 

manufacturer’s instructions and a standard curve was prepared from the provided Ca2+ standard 
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solution by measuring the absorbance at 450 nm for the concentrations of 0.047, 0.094, 0.1875, 

0.375, 0.75, 1.5 and 3 mM Ca2+. The absorbance was measured on a FLUOstar Omega microplate 

reader. This standard curve was used to determine the Ca2+ concentration of FCS, RPMI 1640 

medium containing 10% FCS, supplemented with 2 mM glutamine and 2 mM sodium pyruvate 

(referred to hereafter as R10) and DMEM containing 10% foetal calf serum (FCS), supplemented 

with 2 mM glutamine and 2 mM sodium pyruvate (referred to hereafter as D10. It was also used 

to measure the effect of Ca2+ depletion on FCS and the Ca2+ concentration of CFD10. All samples 

were run in duplicate and the assay was repeated three times using separate standard curves. 

2.2.3 Fluorescent Labelling of Saporin and OKT10-SAP 

To observe the trafficking of internalised saporin and OKT10-SAP and their proposed endosomal 

escape in the presence of SA, fluorescent conjugates were constructed with an Alexa Fluor 488 5-

TFP (Life Technologies).  

To do this 800 µl of 9.3 mg/ml saporin SO6 or 3.5 mg/ml OKT10-SAPORIN were added to 100 µl 

carbonate buffer (1 M NaHCO3, pH 9.0) and 100 µl of Alexa-Fluor 488 5-TFP (10 mg/ml in DMSO). 

Following stirring for 1 h at room temperature to effect conjugation, unconjugated fluorophore 

was removed by exhaustive dialysis for two hours at 4°C against 2 L PBS followed by a further 2 L 

of PBS overnight at 4°C.   The concentrations of the resultant fluorescent conjugates were 

calculated using the Beer-Lambert law from their absorbance at 280 nm and 495 nm as measured 

on a Hitachi U1100 Spectrophotometer.  

2.2.4 Determination of N-glycosidase activity 

The N-glycosidase activity of RIPs and RIP conjugates was determined by measurement of adenine 

release from herring sperm DNA[195]. A standard curve was prepared with adenine at 

concentrations of 2, 5, 10, 20, 30, 40, 50 and 60 µg/ml in acetate buffer (50 mM CH3COONa, 100 

mM KCl, pH 5.0). Absorbance for each concentration at 260 nm was measured with a Nanodrop 

1000 spectrophotometer (Thermofisher Scientific). To determine the N-glycosidase activity of a 

toxin, 10 µl of 3 µM toxin was added to 10 µl of herring sperm DNA (10 mg/ml, Promega) and 30 

µl of acetate buffer. Enzymatic activity occurred over 1 hour at 50oC with continuous shaking.  

Samples were diluted with 200 µl of acetate buffer before being filtered with an Amicon Ultra 0.5 

centrifuge filters (3000 MWCO for 20 min at 13000 g). The adenine concentration in the filtrate 

was determined by measuring absorbance at 260 nm and comparing to the standard curve. All 

experiments were performed in duplicate and the mean calculated 
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2.3 Cell Biology Methods 

2.3.1 Cell Culture 

Cell culture experiments were performed using the Daudi human Burkitt lymphoma cell line[270] 

and the T-cell acute lymphoblastic leukaemia cell line HSB-2[271]. These were obtained from the 

European Collection of Cell Cultures (ECACC, Porton Down, Salisbury, UK). Cell lines were 

authenticated using the Identifier Plus DNA profiling system (Applied Biosciences, Carlsbad, CA, 

USA). Working cell banks were produced and frozen in liquid nitrogen. Cultures were maintained 

in the logarithmic growth phase at a concentration of no more than 1x106 cells per ml by regular 

passage in R10. Cells were incubated at 37oC in 7% CO2 in a humidified environment for no longer 

than four weeks following which a fresh vial of cells were resurrected from the working cell bank. 

Cell counts were performed using a haemocytometer in the presence of 0.2% trypan blue. 

Reagent availability meant that for experiments requiring cells in a low extracellular Ca2+ media, a 

Ca2+ free variant of DMEM was used. This was supplemented with Ca2+ depleted FCS as described 

above (2.2.1). Cells used in these experiments were resurrected and maintained in D10. 

2.3.2 Cytotoxicity Determination by XTT Assay 

The cytotoxicity of toxins and immunotoxins for Daudi and HSB-2 cells were determined by a 

metabolic cell viability assay using the tetrazolium salt 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-

2H-Tetrazolium-5-Carboxanilide (XTT). In the presence of an electron coupling reagent, XTT is 

reduced to a water-soluble orange coloured formazan compound by electron transport across the 

plasma membrane of living cells [272] [273]. The amount of XTT reduced is relative to the cellular 

metabolic activity. By measuring the absorbance of the formazan compound and comparing to 

untreated control cells the cytotoxicity of different toxins can be assessed. 

For evaluation of the cytotoxicity of Saporin, Gelonin or OKT10-SAP and their augmentation by SA, 

Daudi or HSB-2 cells were plated in clear 96 well plates (Nunc) at a density of 50000 cells per well 

in phenol free R10. Toxin or immunotoxin at varying concentrations was added to the wells in the 

presence or absence of 1 or 5 µg/ml SA. Each concentration of IT was tested in quadruplicate. 

Plates were incubated for 48 h at 37oC before cytotoxicity was measured by XTT assay. 

 To perform the assay, 50 µl of 1 mg/ml XTT solution with 125 µM phenazine-methosulphate 

(PMS) was added to each well and plates were incubated for 4.5 h at 37oC. Absorbance at 470 nm 

and 650 nm were measured on a microplate reader (FLUOstar Omega, BMG Labtech). The 470 nm 

readings were corrected against blank wells containing no cells and against the 650 nm reading 



Chapter 2 

37 

for non-specific absorbance. Results were expressed as a percentage of control cells cultured in 

medium or SA alone and are the mean of four separate wells. The EC50 was determined from the 

intercept of the dose-response curve with the 50% level on the y-axis and the fold increase in 

cytotoxicity due to SA then calculated as the ratio of the EC50 of the toxin alone and the EC50 of 

the toxin with SA as described in the following formula: 

. 

2.3.2.1 Investigation of the Effect of Ca2+ Depletion on the Augmentation of OKT10-SAP 

Cytotoxicity by SA 

To investigate the Ca2+ dependency of SA-mediated augmentation of OKT10-SAP cytotoxicity, 

Daudi cells were plated in 96 well plates at a density of 50000 cells per well in D10 or CFD10 and 

experiments using the XTT assay carried out as described above for OKT10-SAP or Saporin. The 

Ca2+ free DMEM used in the production of CFD10 contained phenol red, therefore phenol red 

containing DMEM was also used to produce the D10 used in these experiments. The presence of 

phenol red in the media increased the absorbance measurements above the level readable by the 

microplate reader. To compensate for this the path length was reduced by removing 150 µl from 

each well after incubation with XTT and transferring this to a new 96-well plate for measurement.  

CFD10 was supplemented with CaCl2 to 0.02, 0.2, 1.2 and 2.0 mM to perform add-back 

experiments. Cytotoxicity assays were performed as above in supplemented CFD10 at each 

concentration of CaCl2.The difference in fold increase between cells in D10 and CFD10 and 

between cells in CFD10 and CFD10 supplemented with each concentration of CaCl2 was analysed 

by Mann-Whitney U-Test. 

2.3.2.2 Investigation of the Effects of Pharmacological Inhibitors on the Augmentation of 

Saporin and OKT10-SAP Cytotoxicity by SA 

Small molecule pharmacological inhibitors were used to investigate the role of different endocytic 

pathways and endosomal acidification on SA-mediated augmentation of cytotoxicity. To identify 

an optimum concentration of each inhibitor toxicity titrations were performed against Daudi cells 

by XTT assay alone and in the presence of a fixed concentration of OKT10-SAP or OKT10-SAP and 

SA. The results of these titrations were used as a guide to select the highest sub toxic 

concentration for use in subsequent experiments. 

Using the XTT assay, a dose-response titration with Saporin (1x10-14 M to 1x10-5 M) or OKT10-SAP 

(1x10-16 M to 1x10-7 M) was conducted in the presence or absence of 1 or 5 µg/ml of SA in cultures 
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of Daudi or HSB-2 cells. Daudi cells were exposed continuously to 0.01 µM nocodazole, 0.005 µM 

bafilomycin A1, 25 µM EIPA, 100 µM chloroquine, 7.5 µM chlorpromazine, 0.75 µM cytochalasin D 

or 1x10-5 M amitriptyline and HSB-2 cells to 0.01 µM nocodazole, 0.005 µM bafilomycin A1, 20 µM 

EIPA, 10 µM chloroquine, 7.5 µM chlorpromazine or 0.75 µM cytochalasin D. The difference in 

fold increase between uninhibited control cells and cells treated with each inhibitor was analysed 

by Mann-Whitney U-Test. 

2.3.3 Investigation of the Effect of Ca2+ Depletion on Daudi Cell Growth and the 

Augmentation of OKT10-SAP Cytotoxicity by SA 

To determine the effect of calcium depletion on Daudi cell growth 25ml cell culture flasks 

(Corning) were seeded with 15 ml of cells at 25000 cells per ml in D10 or CFD10. Cells were 

incubated at 37oC with 7% CO2. After 24, 48, 72 and 96 hours 1ml of cells were taken from each 

flask and the cell count number was determined with a Neubauer chamber using trypan blue to 

assess cell viability. 

2.3.4 Fluorescent Measurement of Ca2+ Influx 

To measure any influx of Ca2+ from the media into the cytoplasm of the cell upon exposure to 

various concentrations of SA, Daudi cells were loaded with the fluorescent Ca2+ binding dye Fluo-8 

(AAT Bioquest, California). For measurement by microplate reader, cells were plated into 96 well 

clear bottomed black plates at 25000 cells per well as described in the manufacturers protocol 

with the modification that Ca2+ free HHBS was used and that cells were resuspended in D10 or 

CFD10. Plates were centrifuged at 135 g for 2min to settle out the cell suspension and then 

incubated in the dark at 37oC for 30min followed by 30min at room temperature. In the 

microplate reader (FLUOstar Omega, BMG Labtech) 10µl of SA in Ca2+ free HHBS or buffer alone 

was injected into each well at a final concentration of 1, 10, 20 and 40 µg/ml and fluorescence 

with 485 nm excitation/520 nm emission was recorded every 0.2 s for 50 s. To investigate longer 

term fluctuations measurements were made every 3.6 s for 15 min. 

2.3.5 Propidium Iodide Cell Permeabilisation Assay 

The membrane impermeant fluorescent DNA/RNA binding stain propidium iodide (PI) was used to 

measure the permeabilisation of membranes by SA. To measure the effect of a low extracellular 

Ca2+ level on the permeabilisation of Daudi cells by SA. Cells were washed three times in DMEM or 

DMEM containing 10 mM EGTA before being pulse exposed to a variety of SA concentrations for 1 

min, washed and resuspended in DMEM or DMEM with 10 mM EGTA. Cells were incubated at 
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37oC for 5 min. Samples were centrifuged at 470 g for 5 min, the supernatant was aspirated off 

and 200 µl 5 µg/ml PI in DMEM or DMEM with 10 mM EGTA was added.  Samples were read on a 

Cytoflex flow cytometer (Beckman Coulter) and results analysed with CytExpert software. Cells 

with a fluorescence on the phycoerythrin (PE) filter (585/42 band pass) 2 logs greater than the 

mean fluorescence of control cells were considered permeabilised. The number of permeabilised 

cells was expressed as a percentage of total cells. 

2.3.6 Investigation of the Effect of SA on Surface LAMP-1 and Ceramide by Flow Cytometry 

and Confocal Microscopy 

The effect of SA on the surface expression of LAMP-1 and ceramide was investigated by flow 

cytometry and confocal microscopy. Daudi cells were counted and resuspended in RPMI-1640 

supplemented with 1 mM CaCl2 before being added to flow cytometry tubes at 2.5x105 cells per 

tube. Cells were then exposed to SA at 1, 10, 20 or 40 µg/ml. Tubes were incubated at 4oC for 5 

min followed by 37oC for 15 min. After incubation cells were washed with RPMI, then tubes were 

centrifuged and aspirated. Cells were stained with murine anti-ceramide IgM or anti-LAMP-1 

IgG2b mAbs or with IgM or IgG2b Isotype control mAbs at 10 µg/ml in a blocking buffer of PBS 

and 1% BSA for 30 min at 4oC. This was followed by washing and then exposure to a relevant, FITC 

labelled secondary antibody for a further 30 min at 4oC. For measurement by flow cytometry cells 

were resuspended in 200 µl of RPMI and read on a Cytoflex flow cytometer. The difference in 

mean fluorescence intensity between untreated cells and those treated with each concentration 

of SA was analysed by unpaired t-test for significance. 

For confocal microscopy, cells were fixed in 1 ml of 4% PFA for 90 min at 4oC. After fixing cells 

were washed twice in RPMI and resuspended in 10 µl of RPMI before being embedded in agarose. 

Moulds were made by gluing two no. 1.5 glass coverslips to either end of a microscope slide. A 

second slide was placed on top so that the coverslips create a gap of approximately 0.35 mm 

between the slides. The two slides were then taped together and kept on a hotplate set at 37oC to 

keep warm. Aliquots of 2% low melting point agarose were melted in a beaker of hot water and 

10 µl of melted agarose was added to the cells. The mixture was then quickly pipetted between 

the two slides to form small discs. Prepared slides were kept at 4oC for 1 h to allow the gel to set. 

Once set gels were transferred to 24 well plates and stained for 30 min with 10 µg/ml Hoechst 

33342 nuclear stain. Gels were then mounted on glass microscope slides under a coverslip with 

mowiol. Slides were left overnight at 4oC to set before being read on a Leica SP8 confocal 

microscope. 



 

 40 

 
 

2.3.7 Transmission Electron Microscopy 

Transmission electron microscopy was used to investigate ultra-structural changes induced in 

Daudi cells by SA that might be indicative of membrane damage and subsequent MEND 

characterised by excessive caveolae, endosomes and multivesicular body formation. Daudi cells 

were incubated in varying concentrations of SA (1-20 µg/ml) for 30 s, 5 min, 15 min and 30 min at 

37oC in order to observe any MEND-like activity. Additionally, cultures of Daudi cells were treated 

with SA at 1 µg/ml SA for 48h to observe any longer-term effects. The bacterial pore forming toxin 

streptolysin O (SLO)(Sigma) from Streptococcus pyogenes was used as a positive control for 

membrane permeabilisation and repair via MEND[266]. To activate the oxygen sensitive toxin, 

stock SLO (Sigma) at 300 U/µl was added to an equal volume of the reducing agent DTT at 0.2 mM 

and incubated at 37oC for 15 min prior to being diluted to working concentrations. Daudi cells 

were incubated with 100 U/ml of SLO for 30 s, 5 min, 15 min and 30 min.  

Following treatment, cells were washed and then fixed in 1 ml of 3% glutaraldehyde in 0.1M 

cacodylate buffer with 2 mM CaCl2 (pH 7.4). Cells were fixed at room temperature for 1 h 

followed by 4oC overnight. After fixation cells were resuspended and pipetted on top of 2 drops of 

5% sodium alginate in an Eppendorf and centrifuged at 4500 g. Excess fixative was removed, and 

the tube filled with 0.1 M CaCl2 before being stored at 4oC overnight for the alginate to set. Set 

alginate pieces were stained for 2 h with 2% osmium tetroxide in 0.1 M cacodylate buffer 

followed by staining for 30 min with 2% uranyl acetate (aq). Samples were dehydrated stepwise in 

increasing concentrations of ethanol and then embedded in Spurr resin. Resin was polymerised at 

60oC for 24 h. Once set, resin embedded cells were sectioned on an ultra-microtome (Leica 

Reichert), mounted on Cu/Pd grids and stained with Reynolds lead stain [274] before being 

observed with a Tecnai T12 transmission electron microscope. 

2.3.8 Scanning Electron Microscopy 

Daudi cells were exposed to 20 µg/ml SA or R10 for 15 min at 37oC before being washed with 

RPMI-1640 and then fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer. Cells were settled 

onto APES coated coverslips and post fixed with 1% osmium tetroxide in cacodylate buffer for 1 h. 

Cells were then dehydrated with ethanol before undergoing critical point drying and sputter 

coating with platinum. Samples were observed with a FEI Quanta 250 scanning electron 

microscope. 
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2.3.9 Investigation of the Internalisation of SAP-AF and OKSAP-AF 

Daudi and HSB-2 cells were incubated in 24-well plate wells with 1x10-6 M SAP-AF or 5x10-8 M 

OKSAP-AF in R10 at 37oC, 7 % CO2 with a separate well per timepoint. At 0, 2, 8, 16, and 24 hours 

after the start of the incubation, cells were removed from the appropriate wells and washed by 

centrifugation in RPMI-1640. For confocal microscopy, Hoechst 33342 was added to a final 

concentration of 5 µg/ml thirty minutes prior to the end of each incubation time. 

Cells were resuspended in 200 µl of R10 and added to Ibidi 8 well glass bottomed plates. Images 

were acquired using a Leica TCs-SP8 laser scanning confocal microscope on a DMi8 inverted 

microscope stand with a HC PL APO CS2 63x /1.30 glycerol immersion objective zoom 2.25 and 

Leica LAS-X acquisition software at 37oC. Excitation lengths of 405 nm and 488 nm were used for 

Hoechst 33342 and the Alexa Fluor 488 conjugates respectively. 

For flow cytometry, cells were resuspended in 100 µl of RPMI-1640 in flow tubes and analysed at 

10 µl/min on a Cytoflex flow cytometer (Beckman Coulter) equipped with 488 nm 50 mW laser. 

Approximately 10000 events were recorded per sample. Alexa Fluor 488 data was collected with a 

525/40 nm bandpass filter with height (FITC-H), width (FITC-W) and area parameters recorded. 

Data was recorded and analysed using CytExpert software. 

2.3.10 Co-localisation Studies 

Daudi and HSB-2 cells were incubated with 1x10-6 M SAP-AF for 24 hours in R10 at 37oC, 7 % CO2. 

Cells were washed in RPMI-1640 and fixed in 4 % PFA before being set in 2 % low melting point 

agarose. Cells were permeabilised with 0.2 % Triton X-100 and incubated with either chicken anti 

EEA1 or mouse anti LAMP-1, washed, incubated with goat anti-chicken Alexa Fluor 555 or goat 

anti-mouse Alexa Fluor 568, washed and mounted. Images were acquired using a Leica TCs-SP8 

laser scanning confocal microscope on a DMi8 inverted microscope stand with a HC PL APO CS2 

63x /1.30 glycerol immersion objective zoom 2.25 and Leica LAS-X acquisition software at 37oC. 

Excitation lengths of 405 nm and 488 nm were used for Hoechst 33342 and the Alexa Fluor 488 

conjugates respectively. An analysis of co-localisation between SAP-AF and EEA1 or LAMP-1 was 

performed on the slice at the midline of cells relative to the coverslip for each Z-stack.  The Coloc2 

plugin for ImageJ was used to calculate the Pearson correlation coefficient as a measure of 

colocalisation. 
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2.3.11 Investigation of Endolysosomal Escape of SAP-AF and OKSAP-AF by Confocal Live Cell 

Imaging 

Daudi and HSB-2 cells were incubated with 1x10-6 M SAP-AF or 5x10-6 M OKSAP-AF in R10 at 37oC, 

7 % CO2 for 24 hours. Hoechst 33342 was added to a final concentration of 5 µg/ml thirty minutes 

prior to the end of each incubation time. Cells were washed, resuspended in 200 µl of R10 with or 

without SA at 1 µg/ml or 5 µg/ml, added to Ibidi 8 well glass bottomed plates and incubated at 

37oC, 7 % CO2. Images were acquired using a Leica TCs-SP8 laser scanning confocal microscope at 

37oC after 0, 8, 16 and 24 hours of incubation. The gain on the FITC channel was set at t = 0 h and 

not modified for the duration of the experiment. In order to maximise the sensitivity of the 

microscope to detect low levels of cytosolic fluorescence, the gain was set so that the fluorescent 

intensity of endosomal compartments at this time point were saturating. For inhibitor 

experiments, 100 µM chloroquine, 25 µM EIPA or 7.5 µM chlorpromazine were added to Daudi 

cells prior to the addition of SA. 

2.3.12 Investigation of Endolysosomal Escape of SAP-AF and OKSAP-AF by Flow Cytometry 

Daudi cells were incubated with 1x10-6 M SAP-AF or 5x10-9 M OKSAP-AF in R10 at 37oC, 7 % CO2 

for 24 hours. This was repeated with HSB-2 cells with 1x10-6 M SAP-AF or 5x10-9 M OKSAP-AF. 

Cells were washed and resuspended in R10 before being plated in 96 well plates at 1.25x105 cells 

per well with or without SA at 5 µg/ml, 1 µg/ml or 0.1 μg/ml in a final volume of 250 μl. Plates 

were incubated at 37oC, 7 % CO2 and duplicated samples of cells were removed from appropriate 

wells at 0 and 24 hours after the addition of SA. Cells were washed, resuspended in 100 µl of 

RPMI-1640 in flow tubes and the FITC-H and FITC-W of 10000 events were measured on a 

Cytoflex Flow Cytometer (Beckman Coulter) using CytExpert software (Version 2.1.0.92, Beckman 

Coulter Life Sciences, Indianapolis, IN, USA).  

For inhibitor experiments, Daudi cells were exposed to 0.01 µM nocodazole, 0.005 µM 

bafilomycin A1, 25 µM EIPA, 100 µM chloroquine, 7.5 µM chlorpromazine or 0.75 µM cytochalasin 

D and HSB-2 cells to 0.01 µM nocodazole, 0.005 µM bafilomycin A1, 20 µM EIPA, 10 µM 

chloroquine, 7.5 µM chlorpromazine or 0.75 µM cytochalasin D prior to the addition of SA. Cells 

were recorded at 0, 6, 24 and 48 hours after the addition of SA. 
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2.4 Biochemistry Methods 

2.4.1 Investigation of CD38 Binding by OKT10-SAP and OKSAP-AF by Enzyme Linked 

Immunosorbent assay  

Nunclon MaxiSorp 96 well plates were coated with 100 µl of 400 µg/ml recombinant CD38 in 

ELISA coating buffer (15 mM Na2CO3, 35 mM NaHCO3, 15 mM NaN3) for 1 h at 37oC and then 

overnight at 4oC. Plates were blocked with 1% BSA in PBS for 1 h at 37oC before being washed 

with PBS-Tween. OKT10-SAP or OKSAP-AF at a range of concentrations between 0.01 and 100 

µg/ml were added to the plate and incubated at 37oC for 1 h. Plates were then washed three 

times in PBS-Tween before the addition of 100 µl rabbit anti-mouse IgG:Horseradish Peroxidase 

(HRP) at 1:1000 to each well. After incubation for 1 h at 37oC, plates were washed five times with 

PBS-Tween. 100 µl of TMB substrate was added to each well. After 10 min the reaction was 

stopped with 25 µl of 2.5 M H2SO4 and the absorbance at 450 nm was read using a FluoStar 

Omega microplate reader with 655 nm used as a reference value.  

2.4.2 Investigation of Secondary Antibody Binding to OKT10-SAP and OKSAP-AF  

Nunclon MaxiSorp 96 well plates were coated with OKSAP-AF or OKT10-SAP at a range of 

concentrations between 0.01 and 100 µg/ml in ELISA coating buffer. Plates were incubated for 1 h 

at 37oC and then overnight at 4oC before being blocked with 1% BSA in PBS for 1 h at 37oC. 

Following washing three times in PBS-Tween, 100 µl rabbit anti-mouse IgG HRP at 1:1000 was 

added to each well. After incubation for 1 h at 37oC, plates were washed five times with PBS-

Tween. 100 µl of TMB substrate was added to each well. After 10 min the reaction was stopped 

with 25 µl of 2.5 M H2SO4 and the absorbance at 450 nm was read using a FluoStar Omega 

microplate reader with 655 nm used as a reference value. 
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Chapter 3 Role of Membrane Repair Processes in the 

Augmentation of OKT10-SAP Cytotoxicity by SA 

3.1 Introduction 

Plasma membrane repair processes are activated by membrane damage and result in the 

internalisation of damaged membrane sections via MEND. The aim of the work performed in this 

chapter was to investigate the hypothesis that membrane repair processes may be involved in the 

internalisation of saponins and their ability to augment the cytotoxicity of saporin based ITs. Such 

augmentation occurs at saponin concentrations that do not appear to permeabilise the plasma 

membrane as measured by PI influx[195,212] or cellular impedance[233]. However there 

remains the possibility that lower concentrations of SA cause plasma membrane damage that is 

quickly repaired and thus is not detected by these methods. Previous work in our laboratory with 

the Daudi cell line has identified an optimal, non-permeabilising and sub-toxic yet augmentative 

concentration of the saponin mixture saponinum album (SA) as 1 µg/ml [196]. To this end, 

experiments were performed to look for evidence of membrane repair in Daudi cells exposed to 

SA, particularly at 1 µg/ml. 

Membrane repair involves a complex, multi-stage process as described in 1.4.3.4.  The triggering 

step of which is the influx of Ca2+ into the cell from the extracellular milieu through the 

permeabilised plasma membrane. Therefore, it was investigated whether Ca2+ influx could be 

detected in Daudi cells in response to SA exposure over a broad range of concentrations from 

permeabilising to non-permeabilising. Depletion of Ca2+ from the extracellular environment has 

been shown to inhibit the resealing of damaged plasma membrane[260]. Chelation of Ca2+ by 

EGTA was used to study whether the level of cell membrane permeabilisation caused by SA was 

increased in the absence of extracellular Ca2+ due to a reduction in membrane repair. To 

investigate whether membrane repair processes are involved in augmentation of cytotoxicity, the 

cytotoxicity of the IT OKT10-SAP was measured with and without SA in Ca2+ depleted media. Influx 

of Ca2+ caused by membrane damage leads to lysosomal exocytosis and the release of ASM onto 

the surface of the cell. This leads to the generation of ceramide on the external leaflet of the 

plasma membrane. To look for evidence of lysosomal exocytosis in response to exposure to SA, 

plasma membrane expression of the abundant, lysosome luminal membrane associated 

glycoprotein, LAMP-1 was investigated. LAMP-1 is not normally present on the plasma membrane 

but becomes exposed on the cell surface following lysosomal exocytosis[260]. The activity of ASM 

released from the lysosomal lumen onto the plasma membrane was also looked for by measuring 
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any changes in plasma membrane ceramide levels. The ASM dependency of augmentation was 

determined through the use of the pharmacological inhibitor amitriptyline.  Finally, evidence of 

the ultrastructural changes associated with MEND, including the generation of large numbers of 

endocytic vesicles or caveolae and the formation of MVBs, were looked for using electron 

microscopy. 

3.2 Results 

3.2.1 Production and Testing of a Ca2+ Depleted Growth Media 

In order to investigate the potential role of Ca2+ influx in the augmentation of OKT10-SAP 

cytotoxicity by SA it was necessary to produce a Ca2+ depleted growth media. In experiments 

performed in this media there would be a reduced Ca2+ influx in response to plasma membrane 

permeabilisation and therefore an inhibition of membrane repair processes. In these experiments 

DMEM was used as an alternative to RPMI-1640 due to the easier availability of a Ca2+ free 

version of the media. Ca2+ free DMEM was supplemented with FCS that had been treated with 

Chelex-100 Ca2+ chelating resin (2.2.1). The Ca2+ concentration of the Chelex-100 treated FCS was 

confirmed using an Amplite Colorimetric Calcium Quantitation Kit (2.2.2). Calcium chelation 

successfully reduced the Ca2+ concentration of FCS from 2.9 mM to approximately 0.1 mM. When 

used to supplement Ca2+ free DMEM the resulting CFD10 had a Ca2+ concentration of < 0.05 mM. 

Standard DMEM supplemented with untreated FCS (D10) has a Ca2+ content of 1.25 mM (Table 2). 

Table 2 Ca2+ Concentration of Media 

Ca2+ concentration of FCS and media used in Ca2+ deprivation experiments as 

measured by Amplite Colorimetric Calcium Quantitation Kit. D10 and CFD10 are 

described in 2.3.1 and 2.2.1 respectively. Concentrations represent the mean of three 

independent experiments and the standard deviation either side of this mean. 

 Ca2+ Concentration (mM) 

Foetal Calf Serum  2.93±0.04 

Chelex-100 Treated FCS < 0.1 

D10 Media 1.25±0.02 

CFD10 Media < 0.05 
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The effect of Ca2+ depletion on Daudi cell growth and viability was assessed by cell counts and 

trypan blue exclusion. Daudi cells grown in CFD10 showed extensive clumping on visual inspection 

and greatly reduced growth rates over 72 hours compared to those grown in D10 (Figure 3). 

However, no significant decrease in cell viability by trypan blue exclusion was observed (>90% in 

all cultures). 

 

Figure 3 Daudi Cell Growth in Ca2+ Depleted Media 

Growth of Daudi cells in D10 medium (●) and Ca2+ depleted D10 (CFD10) media (○). 

Cells were resuspended at 2.5x105 cells per ml at t = 0 and counted every 24 hours. 

Each data point represents the mean of 3 independent cell cultures and the error 

bars the standard deviation either side of this mean. 

3.2.2 Fluorescent Measurement of Ca2+ Influx into Daudi Cells Treated with SA 

Fluo-8 is a cell permeable fluorescent dye consisting of a Ca2+ chelator conjugated to a fluorescein 

molecule. In the absence of Ca2+ the chelator acts to quench the fluorescence of the fluorophore. 

An increase in Ca2+ concentration and binding of Ca2+ to the chelator inhibits this quenching 

activity. The fluorescence intensity Fluo-8 therefore increases when it binds to Ca2+ allowing it to 

be used as a detector for Ca2+ influx into the low Ca2+ intracellular environment following 

membrane permeabilisation[275]. Studies were conducted in which Fluo-8 was pre-loaded into 
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Daudi cells followed by treatment with a range of SA concentrations and the fluorescence 

measured over a period of time using a BMG microplate reader. 

Initial fluorescence readings were performed over a 50 s period with measurements taken every 

0.2 s. SA, or D10 in control cells, was added after 12 s. Ca2+ influx was observed in Daudi cells 

within approximately 15 s of exposure to both 40 µg/ml and 20 µg/ml of SA and within 35 s of 

exposure to 10 µg/ml (Figure 4A). The rate of increase in fluorescence was concentration 

dependent, with SA at 40 µg/ml inducing the most rapid change. To compare the effect of 

different concentrations of SA on Ca2+ influx the percentage change between the fluorescence at 

12.2 s and that at 50 s was calculated. A significant increase in fluorescent signal was recorded in 

cells treated with 10, 20 and 40 µg/ml of SA compared to control cells mock treated with D10. No 

significant increase in fluorescence was measured in cells treated with 1 µg/ml of SA as 

determined by Mann-Whitney U test(Figure 4B).  

To confirm whether the increase in fluorescence was due to Ca2+ influx into cells the experiment 

was performed in a reduced Ca2+ environment. D10 was replaced with CFD10 and Ca2+ free HBSS 

was used. It was not possible to run the experiment in a completely Ca2+ free environment due to 

the presence of Ca2+ in the assay kit reagents. Daudi cells were treated with both 1 µg/ml and 20 

µg/ml of SA.  In the reduced Ca2+ media the increase in fluorescence seen in cells treated with 20 

µg/ml of SA was slower and fluorescence intensities were lower for the duration of the 

experiment (Figure 4C). No calcium influx was observed in control cells or in those cells exposed 

to 1 µg/ml SA. 

To investigate whether a slower influx of Ca2+ would be observed with the lower concentration of 

1 µg/ml over a longer period of time the experiment was repeated recording fluorescence every 

3.6 s for 15 min (Figure 4D). In cells treated with 10, 20 and 40 µg/ml of SA an initial rapid increase 

in fluorescence was observed followed by a concentration dependent gradual increase over time. 

This change is likely due to leakage of Fluo-8 out of permeabilised cells into the high Ca2+ 

extracellular media where it fluoresces. Over this time period no difference was observed in cells 

treated with 1 µg/ml of SA when compared to control cells. This observation provides further 

evidence that 1 µg/ml of SA does not permeabilise the plasma membrane. 
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Figure 4 Fluorescent Measurement of Ca2+ Influx in Daudi Cells Following Treatment with SA 

Daudi cells seeded in 96 well plates were pre-loaded with the fluorescent Ca2+ sensor 

Fluo-8. Fluorescence in each well was measured by BMG microplate reader as cells 

were treated with a range of SA concentrations. A: Each line represents the change in 

fluorescence over time of a single, representative well of Daudi cells treated with 1, 

10, 20 or 40 µg/ml of SA at t = 12 s (indicated by the arrow) with fluorescence 

measured every 0.2s for 50 s. B: Percentage change in fluorescence between 12.2 s 

and 50 s in Daudi cells treated with D10 (●), 1 (■), 10 (▲), 20 (▼) and 40 (◆) µg/ml 

of SA. A significant increase in fluorescence was measured in cells treated with 10 

µg/ml (p = 0.0023), 20 µg/ml (p  0.006) and 40 µg/ml (p = 0.0444). Dots represent 

percentage change in individual experiments with the lines showing the mean and 

one standard deviation either side of this mean (nD10 = 7, n1 µg/ml = 7, n10 µg/ml = 7, n20 

µg/ml = 7, n40 µg/ml = 2) A smaller number of experiments were performed with 40 µg/ml 

of SA due to limitations in the availability of  high concentration stock. C: Fluo-8 

loaded Daudi cells in D10 medium or Ca2+ depleted CFD10 medium treated with 1 

µg/ml or 20 µg/ml of SA after 12 s with fluorescence measured every 0.2 s for 50 s. D: 

Fluo-8 loaded Daudi cells in D10 medium treated with 1, 10, 20 or 40 µg/ml of SA 

after 12 s with fluorescence measured every 3.6 s for 15 min. 

A B 

C D 
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3.2.3 Ca2+ Depletion Reduces the Augmentation of OKT10-SAP Cytotoxicity by SA 

The cytotoxicity of the IT OKT10-SAP was evaluated in Daudi cells grown in D10 using the XTT 

assay and the dose-response curves obtained are shown in Figure 5A. A clear cytotoxic effect from 

OKT10-SAP was observed at concentrations greater than 1x10-12 M. The concentration of OKT10-

SAP alone that caused a 50% reduction in viability (EC50) of OKT10-SAP on Daudi cells was 

estimated to be 1x10-10 M. To investigate the augmentation of OKT10-SAP cytotoxicity by SA 

Daudi cells were treated with a combination of OKT10-SAP and SA at the non-lytic concentration 

of 1 µg/ml. This combination showed increased cytotoxicity and the EC50 value for OKT10-SAP and 

1 µg/ml SA used in combination was 2x10-13 M. A 500-fold increase in the EC50 was calculated as 

the ratio of the EC50 of OKT10-SAP and the EC50 of OKT10-SAP with SA. 

When this assay was performed in CFD10 the cytotoxicity of the OKT10-SAP was slightly increased 

and an EC50 of 5x10-11 M was observed (Figure 5B). However, the cytotoxic effect of the 

combination of OKT10-SAP and SA was greatly reduced and the EC50 for the combination was 

estimated as being 9x10-11 M with a fold increase of just 5.5 over OKT10-SAP alone. This 

observation shows that the augmentation of OKT10-SAP by SA in Daudi cells was largely 

abrogated following growth in CFD10 and is therefore Ca2+ dependent. 

To confirm that the observed abrogation was caused by the depletion of Ca2+, and not by the 

depletion of other metal ions by the chelating resin, CaCl2 was used to restore the Ca2+ 

concentration of CFD10 in add-back experiments. CFD10 was supplemented with 0.2 mM, 0.6 mM 

or 1.2 mM CaCl2 and the effect of this Ca2+ add-back on the augmentation of OKT10-SAP 

cytotoxicity was measured using the XTT assay (Figure 5C-E). Augmentation of OKT10-SAP by SA 

was restored in a Ca2+ concentration dependent manner with fold gains in cytotoxicity of 70, 220 

and 300-fold at 0.2 mM, 0.6 mM and 1.2 mM of CaCl2 respectively (Figure 5F). This observation 

further demonstrates that the SA augmentation of OKT10-SAP cytotoxicity is Ca2+ dependent. 
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Figure 5 Effect of Ca2+ Deprivation and Add-back on the Augmentation of OKT10-SAP 

Cytotoxicity by SA 

A-E: Dose-response curves determined by XTT assay for Daudi lymphoma cells in D10 

(A), CFD10 (B) and CFD10 supplemented with 0.2 mM (C), 0.6 mM (D) or 1.2 mM (E) 

CaCl2 in the absence (●) or presence (○) of SA at 1 µg/ml. Each datum point 

represents the calculated mean of three independent experiments performed in 

quadruplicate and the error bars one standard deviation either side of this mean. The 

EC50 obtained from each curve is shown against the perpendicular dotted line. F: Fold 

increases in OKT10-SAP cytotoxicity with 1 µg/ml in D10 (●), CFD10 (■) and CFD10 

F 
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supplemented with 0.2 mM (▲), 0.6 mM (▼) and 1.2 mM (◆) CaCl2. Dots represent 

fold increase in individual experiments with the lines showing the mean and one 

standard deviation either side of this mean. (SA: Saponinum album, D10: DMEM 

containing 10% FCS, CFD10: Ca2+ free DMEM with 10% Ca2+ depleted FCS) 

3.2.4 Ca2+ Deprivation by EGTA Increased the Rates of Permeabilisation in Cells Exposed to 

SA 

Following membrane damage, repair processes are initiated by lysosomal exocytosis triggered by 

the influx of Ca2+ down a 10,000-fold concentration gradient into the cell. Removal of this 

concentration gradient has been shown to prevent membrane repair[260]. The purpose of this 

part of the study was to investigate whether the permeabilisation of cell membranes by SA is 

repaired in a calcium dependent fashion using the fluorescent DNA intercalating agent PI as a 

reporter. Daudi cells exposed to a range of SA concentrations for 1 min were allowed 5 min to 

repair in DMEM or DMEM containing the Ca2+ chelator EGTA. Figure 6 shows that cells incubated 

in the presence of EGTA showed an increase in the number of permeabilised cells when compared 

with those incubated in Ca2+ containing DMEM.  A significant increase, as determined by 

unpaired, two-tailed t-test, was seen with all concentrations of SA (Figure 6D). This result suggests 

that extracellular Ca2+ is necessary for the repair of cellular plasma membrane damage caused by 

SA and that depletion of Ca2+ in the extracellular medium reduces the effectiveness of membrane 

repair mechanisms. 



Chapter 3 

53  

D10 Control 1 µg/ml SA 10 µg/ml SA 

20 µg/ml SA 30 µg/ml SA 40 µg/ml SA 

EGTA Control 1 µg/ml SA 10 µg/ml SA 

20 µg/ml SA 30 µg/ml SA 40 µg/ml SA 

D10 Control 40 µg/ml SA + 10 mM EGTA 
A 

B 

C 
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Figure 6  The Effect of Extracellular Ca2+ Concentration on Daudi Plasma Membrane 

Permeabilisation by SA 

 (A) Example dot plots showing the change in forward and side scatter between 

Daudi cells in DMEM and those treated with 40 µg/ml of SA in 10 mM EGTA. Cells 

were gated as shown to exclude cell debris and the upper right quadrant gate (Q1-

UR) was analysed for PI influx. (B) Histograms showing PE filter fluorescence in Daudi 

cells treated with different concentrations of SA in DMEM as shown. Gating for 

permeabilised cells was set at 2 logs above control cells. (C) Histograms showing PE 

filter fluorescence in Daudi cells treated with different concentrations of SA in DMEM 

with 10 mM EGTA as shown. Gating for permeabilised cells was set at 2 logs above 

control cells. (D) Graph showing the percentage of permeabilised Daudi cells in 

DMEM or DMEM with 10 mM EGTA following treatment with 1, 10, 20, 30 or 40 

µg/ml of SA or mock treated with DMEM. Each bar is the mean of 5 independent 

experiments and the error bars one standard deviation either side of this mean. A 

significant increase in the percentage of permeabilised cells in the presence of EGTA 

was seen with 1 (p = 0.0162), 10 (p = 0.0043), 20 (p = 0.001), 30 (p = 0.0057) and 40 

µg/ml (p = 0.0003) of SA when compared to the same concentrations of SA in the 

absence of EGTA. 

3.2.5 Cell Surface Expression of LAMP-1 and Ceramide in Daudi Cells Exposed to SA 

Ca2+ influx into the cell through permeabilised sections of the plasma membrane triggers 

lysosomal exocytosis. This releases ASM from the lysosomal lumen onto the outer leaflet of the 

plasma membrane which then acts to convert sphingomyelin in this leaflet into ceramide leading 

to the initiation of MEND.  To look for evidence that lysosomal exocytosis is occurring in Daudi 

cells exposed to a range of SA concentrations, the surface expression of the lysosomal protein 

LAMP-1 and of ceramide were investigated using flow cytometry and confocal microscopy.  

With both anti-LAMP-1 and anti-ceramide antibodies the mean fluorescence of untreated cells 

was higher with the specific primary antibody and secondary than with the equivalent non-

specific isotype control and secondary antibodies. No significant increase in fluorescence was 

observed by flow cytometry for Daudi cells treated with 1, 10 or 20 µg/ml of SA (p > 0.05, 

unpaired t-test) and then stained with anti-LAMP-1 antibody (Figure 7A). A significant increase in 

fluorescence for LAMP-1 was only seen in cells treated with 40 µg/ml of SA (p = 0.0002). 

Consistently between different experiments, there was a small but non-significant reduction in 

LAMP-1 signal observed with both 10 µg/ml and 20 µg/ml of SA. Confocal microscopy was used to 

image what was taking place at the intracellular level. In a small number of untreated control cells 
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LAMP-1 was observed in discrete sections of the plasma membrane in a small number of cells 

(Figure 7C-F). No observable increase in surface LAMP-1 expression was seen in cells exposed to 1 

µg/ml of SA. In Daudi cells treated with 40 µg/ml of SA, vesicular intracellular LAMP-1 was 

detected. This indicates that the increase in fluorescence seen by flow cytometry with this 

concentration of SA was due to permeabilisation of the plasma membrane allowing access of the 

primary and secondary antibodies into the cytosol that then interacted with intracellular antigen. 

The likelihood therefore is that the increase in fluorescence see with 40 µg/ml of SA by flow 

cytometry was probably not due to an increase in surface LAMP-1 expression following 

membrane repair.  



 

 56 

 
 

 

Figure 7 LAMP-1 Surface Expression in Daudi Cells Treated with SA 

(A) Mean fluorescence intensity of Daudi cells treated with 1, 10, 20 or 40 µg/ml of 

SA. Columns in each group represent cells stained, from left to right, with FITC 

labelled secondary antibody only, isotype control and secondary and anti-LAMP-1 

and secondary antibodies. Treatment with 40 µg/ml of SA significantly increased 

LAMP-1 MFI (p=0.0002 ***) over untreated cells, no other treatment was significant. 

(B) Flow cytometry histogram showing fluorescence for Daudi cells treated with 1, 

10, 20 or 40 µg/ml of SA and stained with anti-LAMP-1 and FITC labelled secondary 

A 
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antibodies. Confocal microscopy of untreated Daudi cells (C) or those treated with 1 

µg/ml (D), 20 µg/ml (E) and 40 µg/ml (F) and stained with anti-LAMP-1 and FITC 

labelled secondary antibodies and Hoechst 33342 nuclear stain. Images presented 

are maximum projections of 13 x 1 µm z-stacks. 

Similar results were observed in Daudi cells stained with anti-ceramide antibodies; there were no 

significant changes in mean fluorescence intensity with concentrations of SA below 40 µg/ml 

whilst treating cells with 40 µg/ml of SA resulted in a significant increase in fluorescence (p < 

0.0001) (Figure 8A). Using confocal microscopy, it was demonstrated that the fluorescence seen 

with 40 µg/ml of SA was due to staining of intracellular membranes once again probably due to 

ingress of primary and secondary antibodies into the cytosol through the permeabilised plasma 

membrane. In control cells, ceramide was detected in the plasma membrane of a majority of cells 

observed and there was no increase in the amount of plasma membrane ceramide detected when 

cells were treated with 1 µg/ml SA, supporting the flow cytometry data (Figure 8C-F).  

These combined data suggest that no lysosomal exocytosis is occurring in cells exposed to SA 

including at the augmentative but non-permeabilising concentration of 1 µg/ml of SA and by 

inference that no obvious membrane repair processes are activate when Daudi cells are treated 

with this concentration. 
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Figure 8 Plasma Membrane Ceramide Levels in Daudi Cells Treated with SA 

Mean fluorescence intensity of Daudi cells treated with 1, 10, 20 or 40 µg/ml of SA. 

Columns in each group represent cells stained, from left to right, with FITC labelled 

secondary antibody only, isotype control and secondary and anti-ceramide and 

secondary antibodies. Treatment with 40 µg/ml of SA significantly increased 

Ceramide MFI (p < 0.0001 ***) over untreated cells, no other treatment was 

significant. (B) Histogram showing fluorescence for Daudi cells treated with 1, 10, 20 

or 40 µg/ml of SA and stained with anti-ceramide and FITC labelled secondary 

antibodies. Confocal microscopy of untreated Daudi cells (C) or those treated with 1 

A 
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µg/ml (D), 20 µg/ml (E) and 40 µg/ml (F) and stained with anti-ceramide and FITC 

labelled secondary antibodies and Hoechst 33342 nuclear stain. (The bright cell in the 

bottom right corner of (E) is anomalous) Images presented are maximum projections 

of 13 x 1µm z-stacks. The high Hoechst staining seen in (C) was anomalous and not 

representative of other imaging. 
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3.2.6 Augmentation of OKT10-SAP Cytotoxicity by SA is Inhibited by the ASM Inhibitor 

Amitriptyline 

Acid sphingomyelinase implicated in MEND resides in the lysosome, electrostatically bound to the 

inner lysosomal membrane[276,277]. The tricyclic antidepressant amitriptyline is a functional 

inhibitor of ASM[278]. Amitriptyline has weak basicity and high lipophilicity allowing it to diffuse 

across the lysosomal membrane. Inside the acidic lysosomal compartment the drug is protonated 

and becomes trapped, leading to its accumulation in the lysosome[279]. This disrupts the binding 

of ASM to the inner membrane and leads to its proteolytic degradation within the lysosomal 

lumen[280]. Amitriptyline was therefore selected for experiments whose aim was to explore 

whether or not inhibition of ASM activity also abrogated the augmentative effect of SA on IT 

cytotoxicity. 

The cytotoxicity of amitriptyline for Daudi cells was evaluated using the XTT assay in the absence 

and presence of SA. The cytotoxicity of amitriptyline was not affected by SA (Figure 9A). To find a 

balance between amitriptyline cytotoxicity and any inhibitory effect it might have on the SA 

augmentation of OKT10-SAP Daudi cells were treated with increasing concentrations of 

amitriptyline in the presence of a fixed concentration of OKT10-SAP with or without SA (Figure 

9B). From these experiments an optimal sub-toxic concentration of 1x10-5 M amitriptyline was 

chosen. 

 

Figure 9 Optimisation of Amitriptyline Cytotoxicity in Daudi Cells 

Dose-response curves determined by XTT assay for Daudi cells treated with 

amitriptyline. (A) shows the cytotoxicity of amitriptyline in the presence (○) and 

absence (●) of 1µg/ml SA. (B) shows the effect of an increasing concentration of 

amitriptyline on Daudi cells treated with 1x10-11M OKT10-SAP in the presence (○) and 

absence (●) of 1µg/ml SA. Each data point is the mean ± SD, n = 3. 
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Treatment of Daudi cells with 1x10-5 M amitriptyline did not affect the cytotoxicity of OKT10-SAP 

for these cells. In contrast, the cytotoxicity of OKT10-SAP in combination with 1µg/ml SA was 

significantly reduced (p = 0.0004, 2-way ANOVA), with an almost complete abrogation of 

augmentation (Figure 10). The fold increase in EC50 with SA was reduced from 200-fold in control 

cells to 7.5-fold with amitriptyline suggesting that ASM may play a role in the augmentation 

process. 

 

Figure 10 Amitriptyline Abrogates the Augmentation of OKT10-SAP Cytotoxicity by SA 

Dose-response curves determined by XTT assay for OKT10-SAP on Daudi lymphoma 

cells with 1x10-5 M amitriptyline in the absence (▼) and presence (▽) of 1 µg/ml SA, 

the data for OKT10-SAP without inhibitor in the absence (●) and presence (○) of SA is 

also presented for comparison. Each datum point represents the calculated mean of 

three independent experiments and the error bars one standard deviation either side 

of this mean. The EC50 value obtained from each curve is shown against the 

perpendicular dotted line. 
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3.2.7 Ultrastructural Changes in Daudi Cells Treated with SA 

3.2.7.1 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used to investigate any ultrastructural changes 

taking place in Daudi cells treated with lytic or sublytic concentrations of SA. Cells undergoing 

membrane repair after treatment with SLO typically show evidence of large numbers of caveolae 

or endocytic vesicles via TEM[257,258] within a few minutes of exposure. Over time these 

vesicles have been observed to mature, acquire features of early and late endosomes and treated 

cells are seen to contain increased numbers of MVBs[266]. In B-cells, treatment with SLO has 

been shown to result in a significant increase in tubular invaginations of the plasma membrane 

and small endocytic vesicles[264]. In the current study described here TEM was therefore used to 

look for evidence of MEND in Daudi cells in the form of caveolae, invaginations of the plasma 

membrane, increased numbers of endocytic vesicles and the presence of MVBs. 

As a positive control for the ultrastructural changes found in Daudi cells following plasma 

membrane permeabilisation with SA, cells were also treated with SLO. Daudi cells treated with 

100 U/ml of SLO demonstrated ultrastructural changes suggestive of MEND. In cells exposed to 

SLO for 5 min increased numbers of vesicles were observed. These structures varied in size 

between 100-400 nm and likely represent early endosomes formed from the merging of initial 

endocytic vesicles (Figure 11A+B). By 15 min after initial exposure these endosomes matured and 

MVB formation was observed in a number of cells (Figure 11C-E).  



Chapter 3 

63 

 

Figure 11 Transmission Electron Microscopy Showing Daudi Cells Exposed to SLO 

Daudi cells treated with SLO for 5 min and then imaged by transmission electron 

microscopy showed increased numbers of endosomal vesicles as indicated by arrows 

in A and B. After 15 min of treatment with SLO, the formation of MVBs was observed 

as indicated by black arrows in C. Image D shows an increased magnification of the 

cell shown in C. A high magnification image of the MVB indicated by the arrow in D is 

shown in the insert E. Scale bars are shown in the bottom right of each image and 

represent 2 µm in A, C and D; 1 µm in B and 200 nm in E. 
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TEM did not reveal any obvious ultrastructural evidence of membrane damage or repair in Daudi 

cells that were exposed to 1 µg/ml of SA at any time point up to 48 hours. The representative 

images in Figure 12 show no clear evidence of caveolae, increased levels of endocytosis or MVBs. 

In cells exposed to 10 µg/ml of SA an increased number of endosomal vesicles were observed 

after 30 s (Figure 13). These vesicles closely resembled those observed in cells treated with SLO 

and suggest that membrane repair processes are active in cells treated with this concentration of 

SA. Unlike cells treated with SLO, no formation of MVBs was observed in these cells at later time 

points. There was no obvious evidence of membrane disruption or pore formation at any 

concentration of SA tested. 
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Figure 12 Transmission Electron Microscopy of Daudi Cells Treated with 1µg/ml of SA 

Daudi cells treated with 1 µg/ml of SA for varying lengths of time showed no 

ultrastructural changes associated with MEND at any of the timepoints tested. 

Representative images of cells exposed to SA for 30 s (C+D) and 48 h (E+F) are shown 

here. Representative images of untreated control cells are shown in A and B. Scale 

bars are shown in the bottom right of each image and represent 5 µm in A and C; 2 

µm in B, D and F and 10 µm in E. 

 

 

Figure 13 Transmission Electron Microscopy of Daudi Cells Treated with 10 µg/ml of SA 

Daudi cells treated with 10 µg/ml of SA showed increased numbers of endosomal 

vesicles after 30 s of treatment as indicated by arrows in the representative images 

above. Scale bars are shown in the bottom right of each image and represent 2 µm in 

A and 1 µm in B and C. 
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3.2.7.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) has previously been used to show the presence of 

membrane holes [281] and plasma membrane blebbing[282] in cells exposed to saponins.  Initial 

TEM work suggested that there might be an increase in membrane ruffling and/or blebbing in SA 

treated cells. To examine this possibility, SEM was performed to investigate this and to 

additionally look for any evidence of pore formation. Figure 14 shows representative fields of 

Daudi cells exposed to 20 µg/ml of SA for 15 min where there was no apparent increase in 

membrane ruffling activity. Furthermore, no obvious pores were discernible at the plasma 

membrane surface by SEM. 

 

Figure 14 Scanning Electron Microscopy Images of Daudi Cells Treated with SA 

Representative SEM images of Daudi cells incubated for 15 min in the absence (A + B) 

or presence (C + D) of 20 µg/ml of SA. B shows a higher magnification of the cell 

indicated by an arrow in A, and D a higher magnification of the cell indicated by 

arrow in C. 
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3.3 Discussion 

The mechanism by which saponins are internalised and their subsequent trafficking to the 

endolysosomal compartment, where they are theorised to enhance the endolysosomal escape of 

saporin, is not fully understood. The purpose of the work performed in this chapter was to 

investigate the hypothesis that sub-lytic concentrations of SA inflict low levels of cell membrane 

damage leading to the activation of membrane repair processes including MEND that may then 

internalise membrane associated SA.  

Initial experiments focused on the role of Ca2+ influx in the repair of cell membranes 

permeabilised by SA. The use of the Ca2+ sensitive dye Fluo-8 clearly detected Ca2+ influx into 

Daudi cells after 35 s of exposure to 10 µg/ml of SA. This concentration of SA was previously 

considered non-permeabilising as determined by PI assay after 5 min of exposure, suggesting that 

for investigating transient membrane permeabilisation, a higher level of sensitivity can be 

achieved by measuring at Ca2+ influx. The rate of Ca2+ influx was increased by exposing cells to 

increasing concentrations of SA a result that almost certainly reflects an increasing amount of 

membrane damage. Critically, no Ca2+ influx was detectable even after 15 min of treatment with 

the augmentative concentration of 1 µg/ml of SA. It is not known whether this was because no 

membrane damage occurred at this concentration or alternatively whether any resulting Ca2+ 

influx due to low levels of membrane damage was below the sensitivity limit of the assay to 

detect. These results confirm that SA transiently permeabilises the cell membrane at sub-toxic 

concentrations, suggesting that this damage must be repaired by the cell. In addition, it confirms 

that Ca2+ influx takes place through the SA-mediated membrane damage.  

 To confirm whether SA induced plasma membrane damage was repaired in a Ca2+ dependent 

manner, PI permeabilisation assays were performed in the presence of the extracellular Ca2+ 

chelator EGTA. These demonstrated that reduced extracellular Ca2+ significantly increased the 

number of cells permeabilised by PI at all concentrations of SA tested. This suggests that the 

repair of SA induced membrane damage is dependent on the influx of Ca2+ into the cell. It also 

shows that the use of PI as an indicator of membrane damage is inadequate to investigate low 

levels of membrane permeabilisation as membrane repair mechanisms are activated before a 

sufficiently high concentration of PI can enter the cell for detection. The observation in the 

present study that Ca2+ chelation by EGTA increased the permeabilisation of cells exposed to 1 

µg/ml of SA hints that this ostensibly sub-lytic concentration of SA does cause a low level of 

membrane permeabilisation despite the inability to detect any Ca2+ influx due to the sensitivity 

limit of this method.  
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In the work described in the current chapter the role of Ca2+ influx on the augmentation of 

cytotoxicity was investigated by removing extracellular Ca2+ to reduce its influx into damaged 

cells. Cytotoxicity assays in Ca2+ depleted media showed that the augmentation of OKT10-SAP 

cytotoxicity by SA is abrogated in a low Ca2+ extracellular milieu. Augmentation was restored by 

adding Ca2+ back into the media confirming the Ca2+ dependency of augmentation. However, it is 

not possible to conclude from this that membrane repair processes are directly involved due to 

the vital role Ca2+ plays in a wide range of other cellular process. Cytosolic Ca2+ concentrations are 

tightly regulated and localised fluctuations in Ca2+ concentration play an important role in 

intracellular signalling[283]. Ca2+ binding activates the adaptor protein calmodulin (CaM) which in 

turn interacts with hundreds of different proteins resulting in structural changes that remove 

auto-inhibition, initiate protein dimerisation reactions and/or modify enzyme active sites[284]. 

Activated CaM enables Ca2+ signalling by removing the auto-inhibition of calmodulin kinase 

enzymes thus activating phosphorylation cascade pathways. Of particular relevance to these 

observations is the pivotal role that Ca2+ plays in cell cycle control[285] and in apoptosis. 

Ca2+ signals are involved in a number of stages in the cell cycle and Ca2+ is required for cell 

proliferation in non-neoplastic cells [286,287]. Ca2+ transients are involved in nuclear envelope 

breakdown and CaM and Ca2+-CaM dependent protein kinase II are required for progression 

through mitosis[285]. In the present study, Daudi cells grown in CFD10 were shown to have a 

greatly reduced growth rate and this may have affected the relative survival rates of these cells 

whether they were treated with SA or not. 

Ca2+ plays a major role in many apoptotic pathways with increases in cytosolic Ca2+ concentration 

occurring at both early and late stages in the apoptotic process[288-290]. Under normal 

conditions cytosolic Ca2+ is normally maintained at ~100 nM[283] but can be increased by 

sustained release from intracellular stores such as the endoplasmic reticulum or alternatively by 

influx from the extracellular environment[291]. Increased cytosolic Ca2+ leads to uptake of Ca2+ 

into the mitochondria and subsequent mitochondrial overload with production of reactive oxygen 

species (ROS)[292] and mitochondrial permeabilisation leading to cytochrome C release and 

subsequent caspase activation via the apoptosome[293]. Voccoli and co-workers have 

demonstrated that extracellular Ca2+ depletion reduced mitochondrial ROS production and 

increased cell survival in cells exposed to a known apoptotic stimulus[289]. It is therefore possible 

that the reduction in augmentation of OKT10-SAP cytotoxicity by SA in Ca2+ depleted media 

maybe a consequence of a generalised protective effect against apoptotic programmes.  
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This study examined for evidence of the subsequent stages of membrane repair processes that 

are activated following Ca2+ influx through plasma membrane permeabilisation, including 

lysosomal exocytosis and MEND. No evidence of an increase in extracellular LAMP-1, which occurs 

following lysosomal exocytosis[260], was measured with immunocytochemical methods in Daudi 

cells treated with any concentration of SA. There was also no evidence of an increased level of 

ceramide on the outer membrane of the cell membrane in SA treated cells which would show the 

activity of ASM released onto the cell surface by lysosomal exocytosis and is necessary for the 

membrane invagination that initiates endocytosis of damaged membrane sections. Despite this 

apparent lack of repair activity, inhibition of ASM by amitriptyline significantly abrogated 

augmentation by SA. This may show that ASM is involved in augmentation through its role in 

MEND. However, interpretation of these results is confounded because amitriptyline is not a 

direct inhibitor of ASM. Instead it acts by increasing lysosomal pH which then causes ASM to 

disassociate from the inner leaflet of the lysosomal membrane into the lumen where it is 

degraded by proteases[294]. The mechanism behind the increase in lysosomal pH brought about 

by amitriptyline is similar to that of chloroquine[240,277]. Therefore, the abrogation of SA 

augmentation of OKT10-SAP cytotoxicity seen with amitriptyline may instead be due to a 

reduction in the endolysosomal escape of the toxin resulting from this increase in endosomal pH. 

This may be due to prevention of the proposed pH dependent association between saponins and 

saporin, rather than the drug’s effect on the degradation of ASM. The question of a mechanistic 

involvement of ASM in the augmentation of saporin based IT by SA therefore remains 

unanswered by the present work. Knockdown of the ASM gene using siRNA would be a direct way 

of disentangling the other effects of a pharmacological agent such as amitriptyline and may 

represent the best way forward to answer this question. 

Lysosomal exocytosis and the activity of ASM at the plasma membrane initiates MEND[295]. In 

this study TEM was used to look for evidence of this process in the form of caveolae or increased 

numbers of endocytic vesicles just below the surface of the plasma membrane. Increased 

numbers of vesicles were seen in Daudi cells exposed to 10 µg/ml of SA, but critically no evidence 

of MEND was observed at the augmentative concentration of 1 µg/ml of SA. 

In conclusion, the evidence presented in this chapter gives a mixed picture about the involvement 

of membrane damage and membrane repair processes in the augmentation of OKT10-SAP 

cytotoxicity by SA. There is certainly evidence for membrane damage caused by higher 

concentrations of SA and for the activation of membrane repair processes in response to this 

damage. However, augmentation occurs in Daudi cells with concentrations of SA as low as 1 

µg/ml and at this concentration there was little evidence for plasma membrane damage and 

repair using the techniques described. The effects of Ca2+ depletion and amitriptyline treatment 
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on cytotoxicity augmentation are interesting but come with many confounding factors, especially 

in light of the lack of any apparent lysosomal exocytosis or MEND. Further investigation into the 

potential role of membrane repair processes would require confirmation that SA at 1 µg/ml 

causes transient damage to the plasma membrane. A flow cytometric assay to continuously 

monitor intracellular Ca2+ as described by Vines et al may offer a more sensitive method than the 

microplate reader-based assay used in this study[296]. Any future TEM investigating the 

internalisation of SA by MEND would be greatly enhanced by the development of antibodies 

targeting its component saponins. This would allow for the location of any internalised saponins 

to be identified by immunogold staining which would be crucial for confirming whether MEND is 

involved in their uptake. 
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Chapter 4 Role of Major Endocytic Processes in the 

Augmentation of IT Cytotoxicity and Endolysosomal 

Escape 

4.1 Introduction 

As previously discussed, the current hypothesis explaining the mechanism by which saponins 

augment the cytotoxic activity of saporin and saporin based TTs involves the internalisation and 

trafficking of both saporin and saponin into same endolysosomal compartment in the target cell. 

Here the endolysosomal membrane is permeabilised resulting in the escape of the toxin into the 

cytosol. This permeabilisation occurs at external concentrations of SA which appear to be non-

permeabilising for the plasma membrane. A number of possible mechanisms to explain this 

discrepancy have been suggested. The simplest of these is that the internalisation of SA leads to 

its accumulation and concentration within the lumen of endolysosomal vesicles, to a level above 

the lytic threshold. It is also possible that the membrane repair system for endosomal membranes 

is less robust than that involved in plasma membrane repair and this makes them more 

susceptible to permeabilisation by SA. Finally, there is some limited experimental evidence 

showing that saporin and saponins associate non-covalently at the acidic pH levels found in the 

lumen of endolysosomal vesicles. This has led to the proposal that the endolysosomal escape of 

saporin to the cytosol is facilitated in some way by such an association in the endolysosomal 

compartment.  

The work detailed in this chapter was therefore aimed at testing a number of aspects of this 

hypothesis. The first of these was to investigate the role of several endosomal processes in the 

SA-mediated augmentation of the cytotoxicity of saporin and the saporin based IT, OKT10-SAP. 

For this purpose, a number of small molecule pharmacological agents with defined activities were 

employed (Table 3). These experiments aimed to determine the role played in the augmentation 

of cytotoxicity by endocytic processes such as CME and macropinocytosis and by the 

polymerisation of actin and microtubules which are involved in the endocytosis and the trafficking 

of endocytic vesicles respectively. It was anticipated that the use of such pharmacological agents 

would provide insights into the mechanism of saponin internalisation. The process of endosomal 

acidification was also inhibited by two separate pharmacological inhibitors in order to investigate 

the requirement for an acidic intravesicular pH on the augmentation of cytotoxicity. In addition, 

to further study the requirement for a pH dependent association between augmentable RIPs and 
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saponin, the potential for the cytotoxicity of the type I RIP gelonin to be augmented by SA was 

investigated. Gelonin has previously been shown to not associate with saponins at acidic pH[152] 

but its capacity for augmentation is unknown.  

The activity of SA as an endolysosomal escape enhancer was then investigated alongside the role 

that any SA induced increase in endolysosomal escape might play in the process of the 

augmentation of cytotoxicity. In order to compare the effects of the pharmacological inhibitors on 

cytotoxicity with their effects on endolysosomal escape it was necessary to develop an assay to 

investigate endolysosomal escape.  Fluorescent conjugates of saporin and OKT10-SAP were 

therefore constructed. Initially confocal microscopy was used to determine the effect of SA on the 

endolysosomal escape of these conjugates. However, limitations in the sensitivity and difficulties 

in the accurate quantification of results obtained using this methodology together with other 

technical difficulties prevented the use of confocal microscopy to determine the effect of the 

tested pharmacological agents on endolysosomal escape. The shortcomings of confocal 

microscopy as applied to this research question led to the development of an alternative flow 

cytometric assay. This allowed for a straightforward method to quantify the results and obtain 

reliable and meaningful data describing the effects of pharmacological agents on endolysosomal 

escape. 
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Table 3 Summary of Pharmacological Agents 

Summary of the pharmacological agents used in this study to inhibit endocytic 

processes and endosomal acidification. Listing the process targeted by each agent 

and a summary of their mechanism of action. 

Agent Process Targeted Mechanism of Action References 

Chlorpromazine Clathrin mediated 

endocytosis 

Depletion of clathrin and AP2 from 

the plasma membrane 

[247] 

EIPA Macropinocytosis Inhibits plasma membrane Na+/H+ 

exchanger leading to sub-

membranous acidification and 

inhibition of Rac1 and Cdc42 

[297] 

[298] 

Nocadazole Microtubule 

polymerisation 

Binds to β-tubulin and disrupts 

microtubule polymerisation 

[299] 

Cytochalasin D Actin 

polymerisation  

Inhibits polymerisation of actin 

filaments 

[300] 

Chloroquine Endosomal 

acidification 

Lysosomotropic, protonated in the 

endolysosome 

[240] 

Bafilomycin A1 Endosomal 

acidification 

Inhibits vacuolar H+ ATPase [241] 
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4.2 Results 

4.2.1 Effects of Small Molecule Pharmacological Agents on the Augmentation of OKT10-

SAP and Saporin Cytotoxicity by SA 

The role of different endocytic processes and endosomal acidification on the augmentation of 

saporin cytotoxicity by SA were investigated with the use of a range of pharmacological agents 

with known inhibitory activities. These included: chlorpromazine, ethylisopropylamiloride (EIPA), 

chloroquine, bafilomycin A1, cytochalasin D and nocadazole. Details on the pharmacological 

activity of each inhibitor are described in the sections below and a summary is presented in Table 

3. 

To select the optimum concentration of each pharmacological agent the toxicity of each inhibitor 

in Daudi cells was first investigated via XTT assay (Figure 15). Cells were then exposed to 

increasing concentrations of inhibitor in the presence of a fixed concentration of 1x10-11 M 

OKT10-SAP with and without SA at 1 µg/ml. Results of these optimisation experiments are shown 

in Figure 16. From these studies optimal concentrations of 7.5 µM chlorpromazine, 25 µM (EIPA), 

0.01 µM nocadazole, 0.005 µM bafilomycin A1, 100 µM chloroquine and 0.75 µM cytochalasin D 

were selected based on minimal toxicity with maximal effect. These optimisation experiments 

were conducted as validation of work being performed by other members of the research team in 

this laboratory. As such, only a single representative assay is presented here and experiments 

determining the optimum concentrations of the listed agents on the T cell acute lymphoblastic 

leukaemia cell line HSB-2 are not presented here. The relevant studies on HSB-2 cells were 

subsequently published by Smith et al[301]. From these, the optimal concentrations of 7.5 µM 

chlorpromazine, 20 µM (EIPA), 0.01 µM nocadazole, 0.005 µM bafilomycin A1, 10 µM chloroquine 

and 0.75 µM cytochalasin D were selected for use on the HSB-2 cell line. 
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Figure 15 Dose-response Curves Determined by XTT Assay for Daudi cells Treated with 

Varying Concentrations of Each Pharmacological Agent 

Dose-response curves determined by XTT assay for Daudi cells treated with varying 

concentrations of (A) chlorpromazine, (B) EIPA, (C) nocadazole, (D) cytochalasin-D, (E) 

bafilomycin A1 and (F) chloroquine. In those instances where the stock solution of 

inhibitor was made up in DMSO, the inhibitor (●) is shown alongside an equivalent 

concentration range of DMSO (○) for comparison. A single representative experiment 

is presented here. Datum points represents the calculated mean of four wells and the 

error bars one standard deviation either side of this mean. The concentration 

selected for inhibition of augmentation experiments is shown against the 

perpendicular dotted line.  
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Figure 16 Optimisation of Pharmacological Agent Concentrations 

Dose-response curves determined by XTT assay for Daudi cells treated with varying 

concentrations of (A) chlorpromazine, (B) EIPA, (C) nocadazole, (D) cytochalasin-D, (E) 

bafilomycin A1 and (F) chloroquine with 1x10-11 M OKT10-SAP in the presence (○) or 

absence (●) of 1 µg/ml SA. A single representative experiment is presented here. 

Datum points represents the calculated mean of four wells and the error bars one 

standard deviation either side of this mean. The concentration selected for inhibition 

of augmentation experiments is shown against the perpendicular dotted line.  
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The effect of each of these inhibitors at the selected optimal concentration on the augmentation 

of OKT10-SAP and saporin by 1 µg/ml of SA was then investigated in Daudi and HSB-2 cells. In 

each experiment the EC50 was determined from the intercept of the dose-response curve with the 

50% level on the y-axis and the fold increase in cytotoxicity due to SA was then calculated as the 

ratio of the EC50 of the toxin alone and the EC50 of the toxin with SA. A statistical analysis of the 

change in fold increase made by each pharmacological agent was made by Mann-Whitney U-Test. 

The results of this analysis for OKT10-SAP and saporin in the presence of 1 µg/ml of SA on Daudi 

cells are presented in Figure 17G and Figure 18G respectively. In HSB-2 cells the results for saporin 

and SA are presented in Figure 20G. It was not possible to perform this statistical analysis with 

OKT10-SAP and SA on HSB-2 cells as the IT alone or in the presence of the varying agents 

investigated often did not achieve 50% toxicity at the concentrations of OKT10-SAP tested. It was 

not possible to test higher concentrations due to the concentration of the IT stock available. 

4.2.1.1 Inhibition of Clathrin Mediated Endocytosis 

The effect of the CME inhibitor chlorpromazine on the augmentation of OKT10-SAP and Saporin 

cytotoxicity by SA in Daudi and HSB-2 cells was investigated by XTT assay. Chlorpromazine causes 

the assembly of clathrin and AP2 complexes on endosomal membranes, thus depleting them from 

the plasma membrane and preventing formation of clathrin coated pits. It is widely used as an 

inhibitor of CME[247]. Treatment of both Daudi and HSB-2 cells with chlorpromazine did not 

affect their sensitivity to the cytotoxicity of OKT10-SAP or saporin suggesting that the cytotoxic 

activity of OKT10-SAP or saporin is not clathrin dependent. In contrast the augmentation of both 

OKT10-SAP and saporin by SA was almost completely abrogated in both cell lines. In Daudi cells 

treated with OKT10-SAP and SA the fold increase in cytotoxicity was reduced to 1.24-fold with 

chlorpromazine from 209-fold in control cells without chlorpromazine (Figure 17A). Similarly, the 

fold increase in saporin with SA cytotoxicity was reduced from four thousand to two in this cell 

line (Figure18A). In HSB-2 cells the fold increase of two hundred-fold that was observed with both 

OKT10-SAP and saporin in the presence of 1 µg/ml SA in control cells was completely abrogated 

by the addition of chlorpromazine (Figure 19A & Figure 20A) 

4.2.1.2 Inhibition of Macropinocytosis 

The role of macropinocytosis in the augmentation of OKT10-SAP and Saporin cytotoxicity by SA 

was analysed on Daudi cells with EIPA, an analogue of amiloride. EIPA inhibits the Na+/H+ 

exchanger isoform 1 at the plasma membrane. This prevents the exchange of protons generated 

metabolically by actin polymerisation and leads to sub-membranous acidification which inhibits 

the functions of the proteins Rac1 and Cdc42 resulting in the suppression of ruffle formation in 

the cell membrane and the inhibition of macropinocytosis [297,298]. Incubation with 25µM EIPA  
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Figure 17 Inhibition of SA-Mediated Augmentation of OKT10-SAP Cytotoxicity in Daudi Cells 

by the Various Pharmacological Agents Studied 

Effect of chlorpromazine (A), EIPA (B), nocodazole (C), cytochalasin D (D), bafilomycin 

A1 (E) and chloroquine (F) on the cytotoxicity of OKT10-SAP and OKT10-SAP used in 

combination with 1 µg/ml of SA. A-F: Dose-response curves determined by XTT assay 

for OKT10-SAP on Daudi lymphoma cells with each agent in the absence (▼) and 

presence (▽) of SA. In each chart the data for OKT10-SAP without inhibitor in the 

absence (●) and presence (○) of SA is also presented for comparison. Each datum 

point represents the calculated mean of four separate experiments each performed 

in quadruplicate cell cultures. Error bars represent one standard deviation either side 

of this mean. The EC50 obtained from each curve is shown against the perpendicular 

dotted line. G: Fold increases in OKT10-SAP cytotoxicity with 1µg/ml SA in control (●), 

chlorpromazine (■), EIPA (▲), nocodazole (▼), chloroquine (○) and bafilomycin A 

(◆). Dots represent fold increase in individual experiments with the lines showing 

the mean and one standard deviation either side of this mean. Augmentation was 

significantly abrogated by chlorpromazine (p = 0.0286 *), EIPA (p = 0.0286 *), 

chloroquine (p = 0.0286 *) and bafilomycin A1 (p = 0.0286 *) as determined by Mann-

Whitney U-Test. 

in Daudi cells did not affect the toxicity of OKT10-SAP or saporin alone but completely abrogated 

augmentation of OKT10-SAP (Figure 17B) and almost completely abrogated augmentation of 

saporin by 1 µg/ml SA (Figure 18B). In HSB-2 cells complete abrogation of the augmentation of 

OKT10-SAP by SA was recorded in cells treated with 20 µM EIPA (Figure 19B). In the same cell line 

the fold increase for saporin and 1 µg/ml of SA was reduced from two hundred to two by the 

addition of EIPA (Figure 20B) 
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Figure 18 Inhibition of SA-Mediated Augmentation of Saporin Cytotoxicity in Daudi Cells by 

the Various Pharmacological Agents Studied 

Effect of chlorpromazine (A), EIPA (B), nocodazole (C), cytochalasin D (D), bafilomycin 

A1 (E) and chloroquine (F) on the cytotoxicity of saporin and saporin used in 

combination with 1 µg/ml of SA. A-F: Dose-response curves determined by XTT assay 

for saporin on Daudi lymphoma cells with each agent in the absence (▼) and 

presence (▽) of SA. In each chart the data for saporin without each agent in the 

absence (●) and presence (○) of SA is also presented for comparison. Each datum 

point represents the calculated mean of four experiments each performed in 

quadruplicate cell cultures and the error bars one standard deviation either side of 

this mean. The EC50 obtained from each curve is shown against the perpendicular 

dotted line. G: Fold increases in saporin cytotoxicity with 1µg/ml SA in control (●), 

chlorpromazine (■), EIPA (▲), nocodazole (▼), cytochalasin D (◆), chloroquine (○) 

and bafilomycin A (□). Dots represent fold increase for individual experiments with 

the lines showing the mean and one standard deviation either side of this mean. 

Augmentation was significantly abrogated by chlorpromazine (p = 0.0286 *), EIPA (p 

= 0.0286 *), cytochalasin D (p = 0.0286 *), chloroquine (p = 0.0286 *) and bafilomycin 

A1 (p = 0.0286 *) as determined by Mann-Whitney U-Test. 

4.2.1.3 Inhibition of Microtubule Polymerisation  

Newly formed endocytic vesicles are transported away from the cortical region along 

microtubules. The inward trafficking and localisation of endosomes as they mature from early to 

late endosomal compartments and finally to the endolysosomal system requires their active 

motility along microtubules[302]. Treatment with the microtubule disrupting drug nocodazole 

has been shown to prevent transport to the endolysosomal compartment[303]. Microtubules are 

also involved in the lysosomal exocytosis observed with plasma membrane 

permeabilisation[304], and nocodazole disrupts the repair process[260].Nocodazole was used 

here with the aim of preventing the trafficking of the toxin or SA to an acidic endolysosomal 

compartment where endosomal escape has been reported to occur[152]. Nocadazole had no 

effect on the cytotoxicity of OKT10-SAP or saporin either alone or in combination with SA in either 

Daudi cells (Figure 17C & Figure 18C) or HSB-2 cells (Figure 19C & Figure 20C). 
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4.2.1.4 Inhibition of Actin Polymerisation 

Actin polymerisation is involved in a wide range of endocytic processes including 

macropinocytosis[253], phagocytosis[305], clathrin independent endocytosis [250,298] and has 

been implicated in CME in some circumstances depending on the size of the cargo and the 

location of endocytosis [306,307]. The fungal alkaloid, cytochalasin D which blocks the 

polymerisation and elongation of actin microfilaments[300] was used to investigate the 

involvement of actin in the augmentation of OKT10-SAP and saporin cytotoxicity by SA. In Daudi 

cells cytochalasin D significantly reduced the toxicity of OKT10-SAP alone (p = 0.0038, 2-way 

ANOVA) and when used in combination with SA (p = 0.0002, 2-way ANOVA) (Figure17D). A similar 

reduction in the cytotoxicity of OKT10-SAP alone was observed in HSB-2 cells (p < 0.0001, 2-way 

ANOVA) and IT in combination with 1 µg/ml of SA (p < 0.0001, 2-way ANOVA) (Figure 19). It was 

not possible to calculate a mean fold increase for the effect of SA on OKT10-SAP EC50 in the 

presence of cytochalasin D in Daudi cells as the EC50 was not reached over the concentration 

range tested (1x10-16 M– 1x10-7 M) (Figure17D). In comparison to its effect on OKT10-SAP, 

cytochalasin D did not reduce the cytotoxicity of the native toxin in the absence of SA. In the 

presence of SA, treatment with cytochalasin D partially abrogated the augmentation of saporin 

cytotoxicity in Daudi cells (Figure 18D). The fold increase in cytotoxicity was significantly reduced 

from four thousand to four hundred-fold (Figure18G). In HSB-2 cells a greater level of abrogation 

of the cytotoxicity of saporin in the presence of SA was observed, with a reduction in the fold 

increase in cytotoxicity from two hundred-fold to 3.33-fold (Figure 20D & G). 
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Figure 19 Inhibition of SA-Mediated Augmentation of OKT10-SAP Cytotoxicity in HSB-2 Cells 

by the Various Pharmacological Agents Studied 

Effect of chlorpromazine (A), EIPA (B), nocodazole (C), cytochalasin D (D), chloroquine 

(E) and bafilomycin A1 (F) on the cytotoxicity of OKT10-SAP and OKT10-SAP used in 

combination with 1µg/ml of SA. A-F: Dose-response curves determined by XTT assay 

for OKT10-SAP on HSB-2 cells with each agent in the absence (▼) and presence (▽) 

of SA. In each chart the data for OKT10-SAP without inhibitor in the absence (●) and 

presence (○) of SA is also presented for comparison. Each datum point represents the 

calculated mean of four separate experiments each performed in quadruplicate cell 

cultures. Error bars represent one standard deviation either side of this mean. The 

EC50 obtained from each curve is shown against the perpendicular dotted line.  
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Figure 20 Inhibition of SA-Mediated Augmentation of Saporin Cytotoxicity in HSB-2 Cells by 

the Various Pharmacological Agents Studied 

Effect of chlorpromazine (A), EIPA (B), nocodazole (C), cytochalasin D (D), chloroquine 

A1 (E) and bafilomycin A1 (F) on the cytotoxicity of saporin and saporin used in 

combination with 1 µg/ml of SA. A-F: Dose-response curves determined by XTT assay 

for saporin on HSB-2 cells with each agent in the absence (▼) and presence (▽) of 

SA. In each chart the data for saporin without each agent in the absence (●) and 

presence (○) of SA is also presented for comparison. Each datum point represents the 

calculated mean of four experiments each performed in quadruplicate cell cultures 

and the error bars one standard deviation either side of this mean. The EC50 obtained 

from each curve is shown against the perpendicular dotted line. G: Fold increases in 

saporin cytotoxicity with 1µg/ml SA in control (●), chlorpromazine (■), EIPA (▲), 

nocodazole (▼), cytochalasin D (◆), chloroquine (○) and bafilomycin A (□). Dots 

represent fold increase for individual experiments with the lines showing the mean 

and one standard deviation either side of this mean. Augmentation was significantly 

abrogated by chlorpromazine (p = 0.0286 *), EIPA (p = 0.0286 *), cytochalasin D (p = 

0.0286 *), chloroquine (p = 0.0286 *) and bafilomycin A1 (p = 0.0286 *) as 

determined by Mann-Whitney U-Test. 

4.2.1.5 Inhibition of Endosomal Acidification 

To investigate the role of a low endolysosomal pH on the augmentation of OKT10-SAP and saporin 

cytotoxicity by SA, two pharmacological inhibitors of endolysosomal acidification were used. 

Daudi cells were incubated with either bafilomycin A1, a specific inhibitor of the vacuolar H+ 

ATPase[241] or with the lysosomotropic drug chloroquine, which diffuses into the endolysosomal 

compartment where it becomes protonated thereby directly increasing endolysosomal pH[240]. 

In the presence of these inhibitors the cytotoxicity of OKT10-SAP and saporin alone or used in 

combination with 1 µg/ml SA were evaluated by XTT assay. Neither bafilomycin A1 or chloroquine 

affected the cytotoxicity of either OKT10-SAP or saporin alone in Daudi or HSB-2 cells. However, 

both reagents greatly reduced the SA-mediated augmentation of OKT10-SAP in Daudi (Figure 17E 

& F) and HSB-2 cells (Figure 19E & F). In Daudi cells the augmentation of saporin cytotoxicity by SA 

was almost completely abrogated by both agents (Figure 18E & F). In HSB-2 cells complete 

abrogation the augmentation of saporin cytotoxicity was seen with chloroquine (Figure 20E), 

whilst a partial abrogation was seen with bafilomycin A1 which reduced the fold increase in 

cytotoxicity from two hundred-fold to thirty-fold (Figure 20F). This result confirms previously 
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published data that lysosomal acidification plays an important role in the augmentation of saporin 

based targeted toxin cytotoxicity by SA[236]. 

4.2.2 Augmentation of Gelonin Cytotoxicity in Daudi Cells by SA 

Gelonin is a type I RIP produced by Gelonium multiflorum. This toxin is relevant to the 

investigation of the hypothesis that augmentable RIPs form a non-covalent, pH dependent 

association with saponins in the endolysosomal compartment and that this is in some way 

responsible for their endolysosomal escape. This hypothesis was the result of several previously 

published experimental observations. The first being that the inhibitors of endosomal 

acidification, chloroquine and bafilomycin A1, inhibited the augmentation of EGF-saporin 

cytotoxicity by saponin[236]. The saponin induced endolysosomal escape of a fluorescent saporin 

conjugate was also shown to be inhibited by chloroquine[152]. In addition to this a pH dependent 

association between the saponin SA1641 and saporin was observed by surface plasmon 

resonance[152]. It was suggested that this was due to an electrochemical interaction, as the high 

isoelectric point (IP~9) of saporin means that it is positively charged at pH 5-6, whilst the saponins 

tested contained a glucuronic acid which is negatively charged at the same pH. RTA (IP~5) is not 

significantly augmented by SA1641 and did not associate with the saponin at this pH. At the same 

time Weng et al also demonstrated that gelonin (IP ~9) did not associate with SA1641 as 

measured by surface plasmon resonance but they failed to report whether the cytotoxicity of 

gelonin was augmented by SA1641. Therefore, it is important to know whether the cytotoxic 

activity of gelonin is augmented by saponins to determine whether or not an electrochemical 

association between the saponin and the RIP is necessary for augmentation. 

Gelonin was kindly provided by Professor Andrei Bolognesi at the University of Bologna and its 

enzymatic activity was tested by adenine release assay (2.2.4). Gelonin demonstrated N-

glycosidase enzymatic activity lower than that of saporin, with an adenine release rate of 252.8 

pmol/pmol of toxin/h. The ability of SA to augment gelonin cytotoxicity was then investigated 

with the XTT assay and the results are shown in Figure 21. The presence of 1 µg/ml SA enhanced 

gelonin cytotoxicity by 1720-Fold.  
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Figure 21 Augmentation of Gelonin Cytotoxicity in Daudi Cells by SA  

Dose-response curves determined by XTT assay for Daudi lymphoma cells exposed to 

increasing concentrations of gelonin in the absence (●) and presence (○) of 1 µg/ml 

SA. Each datum point represents the calculated mean of three independent 

experiments performed in quadruplicate wells and the error bars one standard 

deviation either side of this mean. The EC50 value obtained from each curve is shown 

against the perpendicular dotted line. 

This demonstration of gelonin augmentation by SA suggests that the augmentation of selected 

RIPs by SA may not be wholly dependent on a pH dependent association between the SA and the 

RIP and by inference that this may not be necessary for the endolysosomal escape of the RIP. 

4.2.3 Construction of Fluorescently Labelled Saporin and OKT10-SAP Conjugates 

Investigation of the internalisation and trafficking of saporin along with its proposed 

endolysosomal escape route in cells exposed to SA requires an assay that is capable of tracking 

the intracellular location of the saporin. Previously published work [152,308] described the use of 

saporin conjugated to the fluorescent dye Alexa Fluor 488 to demonstrate endolysosomal escape 

of this RIP in carcinoma cells using live cell imaging. Development of a similar experimental system 

for use in Daudi lymphoma cells would allow us to confirm these previously reported results 

thereby providing us with an assay that could be used to further investigate the effects of the 
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pharmacological inhibitors of endocytosis and endosomal acidification (4.2.1) on endolysosomal 

escape. Comparing the effect of the various pharmacological inhibitors on any observed 

endolysosomal escape together with the cytotoxicity data described under section 4.2.1 will 

confirm whether abrogation SA augmentation of saporin/IT cytotoxicity is due to their effects on 

the endolysosomal escape of the toxin/IT. It will also provide additional evidence that increased 

endolysosomal escape is indeed the mechanism by which SA augments saporin cytotoxicity. To 

test this, fluorescent conjugates of saporin and OKT10-SAP were constructed with Alexa Fluor 488 

and termed SAP-AF and OKSAP-AF respectively for the subsequent experimental studies described 

in the following sections.  

4.2.3.1 Cytotoxicity of SAP-AF and OKSAP-AF 

In order to draw meaningful conclusions about the connection between endolysosomal escape of 

toxin and IT and SA augmentation of cytotoxicity, it was necessary to confirm that the fluorescent 

conjugate constructs continued to exhibit cytotoxic activity and that this activity remained 

augmentable by SA. The cytotoxicity of the fluorescent conjugates was therefore measured by 

XTT assay and compared to the unlabelled toxin and IT both alone and in the presence of 1 µg/ml 

of SA. The cytotoxicity of both saporin and OKT10-SAP were reduced following conjugation to 

Alexa Fluor 488 (Figure 22). This was especially apparent with OKSAP-AF which showed no 

cytotoxic activity in the absence of SA within the concentration range tested. It was no longer 

possible to determine an EC50 for either fluorescent conjugate due to the limited quantities of 

material available. The cytotoxicity of both SAP-AF and OKSAP-AF was augmented by cotreatment 

with 1 µg/ml of SA. In the presence of SA, the EC50 of saporin was reduced from 2.4x10-10 M to 

1.8x10-9 M with SAP-AF. A reduction from 1x10-12 M to 3x10-9 M was observed after conjugation of 

OKT10-SAP (Figure 22). 
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Figure 22 Cytotoxicity of SAP-AF and OKSAP-AF for Daudi Lymphoma Cells Determined by XTT 

Assay 

Dose-response curves determined by XTT assay comparing the cytotoxicity of SAP-AF 

(A) and OKSAPAF (B) in Daudi cells with the unconjugated saporin and OKT10-SAP 

respectively. Each chart shows the conjugated toxin or IT in the absence (●) and 

presence (○) of 1 µg/ml of SA alongside the unconjugated toxin or IT in the absence 

(▼) and presence (▽) of SA. Each datum point represents the calculated mean of 

three experiments each performed in quadruplicate cell cultures and the error bars 

one standard deviation either side of this mean. 

4.2.3.2 N-glycosidase Activity of SAP-AF 

To investigate whether the enzymatic N-glycosidase activity of saporin was affected by its 

conjugation to Alexa Fluor 488 an adenine release assay was performed as described under 

section 2.2.4. The N-glycosidase activity of SAP-AF was compared to that of the native toxin. 

Saporin caused an adenine release of 616.7 pmol/pmol of toxin/h when incubated with herring 

sperm DNA. In comparison SAP-AF exhibited an adenine release rate of 382.3 pmol/pmol of 

toxin/h representing a reduction in enzymatic activity of 38%. This reduction suggests that the 

enzymatic activity of the toxin has been negatively affected by its conjugation to the fluorescent 

dye. This is most likely due to the labelling procedure blocking or damaging the N-glycosidase 

active site in a proportion of the saporin molecules labelled. 

4.2.3.3 Binding of OKSAP-AF to CD38 

The effect of Alexa Fluor 488 conjugation on the binding of OKT10-SAP to its target antigen, CD38, 

was investigated by indirect ELISA. 96 well plates were coated with a recombinant extracellular 

portion of CD38 and treated with OKT10-SAP or OKSAP-AF at varying concentrations between 

0.01 and 10 µg/ml. Bound IT was detected by a rabbit anti-mouse IgG HRP conjugate. OKSAP-AF 

B A 
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showed greatly reduced binding to CD38 compared to the unconjugated IT. At the highest 

concentration of each IT investigated OKSAP-AF showed an 82% reduction in binding compared to 

OKT10-SAP. To investigate whether or not this result was due to reduced binding of the secondary 

antibody to the IT, a direct ELISA was performed against each IT adsorbed onto a 96 well plate. No 

difference in the binding of the rabbit anti-mouse IgG HRP secondary antibody was seen between 

OKT10-SAP and OKSAP-AF. These results suggest that the conjugation of Alexa Fluor 488 to 

OKT10-SAP has negatively affected its binding to CD38. This, in combination with the reduced N-

glycosidase activity of Alexa Fluor 488 conjugated saporin, would account for the reduction in the 

cytotoxicity of OKSAP-AF when compared to OKT10-SAP. However, this assay did not confirm 

whether the measured OKSAP-AF binding was CD38 specific. Evidence of cell surface binding with 

OKSAP-AF but not SAP-AF was observed by confocal microscopy and is reported in 4.2.4.1. 

 

Figure 23 ELISA Analysis of the Effect of Alexa Fluor 488 Conjugation on the Binding 

Characteristics of OKT10-SAP 

(A) Indirect ELISA showing binding of varying concentrations of OKT10-SAP (●) and 

OKSAP-AF (○) to plate bound recombinant CD38. (B) Direct ELISA showing binding of 

rabbit anti-mouse IgG HRP to a range of concentrations of plate bound OKT10-SAP 

(●) and OKSAP-AF (○). 

4.2.4 Investigation of the Endolysosomal Escape of Saporin and OKT10-SAP by Confocal 

Microscopy  

4.2.4.1 Uptake and Localisation of SAP-AF and OKSAP-AF 

In order to investigate the endolysosomal escape of saporin and OKT10-SAP with the fluorescently 

labelled conjugates, SAP-AF and OKSAP-AF, it was necessary to confirm their internalisation and 

trafficking to the endolysosomal compartment. Daudi and HSB-2 cells were incubated with 1x10-6 
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M SAP-AF or 5x10-8 M OKSAP-AF and confocal imaging was performed at intervals to track the 

uptake of the conjugate into the cell (Figure 24). In order to maximise any potential differences in 

endolysosomal escape these concentrations were selected from the toxicity data presented in 

section 4.2.3.1 that exhibit low levels of toxicity when used alone but a high level of toxicity when 

used in combination with SA. 

In Daudi cells but not HSB-2 cells OKSAP-AF was observed bound to the plasma membrane 

immediately after initial exposure. SAP-AF was not observed to bind to the plasma membrane of 

either cell line at any time point studied. Endocytosis of OKSAP-AF was observed as intracellular, 

punctate fluorescence in both cell lines after two hours. Imaging at later time points showed a 

reduction in surface fluorescence in Daudi cells with an increasing intracellular fluorescence 

(Figure 24). Internalised SAP-AF was observed in a similar fashion after two hours incubation in 

HSB-2 cells and after eight hours for Daudi cells (Figure 24). After 24 h both OKSAP-AF and SAP-AF 

had accumulated in discrete vesicular compartments. In Daudi cells these vesicles were found to 

be tightly packed in a single perinuclear region but in HSB-2 cells, vesicles were more widely 

distributed throughout the cytosol (Figure 24). There was little visual evidence of escape of SAP-

AF or OKSAP-AF into the cytosol of either cell line over the entire time course of the experiment 

except in a very small number of isolated cells 

The identity of the vesicles containing SAP-AF was investigated by co-localisation studies. Daudi 

and HSB-2 cells were incubated with SAP-AF for 24 h before staining with mAb targeting the 

lysosomal marker LAMP-1 and the early endosomal marker EEA1 (Figure 25). SAP-AF co-localised 

with LAMP-1 in both cell lines. The calculated Pearson correlation coefficient between SAP-AF and 

LAMP-1 was 0.7067 in Daudi cells and 0.6845 in HSB-2 cells. A much-reduced correlation was 

observed between SAP-AF and EEA1 with Pearson coefficients of 0.55 in Daudi cells and 0.34 in 

HSB-2 cells. This observation indicates that after 24 h of exposure the toxin has mostly been 

trafficked through early endosomes and has accumulated in the late endosomal/lysosomal 

compartment 
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Figure 24 Confocal Microscopy Imaging Showing the Internalisation of OKSAP-AF and SAP-AF 

in Daudi and HSB-2 Cells 

The uptake of SAP-AF and OKSAP-AF by Daudi and HSB-2 cells. Cells were incubated 

with SAP-AF or OKSAP-AF (green) and live cell confocal images taken after 0, 2, 8 and 

24 hours. The nucleus (red) was stained with Hoechst 33342. Images presented are 

maximum projections of 21 x 1 µm Z-stacks. Scale bar represents 10 µm. 
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Figure 25 Confocal Microscopy Studies Showing Co-localisation of SAP-AF with LAMP-1 and 

EEA1 

Co-localisation studies were performed in Daudi and HSB-2 cells between SAP-AF 

(green) and the lysosomal marker LAMP-1 (red) or the early endosomal marker EEA1 

(red). In merged images, sites of co-localisation appear in yellow. The nucleus (blue) 

was stained with Hoechst 33342. Images presented are maximum projections of 21 x 

1 µm Z-stacks. Scale bar represents 10 µm. 

 

4.2.4.2 SA Increases the Endolysosomal Escape of OKSAP-AF and SAP-AF 

The effect of SA on the endolysosomal escape of saporin (SAP-AF) and IT (OKSAP-AF) was 

investigated by confocal microscopy. Daudi and HSB-2 cells were incubated with SAP-AF or 

OKSAP-AF for 24 h. Loaded cells were recorded by live cell confocal microscopy at time intervals 

ranging from 0 h to 24 h after the addition of SA at 1 µg/ml or 5 µg/ml. Control cells treated with 

R10 were also observed over the same time period to act as a comparator. 

Endolysosomal escape of both SAP-AF and OKSAP-AF was observed in a small proportion of Daudi 

cells eight hours after the addition of 5 µg/ml of SA (Figure 26). This could be seen as a reduction 

in vesicular fluorescence and the diffusion of the fluorescently labelled toxin throughout the 

cytosol. At later timepoints the proportion of cells showing cytosolic fluorescence increased, with 

almost all cells showing escape by 24 hours (Figure 26). The intensity of cytosolic fluorescence 

increased over time demonstrating the continuing endolysosomal escape of SAP-AF and OKSAP-

AF.  
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Figure 26 Endolysosomal Escape of SAP-AF and OKSAP-AF in Daudi Cells 

Daudi cells incubated with (A) SAP-AF or (B) OKSAP-AF for 24 hours were treated with 

5µg/ml of SA and live cell confocal images taken after 0, 8, 16 and 24 hours. 

Untreated cells are shown for comparison. Endolysosomal escape is seen as a change 
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from punctate vesicular fluorescence to a diffuse staining pattern throughout the 

cytoplasm. Images for the initial timepoint at zero hours are shown with and without 

Hoechst 33342 nuclear stain (red). The increased brightness of cells incubated with 

OKSAP-AF and treated with SA at the 16 and 24 h timepoints is due to the way the 

fluorescence gain was set to maximise assay sensitivity. See 2.3.11 for details.  

Images presented are maximum projections of 21 x 1 µm Z-stacks. Scale bar 

represents 10 µm. 

Similar results were obtained for both SAP-AF and OKSAP-AF in HSB-2 cells (Figure 27) with 

endolysosomal escape of SAP-AF observed after 8 h and OKSAP-AF after 16 h. In comparison, in 

untreated control cells, endolysosomal escape was only observed in a small number of cells 

imaged, even after 24 hours. These results demonstrate that it is possible to observe the release 

of SAP-AF and OKSAP-AF using confocal microscopy when SA is used at a concentration of 5 

µg/ml. This indicates that SA at this concentration is acting as an endolysosomal escape enhancer 

for saporin and saporin based ITs in both of these cell lines.  
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Figure 27 Endolysosomal Escape of SAP-AF and OKSAP-AF in HSB-2 Cells 
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HSB-2 cells incubated with (A) SAP-AF or (B) OKSAP-AF for 24 hours were treated 

with 5 µg/ml of SA and live cell confocal images taken after 0, 8, 16 and 24 hours. 

Untreated cells are shown for comparison. Endolysosomal escape is seen as a change 

from punctate vesicular fluorescence to a diffuse staining pattern throughout the 

cytoplasm. Images for the initial timepoint at zero hours are shown with and without 

Hoechst 33342 nuclear stain (red). Images presented are maximum projections of 21 

x 1 µm Z-stacks. Scale bar represents 10 µm. 

The concentration of 5 µg/ml of SA is partially cytotoxic in both Daudi and HSB-2 cells as 

measured by XTT assay after 48 hours of exposure [196]. At the subtoxic, but augmentative of 

saporin cytotoxicity, concentration of 1 µg/ml of SA, no increase in endolysosomal escape of 

either saporin or IT was apparent on confocal microscopy over that seen in untreated control cells 

(Figure 28). 

 

Figure 28 Confocal Imaging Showing the Effect of 1µg/ml of SA on Endolysosomal Escape in 

Daudi Cells 

Daudi cells incubated with SAP-AF or OKSAP-AF for 24 hours were treated with 1 

µg/ml of SA and live cell confocal images taken after 24 hours. Untreated cells are 

shown for comparison. Images presented are maximum projections of 21 x 1 µm Z-

stacks. Scale bar represents 10 µm. 
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It was not possible to determine whether this result was due to a reduced rate of endolysosomal 

escape with 1 µg/ml of SA which resulted in cytosolic fluorescence below the sensitivity level of 

the microscopic assay or whether the augmentation of cytotoxicity by 1 µg/ml of SA is not due to 

increased endolysosomal escape.  

An attempt was made to perform a semi-quantitative analysis of these confocal microscopic 

images. The aim of this quantification was to determine whether or not 1 µg/ml of SA had any 

effect on the endolysosomal escape of SAP-AF or OKSAP-AF that could not otherwise be easily 

determined. It would also be necessary to investigate the effects of inhibitors of endocytosis and 

endosomal acidification on SA induced endolysosomal escape. This method was ultimately 

unsuccessful due to difficulties in removing subjective user bias and inter-experimental variations 

in cytosolic fluorescence intensity compared to background levels. More details are provided in 

Appendix B. 

4.2.4.3 Effects of Small Molecule Pharmacological Inhibitors on the Endolysosomal Escape 

of SAP-AF 

An increase in the endolysosomal escape of SAP-AF and OKSAP-AF was successfully demonstrated 

in cells treated with 5 µg/ml of SA. An attempt was therefore made to inhibit this increase in 

endolysosomal escape with pharmacological inhibitors of CME, macropinocytosis and endosomal 

acidification. Daudi cells loaded with SAP-AF for 24 h were treated with 5 µg/ml of SA in the 

presence of chlorpromazine, EIPA or chloroquine. Live cell confocal images were taken 24 h after 

addition of SA.  

In cells treated with chloroquine a dispersal of the SAP-AF containing vesicles throughout the 

cytosol from their initial perinuclear location was observed. The endolysosomal escape of SAP-AF 

into the cytosol was prevented by treatment with chloroquine. This data corresponds with the 

abrogatory effect of chloroquine on the augmentation of saporin cytotoxicity by SA. No reduction 

in the endolysosomal escape of SAP-AF was observed in cells treated with either chlorpromazine 

or EIPA (Figure 29). This is contrast to cytotoxicity experiments where the augmentation of 

saporin by SA was completely abrogated by chlorpromazine and greatly reduced by EIPA (4.2.1).  
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Figure 29 Effect of Inhibitors on the Endolysosomal Escape of SAP-AF in Daudi Cells 

Confocal microscopy showing the effect of pharmacological inhibitors on the 

endolysosomal escape of SAP-AF. Daudi cells were loaded with SAP-AF (green) for 24 

h before being treated with 5 µg/ml of SA in the presence or absence of inhibitors. 

Confocal images were taken after a further 24 h. Images show untreated control cells 

(A), cells treated with SA only (B) and cells treated with SA and the inhibitors 

chloroquine (C), chlorpromazine (D) and EIPA (E). Scale bar represents 10 µm. 

4.2.5 Investigation of the Effect of an Increased Concentration of SA on the Inhibition of 

Augmentation 

The confocal microscopy images presented above demonstrated that it was not possible to inhibit 

the endolysosomal escape of SAP-AF induced by 5 µg/ml of SA with EIPA or chlorpromazine. 

However, both of these inhibitors had been shown to significantly abrogate the augmentation of 

saporin cytotoxicity by SA at 1 µg/ml. It was necessary to determine whether or not this was due 

to a disconnection between the augmentation of cytotoxicity and the effect of SA on the 

endolysosomal escape of the toxin. Alternatively, these results may be due to the higher 

concentration of SA that had to be used to observe an increase in endolysosomal escape by 

confocal microscopy compared to that used in the previous cytotoxicity assays. It was not possible 

to increase the concentrations of the inhibitors further due to the effects of toxicity. In order to 

inform further experiments looking at endolysosomal escape, cytotoxicity assays were performed 
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in Daudi and HSB-2 cells investigating the effect of these inhibitors on the effect of 5 µg/ml of SA 

on the augmentation of saporin and OKT10-SAP. The results presented below are the average of 

three independent experiments and time limitations prevented further repeat experiments, no 

statistical analysis is presented due to their being insufficient power to determine statistical 

significance.  

4.2.5.1 Inhibition of Clathrin mediated Endocytosis 

The CME inhibitor chlorpromazine has been shown to completely abrogate the augmentation of 

saporin and OKT10-SAP in Daudi (4.2.1.1) and HSB-2 cells[301] by 1 µg/ml of SA. However, the 

maximum sub-toxic concentration of chlorpromazine showed no abrogatory effect on the 

augmentation of OKT10-SAP cytotoxicity by 5 µg/ml of SA in either Daudi or HSB-2 cells and only a 

partial abrogation of the augmentation of saporin toxicity. The fold increase in toxicity for saporin 

and SA was reduced from approximately 71,000 to 37,000-fold in Daudi cells and from 13,000 to 

1,700-fold in HSB-2 cells. The incomplete abrogation of the augmentation of saporin cytotoxicity 

by 5 µg/ml of SA suggests that the failure of chlorpromazine to inhibit the endolysosomal escape 

of SAP-AF in cells treated with 5 µg/ml of SA is due to the higher concentration of SA used. This 

result is consistent with increased endolysosomal escape being the mechanism for augmentation 

of cytotoxicity.  

4.2.5.2 Inhibition of Macropinocytosis 

The augmentation of both saporin and OKT10-SAP by 1 µg/ml of SA was completely abrogated by 

the macropinocytosis inhibitor EIPA in Daudi (4.2.1.2) and HSB-2 cells[301]. In Daudi cells treated 

with 5 µg/ml of SA, the abrogatory effect on saporin and OKT10-SAP cytotoxicity was reduced but 

an incomplete reduction in augmentation was still apparent. With saporin the fold increase in 

cytotoxicity was reduced from 71,000 to 161-fold and with OKT10-SAP a near complete reduction 

from 2500 to 20-fold was observed. The incomplete reduction in the augmentation of saporin 

cytotoxicity with EIPA is consistent with the inability of EIPA to inhibit the endolysosomal escape 

of SAP-AF seen with confocal microscopy. However, no apparent reduction in escape was 

observed that would be in line with the partial reduction in augmentation. The difficulties with 

quantifying escape with confocal microscopy make it difficult to draw a conclusion from these 

results. 

In HSB-2 cells a much greater reduction in abrogation was measured. The augmentation of 

saporin was reduced from 13,000 to 680-fold whilst the augmentation of OKT10-SAP was almost 

completely intact, with a reduction in the fold increase from 4,300-fold to 1,500-fold.  
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Figure 30 Effect of Pharmacological Inhibitors on the Augmentation of Saporin and OKT10-

SAP Cytotoxicity by 5 µg/ml of SA in Daudi Cells 

Dose-response curves determined by XTT assay showing the effect of (i) 

chlorpromazine, (ii) chloroquine, (iii) bafilomycin A1, (iv) EIPA, (v) cytochalasin D and 

(vi) nocadazole on the augmentation of (A) saporin or (B) OKT10-SAP by 5 µg/ml of 

SA in Daudi cells. Each chart shows the effect of a fixed concentration of the inhibitor 

in the absence (▼) and presence (▽) of SA. In each chart the data for saporin or 

OKT10-SAP without inhibitor in the absence (●) and presence (○) of SA is also 

presented for comparison. Each datum point represents the calculated mean of three 

experiments each performed in quadruplicate cell cultures and the error bars one 

standard deviation either side of this mean. The EC50 obtained from each curve is 

shown against the perpendicular dotted line.  
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Figure 31 Effect of Pharmacological Inhibitors on the Augmentation of Saporin and OKT10-

SAP Cytotoxicity by 5 µg/ml of SA in HSB-2 Cells 

Dose-response curves determined by XTT assay showing the effect of (i) 

chlorpromazine, (ii) chloroquine, (iii) bafilomycin A1, (iv) EIPA, (v) cytochalasin D and 

(vi) nocadazole on the augmentation of (A) saporin or (B) OKT10-SAP by 5 µg/ml of 

SA in HSB-2 cells. Each chart shows the effect of a fixed concentration of the inhibitor 

in the absence (▼) and presence (▽) of SA. In each chart the data for saporin or 

OKT10-SAP without inhibitor in the absence (●) and presence (○) of SA is also 

presented for comparison. Each datum point represents the calculated mean of three 

experiments each performed in quadruplicate cell cultures and the error bars one 

standard deviation either side of this mean. The EC50 obtained from each curve is 

shown against the perpendicular dotted line.  
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4.2.5.3 Inhibition of Microtubule Polymerisation 

The microtubule polymerisation inhibitor nocadazole was shown to have no effect on the 

augmentation of both saporin and OKT10-SAP in Daudi and HSB-2 cells by 1 µg/ml of SA. As 

expected, this result was not changed by increasing the concentration of SA. 

4.2.5.4 Inhibition of Actin Polymerisation 

The effect of the actin polymerisation inhibitor cytochalasin D on augmentation of cytotoxicity by 

1 µg/ml varied between cell lines. In Daudi cells, a partial abrogation of the augmentation of both 

saporin and OKT10-SAP was observed (4.2.1.4). In HSB-2 cells, complete abrogation of both 

compounds was seen [301].  In Daudi cells the abrogation of augmentation of both saporin and 

OKT10-SAP was reduced but not completely prevented in cells treated with 5 µg/ml of SA. Whilst 

in HSB-2 cells, no abrogation of augmentation was observed at this concentration of SA with 

either saporin or OKT10-SAP. 

4.2.5.5 Inhibition of Endosomal Acidification 

The two inhibitors of endosomal acidification used in this project, chloroquine and bafilomycin A1 

both completely abrogated the augmentation of saporin and OKT10-SAP cytotoxicity by 1 µg/ml 

of SA in both cell lines (4.2.1.5) [301]. In Daudi cells treated with 5 µg/ml of SA, the abrogatory 

effect of chloroquine was on the augmentation of saporin and OKT10-SAP was unchanged with 

near complete abrogation achieved. This agrees with the observed prevention of SAP-AF 

endolysosomal escape by chloroquine seen by confocal microscopy. In HSB-2 cells however, the 

abrogatory effect of chloroquine was greatly reduced. In these cells the fold increase in saporin 

cytotoxicity was only reduced from 13,000-fold to 5,300-fold and from 4,300 to 1,200-fold with 

OKT10-SAP. In the case of bafilomycin A1, the abrogation of both saporin and OKT10-SAP was 

greatly reduced at this concentration of SA in both Daudi and HSB-2 cells. 

4.2.6 Development of a Flow Cytometric Assay to Investigate the Endolysosomal Escape of 

Fluorescently Labelled Toxin 

The use of confocal microscopy to investigate the effect of inhibitors of endosomal processes on 

the SA-mediated endolysosomal escape of SAP-AF and OKSAP-AF was limited by a number of 

factors. The low throughput of confocal microscopy means that information is provided on only a 

small number of cells at a time. Additionally, the analysis of microscopic images was time 

consuming and presented the risk of potential operator bias in the selection of analysed cells. 

Attempts to automate analysis and extend it to all imaged cells were complicated by the 
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requirement for a subjective determination of fluorescence thresholds. Together these factors 

made even semi-quantitative analysis of these images complicated and unreliable. Alongside 

these problems, there was also a requirement for the use of SA at 5 µg/ml to observe an increase 

in endolysosomal escape. The inability of the majority of tested pharmacological inhibitors to 

abrogate the effects of SA at this concentration on toxin cytotoxicity and endolysosomal escape 

thus prevented further investigations. However, discrepancies between the effect of SA at 

different concentrations on cytotoxicity and on endolysosomal escape strongly suggested that 

confocal microscopy probably had insufficient sensitivity to measure any escape of the 

fluorescently labelled toxin that occurs in cells treated with SA at the augmentative but sub-toxic 

concentration of 1 µg/ml. Therefore, an attempt was made to develop a more sensitive and more 

reliably quantifiable assay to determine whether or not endolysosomal escape of the toxin had 

occurred within a cell. 

Flow cytometry measures the fluorescent and optical characteristics of suspended single cells as 

they pass through a laser. Capable of recording information from thousands of cells per second, 

flow cytometry is ideal for quantitative analysis of samples. As a cell containing a fluorophore 

passes through the laser, the fluorophore is excited and emits photons which are then detected 

and measured. The information for an entire cell is recorded as a signal pulse of voltage over time 

from which several parameters can be quantified. Typically, the most commonly reported 

parameter is the area under the pulse or ‘pulse area’ which is proportional to the total 

fluorescence emitted from the cell.  

The major disadvantage of flow cytometry is that it offers no means of localising intracellular 

fluorescence. However, by analysing two other important parameters that define the signal pulse, 

the pulse height and the pulse width, information about the general distribution of a fluorescent 

compound within a cell can be determined. This method has been termed pulse shape analysis. 

The pulse height represents the point of maximum fluorescence intensity within the cell, whilst 

the pulse width provides information on the duration for which a fluorescent signal is detected as 

the cell passes through the laser beam. Pulse width can therefore be used to characterise the 

distribution of a fluorescent marker within the cell. Analysis of pulse width has been used to 

investigate nuclear enlargement[309], the aggregation states of cytoplasmic proteins[310] and to 

differentiate between surface bound and golgi located fluorescent markers[311]. In the context 

of measuring the efficacy of endolysosomal escape enhancers, pulse width analysis may provide a 

method of differentiating cells where escape of a fluorescently labelled toxin has occurred. In cells 

where the toxin has accumulated purely within the endolysosomal compartment, the 

corresponding voltage pulse will be tall and narrow representative of its punctate distribution. 

Endosomal escape of the toxin and its subsequent diffusion throughout the cytoplasm would lead 
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to an increase in the pulse width as the length of time taken for the area of fluorescent label to 

pass through the laser increases (Figure 32). Measurement of this change across a large number 

of cells would allow for the quantification of endolysosomal escape enhancer efficacy.  

 

Figure 32 Pulse Shape Analysis 

(A) Idealised cartoon illustrating the flow cytometry signal pulse for a fluorescent 

particle. The pulse height is the maximum fluorescence intensity. Pulse width 

represents the amount of time taken for the particle to pass through the laser. (B) 

The distribution of a fluorescent label within the cell changes the fluorescent pulse 

width. A localised, vesicular distribution will result in a narrow pulse width. In 

contrast, a fluorescent label with a diffuse, cytosolic distribution will be recorded as a 

wide pulse width. 

 

Flow cytometry is considered to be more sensitive than fluorescent imaging and its high 

throughput allows for an unbiased quantitative analysis of results. Pulse width analysis was 

therefore investigated and developed as an assay to measure the endolysosomal escape of SAP-

AF and OKSAP-AF.  

4.2.7 Analysis of SAP-AF and OKSAP-AF Internalisation and Trafficking by Flow Cytometry 

In order to confirm that a change in pulse width could be observed with changes in the 

intracellular distribution of the fluorescently labelled toxin, pulse shape analysis was used to 

investigate the uptake of the toxin over time. Daudi and HSB-2 cells were incubated with SAP-AF 

or OKSAP-AF for 2, 8, or 24 hours. At each time point cells were analysed by flow cytometry and 

the height (FITC-H) and width (FITC-W) of the signal pulse from the 525/40 filter FITC channel was 

recorded. In both cell lines, with both SAP-AF and OKSAP-AF, a gradual, time dependent reduction 

in FITC-W was recorded (Figure 33 & Figure 34). This corresponds with the internalisation  
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Figure 33 Pulse shape analysis of the uptake of SAP-AF and OKSAP-AF into Daudi cells 

Forward and side scatter dot plots for Daudi cells incubated with SAP-AF (A) and 

OKSAP-AF (B) showing gating used for further analysis. The changes in FITC-W and 

FITC-H over time for Daudi cells treated with SAP-AF (C & E) or OKSAP-AF (D & F) (n = 

2, ±SD). (G) Example dot plots showing FITC-W against FITC-H parameters for cells 

incubated with SAP-AF or OKSAP-AF for 0, 2, 8 and 24 h.  

observed by confocal microscopy. The initial, diffuse, surface bound location is recorded as a wide 

FITC-W. The subsequent trafficking of the toxin along the endolysosomal pathway into vesicles 

progressively further from the plasma membrane results in a smaller area of fluorescent signal 

indicated by a reduction in FITC-W. This also leads to the concentration of the labelled toxin 

within a single location and a consequent increase in the maximum fluorescent intensity, resulting 

in a higher FITC-H.  
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After 24 hours FITC-H levels demonstrated that almost all recorded cells had internalised the 

toxin. From the dot plots shown in Figure 33G, the range of FITC-W for SAP-AF and OKSAP-AF 

positive Daudi cells was narrow suggesting that the intracellular distribution was similar in the 

majority of cells (Figure 33G). In HSB-2 cells the range of FITC-W was increased with a larger 

number of cells showing a higher FITC-W than those seen in Daudi cells (Figure 34G). This agrees 

with confocal imaging showing that in Daudi cells SAP-AF and OKSAP-AF occupied vesicles that 

were tightly packed in a single peri-nuclear region but in HSB-2 cells, vesicles were more widely 

distributed throughout the cytoplasm (Figure 25). 

 

 

 

 



Chapter 4 

115 

 

Figure 34 Pulse shape analysis of the uptake of SAP-AF and OKSAP-AF into HSB-2 cells 

Forward and side scatter dot plots for HSB-2 cells incubated with SAP-AF (A) and 

OKSAP-AF (B) showing gating used for further analysis. The changes in FITC-W and 

FITC-H over time for HSB-2 cells treated with SAP-AF (C & E) or OKSAP-AF (D & F) (n = 

2, ±SD). (G) Example dot plots showing FITC-W against FITC-H parameters for cells 

incubated with SAP-AF or OKSAP-AF for 0, 2, 8 and 24 h. 

4.2.8 Evaluation of Endolysosomal Escape by Pulse Shape Analysis 

Experiments were conducted with the aim of developing an assay that was capable of quantifying 

the increase in the number of cells in which the endolysosomal escape of saporin to the cytosol 

occurs when the cells are treated with SA. In order to confirm that analysis that analysis of FITC-W 

was capable of differentiating between SAP-AF or OKSAP-AF located in the endolysosomal 

compartment and that located in the cytosol, SAP-AF and OKSAP-AF loaded Daudi and HSB-2 cells 
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were treated with SA at a range of concentrations and analysed by flow cytometry at 0 and 24 

hours following the addition of SA.  

Control cells, mock treated with R10, showed a significant increase in median FITC-W after 24 

hours. This agrees with the confocal microscopic imaging that showed endolysosomal escape in a 

small number of control cells (Figure 26 & Figure 27). SA treated cells were therefore compared to 

control cells at 24 hours post treatment. A significant increase in median FITC-W was seen in SAP-

AF and OKSAP-AF loaded Daudi cells treated with SA at 5 µg/ml when compared to control cells 

(Figure 35). These results confirmed that the increased levels of endolysosomal escape observed 

by confocal microscopy could reliably be measured by pulse shape analysis and that they 

corresponded with an increased FITC-W as predicted. 

A smaller but still significant increase in FITC-W was seen in Daudi cells treated with 1 µg/ml of SA 

with both SAP-AF and OKSAP-AF (Figure 35). As previously reported in section 4.2.4.2, no increase 

in endolysosomal escape was seen at this concentration of SA by confocal imaging. This suggests 

that 1 µg/ml of SA induces a lower level of escape of the labelled toxin from the endolysosomal 

compartment possibly due to a lower level of endolysosomal membrane permeabilisation. This 

would result in a lower concentration in the cytosol measurable by flow cytometry but could not 

be observed by confocal microscopy due to the lower level of sensitivity of this method. In Daudi 

cells treated with 0.1 µg/ml SA, a non-augmentative concentration, no increase in FITC-W was 

observed indicating that there was no increase in endolysosomal escape beyond that seen in 

control cells (Figure 35). 

In the HSB-2 cell-line there was a significant increase in FITC-W in cells loaded with SAP-AF or 

OKSAP-AF treated with 5 µg/ml of SA after 24 hours suggesting that this concentration of SA has 

increased the amount of endolysosomal escape (Figure 36). This increase was also observed 

previously by confocal microscopy (Figure 27). However, in cells treated with 1 µg/ml of SA no 

significant increase was seen after this time. Increasing the length of exposure of these cells to 1 

µg/ml SA to 48 hours, the duration used in the cytotoxicity assays, resulted in a significant 

increase in FITC-W with both saporin and the IT over untreated controls (Figure 36). This 

difference between HSB-2 and Daudi cells in these experiments may be due to the different 

distribution of endolysosomal vesicles within the two cell lines. In HSB-2 cells the endolysosomal 

vesicles are widely distributed throughout the cell in comparison to the much more clustered 

pattern observed in Daudi cells (Figure 25). This wider spread of vesicles in HSB-2 cells resulted in 

a broader range of FITC-W within the untreated cell population which may have had the 

consequence of reducing the sensitivity of the assay because of the smaller difference in FITC-W 

between untreated control cells and cells in which endolysosomal escape has occurred. No 
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increase in FITC-W over control was observed in cells treated with 0.1 µg/ml, even after 48 h 

(Figure 36). 
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Figure 35 Investigation of Endolysosomal Escape in Daudi Cells by Pulse Shape Analysis 

(A) Dot plots showing FITC-W against FITC-H for Daudi cells incubated with SAP-AF or 

OKSAP-AF for 24 hours before being treated with 0.1 µg/ml, 1 µg/ml or 5 µg/ml of SA 

or mock treated with R10 for a further 24 hours before cells were analysed by flow 

cytometry. Each displayed dot plot represents approximately 10,000 events. (B) Pulse 

width histograms show the distribution in FITC-W for Daudi cells from three 

combined experiments preincubated with SAP-AF or OKSAP-AF for 24 hours before 

being treated with 0.1 µg/ml, 1 µg/ml or 5 µg/ml of SA for a further 24 hours. Cells 

treated with SA are shown with a dashed line, each chart also shows the histogram 

for untreated cells measured at the same time point and is shown as a solid line. P 

values for the difference in median FITC-W between treated and untreated cells are 

shown on each chart (n=3 independent experiments). 
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Figure 36 Investigation of Endolysosomal Escape in HSB-2 Cells by Pulse Shape Analysis 

(A) Dot plots showing FITC-W against FITC-H for HSB-2 cells incubated with SAP-AF or 

OKSAP-AF for 24 hours before being treated with 0.1 µg/ml, 1 µg/ml or 5 µg/ml of SA 

or mock treated with R10 for a further 24 or 48 hours before cells were analysed by 

flow cytometry. Each displayed dot plot represents approximately 10,000 events. (B) 

Pulse width histograms show the distribution in FITC-W for Daudi cells from three 

combined experiments preincubated with SAP-AF or OKSAP-AF for 24 hours before 

being treated with 5 µg/ml of SA for 24 hours or for 48 hours with 0.1 µg/ml or 1 

µg/ml of SA. Cells treated with SA are shown with a dashed line, each chart also 

shows the histogram for untreated cells measured at the same time point, shown 

with a solid line. P values for the difference in median FITC-W between treated and 

untreated cells are shown on each chart (n=3 independent experiments). 
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4.2.9 Investigation of the Effects of Inhibitors of Endocytosis on the Endolysosomal Escape 

of SAP-AF and OKSAP-AF Measured by Pulse Shape Analysis 

The higher level of sensitivity and ease of quantification of flow cytometric pulse shape analysis 

makes this methodology more suitable than confocal microscopy to determine the effects of 

inhibitors of endocytic processes on endolysosomal escape. Daudi and HSB-2 cells were incubated 

with SAP-AF or OKSAP-AF for 24 hours before treatment with 1 or 5 µg/ml of SA or mock treated 

with R10 in the presence of absence of a range of endosomal inhibitors. The changes in FITC-W 

corresponding with endolysosomal escape were recorded immediately after the addition of SA 

and then after 6, 24 and 48 hours.  The results of these experiments are presented below (Figure 

37, Figure 39, Figure 40 and Figure 42). To compare the effects of each inhibitor on 

endolysosomal escape, two-way repeated measures ANOVA was used to look for significant 

differences between cells treated with each concentration of SA alone and those treated with SA 

in the presence of an inhibitor. The p values for the variation caused by the addition of inhibitor, 

but not the effect of increasing lengths of time are presented with each of the figures below 

(Figure 37, Figure 39, Figure 40 and Figure 42). Analysis by ANOVA does not determine the nature 

of any significant differences, therefore any significant variation that does not arise from a 

reduction in FITC-W at all time points is further detailed in the descriptions of results that follow. 

4.2.9.1 Inhibition of Clathrin Mediated Endocytosis 

Chlorpromazine completely prevented the increase in FITC-W caused by 1 µg/ml SA observed in 

Daudi cells loaded with SAP-AF or OKSAP-AF (Figure 37B & Figure 39B). There was no significant 

inhibitory effect on the increase observed with 5 µg/ml of SA. This result corresponds with the 

inability of chlorpromazine to prevent the endolysosomal escape observed by confocal 

microscopy when using SA at a concentration of 5 µg/ml (Figure 29). 

In HSB-2 cells a significant reduction in the increase in FITC-W was observed with both OKSAP-AF 

and SAP-AF at both concentrations of SA (Figure 40B & Figure 42B). In HSB-2 cells treated with 5 

µg/ml this was seen as both a reduction in the rate of median FITC-W increase and a lower 

median FITC-W measured after 48 hours when compared to cells treated with SA alone. 
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Figure 37 Investigation of the Inhibition of SAP-AF Endolysosomal Escape in Daudi Cells by 

Pulse Width Analysis 

Effect of chlorpromazine (B), chloroquine (C), bafilomycin A1 (D), EIPA (E), 

cytochalasin D (F) and nocadazole (G) on the endolysosomal escape of SAP-AF in 

Daudi cells compared to control (A). Charts show the changes in FITC-W over time in 
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untreated control cells (●), cells treated with 1 µg/ml of SA (○) and with 5 µg/ml of SA 

(▼). Each datum point represents the calculated mean of three experiments each 

performed in duplicate and error bars one standard deviation either side of this 

mean. The significance of variation between results for each concentration of SA 

based on the presence or absence of each inhibitor was calculated by 2-way 

repeated measures ANOVA. The P values obtained in this way are reported in the 

table (H). CPZ: Chlorpromazine; CQN: Chloroquine; BAF: Bafilomycin A1; CYT-D: 

Cytochalasin D; NOC: Nocadazole  

 

4.2.9.2 Inhibition of Endolysosomal Acidification 

Treatment of OKSAP-AF loaded Daudi cells with bafilomycin A1 in the absence of SA resulted in an 

increase in FITC-W (p = 0.015, 2-way ANOVA) (Figure 39). Confocal microscopy of these cells 

revealed that bafilomycin A1 caused OKSAP-AF loaded vesicles to become distributed throughout 

the cytosol, in comparison to their more localised, peri-nuclear distribution observed in control 

cells (Figure 38). In these Daudi cells the presence of bafilomycin A1 prevented any further 

increase in FITC-W from SA 1 µg/ml compared to control cells and there was also a significant 

reduction in FITC-W compared to cells treated with SA alone (Figure 39D). This suggests that 

bafilomycin A1 prevents endolysosomal escape of OKSAP-AF at this concentration of SA. In cells 

treated with 5 µg/ml of SA a reduced rate of increase in FITC-W was observed compared to 

control cells without bafilomycin A1. No increase was seen after six hours but parity with control 

cells was reached after 24 hours of treatment with 5 µg/ml of SA (Figure 39D). Bafilomycin A1 did 

not significantly increase FITC-W in the absence of SA in Daudi cells loaded with SAP-AF (Figure 

37D). The inhibitor significantly reduced the increase due to 1 µg/ml SA but was unable to reduce 

the increase seen with 5 µg/ml of SA. 
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Figure 38 Effect of Bafilomycin A1 on Daudi Cells with OKSAP-AF 

Confocal microscopy showing Daudi Cells preloaded with OKSAP-AF (Green) for 24 

hours followed by incubation in the absence (A) and presence (B) of bafilomycin A1. 

The nucleus (red) was stained with Hoechst 33342. Images presented are maximum 

projections of 21 x 1 µm Z-stacks. Scale bar represents 10 µm. 

 

Bafilomycin A1 alone did not increase FITC-W in HSB-2 cells pre-loaded with SAP-AF or OKSAP-AF. 

In cells pre-incubated with SAP-AF bafilomycin A1 did not significantly reduce the increase in FITC-

W caused by treatment with 1 µg/ml or 5 µg/ml of SA. In contrast, in cells loaded with OKSAP-AF, 

bafilomycin A1 significantly reduced the increase in FITC-W caused by both concentrations of SA 

(Figure 40D & Figure 42D). 

In both Daudi and HSB-2 cells, chloroquine completely abrogated the increase in FITC-W seen for 

both SAP-AF and OKSAP-AF with 1 µg/ml SA (Figure 37C, Figure 39C, Figure 40C and Figure 42C). 

In cells treated with 5 µg/ml of SA, chloroquine significantly reduced but was unable to 

completely prevent the increase in median FITC-W as measured for both conjugates in Daudi cells 

and with SAP-AF in HSB-2 cells.  

A B 
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Figure 39 Investigation of the Inhibition of OKSAP-AF Endolysosomal Escape in Daudi Cells 

Measured by Pulse Width Analysis 

Effect of chlorpromazine (B), chloroquine (C), bafilomycin A1 (D), EIPA (E), 

cytochalasin D (F) and nocadazole (G) on the endolysosomal escape of OKSAP-AF in 

Daudi cells compared to control (A). Charts show the changes in FITC-W over time in 

A B 

C D 

E F 

G 



Chapter 4 

127 

untreated control cells (●), cells treated with 1 µg/ml of SA (○) and with 5 µg/ml of SA 

(▼). Each datum point represents the calculated mean of three experiments each 

performed in duplicate and error bars one standard deviation either side of this 

mean. The significance of variation between results for each concentration of SA 

based on the presence or absence of each inhibitor was calculated by 2-way 

repeated measures ANOVA. The P values obtained in this way are reported in the 

table (H). CPZ: Chlorpromazine; CQN: Chloroquine; BAF: Bafilomycin A1; CYT-D: 

Cytochalasin D; NOC: Nocadazole  

 

4.2.9.3  Inhibition of Macropinocytosis 

In Daudi cells, the macropinocytosis inhibitor EIPA completely abrogated the increase in FITC-W in 

SAP-AF loaded cells treated with 1 µg/ml of SA and significantly reduced the increase observed 

with 5 µg/ml (Figure 37E). For cells incubated with OKSAP-AF, a significant reduction in the 

increase in FITC-W was observed at both concentrations of SA (Figure 39E). In both cases in cells 

treated with 5 µg/ml of SA, EIPA reduced the rate at which FITC-W increased in such a way that no 

increase was observed at 6 hours. This is in comparison to control cells where the majority of the 

increase in FITC-W occurs within the first 6 hours. However, by the 48-hour time point the median 

FITC-W of these EIPA treated cells reached the same level as that seen in control cells. 

In HSB-2 cells pre-loaded with SAP-AF, EIPA completely inhibited the increase in FITC-W caused by 

both concentrations of SA (Figure 40E). With OKSAP-AF a significant reduction in the increase in 

FITC-W caused by 5 µg/ml of SA was seen (Figure 42E), this was especially apparent as a reduction 

in the rate of increase although unlike in Daudi cells parity with control cells treated with 5 µg/ml 

of SA alone was not reached by 48 hours. In cells treated with 1 µg/ml of SA the increase in FITC-

W was inhibited for the first 24 hours but reached control levels by 48 hours. 
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Figure 40 Investigation of the Inhibition of SAP-AF Endolysosomal Escape in HSB-2 Cells 

Measured by Pulse Width Analysis 

Effect of chlorpromazine (B), chloroquine (C), bafilomycin A1 (D), EIPA (E), 

cytochalasin D (F) and nocadazole (G) on the endolysosomal escape of SAP-AF in HSB-

2 cells compared to control (A). Charts show the changes in FITC-W over time in 

untreated control cells (●), cells treated with 1 µg/ml of SA (○) and with 5 µg/ml of SA 

A B 

C D 

E F 

G 



Chapter 4 

129 

(▼). Each datum point represents the calculated mean of three experiments each 

performed in duplicate and error bars one standard deviation either side of this 

mean. The significance of variation between results for each concentration of SA 

based on the presence or absence of each inhibitor was calculated by 2-way 

repeated measures ANOVA. The P values obtained in this way are reported in the 

table (H). CPZ: Chlorpromazine; CQN: Chloroquine; BAF: Bafilomycin A1; CYT-D: 

Cytochalasin D; NOC: Nocadazole  

4.2.9.4 Inhibition of Actin Polymerisation 

In Daudi cells pre-loaded with SAP-AF or OKSAP-AF and treated with cytochalasin D in the absence 

of SA, there was a time dependent increase in FITC-W (Figure 37F & Figure 39F). This increase in 

FITC-W was due to cell swelling caused by cytochalasin D and was measured as an increased 

forward scatter by flow cytometry (Figure 41). In the presence of 1 µg/ml of SA there was no 

significant abrogation of the increase in FITC-W. In cells treated with 5 µg/ml of SA the FITC-W 

after 48 h was greater than that in control cells.  

 

Figure 41 Effect of Cytochalasin D on Daudi Cell Morphology 

Dot plots showing the forward (FSC) and side scatter (SSC) of Daudi cells, both 

untreated controls (A) and cells treated with 0.75 µM cytochalasin D for 48 hours (B) 

as recorded by flow cytometry. An overlay of these plots is presented in (C). 

 

A B 

C 
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In HSB-2 cells cytochalasin D did not increase FITC-W in the absence of SA. In the presence of 1 

µg/ml of SA, cytochalasin D abrogated the increase on FITC-W seen with both SAP-AF and OKSAP-

AF (Figure 40F & Figure 42F). In cells treated with 5 µg/ml of SA, cytochalasin D reduced the 

increase in FITC-W observed after 6 hours but did not affect the increase recorded after 48 hours 

with both conjugates. 

 

Figure 42 Investigation of the Inhibition of OKSAP-AF Endolysosomal Escape in HSB-2 Cells 

Measured by Pulse Width Analysis 
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Effect of chlorpromazine (B), chloroquine (C), bafilomycin A1 (D), EIPA (E), 

cytochalasin D (F) and nocadazole (G) on the endolysosomal escape of OKSAP-AF in 

HSB-2 cells compared to control (A). Charts show the changes in FITC-W over time in 

untreated control cells (●), cells treated with 1 µg/ml of SA (○) and with 5 µg/ml of SA 

(▼). Each datum point represents the calculated mean of three experiments 

performed in duplicate and error bars one standard deviation either side of this 

mean. The significance of variation between results for each concentration of SA 

based on the presence or absence of each inhibitor was calculated by 2-way 

repeated measures ANOVA. The P values obtained in this way are reported in the 

table (H). CPZ: Chlorpromazine; CQN: Chloroquine; BAF: Bafilomycin A1; CYT-D: 

Cytochalasin D; NOC: Nocadazole  

 

4.2.9.5 Inhibition of Microtubule Polymerisation 

In Daudi cells nocadazole had no significant effect on the increased FITC-W observed with either 

concentration of SA in cells loaded with either SAP-AF or OKSAP-AF (Figure 37G & Figure 39G). In 

HSB-2 cells a significant change in the increase in FITC-W was only seen in cells pre-incubated with 

SAP-AF and treated with 1 µg/ml of SA (Figure 40G & Figure 42G). 

4.2.10 Comparison of the Effect of Pharmacological Agents on the SA-Mediated 

Augmentation of Cytotoxicity and its Correlation with the Observed Endolysosomal 

Escape of Saporin and OKT10-SAP 

A comparison was made between the effects of each of the pharmacological agents used in the 

present study on the augmentation of saporin and OKT10-SAP cytotoxicity by SA and their effect 

on the SA-mediated increase in FITC-W as a marker for endolysosomal escape. The 

accompaniment of an inhibition of cytotoxicity augmentation by a corresponding inhibition of 

endolysosomal escape would provide further evidence that enhancement of endolysosomal 

escape is the mechanism at least partially responsible for the SA-mediated augmentation of 

saporin cytotoxicity.  

To compare the changes in these variables, the fold increase in EC50 in cells treated with saporin 

or OKT10-SAP in the presence of 1 µg/ml of SA as described in section 2.3.2 was used as a marker 

for the augmentation of cytotoxicity. These were calculated from XTT assays conducted in section 

4.2.1. As a marker for the effect of SA on endolysosomal escape, the difference in the FITC-W 

between cells loaded with SAP-AF or OKSAP-AF and treated with SA for 48 h and the FITC-W of 
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cells mock treated with R10 for the same time period, in the presence of each inhibitor, was 

calculated from the flow cytometric assays performed in section 4.2.9. 

From these comparisons a clear trend can be observed. Pharmacological agents which abrogated 

the SA-mediated augmentation of saporin and OKT10-SAP cytotoxicity also reduced the SA-

mediated increase in FITC-W corresponding with the increased endolysosomal escape of SAP-AF 

and OKSAP-AF (Figure 43). Similarly, for both cell lines, nocadazole, which had no effect on the 

augmentation of the cytotoxicity of saporin and OKT10-SAP also had no effect on their SA-

mediated endolysosomal escape. 

 

Figure 43 Correlation Between the Effect of Pharmacological Agents on the SA-Mediated 

Augmentation of Saporin and OKT10-SAP Cytotoxicity and on the SA-mediated 

Increase in Endolysosomal Escape of SAP-AF and OKSAP-AF  

Scatter graphs comparing the SA-mediated fold increase in cytoxicity against the SA-

mediated difference in FITC-W after 48 hours of exposure to 1 µg/ml. A and B show 

the data for Daudi cells with OKT10-SAP/OKSAP-AF and saporin/SAP-AF respectively 

with C and D showing the data for HSB-2 cells with OKT10-SAP/OKSAP-AF and 

saporin/SAP-AF respectively. Each data point shows the mean fold increase in 

cytotoxicity from four independent XTT assays and the mean difference in FITC-W 

A 

C 

B 

D 
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from three independent flow cytometry studies with each inhibitor and untreated 

controls included for comparison. These experiments were not paired. Error bars 

represent the standard deviation from the mean. No error bars are presented for the 

fold increase in cytotoxicity for OKT10-SAP on HSB-2 cells (C) as an EC50 was achieved 

in only some of the experiments performed. CPZ: Chlorpromazine; CQN: Chloroquine; 

BAF: Bafilomycin A1; CYT-D: Cytochalasin D; NOC: Nocadazole. 

 

Several exceptions to this trend were observed. In both Daudi and HSB-2 cells, EIPA abrogated the 

SA-mediated augmentation of OKT10-SAP cytotoxicity but did not significantly reduce the 

endolysosomal escape of OKSAP-AF after 48 hours (Figure 43A & C). EIPA reduced the SA-

mediated increase in FITC-W for OKT10-SAP at earlier time points suggesting that this agent 

reduced the rate of endolysosomal escape of the IT in these cells. This would delay the cytotoxic 

effect of the toxin and this may therefore explain the discrepancy between the effect of EIPA on 

endolysosomal escape and on the augmentation of cytotoxicity. In HSB-2 cells, bafilomycin A1 

only partially though still significantly abrogated the cytotoxicity of saporin but failed to reduce 

the SA-mediated increase in FITC-W for SAP-AF (Figure 43D). Another exception to the observed 

trend was the effect of cytochalasin D on saporin in Daudi cells (Figure 43B). This agent slightly 

reduced the augmentation of saporin cytotoxicity by SA but appeared to almost completely 

abrogate the SA-mediated increase in FITC-W. Cytochalasin D also increased the FITC-W of cells 

untreated with SA and this would have reduced the difference in FITC-W between SA treated and 

untreated cells.  

4.3 Discussion 

The current hypothesis for the mechanism by which saponins augment the cytotoxicity of saporin 

and saporin based ITs states that both saporin and saponin are internalised by cells and trafficked 

through sequential endosomal compartments to the endolysosome. Here saponin augments the 

endolysosomal escape of saporin into the cytosol by a currently unknown mechanism which may 

involve a pH dependent association between saponin and the toxin. The experiments performed 

in this chapter aimed to make use of a number of pharmacological inhibitors to investigate the 

roles of different endocytic processes and of endosomal acidification in this augmentative 

process.  

Cytotoxicity experiments were first performed to investigate the effect of these inhibitors on the 

augmentation of saporin and OKT10-SAP cytotoxicity by SA. It was shown that the CME inhibitor 

chlorpromazine reduced the augmentative effect of SA on both saporin and OKT10-SAP. 
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Chlorpromazine did not reduce the toxicity of the toxin or IT alone indicating that the 

internalisation of these was not clathrin dependent. This agrees with the work of Bachran et al, 

who demonstrated that chlorpromazine significantly reduced the augmentation of saporin-EGF by 

SA[236] in HER14 cells. Work by other members of our laboratory has shown that chlorpromazine 

does not affect the expression levels of CD38[301]. These results suggest a role for CME in the 

internalisation of saponins and their augmentation of saporin cytotoxicity.  

In the present study, a firm conclusion about the role of CME in augmentation is confounded by 

the results that were obtained when inhibiting macropinocytosis, an alternative major endocytic 

process. Holmes et al[196] have suggested that macropinocytosis could be a potential route for 

the non-specific internalisation of saponin, either in fluid phase or in association with the 

internalised membrane. In the present study the amiloride analogue EIPA was used as an inhibitor 

of macropinocytosis. Treatment of cells with EIPA abrogated the augmentation of saporin and 

OKT10-SAP cytotoxicity by SA but did not reduce the cytotoxicity of the toxin alone. This finding 

provides some evidence that macropinocytosis is in some way involved in the augmentation of 

saporin cytotoxicity by SA.  

That neither chlorpromazine or EIPA inhibited the cytotoxicity of saporin or OKT10-SAP in the 

absence of SA raises questions about the internalisation of these agents in light of their lysosomal 

destination.  As discussed in 1.2.2, the mechanism of saporin internalisation is unknown and these 

results suggest that it is not endocytosed by either of the inhibited pathways. Whist the 

mechanism of internalisation of saporin may be partially responsible for the internalisation of 

OKT10-SAP, it is likely that the binding of the IT to CD38 followed by subsequent endocytosis of 

the CD38-IT complex is the main route of internalisation. More than one endocytic pathway has 

been implicated in the internalisation of CD38 and the mechanism may be ligand dependent. 

CD38 has been shown to internalise by CME when bound by anti-CD38 nanobodies [312] but its 

internalisation is also induced by nicotinamide adenine dinucleotide via a clathrin independent 

mechanism [313]. The mechanism by which OKT10-SAP induces the internalisation of CD38 is not 

known but the results presented here suggest that a clathrin independent mechanism is 

responsible. 

It is entirely possible that both CME and macropinocytosis are involved in the internalisation of 

SA. However, the near complete abrogation of cytotoxicity augmentation by both chlorpromazine 

and EIPA would make this seen unlikely thus making it difficult to draw any firm conclusion as to 

whether one or both processes are involved in augmentation. One possible explanation for these 

results is that either or both of chlorpromazine and EIPA are exerting an off-target inhibition of 

the other endocytic pathway or that both inhibitors may be affecting an unidentified, separate 
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process involved in augmentation. Whilst both chlorpromazine and EIPA are often used as specific 

inhibitors of CME [247,248] and macropinocytosis[249,314] respectively, they have both been 

shown to exert effects elsewhere in the cell[249]. Chlorpromazine is amphipathic and 

incorporates into lipid bilayers resulting in increased lipid fluidity of the plasma 

membrane[315,316]. Changes to lipid fluidity have been shown to affect fluid phase endocytosis 

and exocytic processes[317]. Chlorpromazine is also a known inhibitor of calmodulin[318] and is 

known to inhibit phospholipase C (PLC)[319]. PLC is involved in activation of actin modifying 

proteins[320] and is necessary for the actin cytoskeletal reorganisation in membrane ruffling and 

macropinocytosis in fibroblasts[321]. It is also of interest that chlorpromazine has been shown to 

inhibit exogenous cholesterol esterification and sphingomyelinase activity[322] along with 

depleting cells of un-esterified cholesterol by increasing the net transfer of cholesterol from cells 

to the serum[323]. This is particularly relevant as the augmentation of saporin based IT’s 

cytotoxicity by SA has recently been demonstrated to be dependent on plasma membrane 

cholesterol[212]. EIPA cannot be considered to directly or specifically inhibit macropinocytosis, as 

it acts by inhibiting the Na+/H+ exchanger (NHE1) at the plasma membrane causing sub-

membranous acidification, leading to the inhibition of ruffle formation in the cell membrane and 

macropinocytosis[297]. Inhibition of the NHE1 by EIPA has been shown to affect the actin 

cytoskeleton[324] which may therefore lead to a non-specific inhibition of endocytosis. 

Actin polymerisation is known to be involved in a number of endocytic processes, in particular 

macropinocytosis[253,325,326] and clathrin independent endocytosis [250,298]. The actin 

disrupting agent cytochalasin D is widely used as an inhibitor of both macropinocytosis and 

phagocytosis[327]. In the present study cytochalasin-D inhibited the cytotoxicity of OKT10-SAP in 

both Daudi and HSB-2 cells suggesting that actin is involved in the internalisation of this IT.  The 

effects of cytochalasin-D on the SA-mediated augmentation of cytotoxicity was observed to vary 

between cell lines. In Daudi cells, only a partial abrogation of the augmentation of both saporin 

and OKT10-SAP cytotoxicity was achieved. By comparison in HSB-2 cells, complete inhibition of 

augmentation of cytotoxicity was observed with cytochalasin-D. These results provide some 

evidence that saponin may be internalised via an actin dependent endocytic pathway but cannot 

provide any further discrimination between pathways. This is further confounded by the fact that 

actin is known to be involved in the formation of clathrin coated pits and treatment of cells with 

actin disrupting agents can also reduce the efficiency of CME and has been shown to inhibit the 

uptake of transferrin by this endocytic pathway[328]. Furthermore, the effect of cytochalasin D 

on CME has been shown be variable between cell lines suggesting that the role of actin in CME is 

not obligatory[329]. 
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As newly formed endocytic vesicles are internalised and transported away from the actin cortex 

on the inner leaflet of the cell membrane their movement is switched from being actin dependent 

to being microtubule dependent. Microtubules formed by the polymerisation of α and β-tubulin 

subunits act as a platform for the transport of endosomes by molecular motors; dynein and the 

kinesins[302]. In the studies described in this chapter the role of endosomal trafficking along 

microtubules in the augmentation of saporin cytotoxicity by SA was investigated in cells treated 

with nocadazole. Nocadazole binds to β-tubulin and disrupts microtubule assembly[299]. In both 

Daudi and HSB-2 cells nocadazole did not affect the cytotoxicity of either OKT10-SAP or saporin. In 

addition, nocadazole had no abrogatory effect on the augmentation of OKT10-SAP or saporin 

cytotoxicity by SA. These results suggest that microtubule dependent trafficking is not required 

for saporin cytotoxicity or for the augmentation of cytotoxicity by SA. It has been reported that 

nocadazole inhibits the trafficking of endosomal cargo from the early endosomal compartment to 

the late endosome but not transport of cargo from the plasma membrane to the early 

endosome[330]. Additionally, Weng et al reported that the preincubation of ECV-304 cells with 

nocadazole prior to their exposure to an Alexa Fluor labelled, histidine tagged saporin resulted in 

its accumulation in larger vesicles than in cells not treated with nocadazole[234]. No co-

localisation studies were performed by this group, so it is not possible to say definitively whether 

these vesicles represented early endosomes but if so then this might suggest that nocadazole 

prevents the transfer of saporin between the early and late endosomal compartments. The lack of 

any inhibitory effect of nocadazole on the augmentation of saporin or OKT10-SAP by SA suggests 

that the trafficking of the toxin and SA to the late endosome or lysosome is not be required for 

augmentation. This finding may indicate that SA-mediated escape of saporin occurs from the early 

endosomal compartment and that further trafficking of the toxin to the late endosome or 

endolysosomal compartment may not be necessary for any SA-mediated increase in endosomal 

escape to occur. This would run contrary to the hypothesis that trafficking of the saporin and SA 

to the more acidic endolysosomal compartment is a prerequisite for SA-mediated cytotoxicity 

augmentation. It is important to note here that nocadazole does not directly affect the pH of 

endosomes, but by preventing the trafficking of cargo to the late endosome it does prevent 

further acidification of this cargo [330]. Future work to confirm the effects of nocadazole on the 

intracellular trafficking of saporin and OKT10-SAP should include internalisation studies of SAP-AF 

or OKSAP-AF in cells pre-treated with nocadazole. This would allow for fluorescent microscopy 

studies to investigate the co-localisation of these fluorescent conjugates with markers for early 

endosomes such as EEA-1 to determine if nocadazole prevents further trafficking beyond the 

early endosomal compartment. In addition, treatment of cells loaded with SAP-AF or OKSAP-AF in 
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the presence of nocadazole with SA could be used to investigate the possible endosomal escape 

of the toxin from the early endosomal compartment. 

To investigate the role of endosomal acidification on the augmentation of saporin and OKT10-SAP 

cytotoxicity by SA, cells were treated with the pharmacological inhibitors; chloroquine and 

bafilomycin A1 both of which prevent late endosomal acidification but via different mechanisms. 

Neither of these inhibitors affected the cytotoxicity of saporin or OKT10-SAP alone. Conversely, 

both chloroquine and bafilomycin A1 significantly abrogated the augmentation of saporin and 

OKT10-SAP cytotoxicity by SA. These experiments offer independent confirmation, with a 

different cell line and targeted toxin, of work performed by Bachran and co-workers who showed 

that the augmentation of SE cytotoxicity by saponins was inhibited by both chloroquine and 

bafilomycin A1[236]. Taken together these results suggest that a low endosomal pH is a 

requirement for the augmentation of cytotoxicity by SA. However, it should be noted that this 

does not inform us as to whether it is a direct, pH dependent effect on saporin or saponin that is 

responsible for the augmentation effect. The pH of endosomal contents and the pH differential 

between different vesicular compartments is important for a wide range of processes including 

enzyme activity and co-ordination of recycling between endosomes and the extracellular 

milieu[331]. Disruption of the normal endosomal pH by these inhibitors could therefore affect a 

number of different processes that might be responsible for the SA-mediated augmentation of 

saporin cytotoxicity. Furthermore, both bafilomycin A1 and chloroquine have been demonstrated 

to inhibit autophagy via their effects on lysosomal pH[332,333] and this may be relevant 

considering the potential for saporin to cause cell death by multiple death pathways[159]. In 

addition, Bafilomycin A1 has previously been shown to inhibit the transfer of endosomal contents 

from the early endosome to endosomal carrier vesicles thus preventing their trafficking to the late 

endosomal compartment[330]. A similar effect has been demonstrated with chloroquine, which 

blocks the transfer of endocytosed material from early to late endosomal compartments resulting 

in their accumulation in the early endosome[334,335]. Therefore, these inhibitors of endosomal 

acidification might prevent the trafficking of saporin and/or saponin to later endosomal 

compartments and thereby prevent saponin achieving a concentration in the endosomal lumen 

that is sufficiently high enough to permeabilise the endosomal membrane. 

Weng et al has previously demonstrated by SPR that saporin associates with SA1641 at an acidic 

pH. This result, taken together with their observations on the effects of chloroquine and 

bafilomycin A1 lead this group to propose that a pH dependent electrostatic association between 

RIPs that are augmentable and saponins is required for the endolysosomal escape of the toxin to 

the cytosol[152]. In the same publication they showed that gelonin does not associate with 
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SA1641 at an acidic pH but did not demonstrate whether the cytotoxicity of gelonin was 

augmented by SA1641. In this present study it was shown that the cytotoxicity of gelonin for 

Daudi cells is indeed augmentable by SA, suggesting that a pH-dependent association between 

the saponin and the RIP is not a requirement for endolysosomal escape and subsequent 

augmentation of cytotoxicity. However, the observation of a lack of association between gelonin 

and SA1641 made by Weng and co-workers has not yet been independently confirmed and this 

must be done before any firm conclusions can be drawn. As discussed above, the role of 

endolysosomal pH as an important factor underlying the mechanism of saponin driven 

augmentation may not be as simple as a direct effect on either the saporin or saponin within the 

endolysosome. 

Whilst all of the pharmacological agents used in this study are widely used as inhibitors of their 

respective processes, further work involving the use of these agents should include confirmation 

of their inhibitory activity in the cell lines used here. For chlorpromazine, a transferrin uptake 

assay can be used as a reporter the inhibitor’s effect on CME activity [336]. Likewise, the 

internalisation of fluorescent dextran conjugates can be used to investigate 

macropinocytosis[337] and the effect of EIPA on this process. Work performed prior to the start 

of this degree by the author demonstrated that the macropinocytic uptake of fluorescent dextran 

conjugates into Daudi cells was low (Unpublished Data). To investigate the activity of nocodazole 

on microtubules, staining of the cytoskeleton with anti-tubulin mAb[338] or a fluorescent tubulin 

stain[339] would enable evaluation of the abundance of polymerised tubulin by fluorescence 

microscopy or flow cytometry. Similarly, the use of a fluorescent F-actin probe such as rhodamine 

phalloidin with fluorescence microscopy could be used to investigate the effect of cytochalasin-D 

on actin[338]. Finally, the effect of chloroquine and bafilomycin A1 on the pH of the 

endolysosomal compartment could be investigated with the use of ratiometric pH probes to 

measure the pH of acidic organelles[340]. It was not possible to perform these confirmatory 

experiments due to time constraints within this project. 

Further work investigating the augmentation of saporin and IT cytotoxicity by SA should also 

ideally incorporate the use of other assays for determining cell viability. The XTT assay used in this 

study measures cellular metabolic activity as a widely accepted proxy for cell viability[272,273]. 

This measurement does not however confirm that the bulk cells under measurement are dead or 

irreparably damaged. The concurrent use of assays measuring other indicators of cell viability 

such as mitochondrial membrane potential[341] or plasma membrane permeability would 

reinforce and confirm results obtained by XTT assay. During the course of this study, preliminary 

experiments were carried out to compare the XTT cytotoxicity assay with PI staining by flow 
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cytometry. The results of these are presented in Appendix C and showed that changes in 

metabolic activity occurred after exposure to lower concentrations of OKT10-SAP than those 

causing cell death as determined by PI influx. It is therefore possible that a population of treated 

cells were more resistant to the cytotoxic effect of the IT and that a proportion of cells may 

recover from the effects of the toxin once removed from further exposure. 

Taken overall these results do provide useful insights into the potential mechanisms that might be 

involved in the augmentation of saporin and OKT10-SAP cytotoxicity by SA but should be 

interpreted with caution for all the reasons stated earlier. They confirm that there is a 

requirement for SA internalisation and trafficking in the augmentative process but due to the 

limitations of the pharmacological agents used it was not possible to determine the precise 

pathways and/or mechanisms involved. To overcome these limitations, the use of siRNA to 

knockdown specific genes involved in these processes would present a much more selective way 

to investigate the role of specific components of the endocytic machinery in IT augmentation by 

SA. During the course of this work plans were made to undertake some siRNA knockdown studies 

to further investigate the role of different endocytic pathways in both the augmentation of 

cytotoxicity by SA and the effect of SA on the endolysosomal escape of SAP-AF and OKSAP-AF. It 

was determined that electroporation would likely not produce sufficient healthy cells to perform 

the necessary experiments and that viral transduction methods would take too long to develop 

within the time limit of this project. Therefore, an attempt was made at using lipofection reagents 

to transfect the monocytic cell line U937 with siRNA. This cell line was determined to be more 

susceptible to lipofection, based on published work and manufacturer’s guidelines, than the 

lymphocytic cell lines otherwise used in this study. This work was ultimately unsuccessful for 

technical reasons, and a description of the preliminary work that was performed is presented in 

Appendix A. For future work looking at the involvement of the various endocytic pathways in the 

augmentation of cytotoxicity, a viral transduction method with shRNA would likely provide the 

best form of knockdown in these cell lines. 

The next stage of this project aimed to correlate the effects of each pharmacological inhibitor on 

the SA-mediated augmentation of cytotoxicity with the effect that they might have on the 

endolysosomal escape of saporin or OKT10-SAP into the cytosol of target cells. The objective of 

this comparison was to provide confirmatory evidence of the hypothesis that increased 

endolysosomal escape of toxin is the mechanism by which SA augments saporin cytotoxicity. 

Confocal microscopy performed at time points in cells exposed to fluorescently labelled 

conjugates of saporin and OKT10-SAP was capable of tracking their internalisation into the cell 

and their accumulation after 24 hours in vesicular structures. Co-localisation studies with the 

lysosomal protein LAMP-1 confirmed that these structures were endolysosomes.  
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Daudi and HSB-2 cells loaded with SAP-AF or OKSAP-AF were then treated with 1 or 5 µg/ml of SA 

and live cell imaging performed at a number of time points. In both cell lines escape of both SAP-

AF and OKSAP-AF into the cytosol was observed after 8 hours of exposure to 5 µg/ml of SA. By 24 

hours after initial treatment with SA 5 µg/ml, almost all cells showed evidence of endolysosomal 

escape. This was in contrast to untreated control cells where cytosolic fluorescence was only 

observed in a small number of cells.  However, no obvious increase in endolysosomal escape was 

observed in cells treated with SA at the augmentative concentration of 1 µg/ml.  

These results offer independent confirmation of live cell imaging previously presented by Weng et 

al which showed the endolysosomal escape of a fluorescently labelled saporin in ECV-304 cells 

treated with 10 µg/ml of SA1641[152]. In addition, the results from this present study include 

observations of control cells, not treated with SA, over the same time course. Similar controls 

were not included in the work described by Weng and co-workers to unequivocally demonstrate 

that endolysosomal escape of SAP-AF and OKSAP-AF does not occur in a lower percentage of cells 

in the absence of SA. In their assay Weng et al showed initial evidence of endolysosomal escape 

within just 5 minutes of adding SA1641. This is notably different from the 8 hours required to 

observe endolysosomal escape in this current study. It is feasible that this discrepancy in results is 

due to the differences between the cell lines being used. It is likely that ECV-304 cells are more 

endocytically active as they were shown to internalise fluorescently labelled saporin to the 

endolysosomal compartment within 6 hours compared to the 24 hours required for Daudi and 

HSB-2 cells to internalise sufficient SAP-AF to perform the assay reliably. 

Conjugation of both SAP-AF and OKSAP-AF to Alexa Fluor 488 reduced the cytotoxicity of both 

agents compared to their unlabelled forms. An adenine release assay demonstrated that the N-

glycosidase activity of saporin was reduced by its conjugation which is likely the cause of the 

reduction in cytotoxicity of the toxin. Furthermore, the binding of OKSAP-AF to CD38 was shown 

to be greatly reduced and this would have also affected the cytotoxic effect of the IT. In the case 

of OKSAP-AF it was not possible to determine the identity of the labelled component within this 

conjugate. However, the negative effects of conjugation on the adenine release assay and on the 

binding of the IT to CD38 suggest that the AF488 label can be associated with either the saporin 

toxin or the mAb component of the IT. It was not possible to determine in what proportion of IT 

molecules each or both of these components were bound by the fluorescent label. 

 Despite the effect of the labelling on the biological activity of these molecules, the observable 

binding of OKSAP-AF to the cell membrane of Daudi cells by confocal microscopy justified its use 

in these experiments to track the internalisation and intracellular trafficking of the IT. 
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When interpreting the confocal microscopy presented here it is therefore important to consider 

that the conjugation of both saporin and OKT10-SAP to Alexa Fluor 488 may also have affected 

the internalisation characteristics of the toxin/IT. Conjugation of these proteins to a fluorescent 

label with a different structure and via a different chemical reaction followed by subsequent 

internalisation studies may be able to determine whether the internalisation and trafficking of the 

saporin/IT seen in the present study was independent of the fluorophore.  

The original aim of this work was to utilise this confocal assay to investigate the effects of 

pharmacological inhibitors on the SA-mediated increase in endolysosomal escape of SAP-AF and 

OKSAP-AF. However, a few of major problems prevented this work from continuing successfully. 

The first of these was the lack of success in successfully performing semi-quantitative analysis of 

the confocal imagery. Analysis of the imagery was limited because, due to the non-adherent 

nature of the cells being investigated and the long periods between imaging time points, it was 

not possible to image the same cells at each time point. Therefore, as described in Appendix B, an 

attempt was made to develop an analysis protocol to determine the extent of endolysosomal 

escape that had occurred at each time point by estimating the approximate number of cells in 

each image and then measuring the average area of relevant fluorescent signal per cell. This was 

confounded by inter-experimental variations in cytosolic fluorescent intensity in cells where 

endolysosomal escape had occurred. This was either due to variations in the amount of 

endocytosed SAP-AF or differences in the effect of SA on endolysosomal escape between 

experiments. This variation meant that it was necessary to set the fluorescent thresholds used to 

define cytosolic fluorescence from background levels independently with each experiment. 

Setting these thresholds introduced substantial subjective user bias and made it impossible to 

determine the viability of the analysis to detect small changes in cytosolic fluorescence between 

experiments. For these technical reasons the analysis was therefore abandoned.  

The second problem that arose whilst attempting to use confocal microscopy to investigate the 

effects of pharmacological inhibitors on endolysosomal escape was that when tested only 

chloroquine was capable of abrogating the increase in endolysosomal escape of SAP-AF seen in 

Daudi cells treated with 5 µg/ml of SA.  Both chlorpromazine and EIPA had no observable 

abrogatory effect upon the observed endolysosomal escape. This is in contrast to the effect of 

these inhibitors on the augmentation of saporin cytotoxicity by SA, where they both showed near 

complete abrogation of inhibition. These results suggested that either there was a disconnect 

between the effects of SA on endolysosomal escape and the effect exerted on cytotoxicity or that 

the requirement for to use SA at a concentration of 5 µg/ml to visualise endolysosomal escape by 

confocal microscopy was somehow responsible. At this increased concentration it is possible that 

augmentation might occur via a different mechanism, perhaps through internalisation of SA 
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through transient permeabilisation of the plasma membrane. Alternatively, it may be that 

maximum sub-toxic concentration of these inhibitors was insufficient to prevent the 

augmentative activity at this concentration of SA. To try to determine a reason for this 

discrepancy the abrogatory effect of these inhibitors was examined on the augmentation of 

saporin and OKT10-SAP cytotoxicity by 5 µg/ml of SA using the XTT assay. The results of these 

experiments showed a reduction in the abrogatory effect of every inhibitor tested except 

chloroquine when compared to their effects on the augmentation of cytotoxicity by 1 µg/ml of SA.  

In cells treated with 5 µg/ml of SA, chlorpromazine showed almost no abrogation of the SA-

mediated augmentation of saporin and OKT10-SAP cytotoxicity in both Daudi and HSB-2 cells. This 

was in contrast to the near complete abrogation of augmentation by chlorpromazine when SA 

was used at the lower concentration of 1 µg/ml in both cell lines. Similarly, there was a reduction 

in the abrogatory effect of EIPA on augmentation in Daudi cells, and a complete loss of abrogation 

in HSB-2 cells with the higher concentration of SA. These results suggest that the higher 

concentration of SA is responsible for the failure of these inhibitors to prevent the increased 

endolysosomal escape of SAP-AF that was seen by confocal microscopy. In addition, the increase 

in SA concentration also resulted in a reduction in the inhibitory effect of both cytochalasin D and 

bafilomycin A1 on the augmentation of both saporin and OKT10-SAP cytotoxicity in both cell lines. 

As all of the inhibitors were used at their maximum sub-toxic concentration it was not possible to 

increase the concentration in an attempt to counteract the effects of the higher concentration of 

SA. The outcome of these studies showed that it was not possible to investigate the effect of 

these inhibitors on endolysosomal escape using this confocal microscopic assay.  

It was therefore necessary to develop a more sensitive assay capable of detecting any 

endolysosomal escape that may occur in cells treated with 1 µg/ml of SA. Ideally such an assay 

would be capable of analysing a larger number of cells and be more easily quantifiable than 

traditional microscopy techniques. These criteria could be met by high throughput imaging flow 

cytometers such as ImageStream which combine the sensitivity and quantifiability of flow 

cytometry with the imagery of microscopy. However, access to this technology was not possible 

during this study. Therefore, the alternative option of a flow cytometric assay was employed.  

Preliminary attempts to differentiate between cells in which endolysosomal escape had occurred 

and those where it had not based on the overall fluorescent signal within the cell were 

unsuccessful. A literature search uncovered a rarely utilised method of using the measurement of 

fluorescent pulse width in order to provide a degree of information on the spatial distribution of a 

fluorescent label within the cell. This method, termed pulse shape analysis, was investigated to 

determine whether or not it could differentiate between endolysosomal fluorescence and 

cytosolic fluorescence.   
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Initial studies described in this chapter investigated whether pulse shape analysis could track the 

internalisation of SAP-AF and OKSAP-AF. Incubation of both Daudi and HSB-2 cells with SAP-AF or 

OKSAP-AF resulted in a time dependent reduction in FITC-W accompanied by an increase in FITC-

H. This corresponds to the endocytosis of the fluorescent conjugate from its initial, diffuse surface 

bound location which has a high FITC-W and low FITC-H.  As the toxin is internalised into 

endosomal compartments its spatial distribution is reduced, reducing the FITC-W of the cell, and 

the local concentration increased leading to an increase in the fluorescence of the point of 

maximum fluorescence within the cell and therefore an increase in FITC-H. These results 

demonstrate the capability for pulse shape analysis to provide limited spatial data from flow 

cytometry.  

Following on from this, experiments were performed to determine whether or not pulse shape 

analysis could be used to differentiate between cells in which endolysosomal escape had occurred 

and those where it had not. Treatment of SAP-AF and OKSAP-AF loaded cells with 5 µg/ml of SA, 

which had been demonstrated by microscopy to cause increased endolysosomal escape was used 

as a positive control. A significant increase in the median FITC-W was observed after 24 hours in 

cells treated with this concentration of SA when compared to untreated control cells. This 

encouraging result suggested that analysis of pulse width could be developed and used as an 

assay to assess endolysosomal escape. Further use of this assay determined that a significant 

increase in FITC-W was seen after 24 hours in Daudi cells and 48 hours in HSB-2 cells treated with 

1 µg/ml of SA. Although it was not possible to confirm this by confocal microscopy it was inferred 

from this data that 1 µg/ml of SA did bring about an increase in the endolysosomal escape SAP-AF 

and OKSAP-AF. This increase in endolysosomal escape was not seen by confocal microscopy, 

either because the level of escaped toxin within each cell was below the sensitivity limit of the 

microscope’s detector or because it was not possible to determine a difference from the small 

number of cells recorded in a cell field.  The non-augmentative concentration of 0.1 µg/ml of SA 

was also tested. At this concentration no increase in FITC-W was observed up to 48 hours after 

initial exposure. These results add further evidence that increased endolysosomal escape is at 

least one if not the main mechanism by which SA increases saporin cytotoxicity.  

The use of pulse width analysis to investigate the escape of toxins and immunotoxins from the 

lumen of endolysosomal vesicular structure offers several advantages over traditional methods. 

By providing a direct assessment of endolysosomal escape, in contrast to methods that rely on 

measuring the cytotoxic effect of the escaped toxin, pulse width analysis allows for specific 

measurement of the efficacy of endolysosomal escape enhancers. With the capability for flow 

cytometry to measure thousands of cells a minute a quantitative assessment of these enhancers 

is possible at the single cell level without the requirement for complex microscopic image analysis 
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and potential cell selection bias. Whilst pulse shape analysis has a number of advantages, there 

are also several limitations that need to be taken into consideration. The use of pulse width flow 

cytometry needed to be used in conjunction with fluorescence microscopy to confirm that any 

changes in pulse width were genuinely due to endolysosomal escape and not the result of 

trafficking of the fluorescent toxin to different endosomal compartments or movement of the 

endolysosomal organelles within the cell. The particular cell type distribution of endolysosomal 

vesicles within the cell might also determine the sensitivity of pulse width analysis for detection of 

endolysosomal escape. This was obvious when making a comparison between the HSB-2 and 

Daudi cell lines. In HSB-2 cells no significant increase in the number of cells undergoing 

endolysosomal escape was seen with 1 µg/ml of SA until 48 hours after the start of treatment. 

This is in contrast to the 24 hours observed for Daudi cells. In HSB-2 cells the endolysosomal 

vesicles were widely distributed throughout the cell in comparison to a much more clustered 

pattern observed in Daudi cells. This wider spread of vesicles resulted in a broader range of FITC-

W within the cell population after they were exposed to SAP-AF or OKSAP-AF for 24 hours. This 

may consequently have reduced the sensitivity of the assays ability to detect significant changes 

in the numbers of cells showing an increased FITC-W. 

Experiments were then performed to investigate the effect of pharmacological inhibitors on the 

endolysosomal escape of SAP-AF and OKSAP-AF in Daudi and HSB-2 cells. The aim of this work 

was to confirm that the effect of these inhibitors on the augmentation of saporin and OKT10-SAP 

cytotoxicity is due to an inhibition of the action of SA to enhance the endolysosomal escape of the 

toxin. 

Treatment with chlorpromazine completely prevented the endolysosomal escape of SAP-AF and 

OKSAP-AF in Daudi and HSB-2 cells exposed to 1 µg/ml of SA. This result reflects the near 

complete abrogation of the SA-mediated augmentation of cytotoxicity at this concentration by 

chlorpromazine. This suggests that the abrogatory effect of chlorpromazine on the augmentation 

of cytotoxicity is due to its inhibition of the endolysosomal escape of the toxin. As previously 

discussed, it is not possible to conclude from this work whether or not this is due entirely to its 

effect on CME. At the higher concentration of 5 µg/ml, chlorpromazine showed no effect on the 

increase in FITC-W in Daudi cells. This result agrees with XTT cytotoxicity assay data that show no 

effect of this agent on the augmentation of cytotoxicity by this concentration of SA and with 

confocal microscopy where chlorpromazine unable to prevent the endolysosomal escape of SAP-

AF in cells treated with 5 µg/ml of SA.  

EIPA completely abrogated the increase in FITC-W in both Daudi and HSB-2 cells loaded with SAP-

AF and treated with 1 µg/ml of SA and a significant abrogation was also measured in Daudi cells 
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loaded with OKSAP-AF at this concentration of SA. These results agree with the complete 

abrogation of augmentation of cytotoxicity by EIPA and also suggest that the effect of EIPA on 

augmentation is due, at least in part, to its effect on endolysosomal escape. In both Daudi and 

HSB-2 cells loaded with OKSAP-AF and in Daudi cells containing SAP-AF, treated with 5 µg/ml of 

SA, EIPA only inhibited the increase in FITC-W observed by 6 hours with no reduction in FITC-W 

observed after 48 hours. This suggests that EIPA reduced the rate of endolysosomal escape and 

therefore extended the duration of SA exposure required before an increase in the median FITC-

W could be measured. In XTT assays with 5 µg/ml of SA a partial abrogation of the augmentation 

of cytotoxicity was observed with EIPA and this may be due to this reduction in the rate of 

endolysosomal escape leading to a delay in the cytotoxic effect of the saporin. Interestingly, in 

contrast to its effect in cells loaded with OKSAP-AF, EIPA completely abrogated the increase in 

FITC-W in HSB-2 cells loaded with SAP-AF and treated with 5 µg/ml of SA.  This result partially 

agrees with the corresponding cytotoxicity experiments where the augmentation of saporin was 

greatly, but not completely abrogated.  

In Daudi cells no significant abrogation in the increase in FITC-W by cytochalasin D was observed 

with either SAP-AF or OKSAP-AF at either concentration of SA tested. This is likely due to its effect 

on Daudi cell size as this agent also increased the FITC-W of control cells and was shown to 

increase the forward scatter of these cells. In HSB-2 cells a complete abrogation of the increase in 

FITC-W was observed in cells loaded with either SAP-AF or OKSAP-AF and treated with 1 µg/ml SA. 

These results concur with the effect of cytochalasin D on the SA-mediated augmentation of 

cytotoxicity and suggest that actin polymerisation may be involved in the endolysosomal escape 

of these conjugates, most likely through inhibition of the internalisation and trafficking of SA to 

the endolysosomal compartment.  

The complete inhibition by chloroquine of the 1 µg/ml of SA-mediated increase in FITC-W in Daudi 

and HSB-2 cells with either SAP-AF or OKSAP-AF was also consistent with the effect of this agent 

on the augmentation of cytotoxicity. In addition, the partial abrogation of the increase in FITC-W 

observed in Daudi cells with 5 µg/ml was also in agreement with both its partial abrogation of 

cytotoxicity augmentation and the inhibition of SAP-AF endolysosomal escape observed by 

confocal microscopy with this concentration of SA. The effect of bafilomycin A1, the other 

inhibitor of endosomal acidification used in this study, was less straightforward. In Daudi cells 

incubated with OKSAP-AF, treatment with bafilomycin A1 increased FITC-W in the absence of SA. 

This was shown by confocal microscopy to be due to a dispersal of OKSAP-AF containing vesicles 

throughout the cell in the presence of bafilomycin A1 and highlights the need for fluorescent 

microscopy to be used alongside pulse shape analysis flow cytometry to exclude other causes of 

FITC-W changes wherever this is possible. In addition, the inability of bafilomycin A1 to 
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significantly reduce the SA-mediated increase in FITC-W in HSB-2 cells containing SAP-AF did not 

correspond with the effect of the inhibitor in XTT cytotoxicity assays. In contrast, bafilomycin A1 

almost completely abrogated the augmentation of saporin cytotoxicity with 1 µg/ml of SA. The 

reason for this discrepancy is uncertain want warrants further investigation. However, despite this 

isolated result the overall conclusion from these studies was that prevention of endosomal 

acidification inhibits the SA-mediated increase in FITC-W and therefore endolysosomal escape and 

the augmentation of cytotoxicity. 

The results of these studies investigating the effect of various pharmacological agents on the SA-

mediated increase in endolysosomal escape of SAP-AF and OKSAP-AF has demonstrated that the 

inhibitory effects of these agents on the augmentation of saporin and OKT10-SAP cytoxicity is 

likely, in part at least, due to the result of their effect on SA-mediated endolysosomal escape. The 

link between these effects for each of the tested pharmacological agents further confirms one of 

the mechanism(s) behind the augmentation of saporin/IT cytotoxicity by SA is increased 

endolysosomal escape. However, there may be additional mechanisms at play such as lysosomal 

membrane permeabilisation (LMP) and release of proteolytic enzymes into the cytosol that may 

also contribute to cell death that this project has not examined[342]. 

The work presented here builds upon previously published work with fluorescently labelled 

saporin and saporin based targeted toxins [152,343] and presents a number of novel findings. 

The pulse width analysis method used in this current project offered a greater level of sensitivity 

for the endolysosomal escape of saporin than previously used microscopic methods and allowed 

the detection of endolysosomal escape in cells exposed to lower concentrations of SA than was 

observed in previously published work. The improved sensitivity also enabled the effects of 

inhibitors of endocytosis on the endolysosomal escape of saporin to be investigated which had 

not been possible with confocal microscopic methods. In addition, the higher throughput and 

ease of quantification of these results facilitated the correlation between the effect of these 

pharmacological inhibitors on the endolysosomal escape of saporin and IT in the presence of SA 

and their effect on the cytotoxicity of these compounds. 

As discussed earlier in the context of cytotoxicity assays, future work to expand upon the pulse 

shape analysis studies presented here should include the use of genetic knockdown of specific 

genes relating to endocytic processes. This would allow for a more precise determination of the 

involvement of these processes in the augmentation of endolysosomal escape and the 

subsequent effects on cytotoxicity augmentation by saponins. Pulse shape analysis also provides 

the opportunity to investigate the effect of increased endolysosomal escape on apoptosis. Multi-

colour flow cytometry combining this endolysosomal escape assay with a fluorescent assay for 
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apoptosis such as annexin V/PI[344], fluorochrome-labelled inhibitors of caspases to detect 

caspase-3[345] or potentiometric dyes that detect reduced mitochondrial potential[346] could 

directly investigate the effect of increased FITC-W on the activation of apoptotic mechanisms.
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Chapter 5 Discussion 

The overall aim of this project was to investigate and test the hypothesis that saponins augment 

the cytotoxicity of saporin and saporin based ITs by enhancing the endolysosomal escape of the 

saporin or IT into the cytoplasm of the target cell. This would increase the number of toxin 

molecules with access to target ribosomes per unit time thus delivering increased protein 

synthesis inhibition and subsequent ribotoxic stress resulting in apoptotic death. It is speculated 

that this enhancement of saporin endolysosomal escape is dependent on the internalisation of 

both saponin and saporin into the cell and their trafficking as cargo to the lumen of a common 

endolysosomal compartment. Here saponin is thought to increase the efficiency of the 

endolysosomal escape of the saporin or IT which may occur due to a direct permeabilisation 

effect of saponin on the endolysosomal membrane or alternatively may result from a pH 

dependent association between saporin and the saponin into a complex that takes on membrane 

disruptive properties thus allowing the toxin to escape into the cytosol. The experiments 

performed during this were study aimed at investigating the mechanisms by which SA is 

internalised and trafficked to the endolysosomal compartment, either by defined endosomal 

pathways or as a part of a membrane repair mechanism in response to SA mediated plasma 

membrane damage. In addition, the role of endolysosomal luminal acidification in the 

augmentation of saporin or IT cytotoxicity was also investigated. Alongside these experiments 

that quantified the augmentation of saporin or IT cytotoxicity by SA, studies were also conducted 

to determine the effect of the saponin as an enhancer of endolysosomal escape using by confocal 

microscopy and a novel flow cytometric assay.  

The results presented earlier in this thesis suggest that SA is likely internalised into the cell and 

that this is a requirement for its augmentation of saporin cytotoxicity. However, the work 

described here has only gone part way determining the precise mechanism(s) or pathway(s) 

involved in this internalisation. It allows us to conclude that membrane damage and subsequent 

repair processes are probably not involved in the internalisation of SA as no membrane damage 

from exposure to the augmentative concentration of 1 µg/ml of SA was observed. There was also 

no evidence for the membrane repair associated processes of lysosomal exocytosis or MEND 

occurring in cells exposed to this augmentative but sub-lytic concentration of SA. Studies involving 

pharmacological inhibitors of CME or macropinocytosis demonstrated near complete abrogation 

of the SA-mediated augmentation of saporin and IT cytotoxicity with both types of inhibitor. This 

finding suggests that the internalisation of SA is necessary for the augmentation of cytotoxicity, 

but due to other diverse effects of both of these inhibitory agents it is not possible to discern 

which particular processes are involved in the internalisation of SA. The involvement of actin in 
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the internalisation and initial trafficking of SA was also investigated using a selective 

pharmacological inhibitor. The partial abrogation of the SA-mediated augmentation of saporin or 

IT cytotoxicity in Daudi cells and the complete abrogation of this effect in HSB-2 cells with actin 

inhibitors indicates that saponin is likely internalised by an actin-dependent endocytic pathway. 

The requirement for the trafficking of any subsequently internalised SA in the augmentation of 

saporin/IT cytotoxicity was investigated by pharmacological disruption of microtubule assembly 

using nocadazole. Nocadazole did not affect the augmentation of saporin/IT cytotoxicity by SA 

suggesting that microtubule dependent trafficking of SA is not required for augmentation to 

occur.  

The abrogation of the augmentation of saporin or IT cytotoxicity by the inhibitors of endosomal 

acidification, chloroquine and bafilomycin A1, indicates that a low endosomal pH is a prerequisite 

for augmentation. To investigate the suggestion that an acidic endosomal lumen is necessary 

because a pH dependent association between saponin and the RIP is needed for the 

endolysosomal escape of the toxin to occur, the effect of SA on the cytotoxicity of the RIP gelonin 

was measured. The cytotoxicity of gelonin, which has previously been shown not to be associated 

with saponins at low pH[152], was however augmented by the presence of SA. This suggests that 

a pH dependent association may not be required for the SA-mediated augmentation of RIP 

cytotoxicity. This finding therefore throws into some doubt the absolute necessity for an acidic 

endolysosomal lumen for augmentation. 

The present study describes an increase in the endolysosomal escape of fluorescently conjugated 

saporin and OKT10-SAP in response to treatment of cells with 5 µg/ml SA was observed by 

confocal microscopy. The development of a more sensitive and more easily quantifiable flow 

cytometric assay to assess endolysosomal escape showed that endolysosomal escape of the toxin 

was also increased in the presence of the augmentative but non-cell membrane permeabilising 

concentration of 1 µg/ml of SA. Comparisons between the effects of the pharmacological 

inhibitors of endocytic processes on the SA-mediated augmentation of saporin and IT cytotoxicity 

and the SA-mediated increase in endolysosomal escape showed that there was a good correlation 

between the two parameters. This strongly suggests that increasing endolysosomal escape of the 

toxin is at least one of the contributory mechanisms by which SA augments saporin cytotoxicity, 

though it should be kept in mid that there may be others operating in parallel that this study has 

not revealed. 

The limitations to the experiments performed in this study and the caveats associated with the 

presented results have been discussed in the previous results chapters where relevant. It is also 

important to note that in the work presented here in this study, certain inferences have been 
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made about the internalisation and trafficking of SA. These conclusions were made based on the 

assumption that for SA to mediate an increase in the endolysosomal escape of saporin or IT it 

must be trafficked to the same endolysosomal compartment within the cell as the toxin. On this 

principle, the effects of different pharmacological inhibitors of endocytic processes on the SA 

mediated increase in endolysosomal escape were inferred to be due to their effects on the 

endocytosis and trafficking of SA from the cell plasma membrane to the endolysosomal 

compartment. In order to make any firm conclusions about the internalisation of the saponins 

contained in SA it will be necessary to directly track their intracellular location.  

The first possibility would be to develop a polyclonal or monoclonal antibody specific to a defined 

saponin species such as SA1641. Such antibodies could then be used to probe the intracellular 

location of the saponin by fluorescent or confocal microscopy. This would enable more direct 

studies to investigate the mechanisms involved in the internalisation and trafficking of the 

saponin in question. Observing the effects of pharmaceutical inhibitors of different endocytic 

processes such as chlorpromazine or EIPA on the internalisation of the saponin would likely 

provide insights into the pathways involved in its endocytosis. A more precise alternative 

approach, as previously discussed in Chapter 4 would be to use of gene knockout techniques to 

disable precise endocytic pathways. This would provide a more specific method than offered by 

pharmacological agents that have other off-target activities. Visualisation of the intracellular 

location of the saponin would also enable co-localisation studies to be performed by fluorescence 

microscopy. Co-localisation with specific markers of endosomal compartments such as LAMP-1 

and EEA1 would also enable confirmation of whether or not saponins are trafficked to an 

endolysosomal compartment. In addition to this, co-localisation studies with fluorescently 

labelled saporin and IT would determine whether these are trafficked to, and therefore 

accumulate within, the same intracellular compartment as the saponin thus providing evidence 

for the hypothesis that necessitates co-localisation of saponin with saporin. In addition to 

fluorescence microscopy, the development of an anti-saponin antibody would also facilitate the 

use of immunogold staining techniques for electron microscopy. This would allow for more 

precise studies on the intracellular location of internalised saponins.  This would be of particular 

value in a further, more detailed investigation of the potential involvement of membrane repair 

processes in saponin internalisation and for determining whether saponins are internalised in 

fluid phase directly into the endosomal lumen or are incorporated into the plasma and endosomal 

membranes, following a non-covalent association with cholesterol in the outer leaflet of the 

plasma membrane[347]. The downside to this approach is that these techniques require cells to 

be fixed and permeabilised and thus cannot be used in live cell imaging studies. This means that it 

would not be possible to track saponins in real time as a part of an investigation into the 
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endolysosomal escape of the toxin to the cytosol. A further complication is the likely possibility 

that permeabilisation of the cells under investigation could result in internalised saponins being 

washed out from their intracellular location. Additional to the intracellular localisation of 

saponins, development of an anti-saponin antibody would also be of value in developing an ELISA-

based method to provide an independent confirmation of the SPR data published by Weng and 

co-workers[152] which purported to show a pH dependent association between the saponin 

SA1641 and the toxin saporin. A number of attempts have been made by this laboratory to raise 

polyclonal and monoclonal antibodies against SA1641 but unfortunately none were successful 

and a different antibody raising strategy may need to be adopted. Antibodies have previously 

been successfully raised against several other species of triterpenoid saponin including 

saikosaponin-a[348,349] and bacopaside I[350] and so further attempts should be made to 

pursue this line of work. 

An alternative to the development of an antibody against saponin species would be to label the 

particular saponin with a fluorescent probe such as the Alexa Fluor 488 used in the present study 

to label saporin and OKT10-SAP. This approach would also allow for fluorescent microscopic 

analysis of saponin internalisation and for co-localisation studies with endosomal markers and 

fluorescently labelled toxin and IT. In addition, the direct labelling of the saponin would also allow 

its use in live cell microscopic imaging studies. There are a small number of previous studies 

involving the fluorescent labelling of other steroidal saponins[222,351] which suggest that the 

labelling of a triterpenoid saponin such as SA1641 may be achievable. The potential drawback of 

fluorescently labelling the saponin is the effect that the conjugation could have on its biological 

properties that includes potential modification to the way in which it traffics in the cell. This is 

especially pertinent because of the small size of the saponin molecule in relation to the size of 

available fluorescent probes. The molecular weight of even a small fluorescent probe such as FITC 

(389.4 g/mol) is a significant fraction of the molecular weight of SA1641 (1641 g/mol). This 

increases the risk that conjugation will destroy or hinder access to biologically active sites of the 

saponin molecule potentially affecting its internalisation and routing within the cell together with 

its biological activity to augment the endolysosomal escape of saporin and IT into the cytosol and 

thus their cytotoxic activity. Only additional empirical investigations of this will be able to validate 

the value of this approach for future studies. 

Another possible option for tracking the internalisation and trafficking of saponin into cells is 

offered by Raman confocal microscopy which incorporates a Raman spectrometer into an optical 

microscope system. Raman spectroscopy measures the frequency changes in a proportion of the 

light scattered off of a molecule. This change, known as Raman scattering, is dependent on the 

vibrational states of the molecule and produces a spectral emission that is unique to each 
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individual molecule based on its chemical bonds[352,353]. Specific molecules can therefore be 

identified through their unique spectral pattern. Combining Raman spectroscopy with confocal 

microscopy allows for the intracellular localisation of the molecule of interest[354,355]. This 

technique could therefore potentially be applied to follow the internalisation and intracellular 

trafficking of saponin. Because this technique is non-destructive it allows for live cell imaging that 

obviates the need to chemically modify the saponin through conjugation to a fluorophore. This 

overcomes the potential problem that conjugation may introduce the intracellular trafficking and 

biological properties of the saponin. In addition, Raman microscopy combined with high 

resolution microscopic fluorescence imaging[356] can be used to identify the compartments into 

which saponins are trafficked and their co-localisation with fluorescently labelled toxin or IT. This 

approach may therefore offer the best option for future research into this topic. 

The studies described in this thesis were aimed at paving the way to an understanding of the 

mechanisms of augmentation as an important contribution to the long-term end goal of 

developing saponins as enhancers for clinical use. The aim therefore is to increase the 

immunologically specific cytotoxic effect of a saporin-based IT, therefore expanding the 

therapeutic window and allowing patients to be treated at lower doses thus reducing unwanted 

side effects. Towards this goal further work is needed to investigate the augmentation of 

immunotoxin cytotoxicity in situations closer to the intended clinical application. This could begin 

with the use of relevant primary cells which more accurately represent the tissue of origin than 

immortalised cell lines and should be followed by in vivo studies in appropriate animal models of 

human cancers. Currently there is only very limited evidence for the in vivo efficacy of saponins to 

augment the cytotoxicity of targeted toxins or immunotoxins. A study published by Bachran and 

co-workers investigated the effect of SA saponins on the anti-tumour activity of the targeted toxin 

SA2E in a murine model of mammary adenocarcinoma[357]. In this study BALB/c mice were 

subcutaneously injected with TSA murine mammary adenocarcinoma cells transfected with 

human EGFR-and the effect of SA2E with and without SA on the size of resulting tumours was 

measured.  Subcutaneous application of SA2E and SA significantly augmented the anti-tumour 

activity of the targeted toxin when compared to treatment with either alone. Other small studies 

have looked at the anti-tumour effect of SE and SA1641 in the same murine model but did not 

compare this to the effect of the targeted toxin alone and therefore offered no insight into the 

augmentative effect of the SA1641 saponin[152,358]. The anti-tumour effect of a dianthin-EGF 

targeted toxin in combination with the saponin SO1861, derived from soapwort, has also been 

investigated in murine models involving xenografted HCT116 human colon carcinoma cells in 

nu/nu mice[359]. This combination therapy significantly reduced tumour volumes when 

compared to mock treated controls but this study also lacked targeted toxin only control groups 
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and therefore it was not possible to evaluate the augmentative effect of the SO1861 saponin. 

However, a more recent study by Bhargava and co-workers compared the efficacy of the targeted 

toxin dianthin-EGF used with and without SO1861 in CD-1 nu/nu mice xenografted with BxPC-3 

human pancreatic carcinoma cells[360]. In this study combination treatment with the targeted 

toxin and saponin resulted in a 13-fold increase in efficacy over treatment with the targeted toxin 

alone as measured by reduction in tumour volume. This limited study offers promising results 

about the efficacy of targeted toxins and saponins used in combination in vivo but relies on only 

small numbers of animals in each treatment group (5 animals/group). Additional work is therefore 

needed with larger well controlled treatment group in order to make a statistically robust analysis 

of the augmentative activity of the saponins used in vivo. 

The use of saponins as augmentative agents for immunotoxin therapies is faced with a number of 

potential barriers that might hinder their clinical application. Saponins have poor oral 

bioavailability[361] and therefore require parenteral administration. Saponins are 

haemolytic[202] and the intravenous and subcutaneous delivery of a triterpenoid saponin in mice 

and dogs demonstrated hepatotoxic effects and splenic enlargement[362]. Such toxicities would 

likely prove dose limiting clinically. Triterpenoid saponins are known to form complexes with 

cholesterol and other lipids[363] and it is possible that free plasma cholesterol and cholesterol in 

cell membranes would act as a sink for circulating saponins thus reducing their bioavailability and 

potentially narrowing their therapeutic window as augmentative agents.  

Adding further complication, the SA-mediated augmentation of saporin based immunotoxin 

cytotoxicity has been shown to be largely non-immunospecific[196]. Because of this, concomitant 

treatment with an IT and saponin combination would likely increase the off-target toxicities of 

immunotoxin treatment and thereby prevent the desired widening of the therapeutic window. 

This problem could potentially be overcome in a number of ways including a scheduled timed 

separation between doses of saponin and IT or modifications to the delivery of saponins in order 

to target them to the tumour site only. Holmes and co-workers showed that immunospecific 

augmentation of IT cytoxicity by SA could be achieved by separating the IT and SA exposures as 

long as the cells were exposed to the IT first, followed by the SA[196]. Combination treatment 

delivered in this way would allow the IT to reach, bind to and be internalised by the target antigen 

expressing cells before subsequent treatment with a saponin is used to enhance the toxicity of 

the internalised IT. Alternatively, the specific targeting of saponin to the tumour cells would 

reduce the effects of the saponin for off-target cells. This could be achieved by conjugation of the 

saponin directly to the IT thereby ensuring delivery of both saponin and IT only to targeted 

tumour cells. Careful molecular engineering would be needed to ensure that such a double 
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conjugation did not affect the binding or toxicity of the IT or the augmentative activity of the 

saponin. Recombinant molecular engineering would only partially solve this matter as the saponin 

moiety would always require chemically conjugating to the IT which itself could be produced as a 

chimeric recombinant protein[364]. In the future, immunoliposomes may be developed further 

as a viable drug targeting system and may offer an ideal delivery system for saponins[365,366]. 

For localised solid tumours, the intratumoural injection of saponin following systemic or 

intratumoural administration of the IT could be used to limit off-target toxicities but this approach 

is not feasible for diffuse liquid tumours such as leukaemia. 

The present study opens up scope for future work building upon the results presented here. 

Whilst the development of saponins as augmentative agents for immunotoxin therapies requires 

significant further research, there is promise that they may help to achieve more effective 

treatments of solid and haematological malignancies. 

 

Figure 44. Summary of the Possible Mechanisms by which Saponin Augments the Cytotoxicity 

of Saporin Based Immunotoxins 

The work performed in this thesis investigated the hypothesis that the mechanism by 

which SA augments the cytotoxicity of saporin and saporin based ITs involves the 

internalisation of SA into the cell and it’s trafficking to the same endolysosomal 

compartment as the toxin or IT. Here it facilitates the endolysosomal escape of the 

toxin into the cytosol where its toxic activity can occur. 
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The various possible endocytic routes by which saponins might enter the cell are 

shown.  

In (1a) and (1b) saponins from the cell exterior are internalised by CME. This could 

occur either in the lumen of the same vesicle that is internalised following clathrin-

dependent receptor-mediated endocytosis following binding of the antibody 

component of immunotoxin to cognate antigen (1a) or independently from target 

antigen vesicles (1b). In this study, the pharmacological inhibition of CME was shown 

to abrogate the increase in both the SA mediated endolysosomal escape of IT and the 

augmentation of its cytotoxicity. Caveolae (1c) may also provide the point of access 

for internalisation, particularly as a consequence of SA induced membrane damage 

resulting in MEND, as may clathrin/caveolin-independent uncoated vesicles (1d). 

However, no evidence of caveolae were found in this study in response to plasma 

membrane challenge with the augmentative concentration of SA. An alternative 

mechanism for fluid phase uptake of saponin may be through macropinocytosis (1e). 

Similarly to CME, pharmacological inhibition of macropinocytosis abrogated the 

augmentation of both the endolysosomal escape and cytotoxicity of IT by SA. This 

made it difficult to draw firm conclusions about the roles of these pathways. Once 

internalised by one or more of these pathways it was suggested that saponin is 

trafficked through the early (EE) (2) and late (LE) (3) endosome to the endolysosomal 

compartments (LE/LYS) (4) alongside the IT. Here it facilitates the endolysosomal 

escape of the toxin into the cytosol in a pH dependent manner (5). The requirement 

for a low endolysosomal pH in this process was confirmed here with two 

pharmacological inhibitors of endosomal acidification. The use of confocal 

microscopy and pulse shape analysis flow cytometry showed that SA increased the 

endolysosomal escape of the IT into the cytoplasm. The correlation between the 

effects of different inhibitors on the augmentation of IT cytotoxicity by SA and the SA 

mediated endolysosomal escape of the IT provides further evidence that this is the 

mechanism by which augmentation of cytotoxicity occurs. 
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Appendix A siRNA Knockdown 

A.1 Introduction 

As is discussed in detail in section 4.3, many of the pharmacological agents used in the 

experiments detailed in sections 4.2.1 and 4.2.9 have a number of off-target effects. These make 

it difficult to determine the exact effect each agent is having on the augmentation process, 

especially when multiple inhibitors of different endosomal pathways are able to completely 

abrogate this augmentation. It was proposed that gene knockdown studies with siRNA targeting 

process specific proteins would provide a better picture of the mechanism of SA induced 

endolysosomal escape and some preliminary work is presented here. 

A.2 Methods 

A.2.1 Transfection with Fluorescent siRNA and Fluorescent Analysis of Transfection 

To investigate the optimum ratio of siRNA and INTERFERin to transfect U937 pro-monocytic 

myeloid leukaemia cells [367], a transfection study was performed with the fluorescently labelled 

transfection indicator siGLO. The U937 cell line was selected based on previously published work 

demonstrating the use of INTERFERin in this line[368]. Cells were obtained from the European 

Collection of Cell Cultures (ECACC, Porton Down, Salisbury, UK). Cells were seeded into a 96 well 

plate on the day of transfection at 2x104 cells per well in 50 µl of R10. siGLO was diluted in RPMI-

1640 to 20 nM and 50 nM and complexed with 1:50 or 1:25 of INTERFERin for 15 min at room 

temperature. 50 µl of siGLO and INTERFERin mixture was added to each well with 50 µl siGLO 

alone used as a control. After 4 hours 100 µl R10 was added to each well and the plates were 

incubated for 24 h at 37oC in 7% CO2. After 24 hours cells were extracted from wells, washed with 

RPMI-1640 and read on a Cytoflex flow cytometer and SP8 confocal microscope. 

A.2.2 Transfection 

To investigate the efficacy of siRNA transfection via INTERFERin and subsequent knockdown, 

U937 cells were transfected with siRNA targeting the housekeeping gene cyclophilin B. Cells were 

plated into a 12 well plate at 5x105 cells per well in 500 µl R10. Cyclophilin B siRNA pools and non-

targeting siRNA sequences, for use as a negative control, were complexed with INTERFERin at 

1:25 for 15 minutes in RPMI-1640 before 200 µl was added to each well. After 6 hours of 
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incubation at 37oC in 7% CO2 1 ml of R10 was added to each well and the plates were incubated 

for a further 72 h before cells were harvested for protein extraction. 

A.2.3 Protein Extraction and Quantification 

Whole cell lysates of transfected and untreated control cells were prepared to analyse the 

effectiveness of protein knockdown. Cells were collected and centrifuged at 470 g for 5 min, 

media was aspirated, and cells were washed in RPMI-1640. RIPA Buffer (0.15 M NaCl, 1% NP40, 

0.5% sodium deoxycholate, 0.1% SDS, 0.05 M Tris pH 8.0 in dH2O) with a protease inhibitor 

cocktail was added to the cell pellet at 30 µl per 2x106 cells. Pelleted cells were mixed with the 

RIPA buffer with a pipette before being incubated on ice for 30min Lysed cells were then 

centrifuged for 30 min at 13,000 rpm in a Sanyo Microcentaur (~9500 g). The supernatant was 

collected and stored at 4oC. The protein concentration of the supernatant was measured using a 

bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) as detailed in the 

manufacturer’s instructions.  

A.2.4 Gel Electrophoresis and Western Blotting 

From the previously calculated protein concentration, the volume of whole cell lysate containing 

30 µg of protein was calculated and added to 2.5 µl 1 M DTT, 7.5 µl 4x RunBlue LDS Sample Buffer 

and dH2O to a total volume of 30 µl. Samples were heated for 5 min at 95oC in a water bath 

before being added to wells of a 12% SDS gel and separated by SDS-PAGE. Proteins were 

electroblotted onto Protran 0.45µl Nitrocellulose transfer membrane (GE Healthcare) in transfer 

buffer (25 mM tris, 200 mM glycine, 20 % Ethanol in dH2O). This membrane was probed with 

rabbit anti-cyclophilin B primary antibodies at a 1:1000 dilution in tris saline buffer (100 mM tris, 

1.5 M NaCl, 0.1% Tween-20 in dH2O) containing 3% BSA overnight at 4oC before being washed and 

probed for 1 h with an appropriate HRP-conjugated secondary. Enhanced chemiluminescent 

substrate was added to the nitrocellulose as directed by the manufacturer and was imaged on a 

Chemidoc XRS chemiluminescence detection system. 

A.3 Results 

A.3.1 Optimisation of Transfection  

In order to determine the optimum ratio of siRNA to the lipofection reagent INTERFERin U937 

cells were treated with the fluorescent transfection indicator siGLO complexed with INTERFERin at  
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Figure 45 Optimisation of Transfection of U937 Cells with siGLO 

Forward and side scatter dot plot showing gating of untreated control U937 cells (A). 

Histograms showing fluorescence intensity of U937 cells treated with 20 nM (B) or 50 

20 nM siGLO 50 nM siGLO 

1:50 INTERFERin 

1:25 INTERFERin 

No INTERFERin 

A 

B C 

D 
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nM (C) of siGLO in the absence or presence of INTERFERin at a ratio of 1:50 or 1:25 as 

measured by flow cytometry. Histograms showing untreated control cells are shown 

for comparison. Cells in B and C fell within the gating defined in A. (D) Confocal 

microscopy images showing U937 cells treated with 20 nM or 50 nM of siGLO in the 

absence or presence of INTERFERin at a ratio of 1:50 or 1:25. Images show brightfield 

images with siGLO shown in green. 

a ratio of 1:50 and 1:25. After 24 hours, flow cytometric measurement of cell fluorescence by flow 

cytometry of cells treated with siGLO alone showed an increase in mean fluorescence compared 

to untreated control cells (Figure 44B & C). Increased fluorescence was recorded in cells treated 

with siGLO and INTERFERin when compared to those treated with siGLO alone. This increase in 

fluorescence was dependent on the ratio of INTERFERin to siGLO used.  

Confocal microscopic imaging of U937 cells treated with siGLO in the absence of INTERFERin 

showed no fluorescent signal. In cells treated with siGLO complexed with INTERFERin 

fluorescence was observed in extracellular clumps with intracellular fluorescence only observed in 

a small number of cells treated with 50 nM siGLO and a 1:25 ratio of INTERFERin. These results 

indicate that transfection of U937 cells with siGLO by INTERFERin was unsuccessful 

A.3.2 Knockdown of Cyclophilin B by siRNA 

Transfections of U937 cells with a pool of siRNA targeting the housekeeping protein cyclophilin B 

were performed. After 72 hours, no reduction in the cyclophilin B levels of cell lysate was 

measured by western blot (Figure 45) confirming that knockdown of this protein was not 

successful. 

 

Figure 46 Western Blot Showing Cyclophilin B 

Western blot probed with antibody targeting the 21kDa housekeeping protein 

cyclophilin B.  Bands shown fall between 20 and 25kDa and represent protein 

extractions from untreated control U937 cells (A), cells treated with non-targeting 

siRNA (B) and cells treated with siRNA targeting cyclophilin B (C). 
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Appendix B Semi-Quantitative Analysis of Confocal 

Microscopy 

B.1 Introduction 

In section 4.2.4.2 it was shown that confocal microscopy could be used to record the 

endolysosomal escape of SAP-AF and OKSAP-AF into the cytosol. In order to better investigate the 

effect of SA on this endolysosomal escape, an attempt was made to perform a semi-quantitative 

analysis of these images by determining the average area of Alexa Fluor 488 (AF488) fluorescence 

per cell. As the labelled toxin escapes into the cytosol, the area of the cell that which exhibits 

fluorescence will increase.  

This process was partially automated using the FIJI distribution of ImageJ[369] in order to extract 

data from all of the approximately 300 to 500 cells within a cell field image. First the number of 

cells in each field was estimated by determining the total area of fluorescence corresponding to 

the nuclear stain Hoechst 33342 and dividing this by the average area of a nucleus which was 

calculated manually from the average of ten nuclei in each image. The area of Alexa Fluor 488 

fluorescence was then determined. In order to differentiate between background fluorescence, 

cytosolic fluorescence and intravesicular fluorescence, a threshold gate was determined based on 

fluorescence intensity. This excluded the lower intensity background and the high intensity 

intravesicular fluorescence. Exclusion of vesicular fluorescence was necessary to reduce the 

impact of variations in vesicular distribution upon the analysis. The calculated area of 

fluorescence was then divided by the number of cells to give an approximate area per cell.  

B.2 Methods 

Daudi cells were prepared for confocal microscopy and imaged as described in section 2.3.11. 

Images acquired at 0 and 24 h after the addition of SA were analysed as described here. 

To estimate the number of cells in each field the following work flow was applied: 

1. The .lif image files generated by the Leica TCS SP8 confocal microscope were imported 

into FIJI. 

2. Images were split into the three separate recorded channels (bright field, Hoechst and 

AF488) and the Hoechst 33342 channel was selected for further processing. 
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3. Each Z-stack of 21 planes was combined into a single maximum projection image. 

4. Ten cell nuclei, chosen at random were then drawn around free-hand by the user and the 

mean area of a nucleus was determined. 

5. To remove any background signal, the intensity of the image was reduced by 3, a value 

determined previously to be representative of background intensity. 

6. To compensate for the variable fluorescent intensity within the nucleus, images had a 

median filter applied, replacing each pixel with the median value in its 2x2 

neighbourhood. 

7. The total area of Hoechst 33342 fluorescence falling within an intensity threshold 

between 20 and 255 was calculated 

8. This area was divided by the previously estimated mean nuclear area to provide an 

estimated count of cells in the image. 

To estimate the total area occupied by cytosolic SAP-AF in each field the following work flow was 

applied: 

1. The .lif image files generated by the Leica TCS SP8 confocal microscope were imported 

into FIJI. 

2. Images were split into the three separate recorded channels and the AF488 channel was 

selected for further processing. 

3. Each Z-stack of 21 planes was combined into a single maximum projection image. 

4. The background AF488 signal was estimated by the user and this value was subtracted 

from the image. 

5. To differentiate between the high intensity signal of SAP-AF contained within the 

endolysosome and the low intensity signal of SAP-AF in the cytosol a threshold range was 

determined by the user to include cytosolic SAP-AF but exclude endolysosomal SAP-AF. 

6. The total area of AF488 signal within this threshold range was measured across the cell 

field. 

7. The total area of AF488 signal representing cytosolic SAP-AF was then divided by the 

estimated cell count to provide an approximate area of fluorescent signal per cell. 
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Thanks to Dr David Chatelet at the Biomedical Imaging Unit in Southampton General Hospital for 

his assistance in developing this method and his work creating a macro for FIJI to automate this 

analysis. 

B.3 Results 

Analysis of confocal microscopy images from several independent experiments showed an 

increase in the average area of cytosolic AF488 channel fluorescence per cell over 24 hours in 

both untreated Daudi cells and those treated with SA. Treatment of cells 5 µg/ml of SA increased 

the average area of cytosolic fluorescence after 24 hours compared to untreated control cells at 

the same time point. No increase in the area of cytosolic fluorescence was observed in cells 

treated with 1 µg/ml of SA compared to untreated control cells after 24 hours (Figure 46). 

 

Figure 47 Effect of SA on the Average Area of Cytosolic Fluorescence in SAP-AF Containing 

Daudi Cells 

Daudi cells preincubated with SAP-AF for 24 hours were treated with 1 or 5µg/ml of 

SA or mock treated with R10. Live cell confocal images taken after 0 and 24 hours. 

Images were analysed to determine the average area of cytosolic AF488 fluorescence 

per cell at each time point. An increased area of cytosolic fluorescence indicated 

increased escape of SAP-AF into the cytosol.   
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Appendix C  Comparison of the XTT Cytotoxicity Assay 

and PI Influx as Measures of Cell Viability 

C.1 Introduction 

The XTT cytotoxicity assay was used throughout this study to evaluate the effect of saporin and IT 

on cell viability and the augmentation of this effect by SA. As described in section 2.3.2 this assay 

assesses cellular metabolic activity as a measure of cell viability. Because reduced metabolic 

activity does not confirm cell death, an alternative measure of cell viability was tested to confirm 

these results. PI is a membrane impermeant fluorescent DNA/RNA binding stain that is generally 

excluded from viable cells but can penetrate the damaged membranes of non-viable cells. A 

comparison was made between the XTT assay and the internalisation of PI, as measured by flow 

cytometry, as assays to investigate the cytotoxicity of OKT10-SAP in the absence and presence of 

1 µg/ml of SA. 

C.2 Methods 

C.2.1 Investigation of OKT10-SAP Cytotoxicity by XTT Assay 

Daudi cells were plated in clear 96 well plates (Nunc) at a density of 50000 cells per well in phenol 

free R10. OKT10-SAP at varying concentrations between 1x10-7 M and 1x10-15 M was added to the 

wells in the presence or absence of 1 µg/ml SA. Each concentration of IT was tested in 

quadruplicate. Plates were incubated for 48h at 37oC before cytotoxicity was measured by XTT 

assay as described in section 2.3.2. 

C.2.2 Investigation of OKT10-SAP Cytotoxicity by PI Cell Permeabilisation Assay 

Daudi cells were plated in 24 well plates at 2.5x105 cells per cell. OKT10-SAP at varying 

concentrations between 1x10-7 M and 1x10-15 M was added to the wells in the presence or 

absence of 1 µg/ml SA. After incubation for 48h at 37oC, cells were extracted from wells and 

added to flow tubes. Samples were centrifuged at 470 g for 5 min, the supernatant was aspirated 

off and 200 µl 5 µg/ml PI in DMEM or DMEM with 10 mM EGTA was added.  Samples were read 

on a Cytoflex flow cytometer (Beckman Coulter) and results analysed with CytExpert software. 

Cells with a fluorescence on the PE filter (585/42 band pass) 2 logs greater than the mean 

fluorescence of control cells were considered permeabilised. The number of permeabilised cells 

was expressed as a percentage of total cells. 
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C.3 Results 

The cytotoxic effect of OKT10-SAP on Daudi cells was observed by both the XTT cytotoxicity assay 

and PI influx (Figure 47). Both of these assays were also able to show the augmentative effect of 

SA on OKT10-SAP cytotoxicity. However, there were differences between the levels of cytotoxicity 

recorded by each assay. By XTT assay an EC50 for OKT10-SAP alone was measured at 3x10-10 M and 

the addition of 1 µg/ml of SA reduced this EC50 to 4x10-13 M (Figure 47D). In comparison when the 

cytotoxicity of OKT10-SAP both alone and in the presence of 1 µg/ml of SA was measured by the 

PI membrane permeabilisation assay, an EC50 was not achieved (Figure 47A & B). At the highest 

concentration tested an average of 9.2% of cells were measured as being permeabilised. 

Treatment with both OKT10-SAP at 1x10-7 M and 1 µg/ml of SA increased the percentage of 

permeabilised cells to 48.5% (Figure 47C).  
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Figure 48 Comparison of XTT Cytotoxicity Assay and PI Membrane Permeabilisation Assay 

Histograms showing PE filter fluorescence in Daudi cells treated with a range of 

OKT10-SAP concentrations between 1x10-15 and 1x10-7 M both alone (A) and in the 

presence of 1 µg/ml of SA (B). Control cells, untreated with OKT10-SAP are shown for 

comparison. Gating for permeabilised cells was set at 2 logs above control cells. (C) 

Graph showing the percentage of permeabilised Daudi cells treated with OKT10-SAP 

or OKT10-SAP and 1 µg/ml of SA. Each bar is the mean of 2 independent experiments 

and the error bars one standard deviation either side of this mean. (D) Dose-

response curves determined by XTT assay for Daudi cells treated with OKT10-SAP in 

the absence (●) or presence (○) of 1 µg/ml of SA. Each datum point is the mean of 2 

independent experiments and the error bars one standard deviation either side of 

this mean. 
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