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Abstract 
 

DNA interstrand cross-linking (ICL) Pyrrolobenzodiazepine (PBD) dimers are being 

investigated clinically as warheads for antibody-drug conjugates (ADCs). 

Understanding their molecular mechanisms of action will help inform the clinical 

application and future development of this class of targeted anti-cancer agents. 

PBD dimer-containing ADCs, targeting CD19 or CD22, were investigated in vitro by 

comparing cell-surface receptor expression, binding and internalisation kinetics, ICL 

formation and how these correlated with growth inhibition and apoptosis. The effect 

of mouse strain immunodeficiency on antibody biodistribution and ADC efficacy was 

investigated using in vivo imaging, and the contribution of the tumour 

microenvironment on protease-cleavable ADC efficacy was explored by depletion of 

tumour-associated macrophages (TAMs), or replacing the cleavable linker. Cells 

with acquired resistance to PBD dimer or PBD dimer-delivering ADCs were 

generated using sub-lethal, pulsed treatments. The mechanisms of resistance were 

investigated by measuring DNA ICLs, transporter gene expression, and antibody 

internalisation. Combinations of ADC and conventional drugs were studied for 

cytotoxic synergy and effects on antigen expression and DNA ICL formation. 

The anti-CD19 ADC was more cytotoxic than the anti-CD22 ADC, and growth 

inhibition correlated with DNA ICL formation, but not cell surface target antigen 

expression. ADCs were sequestered in non-target organs in severely 

immunodeficient mouse strains, reducing in vivo efficacy. Target-independent 

interaction of protease-cleavable ADCs with TAMs in the tumour microenvironment 

contributed to the anti-tumour response. Specific ABC transporters were 

upregulated in all cell lines with acquired resistance to either ADC or PBD, while 

antigen expression and internalisation were unaffected. Inhibitors or siRNA 

knockdown of ABCC2 and ABCG2 were able to restore sensitivity. Combinations of 

ADC with chemotherapeutic drugs that increase target antigen expression or 

hypomethylate DNA were synergistic in vitro. 

These data include a number of potentially clinically relevant findings that could 

influence treatment strategy, as well as future ADC design and pre-clinical 

development. 
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Impact Statement 
 

The most recent statistics from the WHO reported an estimated 9.6 million cancer 

deaths in 2018, and global incidence and mortality continues to grow every year. 

Research into both the development of novel therapies and understanding how to 

best employ the latest generation of targeted treatments is therefore crucial. There 

are a number of ways in which the data presented in this thesis could have an 

impact both inside and beyond the academic research community. Firstly, data on 

the mechanism of action of ADCT-402 reported in this thesis has been published as 

part of a journal article in Blood describing the pre-clinical efficacy, 

pharmacokinetics and mechanism of action of ADCT-402 (Zammarchi et al., 2018). 

ADCT-402 is currently undergoing a pivotal phase II clinical trial, and advancing the 

understanding of the mechanism of action of this ADC could have translational 

clinical relevance in designing future therapeutic strategy, as well as contributing to 

the development of the next generation of PBD dimer and non-PBD dimer-based 

ADCs. 

 

The data presented in this thesis on the target-independent activity and interaction 

with the tumour microenvironment of ADCT-301 has also been submitted for 

publication in a peer-reviewed journal. This data is relevant to, and could have an 

impact in, the design of pre-clinical in vivo studies involving any therapeutic 

monoclonal antibody or conjugate, as well as gaining further insight into the in vivo 

mechanisms of target-independent ADC activity through Fc-receptor interactions, 

which is now understood to be important for the overall efficacy of an ADC clinically, 

but also implicated in off-target toxicities.  

 

Further data reported in this thesis on the acquired resistance to PBD dimer-

containing ADCs has been accepted for publication in a peer-reviewed journal. 

Acquired drug resistance is a problem for all chemotherapeutic drugs, and the 

mechanism of resistance to PBD dimer-based ADCs has not yet been well 

established. The implication of ABC transporters in the resistance to ADCT-301 in 

particular, which is in a pivotal phase II clinical trial, could be of vital translational 

relevance. If the overexpression of these transporter proteins is predictive of ADC 

response, this could be used as a biomarker for patient stratification, as well as 

designing combination therapies to overcome resistance. The overlapping 
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resistance phenotype with ADCT-502 in a solid tumour setting also suggests these 

findings could be relevant for all PBD dimer-based ADCs. 

 

Clinically approved ADCs are initially combined with existing therapeutic 

combination strategies, often in place of another drug with a similar mechanism of 

action or overlapping toxicities. The data presented in this thesis on the 

mechanisms of synergistic combinations with ADCT-301 could have an impact on 

therapeutic combination strategy with ADCT-301 or any CD25 targeting therapy in 

the clinic, as well as future combination strategies with any PBD dimer or DNA 

damaging drug-containing ADC. 
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Chapter 1. Introduction 
 

1.1. The concept and evolution of targeted cancer therapy 
Cancer is the second leading cause of death globally, with 18 million new cases 

diagnosed and over 9 million deaths in 2018 (Bray et al., 2018) (Figure 1.1). As the 

global population continues to grow, so does the incidence rate of metastatic 

disease, and while there may be a correlation with the advances of diagnostic 

methods of screening and detection and increased incidence rate, the number of 

cancer related deaths also continues to grow, with an especially high burden on low 

and middle income countries which contribute 70% of the total deaths, compounding 

the need for new and innovative means of cancer therapy (Bray et al., 2018). 

 

 

 

 
Figure 1.1. Estimated incidence of new cancer cases globally in both sexes and all ages in 2018. 
(Bray et al., 2018). 
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Increases in life expectancy in developed countries in the post-second World War 

era, due to advances in medical understanding and technology leading to great 

improvements in healthcare quality and availability has led to an increasingly ageing 

population. Along with lifestyle changes over time, this has led to an increase in 

age-related diseases like type 2 diabetes, cardiovascular disease and cancer, and 

combined with the improvements in early screening and detection this has seen the 

number of treatable cancer diagnoses increase dramatically (Bray et al., 2018). It is 

therefore crucial to have more specific and effective treatments for all different 

cancer indications.  

 

In the early 1900’s, the German chemist Paul Ehrlich was developing drugs to treat 

infectious diseases and cancer, and it was Ehrlich who first coined the term 

chemotherapy for the approach of using chemicals to treat disease (Ehrlich, 1913). 

Despite Ehrlich and others developing potential chemotherapeutic drugs, first line 

approach to cancer treatment remained essentially the same until the 1960’s, and in 

many cases still today; surgery if possible, to remove the main tumour mass, 

followed by radiation or subsequent chemotherapy (Sliwkowski and Mellman, 2013). 

The initial problem for drug development was the ability to test new drugs in relevant 

models with translationally predictive power, until the first transplantable models of 

human cancers were developed in mice in the early 1910’s, which allowed 

standardisation of models across the world and the ability to screen more potential 

agents quickly and efficiently (DeVita and Chu, 2008).  

 

Traditional chemotherapy employs one or more highly potent molecules in an 

essentially non-specific approach, but often inherently targets cancer cells by 

favouring any cells that are rapidly dividing or in a local area of exposure. Two of the 

first chemotherapy breakthroughs came after the second World War, where two 

different types of molecule were shown to give similar depletion of the cells in the 

lymph nodes and bone marrow – nitrogen mustards and folate antagonists. Nitrogen 

mustards are DNA alkylating agents and derivatives of the chemical weapon sulphur 

mustard. They were developed in the United States during the early 1940’s, based 

on the evidence that soldiers exposed to sulphur mustard (mustard gas) had 

markedly depleted lymphatic cell populations, and when investigated in models of 

lymphoid tumours in mice and non-Hodgkin Lymphoma (NHL) patients showed 

remarkable tumour regressions (Gilman, 1946). Folic acid analogues were the result 

of nutritional research and led to the development of amethopterin, now known as 

methotrexate, which caused promising remissions in child leukaemia (Farber et al., 
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1948). Methotrexate is an anti-metabolite and inhibits the synthesis of nucleosides, 

and therefore DNA replication and RNA synthesis by competitively inhibiting the 

enzyme dihydrofolate reductase (Rajagopalan et al., 2002). 

 

While initially effective, these early drugs were limited, like many non-targeted 

chemotherapies, due to severe off-target toxicities, especially in rapidly dividing cells 

in the bone marrow, bowel, skin and hair. These dose-limiting toxicities (DLTs) often 

prevent the concentration of drug in the tumour reaching sufficient concentrations to 

eliminate the entire tumour population, allowing any remaining malignant cells time 

to recover and adapt, leading to relapse, tumour progression and metastasis. The 

first example of ‘targeted’ chemotherapy was in the mid 1950’s when Charles 

Heidelberger’s laboratory discovered that a mechanism of rat hepatoma metabolism 

was an increased uptake and catabolism of uracil relative to normal cells. His group 

subsequently developed the thymidine synthase inhibitor 5-fluorouracil (5-FU), 

which prevents thymidine synthesis during cell division (DeVita and Chu, 2008). 5-

FU was found to have activity against a broad range of solid tumours and is still 

used today in colorectal cancer. 5-FU is not targeted against a particular molecule, 

but rather a cellular process that selects for cancer cells over normal cells, and its 

success sparked increased interest in both chemotherapy and targeted therapy. 

 

Up to this point, the concept of chemotherapy was still fundamentally regarded as a 

poison, often doing more harm than good, and the concept of a cure was not highly 

regarded, as any responses that were seen had a duration measured at the most in 

months before relapse. In the 1960’s vinca alkaloids were the next breakthrough in 

the treatment of leukaemia and Hodgkin disease. These plant derived microtubule 

inhibitors such as vincristine and vinblastine work by binding to tubulin and blocking 

cell division by preventing spindle formation during mitosis (Strebhardt and Ullrich, 

2008).  

 

A major breakthrough for chemotherapy in solid tumours was the development of 

the platinum-based drug cis-diamminedichloroplatinum (cisplatin) for the treatment 

of testicular cancer, which triggers apoptosis in tumour cells by forming lethal DNA 

adducts that interrupt cell division (Reed, 1998). In 1974 cisplatin entered a clinical 

trial in combination with vinblastine and bleomycin (PVB) in patients with 

disseminated testicular cancer, and reported an astonishing 85% disease-free 

status (Einhorn and Donohue, 1977). Due to their broad-spectrum efficacy, platinum 

drugs are still used very effectively in the clinic today as part of first-line combination 
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therapy of a number of solid tumours including ovarian, lung, bladder and head and 

neck cancer (Ho et al., 2016). 

 

The discovery of new and effective chemotherapeutic drugs coincided with the 

pursuit of more aggressive combination chemotherapy strategies such as VAMP (a 

combination of vincristine, amethopterin, 6-mercaptopurine, and prednisone), 

MOMP (mechlorethamine with vincristine, methotrexate, and prednisone) and 

MOPP (MOMP with procarbazine instead of methotrexate), which transformed 

response rates in advanced, previously untreated Hodgkin disease from near zero 

to 80%, and complete remissions are achieved in some patients to this day 

(Strebhardt and Ullrich, 2008).  

 

The major breakthrough for targeted therapies came when it was discovered that 

many cancer cells expressed antigens and other markers on their cell surface that 

could be used to differentiate them from normal cells. These cell surface antigens, 

along with the discovery of oncogenes, tumour suppressors and pro-survival/anti-

apoptosis signalling pathways underpin the basis for almost all targeted 

chemotherapy today (Scott et al., 2012). The first genetic aberration found to be 

consistently connected with human cancer was the Philadelphia chromosome in 

1960.  

 

Over the next few decades, genetic research became better equipped to investigate 

these phenomena and it was shown that a translocation between chromosomes 9 

and 22 lead to the generation of the oncogenic fusion gene BCR-ABL (Chin and 

Gray, 2008). As a result of this fusion, the non-membrane tyrosine kinase ABL is 

dysregulated and is the key transformation required to trigger chronic myeloid 

leukaemia (CML) (Chin and Gray, 2008). BCR-ABL has increased tyrosine kinase 

activity compared with the wild type protein which is responsible for the 

transformation of pre-leukemic cells by over-stimulating pro-survival and anti-

apoptotic pathways like RAS and STAT5 (Druker, 2008). Tyrosine kinases are some 

of the most ubiquitous protein kinases so the concept of tyrosine kinase inhibition to 

treat chronic myeloid leukaemia (CML) was met with much scepticism in the 1980’s 

and 1990’s, as people thought tyrosine kinase inhibitors (TKIs) would not be specific 

enough to be clinically useful (Druker, 2008).  

 

Imatinib was one of the first compounds to really influence a shift in opinion of the 

scientific community about the potential of targeted therapy in cancer, and this 
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specific ABL kinase inhibitor was able to induce durable cures in 90% of patients in 

the phase II trial (Stegmeier et al., 2010). Despite the undoubtably impressive initial 

response rates, a subset of patients would eventually relapse within the first few 

years, often due to secondary mutations in the BCR-ABL gene (Stegmeier et al., 

2010). Around 30% of patients who receive imatinib develop resistance after initial 

treatment, but development and approval of second and third-generation TKIs (eg. 

dasatinib, nilotinib, bosutinib, and ponatinib) led to a wider availability of therapeutic 

agents for second-line and third-line therapy (Rosti et al., 2016).  

 

The initial clinical success of imatinib had demonstrated the reliance of cancer cells 

on oncogenes and aberrant kinase activation, which paved the way for the 

development of TKIs for other commonly mutated oncogene targets outside of CML 

such as lapatinib for human epidermal growth factor 2 (HER2), erlotinib for 

epidermal growth factor receptor (EGFR) or sorafenib for BRAF (Stegmeier et al., 

2010). The major limitation to targeted therapy is the possibility of multiple 

mutations. The BCR-ABL mutation in CML and the c-KIT mutations in 

gastrointestinal stromal tumours (GISTs) are exceptions rather than the rule in that 

most cancers do not have a single mutation present in almost all patients (Arora and 

Scholar, 2005). Figure 1.2 shows a timeline of the major developments in the 

targeted therapy of oncology over about the last half century, and the development 

of monoclonal antibodies and immunoconjugates will be described in detail in the 

next sections. 
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Figure 1.2. Timeline of the key advances in targeted cancer therapy. 5-FU: 5-fluorouracil; CDR: 

complementarity determining region; mAb: monoclonal antibody; TKI: tyrosine kinase inhibitor; ADC: 
antibody-drug conjugate; RIC: radio-immunoconjugate; IO: immune oncology; IT: immunotoxin. 
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1.2. Monoclonal antibodies in oncology 
Targeted cancer therapies are classically split into two main categories, small 

molecule inhibitors that can cross cell membranes to access cytoplasmic targets, 

and recombinant proteins (mainly antibodies and their derivatives) that bind to, and 

modulate targets on the cell surface (Sliwkowski and Mellman, 2013). Much like with 

the TKIs previously discussed, for a long time there were serious doubts that 

antibodies would ever be successful clinically, due to the early clinical candidates 

being produced in rodents, and the immune response against the non-human 

protein sequence and other safety issues seriously limiting any therapeutic window 

(Nelson et al., 2010). Scalable production methods were also an initial problem for 

therapeutic monoclonal antibody (TMA) development, but the advent of hybridoma 

technology by Kohler and Milstein in 1975, allowed for mass production of 

antibodies in sufficient quantities for clinical trials (Castelli et al., 2019). The first 

TMA to receive approval from the Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA) was muromonab-CD3 in 1986, a hybridoma 

derived murine antibody designed to prevent renal transplant rejection (Weiner, 

2006). Serious side effects including cytokine release syndrome and anaphylactic 

reactions were associated with these early trials, and made clear the need to 

engineer these antibodies to avoid activating the patient’s immune system in 

response to therapeutic antibody treatment. 

 

Over the next decade, DNA recombination technology allowed the replacement of 

large parts of the murine antibody backbone with human sequence to generate first 

chimeric (mouse/human), then humanised antibodies. Chimeric antibodies are 

constructed by replacing the constant regions of the mouse antibody with those of 

human genetic background (Yamashita et al., 2007). The first FDA approved TMA 

for cancer treatment was the chimeric anti-CD22 monoclonal antibody (mAb) 

rituximab in 1997 for the treatment of NHL, which produced far fewer anti-antibody 

responses, however the remaining murine sequence in the variable region can still 

trigger adverse effects (Weiner, 2006). To further reduce the immunogenicity of the 

TMA,  humanisation of the mouse-derived variable region was developed by 

transferring the complementarity determining region (CDR), which contains the six 

antigen binding loops, from the mouse antibody to a human IgG. CDR grafting 

reduces the non-human content in the TMA sequence from around 30% in a 

chimeric antibody to 5-10% in a humanised antibody, further improving the 

tolerability of these molecules (Yamashita et al., 2007). Trastuzumab was the first 
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humanised TMA approved for cancer therapy in 1998, and is still widely used for the 

treatment of HER2 positive breast cancer (Sliwkowski and Mellman, 2013). 

 

To completely avoid non-human protein sequences in TMAs, researchers have 

developed a number of ways of producing fully human derived antibodies such as 

phage display or transgenic mouse models. Phage, and more recently yeast and 

ribosome display, in combination with PCR-based cloning of antigen repertoires, 

can be used to screen for and select antigen-specific variable region genes with any 

desired affinity, in a method loosely mimicking the in vivo antibody selection process 

by the immune system (Hoogenboom, 2005). In theory, individual clones of a 

recombinant single-chain Fv (scFv) or Fab library can be directly screened for 

antigen binding, for example, using binding assays based on ELISA or filter-based 

screening (Hoogenboom, 2005). Transgenic mice developed to express human 

antibody repertoires have also been developed with great success, producing high-

affinity human sequence antibodies against a wide array of targets with low 

immunogenicity (Lonberg, 2005). Today almost all new clinical candidate mAbs are 

either humanised or fully human produced by transgenic mice or CDR grafting. A list 

of all currently FDA licenced TMAs for oncology treatment is detailed in Table 1.1. 
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Table 1.1. FDA approved therapeutic monoclonal antibodies in oncology 

 

Antibody Name Isotype 
Target 

Antigen 
Approved Indications 

FDA 
Approval 

Year 

Rituximab Chimeric, IgG1 CD20 B NHL, CLL 1997 

Trastuzumab Humanised, IgG1 HER2/neu Breast cancer 1998 

Cetuximab Chimeric, IgG1 EGFR mCRC, SCCHN 2004 

Bevacizumab Humanised, IgG1 VEGF-A mCRC, NSCLC, Renal cancer 2004 

Panitumumab Human, IgG2 EGFR KRAS wt CRC 2006 

Ofatumumab Human, IgG1 CD20 B CLL 2009 

Ipilimumab Human, IgG1 CTLA-4 Melanoma, RCC 2011 

Pertuzumab Humanised, IgG1 HER2 Breast cancer 2012 

Obinutuzumab Humanised, IgG1 CD20 B CLL, FL, C/SLL 2013 

Blinatumomab Murine, IgG1 CD19/CD3 ALL 2014 

Nivolumab Human, IgG4 PD-1 Melanoma, NSCLC, RCC, cHL, HNC 2014 

Pembrolizumab Humanised, IgG4 PD-1 Melanoma, NSCLC, HNC, cHL, SC 2014 

Ramucirumab Human, IgG1 VEGFR2 
Gastric adenocarcinoma, NSCLC, 

mCRC, HCC 
2014 

Siltuximab Chimeric, IgG1 IL-6 iMCD, mRCC 2014 

Daratumumab Human, IgG1 CD38 Multiple myeloma 2015 

Dinutuximab Chimeric, IgG1 GD2 paediatric neuroblastoma 2015 

Elotuzumab Humanised, IgG1 SLAMF7 Multiple myeloma 2015 

Necitumumab Human, IgG1 EGFR NSCLC 2015 

Olaratumab Human, IgG1 PDGFRα Soft tissue sarcoma 2016 

Atezolizumab Humanised, IgG1 PD-L1 Bladder, SCLC, TNBC 2016 

Avelumab Human, IgG1 PD-L1 
NSCLC, Gastric cancer, Merkel-cell 

carcinoma 
2017 

Durvalumab Human, IgG1 PD-L1 NSCLC 2017 

Cemiplimab Human, IgG1 PD-1 CSCC 2018 

Isatuximab Chimeric, IgG1 CD38 Multiple myeloma 2020 

 
B NHL: B-cell non-Hodgkin lymphoma; CLL: chronic lymphocytic leukaemia; mCRC: metastatic colorectal cancer; 

NSCLC: non-small cell lung carcinoma; SCCHN: squamous cell cancers of the head and neck; RCC: renal cell 

carcinoma; ATCLL: adult T-cell lymphoma/leukaemia; CTCL: cutaneous T-cell lymphoma; FL: follicular lymphoma; 

SLL: small lymphocytic leukaemia; ALL: acute lymphoblastic leukaemia; cHL: classical Hodgkin lymphoma; SC: 

squamous carcinoma; HCC: hepatocellular carcinoma; iMCD: idiopathic multicentric Castleman disease; TNBC: 

triple negative breast cancer; HER2: human epidermal growth factor 2; VEGFR: vascular endothelial growth factor 

receptor; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; PD-1: programmed cell death protein1; IL-6: 

Interleukin-6; GD2: ganglioside G2; PDL-1: programmed cell death ligand 1. 
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TMA therapy for cancer has become established over the past 20 years and is now 

one of the most successful and important strategies for treating patients with 

haematological malignancies and solid tumours (Scott et al., 2012). Antibodies are 

large heterodimeric proteins, and in humans are classified into five main isotypes 

(classes); IgA, IgD, IgE, IgG, and IgM, differentiated by the sequence and number of 

constant domains, hinge region and valency of the mAb. IgG is the most abundant 

isotype in human serum, with a molecular weight of around 150 kDa, that consists of 

two light chain domains and two heavy chain domains held together by disulphide 

bonds, forming a Y-shaped structure (Figure 1.3) (Castelli et al., 2019). IgG can be 

further divided into subclasses, and in humans IgG consists of 4 subclasses; IgG1, 

IgG2, IgG3, and IgG4, which differ mainly in the hinge-region and degree of 

immunogenicity. IgG1 is the subclass most commonly in oncology due to its 

prolonged circulating half-life, relative ease of production and antibody-dependent 

cellular cytotoxicity (ADCC) capability (Castelli et al., 2019). 

 

The mechanism and efficacy of tumour cell killing by TMAs is dependent on the 

isotype of the antibody being used, the function of the antigen to which it is targeted, 

and the immunogenicity of the tumour. Antibodies are dual function proteins, 

containing an antigen-binding fragment (Fab) consisting of heavy and light variable 

chains and containing the CDR region (Figure 1.3). The Fab binds to the cell 

surface antigen and can activate or inhibit the specific receptors function, while the 

constant region (Fc) interacts with effector cells of the immune system by binding to 

Fc gamma receptors (FcγR), initiating complement-dependent cytotoxicity (CDC) or 

ADCC (Castelli et al., 2019). 
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Figure 1.3. Molecular schematic of a full-length antibody. VL: Light chain variable region; CL: Light 

chain constant region; VH: Heavy chain variable region; CH: Heavy chain constant region; Fab: 

Antigen binding fragment; Fc: Antibody constant fragment; CDR: Complementarity determining region. 

 

 

 

There are a number of ways that a TMA can elicit direct tumour cell killing (Figure 

1.4A), the first to be exploited clinically was programmed cell death induction by 

rituximab in CD20 NHL cells. When rituximab binds to CD20, it results in moderate 

and sustained phosphorylation of MAPKs and triggers caspase-3 dependent 

apoptosis pathways, which is increased if multiple surface bound Abs are cross-

linked to create homodimers (Jazirehi and Bonavida, 2005). This pro-apoptotic 

signalling effect is often modest however, and so the tumour killing relies on this as 

well as the secondary immune mediated effect, or combination with chemotherapy 

(Jazirehi and Bonavida, 2005). Binding to, and subsequently inhibiting a receptor 

with pro-survival or proliferative function such as members of the ErbB family of  
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receptors, including EGFR and HER2 is another mechanism of direct cell killing. 

TMAs can block these receptors, in turn blocking ligand binding/signalling, which 

can decrease growth rate, induce apoptosis and sensitize tumours to chemotherapy 

(Castelli et al., 2019). An example of this therapeutic approach is the blockade of 

HER2 receptor by trastuzumab and pertuzumab used for the treatment of HER2-

positive breast cancer. HER2 is overexpressed in 30% of invasive breast cancers 

and trastuzumab inhibits receptor dimerization and internalization, leading to 

endocytic destruction of the receptor and immune activation (Weiner et al., 2010). 

 

 

 

 
Figure 1.4. The mechanisms of tumour cell killing by monoclonal antibodies. A. Direct tumour 

cell killing by stimulation of pro-apoptotic pathways or inhibition of survival pathways. B. Immune-

mediated tumour cell killing by Fc receptor mediated phagocytosis (ADCP) by macrophages, 
complement dependent cytotoxicity (CDC), antibody dependent cellular cytotoxicity (ADCC) by Fc 

cross-linking with granzyme excreting natural killer (NK) cells, or cross-presentation and cytotoxic T-

cell activation by antigen presenting cells. C. Vascular and stromal cell ablation by direct cell killing 

pathways to eliminate heterogeneous solid tumours.  
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Although trastuzumab and rituximab have been shown to have direct cell killing 

effects, the amount to which this contributes to the tumour ablation effect of TMA 

therapy is thought to be secondary to the effector immune cell activation by IgG1 

subtype specific FcγR binding (Weiner et al., 2010). FcγRIIIa is highly expressed on 

natural killer (NK) cells and is responsible for ADCC. Through this mechanism, NK 

cells are directed to antibody-bound to target cells, which they kill through delivery of 

cytotoxic granules causing cell lysis (Goulet and Atkins, 2020). Myeloid cells such 

as macrophages, monocytes, and dendritic cells (DCs) express FcγRI and FcγRIIa. 

These two receptors are involved in antibody-dependent cellular phagocytosis 

(ADCP), another immune mechanism for disposal of tumours or infected cells 

(Goulet and Atkins, 2020) (Figure 1.4B). 

 

CDC is a process whereby a cascade of different complement proteins become 

activated starting with C1q, triggered when several IgGs are in close proximity to 

each other on the cell surface, either directly causing cell lysis, or indirectly 

attracting other immune cells to this location for effector cell function (Sharkey and 

Goldenberg, 2006). Following tumour cell lysis, antigen-presenting cells can present 

tumour-derived peptides on major histocompatibility complex (MHC) class II 

molecules and promote CD4+ T cell activation (Figure 1.4B). Additionally, in a 

process known as cross-presentation, tumour-derived peptides can be presented on 

MHC class I molecules, resulting in activation of CD8+ cytotoxic T cells (Weiner et 

al., 2010). 

 

Another targeting strategy that has proved very successful in solid tumour TMA 

therapy is targeting growth factors expressed on cells in the tumour supporting 

microenvironment, such as factors promoting angiogenesis (Figure 1.4C). Many 

solid tumours express vascular endothelial growth factors (VEGFs), which bind to 

receptors on the vascular endothelium to stimulate angiogenesis (Weiner et al., 

2010). Bevacizumab is a VEGFA-specific humanized monoclonal antibody which 

blocks binding of VEGF to its receptor and is approved for the treatment of breast, 

colorectal and non-small-cell lung cancer in combination with cytotoxic 

chemotherapy (Ellis and Hicklin, 2008). 

 

Arguably the biggest breakthrough in targeted cancer therapy in the last decade is 

the development of immunotherapy, and the concept that the patient’s immune 

system can be harnessed to generate anti-tumour responses. The concept is not a 

new one, but very little progress was seen in the field for many years due to the lack 
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of understanding of how the tumour cells manipulate the microenvironment to 

supress the immune response generated by the mutant proteins they express 

(Sliwkowski and Mellman, 2013). The major mechanisms by which tumours evade 

destruction by the immune system include downregulation of components of antigen 

presentation machinery; recruitment of suppressor immune cells, such as regulatory 

T-cells (T-regs), recruiting immune suppressive tumour-associated macrophages 

(TAMs); production of soluble ligands associated with immunosuppression, such as 

transforming growth factor beta (TGF-β) and interleukin-10 (IL-10); and upregulation 

of ligands for co-inhibitory receptors that downmodulate tumour infiltrating 

lymphocyte (TIL) activity, such as programmed death ligand-1 (PD-L1) (Yang, 

2015). 

 

It was discovered that T-cell receptor engagement with a cancer cell antigen 

presented by a MHC molecule is not sufficient for T-cell activation (Leach et al., 

1996). The most important costimulatory signal is the interaction of CD28 on T cells 

with its primary ligands B7-1 (CD80) and B7-2 (CD86) on the surface of antigen-

presenting cells (APCs). Expression of B7 costimulatory molecules is limited to 

specialized APCs (Leach et al., 1996). Cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) is a homolog of CD28 and binds to B7-1 and 2 with a much higher affinity 

than CD28 blocking T-cell activation and proliferation also expressed on the surface 

of T-cells (Figure 1.5). CTLA-4 blockade with antibodies restores the T-cell function 

to kill tumour cells by inhibiting T-regs and driving effector T-cell activation (Castelli 

et al., 2019). Ipilimumab, an anti-CTLA-4 mAb, was approved for advanced 

melanoma in 2011, and acted as proof of concept for immune checkpoint inhibition 

as a viable strategy for cancer therapy (Robert et al., 2011). 

 

Following closely behind the success of ipilimumab were mAbs that inhibit the 

interaction of programmed death receptor 1 (PD-1), another negative regulator of T-

cells, with its ligand PD-L1 (Sliwkowski and Mellman, 2013). The receptor-ligand 

complex PD-1/PD-L1 negatively regulates T cell-mediated immune responses and 

can be used by tumours as a mechanism of evasion of antigen-specific T-cell 

responses (Castelli et al., 2019) Nivolumab was the first TMA clinically approved in 

2014 to target the PD-1/PDL-1 axis (Ansell et al., 2015), and there are now seven 

FDA approved antibodies targeting either CLTA-4, PD1 or PDL-1, used to target a 

variety of mostly solid tumour malignancies. 
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Figure 1.5. Mechanism of action of immune checkpoint inhibitor antibodies. A. CTLA-4 

competitively binds with CD80/CD86 and inhibits T-cell activation, while an anti-CTLA-1 mAb blocks 
CTLA-4 binding, releasing the inhibition and activating the T-cells. B. PD-1 is a negative regulator of T-

cell activation and is upregulated in tumour cells in response to interferon gamma (IFN-γ), but can be 

blocked by anti-PD-1 or PDL-1 mAbs to activate the cytotoxic T-cells. 

 

 

 

The high affinity and selectivity of antibodies means they are less likely to have 

target-independent adverse effects than small molecule targeted therapies and 

especially non-targeted chemotherapy. Furthermore, the technology is now 

available to generate very high affinity bivalent, multivalent, and Fc receptor-

engineered variants (Ovacik and Lin, 2018). TMAs can be engineered to have dual 

targeting efficacy and improve their therapeutic potential by enhancing Fc-effector 
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function and improving potency, including ADCC and CDC (Castelli et al., 2019). 

For example, obinutuzumab is an anti-CD20 TMA with enhanced FcγR binding 

affinity and increased potency compared to the first-generation anti-CD20 TMA 

rituximab (Ovacik and Lin, 2018). 

 

Naturally occurring antibodies are multivalent but monospecific, with identical 

variable binding regions targeting the same antigen. Advances in antibody 

engineering and recombination technologies have fuelled development of 

rearranged antibody constructs with multiple specificities and containing a variety of 

heavy and light-chain component combinations (Suurs et al., 2019). Bispecific 

antibodies (BsAbs) are TMAs that are engineered to recognise two different targets, 

and therefore, enables novel mechanisms of action such as improved immune 

engagement, multiplexed signalling disruption or delivering lethal payloads 

(Brinkmann and Kontermann, 2017). Many bsAb formats have been investigated 

pre-clinically, and are characterised based on the presence or absence of an Fc-

region (fragment-based), and the symmetric or asymmetric architecture of Fc-

bearing bsAbs (Labrijn et al., 2019). Biparatopic bsAbs, instead of targeting two 

different proteins, are designed to target non-overlapping epitopes on the same 

antigen, for example, combining the Fv-regions of two mAbs that bind to two 

epitopes of HER2, inducing receptor clustering and internalisation (Li et al., 2016b). 

 

Two BsAbs have received FDA approval for the treatment of cancer, firstly 

catumaxomab in 2009, targeting EpCAM/CD3 (subsequently withdrawn from the 

market in 2017), and blinatumomab, targeting CD19/CD3 (Suurs et al., 2019). 

Blinatumomab, a bispecific T-cell engager (BiTE), consists of two scFvs, linked by a 

short protein tether, one targeting CD19 on B-cell tumours and the other targeting 

the CD3 receptor (activates cytotoxic T-lymphocytes). This leads to the 

convergence and activation of T-cells with tumour cells, promoting tumour cell 

destruction by CD3+ T-cells (Sedykh et al., 2018). Blinatumomab was approved for 

treatment of NHL in 2014 (Topp et al., 2014), and sparked an influx of bsAb interest 

and development, but this has not yet been followed by further clinical approvals. 

Many of the advantages of BsAbs (increased tumour penetration, specificity or 

immune activation), are counterbalanced by drawbacks (poor half-life and severe 

cytokine-mediated toxicity), and so further clinical development is required to find a 

therapeutic window for this mechanistically interesting group of antibodies. 
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Antibody fragments have also been employed as the targeting moiety of genetically 

engineered autologous T-cells to make chimeric antigen receptor (CAR) T-cells. 

CARs consist of an extracellular antigen-recognition domain, which is often an 

antibody scFv, but can also be a peptide or another mAb fragment, linked to an 

intracellular signalling domain, usually the CD3 signalling fragment as well as co-

stimulatory domains like CD28 (Jackson et al., 2016). Breakthrough clinical success 

with CAR T-therapies was achieved in patients with CD19-positive haematological 

diseases, such as B-cell acute lymphoblastic leukaemia (ALL), chronic 

lymphoblastic lymphoma (CLL), follicular lymphoma (FL), diffuse large B-cell 

lymphoma (DLBCL), and mantle-cell lymphoma (MCL) (Jackson et al., 2016). An 

impressive 40 - 50% of patients were able to achieve complete responses and often 

long-term remission, leading to the 2017 FDA approval of tisagenlecleucel (Schuster 

et al., 2019) and axicabtagene ciloleucel (Neelapu et al., 2017) for the treatment of 

CD19-positive R/R ALL and DLBCL respectively.  

 

As long-term follow-up data from more patients has become available, it is now 

clear that 30 - 50% of patients eventually relapse (Shah and Fry, 2019), therefore, 

understanding the limitations of CAR T duration of response are crucial. The pivotal 

factors influencing the strength and durability of response appear to be the ability for 

the CAR T-cells to expand after patient transfer, and tumour intrinsic factors such as 

propensity for antigen loss or inherent sensitivity to immune intervention (Majzner 

and Mackall, 2019). Progress in solid tumours has also been limited, partly due to 

poor objective responses seen clinically, as well as the worry that normal tissue 

antigen expression will induce target-related toxicities, in a treatment which is 

already associated with a number of potentially severe adverse events (Shah and 

Fry, 2019). CAR T-cells are evidently a promising new technology, and the field is 

already developing new strategies to improve the next generation of CAR-Ts, such 

as multi-specific CARs (CD19/CD22), enhanced co-stimulation (4-1BB), or the 

inclusion of chemokine receptors (CCR4) (Rafiq et al., 2019). 

 

There are multiple mechanisms by which TMA treatment of tumours may not 

achieve an effective therapeutic effect. These include the heterogeneity of target 

antigen expression in the tumour, either initially or developed during therapy, 

physical and PK properties of antibodies that prevent effective penetration into a 

tumour and intra-tumoral microenvironment such as vascularity and interstitial 

pressure (Nelson et al., 2010). Antibody dose and concentration in the tumour and 

possible receptor saturation kinetics can also affect therapeutic impact, as can 
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signalling pathway manipulation (which can lead to poor response to therapy and 

subsequent development of resistance), as well as immune escape through 

ineffective FcγR binding and immune suppression (Nelson et al., 2010). Although it 

is known that tumour expression of the target antigen or receptor is also crucial for 

antibody efficacy, heterogeneity in expression between primary and metastatic 

lesions, and between individual metastatic lesions, is common. Interestingly, 

although high receptor expression is known to be associated with response to 

trastuzumab, it is not necessarily predictive of response, and it can be 

downregulated as part of the development of resistance (Nahta and Esteva, 2006). 

Moreover, expression of EGFR in archived samples of colorectal cancer has not 

been shown to be predictive of response to cetuximab or panitumumab, indicating 

that target receptor expression is only one part of the complex interplay between 

binding of the antibody to the tumour and the therapeutic response (Nelson et al., 

2010). 

 

 

1.3. Immunoconjugates in cancer therapy 
The concept of drug delivery to tumours by conjugated, targeted delivery molecules 

is not a new one, and it was the father of chemotherapy Paul Ehrlich who first 

conceived of the idea that eradicating disease associated microbes or cancer cells 

without causing harm to the body itself, by specifically targeting them with what he 

termed a ‘magic bullet’ (Strebhardt and Ullrich, 2008). Immunoconjugates (ICs) are 

a classic example of what Ehrlich might have imagined when he described his 

magic bullet theory, utilising the targeting specificity of an antibody, and the potent 

cytotoxic potential of a drug or toxin. ICs are divided into three broad categories; 

radioimmunoconjugates (RICs), immunotoxins (ITs) and antibody-drug conjugates 

(ADCs).  

 

Early immunoconjugates were developed as long ago as the 1950s when 

pioneering studies showed radiolabelled ICs targeting normal tissue or at the time 

undefined tumour antigens could specifically localise in their respective target tissue 

compared to other tissues (Bale et al., 1960, Pressman and Korngold, 1953). The 

first clinical studies used affinity-purified 131I-labeled goat anti-CEA IgG, but the 

limitations of safety and immunogenicity arose due to the long half-life of the murine 

Ab backbone, which remained in the circulating blood for days after injection 

(Goldenberg and Sharkey, 2007). With the development of mAb engineering and 

advances in radiochemistry in the 1980s it was possible to develop RICs using 
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antibody fragments to help address some of the issues posed by using full-length 

mAbs to make RICs.  

 

The kinetics of RIC activity are very different to standard beam radiation therapy that 

delivers a high dose of radiation locally for a short period of time. RIC allows 

radionuclides to be delivered to tumours throughout the body. Tumour uptake of a 

RIC occurs gradually, taking 1 to 2 days before peak uptake is reached. Peak 

uptake is typically < 0.01% of the total injected dose per gram tumour (%ID/g), but 

the radioactivity localised in the tumour can remain present for a long period of time 

as determined by the half-life of the radionuclide (Sharkey and Goldenberg, 2006). 

This continuous low-rate exposure has shown to be effective at tumour eradication 

and in 2002 90Y-ibritumomab tiuxetan, an anti-CD20 RIC showed improved objective 

response rates as well as durable complete responses compared with the 

unlabelled anti-CD20 antibody used to deliver the radionuclide, and was given FDA 

approval for treatment of NHL (Witzig et al., 2002). 

 

The primary toxicity concern with RICs is that they remain in the blood for an 

extended period of time, which continually exposes the highly sensitive lymphoid 

tissues to radiation, resulting in dose-limiting myelosuppression (Sharkey and 

Goldenberg, 2006). Antibody fragments with altered pharmacokinetic properties are 

removed more rapidly from the blood, and in theory should improve tumour/blood 

ratios. There have been reports of improved therapeutic responses using smaller-

sized antibodies, but these smaller entities frequently are cleared from the blood by 

renal filtration, and as a result, radionuclides can become trapped in a higher 

concentration in the kidneys than in the tumour. As a result, the fraction of the 

injected activity delivered to the tumour is lower with an antibody fragment than with 

a full-length IgG (Sharkey and Goldenberg, 2006). 

 

The first immunotoxin (IT) studied was comprised of the diphtheria toxin (DT) 

conjugated to a polyclonal antibody in 1970. Since then, many different bacterial, 

fungal and plant toxins have been investigated, including ricin, pseudomonas 

exotoxin (PE) and saporin-S6 (Silverstein, 2004). The first targeted toxin approved 

by the FDA was denileukin diftitox for the treatment of cutaneous T-cell lymphoma in 

1999. Denileukin diftitox was genetically engineered as a single chimeric molecule 

of human interleukin 2 (IL-2) spliced to a truncated DT (Vallera and Kreitman, 2018). 

It was discontinued due to production and purification issues in 2014. Both DT and 

PE are related drugs with identical mechanisms of action: once internalised into the 
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target cell, both of these protein toxins catalyse ADP-ribosylation of a single amino 

acid on elongation factor 2 (a key protein involved in protein translation) (Wilson and 

Collier, 1992). This halts protein synthesis and triggers apoptosis of the target cell 

(Vallera and Kreitman, 2018). In 2018 the CD22 targeting scFv-PE IT 

moxetumomab pasudotox achieved 75% objective response rates in a pivotal trial of 

80 patients (NCT01829711) and was granted FDA approval for treatment of hairy-

cell leukaemia (HCL) (Kreitman et al., 2018). 

 

One of the biggest hurdles for ITs to overcome is immunogenicity of both the scFv 

backbone, which is often murine or chimeric, and the toxin molecule. Bacterial 

toxins are natural products, and as such they are highly immunogenic, which greatly 

limits their clinical effectiveness (Vallera and Kreitman, 2018). Modulation of the T- 

and B-cell binding epitopes of the toxin has been investigated, to try and prevent 

neutralising antibody production without affecting toxin efficacy (Pastan et al., 2006). 

Another major problem encountered in IT therapy is the associated damage to 

normal vascular endothelium, leading to vascular leak syndrome (VLS). The genetic 

engineering of toxins to delete the endothelial damaging motifs in the toxic structure 

is one potential method of reducing IT induced VLS (Silverstein, 2004). 

 

Currently, most of the energy in clinical development of ICs is concentrated on 

ADCs, as they are the modality which have seen the most clinical success over the 

last decade, and at the time of writing there are eight FDA approved ADCs, one 

FDA approved RIC and one IT. The details of these drugs are summarised in Table 

1.2. The ADCs will be discussed in more detail in the next section. 
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Table 1.2. Current FDA approved immunoconjugates for the treatment of oncology  

Immunoconjugate IC class 
Target 
antigen 

Drug 
Approved 

Indications 

FDA 
approval 

year 

Gemtuzumab 

ozogamicin 
ADC CD33 Calicheamicin AML 

(2000-

2010) 2017 

Ibritumomab 

tiuxetan 
RIC CD20 

Yttrium-90 or 

indium-111 
B NHL 2002 

Brentuximab 

vedotin 
ADC CD30 MMAE 

cHL, ALCL, 

CTCL 
2011 

Trastuzumab 

emtansine 
ADC HER2/neu DM1 

Breast 

cancer 
2012 

Inotuzumab 

ozogamicin 
ADC CD22 Calicheamicin ALL 2017 

Moxetumomab 
pasudotox 

IT CD22 Exotoxin A HCL 2018 

Polatuzumab 

vedotin 
ADC CD79b MMAE DLBCL 2019 

Enfortumab vedotin ADC Nectin-4 MMAE 
Urothelial 

cancer 
2019 

Trastuzumab 

deruxtecan 
ADC HER2 Dxd 

Breast 

cancer 
2019 

Sacituzumab 

govitecan 
ADC TROP-2 SN38 TNBC 2020 

 
IC; Immunoconjugate: ADC; antibody-drug conjugate; RIC: radioimmunoconjugate; IT: immunotoxin; 

AML: acute myeloid leukaemia; cHL: classic Hodgkin lymphoma; ALCL: anaplastic large cell 

lymphoma; CTCL: cutaneous T-cell lymphoma; ALL: acute lymphoblastic leukaemia; DLBCL: diffuse 
large B-cell lymphoma; B NHL: B-cell non-Hodgkin lymphoma; HCL: hairy-cell leukaemia; MMAE: 

monomethyl auristatin E; DM1: emtansine; Dxd: deruxtecan; TNBC: triple-negative breast cancer. 

 
 
 

1.4. Antibody-drug conjugates  
Almost half a century after Paul Ehrlich conceived the idea of targeted delivery of a 

cytotoxic molecule to treat disease, the first investigations into ADCs took place in 

the form of methotrexate conjugated to a leukaemia-targeting antibody in vitro 

(Mathe et al., 1958). It was clear at the time that chemotherapeutic agents such as 
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methotrexate, vinca alkaloids, nitrogen mustards and folate analogues, that affect 

both cancer cells and other dividing cells in the body, result in severely toxic side 

effects that greatly limit the administrable dose in some patients (Abdollahpour-

Alitappeh et al., 2019). The therapeutic index (TI) for these drugs is therefore small, 

and many attempts have been made to enhance the TI (maximum tolerated dose / 

minimum effective dose) of chemotherapy by reducing side effects. The first ADC 

clinical trial was carried out using a mouse anti-carcinoembryonic antigen (CEA) 

antibody conjugated to the vinca alkaloid vindesine in 1983 (Ford et al., 1983). The 

hypothesis was that with targeted delivery of vindesine to the tumours of patients 

with advanced carcinoma, improved toxicity profile would increase the maximum 

tolerated dose (MTD), and improved efficacy would reduce the minimal efficacious 

dose (MED), providing a wider therapeutic window. While these early compounds 

did show improved efficacy and less drug-related toxicities, patients would often 

develop anti-mouse antibody immune responses, limiting responses (Chari, 1998). 

 

First generation ADCs were made up of standard chemotherapy drugs conjugated 

to murine antibodies. KS1/4-methotrexate and BR96-DOX are two such early ADCs 

that were tested in an oncology setting. KS1/4 was conjugated to methotrexate 

through an amide bond and underwent a clinical trial for non-small cell lung cancer 

(NSCLC) (Elias et al., 1990). BR96 was conjugated to doxorubicin through an acid-

labile hydrazone bond and was evaluated in a clinical trial for metastatic breast 

cancer (Trail et al., 1993). The early clinical trials did not provide successful as 

these ADCs were only moderately potent, and often less so than their individual 

parent components (Chari, 1998).  

 

After initial excitement in pre-clinical development, the challenges to overcome in 

order to develop a successful clinical ADC started to become clear. The main 

reasons for the failure of early generation ADCs include; lack of drug potency, as 

circulating serum concentrations were below therapeutic range; target-antigen 

expression, which was often both too low on tumour cells and too high on normal 

cells to selectively deliver the drug molecules; ADC internalisation, which did not 

result in enough drug inside the target cells; tumour localisation, like TMAs less than 

0.1%ID/g in the tumour limited efficacy; linker stability, as linkers used were too 

stable, leading to poor efficacy, or too labile, leading to systemic drug release and 

off target toxicity (Abdollahpour-Alitappeh et al., 2019); and finally, immunogenicity 

of the murine and chimeric antibodies leading to anti-mouse antibodies preventing 

repeated treatment (Petersen et al., 1991). 
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Lessons learned from the first-generation of ADCs, along-side the strides forward in 

mAb technology, biochemical drug synthesis and linker chemistry have allowed the 

next generation of ADCs to address many of the problems inhibiting the efficacy of 

the first clinical ADCs. Gemtuzumab ozogamicin (GO) was the first ADC to receive 

FDA approval in 2000, which had reduced immunogenicity and improved circulating 

half-life, conjugated to the potent anti-tumour antibiotic calicheamicin in order to 

improve tumour killing efficacy (Sievers et al., 2001). Gemtuzumab ozogamicin was 

voluntarily withdrawn from the market in 2010 after a subsequent phase III study 

revealed a lack of clinical benefit and excess mortality (Petersdorf et al., 2013). 

However, GO was re-approved for the treatment of acute myeloid leukaemia (AML) 

in 2017 at a lower dose with an optimised  dosing schedule on the basis of data 

from an additional phase III study (Castaigne et al., 2012)). 

 

Advancements in the second-generation ADCs were reflected by three FDA-

approved ADCs, brentuximab vedotin (BV) in 2011, ado-trastuzumab emtansine 

(TDM-1) in 2014 and inotuzumab ozogamicin (INO) in 2017, that showed impressive 

clinical efficacy and tolerable safety (Beck et al., 2017). Nevertheless, many of this 

generation of ADCs were still affected by DLTs limiting the therapeutic window 

related to drug loading and off target toxicities (Donaghy, 2016). However, the proof 

of concept for the potential clinical success of ADCs was now clear, and in the past 

few years extensive research has been undertaken in the ADC field, to try and 

widen the therapeutic window and develop a broader target arsenal of ADCs, which 

are currently mostly confined to haematological and often overlapping targets 

(Diamantis and Banerji, 2016). 

 

An ADC consists of three components; a highly cytotoxic drug or ‘warhead’ often too 

cytotoxic to be given as a single agent; a synthetic linker that is designed to keep 

the drug covalently attached to the antibody while in circulation, then allow its 

release once internalised into the target cell; and the monoclonal antibody raised 

against a tumour cell surface antigen, to which you want to deliver the drug (Figure 

1.6). In the following section the factors affecting design of an ADC, and current 

trends and clinical successes surrounding these three basic building blocks will be 

discussed in more detail. 
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Figure 1.6. General structure of an antibody-drug conjugate. Basic ADC structure illustrating a full-

length IgG1 antibody (heavy chain: blue; light chain: green), drug molecule (yellow) and linker (purple).  

 

 

 

1.5. Target and antibody selection 
All three parts of an ADC, the antibody, linker and cytotoxic payload are important in 

designing a clinical ADC candidate, however, the selection of the target antigen is 

considered the most crucial factor in developing a successful molecule (Lambert 

and Berkenblit, 2018). The number of antigen molecules expressed on the tumour 

cell surface, their differential expression on the tumour cells compared with normal 

cells, the rate and mechanism of internalisation and route of intra-cellular trafficking 

and the ability of the target protein to elicit any intrinsic biological signalling function 

are all an influence in ADC design and efficacy (Lambert and Berkenblit, 2018). 
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The safety and efficacy of all therapeutic mAbs in oncology vary depending on the 

nature of the target antigen. Ideally, the target antigen should be abundant and 

accessible and should be expressed homogeneously, consistently and exclusively 

on the surface of cancer cells. Antigen ‘shedding’ into the circulation should be 

minimal, as secreted antigens can bind the antibody in the circulation and could 

prevent sufficient antibody from binding to the tumour (Scott et al., 2012). 

Unfortunately, there are very few tumour-specific antigens, which have no normal 

cell expression at all, but dedicated research is still discovering new tumour-

associated antigens, which have high expression on tumour cells, and limited 

expression on normal cells, or at least expression limited to one cell type (Beck et 

al., 2017). ADCs have been very effective in haematological settings targeting 

cluster of differentiation (CD) proteins which are not exclusive to transformed cells, 

but are often only expressed on cells of that lymphoid background, which can be 

replenished after ADC treatment, limiting wider target-dependent toxicities. 

 

Improving antibody homogeneity and reducing immunogenicity have been two of the 

greatest steps forward in the development of mAbs for ADC development in the last 

few decades. Many papers have been published on the structural characterisation 

of mAbs and ever improving analytical technology is used to design and produce 

fully human antibody candidates with suitable glycosylation profiles, 

pharmacokinetic (PK) and pharmacodynamic (PD) properties and modifiable 

effector functionality (Beck et al., 2017). Most currently approved ADCs have mAbs 

selected from three IgG isotypes, IgG1, 2 or 4, which vary by their heavy chain 

amino acid sequence. IgG3 mAbs are not used as they have a significantly faster 

clearance rate than the other IgG isotypes. IgG1 is the most commonly used 

isotype, for example trastuzumab is an IgG1 backbone in TDM-1, which has strong 

ADCC and CDC functionality, and has even been shown to retain phosphoinositide 

3-kinase (PI3K) pathway inhibition and direct cytotoxicity of the naked mAb (Junttila 

et al., 2010). On the other hand, ADCC functionality has been implicated as a cause 

of potential toxicity, and select IgG3 or 4 isotypes, for example, gemtuzumab in GO 

and inotuzumab in INO are both IgG4s (Beck et al., 2017). 

 

 

1.6. Drug warhead selection 
As previously mentioned, the first iterations of ADCs contained anti-mitotics or anti-

metabolites already approved for chemotherapy such as methotrexate and 

vindesine (Ford et al., 1983). These drugs failed in the clinic as they were not potent 
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enough cytotoxins to elicit a sustainable anti-tumour response (Polakis, 2016). Only 

a fraction of an ADC reaches the tumour from the blood, so there was a requirement 

for these early ADCs to have very high drug loading on the antibody in order to 

deliver enough drug to the tumour, however, these high DAR molecules had 

significantly altered PK/PD profiles, further reducing tumour targeting. Lessons were 

learned from these early human trials, and the requirement for significantly higher 

potency cytotoxic compounds was clear.  

 

While potent antitumor activity is essential for an ADC warhead, other factors should 

also be considered when selecting a drug for a new ADC. The physicochemical 

properties of the drug are important, as very hydrophobic agents can lead to low 

aqueous solubility, increased ADC aggregation, immunogenicity, or accelerated 

clearance (Beck et al., 2017). The hydrophobicity of some drugs limits the number 

of molecules that can be attached to the antibody before aggregation occurs. The 

warhead should also be easy to chemically attach to the linker and retain activity 

and stability after conjugation to the antibody. Finally, the chosen drug should 

preferably not be a substrate for efflux transporters such as multidrug resistance 

protein 1 (MDR1) as this would reduce their efficacy in pre-treated or relapsed and 

refractory tumours which can often overexpress MDR proteins (Goulet and Atkins, 

2020).  

 

 

1.6.1. Classic chemotherapy warheads 
Despite the advances in linker chemistry allowing more potent molecules to be 

conjugated to antibodies as warheads, classical chemotherapeutic agents continue 

to be popular as clinical ADC warhead candidates. Some advantages of doxorubicin 

or SN38 over a more potent warhead are related to the chemical properties of these 

molecules, with more available reactive groups to attach a linker they are easier to 

conjugate to mAbs, and are often more water soluble and therefore more stable. 

There is also widely available clinical safety and efficacy data available on drugs 

already licensed as single agents, so toxicity profiles are well understood and can 

be managed as part of ADC design (Govindan et al., 2009). 

 

SN-38, a topoisomerase I inhibitor, is a highly potent drug with activity in the low 

nanomolar range, and although it is too potent to be given in the active form, when 

administered as the prodrug irinotecan, it is indicated for the treatment of metastatic 

colorectal cancer (Sharkey et al., 2015). Only a small portion of irinotecan is 
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converted to SN-38, a process that occurs primarily in the liver, but also in the 

intestine and plasma, as well as in some tumours (Sharkey et al., 2015). SN38 

inhibits topoisomerase by stabilising the DNA-topoisomerase I complex causing 

single-strand DNA breaks. Sacituzumab govitecan, a tumour-associated calcium 

signal transducer 2 (TROP-2) targeted ADC delivering SN-38 was recently granted 

FDA approval based on the data from the ASCENT (NCT02574455) clinical trial in 

TNBC (Bardia et al., 2019). 

 

Doxorubicin was approved for clinical use as a single chemotherapeutic agent in 

1974, and has been used to treat both haematological and solid tumours. Like 

irinotecan, doxorubicin is a topoisomerase inhibitor, but it acts primarily through 

inhibition of topoisomerase II and DNA intercalation (Griffiths et al., 2003). One anti-

CD74 ADC milatuzumab-doxorubicin has been tested clinically with evidence of 

activity, but did not reach the survival advantage necessary to gain market approval 

from a phase II trial in CLL and NHL (Griffiths et al., 2003).  

 

Despite the continued interest in standard chemotherapeutics, and especially 

anthracyclines as ADC warheads, the limitations of these molecules have meant 

that they have so far still fallen short of proving clinically useful. Due to the lower 

potency of SN38, doxorubicin and their analogues, high drug loading of 7-8 

molecules per mAb is necessary to elicit a strong enough anti-tumour effect, which 

has a negative impact on solubility and homogeneity, and therefore toxicity and PK 

(Sapra et al., 2005). 

 

 

1.6.2. Auristatins 
Most of the ADCs currently in the clinic can be divided up by the warhead they 

deliver into those that inhibit tubulin, those that interact with DNA, or other 

molecules that affect cellular enzymes or organelles. By far the biggest group of 

ADCs in clinical trials are those based on monomethyl auristatin E (MMAE, Figure 

1.7) and F (MMAF), both of which are synthetic analogues of dolastatin-10, a 

naturally occurring anti-mitotic drug comprised of a peptide of four amino acids 

capped with a C-terminal nor-ephedrine or phenylalanine respectively (Polakis, 

2016). Auristatins disrupt microtubules by binding to β-tubulin, causing dynamic 

instability of microtubule assembly during mitosis, inhibiting tubulin-dependent GTP 

hydrolysis resulting in G2/M phase cell cycle arrest and apoptosis (Jordan and 

Wilson, 2004). The auristatins are several orders of magnitude more potent than 
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taxanes or alkaloids that also bind to tubulin, and along with their good solubility and 

secondary amine amenable to chemical derivatisation with a linker makes them a 

good candidate for an ADC warhead (Polakis, 2016).  

 

The potency, stability and ease of conjugation of these molecules eventually led to 

the success of MMAE as an ADC warhead with the FDA approval of the anti-CD30 

ADC brentuximab vedotin in 2011 (Senter and Sievers, 2012). The proof of concept 

for MMAE as an ADC warhead has motivated hundreds of subsequent clinical trials 

of ADCs utilising MMAE, and in 2019 two more ADCs gained FDA approval, 

polatuzumab vedotin for treatment of CD79b positive DLBCL (Deeks, 2019), and 

enfortumab vedotin for urothelial carcinoma (Rosenberg et al., 2019). 

 

MMAF is another dolastatin-10 analogue that is less membrane permeable, and is 

at least 100-fold less potent than MMAE in vitro (Lambert and Berkenblit, 2018). 

However, MMAF-containing ADCs have shown similar potency to MMAE in side-by-

side in vivo studies and the hypothesis is that the bystander effect caused by the 

membrane permeable MMAE is a cause of DLTs that could be eradicated by using 

MMAF (Lambert and Berkenblit, 2018). MMAF has been used in clinical ADCs 

targeting solid and haematological tumours and depatuxizumab mafodotin, an anti-

EGFR ADC was granted Rare Disease Designation by the FDA for treatment of 

glioblastoma patients, however the trail was halted in 2019 due to toxicities (Yu and 

Liu, 2019). 

 

 

1.6.3. Maytansinoids 
Like the Auristatins, Maytansinoids bind to tubulin although through a different 

epitope, destabilising microtubule polymerisation and causing apoptosis by G2/M 

phase cell cycle arrest (Polakis, 2016). Maytansine was evaluated clinically as a 

single agent in the 1980s but there was no therapeutic window to give a tumour 

regressive dose. Two maytansine derivatives, emtansine (DM1) and ravtansine 

(DM4) were developed with improved tubulin binding and utilised for conjugation to 

antibodies. Although the active metabolites of DM1 and DM4 showed very similar 

tubulin binding capability in vitro it is DM1 (Figure 1.7) that has shown much more 

clinical success and ado-trastuzumab emtansine was approved by the FDA for 

treatment of breast cancer in 2013 (Beck et al., 2017). Anetumab ravtansine is a 

mesothelin targeted ADC in phase II clinical trials in solids tumours and reporting 

positive anti-tumour responses (Chalouni and Doll, 2018). 
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1.6.4. Calicheamicin 
The enediyne anti-tumour antibiotic calicheamicin (Figure 1.7) binds to 5’-

pyrimidine-purine-3’ sequences in the minor groove of DNA, leading to double-

strand breaks and apoptosis (Zein et al., 1988). Calicheamicin generates a diradical 

species that cleaves the DNA backbone, resulting in the double-strand breaks that 

eventually lead to cell death (Hartley, 2014). Calicheamicin is very hydrophobic, and 

only a few molecules per immunoglobulin can be conjugated before high levels of 

aggregated protein appear, but due to the picomolar toxicity of the drug, this is 

enough to elicit a strong anti-tumour effect (Beck et al., 2017). An advantage of 

calicheamicin over the microtubule binders is that due to the mechanism of action 

(MOA) not being limited to dividing cells, it can also target slow or non-dividing cells 

including cancer stem cells (CSCs) (Sapra et al., 2013). 

 

N-acetyl- γ-calicheamicin dimethyl hydrazide, a more stable but slightly less potent 

derivative of calicheamicin is the warhead in the first ADC to receive FDA approval, 

gemtuzumab ozogamicin for treatment of CD33 positive AML (Sievers et al., 2001). 

After approval GO was withdrawn from the market due to toxicities related to the 

calicheamicin warhead, most markedly delayed hematopoietic recovery and hepatic 

veno-occlusive disease, but after dose and schedule adjustments and better patient 

stratification it was re-approved in 2017 (Petersdorf et al., 2013). The same 

calicheamicin warhead is employed in inotuzumab ozogamicin, the CD22 targeted 

ADC, and while similar warhead related toxicities were seen in patients, INO was 

approved for treatment of ALL in 2017 (Kantarjian et al., 2019). 
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Figure 1.7.  Molecular structure of FDA approved ADC warheads. A. DNA damage inducing drug 
calicheamicin. B. Microtubule formation inhibiting maytansinoid derivative warhead DM1. C. 
Microtubule formation inhibiting auristatin derivative payload monomethyl auristatin E (MMAE). D. 
Exatecan derivative Topoisomerase I inhibitor Dxd. F. Exatecan derivative Topo I inhibitor SN38. 

 

 

 

1.6.5. Other DNA interacting warheads 
Duocarmycins are another group of DNA minor-groove alkylating agent that are 

derived from Streptomyces species. Similar to calicheamicin, the members of this 

family of naturally occurring antitumor antibiotics are too potent to be used clinically 

on their own because of delayed toxicity, in this case hepatotoxicity. They are DNA 

minor groove–binding agents, forming sequence-selective covalent linkages to the 

N3-position of specific adenine bases (Hartley, 2014). The activity of the 

duocarmycin derivative-containing ADCs is not only dependent on the cleavage of 

the linker by lysosomal proteases but also requires activation by carboxyesterases 
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to remove a protecting carbamate group, potentially giving an additional level of 

safety (Hartley, 2014). Trastuzumab duocarmazine is a HER2 targeting ADC 

currently undergoing phase III clinical evaluation for treatment of low HER2 

expressing breast cancers for which TDM-1 has no therapeutic window and so 

cannot be used (Rinnerthaler et al., 2019). 

 

Dxd (Figure 1.7) is a novel topoisomerase I inhibitor, based on exatecan, and has 

the same MOA as SN38 as discussed above. Dxd was successfully conjugated to 

trastuzumab and in December 2019 granted FDA approval for treatment of 

metastatic breast cancer. The advantage of Dxd over DM-1 is the ability to 

conjugate more molecules of Dxd to the antibody (7-8 vs 3-4) while retaining good 

PK profile, and the ability of Dxd to elicit a bystander effect, which DM-1 cannot 

(Iwata et al., 2018). The relative pros and cons of the five warheads in FDA 

approved ADCs are summarised in the table below. 

 

 

 
Table 1.3. Mechanistic features of FDA approved warheads for antibody-drug 
conjugates  

Drug MOA 
Typical 

DAR 

Bystander 
effect 

Kill 
CSCs 

MDR 
substrate 

MMAE 
Anti-mitotic  

(Tubulin inhibition)  
2-4 Yes No Yes 

Calichaemicin 
DNA damage 

(DSBs) 
2 Yes Yes Yes 

DM1 
Anti-mitotic  

(Tubulin inhibition) 
2-4 

No (non-

cleavable linker) 
No Yes 

Dxd/SN38 
Topoisomerase-1 

inhibitor 
6-8 Yes No Yes 

MOA: mechanism of action; DAR: drug : antibody ratio; CSCs: cancer stem cells; MDR: multi-drug 
resistance; DSB: double-strand break 
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1.7. Pyrrolobenzodiazepines 
Pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) are a family of naturally occurring anti-

tumour antibiotics which include anthramycin, sibiromycin and tomaymycin that are 

produced by various Streptomyces species (Clingen et al., 2005). These agents 

covalently bind to the exocyclic-N2 group of guanines in the minor groove of DNA 

after nucleophilic attack from the C11 position of the tri-cyclic structure, blocking 

DNA replication and transcription in a semi-sequence-dependent manner leading to 

apoptosis (Hartley, 2014). PBD monomers are tricyclic molecules consisting of an 

aromatic A-ring, a 1-4-diazepin-5-one B-ring and a pyrrolidine C-ring (Figure 1.8A), 

which differ from one another by the position and type of modifications in the A- and 

C-rings, and the degree of unsaturation in the C-ring (Hartley, 2011). All the 

naturally occurring compounds possess the (S)-configuration at C11a which results 

in the right-handed helical conformation which is the key for them to fit perfectly in 

the minor groove of DNA (Hartley, 2011). Some of the naturally occurring PBDs 

such as anthramycin and sibiromycin were investigated clinically, but they had 

limited success due to various DLTs for example, the presence of C9-oxygen in the 

PBD structure causing cardiotoxicity (Cargill et al., 1974). 

 

DNA interstrand cross-links (ICLs) are a type of bi-functional alkylation product and 

critical cytotoxic lesion in dividing cells. Bifunctional alkylating agents were one of 

the first groups of drugs found to have anti-neoplastic capabilities, and this family of 

DNA ICL inducing drugs includes the nitrogen mustards, PBD dimers and mitomycin 

C (Clingen et al., 2005). It is thought that the accumulation of DNA ICLs is the most 

significant contributor to the high cytotoxic potency of bifunctional alkylating agents, 

however most traditional DNA ICL inducing agents like cisplatin or melphalan form a 

mixture of DNA adducts, some of which are more easily detected and removed by 

DNA repair pathways, allowing the cells to survive and even develop resistance to 

the drug (Hartley, 2011). Therefore, in an attempt to improve anti-cancer efficacy, 

two PBD monomers were linked via their C8-positions by via a flexible propyldioxy 

tether to form PBD dimers with high interstrand crosslinking efficiency (Figure 1.8B).  

 

The ability of the PBD dimer molecule to bind tightly to the minor groove producing 

minimal distortion of the DNA, allowing them to evade cellular DNA repair pathways, 

and persist in cells (Hartley, 2014). This means they can also be effective in killing 

slower dividing tumour cells, such as CSCs, that are often unaffected by classical 

chemotherapy drugs or auristatin payloads, which rely on the fast dividing nature of 

tumour cells (Hartley et al., 2010, Harper et al., 2017). It has been hypothesised that 



 56 

the ability of PBDs to kill progenitor cells could involve other, cell division-

independent mechanisms. It has been reported that PBDs can bind to and inhibit 

transcription factors (Mantaj et al., 2015), as well as potentially bind to mitochondrial 

DNA, disrupting key cell-cycle independent processes and triggering apoptosis (Hu 

et al., 2007). These characteristics of high potency against naïve and refractive 

tumour types and CSCs, along with the flexibility of the PBD dimers allowing 

structural modification to attach different chemical tethers, linkers, and modifications 

to regulate solubility and potency, make them an ideal candidate for an ADC based 

approach. 

 

DSB-120 was the first PBD dimer to show DNA ICL formation-induced cytotoxicity at 

a scale previously unseen by PBD monomers and traditional alkylating agents, as 

well as lesions that were able to avoid repair in K562 cells in vitro for more than 48 

hours post-treatment (Smellie et al., 1994). The high in vitro potency of DSB-120 did 

not translate into in vivo efficacy however, most likely due to limited tumour 

localisation and high plasma protein binding leading to high off target toxicity 

(Walton et al., 1996). The DSB-120 DNA-lesion is able to span 6 base-pairs, 

covalently binding to guanines on opposite strands in the central sequence 5’-

GATC-3’.  

 

Second generation PBD dimer molecules went on to be developed to try and 

improve on some of the limitations of DSB-120, namely the high protein binding and 

unwanted drug metabolism in vivo. The C2-exo-methylene PBD dimer SJG-136 

(SG2000, Figure 1.8B) based on the tomaymycin monomer structure, was 

significantly more potent than DSB-120 and was shown to have increased ICL 

formation capability (Gregson et al., 2001). Although SG2000 does form intra-strand 

cross-links and mono-adducts, the improved capability of SG2000 to form ICLs that 

do not distort the DNA structure was the real breakthrough for this class of alkylating 

agent (Hartley, 2011). SG2000 was found to be highly active in in vivo human 

xenograft models, and crucially in certain ovarian cancer models that were resistant 

to cisplatin (Hartley et al., 2004). 

 

 



 57 

 
Figure 1.8. Molecular structure of PBDs, their dimers and DNA interaction. A. The structure of a 

basic, tri-cyclic PBD monomer. B. The first clinically investigated PBD dimer SG2000. C. Schematic 

diagram of SG2000 forming an interstrand cross-link with the DNA sequence 5′-AGATCT-3′. The 

covalent bonds formed between the C11 position of the PBD and the guanines on both strands are 

shown as solid lines, and hydrogen bonds formed between the N10 of the PBD and the adenines 

adjacent to the guanines are shown as dashed lines. D. Molecular model of SG2000 (green ball and 

sticks) forming an interstrand cross-link within the minor groove of the DNA (Mantaj et al., 2017).  

 

 

 



 58 

Based on the large body of pre-clinical data showing efficacy and tolerability in a 

wide range of in vivo models of solid tumours, including cell lines with cisplatin 

resistance (Hartley et al., 2004), SG2000 was investigated in four phase I clinical 

trials, one in the UK and three in the US. The first multi-centre dose-escalation trial 

was carried out by UCL / Edinburgh in advanced solid-tumours in 2004. The MTD 

was determined to be 45 µg/m2, and although there were no objective responses 

(complete responses, CR, or partial responses, PR), 10/16 patients reported stable 

disease (SD) (Hochhauser et al., 2009). Drug-related adverse effects included 

irregular VLS, characterised by pleural effusions and peripheral oedema, as well as 

fatigue and liver toxicity (Hochhauser et al., 2009).  

 

The first US trial was carried out at the Sloan-Kettering Cancer Centre, also in 

refractory solid tumours, with a different dosing schedule. The MTD was determined 

to be 40 µg/m2, and the best response was again stable disease, with the DLTs 

being fatigue, liver toxicity and thrombocytopenia (Janjigian et al., 2010). A third 

phase I trial in advanced solid-tumours was carried out at the Vanderbilt-Ingram 

Centre in the US in 2005. This trial involved two different dosing schedules, and the 

MTD reported was 30 µg/m2 (Puzanov et al., 2011). Again, VLS and fatigue were 

the DLTs, however, with the revised dosing schedule and management with steroids 

and diuretics, one partial response was reported in a cisplatin resistant ovarian 

cancer patient, and three patients achieved stable disease for over twelve weeks 

(Puzanov et al., 2011). Measurement of DNA ICLs with the comet assay showed 

persistent cross-linking and DNA damage by SG2000 in tumours up to three weeks 

after treatment providing evidence of the mechanism of action of SG2000. 

 

Pre-clinical evaluation also showed SG2000 to be active against a number of 

haematological cell lines in vitro (Hartley et al., 2004), which led to the investigation 

of SG2000 in a fourth phase I clinical trial in refractory acute leukaemias and CLL. 

The dose-escalation study of 16 patients reported 1 PR and 8 SD responses, with 

the top dose of 36 µg/m2 over the MTD, a dose of 24 µg/m2 was recommended for 

further clinical investigation (Kadia et al., 2009). The DLTs were again VLS and soft-

tissue oedema, but the drug was determined to be tolerable and active at the 

recommended dose. SG2000 went on to two phase II trials, one in cisplatin resistant 

epithelial ovarian cancer in 2010, and one phase I/II trial in refractory CLL/AML in 

2014. The solid tumour trial initially reported 6/19 SDs, however both trials were 

eventually terminated due to slow patient accrual and limited clinical benefit. 
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After the initial promise of SG2000 as a single agent, further development was 

undertaken in order to generate more potent PBD dimers with sub-picomolar and 

even femtomolar in vitro efficacy (Hartley et al., 2012). These include PBD dimers 

with endo-exo unsaturation at the C2 position, for example SG2202, which is water 

insoluble, so required conversion into the pro-drug SG2285 for stability (Hartley et 

al., 2010). The MTD of SG2285 is 10-fold higher than SG2000 despite the active 

metabolite SG2202 displaying sub-picomolar efficacy (Hartley et al., 2012). Another 

modification made to SG2000 was to increase the length of the tether from three 

carbons to five carbons, producing PBD dimers such as SG2057 (Hartley et al., 

2012) and SG3199 (Hartley et al., 2018). The pentyldioxy tether allows the PBD 

dimer to form covalent adducts with the DNA sequence 5’-purine-GATTC-

pyrimidine-3’ (Figure 1.8C) with faster kinetics and higher cytotoxicity than SG2000 

(Hartley et al., 2012). These molecules, often with picomolar cytotoxicity, are too 

potent to use as single agents, but the flexibility for modification means they are well 

suited as ADC warheads, effectively becoming a targeted pro-drug, protecting 

normal cells and delivering the highly potent molecules selectively to tumour cells. 

 

PBD dimers have been utilised as ADC drug-linkers in two conformations, with the 

linker attached either at the N10 position or on C2-analino substituents (Hartley, 

2014). The ADCs SGN-CD33A (Kung Sutherland et al., 2013) and SGN-70A 

(Jeffrey et al., 2013) utilised the C2-linked PBD dimer SGD1882 in clinical trials 

against AML and renal cell carcinoma (RCC) respectively. The N10-linked PBD 

dimer containing warhead tesirine (SG3249) that delivers the PBD dimer SG3199 

has been investigated extensively as a clinical ADC drug linker in ADCs targeting 

both solid and haematological tumours (Hartley et al., 2018). Tesirine was designed 

to be less hydrophobic than talirine by removing the two C2-aryl substituents. To 

compensate for reduction in activity, the tether joining the two PBD units was 

increased from three methylenes to five. The increase in tether length improves the 

stability of the interaction between SG3199 with the minor groove and leads to a 10-

fold increase in in vitro activity (Howard, 2017). 

 

The PBD dimers have a novel MOA compared with the currently available standard 

of care (SOC) for first-line chemotherapy, other alkylating agents and ADC 

warheads, meaning they have the potential to be effective in patients with tumours 

that are refractive against first line treatments, as well as in combination against 

naïve tumours. PBD dimers such as SG3199 are also attractive molecules to use for 

ADCs due to their ability to elicit a bystander killing effect (Flynn et al., 2016). PBD 
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dimers can form ICLs in the DNA minor groove of surrounding cells, which may not 

express the target antigen, causing cell cycle arrest and apoptosis. This gives the 

PBD warheads the potential to kill other cell types in the heterogeneous tumour 

microenvironment, such as tumour stem cells, vasculature, and target negative 

tumour cells, which is crucial when trying to completely eradicate a heterogeneous 

tumour (Hartley, 2011). 

 

 

1.8. Linker biochemistry and conjugation strategies 
The linker of an ADC, connecting the targeting element and the cytotoxic drug, is a 

crucial part of the ADC design which serves several purposes. Firstly, it needs to 

physically join the mAb and drug molecule in a manner that will be stable in storage, 

and in physiological conditions while in circulation in the bloodstream (Drake and 

Rabuka, 2017). Secondly, the chemical ligation to the payload must be achieved, 

and be able to be effectively removed inside the tumour cell without negatively 

affecting the biological efficacy of the drug molecule. Linker stability can influence 

the toxicity profile, PK properties and therapeutic window of an ADC (Perez et al., 

2014). This small chemical tether is in reality more complex and important that 

initially considered, which was one of the reasons why the first generation of ADCs 

were not clinically successful. BR96-DOX contained an acid-labile hydrazone linker, 

which was relatively stable at neutral pH, but unstable at pH 5, allowing for 

lysosomal release of doxorubicin. The relative instability of the hydrazone linker 

even at neutral pH resulted in high levels of de-conjugation in the circulation, leading 

to off-target toxicities (Senter, 2009). The specificity of modern drug linkers is so 

important that the structure of the payload will dictate the reactive chemical groups 

that can be used for conjugation and the components of the linker itself (Drake and 

Rabuka, 2017). 

 

Early ADCs used the intrinsic reactivity of native amino acids to link the drugs to 

antibody via the primary amine of lysine side chains. These lysines react readily with 

activated esters on linker moieties, but unfortunately, IgG molecules contain around 

80 lysines which are largely surface exposed. This excess of reactive sites leads to 

significant heterogeneity both in drug-antibody ratio (DAR) and the site of 

conjugation, which can have a negative effect on PK profile (Goulet and Atkins, 

2020). Another stochastic, or random, strategy for conjugation of the cytotoxin is 

through reduced interchain cysteines with a maleimide group on the linker moiety. 

There are only 8 available interchain cysteines on an IgG1, but this still creates 
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heterogeneity in the DAR of the ADC produced when the DAR is less than 8 (Goulet 

and Atkins, 2020).  

 

Many of the FDA approved ADCs use one of these two stochastic conjugation 

methods including GO, TDM-1 and BV, so it is clear that it can produce efficacious 

ADCs, but increasingly newer clinical candidates have engineered antibodies to 

generate a more homogeneous product. The stochastically conjugated ADC 

population contains a percentage of unconjugated TMA (in the case of GO up to 

50%) (Beck et al., 2017), and it was thought that this will compete with the already 

small fraction of ADC that reaches the tumour for binding sites, and the highly 

conjugated fraction is more readily cleared or associated with off target toxicity 

(Hamblett et al., 2004). However, the toxicity is likely due to the relative instability of 

the linker, and there has been evidence reported demonstrating the advantages to 

co-injection of anti-HER2 ADCs with unconjugated mAb, which has been shown to 

improve ADC tumour penetration in vivo, as well as contribute to mAb mediated 

cytotoxic effects (Cilliers et al., 2018). 

 

ADCs containing engineered additional cysteines have been developed by many of 

the companies developing ADCs, which vary by the site of modification on the mAb 

and therefore local solvent accessibility and charge (Beck et al., 2017). All of these 

site-specifically conjugated ADC show a significantly increased homogeneity in DAR 

of around 2 or 4, depending on how many cysteines were introduced, which 

correlates with improved therapeutic window compared with conventional ADCs 

(Junutula et al., 2008). However, if the introduced cysteine is too solvent accessible 

it can undergo maleimide exchange with reactive thiols present in plasma albumin 

or glutathione (Shen et al., 2012).  

 

It is also possible to incorporate unnatural amino acids outside the native 20 such as 

selenocysteine into the TMA for site-specific conjugation (Goulet and Atkins, 2020). 

The introduction of these unnatural amino acids requires substantial initial 

technological investment, but the conjugation reaction is well defined, scalable and 

produces ADCs with 10-fold better stability than maleimide chemistry (Beck et al., 

2017). Glycans attached to the Asn-297 residue represent a novel additional target 

for site-specific conjugation (Agarwal and Bertozzi, 2015). Replacing the fructose 

residue with 6-thiofructose produces a free thiol group similar to additional 

cysteines, and post-expression glycan engineering can create azide functionality 

similar to that of selenocysteine (Goulet and Atkins, 2020). 
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Both stochastic and site-specific conjugation strategies have advantages and 

disadvantages, for example, generally  one or two sites are mutated in site-specific 

conjugation allowing a maximum DAR or 2-4, compared with a maximum DAR of 8 

with cysteine/maleimide chemistry. With a highly potent warhead like a PBD dimer 

or calicheamicin a DAR of 2 may be sufficient for anti-tumour efficacy. However, 

with SN38 or MMAF which are less cytotoxic, higher drug-loading is necessary. 

Thiol-maleimide coupling is a popular conjugation strategy due to its speed and 

selectivity, however, it is also accepted than the homogeneity of the ADC gives a 

better PK and toxicity profile than ADCs with high and low DAR species and 

unstable linkers (Goulet and Atkins, 2020). Native cysteines can also be ‘re-bridged’ 

using bis-alkylation conjugation at reduced interchain disulphides. This strategy has 

the advantage of producing a homogeneous ADC population that retains antigen-

binding properties and has good serum stability, without the need to engineer 

additional conjugation sites on the antibody (Schumacher et al., 2014). 

 

The type of linker an ADC uses can be broadly split into two categories; cleavable, 

by pH, proteases or enzymes; or non-cleavable, which requires full lysosomal 

antibody degradation and produces a payload with a covalently bonded linker 

residue still attached. The pH sensitive hydrazone linkage that was used for early 

generation ADCs like BR96-DOX is also utilised by clinically approved ADCs GO 

and INO (Jain et al., 2015). This acid labile linker is designed to release the payload 

in the low pH environment of the lysosome, but it is now accepted that the 

hydrazone group is prone to releasing the payload prematurely, increasing the 

chances of off-target toxicities (Jain et al., 2015). This is mediated in GO and INO as 

the calicheamicin released is a pro-drug, that requires disulphide cleavage which is 

more stable, and the disulphide cleaving glutathione is over 1000-fold more 

concentrated in the cytosol of hypoxic cancer cells compared with the plasma 

(Chari, 1998). 

 

The most common strategy to control drug release in the tumour cell is to use 

dipeptide linkers such as valine-citrulline, which are C-terminally cleaved by the 

protease cathepsin B in the lysosome (Jain et al., 2015). Glutathione concentrated 

in tumour cell cytosol can also be utilised to trigger cleavage of disulphide-linked 

ADCs, and the steric hinderance of the disulphide bridge can be optimised to 

prevent premature cleavage, an example being the succinimidyl-pentanoate and 
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butanoate linkers often used to conjugate DM1 and DM4, respectively (Erickson et 

al., 2010). 

 

In contrast to cleavable linker technology, non-cleavable linkers do not have a 

chemical ‘trigger’ in order to release the unmodified payload in the target cell. 

Trastuzumab emtansine is an example of an ADC conjugated with the non-

cleavable succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC) 

linker to DM1 (Polakis, 2016). The drug remains attached to a lysine residue upon 

internalisation and digestion of the antibody, yet pre-clinical efficacy was 

comparable to anti-HER2 ADCs prepared with reducible linkers (Erickson et al., 

2010).  

 

A non-cleavable linker, maleimidocaproyl (MC) is used for most ADCs delivering the 

auristatin payload MMAF, with the resulting drug retaining the linker plus a cysteine 

residue from the antibody (Polakis, 2016). A shared feature of the SMCC and MC 

non-cleavable linkers is the hydrophilicity of the payload-linker residue, which makes 

diffusion across the plasma membrane into neighbouring or off target normal cells to 

elicit a bystander effect far less likely (Erickson et al., 2010). It is also important to 

note that although the non-cleavable linkers do not contain a cleavable bond, they 

are still able to undergo deconjugation by retro-Michael transfer of the maleimide 

onto plasma proteins (Polakis, 2016). 

 

 

1.9. How mechanism of action affects ADC efficacy 
ADCs were initially designed to leverage the target specificity of antibodies to deliver 

potent chemotherapeutic agents selectively to tumour cells with the intention of 

improving the therapeutic index (the ratio between the MTD and the MED). 

Unfortunately, the greatest challenge to date for developing ADCs is a therapeutic 

index narrower than hoped, limiting the dose that can be achieved, often resulting in 

unmanageable toxic effects occurring before an ADC reaches its optimally 

efficacious dose (Coats et al., 2019). The MOA of an ADC is in theory a simple one, 

but in reality, the multistep localisation, metabolism and drug release process is 

complex and contains numerous hurdles to overcome in ADC design. 
 

The internalisation route and efficiency of an ADC can vary depending on the 

endocytosis pathway relevant to the antibody and receptor to which it binds (Ritchie 

et al., 2013). The general concept of the trafficking and processing of ADCs in the 
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endocytic pathway is that an ADC binds to its surface tumour antigen, then it is 

internalised into endosomes that subsequently fuse with lysosomes. In the 

lysosome, the drug is released via cleavage of the linker or by the degradation of 

the ADC. The released drug is free to cross the lysosomal membrane and reaches 

the cytosol and can then bind to its target and trigger cell death (Figure 1.9) 

(Chalouni and Doll, 2018). 

 

 

 
Figure 1.9. Schematic showing the mechanism of action of a PBD dimer-based ADC. A. Antibody 

binding to tumour surface receptor. B. Receptor-mediated endocytosis in to early endosome. C. 
Lysosomal pathway trafficking and catabolism. D. Drug release and DNA ICL formation. E. Cell death 
through apoptosis. F. PBD dimers are able to kill neighbouring cells by the bystander effect. 

 

 

 

Receptor mediated endocytosis has been extensively studied in both normal and 

cancer cells, and can occur through a clathrin-mediated, caveolin-mediated or 

clathrin and caveolin independent mechanisms such as micropinocytosis due to 

receptor clustering (Ritchie et al., 2013). The clathrin dependant pathway is the 
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mechanism exploited by most antigen-antibody complexes. Through this pathway, 

the ligand-receptor complexes cluster into ‘pits’ where clathrin proteins self-

assemble into multimeric lattices that drive membrane internalisation (Le Roy and 

Wrana, 2005). Dynamin, a GTPase that controls the separation of endocytic 

vesicles, self-assembles around the neck of the internalising vesicle and triggers the 

division of the vesicle from the plasma membrane (Ferguson and De Camilli, 2012).  

 

The clathrin coated vesicles lose the clathrin coat, and fuse together to form early 

endosomes. From the early endosomes, receptor complexes can be directly 

recycled back to the surface through a fast or slow recycling route depending on the 

endosomal expression of the GTPase Rab4 for rapid recycling, or through the 

combined activities of Rab8 and Rab11 for slow recycling (Stenmark, 2009). 

Preferably for ADC metabolism, early endosomes mature into more acidic late 

endosomes that ultimately fuse with lysosomes through another GTPase Rab7 

(Ritchie et al., 2013). Lysosomes are characterized by an acidic pH of 4 – 5 and 

high content of protein digestive enzymes such as cathepsins and collagenases. 

Their low pH is maintained through ATPases that pump protons from the cytosol to 

the lysosomal compartment (Luzio et al., 2007). 

 

Another factor influencing the internalisation and intracellular trafficking of an ADC is 

the impact of the neonatal Fc-receptor (FcRn). This MHC I-related receptor is 

ubiquitously expressed throughout the cells of the body, binds to the Fc-region of 

IgGs with high affinity at a pH of 5.5 - 6, mediating transport of IgGs away from 

endo-lysosomal degradation through recycling (Ward et al., 2015). This is good for 

extending the half-life of a mAb but detrimental to a protease-cleavable ADC, which 

requires endo-lysosomal pathway progression to trigger warhead release by 

lysosomal proteases. Antibody engineering has enabled the potential targeting of 

this pathway to increase ADC efficiency and therefore efficacy, for example, 

mutations in the Fc-region of an anti-HER2 ADC to mediate low affinity at low pH, 

demonstrated improved intracellular trafficking, payload release and in vivo efficacy 

(Kang et al., 2019). 

 

The transport of the released drug from the lysosome to the cytosol is an important 

step for ADC efficacy, enabling the drug to reach the necessary cytotoxic 

concentration in the cytosol. Intracellular compartments have different 

characteristics of permeability towards drugs (Chalouni and Doll, 2018). There are 

both active and passive transport mechanisms by which this can be facilitated, for 
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example, SLC46A3, a lysosomal membrane transporter has been shown to be 

important for the transport of the payloads from non-cleavable PBD dimer and 

maytansinoids-bearing ADCs to reach the cytosol (Hamblett et al., 2015, Kinneer et 

al., 2018).  

 

The cytotoxic payload of an ADC has to be able to elicit a potent direct cell killing 

effect through its MOA once released inside the cytosol of the tumour cell. However, 

there are secondary mechanisms and pathways in which an ADC can have a 

cytotoxic effect on tumour cells, as well as other potentially target negative, 

structural or supporting cells like vasculature or stem cells in the tumour 

microenvironment. 

 

Antigen expression on the cells inside a tumour can be very heterogeneous. Not 

only are there non-tumour cells such as infiltrating tumour survival promoting 

immune cells and supporting vasculature, but also variations in expression between 

the tumour cell population and tumour stem cells. The bystander effect (Figure 1.9F) 

is the cytotoxic effect exerted by the payload upon populations of cells which have 

not internalised and cytosolically released the payload (Kovtun et al., 2006). This 

can occur through multiple mechanisms. Depending on the charge and size of the 

payload-linker product produced in the internalising cell, the payload may be able to 

cross the cellular membrane and kill surrounding cells (Beck et al., 2017). For 

example, MMAE and PBD dimers have both been shown to be able to elicit a 

bystander effect on target negative cells in vitro, while DM1 or MMAF containing 

ADCs conjugated with a non-cleavable linker do not exhibit a bystander effect (Li et 

al., 2016a). ADCs containing cleavable linkers may also release a portion of the 

payload in the extracellular space is there are proteases secreted into this space, 

leading to indirect cytotoxic activity. It is important to note, however, that while the 

bystander effect can lead to increased activity on target negative tumour cells, it can 

also lead to increased target independent DLTs, which can limit the therapeutic 

window of an ADC (Ponde et al., 2019). 

 

There is some pre-clinical and clinical evidence that indicates that ADCs can induce 

immunogenic cell death (ICD) (Cao et al., 2016), as treatment with PBD dimer, and 

maytansinoid ADCs in syngeneic mouse models has been shown to lead to 

increased infiltration of cytotoxic T-cells and antigen-presenting cells in the tumour 

microenvironment (Muller et al., 2015, Rios-Doria et al., 2017). Furthermore, 

infiltration of T-cells has been observed in tumour biopsy samples from patients 
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after treatment with T-DM1 (Coats et al., 2019). Not only does this show evidence of 

another MOA for ADCs to elicit tumour cell killing, but also the rationale for 

combining ADCs with immune checkpoint inhibitors, T-cell agonists, and other 

agents that affect immune response (Coats et al., 2019). Many groups are now 

beginning to consider the potential of the adaptive immune system to augment or 

complement the in vivo efficacy of their ADCs, with many ongoing clinical trials with 

ADCs dosed along with checkpoint  inhibitor drugs, however, there is not yet much 

clinical evidence of meaningful synergy between these two immunotherapies (Drake 

and Rabuka, 2017). 

 

 

1.10. FDA approved ADCs for oncology 
The clinical ADC landscape is changing rapidly, with over 700 clinical trials 

containing ADCs ongoing, and with three ADCs gaining FDA approval in 2019, the 

number of ADCs on the market has more than doubled in the last three years. The 

FDA approved ADCs for oncology treatment and some of the key PBD dimer-

containing and other ADCs currently undergoing clinical trials are described in more 

detail in the next sections. 

 

 

1.10.1. Gemtuzumab ozogamicin 
The first ADC to enter the clinic was gemtuzumab ozogamicin (Mylotarg®, Pfizer), 

which gained market approval from the FDA in 2000 (Bross et al., 2001). GO utilises 

the DNA interacting drug Calicheamicin, conjugated to the humanised IgG4 anti-

CD33 antibody gemtuzumab using a cleavable hydrazone linker, to treat CD33 

positive AML (Sievers et al., 2001). GO was subsequently withdrawn from the 

market in 2010 due to a follow up clinical study which showed lack of improved 

efficacy and greater toxicity issues compared with SOC chemotherapy (Petersdorf 

et al., 2013). The limited efficacy and toxicity profile of GO was linked to the 

heterogeneity of DAR species (potentially 0-8 drug molecules per mAb) and 

relatively unstable hydrazone linker of GO, as well as the probability of drug efflux in 

AML cells which are high in multi-drug resistance (MDR) efflux pumps (Chalouni 

and Doll, 2018).  

 

GO is an interesting case study in clinical trial design and how ADC dosing schedule 

and concentration can affect clinical outcome, as further phase III clinical 
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investigation with altered dosing schedules and better patient stratification did show 

significant, tolerable clinical benefit of GO treatment in combination with 

chemotherapy and as a single-agent, leading to the re-approval of GO in 2017 (Jen 

et al., 2018). The phase III ALFA-0701 trial of GO plus daunorubicin and cytarabine 

in previously untreated AML reported an increase in event-free survival from 8.8 

months with chemotherapy alone to 13.6 months in the GO therapy group 

(Castaigne et al., 2012, Lambert et al., 2019). The AML19 trial evaluated GO as a 

monotherapy in comparison with SOC chemotherapy in previously untreated AML, 

and reported an increase in overall survival from 3.6 months to 4.9 months (Amadori 

et al., 2016). GO was also granted approval for the treatment of relapsed/refractory 

(R/R) AML based on the MyloFrance-1 phase III trial which reported CRs in 26% of 

patients with a relapse-free survival of 11 months (Norsworthy et al., 2018). 

 

 

1.10.2. Brentuximab vedotin 
Brentuximab vedotin (Adcetris®, Seattle Genetics) is comprised of the chimeric 

monoclonal IgG1 anti-CD30 antibody cAC10 conjugated to the auristatin agent 

MMAE via the lysosomal protease cleavable, self immolative spacer vc-p-

aminobenzyloxycarbonyl (PABC), with a DAR of 4 (Senter and Sievers, 2012). 

CD30 is a transmembrane protein of the tumour necrosis factor receptor  

superfamily 3 (TNFR3) restrictively expressed on activated B and T-cells at low 

levels in normal tissues and over-expressed on their malignant counterparts in HL 

and anaplastic large cell lymphoma (ALCL) (Alperovich and Younes, 2016).  

 

Treatment of R/R HL and ALCL with BV was approved by the FDA in 2011 based 

on the results of two phase II clinical trials (de Claro et al., 2012). The pivotal Phase 

II clinical study of BV against R/R HL showed the ADC to be well tolerated and 

produced an overall response rate (ORR) of 73% with 32% CRs (Younes et al., 

2012). The ALCL trial produced an ORR rate of 86% with 57% CRs (Pro et al., 

2012). In 2017 BV was approved for primary systemic ALCL based on the 

ALCANZA phase III study of BV versus SOC chemotherapy, in which BV showed 

improved OR (53% vs 13%) and CR (16% vs 2%) rates (Prince et al., 2017).  

 

In 2018 BV was approved for the treatment of previously untreated stage III / IV 

classical Hodgkin Lymphoma (cHL) based on the phase III ECHELON-1 study of BV 

in combination with doxorubicin, vinblastine and dacarbazine (BV + AVD) versus the 

SOC AVD with bleomycin (ABVD) as first-line therapy. The two year progression-
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free survival (PFS) rate improved from 77% to 82% with the BV combination, 

supporting the use of BV as a front-line treatment in HL (Connors et al., 2018). BV 

gained further FDA approval for combination therapy of previously untreated ALCL 

in 2018 based on the ECHELON-2 phase III study of BV, cyclophosphamide, 

doxorubicin and prednisone (BV + CHP) versus CHP and vincristine (CHOP), in 

which the BV combination reported increased PFS from 20.8 months to 48 months 

(Horwitz et al., 2019). 

 

 

1.10.3. Trastuzumab emtansine 
Trastuzumab emtansine (Kadcyla®, Roche) received approval by the FDA in 2013 

for the treatment of R/R HER2-positive metastatic or locally advanced breast cancer 

previously treated with SOC chemotherapy. T-DM1 is comprised of a humanized 

monoclonal IgG1 anti-HER2 antibody trastuzumab conjugated to DM1, via an 

SMCC linker with an average DAR of 3.5 (Lambert and Chari, 2014). T-DM1 targets 

its epitope located in the extracellular domain of HER2, a receptor tyrosine kinase 

amplified in a subset of breast, ovarian and gastric cancers. Pharmacokinetic 

analyses of trastuzumab-based ADCs with different linkers in nude mice led to the 

choice of the non-cleavable SMCC linker that is highly stable in the circulation. T-

DM1 combines the ADCC signalling properties of trastuzumab with the cytotoxicity 

due to microtubule formation inhibition of DM1 (Lambert and Chari, 2014).  

 

FDA approval was based on two pivotal phase III trials, EMILIA and TH3RESA 

(Amiri-Kordestani et al., 2014). In the EMILIA trial, patients were randomized 

between T-DM1 and the SOC of capecitabine + lapatinib. Primary outcome results 

showed improved efficacy with T-DM1, with a median PFS of 9.6 months, vs 6.4 

months (Verma et al., 2012). In TH3RESA, patients with advanced HER2+ breast 

cancer having received trastuzumab and lapatinib previously were randomized 

between T-DM1 and physician’s choice of SOC. Primary outcome results favoured 

the T-DM1 arm, with a PFS of 6.2 months vs 3.3 months (Krop et al., 2017). T-DM1 

has undergone a number of subsequent phase III studies with mixed success, 

however, in 2019 T-DM1 was approved for adjuvant treatment of metastatic breast 

cancer based on the KATHERINE trial that reported significantly improved invasive 

disease-free survival after neoadjuvant therapy and surgery (von Minckwitz et al., 

2019). 
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1.10.4. Inotuzumab ozogamicin 
Inotuzumab ozogamicin (INO, Besponsa®, Pfiser) targets CD22 and was approved 

to treat patients with R/R B-cell lineage ALL in 2017. INO uses the same 

calicheamicin warhead as GO covalently linked with the same acid labile hydrazone 

linker to the humanised monoclonal IgG4 Ab G544 with an average DAR of 6 (Shor 

et al., 2015). Approval was granted based on the INO-VATE ALL trial of INO versus 

SOC in R/R B-cell precursor ALL, and the ADC treated arm achieved an ORR of 

80.7%, more than double the response achieved by the SOC arm (33.3%) 

(Kantarjian et al., 2019). The PFS for INO was 5 months, while in the SOC arm it 

was only 1.7 months, and the 2-year overall survival (OS) rate was 22.8% for INO, 

where SOC only achieved 10% (Kantarjian et al., 2019). Similar to other ozogamicin 

ADCs conjugated with the hydrazone linker the major adverse event associated with 

INO is veno-occlusive disease, but the level of complete remission seen with INO 

has led to a number of further clinical trials as a front-line therapy or in combination 

studies (Kantarjian et al., 2017b). 

 

 

1.10.5. Polatuzumab vedotin 
Polatuzumab vedotin (Polivy®, Genentech) is an ADC that targets CD79b with a 

humanised IgG1 anti-CD79b Ab conjugated to MMAE with a vc protease cleavable 

linker (Pfeifer et al., 2015). CD79b is expressed in a wide variety of B-cell 

lymphomas, and polatuzumab vedotin was granted FDA approval for the treatment 

of R/R DLBCL in combination with bendamustine and rituximab in patients who 

have had at least two prior therapies (Deeks, 2019). Polatuzumab vedotin was 

granted accelerated therapeutic approval based on early results from a global phase 

Ib/II trial GO29365 evaluating the ADC in combination with bendamustine and 

rituximab versus chemotherapy alone. The ADC arm achieved a 40% complete 

response rate, considerably more than the 18% achieved by chemotherapy alone. 

64% of the ADC combination-treated patients had a durable response of over 6 

months, which was more than double the 30% achieved by chemotherapy alone 

(Deeks, 2019). Ongoing Phase III trials are now evaluating polatuzumab vedotin as 

a stand-alone agent for front-line therapy of DLBCL. 

 
 

1.10.6. Trastuzumab deruxtecan  
Trastuzumab deruxtecan (Enhertu®, Daiichi Sankyo/Astra Zeneca) is composed of 

trastuzumab, an enzymatically cleavable tetrapeptide glycine-glycine-phenylalanine-
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glycine (GGFG) linker and the exatecan derivate topoisomerase I inhibitor DXd with 

a DAR of 8 (Rinnerthaler et al., 2019). DXd has the advantage over DM-1 used in 

the currently approved TDM-1 ADC that it can kill not only targeted cells but also 

surrounding cells through the bystander effect, with some in vivo model evidence 

showing increased activity relative to TDM-1 in low HER2 expressing tumours 

(Ogitani et al., 2016). Trastuzumab deruxtecan is currently being tested in two 

phase III trials and in December 2019 the results from the pivotal Phase II trial 

DESTINY-Breast01 trial trastuzumab deruxtecan delivered durable antitumor activity 

in patients with HER2-positive metastatic breast cancer who had undergone 

extensive previous treatment, with an ORR of 60.9%, a median duration of 

progression-free survival of 16.4 months, and a median response duration of 14.8 

months (Modi et al., 2019). This led the FDA to approve trastuzumab deruxtecan at 

the end of December 2019 for patients with advanced, unresectable or metastatic 

HER2-positive breast cancer who have received two or more prior anti-HER2-based 

treatments (Modi et al., 2019). 

 

 

1.10.7. Enfortumab vedotin 
Enfortumab vedotin (Padcev™, Seattle Genetics) is the third ADC to gain FDA 

approval for treatment of a solid tumour malignancy, although only for the second 

solid tumour type as the previous two both target HER2. Enfortumab vedotin is 

comprised of a fully human anti-Nectin-4 IgG1 mAb AGS-22M6, conjugated to 

MMAE via a protease-cleavable maleimidocaproyl vc-linker with a DAR of 4 

(Challita-Eid et al., 2016). In the pivotal phase II trial EV-201 125 patients with 

metastatic urothelial carcinoma, the ORR was 44% including 12% CRs, with a 

median duration of response of 7.6 months (Rosenberg et al., 2019). With no grade 

3 or worse adverse events occurring  in 10% or more of patients in a tumour type 

with a particularly poor prognosis, the FDA granted fast-track approval of 

enfortumab vedotin for treatment of metastatic urothelial carcinoma in patients who 

have received previous PD-1/L1 therapy and platinum-containing adjuvant therapy, 

and a phase III confirmatory trial is now ongoing (Rosenberg et al., 2019). 

 

There are a number of other promising ADC candidates currently undergoing pivotal 

or registrational phase II or III trials, and the details of these ADCs are outlines in 

Table 1.4. 
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Table 1.4. ADCs currently in pivotal or registrational phase II/III trials 

 

ADC Target antigen Drug Indications Phase 

Trastuzumab 

duocarmazine 
HER2 Duocarmicin Breast 

III 

BAT8001 HER2 Maytansine Breast 

Belantamab 

mafodotin 
BCMA MMAF MM 

II 

Camidanlumab 

tesirine 
CD25 SG3199 HL 

Loncastuximab 
tesirine 

CD19 SG3199 DLBCL 

Anetumab 

ravtansine 
Mesothelin DM4 Mesothelioma 

Mirvetuximab 

soravtansine 
FOLR-1 DM4 Ovarian 

 
TNBC: Triple negative breast cancer; MM: Multiple myeloma; HL: Hodgkin lymphoma; DLBCL: Diffuse 

large cell B-cell lymphoma; HER2: Human epidermal growth factor receptor 2; TROP-2: Tumour-

associated calcium signal transducer 2; BCMA: B-cell maturation antigen; FOLR-1: Folate receptor 1 
 

 

 

1.11. PBD dimer-containing ADCs in the clinic 
Since the need became apparent to utilise more potent warheads to improve the 

clinical efficacy of ADCs, PBD dimers linked either at the C2-position or N10-

position have had considerable success pre-clinically and in early phase clinical 

trials, however, there has not yet been an ADC delivering a PBD dimer granted 

regulatory approval. One of the first antibody-PBD conjugates (APCs) was 

vadastuximab talirine, designed to treat CD33 positive AML, developed by Seattle 

Genetics Inc. in collaboration with Spirogen Ltd. using the drug linker talirine, the 

C2-linked PBD drug linker delivering the PBD dimer SGD-1882 with a cathepsin-

cleavable maleidocapropyl-valine-alanine linker (Figure 1.10A) (Kung Sutherland et 

al., 2013).  
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The anti-CD33 antibody was engineered to have two 239C cysteine conjugation 

sites (actual DAR 1.9), with the aim of generating a more stable and homogeneous 

ADC, two issues that were identified with the first generation CD33 ADC GO. In 

preclinical in vitro testing, vadastuximab talirine was found to be more potent than 

GO in both in vitro AML cell lines and patient-derived AML cells, and interestingly 

also reported activity in MDR positive cell lines (Kung Sutherland et al., 2013). The 

phase I dose-escalation study reported impressive single agent efficacy at the 

recommended therapy dose of 40µg/kg, with a CR and CRi of 28% (Stein et al., 

2018). This led to the phase III CASCADE clinical trial of vadastuzumab talirine and 

hypomethylating agents (HMAs) vs HMAs alone, which was discontinued in 2017 

when the data reported an increased rate of death in the ADC arm of the study due 

to myelosuppression and febrile neutropenia causing fatal infections (Jackson et al., 

2018). It is important to note that the toxicity profile of this ADC is markedly different 

to the non-target hepatotoxicity and veno-occlusive disease caused by the instability 

of GO, instead the target-related myelosuppression was due to the expression of 

CD33 on normal haemopoietic cells.  

 

Talirine has been used in a number of other clinical ADC candidates, the most 

recent and currently most promising of these is serclutamab talirine developed by 

AbbVie, which contains talirine with a DAR of approximately 2, and is currently 

being investigated in a Phase I clinical trial in patients with advanced solid tumours 

overexpressing EGFR (NCT03234712). This is the seventh ADC utilising talirine, 

and understanding and managing the DLTs of the ADCs that have come before it 

and failed to show an acceptable therapeutic window will be key to the future of 

talirine as an effective ADC payload. 

 

The second APC to enter clinical trials was rovalpituzumab tesirine, in which the 

N10-linked SG3199 delivering warhead tesirine (Figure 1.10B) was conjugated in a 

stochastic fashion to the hinge region of rovalpituzumab, an anti-delta-like protein 3 

(DLL3) antibody, as part of a collaboration between StemCentRx and Spirogen Ltd. 

(Saunders et al., 2015). DLL3, (a member of the Notch signalling family) is 

expressed on human neuroendocrine tumours, and on the tumour stem cells of 

difficult to treat SCLC tumours (Saunders et al., 2015). The phase I study of 

rovalpituzumab tesirine in R/R SCLC reported encouraging results, where 18% of 

patients experienced tumour shrinkage, and 68% achieved some clinical benefit, 

improving the one-year survival for a tumour type in which no currently approved 
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treatment exists from 12% to 36% (Rudin et al., 2017). On the back of this data, the 

MERU Phase III trial was initiated, however, the trial was discontinued in 2019 when 

it failed to report a survival advantage of the ADC arm relative to the placebo. Again, 

it is important to note that the limited clinical efficacy of this ADC is not because of 

any PBD dimer related adverse effects, but due to the target having modest 

expression in very difficult to treat SCLC tumours. 

 

There are currently seven clinically active ADC candidates using the drug-linker 

tesirine developed by Spirogen Ltd., and is the drug of choice for ADCs developed 

by ADC Therapeutics including ADCT-301, ADCT-402, ADCT-601 and ADCT-602. 

These ADCs are the main focus of this PhD project, and will be discussed in more 

detail later in this thesis. Tesirine has also been licenced to Tanabe Research 

Laboratories who have developed TR1801-ADC, a humanised anti-cMet IgG2 mAb 

conjugated to tesirine via an unpaired cysteine on each heavy chain Fc region, and 

is undergoing a Phase I trial for cMet overexpressing solid tumours (Gymnopoulos 

et al., 2020). 
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Figure 1.10. Molecular structure of clinically investigated PBD dimer-containing drug linkers 
and their warheads. A. The C2-linked, maleimide-conjugated, valine-alanine protease-cleavable, 
drug-linker talirine and the PBD dimer released SGD-1182. B. The N10-linked, maleimide-conjugated, 

valine-alanine protease-cleavable drug linker tesirine and the PBD dimer released SG3199.  

 
 
 

One class of PBD dimer-like compounds has recently been developed, with the idea 

to reign back the exquisite cytotoxicity of these molecules by ‘disabling’ one of the 

DNA reactive imine groups by converting it to a secondary amine. These 

indolinobenzodiazepine pseudodimers (IGNs) are only able to mono-alkylate and 

not cross-link the DNA and have been shown to retain a high level of potency in in 

vivo models, with the hope that they will possess a more manageable toxicity profile 

and in turn, achieve the broad ranging patient benefit that APCs have been unable 

to demonstrate so far (Miller et al., 2016). A phase I study of IMGN632, an anti-

CD123 ADC containing the IGN payload DGN462 conjugated through a cleavable 
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disulphide linker has reported a 40% ORR in R/R AML patients with no serious 

DLTs (Adams et al., 2016). 

 

The ADC field has advanced rapidly since the turn of the century, with more clinical 

candidates treating patients in a variety of tumour setting year on year. However, 

while the number of regulatory approvals has tripled the size of the field since 2017, 

the majority of ADC candidates fail due to a lack of significant therapeutic window, 

often characterised by systemic DLTs. It is clear that many APCs have struggled to 

find a therapeutic window, and better understanding of the MOA of these drugs is 

crucial to developing more effective APCs in the future.   
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1.12. PhD objectives 
PBD dimer-containing ADCs have shown significant activity in several early-phase 

clinical trials, but have yet to challenge the auristatins, maytansinoids or 

calicheamicin as warheads in FDA approved ADCs. It is hypothesised that 

increased understanding of the mechanism of action of PBD dimer ADCs will guide 

future design, pre-clinical and clinical development of this novel class of drug. 

 

The first objective was to pinpoint the mechanisms limiting in vitro efficacy of PBD 

dimer-based ADCs in vitro, by correlating important cellular processes involved in 

ADC MOA with cytotoxicity. The rationale was that targeting improvement in 

potential limiting factors will improve the efficacy of future ADCs. 

 

The second objective was to investigate the mechanisms behind variable responses 

observed between different severely immunodeficient mouse strains and xenograft 

models in vivo. The rationale was that understanding the cause of target-

independent ADC efficacy will help inform clinical translation of ADC in vivo data, 

and that mouse strain immunodeficiency could impact ADC efficacy. 

 

The third objective was to generate cell lines with acquired resistance to PBD dimer 

and PBD dimer-based ADCs, and subsequently explore the molecular mechanisms 

with which different cell lines develop acquired resistance. The rationale behind this 

was that understanding the mechanisms of acquired resistance could provide 

potential biomarkers for PBD-ADC resistance, which could be utilised clinically when 

screening patients for suitability for treatment with these ADCs. It will also be 

important to investigate strategies of overcoming acquired resistance in patients. 
 

ADCs are often combined with existing SOC chemotherapeutic drugs to improve 

anti-tumour response, allowing less toxic, more efficacious doses of drug therapy. 

The fourth objective of the project was therefore to evaluate the molecular 

mechanisms of PBD dimer-based ADCs in combination with selected SOC drugs, 

with the rationale that identifying synergistic cytotoxic combinations in vitro, could 

guide future ADC clinical development. 
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Chapter 2. Materials and General Methods 
 

2.1. Materials 
 

2.1.1. Buffers and solutions 
 
Alkali buffer     50 mM NaOH 

      1 mM NaEDTA 

      dH2O  

pH > 12.5 

 

Agarose Type I-A    1% Agarose Type I-A (w/v) in dH2O 

 

Agarose Type VII    1% Agarose Type VII (w/v) in dH2O 

 

Blocking buffer (in vitro)   10% NGS (v/v) in PBS 

 

Blocking buffer (ex vivo)   10% Rat serum (v/v) in HBSS 

 

Blocking buffer (western blot)   5% Skim milk powder (w/v) in TBS-T 

 

Fixation buffer     4% PFA (v/v) in dH2O 

 

Freezing medium (for cells)   10% DMSO (v/v) in FBS 

 

Flow cytometry buffer    1% BSA (w/v) in PBS 

 

Lysis buffer (comet assay)   200 mM NaOH 

      100 mM NaEDTA 

      2.5 M NaCl 

      10 mM Tris-HCl 

      1% Triton X-100 (v/v) 

dH20 

      pH 12.5 – 13 
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Lysis buffer (western blot)   62.5 mM Tris-HCl 

      2% SDS (v/v) 

      10% Glycerol (v/v) 

      dH2O 

 

Neutralisation buffer    500 mM Tris-HCl 

      dH20 

      pH 7.4 

 

Permeabilization buffer   0.1% Tween 20 (v/v) in PBS 

 

Propidium iodide    1 mg/mL Propidium iodide 

dH2O  

 

Sodium carbonate    2 M Na2CO3 

      dH2O 

 

TBS-T      20 mM Tris-base 

      150 mM NaCl 

      1% Tween 20 (v/v) 

      dH2O 

 

Tumour dissociation buffer   100 µg/mL DNase I Type II 

      1 mg/mL Collagenase II 

      HBSS containing Ca/Mg 

 

 

 

2.1.2. Specific inhibitors 
 

Fumitremorgin C  (BCRP)  Sigma 

MK-571  (MRP2)  abcam 

Lovastatin  (SLCO2B1)  abcam 

Reversin 121  (MDR1)  Cayman Chemical 
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2.1.3. Antibodies and ADCs 
 
Table 2.1. Unconjugated primary antibodies  

 

Antibody Isotype Used for Clone Manufacturer 

CD19 Humanised IgG1 FC RB4v1.2 ADCT 

CD22 Humanised IgG1 FC Emab-C220 ADCT 

CD25 Humanised IgG1 FC HuMax-TAC ADCT 

HER2 Humanised IgG1 FC trastuzumab Roche 

B12 Humanised IgG1 FC B12 ADCT 

EEA-1 
Mouse 

IgG1 
IF 14/EEA1 BD 

LAMP-1 Rabbit IgG IF D2D11 CST 

CSF1R 
Rat 

IgG2a 
In vivo AFS98 BioXCell 

EGFR Chimeric IgG1 In vivo cetuximab MERK 

ABCC2 Rabbit IgG WB D9F9E CST 

ABCG2 Rabbit IgG WB EPR2099(2) abcam 

Calnexin Rabbit IgG WB C5C9 CST 

γH2A.X 
s139 

Rabbit IgG WB #2577 CST 

Caspase-3 

asp175 
Rabbit IgG WB 5A1E CST 

Caspase-8 Mouse IgG2b WB C15 AdipoGen 

PARP Mouse IgG1 WB C2-10 TACS 

GAPDH Rabbit IgG WB D16-H11 CST 

 
FC: Flow cytometry; IF: Immunofluorescence; WB: Western blot 
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Table 2.2. Conjugated primary and secondary antibodies 

 

Antibody Isotype Clone Fluorophore Manufacturer 

CD45 Mouse 30-F11 AF700 BioLegend 

EpCAM Mouse G8.8 BV421 BioLegend 

Gr-1 Mouse RB6-8G5 FITC BioLegend 

CD11b Mouse M1/70 APC BioLegend 

F4/80 Mouse BM8 PE BioLegend 

CD25 Humanised HuMax-TAC AF488 SC 

CD25 Mouse M-A251 PE BD Bioscience 

Hu IgG1-
Fc 

Goat (Fab)2 Poly AF488 Thermo Fisher 

Rb IgG Goat A11036 AF-543 Thermo Fisher 

Mo IgG Goat A21237 AF647 Thermo Fisher 

Rb IgG Goat #7074S HRP CST 

Mo IgG Goat #7076S HRP CST 

 
Hu: Human; Rb: Rabbit; Mo: Mouse; SC: Simon Corbett; AF: AlexaFluor; BV: Brilliant Violet; FITC: 

Fluorescein Isothiocyanate; APC: Allophycocyanin; PE: R-Phycoerythrin; HRP: Horseradish 

Peroxidase. 
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Table 2.3. Antibody-drug conjugates 

 

ADC and 
DAR 

Source Target Batch number Buffer 
Conc. 

(mg/mL) 

ADCT-301 

DAR: 2.3 
ADC Bio CD25 ADCP0014 lot. 2 

30 mM Histidine, 

200 mM Sorbitol 
5.4 

ADCT-402 

DAR: 2.3 
ADC Bio CD19 SON44-20 

30 mM Histidine, 

200 mM Sorbitol, 

0.02% Tween 20 

4.0 

ADCT-502 

DAR: 1.7 
ADC Bio HER2 ADCP0083 

30 mM Histidine, 

200 mM Sorbitol, 

0.02% Tween 20 

2.9 

ADCT-602 
DAR: 1.7 

Spirogen CD22 SPADC3039.01 PBS 3.4 

HuMaxTAC-

SG3376 

DAR: 2.13 

Spirogen CD25 SPADC2985.01 
30 mM Histidine, 

200 mM Sorbitol 
1.29 

HuMaxTAC-

SG3560 

DAR: 1.55 

Spirogen CD25 SPADC3531.01 

30 mM Histidine, 

200 mM Sorbitol, 

0.02% Tween 20 

1.5 

Emab-

SG3249 

DAR: 2.3 

ADC Bio CD22 
ADCBSON30 

PG23 

30 mM Histidine, 

200 mM Sorbitol, 

0.02% Tween 20 

2.0 

Trastuzumab
-SG3560 

DAR: 1.59 

Spirogen HER2 SPADC3535.01 PBS 2.6 

B12-SG3249 

DAR: 2.6 
Spirogen - SPADC2782.09 

30 mM Histidine, 

200 mM Sorbitol 
1.2 

B12-C220-

SG3249 

DAR: 1.81 

Spirogen - SPADC2969.03 PBS 2.7 

B12-SG3376 
DAR: 2.67 

Spirogen - SPADC2986.01 
30 mM Histidine, 
200 mM Sorbitol 

1.24 

 
DAR: Drug to antibody ratio; Conc.: concentration 
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Table 2.4. Cytotoxic drugs 

 

Drug Source Class 
Batch 

number 
Buffer Conc. mM 

SG3199 ADCT PBD 3199.009 DMSO 10 

SG2000 Spirogen PBD SJG136 DMSO 1 

Gemcitabine Sigma NA 126M4762V dH2O 33.4 

Cytarabine Hospira NA Co21966AA dH2O 411 

Decitabine CGS HMA 0316 DMSO 50 

Cisplatin Accord Pt PR01768 dH2O 3.3 

Doxorubicin LKT AA C000517 DMSO 10 

Melphalan Sigma AA 074K4071 DMSO 15 

 
PBD: Pyrrolobenzodiazepine dimer; NA: Nucleoside analogue; HMA: Hypomethylating agent; Pt: 
Platinum agent; AA: Alkylating agent.  
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2.1.4. Cell lines 
 
Table 2.5. Cell lines, their source and culture medium 

 

Tumour type Cell line Culture medium Provider 

ALL 

Karpas-299 
RPMI 

10% FBS 
ECACC 

SuDHL-1 
RPMI 

10% FBS 
DSMZ 

DLBCL 

Daudi 
RPMI 

10% FBS 
DSMZ 

Ramos 
RPMI 

10% FBS 
DSMZ 

AML 

EoL-1 
RPMI 

10% FBS 
DSMZ 

KG-1 
IMDM 

20% FBS 
ATCC 

Gastric NCI-N87 
RPMI 

10% FBS 
ATCC 

 
RPMI: Roswell Park Memorial Institute 1640; IMDM: Iscove’s Modified Dulbecco Medium; ALL: 
Anaplastic large cell lymphoma; DLBCL: Diffuse large B-cell lymphoma; AML: Acute myeloid 

leukaemia. 

 

 

 

2.1.5. Off-the-shelf kits and solutions 
 
AlexaFluor-488 labelling kit   Thermo Fisher 

Amersham ECL detection reagent  GE Healthcare 

Cytotox Green  reagent   Essen Bioscience 

DC protein estimation assay   BioRad 

InVivoPure dilution buffer   BioXCell 

Lipofectamine RNAiMAX   Thermo Fisher 

CellTiter 96 AQueous (MTS) assay  Promega 

pHAb internalisation reagent   Essen Bioscience 

ProLong Gold     Thermo Fisher 
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Quantum Simply Cellular beads  Bangs Laboratories 

Quantibrite-PE beads    BD Biosciences 

RNeasy midi kit    Qiagen 

RT2 First strand synthesis kit   Qiagen 

RT2 Human drug transporters  array  Qiagen 

RT2 DNA damage signalling array  Qiagen 

NuPAGE LDS buffer    Thermo Fisher 

SuperScript III first-strand kit   Thermo Fisher 

UltraComp eBeads    ThermoFisher 

Zirconium oxalate (Zr89)   Perkin Elmer 

 

 

2.1.6. Instruments 
 

Cytospin 2 centrifuge    Shandon 

Nikon Diaphot inverted microscope with  Nikon 

super high-pressure Hg lamp 

HU25 electrophoresis tank   Scie-Plas 

Nanodrop One    Thermo Fisher 

Typhoon     Amersham Bioscience 

Wizard2 gamma counter   Perkin Elmer 

LSM 880 with Airyscan microscope  Zeiss 

MultiSkan FC plate reader   Thermo Fisher     

Varioskan LUX plate reader   Thermo Fisher 

IncuCyte Zoom    Essen Bioscience 

Fortessa X20 flow cytometer   BD Biosciences 

Trans-Blot Turbo Transfer System  BioRad 

RT-PCR thermal cycler   ABI 

qRT-PCR thermal cycler   Thermo Fisher 

 

 

2.1.7. Analysis software 
 

FlowJo 10     BD Biosciences 

Papers 4     ReadCube 

GraphPad Prism 8    GraphPad 

IncuCyte S3     Essen Bioscience 
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Zen 3.1     Zeiss 

Imaris 9.5     Oxford Instruments 

Microsoft Office 2019    Microsoft 

CalcuSyn     BioSoft 

Mediso NanoScan    Mediso 

VivoQuant     inviCRO  

Komet 4     Oxford Instruments 
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2.2. General Methods 
 
In the following section are the general methods and practices followed for 

experimental procedures widely used in this thesis, while more specific methods are 

detailed in the relevant results chapters. 

 

2.2.1. Cell culture 
All the cell lines used in this thesis were purchased from either the American Type 

Culture Collection (ATCC), Deutsche Sammlung von Mikroorganismen und 

Zellkuturen (DSMZ) or European Collection of Cell Cultures (ECACC). All of these 

collections authenticate their cell lines using short tandem repeat DNA typing, and 

stocks of low passage number were stored in liquid nitrogen once the cells were 

confirmed mycoplasma free. The details of each cell line are listed in Table 2.4 

including their culture medium which was supplemented with 10% or 20% heat 

inactivated FBS (ThermoFisher) and 2 mmol/L glutamine (Sigma). All cell lines were 

cultured at 37 °C in a humidified with a 5% CO2 atmosphere Suspension cell lines 

were passaged 2-3 times a week and the cell density allowed to reach no higher 

than 2 x106 cells/mL, while adherent cell lines passaged when they reached 70-80% 

confluency. When cell lines in culture approached passage 30, a new aliquot was 

recovered from the liquid nitrogen to prevent over culture. 

 

 

2.2.2. In vitro growth inhibition 
Cells were seeded at 10,000 cells per well in a flat bottom 96-well plate, suspension 

cells were treated immediately while adherent cell lines were incubated overnight to 

allow for cell attachment. For ADC growth inhibition assays, cells were then 

incubated with serial dilutions of ADC in triplicate. For the PBD or other cytotoxic 

drug growth inhibition assays, cells were mixed with a serial dilution of the drug 

prepared in DMSO before seeding to ensure the DMSO concentration was the 

same in all wells and had no effect on cell growth. Growth inhibition was measured 

after incubation at normal growth conditions for approximately three cell doublings 

(usually 4-6 days) using the CellTiter 96 AQueous (MTS) One Solution reagent 

(Promega) and absorbance measured on a Multiskan Ascent plate reader 

(ThermoFisher) at 492 nm. Growth inhibition was calculated as a percentage of 

absorbance compared to an untreated control, and IC50 values were calculated 

using the sigmoidal, 4PL, X is log(concentration) equation in GraphPad Prism. 



 88 

2.2.3. Single cell gel electrophoresis (comet) assay 
The formation of DNA interstrand cross-links (ICLs) by either PBD dimer or PBD 

dimer-containing ADC was measured using a modification of the single cell gel 

electrophoresis (comet) assay. The comet assay was carried out according to the 

protocol described previously (Spanswick et al., 2009). For a dose-response 

experiment, cells were treated with the desired concentration of PBD dimer or ADC 

for 2 hours, then washed and incubated for 24 hours under normal cell culture 

conditions. For a time-course experiment, cells were treated for 2 hours as before, 

but incubated under normal growth conditions until the desired time-point was 

reached. At each time-point, cells were collected and centrifuged (280 g, 4 minutes, 

4ºC), and resuspended in cell freezing media and stored at -80 ºC until the day of 

the comet assay. On the day of the assay, cells were thawed on ice, counted and 

diluted to 3 x104 cells/mL in cold complete media. All cells were irradiated with 18 

Gy (5 Gy/minute for 3.6 min) unless otherwise stated.  

 

Slides were reviewed using the 20x objective on an epifluorescence microscope 

equipped with Hg arc lamp, 580 nm dichroic mirror, and 535 nm excitation and 645 

nm emission filters suitable for visualizing propidium iodide staining, with a minimum 

of 50 Comet images acquired per treatment condition. DNA ICL formation was 

quantitated by measuring Olive tail moment (OTM) using the Komet 6 software 

(Andor Technology, Belfast, UK), and the percentage reduction in OTM calculated 

according to the formula: 

 

% decrease in tail moment = [1- (TMdi- TMcu)/(TMci – TMcu)] * 100 

 

TMdi= Tail Moment drug irradiated; TMcu= TM control un-irradiated; TMci = TM 

control irradiated 

 
 

2.2.4. Immunoblot analysis 
1.5 - 2 x106 cells were seeded in 6-well plates in normal growth media, and either 

left untreated, or treated with the desired experimental drug for 24 or 48 hours. Cells 

were washed with PBS and lysates collected by adding 50 µL lysis buffer (0.0625 M 

Tris-HCL, 2 % SDS, 10% glycerol), scraping adherent cells or vortexing suspension 

cells, before incubating at 90 ºC for 10 minutes and storing at -20 ºC. Protein 

concentrations were determined with the DCTM Protein Estimation Assay (BioRad) 

according to the manufacturer's instructions. Protein (20-30 µg) was loaded into a 4-
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15 % Mini-PROTEAN TGX gel (BioRad), and electrophoresed at 120v for 1 hour or 

until necessary separation had occurred. Proteins were transferred onto a 0.2 µm 

nitrocellulose membrane (BioRad) in the Trans-Blot Turbo Transfer System 

(BioRad), blocked with 5% skim milk powder, followed by primary antibody 

incubation. Horseradish peroxidase-conjugated secondary antibodies and the ECL 

detection kit (Amersham) were used to detect labelled proteins following the 

manufactures instructions.  

 

 

2.2.5. Flow cytometry and confocal microscopy 
All flow cytometry experiments were conducted on the Fortessa X20 flow cytometer 

in the Flow Cytometry Translational Technology Platform in the UCL Cancer 

Institute, which is maintained and calibrated by the facility staff daily to ensure 

cytometer reliability and accuracy. Optimisation experiments were performed where 

necessary for all new antibodies to identify the staining dilution that generated the 

best separation. If required, compensation was carried out using Ultra Comp eBead 

single stained controls for each colour, and any channel bleed gated out with 

fluorescence minus once controls. Raw data files were exported as .fcs and opened 

in FlowJo for all further analysis. 

 
The Zeiss LSM 880 confocal microscope with AiryScan, 5x, 10x, 20x, 40xOil and 

63xOil Plan Apochromat objectives, seven lasers (405, 458, 488, 514, 561, 594 and 

633 nm), 2x PMT detectors and a 1 x32 GaAsP detector was used for confocal 

microscopy, and is maintained by the staff of the Imaging and Microscopy 

Translational Technology Platform in the Cancer Institute. The range of optimal 

emission detection was manually adjusted based on fully stained positive control 

samples, and maintained for all images captured in that experiment. Images were 

exported as .czi files and exposure normalised across all images using Imaris image 

analysis software. 

 
 

2.2.6. Animal Studies 
All the animal experiments were conducted under an appropriate UK project licence 

in accordance with the regulations of the UK Home Office for animal welfare 

according to the animal scientific procedure act 1986 (ASPA), or where stated, 

performed by Charles Rivers Laboratories, USA. 
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2.2.7. in vivo experimental design 
For experiments performed at UCL, mice were housed at the Biological Services 

Unit (BSU), and maintenance carried out by BSU permanent staff. All work with 

these animals was performed using my personal licence (PIL I111E280C) under the 

project licence of either Prof. Barbara Pedley (PPL 70/09090) or Dr Tammy Kalber 

(PPL 70/8421), after protocols had been reviewed and agreed by Prof. John Hartley. 

Tumours were established by subcutaneous injection in the right flank of 1 x107 cells 

in 150 µL PBS, and monitored every three days until they reached a size 

measurable by calliper. Tumour measurements were made with a digital set of 

callipers using the following equation: 

 

Volume mm3 = 𝜋 x [width (mm) x length (mm) x height (mm)]/6 

 

During all experiments, mice with rapid weight loss of 20% or maintained loss of 

15% compared to pre-treatment weight, and mice in which the tumour exceeded 

1500 mm3 were euthanised. 

 
 

2.2.8. Tumour excision and processing 
When tumour xenografts were required for further ex vivo analysis, they were 

excised following treatment at the required time-point, immediately after mouse 

termination. To generate a dissociated single-cell suspension for the comet assay or 

flow cytometry, tumours were transferred to a tissue culture hood in sterile PBS on 

ice, and gently disrupted in a petri dish containing PBS using a sterile disposable 

scalpel, until the cells detached from any supportive tissue to form a single cell 

suspension. If the cells were to be used for the comet assay then they were 

centrifuged at 300 g for 5 mins at 4 ºC, resuspended in cell freezing medium and 

stored at -80 ºC. If the cells were required for flow cytometry analysis, they were 

immediately digested in tumour dissociation buffer according to the protocol for 

‘FACS of mouse macrophages’ (Gordon et al., 2017), and immediately stained as 

described in the relevant results section. 
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Chapter 3. Comparing the mechanisms of action of two PBD 
dimer-containing ADCs in B-cell lymphoma cell lines 
 

3.1. Introduction 
 

3.1.1. Non-Hodgkin lymphoma 
According to the most recent data from the WHO, NHL is the 6th most prevalent 

cancer in the UK, with around 16,000 new cases reported in 2018 (Bray et al., 

2018). NHL is made up of a diverse spectrum of malignancies derived from both B- 

and T-lymphocytes, recognising the roles of age, anatomical site and mutational 

profile of the tumour cells, and crucially differs from cHL by the absence of Reed-

Sternberg cells (Armitage et al., 2017). NHLs are defined by both the cellular 

subtype from which they are derived and the stage of development they are in, as 

well as increasing improvements in molecular and genetic phenotyping of these 

cells allowing for further differentiation and characterisation. Almost 90% of NHLs 

are derived from B-cells, with the other 10% from T-cells or NK-cells (Armitage et 

al., 2017). DLBCL is the most common type of NHL and derives from mature B-

lymphocytes that either originated from germinal centres or activated lymphocytes 

(Li et al., 2018). 

 

 

3.1.2. CD19 and CD22 in normal and malignant B-cells 
B-cell development and differentiation is modulated by signal transduction pathways 

initiated by the B-cell receptor (BCR), as well as other cell surface receptors such as 

CD19, CD20, CD22 and CD72 (Li et al., 2017b). CD19 is a B-cell specific surface 

protein receptor expressed on all B-lymphocytes throughout development, from 

heavy-chain re-arrangement until terminal differentiation into plasma cells (Depoil et 

al., 2008). CD19 is a 95 kD type-1 transmembrane glycoprotein and a member of 

the immunoglobulin (Ig) superfamily. The extracellular component consists of two 

C2-type, Ig-like domains linked by one non-Ig-like domain (Li et al., 2017b). The 

intracellular component contains nine tyrosine kinase residues, although three of 

these are largely responsible for the downstream signalling activity, Y513, Y482 and 

Y391 (Figure 3.1) (Wang et al., 2012). CD19 modulates BCR-dependent and 

independent signalling by forming a complex with CD21, CD81 and Leu-13, which 

both lowers the threshold for activation, and amplifies the signal transduction of the 
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BCR by recruiting and activating members of the Src and PI3K family (Wang et al., 

2012). 

 

Although the role of CD19 in oncogenesis has not been well described, the fact that 

the majority of lymphomas are B-cell derived, and CD19 is expressed on the 

majority of B-cells in all stages of development, means that CD19 expression is well 

conserved across most B-cell-derived malignancies (Li et al., 2017b). This has 

meant CD19 has been a very useful marker for diagnosis of B-cell malignancies, 

and has been a target of interest for immunotherapy in lymphoma for decades, with 

multiple mAbs, ADCs and CAR-T therapies under pre-clinical and clinical 

development (Watkins and Bartlett, 2018). 

 

 

 

 
Figure 3.1. Molecular structure schematic of the CD19 and CD22 receptors and key associated 
signalling pathways. 
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CD22 is another B-cell restricted type-1 transmembrane receptor which is part of the 

sialic acid-binding Ig-like lectin (Siglec) family (Walker and Smith, 2008). CD22 

expression is widely conserved on mature B-cells and forms clusters of receptors 

which interact with self-antigens, so CD22 has an important role in BCR negative 

regulation in response to self-antigens, to prevent over-stimulation and auto-immune 

disease (Poe and Tedder, 2012). The 140 kD protein has an extracellular domain 

consisting of seven Ig-like domains, and similarly to CD19, one transmembrane 

domain, and cytoplasmic domain that contains conserved tyrosine motifs, including 

immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that recruit the potent 

phosphotyrosine and phosphoinositide phosphatases SHP-1 and SHIP, which 

inhibit both CD19 and the BCR (Figure 3.1) (Ereno-Orbea et al., 2017, Nitschke, 

2005). 

 

As CD22 expression is widely conserved across mature peripheral B-cells, it is also 

expressed on most B-cell malignancies that are derived from mature B-cell 

populations, and therefore is another useful diagnostic marker of B-cell 

malignancies, as well as a therapeutic target of some interest (Yu et al., 2015).  

 

 

3.1.3. CD19 and CD22 as targets for immunotherapy 
In DLBCL, the first-line SOC therapy is usually a combination of the anti-CD20 mAb 

rituximab with chemotherapeutic drugs cyclophosphamide, doxorubicin, vincristine 

and prednisone (R-CHOP) (Cabanillas and Shah, 2017). Depending on the genetic 

phenotype of the tumour cells, more specifically, if they have either or both Myc or 

bcl-2 gene mutations, the 5-year survival can fall from 77% to 27%, so there is a 

clear unmet need to treat the tumours that respond poorly to R-CHOP treatment 

(Cabanillas and Shah, 2017). CD19 mAbs have been developed and tested 

clinically in a wide range of NHL subtypes, but so far haven’t been able to show a 

significant survival advantage over the SOC regimen (Watkins and Bartlett, 2018).  

 

In 2014 blinatumomab was approved for treatment of Philadelphia chromosome-

negative ALL. This antibody is interesting because it is a bispecific CD19/CD3 

targeted mAb, that binds both to CD19 on the tumour cell, and the mechanism of 

action is through concurrently binding to CD3 on T-cells and therefore activating 

them to kill the tumour cell (Kantarjian et al., 2017a). Another innovative new T-cell 

technology used to treat haematologic malignancies is CAR-T therapy. The most 

successful application of CAR-T cell therapy has been through targeting CD19 in B-
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cell malignancies (Li et al., 2017). In 2017 tisagenlecleucel (ALL) and Axicabtagene 

ciloleucel (DLBCL) became the first two FDA approved CAR-T therapies, both 

targeting CD19 (Watkins and Bartlett, 2018). The initial response to CAR-T therapy 

can be as high as 90%, but antigen escape (tumour cell loss of CD19 expression), 

means the long-term survival is often limited (Cabanillas and Shah, 2017). Bi-

specific CAR-T therapies are also being developed targeting CD19 and CD20 or 

CD22 (Watkins and Bartlett, 2018). 

 

Historically, CD22 has not gained the same amount of interest as a therapeutic 

target as CD19, possibly because it is not expressed in as many stages of B-cell 

development as CD19, and so less widely across B-cell malignancies. There are no 

CD22 mAbs currently on the market, but epratuzumab has been tested in multiple 

clinical trials (Franca et al., 2017), and in 2017 inotuzumab ozogamicin, a CD22-

targeting ADC containing a calicheamicin warhead was approved by the FDA for 

treatment of R/R ALL (Kantarjian et al., 2019). 

 
 

3.1.4. ADCT-402 and ADCT-602 
ADCT-402 is composed of the anti-CD19 humanised IgG1 antibody RB4v1.2 

conjugated stochastically at random interchain cysteines to the warhead tesirine 

using maleimide chemistry with a DAR of 2.3 (Zammarchi et al., 2018). Tesirine 

consists of a cathepsin-cleavable valine-alanine linker that releases the PBD dimer 

warhead SG3199 (Hartley et al., 2018). A first in human dose-escalation clinical trial 

in R/R B-cell NHL (NCT02669017) was completed in 2019 and showed an ORR of 

41.4% (Kahl et al., 2019). ADCT-402 is now in a pivotal phase II trial in DLBCL 

(NCT03589469) which has reported a similar ORR of 46% so far, as well as other 

phase I NHL indication trials and combinations with the TKI ibrutinib 

(NCT03684694) and PD-1 mAb durvalumab (NCT03685344). 

 
ADCT-602 is composed of the anti-CD22 humanised IgG1 antibody Emab-C220 

(epratuzumab derivative) conjugated site-specifically to tesirine at engineered 

cysteines, which produces a more stable and homogeneous product with a DAR of 

1.7 (Zammarchi et al., 2016b). Both ADCs contain tesirine, so both ADCT-402 and 

ADCT-602 result in the intracellular release of the PBD dimer SG3199. ADCT-602 is 

currently in phase I clinical trial in R/R B-cell ALL (NCT03698552). 
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3.1.5. Aim of this chapter 
The aim of this chapter was to utilise the co-expression of CD19 and CD22 on a 

number of human B-cell lymphoma and leukaemia cell lines to compare the efficacy 

and mechanism of action of ADCT-402 and ADCT-602, two ADCs which deliver the 

same PBD dimer warhead SG3199, and try and better understand the limiting 

factors affecting ADC activity in vitro.   
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3.2. Materials and Methods 
 

3.2.1. IncuCyte live cell apoptosis kinetics 
96-well flat bottom plates were coated with 50 µL Poly-L-ornithine (PLO, Sigma) for 

at least 2 hours, or stored at 4 °C wrapped in Parafilm. The Cytotox Green reagent 

(Essen Bioscience) was diluted 1:4000 in complete media to make a stock for cell 

and ADC dilutions. The excess PLO was aspirated, and Ramos cells were seeded 

at 2 x104 cells per well and allowed to attach for at least 30 minutes at room 

temperature. Serial dilutions of ADCs were prepared in triplicate at 2X final 

concentration in reagent containing media and added 1:1 to Ramos containing 

wells. Outer wells were filled with media and the plate immediately placed in the 

IncuCyte system. The IncuCyte captured 1 image per well every two hours with 

phase contrast and green fluorescence filters at 10 x magnification. 

 
 

3.2.2. Flow cytometry determination of antigen expression and binding 
Ramos and Daudi cells (1.5 x105 per well) were blocked at 4 °C for 30 mins before 

being incubated with a serial dilution series of rB4v1.2 or Emab for 1 hour on ice in 

triplicate. The cells were then washed and incubated with a F(ab')2-Goat anti-

Human IgG Fc Secondary Antibody conjugated to Alexa Fluor 488 (ThermoFisher) 

1:50 diluted in blocking buffer. After incubation for 1 hour on ice in the dark the cells 

were washed and run on a Fortessa X20 flow cytometer, and the median 

fluorescence intensity (MFI) measured using the B530/30 laser/filter after gating out 

dead and aggregated cells.  

 

Quantum Simply Cellular (QSC) beads (Bangs Laboratories) were stained with 

rB4v1.2 or Emab along with Ramos and Daudi cells at the saturating mAb 

concentration established from the dose response. The stained beads and cells 

were run on the Fortessa X20 and the MFIs of the beads used to generate a 

standard curve, from which the antigen binding capacity (ABC) was determined. 

 
 

3.2.3. Internalisation immunofluorescence and microscopy 
ADCT-602 was directly labelled with AlexaFluor-488, and Ramos cells treated with 5 

µg/mL for 1 hour on ice to allow surface binding but prevent internalisation. After 

washing off unbound ADC with cold PBS, the cells were returned to warm medium, 
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time course samples taken, fixed with 4% PFA, permeabolised with 0.1% Tween20, 

and probed with mouse anti-EEA-1 (early endosomes), rabbit anti-LAMP-1 

(lysosomes) and Hoechst for nuclear visualisation. Cells were spun down onto 

microscope slides by cytospin funnel, and images captured using a Zeiss LSM 880 

with Airyscan confocal microscope, at 63x magnification with immersion oil. 

Confocal images were processed using Imaris 9 image analysis software. 

 
 

3.2.4. Single cell gel electrophoresis (comet) assay of disseminated tumour 
samples 
The comet assay was carried out according to the general protocol described in 

section 2.2.3. Ramos cells were treated with 1, 10, 100 and 1000 pM ADCT-402 or 

SG3199, or 0.1, 1, 10 or 100 nM Emab-SG3249 or B12-SG3249. For the time-

course experiments Ramos and Karpas-299 cell lines were treated with 10 nM 

ADCT-602 and B12-C220-SG3249 or 10 pM SG3199.  

 

 

3.2.5. Determination of bystander activity by conditioned media transfer 
To measure the bystander effect of ADCT-402 and ADCT-602, 1.25 x104 Ramos or 

NCI-N87 cells were seeded 50 µL per well in a 96-well plate, and treated with 100 

ng/mL of ADC to give a final volume of 100 µL. Cells were incubated for either 1, 2, 

or 3 days, under normal cell culture conditions. The cells were then centrifuged at 

600 x g for 5 mins, and 50 µL conditioned media transferred to 1.25 x104 Karpas-

299 cells in a fresh 96-well cell-culture plate. Karpas-299 cells were also treated 

with 100 ng/mL fresh ADCT-602, as well as seeding an untreated control. Karpas-

299 cells were incubated for a further 96 hours to allow three cell doublings, and the 

PBD warhead to have a measurable cytotoxic effect by MTS. After incubation, MTS 

reagent (Promega) was added to each well, and incubated for 3.5 hours. The assay 

was read at 492 nm on a Multiskan Ascent plate reader from Thermo Fisher 

Scientific. Mean percentage cell survival was calculated compared to an untreated 

control. Graphical and statistical analysis was carried out using GraphPad Prism.  
Samples of Karpas-299 cells were also taken 24 hours after ADC, and the comet 

assay performed as described above to investigate the induction of ICL formation 

from conditioned media.  
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3.3. Results 
 

3.3.1. ADCT-402 has greater efficacy than ADCT-602 in two DLBCL cell lines in 
vitro 
To evaluate the activity of CD19 and CD22 targeted ADCs in vitro, anti-CD19 ADC 

(ADCT-402) and anti-CD22 ADCs ADCT-602 and Emab-SG3249 (stochastically 

conjugated ADCT-602) were investigated in two human DLBCL cell lines Ramos 

and Daudi. Growth inhibition was measured by continuous ADC exposure for 96 

hours (Ramos), or 120 hours (Daudi) with the MTS assay to allow for at least three 

cell doublings.  

 

All the ADCs tested have a DAR close to 2 (DAR values can be found in Table 

2.2.3), however, GI50 values generated from the dose-response curves showed 

ADCT-402 to be 40x more potent than Emab-SG3249 in Ramos cells (0.46 and 

19.5 ng/mL, Figure 3.2A) and 4x more potent in Daudi cells (0.65 and 2.8 ng/mL, 

Figure 3.2B). The site-specifically conjugated ADCT-602 was equally as potent as 

Emab-SG3249 in Ramos and Daudi cells, suggesting the conjugation method has 

no effect on the in vitro growth inhibition (Figure 3.2C, D). Both ADCT-402 and 

ADCT-602 were active at > 100-fold lower concentrations than the non-target 

control ADC B12-SG3249 in both cell lines, indicating a target dependent anti-

tumour effect with both ADCs (Figure 3.2). The GI50 values are summarised in Table 

3.1. 

 

 

3.3.2. ADCT-402 induces apoptosis at lower doses than ADCT-602 in Ramos 
cells 
While the MTS assay is an accurate indicator of growth inhibition, it does not directly 

report cell death. To investigate the induction of apoptosis by ADCT-402 and Emab-

SG3249 in Ramos cells, the Cytotox Green reagent was added to media with the 

ADCs and the cells incubated in a live-cell fluorescent imaging system (IncuCyte 

Zoom, Essen BioScience), capturing a phase contrast and green fluorescence 

image every 2 hours. After 90 hours the green object area per well was calculated 

using the IncuCyte analysis software.  
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Figure 3.2. in vitro growth inhibition of anti-CD19 and CD22 ADCs on NHL cells. A. 96-hour 

continuous exposure growth inhibition of ADCT-402 and Emab-SG3249 on Ramos cells. B. 120-hour 
continuous exposure growth inhibition of ADCT-402 and Emab-SG3249 on Daudi cells. C. 96-hour 

continuous exposure growth inhibition of ADCT-602 and Emab-SG3249 on Ramos cells. D. 120-hour 

continuous exposure growth inhibition of ADCT-602 and Emab-SG3249 on Daudi cells. Each data 
point is the average of three repeats. Error bars +/- SD. 

 

 

 
Table 3.1. In vitro growth inhibition GI50 of anti-CD19 and CD22 ADCs on DLBCL cells  

ADC/PBD 
GI50 ng/mL (95% CI) 

Ramos Daudi 

CD19 ADC 0.46 (0.31 - 0.69) 0.65 (0.4 - 1.0) 

CD22 ADC (ST) 19.5 (13.9 - 27.3) 2.8 (2.2 - 3.8) 

CD22 ADC (SS) 12.0 (8.6 - 16.8) 2.7 (1.5 - 4.9) 

B12 ADC (ST) 700.4 (452.9 - 1083.0) 90.4 (70.1 - 116.7) 

B12 ADC (SS) 493.4 (318.1 - 765.3) 77.1 (64.7 - 58.2) 

SG3199 (pM) 1.5 (0.9 - 2.0) 5.8 (4.7 - 7.4) 

 
ST: stochastically conjugated; SS: site-specifically conjugated; CI: confidence intervals 
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Both ADCs induced a dose-dependent loss of cell viability after approximately 50-60 

hours (Figure 3.3A, B). When compared at the same dose (0.1 µg/mL) ADCT-402 

had greater green object fluorescence per well, and therefore apoptotic cells, than 

Emab-SG3249 (Figure 3.3C).  

 

Representative images captured by the IncuCyte corroborate the target-dependent 

induction of cell death with ADCT-402 and Emab-SG3249 when untreated cells and 

ADC treated cells are compared. The growth inhibition in the phase contrast images 

of the ADC treated cells is clear, and while there were some green fluorescent cells 

in the untreated cells, both ADC treated images have visibly more green 

fluorescence relative to the number of cells per well (Figure 3.4). 

 

 

3.3.3. ADCT-402 and ADCT-602 induce apoptosis by caspase-dependent 
pathway signalling  
To explore the mechanism of apoptosis induction by the SG3199-releasing ADCs, 

Ramos cells were incubated with an approximate GI50 dose of ADCT-402, or a 

1000x GI50 dose of ADCT-602, (3 pM and 100 nM, respectively), as well as 1 µM 

staurosporine as a positive control of apoptosis. After 24 hours, cell lysates were 

collected and probed for caspase-dependent apoptosis proteins caspase-3 and 8, 

as well as DNA damage markers PARP cleavage and phosphorylated γH2AX by 

western blot.  

 

Some PARP cleavage was seen in the untreated and treated cells, however there 

was more cleaved PARP visible in the treated cells. There was clear cleavage of 

caspase-3 in the ADCT-602 treated cells, but none visible in the ADCT-402 treated 

cells. Both ADC treated cell lysates produced the three predicted cleavage products 

of caspase-8, and again more cleaved protein was visible in ADCT-602 treated 

cells. γH2AX is a classical marker of DNA damage and consistent with the 

apoptosis markers is seen more in the ADCT-602 treated cells than ADCT-402 

treated cells (Figure 3.5). 
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Figure 3.3. Real time apoptosis induction by ADCT-402 and ADCT-602 in Ramos cells. A. Dose-

dependent apoptosis induction by ADCT-402 in Ramos cells over 90 hours. B. Dose-dependent 

apoptosis induction by Emab-SG3249 in Ramos cells over 90 hours. C. Apoptosis induction of ADCT-
402 and Emab-SG3249 at 0.1 µg/mL in Ramos cells over 90 hours. This experiment was repeated 

twice. Error bars are +/- SD of triplicate wells.  
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Figure 3.4. ADCT-402 and Emab-SG3249 induce cell death in the Cytotox Green assay. A. 
Representative phase contrast, green fluorescence and overlaid images of untreated Ramos cells after 
90 hours incubated with cytotox green. B. Representative phase contrast, green fluorescence and 

overlaid images of Ramos cells treated with 0.1 µg/mL ADCT-402 after 90 hours incubated with cytotox 

green. C. Representative phase contrast, green fluorescence and overlaid images of Ramos cells 

treated with 0.1 µg/mL Emab-SG3249 after 90 hours incubated with cytotox green. Scale bar is 300 
µm.  
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Figure 3.5. ADCT-402 and ADCT-602 induce DNA damage and caspase-dependent apoptosis 
pathway signalling. Representative western blot of Ramos cells treated with 3 pM ADCT-402, 100 nM 
ADCT-602 or 1 µM staurosporine for 24 hours. Expected mw of cleavage products are marked with 

blue arrows. 

 

 

 

3.3.4. rB4v1.2 binds to Ramos and Daudi cells with higher apparent affinity 
than Emab. 
ADCT-402 is more potent in Ramos and Daudi cells than ADCT-602 in in vitro  

growth inhibition and cytotoxicity assays. The aim of the rest of this study was to 

investigate the mechanism of action of these two ADCs to try and explain the 

difference in potency. Firstly, does the level of surface antigen expression of CD19 

and CD22 in these cell lines correlate with activity, or does the affinity of the 

antibody for the CD19 and CD22 receptor correlate with ADC efficacy?  
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Ramos or Daudi cells were incubated with increasing concentrations of the anti-

CD19 mAb (rB4v1.2) or the anti-CD22 mAb (Emab) for 1 hour on ice, then washed 

and incubated with AF-488 labelled secondary mAb for 1 hour on ice in the dark. 

Once the receptor saturating dose of each target mAb had been identified, this was 

used to estimate the antigen density (antibody binding capacity, ABC) using a QSC 

bead (Bangs Laboratories) generated standard curve for each mAb. 

 

The saturating concentration maximum fluorescence intensity of rB4v1.2 was higher 

than Emab on Ramos cells (19,700 and 15,800, Figure 3.6A). This is corroborated 

by the ABC for CD19 being higher than CD22 in Ramos cells (131,486 and 92,357, 

Figure 3.6B). Interestingly, in Daudi cells the maximum fluorescence of Emab was 

double rB4v1.2 (44,870 and 21,180 Figure 3.6A), and the ABCs in Daudi cells also 

showed Emab to be higher (204,989 and 168,993, Figure 3.6B). Also important to 

note, is that in both cell lines rB4v1.2 binding was detected at much lower 

concentrations then Emab, suggesting that the affinity of this antibody for the CD19 

receptor is higher than that of Emab for CD22 (Figure 3.6A). The ABC and binding 

IC50 values are summarised in Table 3.2. 

 

 

 
Table 3.2. CD19 and CD22 cell surface antigen expression and antibody binding IC50 in 
Ramos and Daudi cells 

 

Antigen 
Ramos Daudi 

ABC (SD) IC50 (µg/mL) ABC (SD) IC50 (µg/mL) 

CD19 
131,486 

(15,600) 
0.03 

168,993 

(4090) 
0.03 

CD22 
92,357 

(25,600) 
5.1 

204,989 

(14,800) 
6.9 

 
ABC: antibody binding capacity 
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Figure 3.6. Flow cytometry binding of CD19 and CD22 antibodies on Ramos and Daudi cells. A. 
Dose-response cell surface antigen binding of RB4v1.2 and Emab on Ramos and Daudi cells by flow 

cytometry. B. Antibody binding capacity of RB4v1.2 and Emab on Ramos and Daudi cells. Each data 
point is the mean of three biological repeats. Error bars are +/- SD. 

 

 

 

3.3.5. ADCT-602 internalises and traffics into lysosomes in Ramos cells. 
Previous fluorescent confocal microscopy data generated in the lab showed that 

ADCT-402 bound to the surface of Ramos cells, and after 1 hour was internalised 

into lysosomes. This internalisation increased at 2 and 4 hours, and no remaining 

surface bound ADC was visible after 24 hours (Zammarchi et al., 2018). The ADCT-

602 internalisation profile was determined by treating Ramos cells with AlexaFlour-
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488 labelled ADCT-602 for a 24-hour time course, and probing the fixed, 

permeabolised cells for EEA-1 (early endosomes) and Lamp-1 (lysosomes) to look 

for co-localisation by confocal microscopy.  

 

Immediately after 1 hour incubation with ADCT-602 on ice, there was strong cell 

membrane staining, with lysosomes located in the peri-nuclear zone (Figure 3.7, 

0h). After 30 minutes there was a concentration of ADCT-602 into discrete foci, and 

some co-localisation with EEA-1, but no visible Lamp-1 co-localisation. After 1 hour 

there is less ADC visible on the cell surface, and more co-localisation with EEA-1, 

with co-localisation also visible with Lamp-1 in some cells. After 2 hours some cells 

were seen with no surface bound ADC, and more co-localisation with Lamp-1. After 

4 and 24 hours most of the ADCT-602 was co-localised with EEA-1 or LAMP-1, but 

there was some remaining surface bound ADC, even after 24 hours (Figure 3.7). 

 

 

3.3.6. ADCT-402 induces DNA interstrand cross-link formation at lower doses 
than ADCT-602 in Ramos cells. 
To quantify how much of the internalised ADC is inducing DNA damage, the DNA 

ICL formation of the two target ADCs, as well as the free PBD dimer SG3199 and 

the non-target control B12-SG3249 was measured using the single cell gel 

electrophoresis (comet) assay. Ramos cells were treated with increasing 

concentrations of ADCT-602, ADCT-402, B12-SG3249 or SG3199 for 2 hours, then 

washed and returned to fresh media for 24 hours. After 24 hours, cells were frozen 

for the comet assay or incubated for 96 hours and growth inhibition measured by the 

MTS assay.  

 

In the comet assay, DNA ICL formation by a cross-linking agent causes a decrease 

in the propensity of the DNA to be separated by the electrophoretic current following 

random double-stand break induction by radiation (X-ray), which can be visualised 

by PI staining and microscopy. It is clear from the representative pictures that the 

untreated, unirradiated cells have no DNA migration or ‘tail’; the untreated, irradiated 

cells have a large tail and the classic ‘comet’ appearance, while the PBD dimer and 

ADC treated cells have a quantifiably shorter tail (Figure 3.8A-D). 
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Figure 3.7. Internalisation time course of Ramos cells treated with ADCT-602 by confocal 
microscopy. Representative single z-stack slices captured on a Zeiss LSM 880 confocal microscope 

with Airyscan showing the internalisation of ADCT-602. Staining of ADCT-602 (green), EEA-1 (early 

endosomes, purple), Lamp-1 (lysosomes, red), and DAPI (nucleus, blue) is shown as an overlay and 

as individual channels. Co-localisation is represented by yellow staining. Scale bars are 10 µm. 
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Figure 3.8. Representative comet assay images of PBD dimer or PBD dimer-containing ADC-
treated Ramos cells. A. Untreated, unirradiated Ramos cells. B. Untreated, irradiated Ramos cells. C. 
Irradiated Ramos cells treated with 1 pM SG3199. D. Irradiated Ramos cells treated with 1 nM ADCT-
402. 

 

 

 

At 1 pM, SG3199 is able to induce a 35% reduction in OTM, compared to 10% with 

ADCT-402 (Figure 3.9A). This corresponded to a 50% growth inhibition in SG3199 

treated cells, but no growth inhibition in ADCT-402 treated cells (Figure 3.9B). At 10 

pM there was a 65% reduction in OTM in SG3199 treated cells and 28% in ADCT-

402 treated cells. There was again no growth inhibition in the ADCT-402 cells, while 

in the SG3199 treated cells growth inhibition increased to 80%. At 100 pM the upper 

limit for SG3199 ICL detection has been reached with a 97% reduction in OTM, 

while in ADCT-402 treated cells it has increased to 42%. Emab-SG3249 and B12-

SG3249 both did not induce any ICL formation at 100 pM. This is reflected in the 

growth inhibition where the Emab-SG3249 and B12-SG3249 treatment had no 

effect, while SG3199 caused 90% growth inhibition and ADCT-402 65% (Figure 

3.9B).  
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1 nM ADCT-402 induced a 60% reduction in OTM, which was significantly more 

than with Emab-SG3249 (28%, p-value = 0.002), and B12-SG3249 (8%, p-value = 

0.00003). This was mirrored by a significant difference in the growth inhibition of 

70% in ADCT-402 treated cells and 50% in Emab-SG3249 treated cells (p-value = 

0.0008). At 10 nM Emab-SG34249 induced a 43% reduction in OTM which was 

significantly more than B12-SG3249 (18%, p-value = 0.0002). This corresponded 

with 70% growth inhibition in the Ramos cells while the B12-SG3249 had no effect. 

At 100 nM Emab-SG3249 and B12-SG3249 induced a similar level of ICL formation 

although it was significant (61% and 48% reduction in OTM, p-value = 0.04), and the 

growth inhibition by both ADCs was also comparable (80% and 75%, Figure 3.9B). 

 

When DNA ICL formation and the corresponding amount of growth inhibition are 

plotted against each other for SG3199, ADCT-402 and ADCT-602, there is a strong 

positive correlation (r = 0.8798, p = 0.0002), suggesting that irrespective of the route 

of DNA ICL induction, there is a correlation with the amount of growth inhibition  

caused (Figure 3.9C). 

 

 

3.3.7. ADCT-602 induces stable DNA interstrand cross-link formation over 48 
hours in Ramos cells 
Previous work performed in our laboratory showed that with a 40 pM dose of ADCT-

402 for 2 hours, DNA ICL formation increased over time, with a peak % reduction in 

OTM of 30% reached after approximately 12 hours which persisted for up to 36 

hours. Following a two-hour exposure to 10 nM ADCT-602, the time-course of DNA 

ICL formation was determined in Ramos cells (Figure 3.10A). 10 nM was chosen as 

it was shown to give approximately a 50% decrease in OTM in Ramos cells (Figure 

3.9A).  

 

The level of DNA ICLs increased with time, reaching a near peak level (~50%) at 12 

hours. ICLs persisted up to 48 hours. In contrast, the naked warhead SG3199 (10 

pM) immediately induced a high level of ICLs (46%) by the end of the 2-hour drug 

incubation period, which further increased to 56% by 2 hours, and again persisted 

out to 48 hours (Figure 3.10A). 10 nM of non-targeting B12-C220-SG3249 ADC did 

produce DNA ICLs over the 48-hour time-course, in the same pattern as ADCT-602, 

but at lower levels. The peak level of ICLs was ~18% at around 12 hours, and this 

also persisted out to 48 hours (Figure 3.10A). 
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Figure 3.9. DNA ICL formation by ADCT-402 and Emab-SG3249 correlates with growth inhibition 
in Ramos cells. A. Dose-response ICL formation of SG3199, ADCT-402, ADCT-602, Emab-SG3249 

and B12-SG3249 in Ramos cells by comet assay. B. 2-hour exposure growth inhibition of SG3199, 
ADCT-402, ADCT-602, Emab-SG3249 and B12-SG3249 in Ramos cells. C. Pearson’s correlation 

coefficient between % reduction in OTM and % growth inhibition with SG3199, ADCT-402 and Emab-

SG3249. Each data point represents the mean of three biological repeats. Error bars +/- SD. *, p < 
0.05; **, p < 0.001; ***, p < 0.0001; ****, p < 0.00001; multiple t-tests with Holm-Sidak test for multiple 

comparisons. 
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In the CD22-negative cell line Karpas-299, ADCT-602 at 10 nM did produce a low 

level of DNA ICLs (~15%) over 48 hours following a 2-hour treatment (Figure 

3.10B). In this cell line the free warhead SG3199 at 10 pM, produced a high level of 

ICL (~50%), similar to that observed in the Ramos cell line. 

 

 
 

 
Figure 3.10. ADCT-602 induces stable target-dependent DNA ICL formation in Ramos but not 
Karpas-299 cells. A. Time-course of ICL formation of 10 pM SG3199 or 10 nM ADCT-602 or B12-

C220-SG3249 in Ramos cells. B. Time-course of ICL formation of 10 pM SG3199 or 10 nM ADCT-602 
in Karpas-299 cells. Each data point represents the mean of three biological repeats. Error bars +/- SD. 
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3.3.8. ADCT-402 generates DNA interstrand cross-links in Ramos xenograft 
bearing mice in vivo 
To asses if the target dependent ICL formation seen in vitro was also seen in vivo, 

Ramos xenografts were implanted in CB.17 SCID mice by subcutaneous injection in 

the right flank by Charles River. Once the tumours reached ~100 mm3 the mice 

were sorted into randomised groups and treated with either a single dose of 0.3 or 1 

mg/kg ADCT-402, B12-SG3249, or left untreated. After 24 hours, 3 mice from each 

group were sacrificed, and the tumours removed and disseminated into single cell 

suspension, as well as peripheral blood-derived mononuclear cells (PBMCs) 

isolated from whole blood samples.  

 

There was a dose-dependent decrease in OTM in the ADCT-402 treated tumours 

compared with the untreated control group. The mean OTM for the untreated group 

was 6.3, which decreased to 4.6 with 0.3 mg/kg ADCT-402 (p-value = 0.4), and 

decreased further to 3.7 with 1 mg/kg ADCT-402 (p-value = 0.005, Figure 3.11A). 

There was no significant decrease in OTM in the non-targeting ADC group 

compared with the untreated tumours (Figure 3.11A). No DNA ICLs were detected 

in isolated PBMCs in any of the ADC treated groups (Figure 3.11B). 

 

 

3.3.9. ADCT-402 and ADCT-602 elicit a similar bystander effect in vitro 
To investigate the ability of ADCT-402 and ADCT-602 to elicit a bystander effect in 

vitro, Ramos cells were treated with 100 ng/mL ADCT-602 or ADCT-402 for 1, 2 or 

3 days, before transferring the media onto Karpas-299 cells, and incubating for 96 

hours. 100 ng/mL ADC was chosen as this concentration gives 75-80% growth 

inhibition in Ramos cells, but has no effect on Karpas-299 cells (data not shown).  

 

ADCT-402 conditioned medium produced after 1 day of incubation in Ramos cells 

elicited a modest decrease in cell proliferation in Karpas-299 (100% to 85%, p = 

0.04, Figure 3.12A), but more significant decreases in cell proliferation with 2 and 3 

day conditioned media (77% and 65%, p = 0.003). ADCT-402 did not elicit a 

bystander response when conditioned media from the target negative NCI-N87 cells 

was transferred onto Karpas-299 cells (Figure 3.12B).  
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Figure 3.11. Target dependent DNA ICL formation by ADCT-402 in Ramos xenografts but not 
PBMCs. A. DNA ICL in disseminated Ramos xenograft cells treated with 0.3 or 1 mg/kg ADCT-402 or 

1 mg/kg B12-SG3249. B. DNA ICL in PBMCs from Ramos xenograft bearing mice treated with 0.3 or 1 
mg/kg ADCT-402 or 1 mg/kg B12-SG3249. Each data point represents the average of three different 

tumours. Error bars +/- SD. Ns, not significant; *, p < 0.5; **, p < 0.05, multiple t-tests with Holm-Sidak 

correction for multiple comparisons. 
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ADCT-602 conditioned medium also elicited a bystander effect after 1 day of pre-

treatment in Ramos cells, as shown by a decrease in cell proliferation in the 

conditioned medium-treated Karpas-299 cells compared to the non-conditioned 

medium (97% to 78%, p = 0.001, Figure 3.12C). The effect was again greater after 2 

or 3 days of pre-incubation in Ramos cells, as shown by a further decrease in 

percentage cell proliferation compared to the non-conditioned medium (66% and 

62%, p = < 0.0001). ADCT-602 did not elicit a bystander response when pre-

conditioned media from the target negative NCI-N87 cells was transferred onto 

Karpas-299 cells (Figure 3.12D).  

 

 

 
Figure 3.12. Conditioned media transfer from ADCT-402 or ADCT-602 treated Ramos cells 
caused growth inhibition in Karpas-299 cells. A. 96-hour growth inhibition assay of Karpas-299 
cells treated with conditioned media from Ramos cells treated with 100 ng/mL ADCT-402 for 0, 1, 2 or 

3 days. B. 96-hour growth inhibition assay of Karpas-299 cells treated with conditioned media from 

NCI-N87 cells treated with 100 ng/mL ADCT-402 for 0, 1, 2 or 3 days. C. 96-hour growth inhibition 

assay of Karpas-299 cells treated with conditioned media from Ramos cells treated with 100 ng/mL 
ADCT-602 for 0, 1, 2 or 3 days. D. 96-hour growth inhibition assay of Karpas-299 cells treated with 

conditioned media from NCI-N87 cells treated with 100 ng/mL ADCT-602 for 0, 1, 2 or 3 days. Error 

bars are the average of at least three repeats. Error bars are +/- SD. Ns, not significant; *, p < 0.05; **, 
p < 0.005; ****, p < 0.00005, students t-test. 
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3.3.10. Bystander effect correlates with ICL formation in ADCT-402 and ADCT-
602 media transfer 
To establish whether the growth inhibition seen in the conditioned media transfer 

experiment (Figure 3.12), was caused by DNA ICL formation by SG3199, Ramos or 

NCI-N87 cells were treated with 100 ng/mL ADCT-402 or ADCT-602 for 0, 1, 2 or 3 

days, before transferring the media onto Karpas-299 cells for 24 hours. After 

incubation with conditioned media Karpas-299 cells were collected and ICL 

formation measured using the comet assay. 

 

There was no significant DNA ICL formation in Kapras-299 cells treated with 

untreated media from Ramos or NCI-N87 cells, or media spiked with ADCT-402 just 

before transfer as seen by less than 10% reduction in OTM (Figure 3.13A). There 

was significantly more ICL formation in Karpas-299 cell treated with conditioned 

media from Ramos than NCI-N87 cells incubated with ADCT-402 after 1 (28 and 6% 

reduction in OTM), 2 (38 and 13.6% reduction in OTM) and 3 days (41 and 14.3% 

reduction in OTM, Figure 3.13A).  

 

There was no significant ICL formation in Kapras-299 cells treated with untreated 

media from Ramos or NCI-N87 cells, or media spiked with ADCT-602 just before 

transfer as seen by < 10% reduction in OTM (Figure 3.13B). There was significantly 

more ICL formation in Karpas-299 cell treated with conditioned media from Ramos 

than NCI-N87 cells incubated with ADCT-602 after 1 (23.5 and 3% reduction in 

OTM), 2 (34.2 and 12% reduction in OTM) and 3 days (35 and 13.5% reduction in 

OTM, Figure 3.13B). 
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Figure 3.13. Conditioned media transfer from ADCT-402 or ADCT-602 treated Ramos cells 
induced ICL formation in Karpas-299 cells. A. ICL formation in Karpas-299 cells treated with 

conditioned media from Ramos or NCI-N87 cells treated with 100 ng/mL ADCT-402 for 0, 1, 2 or 3 

days. B. ICL formation in Karpas-299 cells treated with conditioned media from Ramos or NCI-N87 
cells treated with 100 ng/mL ADCT-602 for 0, 1, 2 or 3 days. Each data point represents the mean of 

four biological repeats. Error bars +/- SD. UTR: untreated; ns - not statistically significant; *, p < 0.05; 

**, p < 0.005; ***, p < 0.0005; multiple t-tests with Holm-Sidak test for multiple comparisons. 
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3.4. Discussion 
 
With over 700 active ADC clinical trials ongoing in 2019, there is increasing demand 

for ADC-based targeted therapy in a wide variety of cancer types. However, 

currently there is an over 80% failure rate of new clinical ADCs and only eight drugs 

with FDA approval, so developing a better understanding of ADCs MOA and how 

this limits their efficacy is going to be crucial to developing a more successful clinical 

pipeline in the future. ADCT-402 and ADCT-602 are both being investigated 

clinically, with encouraging ORRs reported from the phase I study with ADCT-402, 

which as previously discussed has now progressed into a pivotal phase II trial in 

CD19 positive B-cell NHL (Kahl et al., 2019). This data has clearly shown both 

ADCs to deliver strong target specific growth inhibition and apoptosis induction in 

two human DLBCL cell lines in vitro.  

 

In Ramos and Daudi cells, ADCT-402 was more effective at both inhibiting growth 

and triggering cell death by apoptosis than ADCT-602. The DAR of ADCT-402 is 2.3 

compared to 1.7 for ADCT-602, however the stochastic CD22 ADC Emab-SG3249 

has a DAR of 2.3, and this did not improve efficacy. In fact, the site-specific ADC 

was a little more effective in the Ramos cells despite the lower DAR, possibly due to 

the improved homogeneity of the ADC which has been shown to improve efficacy by 

removing competition of DAR 0 product in the stochastically conjugated ADC (Shen 

et al., 2012). Interestingly, in vivo studies performed by our laboratory have shown 

that ADCT-402 and ADCT-602 are equally effective in Ramos xenograft bearing 

mice, so the in vitro difference does not seem to be translatable into an in vivo 

model setting, at least in Ramos tumours. Despite ADCT-602 being less cytotoxic 

than ADCT-402 there is still a strong target-dependent response, and this may well 

be enough in the more complex in vivo setting to trigger a widespread anti-tumour 

effect. 

 

The time-course of apoptosis induction in ADC treated Ramos cells was measured 

using the IncuCyte live-cell imaging system, and the loss of cell viability, 

represented by loss of cell membrane integrity, occurred after 50 hours of 

continuous ADC exposure with both ADCT-402 and ADCT-602. This fits well with 

the MOA of the ADC and PBD dimer, whereby binding, internalisation and ADC 

processing are required initially, followed by DNA ICL formation by the PBD dimer 

and cells to attempt division for the stalled replication forks due to DNA-PBD 

complexes to trigger apoptosis. At an equimolar dose ADCT-402 induced apoptosis 
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in more Ramos cells than ADCT-602, which is consistent with the in vitro growth 

inhibition experiments. 

 

Caspase-dependent apoptosis is broadly divided into receptor-mediated or 

mitochondrial-mediated pathways, which upon activation by different external or 

endogenous pro-apoptotic stimuli, triggers a cascade of caspase activation leading 

to cell death (Norbury and Zhivotovsky, 2004). DNA damage by alkylating agents 

such as nitrogen mustards has been shown to activate both the membrane and 

mitochondrial pathways (Becker et al., 2002), due to unrepaired DNA damage 

leading to double-strand breaks during cell replication, which is thought to be the 

critical lesion which triggers apoptosis through the caspase signalling pathways 

(Kaina, 2003). Western blot analysis of Ramos cells 24 hours after ADCT-402 and 

ADCT-602 treatment showed γH2AX phosphorylation and PARP cleavage 

consistent with DNA damage, as well as cleavage of caspase-3 and 8, consistent 

with DNA damage induced caspase-dependent apoptosis (Hongmei, 2012). In 

ADCT-402 treated cells, a GI50 dose of ADC was able to activate caspase-8, an 

initiator caspase, but no caspase-3 cleavage which is downstream of caspase-8, 

was visible after 24 hours. Cells treated with a high dose of ADCT-602 for 24 hours 

displayed visibly more DNA damage and higher levels of caspase activation, which 

is consistent with the higher magnitude of the ADC dose. Due to the difference in 

dose it is not possible to directly compare the two ADCs except to conclude that 

both ADCs, through SG3199 DNA ICLs, trigger caspase-dependent apoptosis. 

 

An interesting finding from this data is that there is a correlation between DNA ICL 

formation and growth inhibition, regardless of whether the ICL comes from a free 

PBD dimer or two different ADCs. This suggests that once a PBD dimer has formed 

the DNA ICL in the minor groove, there is a resulting cellular effect that is linearly 

correlated. Therefore, any differences in efficacy between compounds delivering 

DNA ICLs in this DLBCL setting must come upstream of ICL formation, and deliver 

different levels of DNA ICLs at an equivalent dose. 

 

To investigate the possible mechanistic explanations for the difference in in vitro 

activity between the two ADCs, firstly, antigen expression and antibody binding 

affinity was characterised on Ramos and Daudi cells. Ramos cells had more CD19 

than CD22 on their surface. Interestingly, this was not the case for Daudi cells, 

which expressed more CD22. ADCT-602 was more effective in Daudi than Ramos, 

which might be explained by these cells having more CD22. In this small sample 



 119 

size of two cells lines it is impossible to draw conclusions on the correlation between 

antigen expression and ADC activity, while a much larger study with many more cell 

lines found that there was only a weak correlation between CD19 expression and 

ADCT-402 activity (Zammarchi et al., 2018). Another important finding from the 

antibody binding studies was that the anti-CD19 mAb RB4v1.2 showed a much 

higher affinity than the anti-CD22 mAb Emab for its receptor on Ramos cells. The 

IC50 of RB4v1.2 binding was > 100-fold lower than Emab, and this difference in 

affinity could explain some of the lower ADCT-602 activity. 

 

Once the antibody binds to the receptor it must be internalised and trafficked into 

lysosomes to trigger the release of SG3199. Previous studies by our laboratory 

have shown ADCT-402 to be rapidly internalised into lysosomal compartments 

correlating with ICL formation starting after 2 hours and peaking at around 12 hours 

(Zammarchi et al., 2018). Fluorescently labelled ADCT-602 was visualised 

internalising into early endosomes in Ramos cells after 0.5 hours, then into the 

lysosomes after 1-2 hours, and could still be seen in some cells after 24 hours. The 

time-course of DNA ICL formation fits this picture, as shown by a small decrease in 

OTM 2 hours after ADC treatment (Time 0), which peaked after 12 hours, 

comparable to ADCT-402 (Zammarchi et al., 2018) and ADCT-301 (Flynn et al., 

2016). 

 

CD22 is known to be a recycling receptor (O’Reilly et al., 2011), which means that 

unlike CD19, which is mostly degraded through the lysosomal pathway once 

internalised, some of the CD22 receptor population is recycled to the cell surface 

and not degraded (Ingle and Scales, 2014). Combined with the anti-CD22 mAb 

Emab, which has a slow off-rate when it binds to the receptor (Carnahan et al., 

2003), this could lead to some ADCT-602 being recycled to the cell surface and not 

degraded to release SG3199, which could go some way to explain why higher 

concentrations of ADCT-602 are needed to elicit the same amount of DNA ICL 

formation and apoptosis as ADCT-402.  

 

Interestingly both ADCs produced a very similar bystander effect at an equi-molar 

dose, despite the difference in in vitro activity between the two ADCs. The growth 

inhibition of the conditioned media treated cells correlated with an increase in DNA 

ICL formation, suggesting that it is free SG3199 that is causing the bystander effect. 

Growth inhibition and ICL formation is detectable after 1 day of incubation with 

target cells, but increases after two and three days, which suggests that the cells 
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need to die for the free PBD to become available, perhaps as it is mostly bound 

tightly to the DNA, or sequestered in the cytosol of the target cells until the 

replication fork collapses causing apoptosis and PBD release. 

 

The mechanism of action of an ADC is complex, much more so than a standard 

small molecule chemotherapeutic drug such as a platinum compound. It is clear that 

target dependent apoptosis through the caspase-dependent pathway is induced by 

ADCT-402 and ADCT-602 both in vitro and in vivo, caused by DNA ICLs from the 

PBD dimer SG3199. The CD19 ADC induced more DNA ICLs at an equal dose to 

the CD22 ADC perhaps due to the receptor internalisation kinetics of the CD22 

receptor complex or the higher apparent affinity of the CD19 antibody. Further 

internalisation and recycling analysis could be crucial to properly understand this 

mechanism. Despite the difference in in vitro activity, both ADCs are comparably 

effective in vivo and in the bystander activity potential. Both ADCT-402 and ADCT-

602 are promising clinical candidates, but lessons learned can hopefully contribute 

to even better PBD dimer-containing ADCs in the future. 
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Chapter 4. The effect of mouse model immunodeficiency and 
tumour-associated macrophages on PBD dimer-containing 
ADCs 
 

4.1. Introduction 
 

4.1.1. CD25 as a target in oncology and ADCT-301 
Interleukin 2 (IL2) is a key cytokine involved in the activation and proliferation of T-

cells (Malek, 2008). The receptor to which IL2 binds is a heterotrimeric collection of 

three distinct, non-covalently linked subunits: IL2Rα (CD25), IL2Rβ (CD122) and 

IL2Rγ (CD132) (Flynn and Hartley, 2017). There are three different possible 

conformations of the IL2R, all of which have different IL2 binding affinities. Firstly, 

IL2 can bind to CD25 alone with low affinity, which does not have any downstream 

signalling involvement (Rickert et al., 2005). IL2Rβ and γ are associated with JAK1 

and JAK3 tyrosine kinases respectively, and are both required for IL2 signalling in 

this pathway. They are recruited quickly after initial IL2 binding to form the high 

affinity trimeric structure, and they can also form a dimer without the alpha-chain 

which has a moderate affinity, but maintains kinase activity (Figure 4.1) (Wang et 

al., 2005). 

 

CD25 is highly expressed on activated CD4+ and CD8+ T-cells as well as T-regs, 

and therefore it is present in a wide variety of T-cell origin lymphomas and 

leukaemias (Boyman and Sprent, 2012). For example, human T-cell lymphotropic 

virus-1 (HTLV-1) associated adult T-cell leukaemia/lymphoma (ATL) and hairy cell 

leukaemia (HCL) cells constitutively express CD25 on their cell surface (Horiuchi et 

al., 1997). CD25 expression is also found in B-cell CLL, ALL and AML, as well as 

both cHL and NHL (Nakase et al., 1994, Tesch et al., 1993). This broad spectrum of 

expression has made CD25 a desirable target for cancer immunotherapy, and is the 

target of basiliximab and daclizumab, which inhibit IL2 binding and IL2R complex 

formation, preventing autoimmune disease after organ transplants (Binder et al., 

2007, Przepiorka et al., 2000). Both of these antibodies have undergone clinical 

trials as radioimmunoconjugates in order to change the mechanism of action from 

signalling inhibition to cancer cell killing, and while this showed some success (Janik 

et al., 2015), advances in antibody-drug conjugate technology have meant a shift 

away from radionuclide-conjugates (Palanca-Wessels and Press, 2014). 
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Figure 4.1. Molecular schematic of the three potential conformations of the IL2R and associated 
downstream signalling pathways. 

 
 
 
ADCT-301 (camidanlumab tesirine) is composed of the anti-CD25 monoclonal 

antibody HuMax-TAC stochastically conjugated to tesirine with a DAR of 2 (Flynn et 

al., 2016), and is currently in a pivotal phase II clinical trial in patients with R/R CD25 

positive HL (NCT04052997). The primary mechanism of action of ADCT-301 is the 

formation of DNA ICL lesions by SG3199, leading to stalled replication forks during 

cell division, causing catastrophic DNA damage and triggering apoptosis (Flynn et 

al., 2016). In the phase I dose escalation study in R/R CD25-positive HL and NHL, 

ADCT-301 reported an ORR of 86.5% in patients in the 45 µg/kg dose group who 

had received prior BV treatment (Hamadani et al., 2018). Apart from antigen-

dependent cytotoxicity of tumour cells, CD25 is also expressed on T-regs, and it is 

hypothesized that ADCT-301 may act as an immunomodulatory drug, due to the 

immune suppression and modulation functions of T-regs (Nair and Elkord, 2017). 

ADCT-301 is currently also undergoing a phase Ib trial in patients with various 

advanced solid tumours (NCT03621982) to investigate this hypothesis, that ADCT-

301 can unlock the immune response by T-reg depletion. 
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4.1.2. Target-independent anti-tumour activity by ADCs 
Target-independent anti-tumour activity by ADCs has been reported in vivo 

(Boghaert et al., 2006) and clinically, where for example, BV has shown high 

response rates in patients with low CD30 antigen expression (Bartlett et al., 2017, 

Jacobsen et al., 2015). Data obtained in our laboratory has shown that in one CD25 

expressing human ALCL xenograft model (Karpas-299), a single i.v. dose of ADCT-

301 at 0.5 mg/kg had a significant target-dependent anti-tumour effect, while the 

non-target ADC B12-SG3249 had no effect on tumour growth (Figure 4.2A). 

However, in another CD25 expressing human ALCL cell line xenograft model 

(SuDHL-1), the non-target ADC B12-SG3249 was able to elicit significant target-

independent anti-tumour activity comparable to ADCT-301 (Figure 4.2B). This is 

unlikely to be entirely accounted for by the bystander effect, and while this 

mechanism is not fully understood, it is known that immune infiltrating cells in the 

tumour microenvironment play in important role in tumour homeostasis and are able 

to modulate the effect of chemotherapy (Mantovani and Allavena, 2015, Mosser and 

Edwards, 2008) 

 

 

4.1.3. Tumour associated macrophages and immunodeficient mouse models 
Tumour-associated macrophages (TAMs) engage in complex, bidirectional 

interactions with the various components of the tumour microenvironment, and have 

the ability to elicit an anti-tumour effect, for instance triggering the engulfment of 

tumour cells upon trastuzumab therapy (Shi et al., 2015). However, they can also 

inhibit the T-cell response and therefore promote further tumour development and 

invasion (Mosser and Edwards, 2008, Pollard, 2008). There is some evidence in the 

literature that TAMs can also bind to the Fc-region of ADCs, which could contribute 

towards target-independent ADC activity (Li et al., 2017a). 
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Figure 4.2. Tumour growth of ADCT-301 or B12-SG3249 treated Karpas-299 and SuDHL1 
xenografts. A. Tumour growth of Karpas-299 xenograft bearing SCID mice treated with one i.v. dose 
of ADCT-301 or B12-SG3249 at 0.5 mg/kg. B. Tumour growth of SuDHL-1 xenograft bearing Nu/Nu 

mice treated with one i.v. dose of ADCT-301 or B12-SG3249 at 0.6 mg/kg.  

 

 

 

Immunodeficient mouse models are routinely used during the pre-clinical 

development of mAbs and ADCs to study in vivo efficacy in xenograft tumour 

models (Cho et al., 2018). Pharmacokinetics and biodistribution profiles using 

radioimmunoconjugates and PET/CT imaging (Al-saden et al., 2018), 

pharmacodynamic assays, or the growth of patient-derived xenograft (PDX) models 
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(Tentler et al., 2012), which require severely immunomodulated mice strains to grow 

(Jin et al., 2010, Majeti, 2011), are all often carried out in immunodeficient mice. To 

varying extents, these mice are missing key parts of the adaptive immune system, 

which has the advantage of easier and more consistent xenograft establishment 

(Morton and Houghton, 2007). However, the depletion of inflammatory immune cells 

in the circulation and tumour microenvironment may alter the way these mice 

respond to targeted therapy (Rubio-Viqueira and Hidalgo, 2009). 

 

 

4.1.4. Aim of this chapter 
CD25 has become an important target in cancer therapy, and is the target antigen of 

ADCT-301 (Flynn and Hartley, 2017). The aim of this study was to investigate the 

effect of mouse model immunodeficiency and the tumour microenvironment on the 

biodistribution and efficacy of ADCT-301, and an isotype matched non-target control 

ADC also containing tesirine (B12-SG3249) in two CD25 positive human ALCL 

tumour xenograft models.  



 126 

4.3. Materials and Methods 
 

4.3.1. In vivo mouse models 
Four strains of immunodeficient mice: Nu/Nu (Crl:NU-Foxn1nu; Strain Code: 088; 

Charles River Laboratories), SCID (CB17/lcr-Prkdcscid/lcrCr; Strain Code: 561; 

Charles River Laboratories), NOD/SCID (NOD.CB17-Prkdcscid/NcrCrl; Strain Code: 

394; Charles River Laboratories), and NOD/SCID gamma (NSG, NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ; Strain Code 614; Charles River Laboratories), were used to 

generate subcutaneous xenograft models.  

 

 

4.3.2. ADC in vivo efficacy studies  
Karpas-299 and SuDHL-1 xenografts were established in female 6-8-week-old 

Nu/Nu, SCID, NOD/SCID or NSG mice by implanting 1 x107 cells subcutaneously 

into the right flank. When the tumours reached approximately 150 mm3 the mice 

were randomly sorted into groups of 3-4 to receive PBS (vehicle), target or non-

target ADC by intravenous injection (i.v. via the lateral tail vein). In the Fc blocking 

studies, the blocked mice were pre-treated with ~ 800 µg (80-fold excess by mass) 

of IgG1 mAb 30 minutes prior to ADC injection. Body weight and tumour volumes 

were measured every 3-days and mice were euthanised when their tumour reached 

the endpoint volume of 1500 mm3 or at the study end.  

 

 

4.3.3. Single cell gel electrophoresis (comet) assay of disseminated tumour 
samples 
The formation of DNA ICLs in ex vivo tumour samples was measured using a 

modified version of the single cell gel electrophoresis (comet) assay. The comet 

assay was carried out according to the protocol described previously (Spanswick et 

al., 2009). Tumour samples were collected 24 hours after i.v. injection of ADCs, and 

disseminated using disposable scalpels, then centrifuged and frozen until needed. 

All cells were irradiated with 18 Gy (5Gy/min for 3.6 min). Propidium iodide (PI) 

stained cells were reviewed at a 20x magnification using a fluorescent microscope 

with a Hg arc lamp and 50 cells were analysed per slide. ICL formation was 

quantitated by measuring Olive tail moment (OTM) using the Komet 4 software 

(Andor Technology, Belfast, UK). 
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4.3.4. Radioimmunoconjugate conjugation and labelling  
The CD25 targeted mAb HuMax-TAC and non-targeted mAb B12 were obtained 

from ADC Therapeutics and modified to generate immunoconjugates that were 

radiolabelled with zirconium-89 (Zr89; t1/2 = 78.4 hours). Stochastic conjugation of 

mAbs to the chelator DFO (Df-Bz-NCS, MacroCyclics) and radiolabelling with Zr89 

(Perkin Elmer) was performed following protocols previously described (Vosjan et 

al., 2010, Zeglis and Lewis, 2015). Briefly, 1 mg of mAb was pH adjusted to 8.9 - 9.1 

with 0.1 M Na2CO3 and 5 molar equivalents of 10 mM DFO in DMSO was added 

and incubated at 37 °C for 30 min. The immunoconjugate was purified using a PD-

10 de-salting column (BD) using PBS (pH 7.4, ThermoFisher) and the concentration 

checked by nanodrop. The Zr89 solution was pH adjusted to 6.8-7.4 using 2 M 

Na2CO3 and added to the DFO-labelled antibody for 1h at room temp. The labelling 

efficiency was checked by radio-TLC, and if the radioimmunoconjugate was under 

90% purity, purified by PD-10 de-salting column using PBS. 
 

 

4.3.5. PET/CT imaging and ex vivo biodistribution 
PET/CT imaging experiments were carried out on a nanoScan PET/CT scanner 

(Mediso Ltd.). Karpas-299 or SuDHL-1 xenograft bearing mice (n = 3 - 4 per group), 

once tumours had reached ~ 200 – 300 mm3, were injected with the relevant 

radioimmunoconjugate i.v. via the tail vein (0.3 – 1.5 MBq, ~ 10 µg per mouse). 

PET/CT scans were acquired 24 or 48 hours after injection. PET images were 

analysed using VivoQuant 3.5 software (inviCRO LLC). After scanning mice were 

euthanised and organs and tissues of interest were collected, weighed and counted 

in a gamma counter calibrated for Zr89. Counts per minute (CPM) were converted 

into activity using a standard curve generated from known standards. Count data 

was decay corrected to the time of injection, and the percentage of injected dose 

per gram (%ID/g) for each tissue sample was calculated by normalisation to the total 

activity injected. 

 

 

4.3.6. Tumour associated macrophage depletion with anti-CSF1R antibody 
To deplete TAMs in NSG mice, mice were pre-treated bi-weekly for two weeks with 

400 μg anti-colony stimulating factor 1 receptor (CSF1R) (clone BE0213, BioXCell). 

After two weeks, SuDHL-1 tumours were engrafted subcutaneously, with anti-

CSF1R depletion sustained for a further four weeks. When the tumours reached 
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~150 mm3 treatment was initiated as described above, and samples were taken for 

immunofluorescence and flow cytometry confirmation of TAM depletion. 

 

 

4.3.7. Flow cytometry for tumour associated macrophage quantitation 
Tumours were collected from wt and TAM depleted NSG mice and dissociated with 

a sterile disposable scalpel. Tumours were digested in HBSS containing Ca/Mg 

(ThermoFisher), 100 μg/mL DNase I (Type II, Sigma Aldrich) and 1 mg/mL 

Collagenase II (ThermoFisher) for 30 min at 37 °C, pipetting gently every 10 min. 

After dissociation, tumour suspensions were filtered through a 35 μm filter, put on 

ice, washed with cold HBSS, and spun down for 5 min at 4 °C and 500 g. The 

samples were resuspended in HBSS and blocked with 10 % rat serum (Abcam) for 

15 min before staining with the antibody panel. Photomultiplier tube (PMT) voltages 

were set with fully stained samples, and compensation was performed with single-

stained UltraComp eBeads (Affymetrix) or cells. Positive and negative populations 

were gated on the basis of Fluorescence Minus One (FMO) controls. TAM panel 

was as follows: CD45+, EpCAM-, Gr1low or negative, CD11b+ and F4/80+. 
 
 

4.3.8. Karpas-299 and SuDHL-1 tumour immunofluorescence 
Tumour sample collection and processing was performed by Dr Michael Flynn. 

Karpas-299 tumours from SCID mice and SuDHL-1 tumours from NOD/SCID were 

collected at 150-250 mm3 and snap-frozen in LN2. Tumour staining and confocal 

microscopy was performed by Uzma Qereshi. 10 µm cryostat sections were fixed 

and blocked with serum, then washed and stained for cathepsin B, F4/80 and CD25. 

Nuclei were stained with DAPI and slides were mounted with ProLong Gold 

(ThermoFisher), edges sealed with clear nail-polish and analysed using a confocal 

microscopy system (Zeiss LSM 880).  
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4.3. Results 
 

4.3.1. HuMax-TAC showed target-dependent tumour uptake in Karpas-299 
xenograft bearing SCID mice 
It has been previously shown that in Karpas-299 xenograft-bearing SCID mice, 

ADCT-301 at 0.6 mg/kg gives stable CRs, while B12-SG3249 has no significant 

impact on tumour growth (Figure 4.2A) (Flynn et al., 2016). The in vivo 

biodistribution of a roughly equivalent dose of HuMax-TAC, the antibody component 

of ADCT-301, and B12, a non-target control antibody, were investigated in Karpas-

299 xenograft-bearing SCID mice using PET/CT imaging, as well as ex vivo 

biodistribution analysis. Both antibodies were labelled with zirconium-89 (Zr89) and 

the percentage of injected dose per gram of tissue (%ID/g) in organs of interest was 

quantified after 24 and 48 hours.  

 

After 24 hours, there was high uptake of HuMax-TAC in the Karpas-299 tumour, and 

significantly more than B12 (41 and 16 %ID/g, p < 0.00005, Figure 4.3A). After 48 

hours, the distribution pattern was the same, and a significant difference between 

target and non-target mAb in the tumour was maintained (45 and 15 %ID/g, p < 

0.00005, Figure 4.3B). This result was mirrored in the PET/CT imaging where clear 

tumour uptake was visible in the HuMax-TAC treated mouse after 24 hours, while in 

the B12 treated mouse only a small amount of peripherally located B12 was visible 

around the tumour. Low levels were also seen in the traditional clearance organs 

the spleen and kidney seen in both groups (Figure 4.3C). The biodistribution data is 

again corroborated by the PET/CT imaging after 48 hours where strong HuMax-TAC 

localisation in the tumour was seen, but only a small amount of peripheral tumour 

localisation was observed with B12 (Figure 4.3C). 

 

 

4.3.2. Fc-receptor blockade improved anti-tumour efficacy of ADCT-301 in 
Karpas-299 bearing NSG mice 
It has been reported that in highly immunodeficient mouse models, due to the 

genetic depletion of antibody producing cells such as B-cells, there is an excess of 

Fc-receptors (FcRs) expressed on naïve myeloid cells, concentrated in the bone 

marrow and spleen, that is not filled by endogenous immunoglobulins (Sharma et 

al., 2018). To investigate the effect of FcR interactions on ADC efficacy and 

biodistribution in highly immunodeficient mice, Karpas-299 xenografts were 
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established in NSG mice and treated with 0.6 mg/kg ADCT-301 or B12-SG3249 with 

or without pre-treatment with 800 µg of a non-target, isotype matched IgG1, 30 mins 

before ADC injection. 

 

 

 

 
Figure 4.3. Radiolabelled anti-CD25 HuMax-TAC showed good tumour uptake after 24h and 48h 
in Karpas-299 xenograft bearing SCID mice. A. Ex vivo biodistribution of Zr89-labelled HuMax-TAC 

or B12 at 24h after i.v. injection in Karpas-299 xenograft bearing SCID mice. B. Ex vivo biodistribution 

of Zr89-labelled HuMax-TAC or B12 at 48h after i.v. injection in Karpas-299 xenograft bearing SCID 
mice. C. Maximum intensity projection (MIP) and transversal slice PET/CT images of Karpas-299 

xenograft bearing SCID mice acquired either 24h or 48h after i.v. injection of Zr89-labelled HuMax-TAC 

or B12. N = 3 mice per group for biodistribution analysis. %ID/g of transversal slice PET images is 0-
80% as in MIPs. ****, P < 0.00005, 2-way ANOVA, with Sidak’s test for multiple comparisons.  
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In contrast to the curative anti-tumour effect in SCID mice (Figure 4.2A), the NSG 

mice treated with 0.6 mg/kg ADCT-301 alone showed only a minor growth inhibition 

followed by tumour outgrowth. In the mice pre-treated with IgG1 however, there was 

partial tumour regression and significantly longer growth delay before tumour 

outgrowth (Figure 4.4A). B12-SG3249 had no anti-tumour effect with or without IgG 

pre-treatment. There was a significant increase in median survival in ADCT-301 

treated mice with IgG1 pre-treatment from 20 to 36 days (p = 0.029). B12-SG3249 

had no anti-tumor effect with or without IgG pre-treatment (Figure 4.4B).  

 

 

4.3.3. FcR blockade restored tumour uptake of HuMax-TAC in Karpas-299 
bearing NSG mice 
To investigate whether the improved efficacy of ADCT-301 seen in the IgG pre-

treated NSG mice could be explained by increased tumour uptake, Karpas-299 

xenografts were established in the severely immunodeficient NSG mice, and the 

biodistribution of radiolabelled HuMax-TAC and B12 24 hours after injection was 

investigated by ex vivo biodistribution analysis and PET/CT imaging as previously 

described. 

 

In the radiolabelled HuMax-TAC treated mice, IgG1 pre-treatment showed a 

significant decrease in spleen (87 % to 17 %ID/g, p < 0.00005) and bone (15 % to 5 

%ID/g, p < 0.05) uptake of Humax-TAC (Figure 4.5A). There was a significant 

increase of radioimmunoconjugate activity in the blood (2 to 15 %ID/g, p < 0.0005) 

and Karpas-299 tumour (17 to 40 %ID/g, p < 0.00005), and an increase in the lung 

(12 to 28 %ID/g, Figure 4.5A). The distribution of radiolabelled B12 with IgG1 pre-

treatment also showed a significant decrease in spleen (63 to 9 %ID/g, p < 

0.00005), bone (15 to 7 %ID/g, p < 0.05) and liver (24 to 12 %ID/g, p < 0.0005) 

uptake (Figure 4.5B). There was also significant increase of radioimmunoconjugate 

activity in the blood (2 to 18 %ID/g, p < 0.00005), but no significant increase in the 

tumour (12 to 14 %ID/g, Figure 4.5B).  

 

This altered distribution profile was reflected in the PET/CT imaging of these mice, 

where the target-independent uptake, most notably in the spleen, was almost 

completely abrogated with IgG1 pre-treatment with both HuMax-TAC and B12 

(Figure 4.5C). There was also an increase in tumour uptake after IgG1 pre-

treatment of HuMax-TAC, but no significant change to B12 localisation in the tumour 

(Figure 4.5C). 
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Figure 4.4. FcR blocking with non-specific isotype matched IgG1 restores target ADC efficacy in 
Karpas-299 xenograft bearing NSG mice. A. Tumour growth of Karpas-299 xenografts in NSG mice 
treated with ADCT-301 or B12-SG3249 (0.6 mg/kg, once i.v.) with or without the pre-injection of non-

specific IgG1. B. Kaplan Meier survival plot showing percentage survival of animals per group over in 

the experiment shown in A.  N = 3 mice per group, log-rank (Mantel-Cox) test. ADCT-301 vs ADCT-
301 + IgG, p = 0.029; ADCT-301 + IgG vs B12-SG3249 + IgG, p = 0.029. 
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Figure 4.5. FcR blocking with non-specific isotype matched IgG1 restores target mAb tumour 
localisation in Karpas-299 xenograft bearing NSG mice. A. Ex vivo biodistribution of Zr89-labelled 

HuMax-TAC with or without IgG1 FcR block at 24h after i.v. injection in Karpas-299 xenograft bearing 
NSG mice. B. Ex vivo biodistribution of Zr89-labelled B12 with or without IgG1 FcR block at 24h after 

i.v. injection in Karpas-299 xenograft bearing NSG mice. C. MIP and transversal slice PET/CT images 

of Karpas-299 xenograft bearing NSG mice acquired 24h after i.v. injection of Zr89-labelled HuMax-
TAC or B12 with or without IgG1 FcR block. N = 3 mice per group. %ID/g of transversal slice PET 

images is 0-80% as in MIPs.  *, P < 0.05, ***, P < 0.0005, ****, P < 0.00005, 2-way ANOVA with 

Sidak’s test for multiple comparisons. 
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4.3.4. Target-independent drug-release can elicit an anti-tumour effect in 
SuDHL-1 xenograft models 
Previous data from our laboratory has also shown that, in contrast to the Karpas-

299 xenograft models, in SuDHL-1 xenograft bearing Nu/Nu mice, ADCT-301 and 

B12-SG3249 at 0.5 mg/kg both elicit a comparable anti-tumour effect (Figure 4.2B). 

To investigate the reproducibility of this target-independent activity, SuDHL-1 

xenografts were established in the more immunodeficient NOD/SCID mice as this 

cell line is more difficult to grow in vivo. Mice were then treated once i.v. with 0.6 

mg/kg ADCT-301 or B12-SG3249. In agreement with the previous data, both 

cleavable ADCs elicited a stable anti-tumour effect over 60 days with 3/4 CRs in 

each group (Figure 4.6A).  

 

To investigate the mechanism of the target-independent anti-tumour response, DNA 

ICL formation by SG3249-containing ADCs in the SuDHL-1 xenograft tumours was 

measured using the comet assay. Samples were taken 24 hours after a single i.v. 

dose of ADC in SuDHL-1 xenograft bearing NOD/SCID mice, mirroring the efficacy 

studies, and the single-cell gel electrophoresis (comet) assay carried out on 

disaggregated cells ex vivo.  

 

ADCT-301 showed a significant decrease in Olive tail moment (OTM) at 0.6 mg/kg 

compared to PBS control (7.5 to 5.6, p = 0.001) and there was a further dose-

dependent decrease in OTM at 1.2 mg/kg ADCT-301 (4.3, p = 0.0001). Interestingly 

B12-SG3249 also showed a significant decrease in OTM at 0.6 mg/kg (4.1, p = 

0.0003, Figure 4.6B).  
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Figure 4.6. Target-independent anti-tumour activity and DNA ICL formation by B12-SG3249 in 
SuDHL-1 xenografts. A. Tumour growth of SuDHL-1 xenografts in NOD/SCID mice after treatment 

with one i.v. dose of ADCT-301 or B12-SG3249 at 0.6 mg/kg. B. DNA ICL formation of ADCT-301 and 
B12-SG3249 in SuDHL-1 xenograft tumours from NOD/SCID mice, 24h after a single i.v. injection. The 

efficacy study was carried out with 3 mice per group. Background DNA damage in unirradiated tumour 

cells is shown with a dotted line. DNA ICL formation was measured in  3 separate tumours, with 100 
cells counted per sample. *, P < 0.05, **, P < 0.005, ***, P < 0.0005, unpaired Student t-test. 
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4.3.5. Non-target organ sequestration of mAbs in SuDHL-1 xenograft bearing 
NOD/SCID mice. 
It has been reported in the literature that the biodistribution of therapeutic antibodies 

and ADCs could be altered in highly immunodeficient mice such as NOD/SCID and 

NSG, which may affect the efficacy of these drugs (Li et al., 2019, Sharma et al., 

2018). To investigate if altered antibody distribution could be implicated in the 

abnormal efficacy of B12-SG3249 in SuDHL-1 xenografts, PET/CT and ex vivo 

biodistribution of Zr89 labelled HuMax-TAC and B12 were carried out in SuDHL-1 

xenografts established in NOD/SCID mice.  

 

In these severely immunodeficient mice 24 hours after antibody injection, high 

spleen uptake was seen with both target and non-target antibodies (42 and 52 

%ID/g), as well as some uptake in the liver (10 and 12 %ID/g), bone (13 and 9 

%ID/g) and only a small amount in the tumour (8 and 5 %ID/g, Figure 4.7A). This is 

reflected in the PET imaging of these tumours, in which the strong spleen uptake is 

clear, as well as liver and bone localisation, however, no discernible tumour uptake 

is visible (Figure 4.7B).  

 

 

4.3.6. Non-target ADC efficacy at low doses in SuDHL-1 xenograft bearing 
NSG mice. 
To investigate the target-independent anti-tumour effect seen by B12-SG3249 in the 

SuDHL-1 further, and allow more consistent tumour implantation and growth, 

xenografts were established in the severely immunodeficient mouse strain NSG, 

and treated with either ADCT-301 or B12-SG3249 at 0.3 mg/kg, a dose chosen to 

elucidate any differences between the target and non-target ADC that were not 

discernible at 0.6 mg/kg where both ADCs elicit complete tumour regression (Figure 

4.8A).  

 

The non-target ADC B12-SG3249 again showed a tumour growth delay in the 

SuDHL-1 xenograft model, even slightly better than ADCT-301 at this dose (Figure 

4.8A). The Kaplan Meier graph from this study also demonstrated a slight increase 

in overall survival with ADCT-301 of 6 days over the vehicle control, and 8 days with 

B12-SG3249 (Figure 4.8B). 
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Figure 4.7. High spleen and low tumour uptake of radiolabelled antibodies after 24h in SuDHL-1 
xenograft bearing NOD/SCID mice. A. Ex vivo biodistribution of Zr89-labelled HuMax-TAC or B12 at 

24h after i.v. injection in SuDHL-1 xenograft bearing NOD/SCID mice. B. MIP and transversal slice 

PET/CT images of SuDHL-1 xenograft bearing NOD/SCID mice acquired 24h after i.v. injection of Zr89-
labelled HuMax-TAC or B12. N = 3 mice per group for biodistribution analysis. %ID/g of transversal 

slice PET images is 0-80 % as in MIPs.  
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Figure 4.8. Single non-curative dose of target and non-target ADC had similar anti-tumour effect 
in SuDHL-1 xenograft bearing NSG mice. A. Tumour growth of SuDHL-1 xenografts in NSG mice 

treated with ADCT-301 or B12-SG3249 (0.3 mg/kg, once i.v.). B. Kaplan Meier survival plot showing 
percentage survival of animals per group over in the experiment shown in A. N = 3 mice per group.  

 

 

 

4.3.7. Non-target organ sequestration of mAbs in SuDHL-1 xenograft bearing 
NSG mice. 
To investigate if the same non-target organ antibody distribution could be implicated 

in the abnormal efficacy of B12-SG3249 in SuDHL-1 xenografts in NSG mice, 

PET/CT and ex vivo biodistribution of Zr89-labelled HuMax-TAC and B12 was carried 

out in SuDHL-1 xenografts established in NSG mice 6, 24 and 48 hours after 

antibody injection.  
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In SuDHL-1 xenograft bearing NSG mice, the same biodistribution pattern was seen 

as with NOD/SCID mice. 6 hours after labelled antibody injection, the highest 

percentages of both antibodies were in the spleen (71 and 47 %ID/g), liver (26 and 

14 %ID/g) and bone (13 and 10 %ID/g, Figure 4.9A). 24 hours after labelled 

antibody injection, the majority of both antibodies were still in the spleen (35 and 35 

%ID/g), liver (9 and 10 %ID/g) and bone (12 and 16 %ID/g, Figure 4.9B). 48 hours 

after labelled antibody injection, the spleen uptake of both antibodies increased (54 

and 46 %ID/g), while the liver (10 and 12 %ID/g) and bone (14 and 17 %ID/g) 

slightly increased (Figure 4.9C).  

 

There was no tumour uptake by either antibody detected over the 48 hour time 

course. The non-target organ uptake in the spleen liver and bone was pronounced 

in the PET/CT imaging of these mice at all three time points, and reflects the %ID/g 

values in the biodistribution, while again no visible tumour uptake was detected 

(Figure 4.9D).  

 

 

4.3.8. FcR blockade improved tumour efficacy of ADCT-301 in SuDHL-1 
bearing NSG mice 
To investigate the effect of FcR interactions on target and non-target ADC efficacy 

in the SuDHL-1 tumour xenograft model, tumours were established in the severely 

immunodeficient NSG mice and treated with 0.3 mg/kg ADCT-301 or B12-SG3249 

with or without pre-treatment with 800 µg of a non-target, isotype matched IgG1, 30 

mins before ADC injection.  

 

ADCT-301 and B12-SG3249 both caused a slight tumour growth delay at 0.3 mg/kg 

(Figure 4.10A). Pre-treatment of mice with non-specific IgG1 caused an improved 

anti-tumour response in the ADCT-301 treated mice, whereas IgG1 pre-treatment 

had no effect in B12-SG3249 treated mice (Figure 4.10A). The median survival of 

ADCT-301 treated mice improved from 29 to 41 days with IgG1 pre-treatment (p = 

0.052), and was significantly better than B12-SG3249 with IgG1 (p = 0.018, Figure 

4.10B). 
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Figure 4.9. High spleen and low tumour uptake of radiolabelled antibodies after 24h and 48h in 
SuDHL-1 xenograft bearing highly immunodeficient mice. A. Ex vivo biodistribution of Zr89-labelled 

HuMax-TAC or B12 at 6h after i.v. injection in SuDHL-1 xenograft bearing NSG mice. B. Ex vivo 
biodistribution of Zr89-labelled HuMax-TAC or B12 at 24h after i.v. injection in SuDHL-1 xenograft 

bearing NSG mice. C. Ex vivo biodistribution of Zr89-labelled HuMax-TAC or B12 at 48h after i.v. 

injection in SuDHL-1 xenograft bearing NSG mice. D. MIP and transversal slice PET/CT images of 
SuDHL-1 xenograft bearing NSG mice acquired 6, 24 and 48h after i.v. injection of Zr89-labelled 

HuMax-TAC or B12. N = 3 mice per group for biodistribution analysis. %ID/g of transversal slice PET 

images is 0-80 % as in MIPs.  
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Figure 4.10. FcR blocking with non-specific isotype matched IgG1 improves target ADC efficacy 
in SuDHL-1 xenograft bearing NSG mice. A. Tumour growth of SuDHL-1 xenografts in NSG mice 

treated with ADCT-301 or B12-SG3249 (0.3 mg/kg, once i.v.) with or without the pre-injection of non-
specific IgG1. B. Kaplan Meier survival plot showing percentage survival of animals per group over in 

the experiment shown in A. N = 4 mice per group, log-rank (Mantel-Cox) test. ADCT-301 vs ADCT-301 

+ IgG, p = 0.052; ADCT-301 + IgG vs B12-SG3249 + IgG, p = 0.018. 
 

 

 

4.3.9. FcR blockade improved tumour uptake of HuMax-TAC in SuDHL-1 
bearing NSG mice 
To investigate whether the improved efficacy of ADCT-301 in the IgG pre-treated 

NSG mice could be explained by increased tumour uptake, SuDHL-1 xenografts 

were established in the severely immunodeficient NSG mice, and the biodistribution 

of radiolabelled HuMax-TAC and B12 24 hours after injection investigated by ex vivo 

biodistribution analysis and PET/CT imaging as previously described. 
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In the radiolabelled HuMax-TAC treated mice, IgG1 pre-treatment showed a 

significant decrease in spleen uptake (84 to 6 %ID/g, p < 0.00005), and decreases 

in the liver (16 to 8 %ID/g) and bone (11 to 2 %ID/g) uptake (Figure 4.11A). There 

was a significant increase of radioimmunoconjugate activity in the blood (1 to 11 

%ID/g, p < 0.05), and an increase in the SuDHL-1 tumour (6 to 12 %ID/g), although 

not statistically significant (Figure 4.11A). The distribution of radiolabelled B12 with 

IgG1 pre-treatment after also showed a significant decrease in spleen (80 to 6 

%ID/g, p < 0.00005), and decreases in the bone (7 to 3 %ID/g) and liver (16 to 8 

%ID/g) uptake (Figure 4.11B). There was also an increase of radioimmunoconjugate 

activity in the blood (1 to 11 %ID/g), but no increase in the tumour (6 to 7 %ID/g, 

Figure 4.11B). 

 

This altered distribution profile was reflected in the PET/CT imaging of these mice, 

where the target-independent uptake, most notably in the spleen, was almost 

completely abrogated with IgG1 pre-treatment with both HuMax-TAC and B12 

(Figure 4.11C). There was also an increase in tumour uptake after IgG1 pre-

treatment of HuMax-TAC, but no significant change to B12 localisation in the tumour 

(Figure 4.11C).  

 

 

4.3.10. Depletion of TAMs in SuDHL-1 xenografts by anti-CSF1R antibody 
treatment 
It has previously been shown that TAMs can bind to ADCs in vivo, and it is 

hypothesised that this could contribute to target-independent ADC activity (Li et al., 

2017a). Colony stimulating factor 1 (CSF1) is a cytokine that is responsible for the 

differentiation of monocytes to macrophages in a wide range of tissues including 

tumours (Sehgal et al., 2018). With an antibody targeting the receptor of this factor 

(CSF1R), it is possible to abrogate the macrophage population in certain mouse 

models (Gordon et al., 2017). To investigate the contribution of TAMs to the target 

independent anti-tumour effect seen in SuDHL-1 xenograft models, depletion of 

these infiltrating immune cells was attempted using the anti-CSF1R antibody.  
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Figure 4.11. FcR blocking with non-specific isotype matched IgG1 improves target mAb tumour 
localisation in SuDHL-1 xenograft bearing NSG mice. A. Ex vivo biodistribution of Zr89-labelled 

HuMax-TAC with or without IgG1 FcR block at 24h after i.v. injection in SuDHL-1 xenograft bearing 

NSG mice. B. Ex vivo biodistribution of Zr89-labelled B12 with or without IgG1 FcR block at 24h after 
i.v. injection in SuDHL-1 xenograft bearing NSG mice. C. MIP and transversal slice PET/CT images of 

SuDHL-1 xenograft bearing NSG mice acquired either 24h or 48h after i.v. injection of Zr89-labelled 

HuMax-TAC or B12 with or without IgG1 FcR block. N=4 mice per group. %ID/g of transversal slice 

PET images is 0-80% as in MIPs.  *, P < 0.05, ****, P < 0.00005, 2-way ANOVA with Sidak’s test for 
multiple comparisons.  
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NSG mice were treated with an anti-CSF1R antibody (400 µg, i.v. 2x weekly) for two 

weeks prior to SuDHL-1 subcutaneous injection, and then continued for 4 weeks 

after tumour injection. Once tumours reached approximately 200 mm3, three mice 

either with or without anti-CSF1R treatment were culled, and the tumours removed 

and processed into single cell suspension for flow cytometry quantitation of TAMs. 

To quantitate the TAM populations, anti-CSF1R treated and untreated tumour 

suspensions were gated on viability and CD45 expression, low or negative Gr-1 and 

negative EpCAM expression and positive CD11b and F4/80 expression (Figure 

4.12A). There was a 75% decrease in TAMs as a percentage of total cells in 

SuDHL-1 tumours treated with anti-CSF1R compared to the untreated tumours (1.2 

% to 0.3 %, p = 0.01, Figure 4.12B). 

 

 

4.3.11. Depletion of TAMs in SuDHL-1 xenografts inhibits target independent 
ADC efficacy 
In order to establish whether the TAMs are contributing to the target-independent 

anti-tumour activity in SuDHL-1 xenografts, these cells were depleted by treating the 

mice with an anti-CSF1R antibody (400 µg, i.v. 2x weekly) for two weeks before 

SuDHL-1 subcutaneous injection, and then continued for 4 weeks after tumour 

injection. Once tumours reached 150 mm3 the mice were treated with one dose of 

0.5 mg/kg ADCT-301 or B12-SG3249.  

 

In the SuDHL-1 bearing NSG mice without TAM depletion, both ADCT-301 and 

B12-SG3249 again produced an equivalent tumour growth delay at 0.5 mg/kg 

(Figure 4.13A). Interestingly, TAM depletion completely eradicated the anti-tumour 

effect of B12-SG3249, and reduced the tumour growth delay with ADCT-301 (Figure 

4.13A). The depletion of TAMs reduced the median survival in ADCT-301 treated 

mice from 31 to 25 days (p = 0.029), and in B12-SG3249 treated mice from 28 to 19 

days (p = 0.029, Supplementary Figure 1C). Also interesting to note, is that TAM 

depletion generated an increased median survival in ADCT-301 treated mice 

compared to B12-SG329 not previously seen in this tumor (p = 0.022, Figure 

4.13B). 
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Figure 4.12. TAM depletion with anti-CSF1R mAb eliminates non-specific ADC efficacy in 
SuDHL-1 xenograft bearing NSG mice. A. Representative flow cytometry gating strategy for ex vivo 

TAM quantitation. Debris and doublets were removed, then TAMs were assessed as Live/Dead-

CD45+EpCAM-Gr1LOW/NEGCD11b+F4/80+. B. Percentage of TAMs in total SuDHL-1 tumour with or 

without anti-CSF1R treatment. N = 3 mice per group. *, P < 0.05, unpaired Students t-test.  
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Figure 4.13. TAM depletion with anti-CSF1R mAb eliminates non-specific ADC efficacy in 
SuDHL-1 xenograft bearing NSG mice. A. Tumour growth of SuDHL-1 xenografts in NSG mice 
treated with ADCT-301 or B12-SG3249 (0.5 mg/kg, once i.v.) with or without anti-CSF1R TAM 

depletion. B. Kaplan Meier survival plot showing percentage survival of animals per group over in the 

experiment shown in A. N = 3 mice per group, log-rank (Mantel-Cox) test. ADCT-301 vs ADCT-301 + 

anti-CSF1R, p = 0.029; B12-SG3249  vs B12-SG3249 + anti-CSF1R, p = 0.029; ADCT-301 + 
antiCSF1R vs B12-SG3249 + anti-CSF1R, p = 0.022. 

 

 
 

4.3.12. Target-independent anti-tumour effect in the SuDHL-1 xenograft model 
is reduced with a non-cleavable drug-linker 
If the target-independent anti-tumour efficacy of B12-SG3249 in the SuDHL-1 model 

is caused by PBD dimer DNA ICL formation as is suggested (Figure 4.6B), the drug-

linker SG3249 must be cleaved by proteases such as cathepsin B to release the 

PBD dimer either in the tumour microenvironment or systemically. To investigate the 
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contribution of the val-ala protease cleavable drug-linker tesirine (SG3249) to the 

previously reported target-independent anti-tumour effect seen with the non-target 

B12 ADC, SuDHL-1 xenografts were established in NOD/SCID mice and were 

treated once i.v. with 5 mg/kg HuMax-TAC-SG3376 or B12-SG3376, where SG3376 

is a non-cleavable PBD dimer-containing drug linker. 

 

In the mice treated with HuMax-TAC-SG3376 there was stable growth inhibition up 

to 60 days, but no tumour regression as seen with the tesirine conjugates (Figure 

4.14A). Conversely, of the four mice treated with the non-cleavable, non-target ADC 

B12-SG3376,  three showed no anti-tumour response and one showed a small 

amount of growth inhibition compared with the vehicle (Figure 4.14A). 

 

To measure the DNA ICL formation caused by SG3376-containing ADCs in SuDHL-

1 tumour bearing NOD/SCID mice, samples were taken 24 hours after a single i.v. 

dose of ADC, mirroring the efficacy studies, and the single-cell gel electrophoresis 

(comet) assay carried out on disaggregated cells ex vivo. A single tumour from a 

mouse treated with HuMax-TAC-SG3376 showed a decrease in OTM compared to 

the vehicle control, which was not observed in the tumour from the B12-SG3376 

treated mouse (4.3, 6.7 and 6.4 respectively, Figure 4.14B). 

 

 

4.3.13. SuDHL-1 tumours have more peripheral cathepsin B containing TAMs 
and more cathepsin B than Karpas-299 cells 
The availability of cathepsin B from tumour cells and TAMs in the tumour 

microenvironment of Karpas-299 and SuDHL-1 xenografts was compared by 

immunofluorescence staining performed previously in the laboratory by Dr Michael 

Flynn and Ouzma Qereshi. Tumour samples were collected from Karpas-299 

bearing SCID mice and SuDHL-1 bearing NOD/SCID mice, snap-frozen and co-

stained for cathepsin B, as well as the tumour target antigen (CD25) and TAMs 

(F4/80).  

 

In the Karpas-299 tumours, F4/80 positive cells were well distributed throughout the 

tumour, which co-localized with the majority of the cathepsin B signal (Figure 

4.15A). In a representative SuDHL-1 tumour section, there was a strong region of 

F4/80 positive and cathepsin B positive cells at the periphery of the tumour, with 

some cathepsin B positive, CD25 positive cells in the bulk of the tumour (Figure 

4.15A).  
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Expression of cathepsin B, a lysosomal protease able to digest the val-ala dipeptide 

linker in ADCT-301, was also investigated in the two ALCL cell lines in vitro. SuDHL-

1 cell lysates contained a significant amount more cathepsin B than Karpas-299 

(115 and 886 RFU, p = 0.0001, Figure 4.15B), and the same pattern was seen at 

much lower concentrations in the centrifuged cell supernatants (0.8 and 2.6 RFU, p 

= 0.01, Figure 4.15B). 

 
 
 

 
Figure 4.14. Target-independent ADC anti-tumour effect and DNA ICL formation is reduced in 
SuDHL-1 xenografts treated with non-cleavable ADCs. A. Tumour growth of SuDHL-1 xenograft 

bearing NOD/SCID mice treated with non-cleavable ADCs HuMax-TAC-SG3376 or B12-SG3376 (5 

mg/kg, once i.v.). B. DNA ICL formation of non-cleavable ADCs in SuDHL-1 tumours from NOD/SCID 

mice 24h after i.v. injection. Efficacy study was carried out with 3 mice per group. Background DNA 
damage in unirradiated cells is shown with a dotted line. DNA ICL formation was measured in 1 tumour 

per group, with 100 cells counted per sample. Error bars represent the standard error of the mean. 
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Figure 4.15. Cathepsin B expressing TAMs are peripherally located in SuDHL-1 tumours and 
cathepsin B is higher in SuDHL-1 cells in vitro. A.  Representative immunofluorescence images of  
a Karpas-299 xenograft from a SCID mouse and a SuDHL-1 tumour xenograft from a NOD/SCID 

mouse showing macrophage and Cathepsin B co-localisation. Blue: DAPI; green: CD25; purple: F4/80; 

red: Cathepsin B. 60x magnification, scale bar 50 µm. B. Cathepsin B activity measured in whole cell 
lysates and cell culture supernatants from Karpas-299 and SuDHL-1 cells. Cathepsin B in vitro activity 

study repeated 3 times. *, P < 0.05, ***, P < 0.0005, unpaired Student t-test. 
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4.4. Discussion 
 
Since the initial approval of  BV in 2011, there has been a steady growth of ADCs 

entering clinical trials year on year, with 13 new clinical candidates in 2019, and 

over 700 total trials involving ADCs currently ongoing (Kaplon et al., 2019). The pre-

clinical PK/PD and efficacy studies performed in mouse models are going to dictate 

decisions for clinical translation which could be crucial to the clinical success or 

failure of new ADCs. In this study, we have shown that once the level of 

immunodeficiency passes that of SCID mice, models such as NOD/SCID and NSG 

show dramatically altered antibody biodistribution compared to less 

immunocompromised models. If the effect of the immunodeficiency of certain mouse 

models used are not properly taken into account, the PK and efficacy of ADCs could 

be significantly underestimated pre-clinically. 

 

The choice of animal model used in pre-clinical development is often made based 

on a number of factors such a cost, historical data or ease of access. PDX tumours 

are more difficult to establish in the traditionally used Nu/Nu mice, so more 

immunodeficient mice such as NSGs, which lack NK-cells and are more able to 

develop in vivo metastasis, are regularly used (Malladi et al., 2016). The data 

presented in this study suggest that the severely immunodeficient mouse models 

such as NOD/SCID and NSG are not good models to study PK and efficacy of 

ADCs due to aberrant localization of Zr89 labelled mAbs in non-target organs such 

as the spleen, bone marrow and liver seen by PET/CT imaging and ex vivo 

biodistribution. These mice lack B-cells and circulating antibody titres are completely 

diminished, but they do still have myeloid cell populations which reside in these 

organs, and are able to bind readily to the any IgG based therapy through the Fc-

region (Shultz et al., 2005). This reduced the tumour uptake and subsequent 

efficacy of ADCT-301 in Karpas-299 treated tumours in NSG mice, but was able to 

be recovered by pre-treatment with isotype matched IgG to block the excess of 

available Fc-binding sites. ADCT-301 efficacy and tumour localisation were also 

improved by FcR blocking with IgG in the SuDHL-1 xenograft model in NSG mice, 

although the effect was only a modest increase in activity.  

 

It is clear that antigen-specific cytotoxicity is the primary mechanism of action of 

ADCs (Al-saden et al., 2018, Zammarchi et al., 2018). There are however, other 

target-independent mechanisms by which ADCs can elicit an anti-tumour effect. 

Bystander activity of membrane-permeable warheads such as PBD-dimers or 
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MMAE which are able to enter and trigger apoptosis in antigen negative cells in the 

tumour microenvironment has been implicated both pre-clinically and clinically 

(Jacobsen et al., 2015, Lam et al., 2014). .It has also been reported that non-target 

ADCs are also able to elicit an anti-tumour response in certain models (Boghaert et 

al., 2006, Li et al., 2017a). In this study, we have shown that the non-target ADC 

B12-SG3249 was able to elicit a significant anti-tumour effect in xenografts of one 

human ALCL cell line SuDHL-1, but not another, Karpas-299 established across a 

range of immunodeficient mouse strains. 

 

The interaction between the immune system and tumour cells is one of the 

hallmarks of cancer (Hanahan and Weinberg, 2011), and it is believed that 

infiltrating immune cells can be conditioned to actually promote tumour growth, 

evade detection and protect against some forms of chemotherapy (Heusinkveld and 

van der Burg, 2011, Pollard, 2008). The immune system can be harnessed to be 

pro-immunogenic by tumours undergoing ICD, which skews the immune landscape 

to a pro-inflammatory one (Kroemer et al., 2013), or immune checkpoint blockade 

by PD-1 or CTLA-4, which has had great clinical success in recent years by 

releasing the break on the inflammatory tumour response alone (Yang, 2015), and 

in combination with ADCs and other chemotherapy (Rios-Doria et al., 2017).  

 

TAMs have an important but nuanced role in tumour homeostasis, and have been 

reported to be correlated with poor prognosis in solid tumours (Mantovani et al., 

2013), and drive resistance to chemotherapy such as doxorubicin and gemcitabine 

in haematological malignancies (Weizman et al., 2014). On the other hand, TAMs 

can engage with trastuzumab to trigger ADCC and cancer cell phagocytosis 

(Petricevic et al., 2013, Shi et al., 2015), and it has been suggested that TAMs can 

bind to ADCs and cause a target antigen-independent release of warhead (Li et al., 

2017a).  

 

This study showed that an average ablation of 80% of the TAM population 

significantly reduced the target-independent ADC efficacy in SuDHL-1 xenograft 

tumour bearing NSG mice, reducing the efficacy of ADCT-301, and completely 

inhibiting the efficacy of the non-target ADC B12-SG3249. This suggests an 

important role of the immune system in ADC activity in some tumour types. The 

tumour localisation of the labelled HuMax-TAC antibody in the SuDHL-1 NSG model 

was lower than in the Karpas-299 NSG model after IgG blocking, where the Karpas 

model reached around 40 %ID/g, similar to the level produced in SCID mice, 
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whereas in the SuDHL-1 model only 10-15 %ID/g in the tumour was consistently 

seen. The surface expression level of CD25 on SuDHL-1 cells is higher than on 

Karpas-299 cells (Flynn et al., 2016) so the poor localisation is not down to 

availability of cell surface receptors. This low level of tumour localisation was still 

able to produce significant DNA ICLs in both target and non-target ADC treated 

mice, enough to elicit a strong anti-tumour effect at higher doses. 

 

The non-target ADC efficacy was also inhibited by replacing the protease-cleavable 

tesirine drug-linker with the non-cleavable linker SG3376. When conjugated to 

HuMax-TAC, the ADC was still able to be internalised and DNA ICLs produced by 

cellular metabolism of the whole ADC, although at 10-fold higher concentrations 

than ADCT-301, most likely due to the poor tumour localisation of HuMax-TAC in 

SuDHL-1 xenografts. The non-cleavable B12 ADC had no significant anti-tumour 

effect, and did not produce DNA ICLs. This together with the TAM depletion data 

suggests that the TAM population in the tumour microenvironment of SuDHL-1 

xenografts could be triggering the cleavage of SG3249 and resulting in tumour cell 

death by the bystander effect. 

 

Work done previously in the laboratory showed the distribution of TAMs and 

cathepsin B, a protease able to cleave the val-ala linker tesirine found in tumour and 

immune cells, was visibly different between Karpas-299 and SuDHL-1 xenografts. 

The SuDHL-1 tumour microenvironment had a concentrated macrophage population 

around the periphery of the tumour, which correlated with a high intensity of 

cathepsin B staining, while Karpas-299 tumour had diffuse regions of both TAMs 

and cathepsin B. It was also seen that SuDHL-1 cells in vitro contained significantly 

more cathepsin B than Karpas-299 cells, and protease activity was also higher in 

SuDHL-1 media. 

 

These data show that mouse model immunodeficiency status can alter the 

biodistribution and efficacy of ADCs, and that TAMs can play an important role in 

protease cleavable ADC efficacy in vivo with important implications in their pre-

clinical and translational development.  
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Chapter 5. Acquired resistance to PBD dimer-containing 
ADCs 
 

5.1. Introduction 
 

5.1.1. Mechanism of action of ADCs and drug resistance 
As PBD-dimer based ADCs progress through clinical development, the long-term 

success of these drugs will depend on understanding and overcoming the potential 

development of acquired resistance, which, due to the small molecule-antibody-

conjugate composition and multi-stage mechanism of action of ADCs can be 

complex, as cells have multiple opportunities to become refractory to the ADC 

(Collins et al., 2019).  

 

The mechanism of action of an ADC requires the binding of the antibody to an 

overexpressed surface antigen on the tumour cell. Expression of this antigen can be 

downregulated by cancer cells or the protein could be alternatively spliced or 

mutated to prevent ADC binding (Fojo, 2007). The ADC-antigen complex then 

needs to be internalised, which is a process that can be downregulated, or the 

endocytosis process can be modulated to prevent normal lysosomal trafficking 

(Loganzo et al., 2016). If the ADC reaches the lysosome, the tumour cell can 

downregulate the proteolytic activity needed to metabolise the ADC and then efflux 

the ADC out of the cell. The drug itself can also be pumped out of the cell by 

upregulated membrane transporter channels preventing the cellular damage that 

would trigger apoptosis (Fletcher et al., 2016). Repair of the drug lesion or 

modulated signalling pathways such as PTEN/P13K or Bax/Bak can also protect the 

cells from apoptosis (Loganzo et al., 2016). 

 
 

5.1.2. Clinical resistance to ADCs 
Both pre-clinical and clinical studies have been carried out on currently approved 

ADCs and the mechanism of acquired resistance generally falls into two major 

categories: related to the antibody portion of the ADC, or related to the drug/drug-

linker portion of the ADC (Barok et al., 2014). Tumour cells that have become 

refractory to mAb therapy often show downregulation of the target antigen or 

impaired mAb-antigen complex internalisation (Nahta and Esteva, 2006), a 
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resistance mechanism that has also been reported with T-DM1 (Loganzo et al., 

2015, Sung et al., 2018), BV (Chen et al., 2015) and GO (Walter et al., 2007).  

 

Should the binding and internalisation of the ADC not be significantly affected, 

acquired resistance to the small molecule drug released inside the tumour cell can 

develop due to upregulation of drug efflux pumps, upregulation of cellular repair 

mechanisms associated with the drugs mechanism of action, or escape from 

apoptosis (Gillet and Gottesman, 2009, Kathawala et al., 2015). The membrane 

bound drug transporter P-glycoprotein (MDR1, ABCB1) is one of the most 

commonly upregulated efflux pumps associated with small molecule drug resistance 

(Katayama et al., 2014), as well as other members of the ABC transporter family 

such as ABCC1/2 and 4 (Figure 5.1) (Beretta et al., 2017, Limtrakul et al., 2007). 

Indeed, MDR1 has been implicated in the resistance to T-DM1, GO and INO 

(Loganzo et al., 2015, Takeshita et al., 2009). The PBD dimer SJG-136 (SG2000, 

Figure 1.8) has been shown to be a weak substrate for MDR1 so it is possible that 

the upregulation of this transporter could be important in acquired resistance to PBD 

dimer-based ADCs (Guichard et al., 2005). 

 

 

 

 
Figure 5.1. Members of the ABC transporter family commonly upregulated in MDR and relevant 
reported drug substrates. 
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5.1.3. Resistance to PBD dimers 
The mechanism of action of the PBD dimers involves the formation of rapid and 

persisting DNA interstrand ICLs in the minor grove of the DNA, causing stalled 

replication forks and triggering apoptosis during cell division (Hartley, 2011). Repair 

of ICLs is complex and can involve a combination of repair mechanisms including 

nucleotide excision repair (NER) and homologous recombination (HR) (De Silva et 

al., 2000). Increased repair (unhooking) of DNA ICLs has been observed as a 

mechanism of clinical acquired resistance to conventional DNA cross-linking agents 

including melphalan in myeloma (Spanswick et al., 2002) and cisplatin in ovarian 

cancer (Wynne et al., 2007). However, the nature of the PBD dimer ICL, causing 

minimal distortion of the DNA structure, and resulting persistence in cells, suggests 

that it may be refractory to some DNA repair mechanisms (Clingen et al., 2005). 

 

From a clinical perspective it is important to understand the mechanisms by which 

some tumour cells may have inherent sensitivity to, or following treatment, may 

develop acquired resistance to PBD dimer-based ADCs. This could result in 

predictive biomarkers for response to these agents, allowing for better selection of 

patients which are most likely to respond well to PBD dimer-based ADCs, or prevent 

an unnecessary course of therapy which likely will not have a beneficial survival 

advantage for the patient. This knowledge could also be important in the 

development of rational combination strategies, with the aim of increasing the 

sensitivity of patients to these ADCs, increasing the potential number of patients 

with a therapeutic window for ADC treatment or re-sensitise patients who have 

developed relapsed/refractory disease to a first course of ADC treatment.  

 

 

5.1.3. Developing models of drug resistance 
The development of drug resistant cell lines can be undertaken using a number of 

different methods. Most commonly, cells are incubated in vitro either with a 

continuous, incrementally increased presence of drug until resistance develops or 

by a pulsed approach, whereby a higher dose of the drug in given to the cells for a 

short time, followed by drug-free recovery until normal growth is restored (Figure 

5.2) (McDermott et al., 2014). This pulsed method has more translational relevance 

as it mirrors the multiple treatment dosing strategy of most chemotherapy regimens, 

and also leads to a more stable resistance where the cells aren’t ‘addicted’ to the 

presence of the drug (Barr et al., 2013). 
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Figure 5.2. Schematic of the generation of acquired resistant cell lines by repeated pulse 
method. 

 

 

 

5.1.4. Aim of this chapter 
In this study, two ADCs containing the cathepsin cleavable drug-linker tesirine, 

which upon cleavage releases the PBD dimer SG3199 (Figure 1.10), were used to 

generate cell lines with acquired resistance. One ADC, targeting CD25 (ADCT-301), 

was used to develop resistance in a haematological cancer setting, the other, 

targeting HER2 (ADCT-502) (Zammarchi et al., 2016a) in a solid tumour setting. In 

parallel, resistant cell lines were also generated to the free warhead SG3199 

(Hartley et al., 2018). The aim of this study was to investigate the molecular 

mechanisms involved in the acquired resistance to SG3199 and SG3199-containing 

ADCs in solid and haematological backgrounds, and establish if this resistance 

mechanism is specific to each ADC, PBD dimer or tumour setting, or if there is 

commonality in the resistance mechanism, which could be exploited to overcome 

loss of sensitivity both in vitro and eventually clinically. 
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5.2. Materials and Methods 
 

5.2.1. Resistant cell line generation 
Karpas-299 and NCI-N87 cells were incubated with GI50 concentrations of ADC or 

PBD dimer for 3 cell doublings (3 days Karpas, 6 days NCI-N87) followed by 

approximately 4 to 11 days recovery without treatment, or until normal cell growth 

had returned. This method was intended to simulate the chronic, multicycle dosing 

strategy typically used for cytotoxic therapeutics in the clinic, followed by a recovery 

period (Figure 2). The resistance of the cells was monitored every month using the 

MTS assay and the dose of drug adjusted to match the new GI50 as the cells 

became more resistant after multiple treatment cycles over 12-18 months. Cells 

were frozen after each round of drug treatment. 

 

 

5.2.2. ABC transporter inhibitor in vitro growth inhibition 
For drug transporter inhibitor combination growth inhibition, the resistant cell lines 

were incubated overnight with either 5 µM MK-571 (ABCC2 inhibitor), 10 µM FTC 

(ABCG2 inhibitor), 5 µM Reversin-121 (ABCB1 inhibitor) or 10 nM Lovastatin 

(SLCO2B1 inhibitor) overnight before carrying out the ADC or PBD growth inhibition 

assay as previously described in section 2.2.2. 

 

 

5.2.3. Antibody binding and internalisation studies 
1.5 x105 parental and resistant cells were blocked at 4°C for 30 mins before being 

incubated with a serial dilution series of trastuzumab or HuMax-TAC for 1 hour on 

ice in triplicate. The cells were then washed and incubated with a F(ab')2-Goat anti-

Human IgG Fc Secondary Antibody conjugated to Alexa Fluor 488 (ThermoFisher) 

diluted 1:50 in blocking buffer. After incubation for 1 hour on ice in the dark the cells 

were washed and run on a Fortessa X20 flow cytometer, and the MFI measured 

using the B530/30 laser/filter after gating out dead and aggregated cells.  

 

To investigate the effect of the acquired resistance on antibody internalisation 

Karpas-299 and NCI-N87 parental and resistant cells were seeded in a poly-L-

ornithine coated 96-well plate and allowed to attach at 37 °C. HuMax-TAC or 

trastuzumab was incubated with a 3 X molar excess of FabFluor pH red antibody 

internalisation reagent (Essen Bioscience) for 15 mins at room temperature, then a 
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3-fold serial dilution set up with cell culture medium. The labelled antibody dilutions 

were added to the cells and the plate was immediately transferred to the IncuCyte 

Zoom (Essen BioScience), where images were taken at 10x magnification every 2 

hours with phase contrast and red fluorescence filters. Mean red object area per 

well was calculated using the IncuCyte Zoom software. 

 

 

5.2.4. RNA extraction and RT-PCR assay of ABC transporters 
Total RNA was extracted from 2 x106 Karpas-299 or NCI-N87 cells by resuspending 

cells in RLT lysis buffer with ß-mercaptoethanol added, and purified with RNeasy Kit 

(Qiagen). The real-time RT2 Profiler PCR Array for human drug-transporters and 

RT2 Profiler PCR Array for DNA damage signalling (Qiagen) were used to probe 

cDNA generated from Karpas-299 and NCI-N87 resistant and parental cell line 

lysates. CT values were normalized based on a panel of housekeeping genes 

(HKG). The Qiagen data analysis web portal calculates fold change/regulation using 

DD CT method, in which D CT was calculated between gene of interest (GOI) and an 

average of HKGs, followed by DD CT calculations (D CT (Test Group)- D CT (Control 

Group)). Fold Change was then calculated using 2^ (-DD CT) formula. For 

confirmation of gene upregulation by qRT-PCR cDNA synthesis was performed with 

500 ng mRNA using the SuperScript III RT kit (LifeTech). RT-PCR reaction mixes 

were prepared using TaqMan gene expression probes (LifeTech) for the drug 

transporter of choice or the housekeeping gene ABL-1 and fold change/regulation 

calculated using DD CT method as described above. 

 

 

5.2.5. siRNA knockdown of ABC transporters 
Silencer® Select siRNA oligonucleotides targeting ABCC2 and nontargeting siRNAs 

were purchased from Ambion/ThermoFisher. For reverse transfection, Opti-MEM 

medium was mixed with siRNA to give a final concentration of 25 pmol/L, this was 

then combined with diluted Lipofectamine® RNAiMAX (Thermo Scientific). After 20-

minute incubation at room temperature, the transfection mixture was aliquoted into 

6-well plates. Cells were added to each well containing siRNA and RNAiMAX 

complex. 48 hours after transfection, cells were harvested and used for 

immunoblotting or growth inhibition assays as previously described. 
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5.3. Results 
 

5.3.1. Karpas-299 and NCI-N87 resistant cell lines were resistant to target ADC 
and free PBD dimer SG3199 
GI50 growth inhibition concentrations of the parental cell lines to either the target 

ADC (Karpas-299: 1.5 ng/mL ADCT-301, NCI-N87: 1.3 ng/mL ADCT-502) or 

SG3199 (Karpas-299: 70 pM, NCI-N87: 15.9 pM) were established using the MTS 

assay. Cells were incubated with the GI50 concentration of drug for approximately 

the time required for three cell divisions, then washed and allowed to recover in 

drug-free medium until normal cell proliferation was restored (Figure 5.2). This 

process was repeated, growth monitored and the dose of ADC or PBD dimer 

increased to mirror the increase in GI50. This pulsatile approach resulted in the 

generation of cell lines with an acquired resistance that was stable for multiple 

passages in the absence of any drug (Figure 5.3, Table 5.1).  

 

Growth inhibition assays showed a > 3000-fold increase in the GI50 value of Karpas 

ADCr cells treated with ADCT-301 (1.5 to >5000 ng/mL), 2.9-fold increase in Karpas 

PBDr cells treated with SG3199 (70 to 204.5 pM), 7.6-fold increase in NCI-N87 

ADCr cells treated with ADCT-502 (1.3 to 9.9 ng/mL) and 3.7-fold increase in NCI-

N87 PBDr cells treated with SG3199 (15.9 to 58.6 pM) (Figure 5.3, Table 5.1). 

Interestingly, the cell lines made resistant to an ADC were also found to be cross-

resistant to SG3199 and the cell lines made resistant to SG3199 were cross-

resistant to the target ADC (Figure 5.3, Table 5.1). 

 

 

5.3.2. Target ADCs and SG3199 formed less DNA interstrand cross-links in 
Karpas-299 and NCI-N87 resistant cell lines  
The mechanism of action of PBD dimers involves the formation of DNA ICLs, a 

modification of the single cell gel electrophoresis (comet) assay was used to 

measure the amount of ICL formation following a single dose of either ADC or PBD 

dimer. All the cell lines were treated with a dose previously found to give 

approximately a 50% reduction in OTM in the parental cell lines after a 2-hour drug 

exposure, followed by 24-hour drug free incubation (Karpas-299, 130 pM ADCT-

301, 280 pM SG3199; NCI-N87, 1 nM ADCT-502, 1.7 nM SG3199). 
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Figure 5.3. The generation of cell lines with acquired resistance to PBD dimer or PBD dimer-
based ADCs. A. 96-hour continuous exposure in vitro growth inhibition of wt, ADC and PBD resistant 

Karpas-299 cell lines with ADCT-301. B. 96-hour continuous exposure in vitro growth inhibition of wt, 
ADC and PBD resistant Karpas-299 cell lines with SG3199. C. 144-hour continuous exposure in vitro 

growth inhibition of wt, ADC and PBD resistant NCI-N87 cell lines with ADCT-502. D. 144-hour 

continuous exposure in vitro growth inhibition of wt, ADC and PBD resistant NCI-N87 cell lines with 
SG3199. Each data point represents the average of at least three biological repeats with +/- SD error 

bars.  
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Table 5.1. GI50 values and fold resistance of Karpas-299 and NCI-N87 resistant cell 
lines to PBD dimer and PBD dimer-based ADCs 

 

 
 

 

  

The comet assays showed a significant reduction in DNA ICL formation in Karpas-

299 ADCr cells treated with ADCT-301 (53.5% to 15% reduction in OTM, p-value 

0.0004), Karpas PBDr cells treated with SG3199 (55.5% to 25.7%, p-value 0.003), 

NCI-N87 ADCr cells treated with ADCT-502 (54.7% to 29%, p-value 0.004) and 

NCI-N87 PBDr cells treated with SG3199 (51% to 30.7%, p-value 0.004) (Figure 

5.4). In addition, consistent with the GI50 data, the level of DNA ICL formation was 

also significantly reduced in the ADCr cell lines treated with SG3199 and PBDr cell 

lines treated with ADC (Figure 5.4). These data suggest the mechanisms of 

resistance in all four of the resistant cell lines prevent the formation of PBD dimer 

induced DNA damage. 

 

 

5.3.3. Karpas-299 and NCI-N87 resistant cell lines were cross-resistant to 
other DNA interacting drugs 
To further investigate the cross-resistance in the four resistant cell lines, growth 

inhibition was compared with the parental cell line when treated with a structurally 

similar, but less potent PBD dimer to SG3199 (SG2000), and a C2-linked PBD 

dimer-based ADC (SG3560).  

 

Cell line

GI50 (fold resistance)

ADCT-301 

ng/mL

ADCT-502 

ng/mL

SG3199 

pM

SG2000

nM

mAb-

SG3560

ng/mL

Karpas wt 1.5 - 70 0.9 1.3

Karpas ADCr >5000 

(>3333)

- 306.5 (4.4) 2.8 (3.1) >10,000 

(>7692)

Karpas PBDr 72.8 (48.5) - 204.5 (2.9) 4.7 (5.2) >10,000 

(>7692)

NCI-N87 wt - 1.3 15.9 0.06 1.0

NCI-N87 

ADCr

- 9.9 (7.6) 60.4 (3.8) 0.46 (7.7) 95 (95)

NCI-N87 PBDr - 13.0 (10) 58.6 (3.7) 0.47 (7.8) 54 (54)
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Figure 5.4. Interstrand cross-link formation in acquired resistance cell lines with target ADC or 
SG3199. A. ICL formation of wt, ADC and PBD resistant Karpas-299 cell lines with 130 pM ADCT-301. 
B. ICL formation of wt, ADC and PBD resistant Karpas-299 cell lines with 280 pM SG3199. C. ICL 

formation of wt, ADC and PBD resistant NCI-N87 cell lines with 1 nM ADCT-502. D. ICL formation of 

wt, ADC and PBD resistant NCI-N87 cell lines with 1.7 nM SG3199. Each data point represents the 
average of at least three biological repeats with +/- SD error bars. *, p < 0.5; **, p < 0.05; ***, p < 0.005;  

p-values obtained using two-tailed, unpaired t-tests. 

 
 

 

All the resistant cell lines were cross-resistant to both SG2000 and the SG3560-

based ADCs (Figure 5.5).  Comparing the GI50 values to the parental cells showed 

similar levels of resistance to SG2000 to those seen with SG3199 (Table 5.1). In 

contrast, the level of resistance to the C2-linked SG3560 ADCs was greater than 

with the N10-linked ADCs. Indeed, no growth inhibition was seen in the Karpas-299 

resistant cells following treatment with the C2-linked SG3560 ADC at the 

concentrations tested (Figure 5.5A). The shift in GI50 was also much greater than 
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with the N10-linked ADC in the NCI-N87 ADCr (95-fold versus 7.6-fold) and NCI-

N87 PBDr cells (54-fold versus 3.7-fold, Table 5.1). 

 

 

 

 
Figure 5.5. Cross-resistance of acquired resistant cell lines to another PBD dimer or PBD dimer-
based ADC. A. 96-hour continuous exposure in vitro growth inhibition of wt, ADC and PBD resistant 

Karpas-299 cell lines with HuMax-TAC-SG3560. B. 96-hour continuous exposure in vitro growth 
inhibition of wt, ADC and PBD resistant Karpas-299 cell lines with SG2000. C. 144-hour continuous 

exposure in vitro growth inhibition of wt, ADC and PBD resistant NCI-N87 cell lines with trastuzumab-

SG3560. D. 144-hour continuous exposure in vitro growth inhibition of wt, ADC and PBD resistant NCI-
N87 cell lines with SG2000. Each data point represents the average of at least three biological repeats 

with +/- SD error bars.  

 

 

 

Cross-resistance to three conventional DNA-interacting chemotherapeutic drugs, 

cisplatin, doxorubicin and melphalan was also measured using the MTS assay in 

Karpas and NCI-N87 parental, ADC and PBD resistant cell lines. No cross-

resistance was seen between any of the three drugs in either the Karpas-299 ADCr 

or PBDr cell lines (Figure 5.6A). In contrast, there was a decrease in growth 
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inhibition in both NCI-N87 ADCr and PBDr cells treated with all three of these drugs 

compared to the parental cell line (Figure 5.6B). 

 

 

 

 
Figure 5.6. Cross-resistance of Karpas-299 and NCI-N87 resistant cell lines to common DNA 
interacting chemotherapeutic drugs. A. 96-hour continuous exposure in vitro growth inhibition of 
Karpas-299 wt, ADCr and PBDr cell lines to Cisplatin, Doxorubicin and Melphalan. B. 144-hour 

continuous exposure in vitro growth inhibition of NCI-N87 wt, ADCr and PBDr cell lines to Cisplatin, 

Doxorubicin and Melphalan. Each data point represents the average of at least three biological repeats 
with +/- SD error bars. 

 

 

 

5.3.4. Cell surface antigen expression, binding and internalisation was 
unaffected in Karpas-299 and NCI-N87 resistant cell lines 
Resistance to many antibody-based therapies has been linked to changes in cell 

surface antigen expression (Barth and Goldman, 2019), CD25 or HER2 expression 

and antibody binding affinity were compared in resistant versus parental cells by 

flow cytometry. Increasing concentrations of un-conjugated mAb (HuMax-TAC; 

CD25, trastuzumab; HER2) were incubated with either parental or resistant cell lines 

and MFI measured on a Fotessa X20 flow cytometer. Internalisation kinetics and 

lysosomal trafficking was measured by labelling the unconjugated mAbs with the 

FabFluor pH red dye and live cell imaging with the IncuCyte. Antibody internalisation 

was reported as being directly correlated to the red fluorescence area per well.  
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There was a small decrease in the maximum fluorescence intensity reached by the 

Karpas-299 ADCr cells compared to the PBDr and parental cell lines (Figure 5.7A) 

however, all cells continued to express high levels of CD25 (Figure 5.7C). In the 

NCI-N87 cell lines there was a small decrease in maximum fluorescence reached by 

the PBDr cell line (Figure 5.7B), however, all cells continued to express high levels 

of HER2 (Figure 5.7D). The internalisation kinetics for HuMax-TAC or trastuzumab 

were unchanged in the resistant cell lines treated with 10 or 0.3 µg/mL of antibody 

over a 24 hours period (Figure 5.7E, F). 

 

 

5.3.5. Drug transporter gene mRNA was upregulated in Karpas-299 and NCI-
N87 resistant cell lines 
One possible mechanism of resistance upstream of the ICL formation is that the 

PBD dimer molecules are being actively pumped out of the cells when they are 

either released by ADC metabolism, or they have entered into the cell as stand-

alone agents. To investigate this potential pathway of drug resistance, RT2 PCR 

arrays were carried out comparing the gene expression of 82 known human drug 

transporter genes in the resistant versus parental cell lines using the (2^ (- Delta 

Delta CT)) method. Volcano plots generated by the online analysis software 

(Qiagen) showed a number of genes to be significantly upregulated (> 2-fold 

change, p-value < 0.05) in the four acquired resistant cell lines (Figure 5.8).  

 

Interestingly, ABCG2 was significantly upregulated in the Karpas ADCr, Karpas 

PBDr, NCI-N87 ADCr and NCI-N87 PBDr cell lines (fold change and p-values 

shown in Table 5.2). ABCC2 was also upregulated in the Karpas ADCr, NCI-N87 

ADCr and NCI-N87 PBDr cells. SLCO2B1 was upregulated in the Karpas PBDr 

cells, NCI-N87 ADCr and NCI-N87 PBDr cells. The drug transporter gene SLC22A3 

and SLC7A7 were significantly upregulated only in the NCI-N87 ADCr and NCI-N87 

PBDr cell lines (Table 5.2).  
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Figure 5.7. Cell surface antibody binding and internalisation kinetics of acquired resistance cell 
lines. A. Surface antigen binding dose-response of HuMax-TAC on wt, ADCr and PBDr Karpas-299 

cells. B. Surface antigen binding dose-response of trastuzumab on wt, ADCr and PBDr NCI-N87 cells. 

C. Representative offset histograms showing maximum fluorescence intensity (MFI) of 1 µg/mL 
HuMax-TAC on wt, ADCr and PBDr Karpas-299. D. Representative offset histograms showing 

maximum fluorescence intensity (MFI) of 10 µg/mL trastuzumab on wt, ADCr and PBDr NCI-N87 cells. 

E. Lysosomal internalisation kinetics of 10 and 0.3 µg/mL HuMax-TAC on Karpas-299 cells. F. 
Lysosomal internalisation kinetics of trastuzumab on NCI-N87 cells. Error bars represent the average 

of at least three biological repeats with +/- SD. 

 
 

 

 

 



 167 

 
Figure 5.8. Human drug transporter multi-gene expression array of acquired resistant cell lines. 
A. Volcano plot showing relative transporter gene expression in Karpas-299 ADCr cell line. B. Volcano 
plot showing relative transporter gene expression in Karpas-299 PBDr cell line. C. Volcano plot 

showing relative transporter gene expression in NCI-N87 ADCr cell line. D. Volcano plot showing 

relative transporter gene expression in NCI-N87 PBDr cell line. Each data point is calculated from the 

average of three biological repeats. *: ABCG2; ✚: ABCC2; ▴: SLCO2B1; ▼: SLC7A7; ◆: SLC22A3. 
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Table 5.2. Human drug transporter gene upregulation in Karpas-299 and NCI-N87 
resistant cell lines by RT2 PCR array and TaqMan probe qRT-PCR analysis 

 

 
RT2: RT2 PCR array; Taq: TaqMan probe. 

 

 

 

The upregulation of drug transporter genes ABCG2, ABCC2, SLCO2B1, SLC22A3 

and SLC7A7 in the resistant lines compared to the parental cells was confirmed in 

all cases by RT-PCR using TaqMan probes and normalised against the 

housekeeping gene ABL-1 using the (2^ (- Delta Delta CT)) method (Figure 5.9). 

ABCG2 was upregulated in the Karpas ADCr (134-fold), Karpas-299 PBDr (3-fold), 

NCI-N87 ADCr (111-fold) and NCI-N87 PBDr (150-fold, Table 5.2). ABCC2 was 

upregulated in the Karpas-299 ADCr (6.5-fold), NCI-N87 ADCr (55-fold) and NCI-

N87 PBDr (56-fold) cells. SLCO2B1 was upregulated in the NCI-N87 ADCr (220-

fold) and NCI-N87 PBDr (201-fold) cell lines, as was SLC7A7 (11-fold and 10-fold, 

Table 5.2). 

Transporter 
gene

Fold change (p-value/SD)

Karpas ADCr Karpas PBDr NCI ADCr NCI PBDr

RT2 Taq RT2 Taq RT2 Taq RT2 Taq

ABCG2 167.5
(0.0003)

134
(87)

2.4
(0.008)

3
(1.5)

107 (0.004) 111
(51)

144.4 
(0.00006)

150
(40)

ABCC2 3.5 
(0.01)

6.5
(3.3)

- 1
(0.2)

50.9 (0.0005) 55
(12)

44.8 
(0.00006)

56
(0.2)

SLCO2B1 - 3.1
(1.4)

13.3 
(0.00004)

9.8
(10.9)

35.9
(0.01)

49
(25)

66.8 
(0.0003)

60
(37)

SLC22A3 - - - - 77.4
(0.02)

220
(134)

77.1 
(0.001)

201
(48)

SLC7A7 - - - - 8.1 (0.0003) 11
(1.1)

9.9 
(0.002)

10
(4.8)
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Figure 5.9. qRT-PCR confirmation of commonly upregulated transporter genes using TaqMan 
probes. A. ABCG2, ABCC2 and SLCO2B1 upregulation in Karpas-299 ADC and PBD resistant cell 

lines. B. ABCG2, ABCC2 and SLCO2B1, SLC7A7 and SLC22A3 upregulation in NCI-N87 ADC and 

PBD resistant cell lines. Each data point represents the average of at least three biological repeats with 
+/- SEM error bars. 

 

 

 

In contrast to the results obtained with the human drug transporter gene array, an 

RT2 PCR array for DNA damage signalling pathway showed no significantly 

upregulated genes in either of the Karpas-299 resistant lines except one of the 

housekeeping genes, Actin B, in the PBD resistant line (Figure 5.10A, B). In the 

NCI-N87 ADC resistant line, the only significantly upregulated gene was also Actin 

B, whereas, in the PBD resistant line PPP1R15A and XPC were also slightly but 

significantly upregulated (3.24-fold and 2.07-fold, Figure 5.10C, D). Overall, the data 



 170 

is consistent with the mechanism of resistance being upstream of the DNA damage 

produced by the PBD dimer. 

 

 

 

 
Figure 5.10. DNA damage response gene expression array of acquired resistant cell lines. A. 
Volcano plot showing relative DNA damage response gene expression in Karpas-299 ADCr cell line. 
B. Volcano plot showing relative DNA damage response gene expression in Karpas-299 PBDr cell line. 

C. Volcano plot showing relative DNA damage response gene expression in NCI-N87 ADCr cell line. D. 
Volcano plot showing relative DNA damage response gene expression in NCI-N87 PBDr cell line. Each 
data point represents the average of three biological repeats. 
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5.3.6. Acquired PBD and ADC resistance was reversable with specific ABC 
transporter inhibitor combinations 
In order to investigate further the contribution of ABC drug transporter upregulation 

in the acquired resistance to the PBD dimer and PBD dimer-based ADC resistant 

cell lines, inhibitors of ABCG2 (Fumitremorgin C, FTC) (Rabindran et al., 2000) and 

ABCC2 (MK-571) (Vezmar and Georges, 2000) were used in combination with the 

target ADC or PBD dimer to assess the effect on growth inhibition using the MTS 

assay. Karpas and NCI-N87 resistant cells were treated with a non-toxic dose of 

MK-571 (5 µM) or FTC (10 µM) for 24 hours before the addition of the ADC or PBD 

dimer.  

 

Both MK-571 and FTC elicited a return to wt sensitivity of Karpas-299 ADCr and 

PBDr cells to ADCT-301 treatment (Figure 5.11A, B). Similarly, in the NCI-N87 

ADCr and PBDr cells treated with either MK-571 or FTC the response to ADCT-502 

was restored to the level of the parental cell line (Figure 5.11E, F). Restoration of 

sensitivity was observed when the ABC transporter inhibitors were combined with 

SG3199 in Karpas ADCr and PBDr cells (Figure 5.11C, D) and NIC-N87 PBDr cells 

(Figure 5.11G, H).  

 

Reversin-121, a semi-selective inhibitor of MDR1 (Hoffmann et al., 2009), was used 

to investigate any potential role of MDR1 in the acquired resistance cell lines. ADC 

and PBD resistant cell lines were combined with a non-toxic dose of Reversin-121 

(5 µM) 24 hours before treatment with ADC or SG3199. In the Karpas-299 ADCr 

cells Reversin-121 had no effect on growth inhibition, but the PBDr cells showed a 

partial increase in sensitivity (Figure 5.12A). Both the NCI-N87 resistant cell lines 

showed an increase in sensitivity in combination with Reversin-121 (Figure 5.12C).  

Lovastatin, an inhibitor of SLCO2B1 (Neuvonen et al., 2008), however failed to 

reverse the resistance in any of the cell lines (Figure 5.12B, D).  
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Figure 5.11. Reversing the acquired PBD or PBD-based ADC resistance with ABC drug 
transporter inhibitors. A. Continuous exposure in vitro growth inhibition of Karpas-299 wt and 

resistant cell lines with ADCT-301 and 5 µM MK-571. B. Continuous exposure in vitro growth inhibition 
of Karpas-299 wt and resistant cells lines with ADCT-301 and 10 µM FTC. C. Continuous exposure in 

vitro growth inhibition of Karpas-299 wt and resistant cell lines with SG3199 and 5 µM MK-571. D. 
Continuous exposure in vitro growth inhibition of Karpas-299 wt and resistant cell lines with SG3199 
and 10 µM FTC. E. Continuous exposure in vitro growth inhibition of NCI-N87 wt and resistant cell lines 

with ADCT-502 and 5 µM MK-571. F. Continuous exposure in vitro growth inhibition of NCI-N87 wt and 

resistant cell lines with ADCT-502 and 10 µM FTC. G. Continuous exposure in vitro growth inhibition of 
NCI-N87 wt and resistant cell lines with SG3199 and 5 µM MK-571. H. Continuous exposure in vitro 

growth inhibition of NCI-N87 wt and resistant cell lines with SG3199 and 10 µM FTC. Each data point 

represents the average of at least three biological repeats with +/- SD error bars. 
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Figure 5.12. MDR1 and SLCO2B1 inhibitor combination growth inhibition. A. Continuous 

exposure in vitro growth inhibition of Karpas-299 wt and resistant cell lines with ADCT-301 and 5 µM 

Reversin-121. B. Continuous exposure in vitro growth inhibition of Karpas-299 wt and resistant cell 
lines with ADCT-301 and 10 nM Lovastatin. C. Continuous exposure in vitro growth inhibition of NCI-

N87 wt and resistant cell lines with ADCT-502 and 5 µM Reversin-121. D. Continuous exposure in vitro 

growth inhibition of NCI-N87 wt and resistant cell lines with ADCT-502 and 10 nM Lovastatin. Each 
data point represents the average of at least 3 biological repeats with +/- SD error bars. 

 

 
 

5.3.7. ABC transporter inhibitors increased DNA interstrand cross-link 
formation in PBD and ADC resistant cell lines 
In order to correlate the inhibition of the ABC transporters with the reversal of ADC 

and PBD dimer resistance mechanistically, the comet assay was used to measure 

ICL formation in the resistant cell lines by the ADC or PBD dimer pre-treated with 

either 5 µM MK-571 or 10 µM FTC (Figure 5.13). In all the resistant cell lines, 

treatment with transporter inhibitor resulted in increased formation of ADC or PBD-

induced DNA interstrand cross-linking. These data are consistent with increased 

retention of PBD dimer in cells resulting in increased DNA damage and resultant 

cytotoxicity. 
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Figure 5.13. Increasing the DNA ICL formation in ADC and PBD resistant cell lines with ABC 
drug transporter inhibitors. A. DNA ICL formation in Karpas-299 resistant cell lines with 130 pM 

ADCT-301 and 5 µM MK-571 or 10 µM FTC. B. DNA ICL formation in Karpas-299 resistant cell lines 

with 280 pM SG3199 and 5 µM MK-571 or 10 µM FTC. C. DNA ICL formation in NCI-N87 resistant cell 
lines with 1 nM ADCT-502 and 5 µM MK-571 or 10 µM FTC. D. DNA ICL formation in NCI-N87 

resistant cell lines with 1.7 nM SG3199 and 5 µM MK-571 or 10 µM FTC. Each data point represents 

the average of 3 biological repeats with +/- SD error bars. *, p < 0.05; **, p < 0.005; ***, p < 0.0005; p-
values obtained using two-tailed, unpaired t-tests. 

 

 
 

5.3.8. ABC transporter protein expression was upregulated in Karpas-299 and 
NCI-N87 resistant cell lines  
The two drug transporters with the most consistent mRNA upregulation across the 

resistant cell lines, which also responded to appropriate transporter inhibition to 

restore drug sensitivity were ABCG2 and ABCC2. To investigate whether mRNA 

upregulation translated to protein level upregulation, ABCC2 and ABCG2 protein 

was probed in whole cell lysates by western blot.  
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Immunoblotting showed the ABCG2 protein to be upregulated in the Karpas-299 

ADCr cells compared to the parental cell line, while any upregulation in PBDr cells 

could not be detected (Figure 5.14A). This reflects the very different levels of 

upregulation observed by PCR in these cells. Despite numerous attempts, ABCC2 

protein was not able to be observed by immunoblotting in either wt or resistant 

Karpas-299 cells. In the NCI-N87 resistant cell line immunoblots, both ABCC2 and 

ABCG2 were both clearly upregulated compared to the parental cell line (Figure 

5.14B).  

 

 

 

 
Figure 5.14. ABC transporter protein upregulation in Karpas-299 and NCI-N87 acquired 
resistance cell lines. A. Representative western blot for ABCC2 and ABCG2 in Karpas-299 wt and 

resistant cell lines. B. Representative western blot for ABCC2 and ABCG2 in NCI-N87 wt and resistant 
cell lines. Western blots were performed at least 3 times. Wt: wild type cell line; AR: ADC resistant cell 

line; PR: PBD resistant cell line. 

 

 

 

5.3.9. siRNA knockdown of ABCC2 restored cytotoxic sensitivity to ADCT-502 
and SG3199 in NCI-N87 resistant cells  
To further implicate ABCC2 and ABCG2 in the acquired resistance phenotype, NCI-

N87 cells were transfected with siRNA against ABCC2 and ABCG2. ABCG2 was 

not able to be effectively knocked out due to the very long half-life of the protein 

(data not shown), but ABCC2 was successfully depleted in both NCI-N87 ADCr and 

PBDr cells compared with a non-target siRNA control (Figure 5.15A).  

 

The depletion of ABCC2 in the NCI-N87 ADCr and PBDr cells was able to restore 

cytotoxic sensitivity to ADCT-502 and SG3199 to the level of the parental cell line 



 176 

(Figure 5.15B-E), further demonstrating the contribution of ABCC2 in the 

mechanism of acquired resistance in these cell lines. Haematological cells do not 

respond well to siRNA transfection (Anastasov et al., 2008), so individual ABC 

transporter knockdown in Karpas-299 resistant lines was not investigated. 

 

 

 

 
Figure 5.15. siRNA knockout of ABCC2 restores cytotoxic sensitivity of ADCT-502 and SG3199 
in NCI-N87 cells. A. Representative western blot for ABCC2 NCI-N87 ADC and PBD resistant cell 

lines with siRNA against ABCC2 or scramble control. B. ABCC2 knockdown continuous exposure in 

vitro growth inhibition of NCI-N87 wt and ADC resistant line with ADCT-502. C. ABCC2 knockdown 
continuous exposure in vitro growth inhibition of NCI-N87 wt and PBD resistant line with ADCT-502. D. 
ABCC2 knockdown continuous exposure in vitro growth inhibition of NCI-N87 wt and ADC resistant line 

with SG3199. E. ABCC2 knockdown continuous exposure in vitro growth inhibition of NCI-N87 wt and 
PBD resistant line with SG3199. Western blots were performed at least 3 times. Each data point 

represents the average of at least 3 biological repeats with +/- SD error bars.   



 177 

5.4. Discussion 
 
Understanding the acquired resistance of antibody-drug conjugates is not 

straightforward due to their multi-step mechanism of action, and multiple routes exist 

for the cells to avoid and escape drug-initiated apoptosis (Collins et al., 2019). This 

study has shown that it is possible to generate cell lines with stable acquired 

resistance to the highly potent PBD dimer SG3199 and also to ADCs that release 

SG3199 as their warhead. In this study, two different human cell lines, one 

haematological background (Karpas-299, ALCL) and one solid tumour background 

(NCI-N87, gastric carcinoma) were made resistant to either a PBD dimer-based 

ADC or SG3199. All four acquired resistant cell lines were fully characterised to 

understand the mechanism of resistance and a conserved upregulation of specific 

ABC drug transporters was observed which was reversed by appropriate ABC 

transporter inhibitors, or siRNA. 

 

One of the most common ways of cells to become resistant to an antibody-based 

therapy is the loss of antigen expression, or epitope modification, to prevent 

antibody binding and internalisation or signalling (Nahta and Esteva, 2006). This 

mechanism has not only been seen with naked antibody therapy, but also with 

ADCs including T-DM1 and BV in vitro and clinically (Chen et al., 2015, Sung et al., 

2018). This study showed that the binding and subsequent internalisation of the 

CD25 and HER2 antibodies was not significantly affected in the acquired resistant 

cell lines and the affinity of the antibody to all the cell lines was unchanged. 

Although there was a small drop in maximum binding of Humax-TAC in the Karpas-

299 ADCr cells, this could not account for the significant loss of growth inhibition 

seen with ADCT-301, or the cross-resistance observed to SG3199, and the whole 

population of cells continued to express high levels of antigen. Internalisation 

assays confirmed that, in all cases, the antibody was internalised into the 

lysosomes, a process which is essential for ADC linker cleavage to release the 

cytotoxic warhead.  

 

Importantly, the acquired resistant cell lines were not only resistant to the PBD 

dimer or ADC to which they were treated during establishment, but were also cross-

resistant. This overlap in the profile of the drug-resistance generated suggested an 

overlapping mechanism of resistance across the different cell lines. Indeed, all the 

resistant cell lines also showed a decrease in ICL formation when treated with the 

ADC or PBD dimer compared to the parental cell lines, which indicated that the 
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mechanism of resistance is upstream of ICL formation, and not a downstream DNA 

repair or apoptosis signalling evasion mechanism. 

 

DNA damage signalling pathway PCR arrays did not reveal any significant 

upregulation that would be relevant to PBD dimer resistance in the Karpas-299 

resistant lines or NCI-N87 ADCr resistant cell line. Previously, changes in 

expression of specific DNA damage signalling genes have been observed following 

treatment of cells with conventional DNA cross-linking agents such as melphalan or 

cisplatin (Spanswick et al., 2002), and specific DNA repair proteins such as ERCC1 

have been found to be upregulated in cells with acquired resistance to cisplatin 

(Britten et al., 2000, Ferry et al., 2000). DNA ICLs produced by PBD dimers persist 

compared to those produced by conventional DNA cross-linking agents (Hartley et 

al., 2018) which is likely due to poor recognition by DNA repair and damage 

response proteins, however the XPF-ERCC1 endonuclease and homologous 

recombination have been shown to contribute to the ultimate repair of the minor 

groove ICLs produced by PBD dimers including SG3199 (Clingen et al., 2005). In 

the NCI-N87 PBDr cell line XPC, which helps detect DNA damage in the NER 

pathway, was slightly upregulated, however, no other members of the NER pathway 

were affected.  

 

Consistent with an upstream mechanism of resistance the human drug transporter 

PCR array performed on all the cell lines showed that specific drug transporters 

were upregulated in all of the cell lines, and this was corroborated by qRT-PCR. 

Two members of the ABC transporter family, ABCC2 and ABCG2, were significantly 

upregulated in the acquired resistant cell lines, and inhibitors to these two 

transporters recovered the cytotoxic sensitivity of the cells to the ADCs and 

SG3199. This was accompanied by the restoration of DNA ICL formation to levels 

seen in the parental cell lines. ABCC2 (multi-drug resistance protein 2, MRP2) and 

ABCG2 (breast cancer resistance protein, BCRP) have been widely implicated in 

acquired resistance to small molecule and DNA damaging chemotherapy (Doyle 

and Ross, 2003, Kathawala et al., 2015). Interestingly, ABCB1 (MDR1, P-

glycoprotein 1) was not significantly upregulated in any of the resistant cell lines.  

 

Previously, SG3199 was found to be moderately susceptible to multidrug resistance 

mechanisms when compared in human tumour cell lines non-expressing or 

expressing MDR1 and the inhibitor verapamil was able to reverse the resistance 

(Hartley et al., 2018). Another MDR1 inhibitor Reversin-121 was able to improve 
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sensitivity in NCI-N87 resistant cells, however, it has been shown that this inhibitor 

also works on other ABC transporters like MRP1/3, so it is not clear that MDR1 

inhibition is responsible for the increased sensitivity. Members of the SLC 

transporter family were also upregulated in some of the acquired cell lines. 

However, a SLC transporter inhibitor did not reverse the resistance suggesting that 

these transporters are unlikely to be key in the resistance mechanism.  

 

In addition to cross-resistance between the ADCs used for establishment of the 

resistant lines and SG3199, cross-resistance was also observed with another, less 

potent, PBD dimer SG2000 and with a C2-linked PBD-ADC mAb-SG3560 rather 

than N10-linked ADCs. Interestingly, in the latter case, the level of resistance for 

mAb-SG3560 was much greater than for the N10-linked ADCs. This may reflect 

differences in the biophysical properties of the released warheads (Cailleau et al., 

2019). The PBD dimer released by mAb-SG3560 is much more hydrophobic and 

may therefore be a better substrate for the ABC transporters. No cross-resistance 

was observed in the Karpas-299 resistant cell lines and conventional DNA-cross-

linking chemotherapeutic drugs cisplatin and melphalan. This is consistent with the 

fact that these agents are not considered to be substrates for ABCG2. In contrast, 

the DNA intercalating drug doxorubicin is a known substrate for MDR1, but again no 

cross-resistance was observed in the resistant lines, consistent with the lack of 

upregulation of ABCB1. Some cross-resistance was, however, observed with these 

agents in the NCI-N87 resistant lines, which is consistent with the fact that platinum 

agents are thought to be substrates for ABCC1/2 as well as MDR1 (Guminski et al., 

2006). 

 

Taken together, the data presented in this chapter suggest that the ABC drug 

transporters ABCG2 and ABCC2 play an important role in determining sensitivity to 

PBD dimers and PBD-containing ADCs. It remains to be determined to what extent 

these findings in vitro translate into clinical relevance and whether these 

transporters become upregulated in patients that relapse on PBD dimer-based ADC 

therapy. Screening of tumours for expression may also be used as a biomarker for 

response to treatment. Development of clinically acquired drug resistance by this 

mechanism would also guide future patient management with non-PBD based 

therapy, including the use of ADCs delivering warheads of differing mechanism of 

action. These could involve the same targeting antibody since significant changes in 

antigen expression level have not been observed in the current study. An alternative 

strategy could involve combination therapy with specific ABC transporter inhibitors, 
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as a clinical trial in R/R HL patients who were also previously refractory to BV, the 

mechanism for which is MDR1 related, has shown that combination with the wide-

ranging ABC transporter inhibitor cyclosporine can re-sensitise patients to BV (Chen 

et al., 2019). 

 

Several PBD dimer-based ADCs are currently undergoing clinical development and 

showing positive results in haematological tumours. This study has shown that 

specific ABC transporters may be key in both selecting patients and as a marker of 

acquired resistance following repeated therapy. 
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Chapter 6. Understanding the mechanisms of action of 
potentially synergistic combinations with ADCT-301 in vitro 
 

6.1. Introduction 
 

6.1.1. Improving the therapeutic window of PBD dimer-based ADCs 
An increasing number of antibody-drug conjugates are entering clinical trials every 

year, yet there are currently only eight ADCs with FDA approval, and the majority of 

new developmental ADCs fail primarily due to a lack of efficacy or dose-limiting 

toxicities meaning there is no clinical therapeutic window (Coats et al., 2019). There 

is therefore, constant pressure to improve these two metrics when developing the 

next generation of ADCs, and this can be approached in a number of different ways.  

 

One strategy is innovation and development of the ADC itself to improve efficacy 

and safety, whether this is a novel antibody, target or more stable and efficient linker 

technology to improve ADC delivery to the tumour for example bispecific antibodies, 

antibody fragments or alternative targeting scaffolds (Coats et al., 2019). There has 

also been a lot of investment around modulating warhead potency and tolerability, 

such as the PBD dimer-related indolinobenzodiazepine pseudo-dimers (IGNs), 

which as a mono-alkylating agent produces less cytotoxic pseudo DNA ICLs than 

PBD dimers (Miller et al., 2016), or the development of the duocarmycin pro-drug 

secco-DUBA, designed to have improved aqueous solubility and tolerability (Dokter 

et al., 2014). Another way of improving the efficacy of an ADC is not by directly 

modifying the ADC itself, but by rationally combining it with another drug or drugs, 

that may have a synergistic cytotoxic effect beyond the individual therapies, and 

allow treatment with more tolerable doses of the ADC, widening the therapeutic 

window.  

 

 

6.1.2. ADC combination strategies in the clinic  
SOC regimens for first-line treatment of cancer are often a combination of a number 

of drugs with non-overlapping mechanisms of action and toxicities, to try and elicit a 

comprehensive eradication of the tumour mass, as different cells in the tumour 

microenvironment will be more sensitive to certain drugs than others, and 

elimination of all of these cells is needed to provide a stable tumour free outcome. 

While ADCs are able to give durable anti-tumour responses in some patients as a 
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single agent, initially they will be combined with SOC regimens in the clinic, often 

replacing another drug with overlapping toxicities or MOA. It is logical therefore, to 

combine ADCs with SOC agents pre-clinically to evaluate if there is an improved 

response compared with single-agent therapy or the current SOC combination. One 

example of this is that in March 2018 brentuximab vedotin was approved for first-line 

therapy of stage III or IV cHL in combination with adriamycin (doxorubicin), 

vinblastine and dacarbazine (AVD), after a clinical trial showed improved PFS with 

BV + AVD than patients that received the traditional SOC AVD + bleomycin (ABVD) 

(Connors et al., 2018). 

 

Another of the most common combination strategies for ADCs is with immune 

oncology. Immune checkpoint blockade is another arm of antibody-based targeted 

cancer therapy that has emerged over the last decade, and is exciting due to the 

endurance of the anti-tumour response seen in some patients. Checkpoint inhibitors 

do not target tumour cells directly, instead these antibodies target PD-1/PDL-1 

(Ansell et al., 2015) or CLTA-4 (Robert et al., 2011) which act as an off switch on 

infiltrating T-cells and inhibits the immune response. Blocking these receptors 

effectively removes the ‘brake’ on these T-cells and overcome a defence 

mechanism of cancer cells which often exploit this off switch to avoid detection 

(Gerber et al., 2016). 

 

Checkpoint inhibitors have been very encouraging in the clinic, but they are only 

effective in a small sub-set of patients. The immunogenicity of the tumour is a key 

factor in the effectiveness of immune therapy, as tumours that do not attract enough 

infiltrating CD8+ T-cells, do not respond well to checkpoint inhibition (Gerber et al., 

2016). Therefore, combination therapy of checkpoint inhibitors with drugs that attract 

more immune cells to the tumour by causing ICD or other immune activation 

pathways are a logical strategy to improve the scope of these drugs (Galluzzi et al., 

2017). ADCs can activate the immune cells by activating dendritic cells in the 

tumour microenvironment, and by triggering ICD depending on the warhead that is 

used (Beck et al., 2017). TDM-1 and BV have both shown good synergy with 

checkpoint inhibitors (Muller et al., 2015, Theurich et al., 2013), and PBD dimers 

and tubulysins have also been shown to cause ICD (Rios-Doria et al., 2017).  

 
Other rational combinations are often based on the mechanism of action of the 

warhead delivered by the ADC, and how to improve its cytotoxic efficacy. For 

example, MEDI2228, a BCMA targeting ADC containing tesirine which causes DNA 
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damage through DNA ICL formation was shown to synergise with DNA damage 

response (DDR) inhibitors AZD0156 (ATMi) and AZD6738 (ATRi) in multiple 

myeloma cells (Tai et al., 2019). ADCs containing auristatin payloads that 

destabilise and block microtubule assembly have been combined with taxanes with 

synergistic effects, due to both drugs together causing catastrophic collapse of the 

microtubule architecture (Shor et al., 2016). PI3k inhibitors have also been shown to 

synergise with MMAE/F ADCs, which is hypothesised to be due to both drugs 

cooperatively inhibiting protein translation (Shor et al., 2016). 

 

 

6.1.3. Potential combination strategies with ADCT-301 
Gemcitabine and cytarabine are two anti-metabolite chemotherapeutic drugs 

currently used as SOC to treat haematological malignancies such as cHL, NHL, 

AML and ALL (Reese and Schiller, 2013). They are both nucleoside analogues that 

when phosphorylated inside the cell compete with deoxycytidine triphosphate for 

incorporation into the DNA, resulting in cell death by interrupting cell division (Kufe 

et al., 1984, Plunkett et al., 1995). Cytarabine has also been shown, when given in 

sub-lethal doses to AML cells, to increase the expression level of CD25 (Guo et al., 

2014), which could work synergistically with the CD25 targeting ADCT-301, by 

increasing the potential ADC binding sites. Gemcitabine has shown synergy with BV 

in vitro and clinically (Bartlett et al., 2007), and although the mechanism is not fully 

known, both drugs could be good candidates for ADCT-301 combination therapy. 

 

Decitabine is a hypomethylating agent (HMA) and another nucleoside analogue and 

is used clinically for the treatment of older patients with AML (Kadia et al., 2015). It 

can incorporate into the DNA with a similar mechanism to gemcitabine and 

cytarabine, but the main mechanism of action is the inhibition of DNA 

methyltransferase, which may provide a more available DNA helix for the PBD 

dimer molecule to bind to due to a less tightly packed chromatin structure (Esteller, 

2005). Given decitabines current approval for AML and complementary MOA, it 

could provide a potent combination with any PBD dimer-based ADC, as it would 

benefit from a more ‘open’ DNA structure, allowing increased DNA ICL formation by 

the PBD dimer warheads. 
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6.1.4. Aim of this chapter 
The aim of this chapter was to investigate the potential for synergistic combinations 

with the anti-CD25 ADC ADCT-301 and the SOC chemotherapeutic drugs 

gemcitabine, cytarabine or decitabine, in cell lines with varying levels of CD25 

expression, and try to understand the mechanisms behind any synergy that could 

be beneficial translationally for ADCT-301 or other PBD dimer-based ADCs in the 

clinic.  
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6.2. Materials and Methods 
 

6.2.1. In vitro ADC combination growth inhibition assay  
Human CD25 positive cell lines were treated with serial dilutions of gemcitabine, 

cytarabine or decitabine as described in section 2.2.2 using the PBD/cytotoxic drug 

protocol to establish a dose that was high enough to have the maximum effect 

without contributing to cytotoxicity in future combination studies. 

 

Cell lines were then diluted to 2 x105 cells/mL in complete media containing the 

previously established non-cytotoxic dose of gemcitabine, cytarabine or decitabine 

an then seeded at 10,000 cells per well in a flat bottom 96-well plate, and incubated 

overnight. ADC growth inhibition was performed as described in section 2.2.2 the 

next day and MTS assay performed after 96 hours (Karpas-299, SuDHL-1) or 120 

hours (EOL-1, KG-1). The synergy of the drug combinations was evaluated using 

Chou–Talalay median effect analysis (Chou, 2010). The combination indexes (CI) 

for each of the combinations was calculated using Calcusyn software (Biosoft).  

 
 

6.2.2. RNA extraction and RT-PCR of IL2R cDNA 
Cells were seeded at 1 x106 cells/well in 6-well plates in 3 mL complete media 

containing the same non-cytotoxic dose of gemcitabine, cytarabine or decitabine 

used in the growth inhibition assays, and incubated at normal growth conditions until 

the desired time point was reached. Total RNA was extracted from approximately 2 

x106 cells by resuspending cells in RLT lysis buffer with ß-mercaptoethanol added, 

and purified with RNeasy Kit (Qiagen). To investigate gene upregulation by RT-

PCR, cDNA synthesis was performed with 500 ng mRNA using the SuperScript III 

RT kit (LifeTech). RT-PCR reaction mixes were prepared using TaqMan gene 

expression probes (LifeTech) for the CD25 complex gene of choice or the 

housekeeping gene ABL-1. Fold change was calculated using the DD CT method, in 

which D CT was calculated between gene of interest (GOI) and the HKG, followed 

by DD CT calculations (D CT (Test Group)- D CT (Control Group)). Fold Change was 

then calculated using the 2^ (-DD CT) formula. 
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6.2.3. Flow cytometry determination of antigen expression 
Cells were seeded at 1 x106 cells/well in 6-well plates in 3 mL complete media 

containing the same non-cytotoxic dose of gemcitabine, cytarabine or decitabine 

used in the growth inhibition assays, and incubated at normal growth conditions for 

24 hours. Cells were then collected, washed with cold PBS and seeded in 100 µL 

blocking buffer in a low-binding round bottom 96-well plate. Cells were stained with 

20 µL PE conjugated anti-human CD25 (BD) for 1 hour on ice in the dark. Cells 

were then washed three times with cold PBS and resuspended in flow cytometry 

buffer. Quantibrite PE fluorescence quantitation beads were resuspended in flow 

cytometry buffer and run on a Fortessa X20 flow cytometer, and the MFI measured 

using the YG586/15 laser/filter with the same experimental settings as the cells. The 

MFIs of the beads was used to generate a standard curve, from which the ABC was 

determined. 

 

 

  



 187 

6.3. Results 
 

6.3.1. Cytarabine increases CD25 mRNA expression in KG-1 cells 
It has been reported that low doses of cytarabine can increase CD25 expression, 

and had synergistic cytotoxic capability in combination with GO (Brethon et al., 

2008, Guo et al., 2014). To investigate the effect of cytarabine on CD25 expression 

in human ALCL (Karpas-299) or AML (EOL-1 and KG-1) cells, growth inhibition 

dose-response curves were generated to establish the cytotoxic sensitivity to 

cytarabine (data not shown). The cells were then incubated with a dose of 

cytarabine as high as possible without causing growth inhibition (30 nM) for 24 

hours, then mRNA was extracted. mRNA was converted into cDNA using a first-

strand synthesis kit (Thermo Fisher), and the cDNA was probed for the IL2Ra 

(CD25), IL2Rb (CD122), and IL2Rg (CD132) chains to look for expression changes 

after anti-metabolite treatment relative to an untreated control.  

 

No changes were detected in the relative mRNA expression of all three IL2R chains 

in Karpas-299 cell after cytarabine treatment (Figure 6.1A-C). EOL-1 showed a 

small (1.3-fold) increase in IL2Ra, but no change in the b or g-chains, whereas, KG-

1 showed a 2-fold increase in mRNA expression of the a chain and 3-fold increase 

in the b-chain, but no change in the g-chain (Figure 6.1A-C).  

 

A time course of IL2Ra expression in KG-1 cells treated with 30 nM cytarabine 

mirrored the 2-fold increase in expression at 24 hours, but also showed a further 

increase to a peak of 4-fold after 48 hours, which was stable up to 96 hours (Figure 

6.1D). In Karpas-299 there was no significant change in expression up to 72 hours 

(Figure 6.1D). IL2Ra expression in Karpas-299, EOL-1 and KG-1 cells treated with 

30 nM cytarabine, 1 nM gemcitabine or 5 µM decitabine showed no change, except 

for the 2-fold upregulation in KG-1 with cytarabine after 24-hours, in line with what 

was seen previously (Figure 6.1E). 
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Figure 6.1. Sub-lethal cytarabine treatment increases CD25 mRNA expression in KG-1 cells. A. 
mRNA fold expression change of IL2Ra in Karpas-299, EOL-1 and KG-1 cells treated with 30 nM 

cytarabine for 24 hours. B. mRNA fold expression change of IL2Rb in Karpas-299, EOL-1 and KG-1 

cells treated with 30 nM cytarabine for 24 hours. C. mRNA fold expression change of IL2Rg in Karpas-

299, EOL-1 and KG-1 cells treated with 30 nM cytarabine for 24 hours. D. 96-hour (KG-1) and 72-hour 

(Karpas-299) time-course of IL2Ra mRNA fold expression change with 30 nm cytarabine treatment. E. 

mRNA fold expression change of IL2Ra in Karpas-299, EOL-1 and KG-1 cells treated with 1 nM 

gemcitabine, 30 nM cytarabine or 5 µM decitabine for 24 hours. Each data point is the mean of 3 

repeats. Error bars +/- SD.  

 

 
 

6.3.2. Cytarabine increases CD25 surface antigen expression in KG-1 cells 
To explore the effect of sub-lethal doses of gemcitabine, cytarabine and decitabine 

on CD25 further, Karpas-299, EOL-1 and KG-1 cells were incubated with 30 nM 

cytarabine, 1 nM gemcitabine or 5 µM decitabine for 24 hours, then stained with an 

excess of anti-CD25-PE for antibody binding capacity (ABC) quantitation by flow 

cytometry using QuantiBrite-PE (BD) reference beads to generate a standard curve 

of known PE molecules per bead.  

 

Interestingly, there was a small but not statistically significant decrease in CD25 

ABC in Karpas-299 cells when incubated with gemcitabine compared to an 
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untreated control (57,000 to 51,000), while cytarabine and decitabine had no effect 

(Figure 6.2A). In EOL-1 cells the CD25 ABC also decreased (3000 to 2000) with 

gemcitabine treatment, while CD25 increased after incubation with cytarabine and 

decitabine (4000 and 3600 respectively), although not a statistically significant 

difference (Figure 6.2B). Decitabine had no effect on CD25 ABC in KG-1 cells, 

however, CD25 ABC slightly increased with gemcitabine treatment (280 to 360), and 

cytarabine caused a 1.7-fold increase in ABC compared to the untreated control 

(280 to 480, p-value = 0.01), which mirrors the change seen at the mRNA level in 

these cells (Figure 6.2C).  

 

 

 

 
Figure 6.2. Sub-lethal dose of cytarabine increases CD25 expression in KG-1 cells. A. Antibody 

binding capacity (ABC) of Karpas-299 cells treated with a sub-lethal dose of gemcitabine (Gem), 

cytarabine (Cyt) or decitabine (Dec) for 24 hours. B. ABC of EOL-1 cells treated with a sub-lethal dose 
of gemcitabine, cytarabine or decitabine for 24 hours. C. ABC of KG-1 cells treated with a sub-lethal 

dose of gemcitabine, cytarabine or decitabine for 24 hours. Error bars are +/- SD of three repeats. *, p-

value < 0.05, unpaired t-test. 
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6.3.3. Gemcitabine is synergistic with ADCT-301 in Karpas-299 cells in vitro 
To evaluate cytotoxic synergy in vitro, four human CD25 cell lines with a range of 

CD25 expression were pre-treated with 1 nM (SuDHL-1, Karpas-299 and KG-1) or 

500 pM (EOL-1) gemcitabine. This dose was previously found to be non-cytotoxic to 

the cells when given as a single agent (data not shown). Cells were plated in a 96-

well plate in drug containing media and incubated for 24 hours, before adding 

increasing concentrations of ADCT-301 and incubating for 96 hours (SuDHL-1 and 

Karpas-299) or 120 hours (EOL-1 and KG-1). Percentage growth inhibition was 

converted into fraction affected (Fa) and the combination index (CI) for each dose 

calculated using CalcuSyn. 

 

The dose response curves showed no difference between ADCT-301 + 1 nM 

gemcitabine and ADCT-301 alone in the CD25 high SuDHL-1 cells, and this is 

mirrored in the Fa-CI plot for SuDHL-1 which did not show any synergy at any dose 

tested (CI > 1, Figure 6.3A). In CD25 medium Karpas-299 cells there was increased 

growth inhibition in the gemcitabine combination treated cells, and this increased 

efficacy was considered synergistic by CalcuSyn which gave a CI values of < 1 

(Figure 6.3B). In the CD25 low EOL-1 and KG-1 cells there was no increase in 

growth inhibition with gemcitabine combination treatment, and less growth inhibition 

at some concentrations in KG-1 cells (Figure 6.3C, D). This is borne out in the 

CalcuSyn analysis which also showed there to be no synergy in these cells with the 

combination treatment, with a CI value > 1 (Figure 6.3C, D). 

 

 

6.3.4. Cytarabine synergises with ADCT-301 in Karpas-299, EOL-1 and KG-1 
cells 
To evaluate cytarabine cytotoxic synergy with ADCT-301 in vitro, four human CD25 

cell lines with a range of CD25 expression were pre-treated with a non-cytotoxic 

dose of cytarabine (1 µM SuDHL-1, 100 nM Karpas-299, 5 nM EOL-1 and 10 nM 

KG-1) for 24 hours, before adding increasing concentrations of ADCT-301 and 

incubating for 96 hours (SuDHL-1 and Karpas-299) or 120 hours (EOL-1 and KG-1). 

Percentage growth inhibition was converted into fraction affected (Fa) and the 

combination index (CI) for each dose calculated using CalcuSyn. 
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Figure 6.3. Karpas-299 showed synergy with ADCT-301 and gemcitabine combination treatment. 
A. 96-hour in vitro growth inhibition of SuDHL-1 cells treated with ADCT-301 alone or with 1 nM 
gemcitabine and CI-Fa plot of the combination treatment. B. 96-hour in vitro growth inhibition of 

Karpas-299 cells treated with ADCT-301 alone or with 1 nM gemcitabine and CI-Fa plot of the 

combination treatment. C. 120-hour in vitro growth inhibition of EOL-1 cells treated with ADCT-301 

alone or with 500 pM gemcitabine and CI-Fa plot of the combination treatment. D. 120-hour in vitro 
growth inhibition of KG-1 cells treated with ADCT-301 alone or with 1 nM gemcitabine and CI-Fa plot of 

the combination treatment. Each data point is the mean of three biological repeats. Error bars are +/- 

SD. CI values from CalcuSyn. 
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The dose response curves showed no difference between ADCT-301 + 1 µM 

cytarabine and ADCT-301 alone in SuDHL-1 cells, which was again mirrored in the 

Fa-CI plot for SuDHL-1 did not show any synergy at any dose tested (CI > 1, Figure 

6.4A). In Karpas-299 cells there was increased growth inhibition in the cytarabine 

combination treated cells, and this increased activity was considered synergistic by  

CalcuSyn which gave a CI value of < 1 (Figure 6.4B). In the EOL-1 and KG-1 cells 

there was also an increase in growth inhibition with the cytarabine combination 

treatment, which was considered synergistic by the CalcuSyn software, where the 

CI values are < 1 (Figure 6.4C, D).  

 

 

6.3.5. Decitabine synergises with ADCT-301 in all CD25 expressing cell lines 
To evaluate decitabine cytotoxic synergy with ADCT-301 in vitro, the four CD25 

expressing cell lines were pre-treated with a non-toxic dose of decitabine (5 µM 

SuDHL-1, 1 µM Karpas-299, 50 nM EOL-1 and 5 nM KG-1) for 24 hours, before 

adding increasing concentrations of ADCT-301 and incubating for 96 hours (SuDHL-

1 and Karpas-299) or 120 hours (EOL-1 and KG-1). Percentage growth inhibition 

was converted into fraction affected (Fa) and the combination index (CI) for each 

dose calculated using CalcuSyn. 

 

The dose response curves showed an increase in growth inhibition with decitabine 

and ADCT-301, which the Fa-CI plot for SuDHL-1 confirms this increased activity as 

synergistic with CI values < 1 (Figure 6.5A). In Karpas-299 cells there was 

increased growth inhibition in the decitabine combination treated cells, and this 

increased activity was considered strongly synergistic as CalcuSyn gave a CI value 

of < 1 (Figure 6.5B). In the EOL-1 and KG-1 cells there was an increase in growth 

inhibition with the decitabine combination treatment. This is supported by the 

CalcuSyn analysis of the combination treatment, where strong synergy was seen, 

especially in the KG-1 cells (Figure 6.5C, D). 
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Figure 6.4. Karpas, EOL-1 and KG-1 showed synergy with ADCT-301 and cytarabine 
combination treatment. A. 96-hour in vitro growth inhibition of SuDHL-1 cells treated with ADCT-301 

alone or with 1 µM cytarabine and CI-Fa plot of the combination treatment. B. 96-hour in vitro growth 

inhibition of Karpas-299 cells treated with ADCT-301 alone or with 100 nM cytarabine and CI-Fa plot of 
the combination treatment. C. 120-hour in vitro growth inhibition of EOL-1 cells treated with ADCT-301 

alone or with 5 nM cytarabine and CI-Fa plot of the combination treatment. D. 120-hour in vitro growth 

inhibition of KG-1 cells treated with ADCT-301 alone or with 10 nM cytarabine and CI-Fa plot of the 
combination treatment. Each data point is the mean of three biological repeats. Error bars are +/- SD. 

CI values from CalcuSyn. 
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Figure 6.5. All cell lines showed synergy with ADCT-301 and decitabine combination treatment. 
A. 96-hour in vitro growth inhibition of SuDHL-1 cells treated with ADCT-301 alone or with 5 µM 
decitabine and CI-Fa plot of the combination treatment. B. 96-hour in vitro growth inhibition of Karpas-

299 cells treated with ADCT-301 alone or with 1 µM decitabine and CI-Fa plot of the combination 

treatment. C. 120-hour in vitro growth inhibition of EOL-1 cells treated with ADCT-301 alone or with 50 
nM decitabine and CI-Fa plot of the combination treatment. D. 120-hour in vitro growth inhibition of KG-

1 cells treated with ADCT-301 alone or with 5 nM decitabine and CI-Fa plot of the combination 

treatment. Each data point is the mean of three biological repeats. Error bars are +/- SD. CI values 
from CalcuSyn. 
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6.3.6. Cytarabine and decitabine synergy correlates with an increase in DNA 
interstrand cross-link formation. 
To investigate the mechanism of action of potential synergy with ADCT-301, DNA 

ICL formation was measured in the four CD25 expressing cell lines treated with a 

dose of ADCT-301 chosen to give a low but detectable amount of DNA ICLs (20 pM, 

SuDHL-1 and Karpas-299, 10 pM, EOL-1 and 1 nM, KG-1) with the same non-

cytotoxic dose of gemcitabine, cytarabine or decitabine used in the growth inhibition 

experiments. Cells were seeded in a 24-well plate and either pre-treated overnight 

with gemcitabine, cytarabine or decitabine, or immediately treated with ADCT-301 

for 2-hours, then all drugs washed off and replaced with normal media for 24-hours, 

when samples were collected and frozen until needed for the comet assay. 

 

In CD25 high SuDHL-1 cells, gemcitabine and cytarabine did not cause any 

reduction in OTM on their own, while decitabine showed a 5% decrease in OTM.  

ADCT-301 alone induced a 21% reduction in OTM and the gemcitabine and 

cytarabine combination produced a small increase to 27% and 33% respectively, 

while the decitabine combination showed a statistically significant increase from 

21% to 35% (p-value = 0.01, Figure 6.6A). In CD25 medium Karpas-299 cells, 20 

pM ADCT-301 induced 25% reduction in OTM while gemcitabine, cytarabine and 

decitabine alone had no effect (Figure 6.6B). Interestingly, the ADCT-301 and 1 nM 

gemcitabine combination caused a small decrease in DNA ICL formation compared 

to ADCT-301 alone (18%), while the 100 nM cytarabine combination induced a 

significant increase (42%, p-value = 0.03), and 1 µM decitabine combination also 

caused an increase in DNA ICL formation (38%), although it was not statistically 

significant (Figure 6.6B).  

 

In the CD25 low EOL-1 cells, 500 pM gemcitabine also caused a decrease in DNA 

ICL formation in combination with 10 pM ADCT-301 (30% to 16%), while 5 nM 

cytarabine and 50 nM decitabine both had no significant effect on DNA ICL 

formation (23% and 29%, Figure 6.6C). In CD25 low KG-1 cells, 1 nM ADCT-301 

induced a 24% reduction in OTM, while gemcitabine, cytarabine and decitabine had 

< 5% effect (Figure 6.6D). Again, the ADCT-301 and 1 nM gemcitabine combination 

caused a decrease in DNA ICL formation compared to ADCT-301 alone (16%), 

while the 10 nM cytarabine combination induced a significant increase (40%, p-

value = 0.02), and 5 nM decitabine combination also caused an significant increase 

in ICL formation (42%, p-value = 0.03, Figure 6.6D). 
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Figure 6.6. ICL formation by ADCT-402 and Emab-SG3249 correlates with growth inhibition in 
Ramos cells. A. ICL formation in SuDHL-1 cells treated with 20 pM ADCT-301, or 1 nM gemcitabine, 1 

µM cytarabine, 5 µM decitabine, alone or in combination with ADCT-301.  B. ICL formation in Karpas-
299 cells treated with 20 pM ADCT-301, or 1 nM gemcitabine, 100 nM cytarabine, 1 µM decitabine, 

alone or in combination with ADCT-301.  C. ICL formation in EOL-1 cells treated with 10 pM ADCT-301 

alone or in combination with 500 pM gemcitabine, 5 nM cytarabine, 50 nM decitabine.  D. ICL 
formation in KG-1 cells treated with 1 nM ADCT-301, or 1 nM gemcitabine, 10 nM cytarabine, 5 nM 

decitabine, alone or in combination with ADCT-301. Each data point represents the mean of three 

biological repeats. Error bars are +/- SD. *, p-value <0.05. Statistical analysis was performed using the 
students t-test. 
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In summary, cytotoxic synergy was only seen in the CD25 high cell line SuDHL-1 

with decitabine, which also showed an increase in DNA ICL formation (Table 6.1). In 

the CD25 medium cell line Karpas-299, there was cytotoxic synergy with 

gemcitabine, cytarabine and decitabine, with cytarabine and decitabine causing 

increased DNA ICL formation, however, CD25 expression was unaffected. In the 

CD25 low EOL-1 cells, cytotoxic synergy was seen with cytarabine and decitabine, 

however there was no effect on CD25 expression or DNA ICL formation. In the other 

CD25 low KG-1 cells line there was increased CD25 expression, DNA ICL formation 

and cytotoxic synergy with cytarabine, and cytotoxic synergy and increased ICL 

formation with decitabine (Table 6.1). 

 
 
 
Table 6.1. CD25 expression, cytotoxic synergy and DNA interstrand cross-link 
formation with gemcitabine, cytarabine and decitabine in four CD25 expressing cell 
lines 

 

 
H: High expression; M: medium expression; L: low expression; Black: not measured; Green: 

statistically significant change; Red: no effect; mRNA: IL2ra expression; ABC: CD25 antibody binding 

capacity; Syn: cytotoxic synergy; ICL: DNA interstrand cross-link formation. 
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6.4. Discussion 
 
One of the biggest limitations of ADCs in the clinic is that the therapeutic window, in 

which you can give enough drug to eradicate the tumour, while avoiding serious 

adverse effects, is often too small to make them a viable candidate for treatment in 

oncology. Combination therapy with other chemotherapy drugs in one way to 

improve the efficacy of an ADC, either by inducing a synergistic cell killing effect, or 

by making the cells more sensitive to MOA of the ADC. This has been shown 

clinically with BV and TDM-1 in combination with SOC chemotherapy (Connors et 

al., 2018), immune oncology (Muller et al., 2015) and with PBD-ADCs in rational 

drug combinations (Tai et al., 2019). In this study we have shown that rational 

combination of ADCT-301 with gemcitabine, cytarabine and decitabine was able to 

improve in vitro growth inhibition and DNA ICL formation in certain human CD25 

positive ALCL and AML cell lines. 

 

ADCT-301 targets CD25, the alpha chain of the IL2 receptor, which is 

overexpressed on the surface of certain T-cell and B-cell lymphomas and 

leukaemias (Flynn and Hartley, 2017). It has been previously shown that 30 nM 

cytarabine was able to increase CD25 mRNA and protein expression on the human 

AML cell line KG-1 (Guo et al., 2014). The data from this study confirms that up to a 

4-fold increase in CD25 mRNA expression was induced by cytarabine in KG-1 cells, 

however there was no effect on other cell lines which express higher levels of CD25. 

The same pattern is seen in in the ABC values of surface antigen expression, where 

KG-1 cells showed a 2-fold increase in CD25 expression, but higher CD25 

expressing cell lines were unaffected. KG-1 cells were sensitised to ADCT-301 by 

cytarabine pre-treatment, and increased levels of ICLs were detected, suggesting a 

mechanism of increased CD25 expression, allowing increased ADCT-301 binding 

and internalisation and therefore more SG3199 release inside the cells to form DNA 

ICLs. 

 

Interestingly, the Karpas-299 and EOL-1 cells also showed synergistic growth 

inhibition in combination with a non-cytotoxic dose of cytarabine despite there being 

no increase in CD25 expression, or significant increase in DNA ICL formation. This 

suggests that there is another mechanism for the increased growth inhibition, that 

could be connected to the different mechanisms of action of the anti-metabolite and 

the PBD dimer. PBD dimers cause cell cycle arrest in G2/M-phase (Flynn et al., 

2016), while cytarabine causes cell cycle arrest in S-phase, and it has been shown 
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that drug combinations that cause cell cycle arrest at different phases can be 

synergistic, such as the ABVD combination therapy used in HL treatment, due to 

increased cellular stress by DNA damage in multiple phases of the cell cycle 

(Oflazoglu et al., 2008).  

 

Gemcitabine was also synergistic with ADCT-301 in Karpas-299 cells but not 

SuDHL-1 or either of the AML cells lines, and the absence of increased CD25 

expression or ICL formation and similar mechanism of action to cytarabine suggests 

a similar mechanism of synergy whereby increased stress is put on the cells during 

cell division. Cell cycle analysis and DNA damage and apoptosis marker western 

blot analysis would be inciteful in further exploring the mechanism of cytotoxic 

synergy seen with the anti-metabolites in high CD25 expressing cells. 

 

HMAs such as decitabine and azacitidine have been used in older patients with 

AML, and have also been shown in clinical trials to give an increased survival when 

combined with a PBD-dimer based ADC (Luger, 2017). This study claimed that 

there was increased antigen expression and increased PBD dimer incorporation 

(Fathi et al., 2016). In our study decitabine was synergistic with ADCT-301 in all four 

CD25 expressing cell lines, irrespective of CD25 expression level. The pre-

treatment with decitabine had no effect on antigen expression, but did correlate with 

increased DNA ICL formation in three out of four cell lines. The mechanism of action 

of decitabine increasing the available chromatin for SG3199 to bind to could be a 

potential mechanism for synergy not only with ADCT-301, but any PBD dimer-

containing ADC or other DNA damaging drugs clinically. 

 

Clinical combination studies containing antibody-drug conjugates have increased 

over 5-fold in the last decade, with the most popular combination being with 

checkpoint inhibitors like nivolumab and pembrolizumab (both anti-PD-1 antibodies). 

This study shows that combination of PBD dimer-containing ADCs with HMAs such 

as decitabine could be a potential combination that already has shown increased 

survival clinically, and could improve the therapeutic window by lowering the dose-

threshold for antitumour response. Also, combination of the anti-CD25 ADC ADCT-

301 with nucleoside analogues such as cytarabine could improve the therapeutic 

window of ADCT-301, especially in patients with low CD25 expression. It would also 

be interesting to investigate the mechanism of ICD induction that has been seen 

with some of the PBD dimer-based ADCs (Rios-Doria et al., 2017), in order to better 
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design potential combination strategies with checkpoint inhibition and other immune-

oncology. 
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Chapter 7. Final Discussion 
 

The ADC field is in a vibrant state at this moment, and with three ADCs gaining FDA 

approval in 2019: polatuzumab vedotin (Deeks, 2019), enfortumab vedotin 

(Rosenberg et al., 2019) and trastuzumab deruxtecan (Modi et al., 2019), as well as 

a strong field of other ADCs in pivotal and late stage clinical trials (Kaplon et al., 

2019), the challenge of creating therapeutic window for these complex molecules 

seems to have taken promising strides forward. A number of PBD dimer-containing 

ADCs have shown remarkable responses pre-clinically and in early phase clinical 

trials, but similarly to when GO was first tested clinically back in the mid 2000’s, we 

are yet to find the best way of utilising these complex ADCs to deliver tolerable, 

durable anti-tumour responses. It was the hypothesis of this thesis that better 

understanding the mechanism of action of these PBD dimer-containing ADCs will 

have translational benefit when developing clinical strategy, as well as enhancing 

the understanding of these molecules in order to design further improved ADCs in 

the future. 

 

This thesis has demonstrated that the difference in in vitro efficacy between two 

PBD dimer-based ADCs, ADCT-402 and ADCT-602, could not be simply attributed 

to one factor such as surface antigen expression or kinetics of DNA ICL formation. 

Both ADCs contain tesirine, therefore both ADCs induced DNA ICLs following the 

same time-dependent pattern, triggered apoptosis by activating the same caspase-

dependent pathways and elicited a bystander effect in target negative cells cultured 

with conditioned media, only more effectively by ADCT-402 in each case. 

Interestingly, there was a strong correlation between DNA ICL formation and growth 

inhibition in Ramos cells caused by SG3199 regardless of whether it was given as a 

free PBD dimer, or as part of ADCT-402 or ADCT-602. This suggests that the 

upstream mechanisms of attaining a cytosolic concentration of SG3199 as high as 

possible are going to have the biggest impact on ADC efficacy in this cell line. It is 

possible that in other cell lines and cancer types that there are other mechanisms, 

for example, DNA ICL and DSB repair pathways that could affect the relationship 

between DNA ICL formation and cytotoxicity. 

 

The data from this thesis have shown that one component of the ADC mechanism 

of action responsible for ADCT-402 being more effective than ADCT-602 in vitro is 

the internalisation kinetics and metabolism of the CD19 receptor, which is rapid and 
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trafficked endo-lysosomally (Zammarchi et al., 2018), compared to the CD22 

receptor which has a lower apparent affinity for the anti-CD22 antibody, and can 

recycle from the early endosome back to the surface instead of progressing to 

lysosomal degradation (O’Reilly et al., 2011). Antibody engineering can be exploited 

to create antibodies that prioritise the endosomal pathway and this may have a 

substantial impact in the field of ADC development in the future (Ritchie et al., 

2013). Better understanding of how the Fab region of the antibody in an ADC 

interacts and traffics within the intracellular space of a target cell in different cellular 

contexts will need to be considered, to effectively exploit the lysosomal pathways to 

the fullest extent for ADC therapy. Therefore, identifying the precise molecular 

mechanisms mediating endosomal sorting should remain a priority.  

 

It is too simplistic, however, to say that there is one reason why one ADC performs 

better in in vitro assays than another and therefore it will be better in vivo and 

subsequently clinically, as the result of any particular in vitro test does not contain 

the complexities of a biological system or the nuances and interactions between that 

system and the tumour microenvironment. In fact, ADCT-602 has been shown to be 

as effective as ADCT-402 in vivo in mouse xenograft studies, so the lower effective 

dose of ADCT-402 in vitro is not predictive of higher efficacy in vivo in the Ramos 

cell line. NHL xenografts such as Ramos are very sensitive to DNA damage such as 

radiation or drug induced DSBs, and the PBD dimers are such exquisitely potent 

drug molecules that ADCT-602 is seemingly able to provide enough DNA damage 

to reach a threshold for effectively eradicating tumours in vivo, despite being less 

active in vitro than ADCT-402.  

 

The complex nature of how tumour cells interact with their microenvironment and 

how that can impact the efficacy of ADCT-301 in vivo was demonstrated by 

comparing the anti-tumour effect of ADCT-301 and the non-target ADC B12-

SG3249 in a range of mouse models with different levels of immunodeficiency. The 

mutations that remove circulating native antibodies from NOD/Scid and NSG mice 

are widely exploited to prevent rejection of difficult to implant xenograft cell lines and 

PDX models, however, this thesis has demonstrated that severely 

immunocompromised models can also can have a significant effect on the efficacy 

of PBD dimer-based ADCs. These mouse models have also been shown to affect 

the distribution and efficacy of other TMAs (Sharma et al., 2018) and ADCs (Li et al., 

2019), sequestering the majority of the tumour localised ADC (around 30-40 %ID/g) 

in non-target organs rich in naïve myeloid or other FcγR expressing cells such as 
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the spleen, bone marrow or liver. While in humans the proportion of an ADC that 

makes it to the tumour is known to be significantly less than seen in mouse models 

(< 0.1%), biodistribution and also bioavailability of ADCs in the tumour is crucial to 

ADC efficacy, and could be improved by modifying epitopes known to bind to off 

tumour sites such as FcRn receptors. This could also help reduce off-target 

toxicities caused by unwanted ADC metabolism in the bone marrow or liver. 

 

The complexities of ADC MOA are further demonstrated by the finding reported in 

this thesis that the contribution of target-independent warhead release by tumour 

associated macrophages in some tumour xenograft models not only increases 

efficacy of the target ADC, but also elicits an anti-tumour effect from a non-targeted 

control ADC. This phenomenon has been suggested as one of the reasons why 

ADCs can eradicate a whole tumour which has relatively low expression of the 

target antigen, but has good immune infiltration of macrophages (Staudacher and 

Brown, 2017). This effect is important to understand when working pre-clinically with 

in vivo models, as it is presumed that the anti-tumour effect seen is due to target-

dependent uptake of the ADC, whereas in fact, with PET/CT imaging, ex vivo 

biodistribution and macrophage depletion studies, it is clear that there can be more 

than one mechanism involved in ADC activity. Because the Fc region of an antibody 

can contribute to an ADCs efficacy by the mechanisms demonstrated in this thesis, 

as well as classical ADCC and CDC, there will always be a trade off when 

attempting to limit off target toxicity. Fc mutated antibodies have been shown to be 

better tolerated due to the lack of Fc binding to off target cells with FcRs (Hoffmann 

et al., 2018), but this mechanism has also been shown to help in eradicating non-

target cells in the tumour microenvironment, so it would be beneficial to further 

explore which epitopes in the Fc region can be exploited positively for TAM and DC 

maturation, and which epitopes are responsible for higher toxicities. 

 

Cancer is intrinsically an evasive disease, and tumour cells contain a combination of 

genomic and epigenetic instability, deregulated signalling, unabated proliferation, 

resistance to cell death and evasion of the immune system (Loganzo et al., 2016). 

These properties create a phenotype which is well equipped to evade 

chemotherapy, if initial treatment does not do a sufficient job at eradicating the 

whole tumour population. Despite containing highly potent DNA ICL forming PBD 

dimers that are able to elicit bystander killing (Flynn et al., 2016) and also kill tumour 

stem cells (Harper et al., 2017), PBD dimer-containing ADCs do not always give 

complete cures when used clinically, therefore development of resistance is 
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inevitable, and due to their relatively new entrance into the clinical landscape as 

potential ADC warheads, the mechanisms behind resistance to PBD dimers have 

not been well established. 

 

The mechanisms of acquired resistance to ADCs is defined by their own complex 

structure and function, but pre-clinical data with ADCs containing a variety of 

antibody targets and warhead MOAs suggests that acquired resistance will largely 

fit into one of four categories: reduced antigen expression, internalisation and 

trafficking defects, upregulation of drug efflux pumps or apoptotic signalling evasion 

(Loganzo et al., 2016). The data in this thesis fits into this model, as it was  

demonstrated that the principal mechanism of acquired resistance to two tesirine-

containing ADCs and SG3199 in vitro is related to the upregulation of drug efflux 

pumps in the ABC transporter family. MDR1 (ABCB1) is the most commonly 

upregulated drug efflux pump related to chemotherapy resistance, and ADCs will 

often be required to treat patients who already have elevated levels of MDR1 due to 

previous rounds of SOC chemotherapy. However, PBDs are not known to be a 

strong substrate for MDR1 (Guichard et al., 2005, Hartley et al., 2018) and indeed, 

MDR1 was not upregulated in our models of acquired resistance to the PBD dimer 

SG3199 or the tesirine-containing ADCs. This could make PBD dimer-containing 

ADCs a good candidate in the relapsed and refractory setting involving MDR1, 

whereas other ADCs containing MMAE or calicheamicin which are MDR substrates 

may have limited efficacy. 

 

Currently there is limited data published from long term clinical studies with access 

to patient samples to determine whether the in vitro mechanisms for acquired 

resistance to the currently approved ADCs is translationally predictive of clinical 

resistance (Collins et al., 2019). For example, AML patients tend to have high MDR1 

expression, but it is not yet clear if GO treatment increases MDR1 in these patients, 

which has been demonstrated in vitro (Walter et al., 2003), or whether the increased 

expression is due to previous chemotherapy treatment (Walter et al., 2007). Pre-

clinical and clinical data has shown both CD30 downregulation and MDR1 

upregulation after BV treatment, however, a phase II clinical trial carried out on 

patients who had already received BV reported an ORR of 60% and CR of 30%, 

suggesting ADC acquired resistance may not be permanent (Bartlett et al., 2014). 

More patient data is clearly needed to better understand the clinical significance of 

the in vitro data reported here, but if there is predictive value in the MOA of acquired 
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resistance this could be used to better stratify both initial and post ADC treatment 

patient cohorts. 

 

Rationally designed combination therapies could be a vital strategy to not only 

overcome acquired resistance to ADCs but also avoid resistance mechanisms and 

ensure a more complete eradication of a patient’s total tumour mass in first line 

therapy by increasing ADC efficacy (Collins et al., 2019). Data presented in this 

thesis demonstrated the ability of ABC drug transporter inhibitors fumitremorgin C 

and MK-571 to overcome the in vitro generated acquired resistance and restore 

cytotoxic sensitivity to ADCT-301 and ADCT-502. Based on promising pre-clinical 

data the MDR1 inhibitor cyclosporine A was used in combination with BV in a phase 

I clinical trial of patients who had already received BV and were nearly all refractory 

to the ADC. This study reported an ORR of 75% and CR of 42% which is clear proof 

of concept that transporter inhibitors can be used clinically in combination with 

ADCs (Chen et al., 2019). Although the MDR1 inhibitor did not restore sensitivity to 

the PBD-containing ADCs in our work there is clinical evidence that ADC and 

transporter inhibitor combinations can be well tolerated and have clinical benefit, so 

combining the PBD ADCs with an MRP or BCRP inhibitor could also have clinical 

benefit in PBD ADC refractory patients. 

 

Data reported in this thesis also gives weight to the idea of rational combinations of 

PBD dimer-containing ADCs with chemotherapy drugs that will synergistically 

improve ADC efficacy in lower antigen expressing cell lines. In our study 

combination of ADCT-301 with cytarabine was able to increase in vitro efficacy by 

increasing CD25 expression in low copy-number AML cells, and decitabine was also 

synergistic with ADCT-301, with both combinations delivering more DNA ICLs than 

ADCT-301 alone. PBD dimer-containing ADCs have also been shown to be 

synergistic with other drug molecules such as kinase inhibitors copanlisib and 

everolimus, the histone deacetylase (HDAC) inhibitor vorinostat (Spriano et al., 

2019), as well as the DNA damage response inhibitors AZD0156 (ATMi) and 

AZD6738 (ATRi) (Spriano et al., 2019).  

 

This understanding of synergistic chemotherapy combinations could provide a 

framework for further clinical development of the ADC field in order to design the 

next generation of SOC chemotherapy regimens containing PBD dimer-containing 

ADCs. ADCT-402 is now in phase Ib DLBCL combination trials with ibrutinib 

(NCT03684694), a Burton’s tyrosine kinase (BTK) inhibitor that prevents BCR 
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signalling, and durvalumab (NCT03685344), a checkpoint inhibitor TMA targeting 

PD-L1. The rationale for combining ADCT-402 with checkpoint inhibition is that by 

increasing the immunogenicity of the tumours with the ICD inducing PBD dimer 

(Rios-Doria et al., 2017), generation of secreted markers will trigger dendritic cell 

maturation, leading to MHC mediated tumour-antigen cross-presentation and 

antigen specific CD8+ T-cell recruitment to the tumours which can be stimulated by 

durvalumab. The potential downside of this combination is the haematological 

suppression which is a side effect of ADCT-402 that might reduce the potential 

immune response and anti-tumour immunity, so dose scheduling will have to be 

carefully considered if this is indeed an issue.  

 

During the last few decades of ADC development we have seen significant strides 

forward from the first generation of ADCs, utilising antibody engineering techniques 

to reduce immunogenicity and increase target selectivity, as well as biochemistry to 

improve warhead potency and increase linker stability and intracellular metabolism, 

resulting in seven ADCs with FDA approval for the treatment of cancer. Now that 

there is proof of concept for ADCs as tolerable and beneficial clinical candidates, the 

next wave of ADC development must be to better understand how best to fit these 

complex molecules into existing and novel treatment regimens, in order to maximise 

the anti-tumour efficacy, minimise adverse toxicities and avoid cellular resistance 

mechanisms leading to sustained anti-tumour responses.  
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