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Abstract

Glioblastoma (GBM) is a grade IV glioma, which is the most malignant and aggressive

form of glioma. It accounts for 80% of the primary malignant brain tumours with a

median survival time of just ~14 months. Therefore, GBM is presented as a highly

challenging tumour and continuous efforts are required to find innovative and more

effective treatment options. Tumour Necrosis Factor Related Apoptosis Inducing

Ligand (TRAIL)-based therapeutics potently induce apoptosis in cancer cells, including

GBM cells, by binding and activating TRAIL receptors (TRAIL-R1 and R2). However,

the blood-brain barrier (BBB) is a major obstacle for these biologics to enter the central

nervous system (CNS). The BBB is mainly made up of tightly connected endothelial

cells and therefore the penetration of large biologics into the CNS is generally

controlled and prevented by the presence of the BBB, with approximately 0.1% of

injected antibody doses reaching the brain parenchyma. Receptor-mediated

transcytosis is a mode of transport capable of carrying large proteins and lipoproteins

across the BBB. Therefore, in this research work, studies were performed to

investigate if antibody-based fusion proteins that combine the apoptosis-inducing

TRAIL with transcytosis-inducing angiopep-2 could be developed.

It was observed that the addition of the ANG2 moiety does not interfere with the potent

apoptosis induction of TRAIL and these hexavalent TRAIL-receptor agonists

demonstrated robust cytotoxicity against GBM cells. TRAIL receptor quantification

demonstrated that the BBB cells do indeed express TRAIL receptors although in

significantly reduced amounts compared to cancer cells. In cytotoxicity studies, BBB

cells remained highly resistant to this fusion protein in response to clinically relevant

doses of TRAIL-receptor agonists. Binding studies indicated that ANG2 is active in

these constructs, however, control peptides and TRAIL-blocking experiments

demonstrated that TRAIL-ANG2 fusion construct binding to BBB cells is mainly TRAIL-

mediated. TRAIL-agonists bind cells effectively at sub-nanomolar concentrations,

whereas angiopep-2 binds its target Lrp1 with an affinity of 313 nM. As a result of the

binding studies and the difference in affinity, it was hypothesized that low TRAIL

receptor expression on BBB endothelial cells may interfere with efficient transport of

TRAIL-ANG2 fusion proteins, which was indeed observed by transwell transport
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studies. However, ANG2-mediated transport can be restored by blocking the TRAIL

moieties in the fusion proteins. Overall, this study showed that TRAIL-ANG2 fusion

proteins are highly potent in inducing apoptosis in GBM cells, but it requires TRAIL-R

masking or other innovative strategies to achieve efficient CNS-transport and utilize

them for the treatment of GBM.
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Zusammenfassung

Das Glioblastom (GBM) ist ein Gliom vierten Grades, welches die bösartigste,

aggressivste und mit einem Anteil von 80 % auch die häufigste Ausprägung dieser Art

von Gehirntumoren darstellt. Da Patienten nach Diagnose nur durchschnittlich 14

Monate überleben, bedarf es kontinuierlicher Anstrengungen, um neue, wirksamere

Behandlungsmethoden zu etablieren. TRAIL (Tumour Necrosis Factor Related

Apoptosis Inducing Ligand) -basierte Therapeutika induzieren Apoptose in Krebszellen

unterschiedlichsten Ursprungs, einschließlich GBM, durch Bindung und Aktivierung

von TRAIL-Rezeptoren (TRAIL-R1 und R2). Ein Hindernis bei der Behandlung von

Gehirntumoren ist allerdings die, aus eng miteinander verbundenen Endothelzellen

aufgebaute Blut-Hirn-Schranke (BHS), welche den Eintritt der meisten größeren

Moleküle in das zentrale Nervensystem (ZNS) verhindert. Zum Beispiel erreichen nur

0,1 % einer verabreichten Antikörperdosis tatsächlich das Hirnparenchym. Die

rezeptorvermittelte Transzytose ist ein Transportmechanismus, mit dem größere

Proteine und Lipoproteine dennoch über die BHS transportiert werden können. Daher

wurde in dieser Arbeit untersucht, ob Antikörper-basierte Fusionsproteine entwickelt

werden können, die einerseits das Apoptose-induzierende TRAIL beinhalten,

andererseits aber auch Angiopep-2 (ANG2), welches den Transport über die BHS

erlaubt.

Hierbei wurde festgestellt, dass das hergestellte Antikörper-basierte Fusionsprotein in

vitro zytotoxisch auf GBM Zellen wirkte, was bedeutet, dass ANG2 den TRAIL Anteil

nicht darin behindert, Apoptose auszulösen. Die Quantifizierung von TRAIL-

Rezeptoren zeigte außerdem, dass Zellen der BHS diese durchaus exprimieren,

allerdings in deutlich geringeren Mengen als die untersuchten Krebszellen. Damit

übereinstimmend waren die Zellen der BHS im Gegensatz zu den Krebszellen auch

relativ resistent gegenüber der Induktion von Zelltod durch klinisch relevante Dosen

von TRAIL-Rezeptor Agonisten. Bindungsstudien deuten des Weiteren darauf hin,

dass ANG2 in den generierten Konstrukten aktiv ist. Kontrollpeptide und TRAIL-

blockierende Experimente zeigten jedoch, dass die Bindung des TRAIL-ANG2-

Fusionskonstruktes an BHS-Zellen hauptsächlich durch TRAIL und nicht durch ANG2

vermittelt wurde. Während die Bindung von TRAIL-Rezeptor Agonisten an die auf
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Zellen exprimierenden TRAIL-Rezeptoren auch bei niedrigen, sub-nanomolaren

Konzentrationen des Proteins relativ stark ist, bindet ANG2 nur schwach an seinen

Rezeptor Lrp1 (Affinität: 313 nM). Aufgrund der Ergebnisse der durchgeführten

Bindungsstudien, sowie des beschriebenen Affinitätsunterschiedes wurde vermutet,

dass die geringe TRAIL-Rezeptor Expression auf BHS-Endothelzellen den effizienten

Transport von TRAIL-ANG2-Fusionsproteinen beeinträchtigt, was tatsächlich später

durch Transwell-Transportstudien bestätigt werden konnte. Eine Möglichkeit, den

Transport über die BHS zu verbessern, wäre den TRAIL-Anteil zu blockieren und damit

nur eine Bindung von ANG2 an Lrp1 zu erlauben.

Insgesamt wurde in dieser Studie gezeigt, dass TRAIL-ANG2-Fusionsproteine

generiert werden können, die Apoptose in GBM Zellen auslösen. Um solche

Konstrukte allerdings erfolgreich in der Behandlung von GBM einzusetzen, muss auch

der Transport über die BHS gewährleistet werden, was im Falle des in dieser Arbeit

generierten Fusionsproteins, zum Beispiel durch TRAIL-Rezeptor Maskierung, erreicht

werden könnte.
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1.1 Glioblastoma (GBM)

Gliomas are tumours of glial cell origin and they account for approximately 80% of the

primary malignant brain tumours and 27% of all CNS tumours (Ostrom et al., 2015;

Schwartzbaum et al., 2006). Based on the glial cell origin, glioma is classified majorly

into astrocytic, oligodendroglial, ependymal and mixed neuronal-glial tumours (Louis

et al., 2007, 2016). The World Health Organisation (WHO) classifies glioma from grade

I to IV based on the increasing malignancy level determined by histological information

and molecular parameters (Louis et al., 2007, 2016, 2021).

Glioblastoma (GBM), a grade IV astrocytoma (Kleihues et al., 2002; Louis et al., 2007),

is the most prevalent and deadly form of primary cancer of the central nervous system

(CNS) with the rate of incidence of 3.22 cases per 100 000 people (Ostrom et al.,

2019). The term Glioblastoma multiforme was first coined by Mallory in 1914, however,

it was commonly named as spongioblastoma multiforme until 1926, when Bailey and

Cushing reintroduced the term glioblastoma from the idea that they originate from

primitive precursors of glial cells, glioblasts. GBM is considered as one of the most

challenging malignancies worldwide due to their extreme proliferative nature, diffusive

infiltration, recurrence after resection and heterogeneity (Jovčevska et al., 2013).

1.1.1 Epidemiology and classification

According to Central Brain Tumour Registry of the United States (CBTRUS) data, GBM

has the highest number of cases with 12,900 and 13,140 cases registered in 2019 and

2020, respectively. The GBM incidence is higher in men than in women (Thakkar et

al., 2014; Urbańska et al., 2014) and in the 2012-2016 report, the incidence ratio was

1.58:1 (male: female) (Ostrom et al., 2019). GBM is more prevalent in the age group

of 75 to 84 years with a median age of diagnosis of 64 years (Ostrom et al., 2019;

Thakkar et al., 2014).

GBM is classified into primary and secondary glioblastoma. The difference between

primary and secondary GBM was first identified by the German neuropathologist Hans-

Joachim Scherer (Peiffer & Kleihues, 1999). He mentioned in his writing that “From a

biological and clinical point of view, the secondary glioblastomas developing in
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astrocytomas must be distinguished from ‘primary’ glioblastomas. They are probably

responsible for most of the glioblastomas of long clinical duration”. Primary GBM arises

de novo from glial cells and accounts for 90% of the GBM cases (Kleihues & Ohgaki,

1999; Ohgaki & Kleihues, 2013; Louis et al., 2016). Secondary GBM arises from low

grade astrocytoma, corresponding to 10% of the GBM cases (Ohgaki & Kleihues,

2007) and it tends to have better prognosis in comparison to the primary GBM.

Primary and secondary GBM are phenotypically non-differentiable, however, there are

genetic and molecular changes that result in the alteration of different signalling

pathways leading to GBM growth, proliferation and transformation (Dunn et al., 2012).

Primary GBM is characterised by overexpression of epidermal growth factor receptor

(EGFR), mutation of phosphatase and tensin homolog gene (PTEN), loss of

heterozygosity (LOH) of chromosome 10q (Fujisawa et al., 2000; Knobbe et al., 2002),

deletion of the p16 gene, and high frequency of telomerase reverse transcriptase

(hTERT) promoter mutations (Ohgaki & Kleihues, 2007; Killela et al., 2013). Secondary

GBM is characterised by deregulation of TP53 gene (Watanabe et al., 1996; Y. Zhang

et al., 2018), mutations in alpha thalassemia X-linked intellectual disability (ATRX) (X.-

Y. Liu et al., 2012), overexpression of platelet-derived growth factor A and platelet-

derived growth factor receptor alpha (PDGFA/PDGFRα), and loss of heterozygosity

(LOH) of chromosome 19q (Ohgaki & Kleihues, 2007, 2013; Cloughesy et al., 2014).

Transcription-based classification of GBM has been focused on for years for better

diagnosis and treatment of GBM. In 2001, Rickman and colleagues studied the gene

expression status between 21 GBM and 19 pilocytic astrocytoma samples. Based on

oligonucleotide microarrays, they analysed approximately 6800 genes and found 360

genes that differentiated GBM and pilocytic astrocytoma (Rickman et al., 2001). Later

in 2003, Nutt et al., combined gene expression profiling and computational

methodology of class prediction to distinguish sub-groups of gliomas. The 21 samples

they analysed included 14 GBM and 7 anaplastic oligodendroglioma. Of all the

samples, the prediction model was able to classify 18 samples that correlated more

with the clinical outcomes than with standard pathology (Nutt et al., 2003). In 2006,

Phillips et al., described the first molecular classification of GBM, they performed a

cutting-edge study by using a set of 35 genes for the hierarchical clustering of GBM

subtypes. They classified GBM into proneural, proliferative and mesenchymal

subtypes. Proliferative and mesenchymal subtypes are associated with poor survival
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due to their high proliferative and angiogenic features (H. S. Phillips et al., 2006).

However, a study from Verhaak et al. in 2010 gave deeper insights on molecular

subtypes with bulk tumours and individual tumour cells data. This group performed the

study with a 850 gene signature (210 gene per class) using a broader dataset of 173

GBM samples obtained from the cancer genome atlas (TCGA) (Verhaak et al., 2010)

and classified GBM into four subtypes: classical, mesenchymal, proneural and neural.

The classical subtype is associated with high level EGFR amplification, which was

seen in 97% of the classical subtypes. Surprisingly, classical subtype lacked the TP53

mutation, which is the most commonly seen mutation in GBM (Y. Zhang et al., 2018).

The mesenchymal subtype is characterised by high amount of neurofibromatosis type

1 (NF1), which is observed commonly in GBM (Philpott et al., 2017). The aggressive

treatment reduced the mortality significantly in this subtype. The proneural subtype is

characterised by mutation in platelet-derived growth factor alpha (PDGFRA). As

characterised by Phillips et al. (H. S. Phillips et al., 2006), this subtype included high

expression of OLIG2 genes. The neural subtype included neural markers, such as

synaptotagmin YT1 (SYT1), solute carrier family 12 members 5 (SLC12A5), gamma-

aminobutyric acid type A receptor alpha1 (GABRA) and neurofilament light polypeptide

(NEFL) (Verhaak et al., 2010).

1.1.2 Current GBM standard of care

GBM is diagnosed at the median age of 65 years (Chakrabarti et al., 2005; Ostrom et

al., 2019). The common symptoms include headache, nausea, vomiting, focal

neurological deficits, and patients show varied symptoms based on the tumour locality.

The standard methods used to diagnose GBM are magnetic resonance imaging (MRI)

(Ellingson et al., 2017) and computed tomography (CT) with or without the contrast

agent, gadolinium. However, for an effective treatment plan using histology and

molecular features, it is highly recommended to perform tissue diagnosis before the

surgery (Weller et al., 2021). As the location of the tumour makes the microsurgical

tissue acquisition difficult, a stereotactic biopsy is recommended (McGirt et al., 2003;

Eigenbrod et al., 2014). First-line treatment for GBM is maximal surgical resection and

its main goal is to remove as much of the tumour as possible. Complete surgical

removal of GBM depends on the location of the tumour, as it can lead to compromising
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neurological function (Wilson et al., 2014). Therefore, there are many techniques

currently used for safer and low-risk surgical resection, such as awake craniotomy,

fluorescent-guided resection with 5-aminolevulinic acid, MRI, diffusion tensor imaging

and ultrasonography (Hervey-Jumper & Berger, 2016; Stummer et al., 2006). A post-

operative MRI must be performed to validate the surgical resection efficiency and to

prepare a follow-up treatment plan (Tan et al., 2020). According to Stupp protocol, the

current standard of care, after surgery, patients should be treated with the combination

of radiotherapy (RT) and temozolomide (TMZ) (Stupp et al., 2005).

TMZ, an orally available alkylating agent of the imidazotetrazine class, functions by

inducing DNA methylation in cancerous cells. Due to its small size of 194 Da and

lipophilic nature, TMZ can cross the blood-brain barrier (BBB) and reach the tumour

site for the treatment of GBM. Upon oral administration and absorption, TMZ is

hydrolysed into monomethyl triazene 5-(3-methyltriazen-1-yl)- imidazole-4-

carboxamide (MTIC). MTIC is later degraded into 5-aminoimidazole-4-carboxamide

(AIC), which methylates DNA at N7 position of guanine (N7-MeG), N3 position of

adenine (N3-MeA) and O6 position guanine (O6-MeG) residues (Denny et al., 1994).

The TMZ-induced methylation in Guanine (N7-MeG) is about 70% and in Adenine (N3-

MeA) is about 9%, however, these methylations are repaired by base-excision repair

(BER) mechanism. 6% of TMZ-induced methylation at O6-MeG is the main mechanism

of  action of TMZ (J. Zhang et al., 2012). The DNA mismatch repair (MMR) enzyme’s

repair mechanism on O6-MeG results in long-lived nicks in DNA, which leads to

initiation of apoptosis. In 2005, Stupp and colleagues demonstrated that radiotherapy

plus TMZ increased the survival time from 12 months to approximately 14 months

(Stupp et al., 2005).
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Figure 1: Stupp protocol. Newly diagnosed GBM patients initially undergo surgical resection
to remove the tumour as much as possible. After resection, patients receive concomitant TMZ
and RT for 6 weeks, followed by 4-week break. Then, the patients receive up to 6 cycles of
adjuvant TMZ every 28 days. Figure obtained from (Batistella et al., 2021). TMZ:
Temozolomide; RT: Radiotherapy; Gy: Gray.

The radiotherapy includes fractionated focal irradiation and the patients receive an

overall dose of 60 Gray (GY) at a daily dose of 2 Gy per fraction, given 5 days per

week over a period of 6 weeks. For concomitant chemotherapy, patients receive TMZ

at a daily dose of 75 mg/m2, given 7 days per week along with RT. After a 4-week

break from radio-chemotherapy, patients receive up to 6 cycles of adjuvant TMZ for 5

days repeated every 28 days. The starting dose of adjuvant TMZ is 150 mg/m2 and is

eventually increased to 200 mg/m2 in the second cycle (Figure 1) (Stupp et al., 2005,

2009). The O6-methylguanine-DNA methyltransferase (MGMT) promoter methylation

has been considered a prognostic marker for GBM. MGMT functions by antagonizing

the cytotoxic effects of TMZ by removing the alkyl groups at the O6 position of the

guanine. Studies have also shown that patients with methylated MGMT promoter

benefitted from the TMZ treatment with increased overall survival (Donson et al., 2007;

Hegi et al., 2005). However, it has been shown that the TMZ resistance is not only

based on MGMT status but also on multiple processes (Egaña et al., 2020; S. Y. Lee,

2016).
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Despite the current standard of care treatment of surgery followed by concomitant

radiotherapy and chemotherapy, outcomes for GBM patients are extremely poor with

a median survival of ~14 months (Koshy et al., 2012; Tran & Rosenthal, 2010). The

standard of care for GBM has not changed or improved since 2005. Besides poor

survival rate, GBM patients also suffer from recurrence and poor prognosis, which are

the underlying problems to be addressed. Currently, GBM is considered a highly

malignant tumour with no effective treatments, therefore, new treatment strategies are

required.

1.1.3 Potential targets and developments for the treatment of GBM

Many signalling pathways are deregulated in GBM, of which the four major pathways

are receptor tyrosine kinase (RTK), p53, retinoblastoma (RB) and TERT (Ricard et al.,

2012; Killela et al., 2013). EGFR, a tyrosine kinase receptor, is deregulated in 57.4%

of primary GBM patients (H. S. Phillips et al., 2006; Verhaak et al., 2010), of which

40% cases have EGFRvIII, a mutant form of EGFR lacking the ligand-binding domain

(Brennan et al., 2013). EGFR amplification and mutation has proven to promote

angiogenesis, tumorigenesis, invasion and resistance to chemotherapy and

radiotherapy (Chakravarti et al., 2004; P. H. Huang et al., 2009; Katanasaka et al.,

2013; Feng et al., 2014). Therefore, EGFR has been considered an ideal target for

GBM, and EGFR inhibitors, such as Gefitinib (Iressa), Erlotinib (Tarceva), Lapatinib

(Tykerb) and monoclonal antibodies, such as Cetuximab (Erbitux), Panitumumab

(Vectibix) have been tested on patients, however, they did not show any significant

effect on patient survival (Neyns et al., 2009; van den Bent et al., 2009; Thiessen et

al., 2010; Uhm et al., 2011). Glioblastoma is a highly vascularised tumour and is

characterised by leaky blood vasculature. It has been demonstrated that nitric oxide

(NO) released by the tumour and the endothelial cells are also responsible for the

leakiness (Hira et al., 2018), which leads to hypoxia. During hypoxia, the cells respond

to the hypoxic environment and eventually secrete pro-angiogenic factors, the most

important is VEGF-A (Tate & Aghi, 2009), by inducing transcription factor HIF-1-alpha

(Hypoxia inducible factor-1-alpha) (C. Lin et al., 2004). Bevacizumab (Avastin) is a

monoclonal anti-VEGF antibody that prevents the binding of VEGF-A to VEGFR2, thus

blocking angiogenesis. Even though, phase III clinical trial increased the progression
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free survival (PFS) of patients, the overall survival (OS) of the patients did not improve

with Bevacizumab (Chinot et al., 2014; Gilbert et al., 2014). Besides targeted therapies,

there are also immunotherapies evolving as treatment options for GBM. Blocking the

immune checkpoints, such as cytotoxic T-lymphocyte antigen (CTLA-4) and

programmed cell death protein (PD-1) or programmed cell death ligand 1 (PD-L1) are

promising in recruiting, activating and increasing the efficiency of T cells against

cancer. The first immune checkpoint inhibitor was approved in 2011 against

melanoma, since then, there have been many studies involved in improving this

treatment mechanism against several cancers. Nivolumab, a PD-1 inhibitor, was

compared with Bevacizumab in phase III clinical trial in recurrent GBM, yet it did not

improve the OS (Reardon et al., 2020). Currently, there is a clinical study

(NCT02667587) going on with TMZ plus RT with Nivolumab. Even though there are

multiple therapeutic strategies with promising approaches against GBM under

development, there are several factors such as GBM heterogeneity, GBM treatment

resistance, and the blood-brain barrier, contributing to poor survival. The poor

treatment response and GBM’s aggressive nature are the reasons for GBM to have

the lowest five-year survival of 6.8% in comparison to other brain tumours (Ostrom et

al., 2019). Thus, GBM is one of the deadliest diseases and there is an urgent need to

find new remedies.

1.2 Apoptosis

1.2.1 Discovery of apoptosis

Apoptosis, a programmed cell death, plays an essential role in growth, development

and maintaining cellular homeostasis of the organisms. The process of cell death was

first noticed by Carl Vogt in 1842 when he observed cell death in the notochord of toad

embryos developing into vertebrae (Vogt & Vogt, 1842). In 1964, Lockshin and

Williams observed the regulated loss of muscles in silk moths during development and

defined the process as “programmed cell death” (Lockshin & Williams, 1964). In 1972,

Kerr and colleagues published a landmark study, where they used electron microscopy

to describe the morphological characteristics of apoptosis in hepatocytes and coined

the term apoptosis (Kerr et al., 1972). The term apoptosis is a Greek word, which
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means leaves falling of trees, describing that this process is essential to maintain the

balance during development. Apoptosis is characterised by morphological alterations,

such as rounding up of cells and shrinkage, chromatin condensation (pyknosis) and

nuclear fragmentation (karyorrhexis) (Kerr et al., 1972; Elmore, 2007). Unlike necrosis,

where the cell membrane ruptures and causes inflammation, in apoptosis the cell

membrane integrity is maintained and the surrounding cells and tissues are not

harmed. During this process, the cell membrane blebs and the cells are separated into

apoptotic bodies, which are taken up and eliminated by phagocytes or other cells, such

as macrophages (Kerr et al., 1972; Wyllie et al., 1980; Fadok et al., 1998; D’Arcy,

2019). The apoptotic cells are recognised by the phagocytes based on eat-me signals,

including phosphotidylserine (PS), lysophosphatidylcholine (LCP) (Lauber et al.,

2003), sphingosine-1-phosphate (S1P) (Gude et al., 2008) and more (Segawa &

Nagata, 2015; Medina & Ravichandran, 2016). The apoptosis pathway can be

classified into the intrinsic and extrinsic pathway. The extrinsic pathway is activated by

ligands, such as TNF-related apoptosis-inducing ligand (TRAIL), tumour necrosis

factor (TNF), and Fas ligand (FasL), binding to their receptors, TRAIL receptor

(TRAILR1/2), TNF receptor 1 (TNFR1) and Fas, respectively, whereas intrinsic

apoptosis is induced by intrinsic stimuli, such as DNA damage, irradiation, cellular

stress leading to mitochondria outer membrane permeabilisation (MOMP).

1.2.2 Caspases

Caspases, cysteine-dependent aspartate-specific proteases, play a key role in

apoptosis regulation and execution in both the extrinsic and intrinsic pathways. In

1977, Sulston and Horvitz, in their cell-lineage study, observed the programmed death

of 113 cells in Caenorhabditis elegans (C.elegans) during development (Sulston &

Horvitz, 1977; Sulston et al., 1983). After this discovery, Ellis and Horvitz, used

C.elegans as a cell death model system and identified two cell death genes, CED-3

and CED-4, determining the fate of the cell (Ellis & Horvitz, 1986). In addition, CED-9,

was shown to protect the cells from apoptosis (Hengartner et al., 1992). These studies

on C.elegans led to the identification of first caspase, interleukin-1 converting enzyme

(ICE), a mammalian gene homologous to CED-3, renamed later as caspase-1 (Yuan

et al., 1993). To avoid confusion in naming the new members of this family, a universal
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name, caspases, was given to them. Upon discovery of every additional caspase

family member, an Arabic number was added at the end (Alnemri et al., 1996). Besides

caspases, other key apoptotic factors, such as B-cell lymphoma 2 (BCL2), a

mammalian homolog of CED-9 (Hengartner & Horvitz, 1994) and apoptotic peptidase-

activating factor 1 (APAF1), a mammalian homolog of CED-4 (Zou et al., 1997) were

also identified. Caspases are synthesised as inactive precursors or zymogens and

consist of N-terminal prodomain with a large subunit of 20 kDa and a small subunit of

10 kDa. Caspases in general are classified as pro-inflammatory caspases (caspase-

1, -4, -5, -11, -12, -13), initiator caspases (caspase-2, -8, -9, -10) and effector caspases

(caspase-3, -6, -7) (T.-J. Fan et al., 2005; Shalini et al., 2015). The initiator caspases

have a long prodomain containing protein-protein interaction motifs that regulate their

activation; including the death effector domains (DEDs) in caspases-8 and -10 and

caspase activation and recruitment domain (CARD) in caspases-2 and -9. On the other

hand, the effector caspases have a short prodomain with no motifs (Van Opdenbosch

& Lamkanfi, 2019). Initiator procaspases are monomeric and are recruited to activation

platforms for dimerisation, activation and autocatalytic cleavage. Effector procaspases

are dimeric and are activated upon cleavage by initiator caspases and so the

prodomain and subunits are separated which leads to the formation of the active

heterotetramer (Lavrik et al., 2005). All the caspases share a conservative

pentapeptide active site QACXG, in which X is R, Q or G (Cohen, 1997). Caspases

recognise four amino acid sequence P4-P3-P2-P1 and have specificity to cleave after

P1, which is usually Aspartic acid, however, it can also be glutamic acid, but with less

specificity (Stennicke et al., 2000; Julien & Wells, 2017).

1.3 TNF-related apoptosis-inducing ligand (TRAIL)

1.3.1 TRAIL and its receptors

The concept of treating cancer with TNF family ligands was unintentionally identified

in 1891 when William Coley cured his sarcoma patient by administering gram-negative

bacteria to activate the immune system (Coley, 1891; Cann et al., 2003; McCarthy,

2006). However, it took a century to discover that the anti-tumour effect was not due

to bacteria but due to lipopolysaccharide (LPS)-induced TNF production by the human
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body (Carswell et al., 1975). Even though anti-tumour effect was notable, later studies

revealed that TNF administration was toxic and induced lethal inflammatory shock

syndrome (Kimura et al., 1987; Tracey et al., 1988). Therefore, many research groups

started to search for the sequence homology to TNF and discovered Fas or CD95L,

which also induced toxicity in mice (Ogasawara et al., 1993). Finally, in 1995, TRAIL

was discovered as a part of TNF superfamily ligands by two independent groups using

expressed sequence tag (EST) library (Wiley et al., 1995; Pitti et al., 1996).

Interestingly, they showed selective cytotoxicity in transformed cell lines but not in

normal cells, thus can be beneficial for the treatment of cancer (Ashkenazi et al., 1999;

Walczak et al., 1999). Since then, numerous studies emerged with the focus on using

TRAIL as an anti-cancer agent for several types of cancers.  TRAIL, a type II

transmembrane protein consisting of 281 amino acids, is produced by activated human

T cells in response to type I interferons (IFNs) (Kayagaki et al., 1999). In addition, they

are expressed on the surface of immune effector cells, such as B cells (Kemp et al.,

2004), natural killer (NK) cells (Zamai et al., 1998), dendritic cells (Fanger et al., 1999),

and monocytes (Griffith et al., 1999). Similar to other TNF family members, TRAIL has

an N-terminal cytoplasmic domain and a conserved C-terminal extracellular domain,

which is proteolytically processed to form a homotrimeric molecule (LeBlanc &

Ashkenazi, 2003). A TRAIL crystal structure study by Cha and colleagues revealed

that like other TNF super family members, each TRAIL monomer includes a jelly roll

structure with two flat -sheets and interact with other nearby TRAIL monomer in a

head-to-tail fashion forming a bell-shaped homotrimer (Cha et al., 1999). Unlike other

TNF family members, cysteine coordination of a zinc atom is required to maintain the

stability and activity of TRAIL monomers (J.-L. Bodmer et al., 2000; Hymowitz et al.,

2000).
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Figure 2: Structure of TRAIL receptors. The TRAIL receptors contain CRD that are
responsible for ligand binding leading to apoptosis induction. TRAILR1/2 contain incomplete
CRD, whereas TRAILR2 long isoform contains TAPE repeat close to the membrane. TRAILR3
lacks DD and is linked to the plasma membrane with glycosylphosphatidylinositol (GPI),
whereas TRAILR4 has a truncated non-functional DD. Figure adapted from (von Karstedt et
al., 2017).

In contrast to other TNF family ligands, TRAIL receptors are type 1 transmembrane

proteins with an N-terminal extracellular ligand binding domain and C-terminal

intracellular domain. Similar to other TNF family receptors, TRAIL receptors contain

cysteine-rich domains (CRD), which are responsible for ligand binding leading to

apoptosis induction (J.-L. Bodmer et al., 2000; Guicciardi & Gores, 2009). They contain

an intracellular cytoplasmic death domain (DD) that are approximately 80 amino acids

(aa) and are essential for initiating apoptosis (Ashkenazi & Dixit, 1998). Apoptosis

induction in cancer cells is achieved by the binding of TRAIL to the TRAIL death

receptors TRAILR1/DR4 (G. Pan, O’Rourke, et al., 1997) and

TRAILR2/DR5/TRICK2/KILLER (MacFarlane et al., 1997; G. Pan, Ni, et al., 1997; P.

Schneider, Bodmer, et al., 1997; Walczak, 1997).

The first TRAIL receptor, TRAILR1, was identified by Pan and colleagues by an EST

database search. TRAILR1 is a 468 aa receptor with intracellular DD that are

responsible for inducing apoptosis (G. Pan, O’Rourke, et al., 1997). The second TRAIL

receptor, TRAILR2, was identified independently by different groups by searching for

a homologous sequence to TRAILR1. Human TRAILR2 can exist as two isoforms, the

short form, TRAILR2-s, is similar to TRAILR1 and has 411 aa, whereas, the long
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isoform, TRAILR2-l has an extra 29 aa and one TAPE (threonine, alanine, proline and

glutamine) repeat close to the membrane (P. Schneider, Bodmer, et al., 1997;

Screaton et al., 1997; Kimberley & Screaton, 2004; von Karstedt et al., 2017). In

addition to death receptors, two decoy receptors, TRAILR3/DcR1/TRID (Degli-Esposti,

Smolak, et al., 1997; Mongkolsapaya et al., 1999; G. Pan, Ni, et al., 1997; P.

Schneider, Bodmer, et al., 1997; Sheridan et al., 1997) and TRAILR4/DcR2/TRUNDD

(Degli-Esposti, Dougall, et al., 1997; Marsters et al., 1997; G. Pan et al., 1998) were

identified. TRAILR3 lacks an intracellular domain, including DD and is linked to the

plasma membrane with glycosylphosphatidylinositol (GPI), whereas TRAILR4, has a

truncated non-functional DD (Figure 2). These two decoy receptors cannot trigger

apoptosis, however, their overexpression makes the cells resistant to TRAIL-

TRAILR1/2-mediated apoptosis (Degli-Esposti, Dougall, et al., 1997; Riccioni et al.,

2005; Clancy et al., 2005). Osteoprotegerin, a fifth TRAIL receptor, is a soluble

receptor and has low binding affinity to TRAIL (Emery et al., 1998).

1.3.2 TRAIL-mediated signalling pathways

TRAIL-mediated extrinsic apoptosis is initiated by binding of TRAIL ligand to its

receptors (TRAIL1/2) (Ashkenazi & Dixit, 1998). The TRAIL receptors are pre-

assembled on the surface of the cell membrane in an inactive form (Clancy et al.,

2005). Upon binding of TRAIL to its receptors, the receptors oligomerise and undergo

conformational changes leading to the formation of death inducing signalling complex

(DISC) (Kischkel et al., 1995). The clustered or aggregated receptors recruit an

adaptor molecule FAS-associated death domain (FADD), also called as Mort-1. FADD

contains a DD in its C-terminus and binds to the DD of the TRAIL receptors by

homotypic interactions (Boldin et al., 1995; Chinnaiyan et al., 1995; L. R. Thomas et

al., 2004). The N-terminus of FADD contains a DED, which aids in the recruitment of

procaspase 8 through its DED1 (J. L. Bodmer et al., 2000; Kischkel et al., 2000; Sprick

et al., 2000). Once they are recruited in DISC, several other procaspase-8 monomers

are recruited via their DED, thus forming a large filament (Dickens et al., 2012; Schleich

et al., 2012; Fu et al., 2016; Fox et al., 2021). This brings procaspase 8 monomers in

close proximity to undergo dimerisation and activation by auto catalytic cleavage

(Muzio et al., 1998; Chang et al., 2003; Hughes et al., 2009). The caspase 8 activation
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occurs by a two-step mechanism (Medema et al., 1997; Scaffidi et al., 1997) giving

rise to fully processed and cleaved caspase intermediates. The first cleavage at

aspartate residue between the linker and small subunit generates a large p43/41

subunit and a small p10 subunit. A subsequent second cleavage step occurs at

another aspartate residue between the DED prodomain and larger subunit, therefore

cleaving the p43/41 subunit into p26/24 and p18 (Medema et al., 1997; Scaffidi et al.,

1997). As a result of this, an active caspase 8 heterotetramer, p182/p102, is formed

and released into the cytosol (Chang et al., 2003; Lavrik et al., 2005). The cytosolic

active caspase 8 cleaves and activates effector caspase 3 and other substrates

(Chang et al., 2003; Tummers & Green, 2017). Later studies have shown that

procaspase-10 is also recruited to and activated at the DISC complex via their DED

(Kischkel et al., 2001), but caspase 8 remains the main mediator of apoptosis. A

cellular FLICE-like inhibitory protein (cFLIP) that has a sequence homology to caspase

8 or caspase 10 is also recruited to the DISC complex. Initially, it was believed that

cFLIP competes with caspase 8 to bind to FADD via DED, however, recent studies

have shown that procaspase 8 binding to FADD is a key responsible factor for cFLIP

recruitment to DISC (Hughes et al., 2016; Humphreys et al., 2020). cFLIP has several

splice forms at mRNA level, but only three forms, cFLIP long (cFLIPL), cFLIP short

(cFLIPS), and cFLIP short (cFLIPR) exist at protein level. All these variants contain two

death effector domains which allows for recruitment into the DISC complex. cFLIPS

and cFLIPR have been shown to inhibit caspase 8 activation at the DISC. cFLIPL

contains two DED and a caspase-like domain, however, it lacks the cysteine of the

catalytic centre that is required for caspase cascade signalling. It has been shown that

cFLIPL does not block the recruitment of caspase 8 to the DISC complex, but leads to

only partial processing of caspase 8, whereas, cFLIPS totally prevents the processing

of caspase 8 (Krueger, Baumann, et al., 2001; Krueger, Schmitz, et al., 2001). cFLIPL

has been shown to inhibit apoptosis at higher concentrations, however, some studies

have shown that at physiological concentrations, cFLIPL enhances caspase 8

activation thus promoting apoptosis (Chang et al., 2002; Micheau et al., 2002).

In type I cells, caspase 8 activation of caspase 3 is sufficient to induce apoptosis,

whereas type II cells require amplification to achieve apoptosis by connecting the

extrinsic and intrinsic apoptotic pathways (Scaffidi et al., 1998). In addition to other

cytotoxic stimuli and stress, active caspase 8 can induce mitochondrial outer
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membrane permeabilisation (MOMP), a key event of intrinsic apoptosis. Induction of

MOMP is highly regulated by the Bcl-2 family members (Chao & Korsmeyer, 1998;

Kale et al., 2018). The anti-apoptotic Bcl-2 members include Bcl-2 itself, anti-apoptotic

B-cell lymphoma-extra-large protein (BCL-XL), BCL-2-like protein 2 (BCL-W), myeloid

cell leukaemia 1 (MCL-1) and BCL-2 related gene A1 (A1/BFL-1). The pro-apoptotic

proteins include BH3-only proteins, such as BH3-interacting domain death agonist

(Bid), Bcl-2 associated death promoter (Bad), Bcl-2 interacting mediator of cell death

(Bim), Bcl-2 modifying factor (Bmf), Harakiri (Hrk), Noxa (Damage protein), and p53-

upregulated modulator of apoptosis (Puma). The pore-forming pro-apoptotic

multidomain proteins include BCL-2 associated X protein (BAX), BCL-2 homologous

killer (BAK) and BCL-2 related ovarian killer (BOK). In type II cells, active caspase 8

cleaves BID into truncated Bid (tBID), which translocates to the mitochondria and

activates pro-apoptotic proteins Bax and Bak. They undergo oligomerisation and form

pores causing MOMP that leads to cytochrome c, Omi/HtrA2 and second

mitochondria-derived activator of caspases (Smac) release into the cytosol (Saelens

et al., 2004; Elmore, 2007; Moldoveanu et al., 2013). The released cytochrome c binds

to apoptotic protease activating factor-1 (Apaf-1) that has an N-terminal CARD domain.

In the presence of (deoxy) adenosine triphosphate (dATP/ATP), Apaf-1 undergoes

conformational change and oligomerises into a heptameric complex called the

apoptosome (Srinivasula et al., 1998; Acehan et al., 2002). The apoptosome recruits

procaspase 9 through their CARD domains. At the apoptosome procaspase 9 is

activated and is cleaved into caspase 9 p35/p12 fragment. Caspase 9 activation

cleaves and activates effector caspases 3 and 7. These active effector caspases

cleave several downstream targets to induce typical molecular and biochemical

features of apoptosis like cell blebbing, chromatin condensation, nuclear

fragmentation, proteolysis of proteins resulting in cell death. For example, caspase 3

cleaves the inhibitor of caspase activated DNase (ICAD) leading to the activation of

CAD, which results in DNA fragmentation. In addition, caspase 3 also cleaves poly

(ADP-ribose) polymerases (PARP), which prevents their ability to repair the DNA.

However, anti-apoptotic Bcl2 family members like Bcl-2, Bcl-xl and Mcl-1 can prevent

BAX and BAK pore formation. On the other hand, these anti-apoptotic proteins can be

blocked by the binding of pro-apoptotic proteins like BIM, BAD, PUMA, NOXA to them.

Besides Bcl2 family members, inhibitor of apoptosis (IAPs) family members are also

involved in regulating intrinsic apoptosis. The well-characterised cellular IAP1 (cIAP1),
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cIAP2, X-chromosome-linked IAP (XIAP) proteins can block apoptosis by inhibiting the

caspases 3, 7 and 9 (Deveraux & Reed, 1999; Silke & Meier, 2013). But this effect of

IAPs is inhibited by SMAC release in the cytosol, when they directly bind as

homodimers to IAPs (Du et al., 2000) (Figure 3).

Figure 3: Extrinsic and intrinsic apoptosis signalling. Extrinsic pathway is initiated by
binding of TRAIL ligand to its receptors (TRAIL1/2). The receptors trimerise and form DISC
complex recruiting initiator and effector caspases. In type II cells, active caspase 8 induce
mitochondrial outer membrane permeabilisation (MOMP) leading to cytochrome c release. The
released cytochrome binds to Apaf-1, which undergoes conformational change and
oligomerises into a heptameric complex called apoptosome. It recruits and activates caspase
9 leading to effector caspases 3, 6 and 7 activation and cell death. Figure adapted from (Choo
et al., 2019).

Besides classical apoptosis signalling, TRAIL can induce receptor-interacting

serine/threonine protein kinase 1 (RIPK1)-dependent apoptosis, necroptosis, or pro-

survival signalling. Under specific conditions, such as depletion of cIAPs, acidic pH,
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and TRAIL-R clustering outside lipid rafts, TRAIL can form a secondary complex

(complex IIa) (Meurette et al., 2007; Song et al., 2007). This secondary complex lacks

TRAILR but contains FADD, procaspase 8, RIPK1, TNF receptor-associated factor 2

(TRAF2), and the NF-κB essential modulator (NEMO). This complex activates caspase

8, leading to RIPK1-dependent apoptosis. However, in the case of caspase 8

inactivation, receptor-interacting serine/threonine-protein kinase 3 (RIPK3) is recruited

to the complex (complex IIb). Phosphorylated RIPK3 binds to mixed lineage kinase

domain like protein (MLKL) resulting in its oligomerisation. Oligomeric MLKL

translocates to the plasma membrane where it forms pores, thus leading to necroptosis

(Jouan-Lanhouet et al., 2012; von Karstedt et al., 2017). Moreover, TRAIL upon

binding with TRAILR1, TRAILR2, and TRAILR4 can also trigger the NF-κB signalling

pathway (Degli-Esposti, Dougall, et al., 1997; P. Schneider, Thome, et al., 1997).

Harper and colleagues demonstrated that RIPK1 in the DISC complex activates NF-

κB in the presence of caspase inhibition (Harper et al., 2001). Besides NF-κB, the

secondary complex can activate other pro-survival signalling pathways, such as c-jun

N-terminal kinases (JNK), p38 mitogen-activated protein kinase (MAPK), and

phosphatidylinositide 3-kinases (PI3K)/Akt (Azijli et al., 2013; von Karstedt et al.,

2017). Recently, it has been demonstrated that the linear ubiquitin chain assembly

complex (LUBAC) regulates the outcome of TRAIL signalling. This is mediated by the

addition of linear ubiquitination chains to RIPK1 and caspase 8, thus limiting apoptosis

and necroptosis. It has also been demonstrated that it promotes the recruitment of the

IKK complex, which promotes the pro-survival NF-κB signalling (Lafont et al., 2017).

1.3.3 TRAIL as an anti-cancer agent

Cancer is the transformation of normal cells into malignant cells. It is known that

mutations in oncogenes and tumour suppressor genes are involved in the

transformation. Cancer is the second leading cause of mortality worldwide (Nagai &

Kim, 2017), accounting for 10 million death in 2020 (Sung et al., 2021). Apoptosis is a

natural cell death mechanism observed in the human body and therefore utilising a

cell’s own mechanism to eliminate the abnormal cancer cells has been considered as

an essential tool to treat cancer (Kasibhatla & Tseng, 2003). On the other hand,

dysregulation, inactivation and suppression of the apoptosis pathway has been shown



      Introduction

30

to play a role in carcinogenesis and cancer treatment resistance (Lowe & Lin, 2000).

Therefore, since its discovery, cancer therapies were developed by targeting the

apoptotic pathway (Carneiro & El-Deiry, 2020). Cytotoxic chemotherapeutic drugs

mostly induce cell death in cancer cells by apoptosis, by inducing DNA damage or cell

cycle arrest. Several drugs such as etoposide, cisplatin, 5′-Flourouracil, paclitaxel have

been developed in the past (Hannun, 1997). However, the insensitivity and resistance

of cancer cells to chemotherapeutic agents and treatment toxicity to normal cells led

to necessity of developing more innovative apoptosis-targeted therapies for cancer

treatment (Pommier et al., 2004; S.-T. Pan et al., 2016). For example, Bcl-2 family

members have been shown to be upregulated in several cancer types, including

colorectal, glioma, lung, breast, thus protecting the tumour cells from apoptosis.

Therefore, therapies were developed by targeting the anti-apoptotic Bcl-2 family

members (Yip & Reed, 2008; Pfeffer & Singh, 2018). One fine example is Venetoclax

(ABT-199), the first FDA approved BH3 mimetic Bcl-2 inhibitor developed by Abbvie

(Souers et al., 2013). It has been approved for chronic lymphocytic leukaemia and is

currently in several clinical trials against multiple myeloma (NCT03539744), T cell

lymphoma (NCT03552692), acute myelogenous leukaemia (NCT02203773) alone or

as a combinational therapy. On the other hand, Bcl-2 pro-apoptotic proteins are

downregulated in cancer (Burz et al., 2009) and studies also have shown that the

genomic loss of these proteins was observed in cancer. In addition, other targets like,

SMAC mimetics have been developed, such as Birinapant (NCT03803774),

Debio1143 (NCT03270176, NCT04122625). Another apoptotic pathway target for

cancer therapy is the development of TRAIL receptor agonists to enhance the

clustering of death receptors and processing of caspases leading to cell death only in

malignant cells without affecting normal cells. Availability of broad range of apoptotic

pathway targets makes apoptosis a mechanism of interest for the development of

cancer therapeutics. In the following part of the thesis, TRAIL receptor agonists

development and efficacy are explained.

Two categories of TRAIL therapeutics have been developed, one being recombinant

TRAIL and the other being agonistic antibodies against TRAILR1 and TRAILR2 (von

Karstedt et al., 2017). TRAIL receptor agonists, upon TRAILR1/R2 receptor

aggregation, induce the extrinsic pathway of apoptosis exclusively in cancer cells

whilst leaving normal cells intact (Walczak et al., 1999; S. Wang & El-Deiry, 2003;
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Johnstone et al., 2008). The initial TRAIL recombinant proteins were produced with N-

terminal poly-Histidine tag (His) or FLAG epitope tag (FLAG) (Wiley et al., 1995; Pitti

et al., 1996) for the purification purpose. They showed encouraging results (Ashkenazi

et al., 1999; Walczak et al., 1999), however, they also showed cytotoxicity in normal

hepatocytes due to the presence of aggregates (Jo et al., 2000; Lawrence et al., 2001;

Ganten et al., 2006). Dulanermin, includes 114–281 amino acids of the extracellular

domain of human TRAIL, is the first recombinant TRAIL that reached clinical trial

(Herbst et al., 2010). Even with the successful preclinical trials and phase I trial of this

recombinant protein, the randomised phase II clinical trial failed due to its short half-

life of 30 minutes (Kelley et al., 2001; Soria et al., 2011; Graves et al., 2014). On the

other hand, TRAIL receptor agonists such as mapatumumab (Tolcher et al., 2007;

Trarbach et al., 2010), conatumumab (Herbst et al., 2010) entered clinical phase II

level, but failed in showing efficient therapeutic benefit. The main reason for their failure

was due to poor clustering and activation of TRAIL receptors which are required to

drive downstream signalling and induce apoptosis.

In the early 2000s, studies have demonstrated that TRAILR1 and TRAILR2 has

different crosslinking requirements to induce apoptosis. It was shown that TRAILR1

induces apoptosis by binding to membrane-bound or soluble TRAIL, however,

TRAILR2 induced apoptosis only in response to membrane TRAIL or when the soluble

TRAIL molecule was crosslinked by antibodies. Thus, the efficient activation of both

TRAIL receptors by the antibody cross-linked TRAIL protein was considered important

to increase the cytotoxicity of cancer cells (Mühlenbeck et al., 2000; Wajant et al.,

2001). The signalling efficiency of sTRAIL (soluble TRAIL) to TRAILR2 was improved

when single-chain fragment of variable regions (scFv) that recognizes the tumour

stroma marker fibroblast activation protein (FAP) was fused to sTRAIL (Wajant et al.,

2001). Following this study Bremer and colleagues developed scFVC54:TRAIL that

targets the epithelial cell adhesion molecule (EpCAM) expressed at high level in

cancers. When the fusion protein bound to the cancer cells, the sTRAIL mimicked as

membrane TRAIL to the neighbouring cancer cells. This increased the apoptotic

induction through TRAILR2 and this approach was called bystander apoptotic effect

(Bremer et al., 2004). Overall, these studies indicated the importance of TRAILR2

crosslinking, therefore, several approaches have been taken to increase the efficiency

of TRAIL. Recently, in 2019, Pan and colleagues showed that the TRAILR2
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transmembrane helix is involved in oligomerisation and higher order clustering to

activate the downstream signalling and not the extracellular domain. They also

highlighted that ligand binding primarily prevents pre-ligand assembly mediated

autoinhibition of the transmembrane helix from oligomerisation (L. Pan et al., 2019).

There were also steps carried out to improve the TRAIL efficiency by adding

homotrimerisation motifs, including a leucine zipper motif (Walczak et al., 1999), an

isoleucine zipper (Ganten et al., 2006), trimerisation motif tenascin-C (TNC)

oligomerisation domain (Berg et al., 2007) and human adenovirus type 5 fiber protein

(Yan et al., 2016). All these stabilise the trimeric TRAIL conformation (de Miguel et al.,

2016). Moreover, addition of a leucine zipper increased the pharmacokinetic profile in

rodents with extended elimination half-life of 4.8 h (Walczak et al., 1999). In an attempt

to improve TRAIL stability, three TRAIL monomers were linked to form a single chain

TRAIL (scTRAIL) format (B. Schneider et al., 2010). Similarly, Siegemund and

colleagues developed a fully bioactive scTRAIL trimer by performing N- or C-terminal

deletions of TRAIL monomers in single chain format and the resulting optimised

scTRAIL showed increased thermal stability, solubility and production rate (Siegemund

et al., 2016). In a previous study by the same group, they showed that improving TRAIL

valency improves cytotoxicity, their dimeric molecules Db-scTRAIL (Siegemund et al.,

2012) and scFv-EHD2-scTRAIL (Seifert, Plappert, et al., 2014) containing six TRAIL

molecules engaging TRAIL receptors showed enhanced effect on cancer cells.

Therefore, subsequently, stabilized scTRAIL trimer and hexavalent concepts were

combined and the Fc-scTRAIL molecule was developed (Hutt et al., 2017). Fc-

scTRAIL is a second-generation TRAIL-receptor agonist, produced by fusion of a

single-chain TRAIL (scTRAIL) trimer to the Fc region of an IgG, resulting in an overall

hexavalent TRAIL-receptor agonist that potently engages TRAIL receptor-mediated

apoptosis in a wide range of cancer cells (Hutt et al., 2017; D. C. Phillips et al., 2021;

Ratain et al., 2019; Siegemund et al., 2012; Vetma et al., 2020). Importantly,

hexavalent TRAIL receptor agonists based on a similar format, ABBV-621, are

currently undergoing clinical trials for advanced solid tumours and hematologic

malignancies (NCT03082209). Even though first-generation TRAIL formats did not

show expected clinical output, continuous efforts and innovative approaches on

second-generation TRAIL format development are highly promising.
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Besides TRAIL being a promising candidate in inducing apoptosis in tumour cells in

general, TRAIL-based therapeutics have also shown great potential in pre-clinical

studies as a novel approach for treatment of GBM. For example, a study was

performed in 2016 using nanoparticles containing TRAIL expressing stem cell targets

to eliminate GBM. Due to limited CNS delivery, the nanoparticles were delivered at the

target site intracranially (Jiang et al., 2016). Furthermore, novel treatment

combinations have been considered by different groups to sensitize the tumour cells

to TRAIL treatment (Boccellato et al., 2021; Dorsey et al., 2009). For example, Fulda

and colleagues administered SMAC peptides and TRAIL locally in a glioma xenograft

model which led to complete elimination of tumours (Fulda et al., 2002). In another

study, Lincoln and colleagues performed mathematical modelling and in vitro

experiments in a panel of GBM cell lines. They have shown that GBM cells can be

sensitized to TRAIL-mediated apoptosis by using IAP and Bcl2 antagonists (Lincoln et

al., 2018). Therefore, TRAIL is a promising drug candidate and has notable potential

in treating GBM alone or in combination with sensitizers. Of note, these TRAIL

combination studies were either performed on cell lines or xenograft models with

tumours injected on the flank region or with local invasive administration of drugs. In

these studies, CNS delivery of TRAIL has not been addressed and so there is a need

to identify the possibilities of bringing them into the CNS non-invasively.

1.4 Structure and components of BBB

The penetration of large biologics, such as TRAIL, into the CNS is generally controlled

and prevented by the presence of the blood brain barrier (BBB), with approximately

0.1% of injected antibody doses reaching the brain parenchyma (W. M. Pardridge,

2005; Boado et al., 2012; W. M. Pardridge, 2020). The presence of this barrier in the

central nervous system (CNS) came to light in 1855, when Paul Ehrlich, a German

scientist, performed staining on animal organs. He observed that trypan blue dye

injected intravenously stained all the organs except brain and spinal cord, he

concluded that it was because of lack of binding affinity of the dye to CNS (Ehrlich,

1885). In 1913, Paul Ehrlich’s student, Edwin Goldman, proved that injecting water

soluble dye into the cerebrospinal fluid could stain the brain and spinal cord, but not

the organs in the peripheral nervous system (PNS). This study showed the existence
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of a physical barrier between the periphery and the CNS. However, detailed

information on BBB came only after the invention of electron microscopy in 1960’s that

showed that the cerebral endothelial cells are the central cells in the BBB (Clawson et

al., 1966; Goldstein & Betz, 1986; S. Wagner et al., 2012). A study by Reese and

Karnovsky identified the presence of tights junctions (TJ) in between the cerebral

endothelium preventing the passage of HRP peroxidase into the rodent brain (Reese

& Karnovsky, 1967). Additionally, the BBB is composed of pericytes, basement

membrane, astrocytes, neurons and they are altogether referred to as the

neurovascular unit (NVU) (Daneman & Prat, 2015). Astrocytes wrap around the

capillary endothelial cells through their end-feet protrusion, and serve as a mode of

interaction between neurons and blood vessels (Abbott, 2002; Abbott et al., 2006). It

has also been demonstrated that astrocyte secreted factors are involved in the

enhancement of the TJ formation and increased TJ protein expression (Wosik, Cayrol,

et al., 2007; Alvarez et al., 2013). Pericytes sit on the abluminal side of the endothelial

cells and they share the basement membrane (BM) with endothelial cells. The CNS

has the highest pericyte to endothelial cell ratio of 3:1 as in the other tissues they are

present in the ratio of 1:100 (Shepro & Morel, 1993; Wong et al., 2013) (Figure 4). The

BBB endothelial cells are connected to each other with TJ and adherens junction (AJ)

that prevent the paracellular transport of molecules. It is shown that they are formed

after the disappearance of fenestrations or gaps during embryonic development in

rodent brain (Wolburg & Lippoldt, 2002).
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Figure 4: Composition of Neurovascular unit. The NVU is composed of endothelial cells,
pericytes, astrocytes, neurons and the basement membrane. The capillary endothelial cells
are interconnected by tight and adherens junctions to prevent paracellular transport. Pericytes
and astrocytes wrap around the capillaries and play an important role in BBB maintenance and
function. Figure obtained from (X. Yu et al., 2020).

In general, the cerebral endothelium is structurally and functionally different from the

peripheral endothelial cells: (1) they have TJ that are tighter than in the periphery to

prevent the transport (2) the endothelial cells are non-fenestrated (3) cerebral

endothelium has less pinocytotic vesicles that are usually used by the peripheral

endothelium for the transport of nutrients. TJs being an important part of the BBB,

consist of occludin, claudin, junctional adhesion molecules (JAMs) and accessory

proteins (Furuse, 2010). Occludin was the first identified integral membrane protein

(Furuse et al., 1993; Saitou et al., 2000). Due to alternative splicing, there are occludin

variants with molecular weights ranging from 60 to 65 kDa (Cummins, 2011). They are

expressed at a higher level in the cerebral endothelium in a continuous cell-cell contact

manner, whereas they are expressed at very low level in non-neuronal tissues in a

discontinuous pattern, highlighting their specific role in the maintenance and function

of the cerebral endothelium (Hirase et al., 1997). Claudins are proteins with a

molecular weight of 20 to 24 kDa, have more than 25 family members but no sequence

homology to occludins (Furuse et al., 1998; Morita et al., 1999). Studies have shown

that they have an impact on paracellular ion transport and are essential for the

formation of tight junctions (Van Itallie et al., 2001; Nitta et al., 2003). The zona

occluden accessory proteins, such as ZO-1, ZO-2, and ZO-3 link to claudin and

occludin through their N-terminal PDZ (postsynaptic density protein) domain (Itoh et
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al., 1999; Hawkins & Davis, 2005). In addition, ZO-1 connects the transmembrane TJ

to the actin cytoskeleton through its C-terminal domain. This connection is important

for the stability and the functioning of the TJ (Fanning et al., 1998; Schneeberger &

Lynch, 2004). JAMs are immunoglobulin family proteins. They interact with accessory

proteins with their C-terminal PDZ domain in intracellular loops (W. Liu et al., 2012;

Greene & Campbell, 2016). They can form homophilic and heterophilic interaction on

opposing cells and other JAM family proteins, respectively (Mandell & Parkos, 2005;

Weber et al., 2007). The TJs provide the BBB with high trans endothelial electrical

resistance (TEER). It has been observed that rats have a TEER value of 1500-2000 Ω

cm2, which is very high in comparison to the TEER in peripheral endothelial cells (Butt

et al., 1990; Huber et al., 2001). Overall, the BBB acts as a physical barrier through a

combination of TJs and lack of fenestrations and this impermeable barrier is regulated

by nearby supporting cells like endothelial cells, pericytes and astrocytes.

1.4.1 Transport at the BBB

The transport across the BBB to reach the CNS is a highly selective and complex

process involving various cells, molecules and signalling pathways. But, this protective

BBB limits the drug therapeutics for any CNS diseases as it prevents the entry of

approximately 100% of large molecules and 98% of small molecules (W. M. Pardridge,

2012). Despite the limited permeability of the BBB, there are some naturally existing

transport mechanisms supporting the highly selective entry of molecules. In recent

years, these mechanisms have been adapted and used for drug delivery purposes.

The following includes the types of transport mechanisms.

Passive diffusion: Small molecules are mostly transported across the BBB through

passive diffusion. The factors determining the passive diffusion permeability are

predominantly molecular weight, lipophilicity and charge (Lipinski et al., 2001). The

molecular weight of the molecules should be below 400 or 500 Da to cross the BBB,

but the permeability reduces 100-fold with an increase of molecular weight from 200

Da to 450 Da (Fischer et al., 1998; Mikitsh & Chacko, 2014). Another factor to undergo

passive diffusion is lipophilicity. Lipophilic molecules can go across the hydrophobic

phospholipid bilayer, and the lipophilicity is measured as logD (octanol/water partition

coefficient) (Comer & Tam, 2001). Additionally, molecules with more than eight
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hydrogen bonds cannot achieve passive diffusion (Clark, 2003). Moreover, the BBB

expresses ATP-binding cassette (ABC) efflux transporters like P-glycoprotein (P-gp),

breast-cancer resistance protein (BCRP) and the multi-drug resistance-associated

proteins-1 and -2 (MRP-1, -2) (Löscher & Potschka, 2005). In general, these efflux

transporters expressed on the apical side prevent the entry of toxic substances into

the CNS, including the penetration of CNS drugs (Begley, 2004).

Carrier-mediated transport (CMT): The transport of small polar molecules is

facilitated by the transporters at the luminal and abluminal side of the barrier (L. Lin et

al., 2015). The CMT is bi-directional based on the concentration gradient and

molecules that are required for metabolism are transported, such as, glucose, amino

acids, vitamins (Jones & Shusta, 2007).

Adsorptive-mediated transcytosis (AMT): AMT is a non-specific vesicular transport-

based mechanism where cationic proteins electrostatically interact with the negatively

charged cell membrane and undergo transcytosis (Hervé et al., 2008; Gabathuler,

2010). Therefore, to facilitate the transport mechanism of AMT, the molecules are

modified by cationization, such as IgG, albumin (Kumagai et al., 1987; Triguero et al.,

1989).

Receptor-mediated transcytosis (RMT): Larger proteins and molecules are

generally prevented from transport across the BBB, however, RMT selectively

transports larger proteins and lipids across the BBB (W. M. Pardridge et al., 1987;

Duffy et al., 1988). Like AMT, RMT is also vesicle-based transport system, but it is

achieved through specific binding of a ligand to its receptor (Kadry et al., 2020). RMT

is initiated by binding of endogenous proteins to their specific receptors on the luminal

side of the BBB. At the binding site the cell membrane invaginates resulting in the

formation of coated vesicle with the bound ligand and receptors. Once the vesicle

enters the cytoplasm, it loses the coating and fuses with the endosome. Inside the

endosomal compartment, the ligand and receptors are sorted and the receptors

recycle back to the plasma membrane. The ligand in the endosomal compartment

undergoes exocytosis at the abluminal side of the BBB and is released into the CNS

parenchyma (Tuma & Hubbard, 2003; W. M. Pardridge, 2006, 2020). In some cases,

the endosomal compartment fuses with lysosome and undergoes degradation, which

is seen as a limiting step in achieving successful transcytosis (Figure 5) (Abdul Razzak
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et al., 2019). The transport across the cell can be clathrin-dependent, caveolin-

dependent or clathrin and caveolin-independent (Mayor et al., 2014; Mayor & Pagano,

2007). Among these, clathrin-mediated endocytosis is observed in transcytosis,

including the well-known transferrin receptor (Pulgar, 2019). The major advantage in

using RMT-mediated transport is that it is well suited for long term treatments, for

example, in case of repeated therapy due to tumour recurrence. In addition, it delivers

the larger molecules non-invasively unlike the invasive techniques like

intraparenchymal, intraventricular and intrathecal delivery. There are several identified

target receptors present on the luminal side of the BBB to achieve RMT, such as the

insulin receptor (Pardridge et al., 1985; Duffy et al., 1988; Boado et al., 2012), the

transferrin receptor (Jefferies et al., 1984; Fishman et al., 1987; Lee et al., 2000) and

the low-density lipoprotein (LDL) receptor related protein (Lrp1) (Demeule et al., 2008,

2014; F. C. Thomas et al., 2009).

Figure 5: Receptor-mediated transcytosis. Ligands bind to the receptor of interest
expressed on the luminal side of the BBB. Once bound, the cell membrane invaginates and
pinches off into a vesicle. The endocytosed complex moves through the cytoplasm of the cell.
During this process, the receptors are recycled back to the surface of the cell. The ligand is
then exocytosed at the abluminal side of the BBB and released into the CNS parenchyma. In
some cases, the endosomal compartment fuses with lysosome and undergoes degradation.
Figure obtained from (Abdul Razzak et al., 2019).
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1.4.2 RMT-mediated protein delivery approaches

Since the identification of the RMT mechanism in the 1980’s, an increasing number of

studies to improve transcytosis have been conducted. The RMT mechanism has been

adapted for the delivery of proteins, peptides, nanoparticles, liposomes and antibodies

across the BBB, of which, antibody-based fusion proteins have been often studied.

Currently, there are a variety of RMT ligands and receptors investigated and different

approaches have been considered for the development of efficient antibody-based

RMT drugs. Initially, monoclonal antibodies targeting the transferrin receptor on the

BBB were developed for the RMT. However, the in vivo studies were not successful

as the endogenous transferrin competed with the transferrin antibody. Therefore,

monoclonal antibodies targeting the binding site different from transferrin binding site

of the transferrin receptor (TfR) have been developed. Even though there are reports

showing the efficient binding and endocytosis of therapeutic antibodies (H. J. Lee et

al., 2000; W. Pardridge et al., 1991), the amount of protein reaching the CNS at the

end was not at therapeutical level.

Initial studies on RMT-mediated antibody development were based on high affinity

proteins to ensure strong binding to the BBB and successful transport. To understand

the influence of affinity on the transport efficiency, Yu and colleagues compared the

transcytosis of high and low affinity antibodies. They observed that the high affinity

antibodies were mostly trapped at the brain endothelium and the lower affinity

antibodies showed increased brain uptake and distribution in the mouse parenchyma

(Y. J. Yu et al., 2011). They stated that the high affinity antibodies were strictly bound

to the BBB cells and were not able to detach from the receptor and therefore were not

released into the brain parenchyma. They also developed bispecific antibodies for

Alzheimer’s disease by using enzyme b-secretase (BACE1) as a drug target. BACE1

is necessary for the processing of amyloid precursor into amyloid- (A) peptides, thus

blocking BACE1 reduces the accumulation of A peptides in the brain. For that, they

designed a bispecific antibody with a high affinity anti-TfR on one arm and high affinity

anti-BACE1 on the other arm. They reasoned that switching from bivalent to

monovalent antibody format reduced the overall affinity and have shown that this

bispecific antibody reduced the A accumulation more than the monospecific anti-

BACE1. In their follow up study, they also showed that this method was also suitable
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for the delivery of TfR mediated drugs in non-human primates (Y. J. Yu et al., 2014).

Their research work was ground-breaking in the field of RMT-mediated transport

studies and stayed as a crucial factor for the improvement of RMT-mediated delivery.

Subsequently, the same group in another study demonstrated in vitro and in vivo that

the high affinity bispecific antibodies resulted in the degradation of antibody, by

redirecting the ligand and receptor from endosomal to lysosomal compartment. This

additionally reduced the level of receptors available on the BBB surface, thus limiting

the antibody uptake (Bien-Ly et al., 2014). Similar results were obtained when high

and low affinity bivalent rat transferrin binding antibodies were compared for the

transcytosis efficiency. It has been shown that lowering the affinity resulted in more

than 50-fold increase in the brain uptake, whereas increasing the affinity resulted in

lysosomal degradation (Haqqani, Thom, et al., 2018). In another study, Niewoehner

and colleagues from Roche fused the Fab fragment of anti-TfR antibody to one or both

the C termini of an IgG heavy chain targeted against Aβ and compared between

monovalent and bivalent formats (Niewoehner et al., 2014). Their in vivo and in vitro

findings showed that the mode of interaction with the TfR determines the intracellular

trafficking process of the antibodies. The bivalent antibody was trapped in the

lysosome compartment and was not transported, whereas the monovalent antibody

successfully achieved 50-fold more uptake into the CNS in preclinical models.

Until now, in the field of antibody-based RMT therapeutics, the target ligands that

facilitate RMT were always fused to the standard Fab arm of an antibody. For example,

in these formats, one arm binds to the transport peptide and the other arm binds to the

therapeutic target in the CNS. This especially limited the use of bispecific or bivalent

therapeutic drugs. Therefore, an interesting approach was taken by Kariolis and

Ullman from Denali therapeutics, in which they engineered an Fc domain to contain a

transferrin receptor binding site. This allowed them to incorporate bivalent or bispecific

therapeutic targets as well as other proteins such as lysosomal enzymes into this

transport vehicle (Kariolis et al., 2020; Ullman et al., 2020). In their study, BACE1 Fabs

were fused to this transferrin transport vehicle, which resulted in 40-fold increase of

the antibody uptake in brain when compared to native anti-BACE1 antibody. In

addition, this fusion maintained the pharmacodynamic response by reducing amyloid

 production in mice and non-human primates (Kariolis et al., 2020). Another study by

the same group revealed that this BBB transport vehicle can be used for enzyme
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replacement therapy, they fused iduronate 2-sulfatase (IDS) to reduce the

accumulation of glycosaminoglycans (GAGs), for the treatment of   lysosomal

storage disorder Hunter syndrome. This fusion resulted in the reduction of GAG

accumulation in the peripheral tissues and the brain, which was not achievable in

earlier studies (Ullman et al., 2020). Overall, all the approaches and findings highlight

that efficient transcytosis is inversely proportional to affinity and ultimately it has a huge

impact on the drug transport across the BBB and it also emerges as one of the many

challenging factors in developing optimal RMT-mediating protein therapeutics.

1.4.3 Lrp1 and Angiopep-2 in RMT

Lrp1, also known as 2-macroglobulin receptor or CD91, is a member of low-density

lipoprotein receptor family. This type I transmembrane protein is synthesized as a 600

kDa precursor in the endoplasmic reticulum. Furin cleavage in the trans-Golgi

compartment leads to the generation of two subunits, where the extracellular 515 kDa

-chain remains non-covalently linked to the transmembrane 85 kDa -chain (Herz et

al., 1988, 1990). The -subunit, which plays a primary role in Lrp1 ligand binding,

consists of four ligand binding domains and the -subunit contains one tetra amino

acid YxxL motif and two intracellular NPxY motifs, which are responsible for

endocytosis (Figure 6) (Herz & Strickland, 2001; Potere et al., 2019). Lrp1 is a

multiligand receptor known to play major roles in endocytosis, lipoprotein transport,

migration, lipid metabolism, degradation of proteases, activation of lysosomal

enzymes, entry of toxins and viruses and protects against atherosclerosis (Herz &

Bock, 2002; Lillis et al., 2008; Boucher & Herz, 2011). Lrp1 receptor is widely

expressed in the body, including hepatocytes, neurons, vascular smooth muscle cells

(SMC) and macrophages (Makarova et al., 2003; Kanekiyo et al., 2012; Auderset et

al., 2016). Moreover, reverse transcription polymerase chain reaction (RT-PCR) and

western blot analysis indicated that Lrp1 receptors are expressed in brain capillaries

and they play a major role BBB integrity (Storck et al., 2021; Zhao et al., 2016). The

first identified ligands for Lrp1 were apolipoprotein E (ApoE) and 2-macroglobulin

(Kowal et al., 1989; Strickland et al., 1990). Currently, there are several known ligands

that bind to Lrp1, including receptor-associated protein (RAP), aprotinin, fibronectin,

Matrix metallopeptidase 9 (MMP-9), Platelet-derived growth factor (PDGF) and beta-
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very low density lipoproteins (-VLDL) (Bres & Faissner, 2019; Lillis et al., 2008). In

particular, studies have shown that Lrp1 mediates the bidirectional transport of

amyloid-, a protein implicated in Alzheimer’s disease, across the blood-brain barrier

(Pflanzner et al., 2011; Kanekiyo et al., 2012, 2013). For example, increasing the Lrp1

expression in adult mice resulted in active and increased elimination of amyloid-

plaques (Storck & Pietrzik, 2017). Studies have also shown that primary brain

endothelial cells lacking functional NPxYxxL showed lower transcytosis than WT cells,

highlighting the importance of this endocytosis motif (Bremer et al., 2004; Reekmans

et al., 2010; Storck et al., 2016). Moreover, it has been shown that Lrp1 helps in the

transport of receptor-associated protein (RAP) and tissue type plasminogen activator

(tPA) (Benchenane et al., 2005; W. Pan et al., 2004) from the blood into the brain.

Figure 6: Structure of the Lrp1 receptor. Lrp1 is synthesized as a 600 kDa protein and furin
cleavage gives rise two subunits,  and . The extracellular -unit has four ligand binding
domains to which different ligands bind and the -subunit consists of YxxL two intracellular
NPxY motifs, which are responsible for endocytosis. Figure obtained from (Bres & Faissner,
2019).

In 2008, Demeule and his colleagues performed in vitro and in situ perfusion studies

to identify and improve a group of peptides that achieve higher transcytosis through

Lrp1 receptor.  The kunitz protease inhibitor (KPI) domain is an important substrate for

Lrp1 transcytosis. Therefore, they analysed a well-known Lrp1 ligand, aprotinin, with a

KPI domain. They aligned the amino acid sequence of aprotinin with other kunitz

domain containing proteins. From this alignment, they identified a set of 96 peptides



      Introduction

43

called Angiopeps. Among this family of identified peptides, Angiopep-2 (ANG2), a

small 19 amino acid peptide, showed higher transcytosis rates than the original

aprotinin protein (Demeule, Régina, et al., 2008).

In their follow up study, competitive transport experiments have revealed that Lrp1 is

involved in the transport of ANG2, however, ANG2 transport was not completely

inhibited by the known Lrp1 ligands, indicating that there could be other transport

mechanisms involved in its transport (Demeule, Currie, et al., 2008). This Lrp1-ANG2-

mediated transcytosis mechanism has been used to increase CNS-penetrance of

various cargo from small drugs to proteins to nanoparticle-based systems (S. Huang

et al., 2011; Shao et al., 2010; Wei et al., 2014). For example, ANG2 was used as

shuttle peptide for the transport of anti-HER2 monoclonal antibodies. This was

achieved by conjugating ANG2 to anti-HER2 antibody by copper-free click chemistry

resulting in ANG4043. It showed increased in vivo accumulation and efficacy in mice

bearing BT-474 brain tumours (Regina et al., 2015). Recently, ANG2-based constructs

have entered clinical trials, showing low toxicity. ANG1005, a paclitaxel-ANG2

conjugate, showed better delivery than free paclitaxel for breast cancer patients with

recurrent brain metastasis and is currently in clinical phase II, NCT02048059 (F. C.

Thomas et al., 2009). NCT01967810 is another clinical trial phase II using ANG1005

for patients with recurrent high-grade glioma. GRN1005, previously mentioned as

ANG1005, was also employed for the treatment of patients with solid tumours and is

currently in phase II trial alone or in combination with Trastuzumab in breast cancer

patients with brain metastases, NCT01480583 (Kurzrock et al., 2012). Currently, there

is an ANG1005 clinical phase III study ongoing with patients to be recruited for the

treatment of leptomeningeal carcinomatosis or leptomeningeal metastases or brain

metastases or HER2-negative breast cancer (NCT03613181). These clinical studies

and other preclinical research on Lrp1-ANG2-mediated transcytosis highlights the

importance and benefits of using this system to bring therapeutics inside the brain. Of

note, developing ANG2 peptide in the fusion protein format was less explored as most

of the preclinical and clinical studies were conducted with ANG2 as a nanoparticle or

conjugated to drugs like paclitaxel (ANG1005) (Kumthekar et al., 2016) or anti-HER2

mAb (ANG4043) (Regina et al., 2015). Therefore, in this thesis work, studies were

performed to produce them as a fusion protein and utilise them as a BBB shuttle for

the transport of large molecules into the CNS.
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1.4.4 Aim of the thesis

GBM is one of the most aggressive tumours with very limited treatment options and

patients have median survival time of 14-15 months. Therefore, novel therapies are

required to treat GBM and to improve the survival rate of the patients. Due to its

specificity in killing only the cancer cells, TRAIL has been considered a promising

candidate for cancer treatment. Recently developed second generation hexavalent

TRAIL receptor agonists alone or in combination with sensitizers have shown

encouraging results on improving the GBM treatment strategy. Hence, second

generation TRAIL receptor agonists were utilised in this project. As the BBB prevents

the transport of drugs, ANG2 was employed as a shuttle peptide to undergo RMT and

to deliver the TRAIL molecules into the CNS. Lrp1-ANG2 based constructs have

entered early phase I/II/III clinical trials for the treatment of breast cancer metastasis,

leptomeningeal carcinomatosis, and high-grade glioma. Due to its efficacy and patient

safety, in this project, ANG2 peptide was used as a transport shuttle to bring TRAIL

biologics into the CNS. The overall objective of the project was to design, produce and

validate CNS-targeted TRAIL receptor agonists.

To briefly summarise, the aims of the thesis were:

 To generate CNS-targeted TRAIL receptor agonists to induce apoptosis in

GBM cells and transcytosis across the BBB.

 To assess the TRAIL apoptosis efficiency in GBM and BBB endothelial cells

by investigating the caspase cascade signalling pathway.

 To produce ANG2 positive control proteins and TRAIL-blocking constructs to

characterize the binding of ANG2 to BBB cells.

 To establish an in vitro BBB model to evaluate the transport of CNS-targeted

fusion proteins for the treatment of GBM.



45

2 Materials



      Materials

46

2.1 Peptides

The following peptides were purchased from Peptides & Elephants (Brandenburg, Germany).

FITC-ANG2 FITC-Ahx-TFFYGGSRGKRNNFKTTEEY

FITC-scrANG2 FITC-Ahx-NSFEGTGGEYFTYRKRNFK

FLAG-ANG2 DYKDDDDKGGSGGTFFYGGSRGKRNNFK
TTEEY

2.2 General consumables

Bolt 4-12% Bis-Tris Plus Gel 1.0 mm x 10
well

Thermo Fisher Scientific Inc., Waltham,
USA

Bolt 4-12% Bis-Tris Plus Gel 1.0 mm x 15
well

Thermo Fisher Scientific Inc., Waltham,
USA

Bolt 4-12% Bis-Tris Plus Gel 1.0 mm x 17
well

Thermo Fisher Scientific Inc., Waltham,
USA

cell culture flasks Greiner bio-one, Frickenhausen, Germany

cell culture plates Greiner bio-one, Frickenhausen, Germany

coverslips Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

cryobox Cryo 1°C Freezing Containers, NALGENE,
Thermo Fisher Scientific, Ulm, Germany

cryovial CELLSTAR, Greiner bio-one,
Frickenhausen, Germany

eppendorf tubes Eppendorf AG, Hamburg, Germany
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falcons Greiner bio-one, Frickenhausen, Germany

iBlot 2 NC Mini Stacks Thermo Fisher Scientific Inc., Waltham,
USA

iBlot 2 NC Regular Stacks Thermo Fisher Scientific Inc., Waltham,
USA

neubauer counting chamber Paul Marienfeld, GmbH & Co. KK,
LaudaKönigshofen, Germany

Page ruler Prestained Protein Ladder Thermo Fisher Scientific Inc., Waltham,
USA

pipettes Eppendorf Research Family, Eppendorf
AG, Hamburg, Germany, BRAND GmbH &
CO. KG, Wertheim am Main, Germany

polysine Microscope Adhesion Slides Thermo Fisher Scientific Inc., Waltham,
USA

transwell 24 well plates, 0.4 μm
pore polyester membrane and 6.5 mm
inserts

Sigma-Aldrich, St. Luis, USA

2.3 Eukaryotic cell lines

A172 Human glioblastoma cell line from ATCC,
Manassas, USA

bEnd.3 Mouse brain endothelial cells from ATCC,
Manassas, USA

HCT116
Human colorectal carcinoma cell line
purchased from Banca Biologica e Cell
Factory-IST Genova, IRCCS Azienda
Ospedaliera Universitaria, San Martino

hCMEC/D3 Human cerebromicrovascular endothelial cells
from Merk Millipore, Burlington, USA
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HEK293-6E National Research Council of Canada (Ottawa,
Canada)

HeLa Royal College of Surgeons in Ireland, Dublin

MEF WT Institute of Cell Biology and Immunology
(kindly provided by Dr. rer. nat. Kornelia
Ellwanger).

2.4 Kits

BD OptEIA™ human TRAIL ELISA Set BD Biosciences, Heidelberg Germany

Dako QIFIKITTM Kit Dako, Agilent Technologies, Santa Clara,
USA

NucleoBond® Xtra Midi Machery-Nagel, Düren, Germany

NucleoBond® Gel and PCR Clean-up Machery-Nagel, Düren, Germany

Nucleospin® RNA kit Machery-Nagel, Düren, Germany

2.5 Buffers and solutions

0.1% Triton X-100 0.1% (v/v) Triton X-100 in PBS

10 × trypsin/ ethylenediaminetetraacetic acid
(EDTA)

Life technologies, Gibco, Karlsruhe,
Germany

4% paraformaldehyde (PFA) 4% (w/v) PFA in PBS (pH 7.4); Merck,
Darmstadt, Germany
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5 x loading buffer 312.5 nM Tris-HCl pH 6.8, 25% (v/v)
glycerine, 10% (w/v) SDS, 500 mM DTT,
0.05% (w/v)

Annexin V binding buffer (10 x concentrated) BD Pharmingen, BD Biosciences, San
Diego, USA

Bolt MES SDS Running Buffer (20X) Thermo Fisher Scientific Inc., Waltham, USA

coomassie staining solution 0.008 % (w/w) Coomassie Brilliant Blue G-
250, 35 mM HCl in H2O

collagen, Type I solution from rat tail Merck KGaA, Darmstadt, Germany

crystal violet solution 0.5% (w/v) crystal violet powder, 20% (v/v)
methanol in ddH20

DMEM (1X) Life Technologies, Gibco, Karlsruhe,
Germany

DNA loading buffer (5x) 25 % (v/v) glycerol, 0.02 % (w/v) bromphenol
blue in 5x TAE buffer

eosin solution Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

ELISA TMB substrate set Biolegend, Inc, California, USA

ELISA stop solution 1 M H2SO4

ELISA washing solution 0.05 % (v/v) Tween20 in 1x PBS

fetal calf serum (FCS) (P30-3309) PAN-Biotech GmbH, Aidenbach, Germany

FreeStyle™ F17 Expression Medium Life Technologies, Gibco, Karlsruhe,
Germany

freezing medium 10% (v/v) DMSO in FCS
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LB-medium 1 % (w/v) peptone, 0.5 % (w/v) yeast extract,
0.5 % (w/v) NaCl in H2O

PBA PBS + 0.05% (w/v) BSA + 0.02% (w/v) NaN3
in ddH20

phosphate buffered saline (PBS) 2.67 mM KCl, 1.47 mM KH2PO4, 137.9 mM
NaCl, 8.06 mM Na2HPO4, pH 7.4

protein A – elution buffer 100 mM glycine, pH 3.5

protein A – neutralization buffer 1 M Tris-HCl, pH 9.0

protein A – washing buffer PBS, pH 7.0

RPMI 1640 medium (+ 2 mM L-glutamine,
21875-034)

Life Technologies, Gibco, Karlsruhe,
Germany

TBS with Tween-20 (TBST) 0.1% (v/v) Tween-20 in TBS

tris buffered saline (TBS) 20 mM Tris-HCl, 150 mM NaCl in ddH20,
pH 7.4

2.6 Chemicals and reagents

agarose Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Annexin V-EGFP Manufactured by Dr. Fabian Richter, Institute
of Cell Biology and Immunology, University of
Stuttgart

blocking reagent Roche Diagnostics, Mannheim, Germany

bond-Breaker® TCEP 0.5 M, Thermo Scientific, Rockford, USA

bovine serum albumin (BSA) Sigma-Aldrich, Munich, Germany
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bovine serum albumin (BSA) standard Paesel + Lorei GmbH & Co. KG, Rheinberg,
Germany

Bradford reagent Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

crystal violet powder Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

4’, 6-diamidin-2-phenylindol (DAPI) Thermo Fisher Scientific, Ulm, Germany

dimethyl sulfoxide (DMSO) Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

ethanol Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

fluoromount-G Slide Mounting Medium Southern Biotechnology Associates Inc.,
Birmingham, USA

glycerol Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Hoechst 33342 Thermo Fisher Scientific, Ulm, Germany

KCl Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

KH2PO4 Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Koliphor P 188 10% (w/v), Sigma Aldrich, Merck KGaA,
Darmstadt, Germany

L-cysteine 1 mM L-cysteine in dH2O, pH 5.5

methanol Carl Roth GmbH & Co. KG, Karlsruhe,
Germany
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Na2HPO4 Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

NaCl Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

Power SYBR™ Green PCR-Master-Mix Thermo Fisher Scientific Inc., USA

protease inhibitor cocktail complete, EDTA
free

Roche Diagnostics AG, Basel, Switzerland

puromycin Sigma Aldrich, Merck KGaA, Darmstadt,
Germany

QVD-Oph (QVD) Sigma-Aldrich, Munich, Germany

RNase-free water QIAGEN, Hilden, Germany

sodium azide (NaN3) Carl Roth GmbH & Co. KG, Karlsruhe,
Germany

ZnCl2 100 mM in H2O, sterile filtered

2.7 Instruments

-20°C freezer Comfort NoFrost, Liebherr, Bulle, Switzerland

-80°C freezer HT5786-A, Hettich lab technologies,
Tuttlingen, Germany

centrifuge Eppendorf centrifuge 5415R, Hettich lab
technologies, Tuttlingen Germany

centrifuge Heraeus Multifuge 3-LR, Hettich lab
technologies, Tuttlingen, Germany

centrifuge Eppendorf centrifuge 5810R, Hettich lab
technologies, Tuttlingen, Germany
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centrifuge J2-MC with rotors JA10, JA14, JA20, JA30.5,
Beckman Coulter, Krefled, Germany

centrifuge Avanti J-30I, Beckman Coulter, Krefeld,
Germany

centrifuge Optima™ TL with rotor TLA 100.3, Beckman
Coulter, Krefeld, Germany

ECL imager Amersham Imager 600, GE Healthcare
Europe GmbH, Freiburg, Germany

electrophoresis power supply EPS 601, Amersham Pharmacia Biotech; GE
Healthcare Europe GmbH, Freiburg, Germany

electrophoresis power supply EPS 301, Amersham Pharmacia Biotech; GE
Healthcare Europe GmbH, Freiburg, Germany

EVOM epithelial Voltmeter World Precision Instruments, Hitchin, UK

flow cytometer MACSQuant Analyser 10, Militneyi Biotec,
Bergisch Gladbach, Germany

gel documentation Transilluminator, Gel documentation system
Felix, Biostep, Jahnsdorf, Germany

heat block HBT-1-131, Haep Labor Consult, Bovenden,
Germany

heat block Eppendorf Thermomixer compact, Merck
KGaA, Darmstadt, Germany

heat block Eppendorf Thermomixer F1.5, Merck KGaA,
Darmstadt, Germany

HPLC systems Waters 2695 Separation Module, Waters 2489
UV/Visible detector, Waters Cooperation,
Milford, USA

iBlot 2 Dry Blotting System Thermo Fisher Scientific Inc., Waltham, USA

incubator for cell culture Varocell, Varolab GmbH, Giesen, Germany

incubator for cell culture Forma Reach-In CO2 Incubator, Thermo
Fisher Scientific Inc., Waltham, USA
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incubator for cell culture BD 53, Binder, Stuttgart, Germany

inverted digital microscope EVOS FL Imaging System, Thermo Fisher
Scientific, Ulm, Germany

laser scanning microscope LSM 710, Carl Zeiss MicroImaging GmbH,
Jena, Germany

microplate reader SPARK, Tecan, Meannedorf, Switzerland

mini–Gel Tank Thermo Fisher Scientific Inc., Waltham, USA

nitrogen tank K SERIES cryostorage system, tec-lab GmbH,
Taunusstein, Germany

PCR Cycler RoboCycler 96, Stratagene, La Jolla, USA

qPCR device qPCR Cfx96 device, Biorad, Munich,
Germany

spectrophotometer NanoDrop Spectrophotometer ND-1000,
Thermo Fisher Scientific, Ulm, Germany

2.8 Special implements

anti-FLAG® M2 affinity gel Sigma-Aldrich, St. Louis, MO, USA

bottle Top Filter
CA Low Protein binding, 500 mL, 0.2
μm/0.45 μm, Corning Incorporated,
Tewksbury, MA, USA

chromatography columns Poly-Prep® (Bio-Rad, Munich, Germany)

dialysis membrane
High retention seamless cellulose tubing, 23
mm, MWCO 12.400, Sigma-Aldrich, St.
Louis, MO, USA

FLAG peptide 5 mg/ml, peptides&elephants, Brandenburg,
Germany
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FPLC column Superdex 200 10/300 GL, GE Healthcare,
Little Chalfont, Buckinghamshire, UK

HPLC column Yarra™ 3 μm SEC-2000, Yarra™ 3 μm SEC-
3000, Phenomenex, Torrance, CA, USA

syringe filter
Acrodisc® 13 mm, 0.2 μm, HT Tuffryn®
Membrane, Pall Corporation, Port
Washington, NY, USA

ultrafiltration spin columns Vivaspin 500, 30,000 MWCO PES
(Sartorius, Göttingen, Germany)

2.9 Plasmids

pAB1
Vector for prokaryotic protein expression and
secretion into the periplasm of E. coli
(Kontermann et al., 1997)

pSecTagA
Vector for eukaryotic protein expression and
secretion, Thermo Fisher Scientific, Waltham,
MA, USA

pSecTagAL1

Modification of pSecTagAHis with an
additional AgeI restriction site in the Igκ chain
leader sequence (Julia Seitter, 2007, Institute
of Cell Biology and Immunology)

2.10 Primers

No Name Sequence Purpose

89  pET-Seq1-for TAATACGACTCACTATAGG pSecTagA

91 pSec-Seq2-
back TAGAAGGCACAGTCGAGG pSecTagA

1
EcoRI-Stopp-
Angiopep-
(G4S)2-Fc-for

CCCTGTCTCCGGGTAAAGGAGGTGGCGGATC
AGGTGGAGGAGGCGGTTCTACTTTTTTCTACG
GTGGGTCTAGGGGCAAGAGGAACAATTTTAAG
ACGGAAGAATACTGAGAATTCAAA

scTRAIL-Fc-ANG2
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2
EcoRI-Stopp-
Angiopep-
(G2SG2)2-for

GGCGGATCTGGCGGCACTTTTTTCTACGGTGG
GTCTAGGGGCAAGAGGAACAATTTTAAGACGG
AAGAATACTGAGAATTCAAA

scTRAIL-ANG2

3 AgeI-Flag-back AAAACCGGTGACTACAAAGACG scTRAIL-Fc-ANG2
and scTRAIL-ANG2

4 AgeI-FcΔab-
back AAAAAACCGGTGACAAGACCCACACCTGTC FcΔab-ANG2

5

EcoRI-Stopp-
Angiopep-
(G4S)2-FcΔab-
for

GCCTGTCCCCCGGCAAAGGAGGTGGCGGATC
AGGTGGCGGTGGATCTACTTTTTTCTACGGTG
GGTCTAGGGGCAAGAGGAACAATTTTAAGACG
GAAGAATACTGAGAATTCAAAAA

FcΔab-ANG2

6 AgeI-Angiopep-
FcΔab-back

AAAAAACCGGTACTTTTTTCTACGGTGGGTCTA
GGGGCAAGAGGAACAATTTTAAGACGGAAGAA
TACGGAGGTGGCGGATCAGGTGGCGGTGGAT
CTGACAAGACCCACACCTGTC

ANG2- FcΔab

7 EcoRI-Stopp-
FcΔab-for

CCCCCGGCAAATAAGAATTCAAAAATTTTTGAA
TTCTTATTTGCCGGGGG ANG2- FcΔab

2.11 Enzymes

BshTI (AgeI) 10 U/μl, Thermo Fisher Scientific, Waltham,
MA, USA

DreamTaq™ Green PCR Master Mix 2.5 U/μl (Thermo Fisher Scientific, Waltham,
MA, USA)

EcoRI 10 U/μl, Thermo Fisher Scientific, Waltham,
MA, USA

T4 DNA Ligase 5 U/μl, Thermo Fisher Scientific, Waltham,
MA, USA

2.12 Antibodies

2.12.1 Antibodies for western blot

Antibody species dilution/
concentration manufacturer

anti-caspase 8 (IC12) mouse 1:1000 Cell Signaling Technology,
Danvers, USA

anti-caspase 8 (D35G2) rabbit 1:1000 Cell Signaling Technology,
Danvers, USA

anti-Lrp1 (ab92544) rabbit 1:50000 Abcam, Cambridge, UK
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anti-PARP (4C10-5) mouse 1:500 BioLegend, San Diego, USA

anti-PARP (9542) rabbit 1:1000 Cell Signaling Technology,
Danvers, USA

anti-procaspase 3 (9662) rabbit 1:1000 Cell Signaling Technology,
Danvers, USA

anti-α-tubulin mouse
IgG1 1:1000 Cell Signaling Technology,

Danvers, USA

anti-β-actin (4967) rabbit 1:1000 Cell Signaling Technology,
Danvers, USA

horse radish peroxidase
(HRP)-conjugated goat
anti-mouse IgG+IgM

goat 1:10000 Dianova, Hamburg, Germany

horse radish peroxidase
(HRP)-conjugated goat
anti-rabbit IgG+IgM

goat 1:10000 Dianova, Hamburg, Germany

2.12.2 Antibodies for flow cytometry

Antibody species dilution/
concentration manufacturer

anti-DYKDDDDK-PE human 1:200
Miltenyi Biotec, Bergisch
Gladbach,
Germany

anti- Lrp1 (8G1) mouse 1:1000
Santa Cruz Biotechnology Inc.,
Santa
Cruz, USA

anti-TRAILR1 (MAB347) mouse
IgG1 4 µg/ml R&D Systems, Wiesbaden-

Nordenstadt, Germany

anti-TRAILR2
(MAB6311)

mouse
IgG2b 4 µg/ml R&D Systems, Wiesbaden-

Nordenstadt, Germany

anti-TRAILR3
(MAB6302)

mouse
IgG1 4 µg/ml R&D Systems, Wiesbaden-

Nordenstadt, Germany

anti-TRAILR4 (MAB633) mouse
IgG1 4 µg/ml R&D Systems, Wiesbaden-

Nordenstadt, Germany
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isotype control mouse
IgG1  1:100 BD Pharmingen, Heidelberg,

Germany

isotype control mouse
IgG2b  1:100 BD Pharmingen, Heidelberg,

Germany

isotype control mouse
IgG2b  1:100 R&D Systems, Wiesbaden-

Nordenstadt, Germany

isotype control mouse
IgG2a  1:100 BD Pharmingen, Heidelberg,

isotype control rabbit  1:100 Cell Signaling Technology,
Danvers, MA, USA

Alexa Fluor 488
conjugated goat
anti- mouse IgG (H+L)

goat 10 µg/ml Thermo Fisher Scientific Inc.,
Waltham, USA

2.12.3 Antibodies for ELISA

Antibody species dilution/
concentration manufacturer

anti-FLAG® M2-HRP  mouse IgG1  1:15,000 Sigma-Aldrich, Germany

anti- human IgG (Fc)
specific- alkaline
phosphatase antibody

goat 1:1000 Sigma-Aldrich, Germany

anti- human IgG (Fc)
CH2 Domain:HRP mouse 1:500 Bio-Rad Antibodies, Germany

2.13 Softwares and online tools

Clone Manager Professional 7 Scientific & Educational software, Carey,
USA

ExPASy Prot Param Tool http://web.expasy.org/protparam/

fiji distribution of ImageJ (Schindelin et al.,
2012)

Flowing software 2.5.1
Cell Imaging Core, Turku Centre for
Biotechnology, University of Turku and
Åbo Akademi University



59

FlowJo 7.6.1 Tree Star Inc., Ashland, Oregon, USA

GraphPad Prism 7 GraphPad Software Inc., San Diego, CA,
USA

MACSQuantify
MACS Miltenyi Biotec, Bergisch Gladbach,
Germany

RCSB protein databank
http://www.pdb.org/pdb/home/home.do

BLAST
http://blast.ncbi.nlm.nih.gov/Blast.cgi

Zen Lite 2011 (black edition) Carl Zeiss MicroImaging GmbH, Jena

Flex Control and Flex Analysis
Bruker Daltronics, Massachusetts, United
States
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3 Methods
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3.1 Cell culture

All the cell lines used were grown in their respective medium with supplements, as

mentioned below. The cells lines were cultured in a T75 flask and maintained at 37°C

with 5% CO2 in a humidified atmosphere. Once the cells reached 90% confluency, they

were prepared for cell passaging. For which, cells were washed with phosphate-

buffered saline (PBS) of pH 7.4 to deactivate the medium followed by detaching the

cells with 2 ml of 1x trypsin/ ethylenediaminetetraacetic acid (EDTA) (15400054, Life

technologies, Gibco, Karlsruhe, Germany) for 5 min in the incubator. Later, the cells

were resuspended in medium to stop the trypsin reaction. The cell suspension was

transferred to a 15 ml falcon tube and centrifuged at 300 x g for 5 min (Eppendorf

centrifuge 5810R, Hettich lab technologies, Tuttlingen, Germany). The supernatant

was removed, and the cell pellet was resuspended in medium to have 1:5 dilution in

T75 flask. For cell seeding, the cell pellet was resuspended in 2 ml of medium, and 10

μl of it was mixed with 10 μl of trypan blue solution, and 10 μl of the mixture was added

to the Neubauer counting chamber (Paul Marienfeld, GmbH & Co. KK,

LaudaKönigshofen, Germany). The cell number was obtained by taking the mean of

unstained cells multiplied by the volume of cell suspension loaded, multiplied by 104.

For permanent storage, the cell pellet was resuspended in 500 μl of respective growth

medium and 500 μl freezing medium (10 % dimethyl sulfoxide (DMSO) in FCS) and

added to a cryovial (CELLSTAR, Greiner bio-one, Frickenhausen, Germany), which

was then transferred to -80°C (HT5786-A, Hettich lab technologies, Tuttlingen,

Germany).
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Table 1: Cell lines

Cell line Medium Supplement

HCT116 RPMI 1640 medium (+ 2 mM L-glutamine) 10 % FCS

Hela RPMI 1640 medium (+ 2 mM L-glutamine) 10 % FCS

hCMEC/D3 EndoGROTM - MV Complete Media Kit 1 ng/mL Fibroblast

growth factor 2

(FGF-2).

bEnd.3 DMEM medium (+4.5g/L L-glutamine, L-glucose) 10 % FCS

A172 DMEM medium (+4.5g/L L-glutamine, L-glucose) 10 % FCS

MEF DMEM medium (+4.5g/L L-glutamine, L-glucose) 10 % FCS

HEK293 FreeStyle™ F17 Expression Medium 4 mM GlutaMAX,

0.1% Koliphor P188

3.2 Cloning steps

3.2.1 Polymerase chain reaction

Polymerase chain reaction (PCR) was performed to amplify the required DNA

fragments with specifically designed primers. The composition of the PCR mixture was

included as in Table 2. The standard PCR program includes five steps and during the

steps, temperature, cycles and time were modified depending on the factors

mentioned. The PCR program consisted of an initial denaturation step (94°C for 5 min),

35 cycles of denaturation (94 °C for 1 min), annealing (temperature based on the

primers, 1 min), elongation (72 °C for time based on the length of the PCR fragment)

and final elongation step (72 °C for 5 min). Subsequently, the amplified DNA fragments

were loaded on agarose gel and extracted.
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Table 2: PCR mixture content

DNA template (10 ng/μl to 100 ng/μl) 1 μl

DNA polymerase 1 μl

dNTPs (5 mM each) 1 μl

Forward primer (10 μM 1 μl

Reverse primer (10 μM) 1 μl

DNA Polymerase buffer 10 μl

dH2O 35 μl

3.2.2 Agarose gel electrophoresis and DNA extraction

The amplified or the digested DNA fragments after PCR and restriction digestion,

respectively were run through horizontal agarose gel electrophoresis. Based on the

size of the DNA, 0.7 to 1 % of agarose (Carl Roth GmbH & Co. KG, Karlsruhe,

Germany) was dissolved in TAE buffer by heating. 6X DNA loading buffer was added

to the DNA samples and loaded on agarose gel containing 1 μg/μl of ethidium bromide

for visualization under UV light source. The gel was run at 100 V for 30 min. Then, the

DNA fragments of respective size were cut out from the gel and purified by

Nucleospin® Gel and PCR Clean- up kit (740588.50, Machery-Nagel, Düren,

Germany) according to the manufacturer’s protocol.

3.2.3 Restriction digestion and ligation

For the restriction digestion, total PCR product or 3 μg of vector DNA were used. The

sample volume was made up to 50 μl with 1 μl of each restriction enzymes, buffer and

dH2O. The mixture was incubated for 2 h. 1 μl of FastAP was added to the vector DNA

to prevent religation.  After the restriction digestion, the digested products were run

through agarose gel electrophoresis and extracted by Nucleospin® Gel and PCR

Clean- up kit according to the manufacturer’s protocol. Ligation was performed with T4

DNA ligase enzyme. The digested and purified vector (100 ng to 200 ng) and insert
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were usually ligated in the molar ratio of 1:3 to 1:5 with 1 μl of T4 DNA ligase, 5 μl

ligase buffer in a total volume of 40 μl for 1 h at RT. The whole was performed with

Thermo Fisher Scientific products (Waltham, MA, USA)

3.2.4 Transformation of E. coli cells

DH5 alpha competent E. coli cells were thawed on ice prior to transformation. 10 ng of

ligated plasmid was diluted in 20 μl of H2O. To which, 40 μL of TCM buffer (10 mM

Tris-HCI, pH=8.0, 10 mM CaCl2 and 10 mM MgCl2) was added. For the

transformation, 100 μl of competent cells were added to the mixture and incubated for

10 min on ice, followed by 1 min of heat shock at 42 °C and then 1 min incubation on

ice. To the bacteria, 1 ml of LB medium was added and incubated in a shaker

(Eppendorf Thermomixer F1.5, Merck KGaA, Darmstadt, Germany) at 37 °C for 1 h.

The mixture was centrifuged, and the cell pellet was resuspended in 50 μl of LB

medium and streaked on LB agar plates with 100 μg/ml of Ampicillin. The plates were

incubated overnight at 37 °C. The next day, one colony was picked and added to 150

ml of LB medium containing 100 μg/ml of Ampicillin and incubated in orbital shaker

overnight at 37 °C.

3.2.5 Plasmid-DNA preparation

After the incubation, the plasmid DNA was prepared utilizing DNA Midi kits. One clone

from the LBAMP plate was picked and used as an overnight culture in 150 ml LB medium

containing Ampicillin. Plasmid DNA was purified with NucleoBond® Xtra Midi kit

(740410.50, Machery-Nagel, Düren, Germany) for Midi preparation according to

manufacturer’s protocol. The same protocol was followed for re-transformation of

plasmid DNA but with 1 μl of DNA sample.

3.2.6 DNA concentration determination and sequence analysis

The DNA concentration was estimated by measuring the absorbance at 260 nm using

NanoDrop™ ND-1000. Respective primers were added to the produced DNA and sent
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to GATC Biotech AG (Constance, Germany) for sequence analysis. The obtained

sequencing data were compared with BLAST analysis data using online program

‘nucleotide BLAST’ from NCBI to check for mismatches.

3.3 Eukaryotic protein production

3.3.1 Maintenance of suspension HEK cells for production

HEK293-6E cells with DR5 knockout were generated by Dr. Martin Siegemund

(Institute of Cell Biology and Immunology, University of Stuttgart, Germany). The

constructs with TRAIL were produced using HEK293-6E with DR5 KO cells and the

rest were produced using HEK293-6E cells. The HEK293-6E cells are suspension cells

and were grown in Erlenmeyer flasks and maintained in F17 expression style medium

(A13835-02, Life Technologies, Gibco, Karlsruhe, Germany) supplemented with 4 mM

GlutaMAX (35050-038, Life Technologies, Gibco, Karlsruhe, Germany), 0.1% Koliphor

P188 (K4894-500G, Sigma Aldrich, Germany) and with 4 μg/mL Puromycin (for

HEK293-6E cells with DR5 KO) on orbital shaker at 115 rpm, 37°C, 5% CO2. For the

production, the cells were centrifuged, counted using CASY cell counter (Omni Life

Sciences, Germany) and expanded until their exponential growth phase (1.5 to 2 x 106

cells/ml). One day prior to transfection, 1.2 x 106 cells/ml were collected and added to

360 ml of F17 Expression Style Medium supplemented with 4 mM GlutaMAX, 0.1%

Koliphor P188, without Puromycin.

3.3.2 Transfection with polyethyleneimine (PEI) and protein
harvesting

On the day of transfection, the cells were counted and checked for their viability. For

the transfection, 20 ml of F17 medium were vortexed with 400 μg plasmid DNA and 20

ml of F17 medium was vortexed with 1200 μL (1mg/mL) PEI separately and incubated

for 2 min. Later, the PEI mixture was added to the DNA mixture and incubated in RT

for 15 min. The 40 ml mixture was added to the 360 ml cell suspension and maintained

on orbital shaker. After 24 h, 0.5% tryptone N1 (TN1, Organotechnie S.A.S, France)
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and 10 μM ZnCl2 (only for the production of TRAIL constructs) were added to the cell

suspension. The cells were maintained on orbital shaker for 96 h at 115 rpm, 37°C,

5% CO2. After 96 h, the cell suspension was centrifuged at 2000 x g for 30 min at 4°C.

The supernatant containing protein was collected and sterile filtered followed by

purification.

3.4 Purification of proteins

3.4.1 FLAG affinity chromatography

The constructs with TRAIL moieties were purified through anti-FLAG antibody agarose.

The anti-FLAG M2 affinity resin (A2220, Sigma Aldrich, Germany) was equilibrated by

washing with 100 mM Glycin-HCl, pH 3.5 followed by five washing steps with DPBS.

After that, to the sterile filtered supernatant, the M2 FLAG affinity resin was added and

incubated rolling overnight at 4°C. The next day, the affinity resin along with target

protein was collected by centrifuging at 1000 g for 10 min and transferred to a

chromatography column. The resins were washed with DPBS and the bound protein

was eluted with DPBS containing 100 μg/ml FLAG peptide. The wash and elution steps

were analysed by Bradford assay (10 μl of wash or protein sample was added to 90 μl

of Bradford reagent (K015.3, Carl Roth GmbH & Co. KG, Karlsruhe, Germany)). The

proteins were carefully eluted and dialyzed against 5 I PBS overnight at 4°C.

3.4.2 Protein A affinity chromatography

TRAIL-R2-Fc, TRAIL-R2-mFcLALA, FcΔab-ANG2 and ANG2-FcΔab fusion proteins were

purified through protein A affinity chromatography. 3 ml of protein A Sepharose (50 %

slurry) were added to the column and equilibrated with 30 ml H2O and 30 ml binding

buffer (PBS). The protein A Sepharose were collected carefully with a Pasteur pipette

from the column and added to the sterile filtered supernatant and incubated rolling

overnight at 4°C. The next day, supernatant with beads was centrifuged at 700 g at

4°C for 5 min (Heraeus Multifuge 3-LR, Hettich lab technologies, Tuttlingen, Germany).

The beads were loaded on to the column with a small volume of supernatant and
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washed with 5-10 SV binding buffer. The proteins were eluted with 8.5 ml of 100 mM

Glycin-HCI pH 3.0. The wash and elution steps were analysed by Bradford assay as

in 3.5.1. The protein A Sepharose beads were regenerated with 10 ml of elution buffer

and 10 ml of H2O and stored in 20% EtOH at 4°C.

3.5 Biochemical characterisation of proteins

3.5.1 Determination of protein concentration

Protein concentration c (μg/μL) was determined by measuring the absorption (A) at

280 nm with a NanoDropTM ND-1000 spectrophotometer using the molecular mass

MW (g/mol) and the molar extinction coefficient ε (M-1cm-1) of the respective protein.

Molecular weight and extinction coefficient was determined by using the online tool

‘Expasy ProtParam’. The Beer-Lambert equation was used to calculate the

concentration of protein:

𝐶 =
𝐴
𝜀

.𝑀𝑊

3.5.2 Size exclusion chromatography

The purified proteins were analysed through size exclusion chromatography. 35 to 40

μl of 0.3 μg/ml protein was collected and applied on a Superdex 200 10/300 GL column

using PBS as mobile phase and a flow rate of 0.5 ml/min. The fractions were collected

and the fractions with targeted protein molecular weight were pooled. Proteins with

aggregates, multimers or cleavage products were further purified by size exclusion

FPLC. Size exclusion was performed by Doris Göttsch (Institute of Cell Biology and

Immunology, University of Stuttgart, Germany).
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3.5.3 SDS-PAGE

2 μg of protein samples were mixed with Laemmli loading buffer (reducing and non-

reducing conditions) and incubated for 5 min at 95°C. They were loaded into Bolt 4-

12% Bis-Tris Plus Gel along with PageRulerTM prestained protein ladder. The gel was

boiled in ddH2O and incubated in Coomassie solution for 1 h at RT. The incubated gel

was destained with Coomassie destaining solution. The gel was visualized using the

photo scanner Epson Perfection V200 (Saiko Epson Corporation, Amsterdam,

Netherlands).

3.5.4 Crystal violet cell viability assay

To test the cell death efficacy of TRAIL treatments, crystal violet assay was performed

on HCT116 cells. 10,000 HCT116 cells/ well were seeded in 100 μl medium in 96-well

plate (F bottom) and incubated for 24 h at 37°C, 5 % CO2. 200 μl of serial diluted

proteins were added to the cells and were incubated for 16 h at 37 °C, 5 % CO2. After

incubation for 16 h, the cells were washed with PBS and 50 μl/well of crystal violet

staining solution was added and incubated for 15 min at RT. Staining was removed

and the cells were left to dry overnight at RT. 100 μL of methanol was added per well

and the absorption was measured at 570 nm on a microplate reader (SPARK, Tecan,

Männedorf, Switzerland).

3.6 Mass spectrometry - MALDI

scTRAIL-Fc-ANG2 and Fc-scTRAIL were loaded on Bolt 4-12% Bis-Tris Plus pre-cast

gel with Bolt MES SDS running buffer (20X) placed on Bolt Mini Gel Tank chamber

(Thermo Fisher Scientific). The gel was washed with Milli-Q water to remove the buffer

and then stained with instant Coomassie blue (11022018, Expedeon). After staining,

the gel was again washed with Milli-Q water. The stained protein bands were cut,

washed with Milli-Q water and then centrifuged for 1 min at 11,000 rpm. To the gel

pieces, 200 μl of 50 mM NH4HCO3 (09830-500G, Sigma Aldrich, Germany) and 100%

acetonitrile (4722.1, Carl Roth, Germany) 1+1 (v/v) was added and incubated in the
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shaker for 15 min. The solution was discarded and the gel was incubated with 50 μl of

100% acetonitrile for 5 min for dehydration. Once the gel was shrunk, acetonitrile was

removed and 50 mM of NH4HCO3 was added to the gel and incubated for 5 min for

rehydration. Then an equal volume of acetonitrile was added and incubated for 15 min

while shaking. The remaining solution was removed and the gel was air dried in a

vacuum centrifuge. For the in-gel digestion, the air-dried gel particle was digested with

a solution of 5 ng/ml Trypsin (sequencing grade modified Trypsin, Promega,

Germany), 50 mM NH4HCO3 and 100% acetonitrile and incubated overnight at 37°C.

The supernatant was removed and 25 μl of TA20 (20% acetonitrile and 0.1% of

Trifluoroacetic acid, TFA (P088.2, Roth) was added. The gel particles were

ultrasonicated (USR32H, Merck eurolab, Germany) for 5 min and incubated for 30 min.

The supernatant was collected and the steps were repeated with TA50 (50%

acetonitrile and 0.1% of TFA). The supernatants were combined and dried for 1 h in a

vacuum centrifuge (Eppendorf, concentrator plus, Germany). The dried pellet was

dissolved in 10 μl of 0.1% TFA. 1 µl of the sample was added to the MALDI target plate

(MTP Anchor Chip 384TF, Bruker Daltronics, Germany). After drying, 1µl of Matrix

solution (0,7mg/ml a-Cyano-4-hydroxycinnamic acid (39468-10x10MG, Sigma Aldrich,

Germany) was dissolved in a solvent mixture containing 85% acetonitrile, 15% H2O,

0,1% TFA and 1mM NH4H2PO4 (17842, Fluka, Germany) was spotted above the

sample. For peptide calibration 0.5 µl Peptide Calibration Standard II (222570, Bruker

Daltronics, Germany) was spotted on the same target plate. The plate was inserted in

the MALDI-TOF machine (BrukerTM Autoflex Speed MALDI TOF, Germany) and the

samples were analysed using Flex Control and Flex Analysis software.

3.7 Flow cytometry

3.7.1 Flow cytometric measurement of surface death receptors

The cells were cultivated in T75 flasks until they reached 90% confluency. For the flow

experiment, the cells were washed with PBS and harvested by incubating with 1 x

trypsin for 5 min at 37°C. Later, the medium was added to stop the trypsin reaction and

cells were centrifuged at 300 x g for 5 min. Then, cells were counted and 1 x 105 cells

per well were added to a 96-well plate (V bottom) and spun down with 300 g for 5 min
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at 4 °C. The pellet was resuspended in ice-cold PBA (0.05% (w/v) bovine serum

albumin (BSA) + 0.02% (w/v) NaN3 in PBS) and spun again to remove the leftover

medium. The supernatant was removed, and the pellet was resuspended in 100 μL

ice-cold PBA containing the primary antibody (dilution 1:100) and incubated on ice for

1 h. Afterwards, 100 μL calibration beads were added to an empty well. The cells were

washed again with PBA and resuspended in 50 μL of secondary antibody (dilution

1:50) in PBA. The cells were left to incubate for 45 min on ice and in the dark. The cells

were spun down and washed with 100 μL PBA and then transferred to a 96-well plate

(U bottom). The fluorescence was measured by flow cytometry (MACSQuant Analyser

10, Miltenyi Biotec). The number of cell surface receptors were measured against

DAKO QIFIKIT (Dako, Agilent Technologies, Santa Clara, USA) beads as per

manufacturer’s instructions. IgG1 (anti-TRAILR1, anti-TRAILR3, anti-TRAILR4) and

IgG2b (anti-TRAILR2) were used as isotype controls.

Table 3: QIFI Kit calibration beads with its respective number of receptors

Calibration Number of antibody molecules per bead

B 1700

C 9800

D 50000

E 220000

F 723000

3.7.2 Annexin V/PI cell death measurement

A172 and hCMEC/D3 cells were seeded in a 96-well plate (F bottom) and let to attach

and grow for two days. Then, the cells were treated with scTRAIL-Fc-ANG2, scTRAIL-

ANG2 and IZI1551 in serial dilution for 24 h. After the incubation of cells with the

constructs, the supernatant was transferred to a 96-well plate (U bottom) and the cells

were washed with PBS, which was transferred to the plate with supernatant. The

supernatant was spun down at 300 x g for 5 min and the cells from the 96-well plate

(F bottom) were detached by incubating with 1 x trypsin for 5 min. The detached cells

were harvested with 90 μL from the supernatant that was centrifuged and was
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transferred to the V bottom plate followed by centrifugation at 300 x g for 5 min. The

supernatant was removed, and pellets were resuspended in Annexin V binding buffer

(BD Pharmingen, BD Biosciences) containing Propidium Iodide (Biolegend, Germany

or Sigma Aldrich, Germany) (2 μg/ml) and Annexin V-GFP (produced in-house) (1:200)

and incubated in the dark for 10 min. Measurements were done on a MacsQuant flow

cytometer (MACSQuant Analyser 10, Miltenyi Biotec)

3.7.3 Cell binding assays

The produced proteins were tested for their binding efficiency to different cell lines.

Cells were cultured in their respective medium at 37°C in a humidified incubator.

hCMEC/D3, bEnd.3 and Jurkat cells were washed with PBS and detached using 1x

trypsin/ ethylenediaminetetraacetic acid (EDTA) and washed in cold PBA (1xPBS,

0.05% BSA and 0.02% Sodium Azide). The cell number was determined (50,000 cells

per well) and the cells were centrifuged. Firstly, the cell pellets were washed with PBA.

The cells were incubated with the protein constructs in a total volume of 100 μl. For

blocking TRAIL moieties in the constructs, the TRAIL constructs were incubated with

blocking construct TRAIL-R2-Fc (200-fold molar excess) for 30 min at 4°C. The cells

were incubated with different constructs in serial dilution for 2 h on ice. After incubation,

cells were washed with PBA and incubated for 2 h with the secondary antibody

depending on the detection moiety of the constructs. The binding was measured by

flow cytometry and the median fluorescence intensities were obtained for each

construct.

3.7.4 Analysis of flow cytometric data

To analyse the data generated by flow cytometry the software FlowJo 7.6.1 (Tree Star

Inc.), MACSQuantify (MACS Miltenyi Biotec) and flowing software 2.5.1 (Cell Imaging

Core, Turku Centre for Biotechnology, University of Turku and Åbo Akademi

University) were used.
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3.8 MTT assay

bEnd.3 cells were seeded in a 96-well plate (F bottom) and left to attach and grow for

24 h. Then, the cells were treated with scTRAIL-Fc-ANG2, scTRAIL-ANG2 and

IZI1551 in serial dilution for 24 h. After the treatment, 20 μl of MTT solution (5 mg/ml)

were added to each well including the wells without cells. The plate was incubated for

3-4 h in the incubator at 37°C. Later, the medium was aspirated and 200 μl of methanol

was added to each well and incubated for 10 min in the incubator. The absorbance

was measured at a wavelength of 570 nm with a Tecan plate reader (Infinite M200 or

SPARK, Tecan, Meannedorf, Switzerland).

3.9 Western Blotting

3.9.1 Protein extraction for western blotting

The cells were cultivated in 10 cm petri dishes and on the day of protein extraction, the

cells were harvested by trypsinization. The medium with dead cells was collected and

the cells were washed with PBS followed by trypsinization. The cells were spun down

at 300 g for 5 min at 4°C. Thereafter, the cells were resuspended in cold PBS and

centrifuged again. The supernatant was removed and cell pellets were stored at -20°C.

For protein extraction, the cell pellets were resuspended in lysis buffer and incubated

for 15 min on ice, then the samples were centrifuged for 15 min at 16000 g and the

supernatant was transferred to new reaction tubes. To determine the protein

concentration in the lysates, a Bradford assay was performed. The protein lysates were

diluted to 1:10, 1:20 in ddH2O and 10 μl of these dilutions were pipetted into a 96 well

plate in duplicates. At the same time, Bovine serum albumin (BSA) standard (Paesel

+ Lorei GmbH & Co; 0.0, 0.125, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0 mg/ml BSA diluted in

ddH2O) were used to generate a standard curve and a 1:10, 1:20 lysis buffer dissolved

in ddH2O was used as a blank. The Bradford Reagent (Carl Roth GmbH & Co) was

diluted 1:5 in water and 200 μl of this dilution were added to every well and incubated

for 5 min at RT and the absorbance was measured at a wavelength of 595 nm with a

microplate reader (Infinite M200 or SPARK, Tecan, Meannedorf, Switzerland). The
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protein concentration was calculated and then prepared with ddH2O and 5x loading

buffer with a final concentration of 1 μg/μl - 2 μg/μl protein. The samples were

incubated for 5 min at 95°C on a heat block (HBT-1-131, Haep Labor Consult,

Bovenden, Germany) and frozen at -20°C. For the SDS PAGE, the samples and the

molecular weight marker were loaded into Bolt 4-12% Bis-Tris Plus Gel1.0 mm x 15

well or Bolt 4-12% Bis-Tris Plus Gel 1.0 mm x 17 well with Bolt MES SDS Running

Buffer (20X) placed on Bolt Mini Gel Tank chamber (Thermo Fisher Scientific). The

proteins were separated in the gel at 150 V for about 40 min.

3.9.2 Protein transfer and western Blot

The separated proteins were transferred to a nitrocellulose membrane using the iBlot

2 Dry Blotting System (transfer settings: 20 V; 7 min, Thermo Fisher Scientific Inc.).

The transfer was visualized by incubating with Ponceau S staining for 30 min. Then,

the membranes were washed and incubated for at least 1 h with blocking reagent

(diluted 1:10 in TBST, Roche Diagnostics) washed three times with TBST for 10 min

and incubated with the primary antibody (diluted in TBST with blocking reagent (1:20)

and 0.02% (w/v) NaN3)) overnight at 4°C or for 1h at RT. After three more washing

steps with TBST, membranes were incubated with a horseradish peroxidase (HRP)

coupled secondary antibody (diluted in TBST with blocking reagent (1:20) 1 h at RT.

The membranes were washed and prepared for detection. For the detection process,

the membranes were incubated with an HRP substrate (SuperSignal West Pico ECL

Substrate/SuperSignal West Dura Extended, Pierce Protein Research Products;

Luminata Forte Western HRP Substrate, Merck Millipore) and detected with the

Amersham™ Imager 600 (GE Healthcare Bio-Sciences, Pittsburgh, USA).

3.10 Binding of the constructs to bEnd.3 cells

3.10.1 Immunocytochemistry

Cells were grown on coverslips coated with 2.5 μg/ml Collagen R solution (08-115,

Sigma-Aldrich). Once the cells were confluent, they were incubated with the constructs
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for 15 and 30 min at 37°C. After the incubation, cells were washed with PBS and fixed

with 4% paraformaldehyde (sc-281692, Santa Cruz) for 30 min. Thereafter, cells were

permeabilized with Triton X-100 in PBS for 10 min and blocked with 4% BSA. The cells

were incubated with primary antibodies for 1 h at RT and diluted in PBS followed by

washing and incubation with 4 μg/ml secondary antibodies for 45 min at RT. After

washing, cells were mounted with Fluoromount-G. Images were acquired on a confocal

laser scanning microscope (LSM 710, Carl Zeiss, Oberkochen, Germany) equipped

with a Plan-Apochromat 63x/1.4 Oil objective. DAPI was excited with a 405 nm diode

laser, its emission was detected from 410-490 nm. PE was excited with a 561 nm

DPSS laser, its emission was detected from 553-660 nm. Linear adjustments to

brightness and contrast, as well as maximum intensity projections were made using

the ZEN black software version 2.1 (Carl Zeiss). Images were quantified using

CellProfiler version 3.1.8 (McQuin et al., 2018). In brief, cells were segmented and

speckles in the PE channel under the cell mask were counted. Additionally, the mean

intensity in the red channel was measured for each cell.

3.11 Blood brain barrier transwell setup and transport assay

The bEnd.3 cells (30,000 cells/well), were seeded in 24-well transwell plates (0.33 cm2

surface area, 0.4 μm pore size) with their respective medium. Transendothelial

electrical resistance (TEER) was measured every day for 6-7 days using an EVOM 2

/ STX2 electrode to check the integrity of barrier cells. The medium was changed once

in two days. Two negative controls without the cells were maintained to subtract from

the resistance of the samples. To establish BBB barrier with hCMEC/D3 cells, the cells

were seeded on the wells coated with type I rat tail collagen (10 μg/cm2 diluted in PBS).

Once the stable TEER value was reached, the cells were prepared for the transport

experiment. The cells were preincubated cells for 1 h with 50 μM QVD with medium.

After that, the medium was removed, and the cells were washed with sterile PBS. BSA

(2%) with 20 nM of FcΔab-ANG2, ANG2-FcΔab, scTRAIL-Fc-ANG2 and Fc-scTRAIL

(IZI1551) were added to the wells with cells and incubated at 37°C. After 1 h, the

sample from the top and bottom were taken and measured using ELISA. The top well

samples were diluted 1:20 for the measurement.
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3.12 ELISA for the transport measurement

To measure the constructs transported across the Blood brain barrier transport setup,

ELISA was performed. The ELISA plates were coated with anti-human IgG (Fc) diluted

(1:1000) in ELISA coating buffer and left overnight at 4°C. The next day, ELISA plates

were washed with ELISA washing buffer three times and blocked with 2% BSA in PBS

for 1 h. Plates were rinsed with washing buffer five times. 100 μl of the samples from

the transwell and also the samples for the standard were added to the ELISA plate and

incubated for 2 h at RT. The plates were again washed with washing buffer for five

times. The plates were incubated with the detection antibody anti-human IgG (Fc) CH2

Domain: HRP diluted (1:500) in 2% BSA for 2 h at RT. The plates were washed seven

times with washing buffer and then incubated with TMB substrate for 5 to 10 min. After

that, to stop the reaction, the ELISA stop solution was added. A standard curve was

established for each construct and the transported proteins in the transwell were

determined by interpolation from the standard curve and under consideration of the

dilution factor. The absorbance was measured at a wavelength of 450 nm with a Tecan

plate reader (Infinite M200 or SPARK, Tecan, Meannedorf, Switzerland).

3.13 Statistical analysis

GraphPad Prism 7 (GraphPad Software, San Diego) was used to analyse all data.

Data are shown as mean values plus and minus the standard deviation (SD) or

standard error of the mean (SEM). Statistical significance of difference between groups

was performed by indicated significance test. Parametric tests were performed only

after confirming normal distribution of the data using the D'Agostino & Pearson

omnibus normality test. Significance levels were denoted with asterisks: * = p ≤ 0.05;

** = p ≤ 0.01; *** = p ≤ 0.001 **** = p ≤ 0.0001.
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4 RESULTS
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4.1 Production and characterisation of apoptosis and
transcytosis inducing CNS-targeted fusion proteins

Second-generation hexavalent TRAIL fusion proteins have evolved as a potential

treatment strategy against GBM (Hutt et al., 2017; Boccellato et al., 2021). Therefore,

in the first part of this study, CNS-targeted TRAIL fusion proteins were generated to

render both apoptosis in GBM cells and transcytosis across the BBB. The produced

fusion proteins required biochemical characterisation and quality controls to verify their

robust apoptosis and efficient transcytosis.

4.1.1 Designing, production and purification of CNS-targeted TRAIL
fusion proteins

Three functional units were included in the CNS-targeted fusion proteins, the

crystallisable fragment (Fc) domain of a human IgG including the hinge region, a single

chain format of trimeric TRAIL (scTRAIL) and ANG2. These units were used to yield

the final construct with dimerisation (Fc; Figure 7A), apoptosis induction (scTRAIL;

Figure 7B) and CNS-targeting (ANG2; Figure 7C) properties.

Figure 7: Functional units of a CNS-targeted TRAIL-receptor agonist. (A) Fc part of IgG
for dimerisation (B) scTRAIL for apoptosis and (C) Angiopep-2 for transcytosis.

scTRAIL consists of three copies of the extracellular domain, amino acid residues 118

to 281 of TRAIL interspaced by single glycine residues forming a single chain soluble

trimer. Angiopep-2, a synthetic peptide derived from the kunitz domain of aprotinin,

was used to target Lrp1-receptors on the blood-brain-barrier cells (Demeule, Régina,
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et al., 2008; Demeule, Currie, et al., 2008). Fc-scTRAIL, consisting of two trivalent

scTRAIL units dimerised via their fusion to the C-terminus of an IgG1 Fc and previously

demonstrated to induce highly efficient apoptosis, was used as a base model to

generate the TRAIL fusion proteins (Siegemund et al., 2016; Hutt, 2017).

To render apoptosis and transcytosis simultaneously, TRAIL and ANG2 moieties were

fused together. To combine the superior apoptosis induction of Fc-scTRAIL with

ANG2, scTRAIL was fused to the N-terminus of human IgG1 Fc with a flexible glycine-

serine linker (GGSGG)2 and ANG2 was fused to the C-terminus of the Fc interspaced

with a (G4S)2 linker (Figure 8A ii, Figure 8B ii). The resulting hexavalent TRAIL

construct included two ANG2 moieties per molecule. The trivalent construct was

generated by fusing scTRAIL to the N-terminus of ANG2 with a flexible glycine-serine

linker (GGSGG)2. The resulting trivalent construct included one ANG2 moiety per

molecule. Notably, TRAIL-ANG2 fusion proteins were created (Figure 8b ii and iii) with

ANG2 on the C-terminus in accordance with previous studies (Böckenhoff et al., 2014;

Ji et al., 2019).

The constructs were designed, cloned and produced in stably transfected HEK293-6E

cells with DR5 KO to eliminate the binding of TRAIL molecule to DR5 receptors in the

cells. The leader peptide from Igκ light chain was fused to the N-terminus of the protein

of interest and that enables secretion of the protein into the supernatant and the

cleavage of the Igκ light chain leader peptide during export as described in previous

studies (Siegemund et al., 2014). The FLAG-tag was included at the N-terminus for

the purification through FLAG affinity chromatography. The scTRAIL-Fc-ANG2 and

scTRAIL-ANG2 were produced with the yield of 10 mg/l and 2.7 mg/l of cell culture

supernatant respectively and were ready for purification.
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Figure 8: Designing CNS-targeted TRAIL-receptor agonists. (A) Composition and (B)
schematic assembly of scTRAIL variants. L1, (GGSGG)2 linker. L2, (GGSGG)4 linker. L3,
(G4S)2 linker. L4, (GGSGG)2 linker.

4.1.2 Biochemical characterisation of CNS-targeted TRAIL fusion
proteins

In order to eliminate any aggregates, fast protein liquid chromatography-size exclusion

chromatography (FPLC-SEC) was performed for scTRAIL-Fc-ANG2 and scTRAIL-

ANG2 fusion proteins. SDS-PAGE was performed to check the purity, oligomerisation

status and the quality of the CNS-targeted TRAIL fusion proteins. For the hexavalent

scTRAIL-Fc-ANG2, β-mercaptoethanol was used to reduce the disulfide bonds in the

Fc part of IgG. Under reducing conditions, scTRAIL-Fc-ANG2 ran corresponding to its

predicted monomeric molecular weight as a clear single band at approximately 88.3

kDa (Figure 9A). Under non-reducing conditions, the dimeric scTRAIL-Fc-ANG2 was

observed as a single band at 176.6 kDa (Figure 9A). The monomeric protein, scTRAIL-
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ANG2 was observed at the predicted molecular weight of 61.43 kDa under non-

reducing conditions (Figure 9B). Correlating with purity shown by SDS PAGE, in size-

exclusion chromatography (SEC), both the proteins were eluted as one clear peak with

no aggregates (Figure 9C and Figure 9D). Overall, the biochemical characterisation

proved that the CNS-targeted TRAIL fusion proteins are pure, intact and correctly

oligomerised. Fusion proteins were designed and successfully purified to confer the

specific GBM killing of hexavalent TRAIL-receptor agonists with enhanced CNS

delivery properties of ANG2.

Figure 9: Biochemical characterisation of CNS-targeted TRAIL fusion proteins. (A) SDS
PAGE of indicated constructs was performed with (R) or without the reducing agent (NR) β-
mercaptoethanol and stained with coomassie blue. 2 µg of the protein was loaded. (B) Size
exclusion HPLC chromatogram of indicated constructs with elution time. kDa, kilodalton. MW,
molecular weight. mAU, milli absorbance unit.
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4.1.3 Validation of apoptotic functionality of scTRAIL-Fc-ANG2 and
scTRAIL-ANG2 in TRAIL sensitive HCT116 cells

After successful production of pure CNS-targeted TRAIL fusion proteins and prior to in

depth apoptosis analysis, a rapid cell viability assay was performed to ascertain basic

apoptosis functionality of the constructs. The human colon cancer cell line HCT116, a

well-established TRAIL responsive cell line, was used for this analysis in a crystal violet

assay. The HCT116 cells were treated with scTRAIL-Fc-ANG2, scTRAIL-ANG2 and

Fc-scTRAIL in a serial dilution for 16 h. Fc-scTRAIL was used as a positive control in

this test. During this assay, the dead cells detach and are washed away and the

remaining live attached cells are stained with crystal violet dye, which binds to protein

and DNA of the cells allowing measurement by absorbance at 570 nm. A time-

dependent reduction of viable cells was observed after scTRAIL-Fc-ANG2 treatment,

with a loss of 80% of cells at maximal concentration (Figure 10A). As expected from

previous studies, trivalent TRAIL showed reduced apoptotic efficiency than hexavalent

Fc-scTRAIL (Siegemund et al., 2016). Only 20% of viable cells were lost at the maximal

concentration with the trivalent scTRAIL-ANG2 (Figure 10B).

Figure 10: Validation of apoptosis functionality of CNS-targeted TRAIL fusion proteins.
Dose dependent response of HCT116 colon cancer cells to (A) Fc-scTRAIL or scTRAIL-Fc-
ANG2 (B) Fc-scTRAIL or scTRAIL-ANG2 after 16 h stimulation with different concentrations
of the constructs. Cell viability was measured by crystal violet assay from one experiment.
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4.1.4 Mass spectrometry identification of Angiopep-2 in CNS-
targeted TRAIL fusion protein

As a part of quality control, MALDI-TOF (matrix assisted laser desorption ionization -

time of flight) mass spectrometry was performed to verify the presence of ANG2 in the

CNS-targeted fusion protein. For that, scTRAIL-Fc-ANG2 was compared with ANG2

lacking Fc-scTRAIL. In MALDI-TOF, the sample protein is reduced, trypsinised and

placed on a matrix, which is an energy absorbent. Once the laser is applied to the

sample-matrix mixture, the matrix absorbs the laser and releases the heat to the

sample. This leads to desorption and ionization of the sample to generate singly

charged ions. The charged analytes are measured by Time of Flight (TOF) mass

analyser. At the end, the detected peptide sequence is compared with the actual

peptide of interest and therefore this technique helps in identification of the ANG2 part

of the fusion protein.

For the analysis, the fusion proteins were run on SDS PAGE and collected. They were

digested with 5 ng/ml, 10 ng/ml and 20 ng/ml of trypsin. The samples were analysed

using MALDI-TOF Bruker machine and the peaks were fitted using Flex analysis

software. Figure 11 shows the generated mass spectrum of analytes in which mass-

to-charge is plotted against intensity. The Fc-scTRAIL spectrum showed peaks at (m/z

= 1138), (m/z = 1367), (m/z = 1607), (m/z = 1873), (m/z = 2066), (m/z = 2580) similar

to scTRAIL-Fc-ANG2 spectrum as shown in Figure 11B. Importantly, an additional

peak, (m/z = 1621.8), was observed in scTRAIL-Fc-ANG2 spectrum and it indicated

the presence of the sequence GGGGSGGGGSTFFYGGSR. This detected sequence

is a part of the linker and ANG2 and it confirmed the presence of Angiopep-2 in the

scTRAIL-Fc-ANG2 fusion protein.
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Figure 11: Presence of Angiopep-2 in the CNS-targeted TRAIL fusion protein. MALDI-
TOF spectrum of (A) Fc-scTRAIL and (B) scTRAIL-Fc-ANG2. The intensities of ions are shown
on the Y axis and the masses of the ions are shown on the x axis. m/z, mass-to-charge ratio.
Data shown from one mass spectrometry analysis. The experiment was performed with the
Dr. Sarah Weirich from the Institute of Biochemistry and Technical Biochemistry.
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4.1.5 Designing and production of transcytosis inducing fusion
proteins: FcΔab-ANG2 and ANG2- FcΔab

In order to understand the transcytotic potential of Angiopep-2 on its own in a fusion

protein format and also to serve as a positive control for this study, two separate ANG2-

positive control proteins were generated. The proteins were designed by fusing ANG2

to the C- or N- terminal end of an Fcγ receptor binding (FcγR)-deficient mutant Fc

(FcΔab), interspaced with a glycine-serine linker (G4S)2 (Armour et al., 1999) (Figure 12

A and B). The resulting proteins had two Angiopep-2 moieties per molecule. These

fusion proteins were produced by using stable transfected HEK293T suspension cells.

They were tag free proteins and were purified by protein A affinity chromatography. In

protein A affinity chromatography, the proteins are purified by protein A Sepharose

beads that bind to the Fc region of IgG. The FcΔab-ANG2 and ANG2-FcΔab fusion

proteins were produced with the yield of 2.2 mg/l and 6.4 mg/l of cell supernatant,

respectively.

Figure 12: Designing transcytosis inducing Angiopep-2 fusion proteins. (A) Composition
and (B) schematic assembly of FcΔab-ANG2 and ANG2- FcΔab. L5, (GGGGS)2 linker. L6,
(GGGGS)2 linker.
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4.1.6 Biochemical characterisation of FcΔab-ANG2 and ANG2- FcΔab

Size exclusion chromatography (FPLC-SEC) was performed for both the fusion

proteins to eliminate aggregates. SDS PAGE was performed to check the purity and

the quality of the fusion proteins. For both the proteins, β-mercaptoethanol was used

to reduce the disulfide bonds in the Fc part of IgG. The SDS PAGE shows that FcΔab-

ANG2 and ANG2- FcΔab appears at higher molecular weight than expected in reducing

(33 kDa, monomeric) and non-reducing (66 kDa, dimeric) conditions (Figure 13 A and

B).

Figure 13: Biochemical characterisation of transcytosis inducing Angiopep-2 fusion
proteins. (A) SDS PAGE of indicated constructs was performed with (R) or without the
reducing agent (NR) β-mercaptoethanol and stained with coomassie blue. 2 µg of the protein
was loaded. (B) Size exclusion HPLC chromatogram of indicated constructs with elution time.
kDa, molecular weight. mAU, milli absorbance unit.
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The FcΔab part has one N-glycosylation position, therefore, it affected the molecular

weight of the molecules. In HPLC, both the proteins eluted as one clear peak with no

unexpected aggregates (Figure 13 C and D). Altogether, the biochemical

characterisation proved that the ANG2 fusion proteins are pure and intact.

4.1.7 Production, purification and characterisation of soluble TRAIL
receptor proteins

To understand the nature of binding, soluble TRAIL receptor proteins were added to

this project. The soluble TRAIL receptors were created by fusing the extracellular

domain of TRAIL receptor to the human Fc region, to block TRAIL-mediated binding

to target cells. The fusion protein was produced in stably transfected HEK293 cells. As

it has an Fc region, the fusion protein was purified by protein A affinity chromatography.

The fusion proteins were produced with the yield of 18 mg/l of cell supernatant.

Figure 14: Biochemical characterisation of TRAIL-R2-Fc. (A) SDS PAGE of TRAIL-R2-Fc
was performed with (R) or without the reducing agent (NR) β-mercaptoethanol and stained
with coomassie blue. 2 µg of the protein was loaded. (B) Size exclusion HPLC chromatogram
of the construct with elution time. kDa, molecular weight. mAU, milli absorbance unit.

SDS PAGE was performed to determine the purity and integrity of the construct. The

protein ran approximately at 105 kDa in non-reducing condition and at 53 kDa under

reducing condition, which is higher than the calculated molecular weight of the protein.
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It could be due to the N-glycosylation position at the Fc-region of these fusion protein.

Under native conditions examined by size exclusion HPLC, TRAIL-R2-Fc eluted as

one major peak with a small fraction of aggregates.

The proteins were later checked for their binding ability to TRAIL moieties. For this

purpose, 200 ng of TRAIL-R2-Fc were coated on ELISA plates and increasing

concentration of Fc-scTRAIL were added to it. As the Fc-scTRAIL fusion protein is

FLAG tagged, the bound molecules were detected with anti-FLAG-HRP. Figure 15

indicates the binding of TRAIL-R2-Fc to TRAIL subunits. Therefore, the produced

soluble TRAIL-R2-Fc fusion protein is functional.

Figure 15: Binding of TRAIL-R2-Fc to TRAIL moiety in Fc-scTRAIL fusion protein
through ELISA. TRAIL-R2-Fc (200 ng/well) was coated and the binding was tested by adding
increasing concentration of Fc-scTRAIL. Bound molecules were detected with an anti-FLAG-
HRP. OD (450nm), OD of sample measured at 450 nm divided by OD of coating control. Data
shown as a representative of one experiment.

Since the binding of produced soluble TRAIL-R2-Fc was proven by ELISA, they could

be used later in this thesis for binding and transport studies, which helps in

understanding the contribution of ANG2 in binding to the BBB cells.

In later immunostaining studies, TRAIL-R2-mFcLALA was used to prevent non-specific

signal from anti-human Fc-based detection and engagement of Fc-receptors. The

TRAIL-R2-mFcLALA was cloned using the extracellular domain of human TRAIL-R2 and

fused with the primers to a murine Fc part containing the PGLALA-mutation vector.

The fusion protein was produced in stably transfected HEK293 cells and was purified

by protein A affinity chromatography. The protein ran approximately at 95 kDa in non-



      RESULTS

88

reducing condition and at 55 kDa under reducing condition, which is higher than the

calculated molecular weight of the protein. It could be due to the N-glycosylation

position at the Fc-region of these fusion proteins.

Figure 16: Biochemical characterisation of TRAIL-R2- mFcLALA . SDS PAGE of TRAIL-R2-
mFcLALA was performed with (R) or without the reducing agent (NR) β-mercaptoethanol and
stained with coomassie blue. 2 µg of the protein was loaded.

Overall, in this part of the thesis, apoptosis and transport inducing TRAIL fusion

proteins, ANG2 positive controls and TRAIL blocking peptides have been successfully

produced and purified for later apoptosis and transport studies.

Summary of the constructs and their functions:

Constructs Moieties Functions

scTRAIL-Fc-ANG2
scTRAIL-ANG2

scTRAIL, Fc, ANG2 Apoptosis and

transcytosis

FcΔab-ANG2
ANG2-FcΔab

FcΔab (Fc moiety lacking FcγRs receptor binding),
ANG2

Transcytosis

TRAIL-R2-Fc TRAIL-R2, Fc TRAIL blocking

TRAIL-R2-mFcLALA TRAIL-R2, mFcLALA (mouse Fc with reduced
binding to FcγRs)

TRAIL blocking
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4.2 Responsiveness of cancer cells to TRAIL treatment

4.2.1 Fusion of ANG2 to hexavalent TRAIL maintains its potency in
inducing apoptosis in cancer cells

In the previous section 4.1.3, it was demonstrated that CNS-targeted TRAIL fusion

proteins are able to reduce cell viability as shown by a crystal violet assay. To analyse

apoptosis induction itself, the cells were treated with TRAIL constructs and stained for

Annexin V-PI to identify apoptotic cells. HCT116 cells are positive controls whereas

A172 cells are cells of interest in GBM therapy design. Therefore, in this part, the cell

death induction was validated on A172 cells by Annexin V-PI assay.

The glioblastoma cell line A172 was treated with increasing concentrations of scTRAIL-

Fc-ANG2, scTRAIL-ANG2 and Fc-scTRAIL for 24 h and were stained for Annexin V-

GFP and PI. Annexin V is an intracellular protein that has high affinity for

phosphatidylserine (PS), which is present on the cytoplasmic surface of the plasma

membrane. During apoptosis, PS translocates to the extracellular side of the plasma

membrane and there can be detected by fluorescently labelled Annexin V (Annexin V-

GFP). To distinguish between dead and alive cells, Propidium Iodide (PI), that crosses

the membrane and binds between the bases of the DNA and RNA of dead cells, was

used. The gating for the analysis was performed as shown in Figure 17, lower left

quadrant, Q4, showing alive cells (AnV- PI-), the lower right, Q3, indicating early

apoptotic cells (AnV+ PI-), the upper right, Q2, indicating late apoptotic cells (AnV+

PI+) and the upper left, Q1, showing other dead cells (AnV- PI+). In the untreated

condition, 97% of the A172 cell population stayed in the lower left Annexin V-GFP− PI−

(Q4) quadrant, indicating that the cells are alive. Upon treatment with 0.1 nM of Fc-

scTRAIL and scTRAIL-Fc-ANG2, the cell population shifted to either early (Annexin V-

GFP+ PI−) or late apoptosis (Annexin V-GFP+ PI+) quadrant.

A strong response of cells to both hexavalent TRAIL constructs scTRAIL-Fc-ANG2 and

Fc-scTRAIL in a dose-dependent manner was observed (Figure 17). Moreover, the

EC50 values of Fc-scTRAIL (0.15 nM) and scTRAIL-Fc-ANG2 (0.11 nM) stayed in a

similar range. Similar to the crystal violet assay in Figure 10, the treatment with 0.2 nM

trivalent scTRAIL-ANG2 did not induce significant cell death and most of the cell
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population stayed in Annexin V-GFP− PI− (Q4) quadrant. The overall cell death analysis

experiment demonstrated that the addition of ANG2 did not affect the TRAIL potency

and the hexavalent TRAIL induced robust apoptosis in GBM cells.

Figure 17: ANG2 fusion does not affect the hexavalent TRAIL potency against cancer
cells. (A) A172 glioblastoma cells were treated with varying concentrations of indicated
construct for 24 h and viable cells were determined by Annexin V-PI negativity using flow
cytometry. Equimolar amounts of the TRAIL trimer were added i.e., 0.1 nM hexavalent
scTRAIL-Fc-ANG2 or 0.2 nM trivalent scTRAIL-ANG2. Data are shown as mean ± SEM from
three independent experiments. (B) The quadrant Q4 - alive cells (Annexin V-GFP− PI−), Q3 -
early apoptotic cells (Annexin V-GFP+ PI−), Q2 - late apoptotic cells (Annexin V-GFP+ PI+), Q1
- other dead cells (Annexin V-GFP- PI+). Data shown is a representative of three independent
experiments.

4.2.2 Hexavalent TRAIL induces the processing of pro-caspase 8,
pro-caspase 3 and PARP in A172 and HCT116 cells

TRAIL is known to induce apoptosis by a very well-defined signalling cascade.

Therefore, to confirm the TRAIL-mediated apoptosis induction, caspase cascade

signalling was analysed using western blotting. TRAIL sensitive HCT116 cells and
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A172 Glioblastoma cells were stimulated with equimolar amounts of the TRAIL trimer

i.e., 1 nM hexavalent scTRAIL-Fc-ANG2 or 2 nM trivalent scTRAIL-ANG2, for 6h with

or without the pre-incubation of QVD. After 6 h the cells were lysed and detected for

procaspase 8, cleaved caspase 8 (p18), procaspase 3, cleaved caspase 3

(p21/p19/p17), poly-[ADP]-ribose polymerase (PARP) and cleaved PARP (cPARP)

Following TRAIL binding, the oligomerised TRAIL receptors cluster together and form

the DISC complex for the recruitment and activation of procaspase 8. Within the DISC,

procaspase 8 monomers dimerise and are activated by auto catalytic cleavage to

produce fully processed and cleavage intermediates by a two-step mechanism

(Medema et al., 1997; Scaffidi et al., 1997). As shown in Figure 18, upon treatment

with hexavalent TRAIL (scTRAIL-Fc-ANG2), robust processing of procaspase 8 was

observed in both the cell lines. Particularly, strong reduction of procaspase 8 signal

and increase in cleaved caspase fragments (p41/p43 and p18) was detected. As

expected from the lower level of cell death induction from the previous Annexin V-PI

cell death assay, only minor processing of procaspase 8 was observed with the

trivalent scTRAIL-ANG2. Fully processed caspase 8 is the main mediator of

downstream apoptosis signalling. The activated caspase 8 activates downstream

effector caspase 3 or caspase 7, either by direct cleavage or via the Bid-MOMP-

caspase 9 axis, to induce apoptosis. It can be seen in Figure 18 that the hexavalent

TRAIL induced the procaspase 3 processing into its cleaved fragments p21/p19/p17

with a strong reduction in its pro-form, whereas the trivalent TRAIL induced only mild

processing. The lysates were also probed for PARP, an enzyme involved in DNA repair

mechanism and an established substrate for caspase 3 (Satoh & Lindahl, 1992;

Simbulan-Rosenthal et al., 1999). The hexavalent TRAIL treatment resulted in

reduction of full-length PARP (113 kDa) and processing into its cleaved form p89.

Furthermore, the processing of the caspases and PARP was inhibited by the pan-

caspase inhibitor Q-VD-Oph in A172 and HCT116 cells. This demonstrated that the

enhanced clustering from hexavalent TRAIL-receptor agonists led to stronger

apoptosis signalling as seen from Figure 18 and that is the reason for stronger

apoptosis induction.
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Figure 18: Hexavalent TRAIL treatment leads to caspase 8 and 3 processing: A172 and
HCT116 cells were treated with 1 nM of scTRAIL-Fc-ANG2 or 2 nM of scTRAIL-ANG2 for 6 h
with or without 50 µM QVD and blotted for procaspase 8, cleaved caspase 8 (p18), procaspase
3, cleaved caspase 3 (p21/p19/p17), PARP and cleaved PARP (cPARP). GAPDH and α
tubulin served as loading controls. Representative western blots from two independent
experiments are shown. Mw, molecular weight. KDa, kilodalton.

4.3 Blood brain barrier cells are resistant to TRAIL
treatment

In the previous section, it was shown that TRAIL can induce apoptosis in cancer cells,

in particular, GBM cells. In this section, experiments were performed to examine if

TRAIL treatment affects BBB endothelial cells.

4.3.1 hCMEC/D3 cell express less surface TRAIL receptors: TRAIL-
R1 and TRAIL-R2 than HCT116 and HeLa cells

TRAIL induces apoptosis by engaging with TRAIL-R1 and TRAIL-R2 on the cell

surface. Besides TRAIL-R1 and TRAIL-R2, TRAIL can also bind to the decoy receptors

TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2), but this does not lead to activation of the
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apoptosis pathway. Therefore, the number of surface TRAIL receptors TRAIL-R1,

TRAIL-R2, TRAIL-R3 and TRAIL-R4 were quantified and were compared to TRAIL-

sensitive HCT116 and HeLa cells. The QIFIKIT, consisting of a series of five population

of calibration beads each with a pre-defined number of receptors, was used to

quantitatively determine the number of cell surface receptors.

Figure 19: Histogram of QIFIKIT calibration beads and calibration curve. (A) The
histogram of five peaks obtained from the calibration beads from the provider (B) The
calibration curve was generated by plotting the number of receptors against the obtained FITC
signal. MFI, Mean Fluorescence Intensity. a.u, arbitrary unit.

The number of receptors on each bead ranges from 1700 to 723 000. With the

utilisation of these beads, a calibration curve was generated by plotting the

fluorescence intensity of the beads against their specified number of receptors. Then,

the number of receptors on the cell surface was determined by interpolation. In

hCMEC/D3 cells, a strong reduction in TRAIL-R1 was observed compared to HCT116

and HeLa cells, whereas significantly lower expression of TRAIL-R2 was observed

compared to HCT116 cells. Importantly, these two receptors are the key mediators of

downstream apoptosis signalling in response to TRAIL  (G. Pan, Ni, et al., 1997; G.

Pan, O’Rourke, et al., 1997; Walczak, 1997). The decoy receptor, TRAIL-R3, was

expressed at low levels in all cell lines. There was a marginal decrease in TRAIL-R4

expression in hCMEC/D3 and HeLa cells compared to HCT116 cells (Figure 20A). As

for later drug transport studies hCMEC/D3 cells will be cultured on a transwell system,

TRAIL receptor expression was also analysed in hCMEC/D3 cells grown in this setup.

The cells were grown in a transwell for approximately 7 days and checked for their

transendothelial electrical resistance (TEER) every day. Once the cells reached stable
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TEER value for 3 days, the setup was used for further experiments. Therefore, to check

if the different growing conditions will have an impact TRAIL receptor expression, the

cells from a T75 flask and the transwell system were collected and probed for the

TRAIL receptors. No significant differences were observed in TRAIL receptor

expression, demonstrating that the TRAIL receptor expression in hCMEC/D3 cells is

not altered by different growing conditions as shown in Figure 20B. Taken together,

hCMEC/D3 cells have low numbers of TRAIL-R1 and TRAIL-R2 available for binding

and so they could be resistant or less able to activate TRAIL-mediated apoptosis than

HCT116 or HeLa cells.
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Figure 20: hCMEC/D3 cells express less TRAIL-R1 and TRAIL-R2. (A) Surface expression
of TRAIL-R1, TRAIL-R2, TRAIL-R3, TRAIL-R4 receptors in hCMEC/D3, HCT116 and HeLa.
(B) hCMEC/D3 (T75 and transwell) cells were quantified by the QIFIKIT and flow cytometry.
The mean ± SD of three independent experiments is shown here. Statistical significance was
tested by Tukey’s two-way ANOVA: **** =p<0.0001, **=p<0.01 on log-transformed receptor
values.
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4.3.2 Hexavalent TRAIL does not induce efficient cell death in
hCMEC/D3 and bEnd.3 cells

It was shown in the previous section that the blood-brain barrier cells express less

amount of TRAIL receptors compared to cancer cells. Since reduced expression of

TRAIL receptors does not prove the resistance of hCMEC/D3 cells to TRAIL treatment,

apoptosis induction was analysed by Annexin V-GFP PI. The cells were treated with

increasing concentrations of scTRAIL-Fc-ANG2, scTRAIL-ANG2 and Fc-scTRAIL for

24 h and were stained for Annexin V-GFP and PI as shown in section 4.2.1.

The gating was performed as shown in Figure 21B. In the untreated condition, 96% of

the cell population stayed in the lower left Annexin V-GFP− PI− (Q4) quadrant,

demonstrating that the cells are alive. However, upon treatment with 0.1 nM Fc-

scTRAIL, scTRAIL-Fc-ANG2 and 0.2 nM of scTRAIL-ANG2 the cell population stayed

in the same lower left quadrant and remain unaffected. This demonstrates that the

hCMEC\D3 cells are resistant to TRAIL treatment. As expected, the maximum cell

death of approximately 20% was achieved with only higher concentration (3 nM) of

hexavalent constructs, which is 30 times more than the EC50 concentration required for

A172 and HCT116 cells. Therefore, the flow cytometry analysis indicates that the

hCMEC/D3 cells are resistant to TRAIL treatment.
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Figure 21: hCMEC/D3 cells are non-responsive to TRAIL treatment. (A) hCMEC/D3 cells
were treated with varying concentrations of indicated construct for 24 h and viable cells were
determined by Annexin V-PI negativity using flow cytometry. Equimolar amounts of the TRAIL
trimer were added i.e., 0.1 nM hexavalent scTRAIL-Fc-ANG2 or 0.2 nM trivalent scTRAIL-
ANG2. Data are shown as mean ± SEM from three independent experiments. (B) The quadrant
Q4 - alive cells (Annexin V-GFP− PI−), Q3 - early apoptotic cells (Annexin V-GFP+ PI−), Q2 -
late apoptotic cells (Annexin V-GFP+ PI+), Q1 - other dead cells (Annexin V-GFP- PI+). Data
shown is a representative of three independent experiments.

In previous ANG2 transport studies, bovine cells and mice were used, not human

(Demeule, Régina, et al., 2008; Demeule, Currie, et al., 2008). Therefore, in this

project, an additional blood-brain barrier cell line, a mouse cell line, bEnd.3, was

utilised. They were also tested for the responsiveness to the TRAIL treatment. Due to

their strong adherent nature to the cell culture plate, they required aggressive

trypsinisation for detachment leading to some loss of cell membrane integrity.

Therefore, to analyse cell viability in the absence of trypsinisation, an MTT assay was

performed. The bEnd.3 cells were treated with increasing concentrations of scTRAIL-

Fc-ANG2, scTRAIL-ANG2 and Fc-scTRAIL for 24 h and the cells were incubated with

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) for 4 h.

Unlike Annexin V/PI, this assay determines the cell viability and not cell death. In this

assay, NAD(P)H-dependent oxidoreductase enzymes in the viable cells reduces MTT
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to formazan crystals and the absorbance is measured at a wavelength of 570 nm. The

cell viability was measured and the treated cells were normalised to untreated control

cells. Figure 22A shows that the cells are very resistant even to the highest

concentration of the TRAIL fusion proteins. This is in agreement with the previous

studies that the non-cancerous cells are resistant to TRAIL-mediated apoptosis

(Ashkenazi et al., 1999; Walczak et al., 1999).
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Figure 22: bEnd.3 cells are resistant to TRAIL treatment determined by MTT assay.
bEnd.3 cells were treated with indicated construct for 24 h. Equimolar amounts of the TRAIL
trimer were added i.e., 3 nM hexavalent scTRAIL-Fc-ANG2, 3 nM hexavalent Fc-scTRAIL or
6 nM trivalent scTRAIL-ANG2. (A) Representative images obtained from EVOS microscope.
Scale bar 300 μm (B) Viable cells were determined by MTT assay. Data are shown as mean
± range from two independent experiments.

4.3.3 Only high concentration of TRAIL treatment induces
processing of key apoptotic proteins in hCMEC/D3 cells

The caspase cascade signalling pathway was next analysed in hCMEC/D3 and bEnd.3

cells for responses to hexavalent TRAIL. The cells were treated with a low (0.1 nM)

and a high (4 nM) concentration of Fc-scTRAIL for 6 h and then probed for caspase-

3, caspase-8 and poly-[ADP]-ribose polymerase (PARP).
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Figure 23: Treatment with high concentration of hexavalent TRAIL leads to the
processing of key apoptotic proteins. hCMEC/D3 were treated with the indicated
concentration of Fc-scTRAIL 1, 2 or 6 hours and then analysed for procaspase 8, cleaved
caspase 8 (p18), procaspase 3 and cleaved caspase 3 (p21/p19/p17) by western blotting.
GAPDH and α tubulin served as loading controls. Representative image from two
independently experiments are shown. Mw, molecular weight. KDa, kilodalton.

Figure 23 shows that in the hCMEC/D3 cells treated with a low concentration of

hexavalent Fc-scTRAIL, the intermediate caspase 8 fragment, p41/43 appeared after

2 h. However, p18 fragment was barely detectable at this concentration. Upon

treatment with higher concentration, strong detection of p41/p43 fragments was

observed, which correlated with low processing to p18 fragment. The p18 fragment at

6 h in the last lane was lost, this could be due to the instability of cleaved small

fragments. Similar to caspase 8, caspase 3 processing was not observed at the lower

concentration. However, at high concentration, a time-dependent reduction of

procaspase-3 was seen, but the accumulation of p21/p19 fragments appeared to be

very minimal. Cleavage of PARP was only observed at later time point with the high

concentration. Therefore, as expected, even at the higher concentration of Fc-scTRAIL

only residual accumulation of cleaved subunits was observed in hCMEC/D3 cells.
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Figure 24: bEnd.3 cells are extremely resistant even at high concentration of hexavalent
TRAIL. bEnd.3 cells were treated with the indicated concentration of Fc-scTRAIL 1, 2 or 6
hours and then analysed for procaspase 8, cleaved caspase 8 (p10), procaspase 3 and
cleaved caspase 3 (p19/p17) by western blotting. GAPDH and α tubulin served as loading
controls. Mw, molecular weight. KDa, kilodalton. Representative image from two independently
experiments are shown.

Similar to MTT assay results, the bEnd.3 cells were non-responsive to hexavalent

TRAIL treatment. Probing for key apoptotic proteins through western blot showed no

evidence of processing of them as shown in Figure 24.  Unlike the caspase detection

in TRAIL induced hCMEC/D3 cells, the intermediate caspase fragments in bEnd.3 cells

were not detectable due to the lack of detection antibodies specific for mouse. Although

intermediate fragments could not be detected, no notable decline in full length was

observed suggesting that the processing is overall minimal in these cells. Altogether,

the data from Annexin V-PI, MTT and western blot demonstrate that blood brain barrier

cells are resistant to TRAIL treatment, which corresponds to their low expression of

the death receptors TRAIL-R1 and TRAIL-R2.
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4.4 Investigating the binding of TRAIL-ANG2 fusion
proteins to blood-brain barrier cells

4.4.1 Detection of Lrp1 receptor expression through flow cytometry,
western blot and immunostaining

As it was shown in section 4.3.1 that the TRAIL receptors are expressed at low level

at blood-brain barrier cells, in this section, the expression of the ANG2-target receptor

Lrp1 on human and mouse BBB cells was determined. Initially, the Lrp1 expression

was determined with QIFIKIT as shown in (Figure 25). For that, the hCMEC/D3 cells

grown in T75 flask were collected and stained for Lrp1 antibody. Surprisingly, Lrp1

expression was not detectable above isotype control levels in these cells as seen in

Figure 25A. Therefore, western blot was performed with hCMEC/D3, bEnd.3 and

mouse embryonic fibroblast (MEF) cells.

As shown in Figure 25B, the hCMEC/D3 cells express very low levels of Lrp1.

Altogether, western blot analysis and flow cytometry measurements demonstrated that

hCMEC/D3 cells express very low levels of Lrp1 compared to the known Lrp1-

expressing mouse embryonic fibroblasts (MEFs) (Storck et al. 2016) or bEnd.3 cells.

Additionally, immunostaining was performed on bEnd.3 cells for Lrp1 expression and

the expression was spatially distributed in the perinuclear region in line with previous

studies (Figure 25C) (Tian et al., 2020).
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Figure 25: Lrp1 expression characterisation by flow cytometry, western blot and
immunostaining. (A) The surface expression of Lrp1 in hCMEC/D3 cells as quantified by the
QIFIKIT and flow cytometry. (B) Lysates of MEF, hCMEC/D3 and bEnd.3 were analysed for
the expression of Lrp1 receptors by western blot analysis.  actin served as a loading control.
Western blot was performed once (C) Immunofluorescence staining of Lrp1 on bEnd.3 cells,
nuclei were stained in blue with Hoechst. Scale bar 20 µm.

4.4.2 Dose-dependent binding of the fusion proteins to blood-brain
barrier cells

Given that blood-brain barrier cells express TRAIL-receptors, albeit at low levels, the

binding of the TRAIL-ANG2 fusion proteins to the blood brain barrier cells was

analysed. Initially, the hCMEC/D3 cells were incubated with Fc-scTRAIL or scTRAIL-

Fc-ANG2 or scTRAIL-ANG2 for 2 h. The fusion proteins can bind to the surface

receptors on the cells and internalise at 37ºC, therefore, to prevent the internalisation

the binding assay was performed at 4ºC. All the fusion proteins used here were FLAG

tagged and were detected with anti-FLAG-PE antibody. Figure 26A shows that the

constructs were able to bind to the cells in a dose-dependent manner. Importantly, Fc-

scTRAIL and scTRAIL-ANG2 fusion proteins were binding better to the cells than the

hexavalent scTRAIL-Fc-ANG2, even though, scTRAIL-Fc-ANG2 was expected to bind

better because of its bivalent ANG2 moiety. Figure 26B shows that the peaks shifted

from right to left with increasing concentration. Despite the lack of TRAIL receptors in

hCMEC/D3 cells, dose-dependent binding of the constructs to the cells was observed

suggesting that the constructs were binding via TRAIL.
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Figure 26: The fusion proteins bind to the hCMEC/D3 cells in a dose-dependent manner.
(A) hCMEC/D3 cells were incubated with indicated constructs for 1 h and then binding of fusion
proteins was detected by anti-FLAG-PE. Data are shown as mean ± SEM from three
independent experiments. (B) The binding to the cells is showed as histogram. Pink indicates
the lowest concentration and red indicates the highest concentration. Histogram of
representative of three independent experiments.

4.4.3 Binding of TRAIL-ANG2 fusion proteins to the blood-brain
barrier cells is TRAIL-mediated

Due to the high expression of Lrp1 receptors in bEnd.3 cells, subsequent binding and

transport studies were conducted in bEnd.3 cells. The bEnd.3 cells were collected and

incubated in a 96-well plate with increasing concentration of Fc-scTRAIL or scTRAIL-

Fc-ANG2 or scTRAIL-ANG2 for 2 h. Similar to hCMEC/D3 cells, dose-dependent

binding of fusion proteins to the cells was observed. However, the binding of Fc-

scTRAIL that lacks an Angiopep-2 moiety was higher in comparison to scTRAIL-Fc-

ANG2 and scTRAIL-ANG2. Although, BBB cells express lower amount of TRAIL

receptors, it could be that the TRAIL moiety can also bind to TRAIL receptors on these

cells. Therefore, TRAIL blocking studies were performed with soluble TRAIL receptors.
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Figure 27: Binding of TRAIL-ANG2 fusion proteins to bEnd.3 cells is TRAIL-mediated.
bEnd.3 cells were incubated with Fc-scTRAIL, scTRAIL-Fc-ANG2 and scTRAIL-ANG2
constructs for 1 h with or without the presence of 100-fold molar excess of TRAL-R2-Fc soluble
receptor. The binding of fusion proteins was determined by anti-FLAG-PE. Data are shown as
mean ± SEM from three independent experiments.

For the blocking study, 50 nM, 25 nM and 12.5 nM of Fc-scTRAIL, scTRAIL-Fc-ANG2

and scTRAIL-ANG2 fusion proteins were incubated with 100-fold molar excess of

TRAIL-R2-Fc for 30 min. Then the mixture of TRAIL fusion protein and TRAIL-R2-Fc

soluble receptors was added to the cells and incubated for 2 h on ice. The binding was

detected with FLAG-PE antibody.  Figure 27 shows that the dose-dependent binding

of the fusion proteins to bEnd.3 cells, however, the binding was strongly inhibited when

blocking TRAIL.

To verify further, two positive control peptides, FLAG-ANG2 and FITC-ANG2 were

introduced. The peptides were purchased from Peptides & Elephants (Brandenburg,

Germany). Given the reported low affinity (313 nM) of ANG2 for Lrp1 (Bertrand et al.,

2010), it is reasoned that ANG2-binding to the cells at 4ºC may be too low for specific

robust detection of surface binding. Indeed, as expected, the binding of various ANG2

positive controls proteins, FLAG-ANG2, FITC-ANG2 or FITC-scrambled ANG2 (FITC-

scrANG2) to bEnd.3 cells at 4ºC was not detectable (Figure 28).
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Moreover, binding of FITC-ANG2 was not increased compared to scrambled control,

suggesting the signal was predominantly due to non-specific interaction with the FITC-

label. Therefore, in this section, it could not be demonstrated that ANG2 was functional

by flow cytometry at + 4 degrees.

Figure 28: Binding of positive control peptides to bEnd.3 cells in flow cytometry. bEnd.3
cells were incubated with (A) FITC-labelled ANG2, scrambled ANG2 (scrANG2) or (B) FLAG-
tagged ANG2. Data points are mean ± SEM of three independent experiments.
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4.5 Examining the binding and transcytotic efficiency of
ANG-2 in the presence and absence of TRAIL

4.5.1 Successful binding of ANG2 control peptides to the blood-brain
barrier cells

As binding of ANG2 was not observed at 4 ºC, immunostaining-based analysis was

utilised where one could observe both cell surface binding and uptake of constructs at

37ºC. Immunostaining was performed to verify the binding of ANG2 fusion proteins to

bEnd.3 cells. The cells were incubated with 50 nM of FcΔab-ANG2, ANG2-FcΔab for 15

min or 30 min. After incubation of the constructs, the cells were fixed, stained and

imaged with confocal microscope. In comparison to the control condition, a specific

signal was observed from positive control proteins FcΔab-ANG2 and ANG2-FcΔab after

15 min or 30 min incubation (Figure 29A). The cells were segmented and puncta under

the cell mask were counted (Figure 29B). Notably, binding was independent of whether

ANG2 was fused to the N- or C-terminus of the protein. The number of puncta was

significantly more in the cells with fusion proteins incubation than the cells in the control

condition. The immunostaining assay at 37ºC allowed binding and internalisation of

ANG2, it could be conclusively demonstrated that ANG2 was indeed active within the

constructs and could be specifically bound and internalised.
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Figure 29: Binding of FcΔab-ANG2, ANG2-FcΔab to bEnd.3 cells. (A) bEnd.3 cells were
incubated with 50 nM of indicated ANG2-control protein for 30 min. Nuclei were stained in blue
with Hoechst. White signal indicates the binding of the constructs. Scale bar 20 µm. (B) The
number of vesicles from A were quantified at 15 min and 30 min and compared between control
and ANG2-control protein conditions. Data was plotted as a Tukey boxplot with outliers
represented as individual points, minimum 44 cells per group pooled from three independent
experiments. Statistical significance was tested by Tukey’s two-way ANOVA: * = p ≤ 0.05; ***
= p ≤ 0.001 **** = p ≤ 0.0001.

4.5.2 TRAIL binds stronger to BBB cells than ANG2

Having demonstrated that ANG2 binding could be detected in an immunostaining

binding assay, it was applied to the other constructs. TRAIL-R2-mFcLALA, a fusion of

the extracellular domain of the human TRAIL-R2 and the Fc-receptor binding mutant

murine Fc (mFcLALA), was used to prevent non-specific signal from anti-human Fc-

based detection and engagement of Fc-receptors.  Hereby, the cells were incubated

with 50 nM of Fc-scTRAIL or scTRAIL-Fc-ANG2 with or without 100-fold molar excess

of soluble TRAIL-R2-mFcLALA for 15 min or 30 min and imaged using confocal

microscopy. The total cell fluorescence intensity was measured for each cell.
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Strikingly, a marked fold increase of between 2.9 and 4.5 in the intensity of binding of

TRAIL-based constructs, Fc-scTRAIL and scTRAIL-Fc-ANG2, as compared to the

ANG2-only positive controls was observed (Figure 30B), in line with the flow cytometry

experiments in 4.4.3. Moreover, signals from the TRAIL-based constructs were highly

diffuse across the entire cell, whilst ANG2-only constructs were predominantly

localised to the perinuclear region (Figure 30A), in line with the spatial expression

pattern of its target receptor, Lrp1 as shown in 4.4.1. Blocking of TRAIL with 100-fold

molar excess of TRAIL-R2-mFcLALA, brought the binding back to the level of ANG2-

only control proteins and returned the spatial distribution to the perinuclear region

(Figure 30A).
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Figure 30: Binding to blood-brain barrier cells is predominantly TRAIL-mediated. (A)
bEnd.3 cells were incubated with 50 nM of indicated construct for 15 min with or without 30
min pre-incubation of 100-fold molar excess of TRAIL-R2-mFcLALA. nuclei were stained in
blue with Hoechst. Red signal indicates binding of the constructs. Secondary antibody, anti-
Fc-PE was used as a control for non-specific signal. Scale bar 20 µm. (B) The fluorescence
intensity of the cells in A was quantified and compared between control and construct
condition. Data was plotted as a Tukey boxplot with outliers represented as individual points,
minimum 43 cells per group pooled from three independent experiments. Statistical
significance was tested by non-parametric one-way ANOVA, Kruskal-Wallis test with Dunn's
correction: * = p ≤ 0.05; *** = p ≤ 0.001 **** = p ≤ 0.0001.

Taken together, these data demonstrated that ANG2 is functional within fusion

proteins, but that despite low expression of TRAIL receptors on blood brain barrier cell

lines, masking or absence of TRAIL or TRAIL receptors is required for effective

detection of ANG2-mediated binding.
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4.5.3  CNS transport of TRAIL-fusion proteins

Having established that scTRAIL-Fc-ANG2 binds both via ANG2 and TRAIL moieties

to BBB cells, transcytosis of this fusion protein across the BBB was characterised. An

in vitro BBB model by growing bEnd.3 cells to a confluent layer on a transwell was

established (Figure 31B) and a steady barrier with a transendothelial electrical

resistance (TEER) of 17 Ω×cm2 was obtained. 20 nM of FcΔab-ANG2, ANG2-FcΔab,

scTRAIL-Fc-ANG2 and Fc-scTRAIL was placed in the apical compartment with or

without 30 min pre-incubation with 100-fold molar excess of soluble TRAIL-R2-

mFcLALA.

Figure 31: Transport assay setup using transwell. (A) TEER value was measured every
day for 7 days with the help of STX2 electrode. (B) bEnd.3 cells were grown to a confluent
monolayer on a transwell insert and then 20 nM of indicated construct, with or without 30 min
pre-incubation of 100-fold molar excess of TRAIL-R2-mFcLALA, was added to the apical
compartment.
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Figure 32: ELISA for determination of CNS-transport efficiency. After 60 min incubation
with proteins at 37C, the samples were taken from the top and bottom compartment of the
transwell and the concentration was determined through quantitative sandwich ELISA. Data
points are mean + range from two independent experiments. Fc-scTRAIL is the result of one
experiment performed in duplicate.

After 1 h incubation at 37ºC, the concentration of fusion proteins in the apical and

basolateral compartments was determined using quantitative sandwich ELISA. ANG2-

only positive control proteins, ANG2-FcΔab and FcΔab-ANG2, were both detected after

1 h in the basolateral compartment (Figure 32). Additionally, ANG2 binding was

independent of whether ANG2 was fused to the N- or C- terminus of the protein,

successful transport was also observed for both conformations of the ANG2-controls.

On the contrary, scTRAIL-Fc-ANG2 was only detectable in the basolateral

compartment after blocking of TRAIL through TRAIL-R2-mFcLALA. As expected, Fc-

scTRAIL was not transported to the basolateral compartment, confirming that the

ability to be transported is strictly ANG2-dependent. Overall, the transport study

indicated that binding to TRAIL receptors interferes with ANG2-mediated transport of

scTRAIL-Fc-ANG2 across the BBB, but that TRAIL-based biologics can be transported

by interfering with TRAIL/TRAIL-R interactions on the apical side.
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5 Discussion

GBM is the deadliest tumour worldwide with a 5 year survival rate of less than 10%

(Stupp et al., 2009). Despite the available GBM golden standard of care, patients suffer

with GBM recurrence and poor prognosis with a very low median survival rate of

approximately 14 months. Studies have shown that there are several factors, such as

extreme proliferative nature, diffusive infiltration, recurrence after resection,

heterogeneity influencing the GBM treatment resistance and failure (Claes et al., 2007;

Patel et al., 2014; Xie et al., 2014). The extent of tumour resection plays an important

role in GBM, as these extremely proliferative and diffusive infiltrated tumours can

escape the first surgical resection and lead to recurrence (Lara-Velazquez et al., 2017).

Therefore, new treatment strategies are required to actively prevent the recurrence in

GBM patients.

Since its discovery, the TRAIL molecule has been produced in several formats to utilize

as an anti-cancer agent. The initial TRAIL constructs were not efficient in inducing

apoptosis for various reasons. For example, the constructs with tags resulted in

apoptosis in hepatocytes. This effect was attributed to cross-linking or poor zinc

coordination (Ganten et al., 2006). This highlighted the importance of producing stable

TRAIL molecules without aggregates. Despite their efficient apoptosis induction in

preclinical tumour models (Kelley et al., 2001; Lawrence et al., 2001) and safety profile

in human clinical trials (Lemke et al., 2014), recombinant TRAIL molecules failed to

induce strong antitumour effects in patients. This was reasoned to be due to their short

half-life period and due to the low molecular weight of the rather unstable non-

covalently linked trimers. The monoclonal antibodies against DR4 and DR5 failed in

inducing efficient apoptosis despite their longer half-lives. This was likely due to the

poor clustering of the death receptors. Therefore, in later studies, all the fore-

mentioned issues have been addressed to create a TRAIL receptor agonist with

increased stability, longer half-life, and increased apoptosis induction (Hutt et al.,

2017). This successful hexavalent TRAIL receptor agonist was used in this thesis work

for better apoptosis induction in cancer cells.

TRAIL-based therapeutics have shown great potential in pre-clinical studies as a novel

approach for the treatment of GBM (Fulda et al., 2002; Hetschko et al., 2008; Opel et
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al., 2008). Beyond GBM, the CNS is also a frequent secondary site for many cancer

metastases, including lung cancer, breast cancer and melanoma, consequently

leading to lower treatment responses and poor patient outcomes (Bagci-Onder et al.,

2015; J. Wagner et al., 2018). It has also been reported that the patient death rate is

higher due to metastasis than the actual primary cancer (Dillekås et al., 2019). Once

the primary tumour cells are in the vasculature, they extravasate and metastasize to

the distal organs and impair their functions leading to multiple organ failures.

Therefore, a CNS-targeted therapeutic variant of TRAIL, which shows broad anti-

cancer efficacy in various cancer types (Polanski et al., 2015; Khawaja et al., 2020;

Vetma et al., 2020; D. C. Phillips et al., 2021) would be of considerable clinical interest

as an anti-cancer agent. Recent studies have suggested that endogenous TRAIL plays

an important role in immune modulation in multiple sclerosis (Sanmarco et al., 2021).

It has been shown in an animal model of multiple sclerosis that the TRAIL-positive

astrocytes limit inflammation by inducing apoptosis in pro-inflammatory T cells. In

another study, it has been demonstrated that TRAIL blocked the cell cycle progression

of T cells and prevented their differentiation into effector T cells. These identifications

suggest that a CNS-targeted TRAIL variant could also be used in the treatment of

multiple sclerosis and other inflammatory CNS disorders (Hilliard et al., 2001; White et

al., 1998). Taken together, this demonstrates that a CNS-targeted therapeutic variant

of TRAIL would have broad therapeutic potential and is of considerable clinical interest.

The clinical utilisation of TRAIL for CNS diseases is hindered by the poor penetration

of large molecules (W. M. Pardridge, 2005). Therefore, a widely exploited mechanism

like RMT is studied for bringing large molecules across the BBB. Since the 1980s,

many RMT drugs targeting different ligands are under development. However,

therapeutics based on RMT have yet to translate into clinically approved drugs.

Therefore, several groups were involved in finding new CNS targets for better

transcytosis. In search of that, a group of scientists came across the Lrp1 receptor.

Lrp1 is known to bind to more than 40 ligands with an endocytosis rate of less than 30

seconds (Y. Li et al., 2000; Lillis et al., 2008). It has also been demonstrated that the

Lrp1-mediated transport of aprotinin is at least 8-fold higher than that of the well-known

holo-transferrin through TfR (Demeule, Régina, et al., 2008). In addition, the synthetic

Lrp1 ligand, ANG2, showed better transcytosis than avidin, transferrin, and lactoferrin.

This mechanism has also shown promising results by entering clinical trials for CNS
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diseases. Hence, in this thesis work, the Lrp1-ANG2 mechanism was utilised to bring

the TRAIL molecules across the BBB.

5.1 Successful production of CNS-targeted TRAIL fusion
proteins

Previously, it was demonstrated that TRAIL receptor agonists have broad efficacy

against GBM cells alone or in combination with sensitisers (Fulda et al., 2002;

Hetschko et al., 2008; Opel et al., 2008; Lincoln et al., 2018; Koessinger et al., 2021;

Boccellato et al., 2021), but the BBB prevents the entry of TRAIL-based biologics from

effectively reaching GBM tumours. Therefore, in this thesis work, for the purpose of

bringing TRAIL into the CNS, the fusion proteins were produced to achieve not only

apoptosis but also transcytosis. Among the few naturally existing mechanisms that

benefit endogenous substances to go across the BBB, a widely exploited mechanism

for the delivery of therapeutics across the blood–brain barrier was utilized in this work

named receptor-mediated transcytosis (W. M. Pardridge et al., 1985, 1987; Schwartz

et al., 1990). This mode of CNS access is advantageous as this does not disrupt the

BBB, does not modify the therapeutic cargo and allows the transport of wide range of

therapeutics from smaller peptides to larger antibodies (W. M. Pardridge, 2006, 2022a;

Pulgar, 2019). In this project, the small peptide ANG2 was deployed to increase CNS-

penetration of TRAIL variants due to the following reasons. Firstly, ANG2 was shown

to undergo efficient transport and parenchymal distribution in in vitro and in situ brain

perfusion set ups (Bertrand et al., 2010; Demeule, Currie, et al., 2008; Demeule,

Régina, et al., 2008). Secondly, in clinical trials, it has been demonstrated that

ANG1005, ANG2 covalently linked to three paclitaxel molecules, shows promising anti-

tumour effect and patient safety in multiple subset of patients with breast cancer with

leptomeningeal carcinomatosis and recurrent brain metastases (Kumthekar et al.,

2020). Additionally, there are several ANG2-based clinical trials currently in phase

I/II/III for the treatment of CNS specific tumours (NCT01480583, NCT01967810,

NCT02048059), these studies highlight that ANG2-Lrp1-mediated RMT transport is

clinically relevant, safe and effective for the drug delivery in humans. Finally, broad

species specificity and ease of inclusion of a 19 amino acid peptide within fusion

proteins, make ANG2 an optimal choice for such an exploratory study. Taken together,
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these pre-clinical and clinical studies demonstrate that utilising ANG2 can be an

efficient strategy to deliver therapeutics to the CNS.

The TRAIL moiety of the CNS-targeted TRAIL fusion proteins was generated similar

to the Fc-scTRAIL construct, as it is potently cytotoxic against cancer cells, has a

greater half-life and stability (Figure 8). Three TRAIL monomers fused through their

extracellular part via small flexible linkers generate scTRAIL and it was utilised for its

known improved stability compared to conventional soluble TRAIL (B. Schneider et al.,

2010; Siegemund et al., 2012; Seifert, Plappert, et al., 2014; Siegemund et al., 2016).

For several reasons, in the recent past, the Fc part of IgG has been used as a fusion

partner for the development of fusion protein therapeutics. This was particularly due to

the increased plasma half-life rendered by the interaction of the Fc part with FcRn

(Kontermann, 2009; Roopenian & Akilesh, 2007). In physiological conditions, TRAIL,

a transmembrane II protein, is connected to the cell membrane via its N-terminus,

therefore Fc-scTRAIL was generated by fusing Fc to the N-terminus of TRAIL (Hutt et

al., 2017). However, the CNS-targeted TRAIL fusion proteins were created with Fc and

ANG2 on the C-terminus of scTRAIL (Figure 8), based on the previous studies, in

which ANG2 fusion proteins have been produced with ANG2 on the C-terminus

(Böckenhoff et al., 2014; Ji et al., 2019). In addition to the CNS-targeted hexavalent

TRAIL fusion protein, a trivalent TRAIL fusion protein was also generated with the aim

to understand the transcytotic efficiency in the context of overall avidity, as avidity has

been shown to affect the transport (Niewoehner et al., 2014). The production yield was

higher for the hexavalent TRAIL fusion protein than the trivalent and this enhanced

yield was attributed to the Fc part of IgG, which promotes increased expression or

secretion of proteins as described and observed in previous studies (Beck & Reichert,

2011; Hutt, 2017; Levin et al., 2015). After the production, the purity and stability check

confirmed the clear dimerisation induced by the Fc module as observed in the

development of the Fc-scTRAIL construct (Hutt et al., 2017). Overall, in this section of

the thesis it was demonstrated that CNS-targeted TRAIL fusion proteins can indeed

be produced and ANG2 fusion does not affect the purity and stability of the fusion

protein.
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5.2 CNS-targeted hexavalent TRAIL retains its potency in
inducing apoptosis in GBM cells, not affecting BBB cells

This part of the project was dedicated to verifying the antitumour activity of CNS-

targeted TRAIL fusion proteins in GBM cells. Due to the inclusion of ANG2 and the

fusion at the C-terminus in the CNS-targeted hexavalent TRAIL fusion protein,

scTRAIL-Fc-ANG2 was compared to Fc-scTRAIL to ascertain the TRAIL potency in

the CNS-targeted version. The initial quality control study with crystal violet assay in a

well-established cancer line demonstrated efficient apoptotic function of hexavalent

CNS TRAIL (Figure 10). Likewise, through Annexin V PI staining it can be seen that a

GBM cell line, A172, showed a strong cell death response once treated with an

increasing dose of CNS hexavalent TRAIL. This effect was confirmed by a lower EC50

value (0.11 nM) (Figure 17), which is similar to the EC50 of the hexavalent construct

Fc-scTRAIL without ANG2 fusion (0.15 nM) (Hutt et al., 2017), therefore cell viability

and Annexin V experiments demonstrated that the ANG2 fusion did not affect the

typical potency of hexavalent TRAIL proteins. Moreover, the trivalent TRAIL yielded

expected results with no effective cell loss in crystal violet cell viability assay (Figure

10). Similarly, by Annexin V staining it was shown that the trivalent construct achieved

a maximum of only 30% cell loss at the highest concentration. These results on

distinctive effects of trivalent and hexavalent TRAIL fusion proteins focus demonstrate

the requirement of higher order clustering to achieve effective cell loss in cancer cells

(Hutt et al., 2017; Siegemund et al., 2012). In addition, western blot analysis was

performed to check the well-known caspase cascade signalling showed that scTRAIL-

Fc-ANG2 induced efficient cleavage of the key apoptotic regulators in A172 and

HCT116 cells. It can be seen that the hexavalent TRAIL treatment induced a strong

reduction in the pro form and a more pronounced signal in the cleaved caspase forms,

whereas the trivalent TRAIL induced only mild processing (Figure 18). In the caspase

cascade signalling, caspase 8 is the first activated caspase as a result of the DISC

complex that is initiated by TRAIL. In type II cells, including A172 and HCT116 cells,

widescale caspase 3 cleavage occurs only after MOMP which can be induced by

caspase 8-mediated cleavage of Bid to tBid. The lack of robust caspase 3 processing

and PARP cleavage observed with the trivalent TRAIL suggests that trivalent proteins

induce weaker caspase 8 activation in comparison to hexavalent proteins and that the
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amount was not sufficient to induce MOMP. Similarly, in a study, it has been shown

that the hexavalent TRAIL, APG350, induce higher order clustering resulting in strong

activation of caspases 8, 3 and 9 (Gieffers et al., 2013). Overall, in accordance to

previous studies, these data highlighted that the higher clustering potential of

hexavalent scTRAIL was strictly necessary for efficient apoptosis induction in GBM

cells as this is required for efficient engagement of TRAILR2 (Siegemund et al., 2012;

de Miguel et al., 2016; Hutt et al., 2017). Importantly, hexavalent TRAIL receptor

agonists based on a similar format, ABBV-621 (Eftozanermin Alfa), have been

developed and shown to be active on a panel of solid tumour cell lines at sub-

nanomolar concentrations. It has been also demonstrated that cynomolgus monkeys

tolerated the increasing dose of ABBV-621 every week very well and showed low

toxicity (D. C. Phillips et al., 2021). ABBV-621 is currently in clinical trial phase I for the

treatment of haematologic malignancies (NCT03082209) and multiple myeloma

(NCT04570631). Given this observed potential of TRAIL in GBM and other cancer

types, hexavalent TRAIL could serve as a promising therapeutic agent in the treatment

of GBM patients. As TRAIL induces apoptosis by engaging TRAILR on the cell surface,

the number of TRAIL receptors on hCMEC/D3 cells were quantified. It was shown that

levels of TRAIL receptors in the BBB endothelial cell line hCMEC/D3 were

considerably reduced compared to cancer cells. Moreover, it was also revealed that

different growing conditions do not alter the TRAIL receptor expression (Figure 20).

The receptor numbers in these BBB cells were also generally lower than published

levels in a wide range of cancer cell lines (D. C. Phillips et al., 2021; Vetma et al.,

2020). Since low number of TRAIL receptor expression does not correspond to

reduced cell death induction, the BBB endothelial cells were tested for apoptosis

induction. In contrast to cancer cells, BBB endothelial cells were largely resistant to

hexavalent TRAIL receptor agonists even at high concentrations, in accordance with

the concept that TRAIL-mediated apoptosis occurs almost exclusively in cancer cells

(Ashkenazi et al., 1999; Walczak et al., 1999). hCMEC/D3 cells achieved their

maximum cell death of just 20% at a concentration that is 30 times more than required

to induce cell death in tumour cells. The results obtained in this part of the thesis are

in line with previous studies that have shown that endothelial cells do express TRAIL

receptors but are not sensitive to TRAIL-mediated apoptosis. For example, Zhang and

colleagues have shown that the endothelial cell line, human umbilical vein endothelial

cells (HUVECs) do express TRAIL receptors and the expression of TRAILR3 was



      Discussion

120

required to be resistant to TRAIL treatment (Wosik et al., 2007). Moreover, the death

to decoy receptor expression ratio is quite high in cancer cells, whereas their

expression is similar in case of BBB endothelial cell line hCMEC/D3. However, in this

thesis work, TRAILR3 requirement for TRAIL resistance was not observed but there is

an indication that decoy receptors are maybe involved as the expression ratio is

similar. In particular, Wosik and colleagues showed that primary human brain

endothelial cells (HBECs), when treated with 5 nM of human soluble TRAIL, were

resistant to TRAIL-mediated cell death despite the presence of TRAIL receptors

(Wosik, Biernacki, et al., 2007). Moreover, a study by Li and colleagues revealed that

human recombinant TRAIL induced cell death in endothelial cell HUVEC and human

dermal microvascular endothelial cell (HDMEC), but 70% of the cell population

survived the TRAIL treatment. However, cotreatment with TRAIL and cycloheximide

(CHX) induced significant cell death of 80% in these cells (J. H. Li et al., 2003). This

result was expected as CHX, a protein synthesis inhibitor, has been reported to

enhance caspase activation by depleting anti-apoptotic proteins (L. Wang et al., 2008).

Therefore, this indicates that apoptosis in endothelial cells is achieved only under

additional treatment conditions. Furthermore, due to the superior antitumour activity of

the hexavalent TRAIL, the concentration required to kill the tumour cells is very low as

shown in the previous section with EC50 value (0.11 nM) of scTRAIL-Fc-ANG2 and at

this concentration the BBB endothelial cells are completely resistant.

From MTT assays, it can be seen that there is a slight increase in percentage of living

cells with increased concentration of TRAIL treatment (Figure 22). As this was

observed in only one of the repeats, it is necessary to repeat the experiments for

concrete results. However, this increase could relate to the studies that have shown

that TRAIL can promote the survival and proliferation of endothelial cells by activating

the Akt and ERK pathways, thus protecting them from apoptosis (Secchiero et al.,

2003; Alladina et al., 2005). This non-apoptotic effect of TRAIL on endothelial cells has

been studied in the context of angiogenesis. It has been shown that TRAIL induces

endothelial cell proliferation and differentiation (Alladina et al., 2005; Di Bartolo et al.,

2015; Secchiero et al., 2003). On the contrary, it has been demonstrated that high

concentration of TRAIL had no proliferative effect or migration effect on hCMEC/D3

cells (Chen & Easton, 2010). This contradictory result can also be due to different cell

type, amount of death receptor expression and experimental techniques employed
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(Patil et al., 2020). In this thesis work, no non-apoptotic effect on BBB endothelial cells

was reported, however considering these interesting findings, it can be beneficial to

investigate this effect in the future. Western blot analysis was performed to analyse the

caspase cascade signalling and revealed that only high concentration treatment with

TRAIL induced residual accumulation of caspase subunits in hCMEC/D3 cells (Figure

23) with no caspase processing at lower concentrations of TRAIL. This is in line with

the report that has shown that only high concentrations of TRAIL induced caspase 3

activity in this cell line (Chen & Easton, 2010). Interestingly, bEnd.3 cells showed no

caspase processing along with no decline in the full-length caspases, indicating that

these cells are overall resistant to TRAIL treatment (Figure 24). Previous studies have

also shown that endothelial cells of the BBB endothelial cells are highly resistant to

extrinsic apoptosis, due to the activity of the pro-survival factors TAK1 and NEMO

(Ridder et al., 2015). This, together with the findings of low TRAIL-receptor expression,

demonstrates that there are multiple factors contributing to high TRAIL resistance in

BBB endothelial cells.

5.3 TRAIL-TRAILR binding prevents the transport of CNS-
targeted TRAIL fusion proteins

After having investigated the apoptosis inducing effect of CNS hexavalent TRAIL

proteins in a GBM cell line, the binding and transport ability was investigated in this

section of the thesis. The initial step was detecting the target receptor in the cell lines

used, which revealed very low expression of Lrp1 receptors in comparison to the

known Lrp1-expressing mouse embryonic fibroblasts (MEFs) (Storck et al. 2016). The

Lrp1 expression in bEnd.3 cells was spatially distributed in the perinuclear region

similar to previous studies (Figure 25C) (Tian et al., 2020). Later, the binding studies

performed on hCMEC/D3 cells revealed dose-dependent binding of CNS fusion

proteins. This binding could be TRAIL-mediated as this cell line has very low amount

of Lrp1 receptors. But, this was the case also in the Lrp1 positive bEnd.3 cell line, as

TRAIL blocking proteins inhibited the binding of fusion proteins to the cells. This

suggested that ANG2 may not be present or functional in the construct or that the

assay is not able to detect ANG2-LRP1 binding. However, the MALDI-TOF mass

spectrometry of scTRAIL-Fc-ANG2 confirmed the presence of the small peptide ANG2
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by showing an additional peak at m/z = 1621.8 in comparison to Fc-scTRAIL (Figure

11). As ANG2 was less utilised as a fusion protein in the previous studies (Kurzrock et

al., 2012; Regina et al., 2015; Kumthekar et al., 2016), this identification also

demonstrates that ANG2 is intact and not degraded during the production process.

The lack of binding through ANG2 despite its presence in the fusion proteins led to the

first hypothesis that Lrp1 might cleave off during the trypsinisation process that is

required to analyse the cells for binding. The main reason for this hypothesis was that

the extracellular α-subunit of Lrp1 receptor is non-covalently attached to the

intracellular β-subunit and it has been demonstrated that intermembrane proteolysis

occurs in Lrp1 (Lillis et al., 2008; May et al., 2002). In line with these studies, Lrp1

expression was not detectable through flow cytometry after trypsinisation (Figure 25).

Another hypothesis was that ANG2-binding to the cells at 4ºC may be too low for

specific robust detection of surface binding, as a low affinity (313 nM) of ANG2 for Lrp1

has been observed in previous studies (Bertrand et al., 2010). These two hypotheses

led to the utilisation of the immunostaining technique to avoid trypsinisation and

observe low binding, if there was any, at 37ºC.

Due to the high expression of Lrp1 receptors, subsequent binding and transport studies

were conducted in bEnd.3 cells. The binding data from immunostaining demonstrated

that ANG2 based positive control constructs bind to BBB cells, which has been

observed also by ANG2 and Lrp1 colocalization studies in bovine brain capillary

endothelial cell monolayer (Demeule, Currie, et al., 2008). This demonstrates that the

ANG2 moiety is active in these constructs. In addition, it was also demonstrated that

ANG2 was active within fusion proteins regardless of whether it was fused to the N- or

C-terminus of the protein. In other studies ANG2 was always fused to the C-terminus

of the proteins (Böckenhoff et al., 2014; Ji et al., 2019), whereas the immunostaining

binding data suggest this is not an absolute requirement for ANG2 function. When

binding of hexavalent TRAIL proteins to bEnd.3 cells was measured, a remarkable

increase in the binding intensity was observed in comparison to ANG2 only proteins.

Interestingly, ANG2-only and TRAIL fusion proteins with TRAIL blocking showed a

similar perinuclear localization as Lrp1 expression (Figure 25) (Tian et al., 2020),

whereas TRAIL constructs alone were diffuse across the cells. Due to these binding

data, it was hypothesized that TRAIL binding to TRAIL receptors could interfere with

the binding of ANG2 to Lrp1, however, transport assays mimicking the actual BBB was
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required to confirm the shown TRAIL interfering effect. The ANG2-function in inducing

transport across BBB cells was investigated by using bEnd.3 cells grown on a transwell

insert (Figure 31B). The use of bEnd.3 cells has been characterized previously as a

BBB model. It has been demonstrated that bEnd.3 cells that are grown in a transwell

have mRNA expression of BBB transporters Na+-independent glucose transporter

(GLUT1), monocarboxylic acid transporters (MCT 1 and 2), amino acid

transporters (system L and y+L), P-glycoprotein and multidrug resistance-associated

proteins (MRP 1 and 5) (Omidi et al., 2003). They also express tight junctions ZO-1,

JAM, occludin, claudin-1 and -5 and clathrin and other vesicle-associated proteins,

thus showing expected BBB characteristics (Omidi et al., 2003). The BBB setup in this

thesis work was reported to have a TEER value of 17 Ω·cm2 (Figure 32A), however,

previous studies have reported to have a wide range of TEER values from 15–140

Ω·cm2 (Booth & Kim, 2012; Brown et al., 2007; Yang et al., 2017). Technical reasons

may have contributed to the lower TEER value. STX2 Chopstick electrodes were used

to measure the TEER of the BBB model. This equipment is commonly used by many

researchers, but it is known to show high variability, particularly at low TEER values.

The CellZscope is another instrument that is available on the market for automated

TEER measurements. Notably, it measures the impedance and capacitance of the cell

layer at varying frequencies to determine the properties of the cell layer. Therefore, it

could be beneficial in the future to adapt the experimental setup with advanced

equipment like cellZscope.

Even though the reported TEER values in this thesis work are on the lower side of this

range, they are in line with what was previously reported (Booth & Kim, 2012), and no

apparent effect from passive diffusion at the time step chosen was observed. Among

many strategies to increase the TEER, co-culturing BBB endothelial cells with

astrocytes, pericytes, utilizing induced pluri- and multipotent stem cells have

demonstrated to improve the TEER value (Appelt-Menzel et al., 2017; Thomsen et al.,

2015). As mentioned earlier and also in the context of BBB integrity, no trace of

molecules undergoing passive diffusion was observed, which demonstrates the barrier

function of the BBB model. In this BBB setup QVD was added prior to TRAIL treatment

to rule out any effect of TRAIL signalling on barrier function. Previously, co-culture of

bEnd.3 cells with rat C6 glioma cells increased the permeability of the BBB with 34%

reduction of TEER (Yang et al., 2017a). These C6 cells secrete TNF-α (Y. Fan et al.,
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2005) and this cytokine has proven to loosen the BBB (Fiala et al., 1997; Mark et al.,

2001). Even though, this effect has not been tested due to QVD pre-treatment and

apoptosis resistance of BBB endothelial cell, it could be interesting to investigate the

TRAIL effect on the BBB integrity in future. The ANG2 function in the positive control

proteins was clearly observed in the transport study. From this in vitro BBB model,

ANG2 transport rates of 0.1–0.3 pmoles/cm2/h were achieved (Figure 32). It has been

shown that the ANG2 transport rate for crossing bovine brain endothelial cells was

approximately 6 pmoles/cm2/h by the group that first identified and improved the ANG2

peptide (Demeule, Régina, et al., 2008). In their study, they added 250 nM of iodinated

ANG2 in the apical membrane of the transwell. Due to the lack of ANG2 detecting

antibodies, in this thesis work, antibodies targeting the Fc moieties of the proteins were

used to measure the protein level transported. As there was a detection limit in this

ELISA assay, a lower amount of protein (20 nM) was added to the top well to be able

to measure the protein at both apical and basal side. This added amount was

approximately 10 times lower than what was used in the study by Demeule and

colleagues. This could explain the lower transport rate observed. Even though studies

have shown that increased affinity interferes with efficient transport, no evidence of

poor transport of bivalent ANG2 proteins was observed. Avidity studies mostly focused

on transferrin receptors and not Lrp1 or other RMT receptors. Notably, in a study by

Farrington and colleagues, a novel single domain antibody, FC5 (Abulrob et al., 2005),

was fused monovalently and bivalently to the Fc part of IgG. It has been revealed that

bivalent FC5 format showed increased transcytosis of 25% in comparison to the

monovalent FC5 format (Farrington et al., 2014). Additionally, insulin-mediated

transcytosis was utilised in a study for the treatment of Hurler’s syndrome, which is

caused by a deficiency of α-L-iduronidase (IDUA) enzyme. IDUA was fused to the

human insulin receptor monoclonal antibody (AGT-181) resulting in a bivalent fusion

protein (Boado et al., 2007, 2008; Boado & Pardridge, 2017). It has been demonstrated

that it is rapidly transported across the BBB in rhesus monkey in vivo and a phase II

clinical trial was completed for Hurler’s syndrome (NCT03071341). This highlights that

avidity effect could vary based on proteins targeting different transport receptors or

even different binding sites of the same receptor. Overall, one of the important findings

from the ANG2 positive control study in this thesis is that reduced affinity binders in a

bivalent format can undergo efficient transcytosis. This is important to know because

the ANG2 bivalent format targeting the Lrp1 receptor has never been explored in
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previous studies and most of the studies as described earlier focused only on the

transferrin receptor. Utilization of ELISA for detection has complicated the inclusion of

scTRAIL-ANG2, which was nevertheless shown to be insufficient in apoptotic induction

(Figure 17). As expected, no transport sign of Fc-sTRAIL, which is without any shuttle

peptide, was seen, also describing no leakage of the BBB setup. Interestingly,

scTRAIL-Fc-ANG2 was also not transported across the transwell, however, blocking

the TRAIL moieties with TRAIL blocking protein, restored the transport. Overall, this

data along with immunostaining data indicate that the presence of TRAIL interfered

with ANG2-mediated transport, despite the low expression of TRAIL receptors in BBB

endothelial cells. Factors, such as, individual affinities, receptor availability and avidity

effects have a huge influence on the binding and transport of peptides. Therefore, it

can be suggested that either the receptor levels of Lrp1 are lower than for TRAIL

receptors or that TRAIL has a significantly higher binding rate for its receptors than

ANG2, potentially due to higher individual affinity or overall avidity.  Importantly, recent

studies have shown that reduced overall affinity binding is beneficial for efficient RMT,

whether by lowering the affinity itself or by reducing the avidity of binding (Y. J. Yu et

al., 2011; Haqqani, Thom, et al., 2018; Niewoehner et al., 2014; Kariolis et al., 2020;

Webster et al., 2017). It has been demonstrated that it is due to the redirection of cargo

to lysosomal compartments instead of being trafficked across the cell (Bien-Ly et al.,

2014; Niewoehner et al., 2014; Haqqani, Thom, et al., 2018; Villaseñor et al., 2019).

Various factors are involved in sorting RMT drugs for lysosome degradation, yet little

is known about these factors. For example, it has been shown that endosomal

trafficking plays a significant role in successful transport across the BBB (Haqqani,

Delaney, et al., 2018; Villaseñor et al., 2019). A recent study showed that sorting

tubules formed due to endocytosis is involved in regulating RMT. They demonstrated

that the monovalent transferrin antibodies that are localized to intracellular tubules are

sorted for transcytosis. On the other hand, the bivalent transferrin antibodies were

sorted for lysosomal degradation (Villaseñor et al., 2017). Ras-Associated Binding

(Rab) proteins regulate intracellular vesicular transport through different endosomal

compartments. They were utilised as a tool to manipulate the trafficking mechanism

(Bhuin & Roy, 2014). In fact, overexpressing the Rab17 protein increased bivalent

transferrin into tubules, thus promoting transcytosis. Although manipulation of Rab

protein expression has not been often investigated in BBB endothelial cells, it could be
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an interesting method for exploring the intracellular trafficking of different RMT

candidates.

In line with affinity governing the transport of fusion proteins, it has been reported that

ANG2 has a low affinity of 330 nM to its target receptor, Lrp1 (Bertrand et al., 2010).

Although ANG2 was not purposely engineered as a reduced affinity binder, this

function maybe is beneficial. It has been demonstrated by in situ perfusion that the

precursor protein, ANG1, has increased brain and parenchymal volume of distribution,

however it also has greater accumulation in brain capillary fractions indicating that the

lysosomal sorting can also take place in Lrp1-mediated transcytosis (Demeule,

Régina, et al., 2008). On the other hand, TRAIL proteins have been demonstrated to

bind to cells at sub-nanomolar concentrations (Degli-Esposti, Dougall, et al., 1997;

Degli-Esposti, Smolak, et al., 1997). TRAIL binds to TRAIL receptors DR4, DR5, DcR1,

DcR2 with affinities of 29 nM, 10 nM, 47 nM and 62 nM, respectively (H.-W. Lee et al.,

2005). In addition, hexavalent TRAIL receptor agonists show higher binding to cells

due to the combined high affinity and avidity of the hexavalent agonist (Siegemund et

al., 2012; Gieffers et al., 2013). This higher affinity of TRAIL in comparison to ANG2,

along with the expression of TRAIL receptors at the BBB endothelial cells, can interfere

with the binding of ANG2 to Lrp1. This could potentially explain why in this thesis work

it has been found that TRAIL-ANG2 fusion proteins bound BBB endothelial cells in a

predominantly TRAIL-mediated manner, consequently resulting in poor transport

across the BBB. This effect has not been demonstrated in the field of BBB RMT

delivery before, whereas similar effects have been demonstrated in bispecific anti-

tumour therapeutics in general. For example, it has been revealed that a bispecific

antibody consisting of HER2 and EGFR moieties showed  enhanced tumour targeting

upon reducing EGFR affinity (Mazor et al., 2017). This finding in this thesis work is

particularly important for the development of future RMT-based drugs. Therapeutic

targets should be deliberately chosen so that they do not interfere with BBB endothelial

cell binding and transport. It is important to consider that high affinity (Haqqani, Thom,

et al., 2018; Y. J. Yu et al., 2011), avidity (Niewoehner et al., 2014), pH based binding

(Sade et al., 2014), and lysosomal degradation effects (Bien-Ly et al., 2014; Haqqani,

Thom, et al., 2018; Niewoehner et al., 2014) has been described only using transferrin

receptor as a transport model. In particular, it is not clear, if other RMT receptors,

including Lrp1, will likely work in a similar manner as transferrin receptor and this is an
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area of interest for further studies. Additionally, quantitative protein expression profile

in isolated mouse capillaries revealed that Lrp1 (1.02 ± 0.20 fmol/μg protein) is

expressed at lower levels in comparison to other RMT targets such as the transferrin

receptor (5.16 ± 0.44 fmol/μg protein) (Agarwal et al., 2012). Similar results were

obtained for freshly isolated human brain microvessels analysis (Shawahna et al.,

2011; Uchida et al., 2011). The greater levels of receptors for other targets may help

to balance the reduced affinity of binding. Overall, it has been shown that the ANG2 in

this fusion protein is indeed functional, however, TRAIL binding to TRAIL receptors

hinders the overall transport.

From a translational perspective, these CNS-targeted TRAIL receptor agonists can still

be used, providing the presence of TRAIL or TRAIL-blocking peptides. The transport

can be achieved by adding systemic TRAIL-blocking peptides after the TRAIL

treatment, so the ANG2 moiety can bind to the BBB cells. For the release of TRAIL-

blocking peptides from the drug, esterase-responsive TRAIL-blocking peptides can be

designed. Esterases are known to be overexpressed in cancer cells (McGoldrick et al.,

2014). They function by hydrolysing the ester bonds in the drugs. Therefore, they have

been considered a drug release candidate to deliver the drug to the target site (Dong

et al., 2019; Shi et al., 2022). Notably, this approach was used in the RMT-inducing

ANG2 drug candidate, ANG1005, to release paclitaxel at the tumour site. Esterase-

mediated drug release has also been tested using nanoparticles, particularly in the

GBM environment (Ye et al., 2022). Therefore, this can be one possibility in bringing

the CNS-targeted TRAIL fusion proteins into the CNS. The complexity of the tumour

microenvironment (TME) poses significant challenges for finding suitable drugs for

cancer treatment. However, the unique TME features can be utilised for delivering

TME-responsive drugs (Bhuin & Roy, 2014). Among many characteristics, TME has a

lower pH than healthy tissues. Therefore, pH-responsive TRAIL-blocking peptides can

be used. This way, the blocking peptides can be cleaved at the tumour site, and the

TRAIL moieties can be exposed for apoptosis induction. TRAIL moieties in the CNS-

targeted TRAIL fusion proteins can be modified to achieve transport across the BBB.

One possibility is making them a trimer or dimer to reduce their affinity and activate

them on site. In previous studies, it has been demonstrated that adding a tumour-

targeting moiety like EGFR to the dimeric TRAIL increased its bioactivity (Seifert,

Pollak, et al., 2014). Upon binding of EGFR to tumour cells, the dimeric TRAIL was
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able to mimic the membrane TRAIL, which led to increased receptor activation.

Therefore, adding a GBM or CNS target moiety to the dimeric TRAIL fusion protein will

aid in the activation of TRAIL on site without interfering with ANG2 binding. Another

possibility is mutation-led affinity reduction of the TRAIL molecule. Indeed, affinity

reduction has been performed on several RMT candidates, for example, transferrin.

The initial transferrin antibodies were designed to have a higher affinity (W. Pardridge

et al., 1991), but later they were modified to have a lower affinity of 76 nM and 108 nM.

In order to generate transferrin with lower affinity, alanine mutations were introduced

into key positions (Haqqani, Thom, et al., 2018; Y. J. Yu et al., 2011). Although high-

affinity TRAIL hinders the transport of CNS-targeted TRAIL fusion proteins, there are

promising methods that could be adapted to reduce the affinity and prevent the

interference.

In addition to RMT, other methods of bringing large molecules across the BBB have

also been considered (W. M. Pardridge, 2022b), including invasive and non-invasive

techniques. Surgical resection of the tumour is considered the first line of treatment for

GBM. Therefore, alongside surgery, TRAIL can be utilised as an implant placed in the

tumour cavity. This approach, in fact, is currently used for the treatment of GBM by

using commercially available Gliadel® wafers. They are biodegradable wafers

containing a chemotherapy drug, carmustine. They can be safely placed at the tumour

site after surgery (Ashby et al., 2016; Chowdhary et al., 2015). Currently, steps are

taken to introduce other drugs in this format, so the TRAIL molecules can also be

produced as wafers and implanted after surgery (Turek et al., 2020; Yen et al., 2016).

However, this approach is not feasible for recurrent GBM, where surgical resection is

not recommended due to its infiltrative nature. In such cases, invasive approaches,

such as intrathecal, intraventricular, and convection-enhanced delivery, can be

applied. Intrathecal delivery directly administers the drugs into the cerebrospinal fluid

via the spinal cord. This method allows the delivery of drugs at a low dosage level. In

general, the success rate of direct drug injection into the CNS depends mainly on the

diffusion rate. Poor diffusion leads to poor penetration of the drugs to the target site.

To address the problem of poor diffusion, a group identified a convection-enhanced

delivery approach (Bobo et al., 1994). It is a catheter-based delivery, where the

catheters are connected to an infusion pump to enhance the delivery of the drugs. The

drugs are delivered at the tumour site by the pressure gradient (Lonser et al., 2015).
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All these approaches that help in direct drug delivery at the CNS tumour site reduce

peripheral organ distribution, thus preventing systemic toxicity (Jahangiri et al., 2017).

However, systemic toxicity is not expected with TRAIL treatment due to its safety

profile observed in patients. Therefore, these approaches can be adapted to deliver

large biomolecules like TRAIL. Moreover, a temporary BBB opening approach has

been considered for GBM drug delivery. This was achieved using a Sonocloud-9

device, which applies low-intensity ultrasound to disrupt the BBB temporarily (Idbaih

et al., 2019). This device is implanted in a skull window under the skin. Upon activation

for a few minutes, the BBB is disrupted for a few hours. In this time window, the drugs

can be administered to reach the brain at effective concentrations. After completing

phase I/II clinical trials, this device recently received breakthrough device designation

by the FDA for treating recurrent GBM (Carpentier et al., 2016). Therefore, this can be

an alternative approach for bringing TRAIL molecules across the BBB.
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6 Summary and Outlook

Treatment options and survival rate of GBM patients have not improved in the last

decade and therefore, in this thesis work, the possibilities of bringing TRAIL molecules

inside the CNS utilising the BBB shuttle peptide ANG2 was investigated. The initial

biochemical characterisation studies revealed that these antibody-based TRAIL fusion

proteins can indeed be developed and produced with high purity and in high yield. Here

it was shown that the fusion of ANG2 to the hexavalent TRAIL proteins did not affect

the potency of TRAIL-mediated apoptosis, which was confirmed by strong apoptotic

induction in GBM cells at a very low concentration. As shown in previous studies, the

trivalent construct was not efficient in apoptosis induction and this was likely due to the

lack of higher order clustering resulting in poor processing of key apoptotic proteins.

Several groups have demonstrated the TRAIL potency in killing GBM cells alone or in

combination with sensitisers, such as proteosome inhibitors, phosphatidylinositol 3-

kinase (PI3K) inhibition, IAP antagonist (Boccellato et al., 2021; Hetschko et al., 2008;

Lincoln et al., 2018; Opel et al., 2008). Therefore, these combinatorial approaches can

be employed in the future to address the heterogenous response of GBM to TRAIL

treatment. TRAIL receptor expression level measurements revealed that BBB

endothelial cells do express TRAIL receptors in general but TRAILR1 and TRAILR2

are expressed at lower levels than in cancer cells. The TRAIL treatment did not affect

the cells despite the presence of TRAIL receptors which was in line with previous

studies on apoptosis resistance of BBB cells. The subsequent binding and transport

studies using an in vitro BBB model revealed that the ANG2 only positive control

proteins can undergo transcytosis regardless of the C- or N-terminal fusion. In contrast

to previous studies that have shown no transport of bivalent constructs, it has been

shown here that low affinity ANG2 constructs can undergo transcytosis despite the

bivalent format. However, TRAIL binding to TRAIL receptors on the BBB endothelial

cells interfered with the transport of hexavalent TRAIL fusion proteins. It was reasoned

that the lower affinity of ANG2 to Lrp1 and higher sub nanomolar level affinity of TRAIL

receptors plays a major role in this interference. However, a TRAIL-masking strategy

successfully eliminated this interfering effect. Therefore, as an alternative approach,

mutation-mediated TRAIL affinity reduction can be performed for future studies or

avidity reduction with trimeric TRAIL receptor agonists that are selectively clustered in
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situ at cancer cells can be employed. In fact, various mutations that reduce TRAIL

affinities have been established in previous studies (Gasparian et al., 2009). In

addition, TRAIL or TRAILR blocking strategies could be considered by using systemic

blocking peptides, as utilised in this thesis work. Altogether, it has been demonstrated

that high affinity cargo can interfere with the overall transport of the fusion protein and

it is important to consider when developing fusion proteins with low affinity BBB shuttle

peptides like ANG2.
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